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ABSTRACT.

Mutation of the retinoblastoma gene (RBI) prediposes to the development of 

ocular tumours. This study has involved the pursuit, establishment and refinement of a 

technique for the study of RB1 mutations. Primers and conditions for the amplification 

and analysis by PGR of all 27 exons of RBI and the promoter region have been 

described. The single strand conformation polymorphism (SSCP) technique proved to 

be the most useful and reliable method for the rapid screening of PGR products. A fast, 

reliable and reproducible system of sequencing directly from PGR products has also 

been developed which involves using streptavidin-coated magnetic beads and biotin- 

labelled PGR products.

Using SSCP/sequencing technology, twenty mutations in Rb patients and their 

tumours were identified. 50% were point mutations, 30% were deletions ranging from 

Ibp to 22bp long and 15% were insertions of Ibp. Significantly, 80% of point 

mutations were in CpG dinucleotides, the majority of which were consistent with 

somatic deamination of methylated cytosines. 86% of CpG->TpG mutations converted 

CGA (arginine) codons to TGA (stop codons). These occurred in five of the 14 GGA 

(arginine codons) in RB 1 and illustrates that these codons represent mutation hotspots. 

All the mutations occurred adjacent to sequence motifs which gave clues to the 

mechanism of mutation. More than 90% of the mutations in this study would be 

predicted to generate a premature stop codon. A missense mutation was found in one 

family which showed low penetrance and, unlike other mutations did not disturb the 

translational reading frame and produced a mutant mRNA. These results suggest the Rb 

phenotype is related to the type of mutation.
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1.0 INTRODUCTION.

Cancer is a major world health problem. In the past century, a vast amount of 

epidemiological and experimental data has accumulated to help in our understanding of 

this debilitating disease. The role of chemical and physical substances in carcinogenesis 

was first suggested, as long ago as the 18th century, by the increased incidence of 

certain types of cancer in individuals with common occupations and in individuals 

using tobacco products (reviewed in Harris, 1990). The ability of chemicals to produce 

cancer in animals and cultured cells supported these earlier observations (reviewed in 

Ryser, 1971). Cancer arises from the abnormal and uncontrolled division of cells. 

Morphologically, cancer cells differ from normal cells by losing the property of contact 

inhibition of cell growth which in vitro, for example, results in the formation of foci of 

cells. Other tumour cells lose their dependence on the exogenous supply of cellular 

growth factors. These features allow invasion of the surrounding tissue. Their 

anchorage independence improves their metastatic potential which often allows them to 

migrate to other sites in the body where they initiate similar damage. The ways by 

which external agents could act to induce the characteristics of the cancer cell, however, 

until recently, had remained elusive.

At the beginning of the nineteenth century, the hereditary nature of cancer was 

noted (reviewed in Knudson 1977). Furthermore, Boveri (1914) proposed that 

chromosomal abnormalities could occur during cell division resulting in a cell with 

malignant potential. These important observations helped to direct our attention 

towards a link between genetics and cancer. Eventually, they also helped explain 

chemical carcinogenesis when it was found that many carcinogens were also mutagens 

(Ames et al, 1973, Auerbach et al, 1947). Thus, carcinogens could alter DNA. In 

further support of a link between DNA and cancer, cells from patients with xeroderma 

pigmentosum, a disease in which individuals had an increased susceptibility to cancer, 

were defective in DNA repair (Cleaver, 1968, Hanawalt and Sarasin, 1986). The
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association between cancer and genetics was very convincing but viruses also seemed 

to have a role in carcinogenesis.

1.1 ONCOGENES.

In the late 1970s, studies with retroviruses showed that they could dominantly 

transform cells in culture and, furthermore, temperature sensitive mutants of these 

retroviruses (Rous sarcoma virus or RSV) were isolated which caused reversion of cells 

to the normal phenotype at the non-permissive temperature (Martin, 1970). This led to 

the idea that oncogenesis was due to the dominant transformation of cells by 

exogenously introduced "oncogenes". Retroviruses have an RNA genome and 

propogate by virtue of reverse transcriptase which converts their RNA genome to DNA 

after infection of the host cell, allowing them to stably integrate into the host DNA 

(Weiss et al, 1985). Analysis of the viral genome showed that, in addition to the genes 

for viral replication, they carried genetic information which was responsible solely for 

inducing the transformed phenotype. These were referred to as "v-oncs" (Varmus,

1984) and the oncogene of RSV was known as \~src. It soon became apparent that a 

cellular homologue of y-src already existed in mammalian cells (Stehelin et al, 1976). 

Similar findings were made for several different oncogenic retroviruses (Bishop, 1987, 

Bishop, 1991, Varmus, 1984). Although mammalian cells carry these oncogene 

sequences they do not all develop into cancer cells. Fine structure analysis of the 

cellular oncogenes in tumours showed, in fact, that they were abnormal in some way, 

either mutated or amplified (Varmus, 1984). This led to the description of the 

endogenous gene sequences as "proto-oncogenes" (Varmus, 1984). Many of the v-oncs 

of acute transforming retroviruses were expressed as fusion proteins containing proto

oncogene and viral sequences and in other cases the structure of the v-onc was altered 

in some way (Varmus, 1984). This suggested that excessive, or inappropriate, 

expression or mutation could have activated the transforming potential of the gene 

(Varmus, 1984). Evidence that overexpression was responsible for transformation by v- 

oncs was provided by experiments in which the Q-mos gene, the cellular homologue of
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the mos oncogene from Moloney murine sarcoma virus (M-MSV), was linked to the M- 

MSV long terminal repeat (LTR) which contains viral promoter sequences. C-mos was 

not capable of inducing transformation of cells alone but foci formed when the M-MSV 

LTR-c-mos construct was transfected into cells (Blair et al, 1981). In addition, several 

other Q-oncs are capable of transformation by this mechanism (Varmus, 1984). In 

contrast to the acute transforming retroviruses, slower acting retroviruses appeared to 

cause transformation after a longer latency period by "promoter insertion" (Cooper, 

1982). This latter type did not contain oncogenes but inserted into sites in cellular genes 

from which their promoters could direct the expression of c-oncs (Cooper, 1982).

Further evidence for the presence of dominantly transforming genes in human 

cancer cells came from transfection studies. When DNA from human bladder tumour 

cells (Shih and Weinberg, 1982) was introduced into immortalised NIH 3T3 mouse 

cells, foci of transformed cells appeared and this transformed phenotype could be 

passed on to other cells simply by transfecting them with DNA from the initially 

transformed cells (Shih and Weinberg, 1982). When these transforming genes were 

cloned they were found to be homologous to the w-onc of the Harvey murine sarcoma 

virus (H-raj) and Kirsten sarcoma virus (K-ras) which are both retroviruses causing 

tumours in animals (Reddy et al, 1982, Santos et al, 1982, Tabin et al, 1982). 

Homologous genes were also present in normal DNA (Reddy et al, 1982, Santos et al, 

1982, Tabin et al, 1982). The cellular homologues of the viral genes formed a family of 

ras genes. The difference between the transforming gene and the normal proto

oncogene was due to a single amino acid subsititution (Reddy et al, 1982, Santos et al, 

1982, Tabin et al, 1982) (see later). A further fact helped fuse what had appeared to be 

historically several different areas of cancer research. Mutations of the ras gene could 

also be induced by treatment of cells with carcinogens (Sukumar et al, 1983). Thus, the 

evidence suggested a set of cellular oncogenes were responsible for cellular 

transformation.

The identification of cellular proto-oncogenes which could be acquired by 

viruses and, as a result of modification, transform cells opened up the field of oncogene

22



research. Not all cancer cells, however, showed activated endogenous oncogenes or 

evidence of viral infections. Cytogenetic studies of leukemic cells, for example, often 

revealed consistent chromosome abnormalities associated with particular forms of the 

disease. The first of these to be characterised involved a reciprocal translocation 

between chromosome 9 and 22 in chronic myeloid leukemia (Rowley, 1973). This 

translocation resulted in a shortened chromosome 22 which was recognised 

cytogenetically as the Philadelphia chromosome (Nowell and Hungerford, 1960). It was 

shown to juxtapose the cellular homologue of the Abelson murine leukemia virus (abl) 

on chromosome 9 next to a gene known 3iS bcr (breakpoint cluster region) on 

chromosome 22 (Adams, 1985, de Klein et al, 1982) Following translocation, an 

mRNA consisting of 5' exons of the bcr gene spliced to an internal exon of the abl gene 

was produced (Shtivelman et al, 1985) The result was a chimeric protein (bcr-abl) in 

which the tyrosine kinase activity of the abl protein was activated (Konopka et al,

1984) This abnormal tyrosine kinase activity of the bcr-abl protein and the forced 

expression of abl in cells of the myeloid lineage (by virtue of its association with bcr) 

was presumed to be in some way responsible for the transformed phenotype (Adams,

1985). Following the cloning of the immunoglobulin heavy and light chain genes, 

several examples (Leder et al, 1983) of the translocation of the c-myc gene next to these 

genes was described in B-cell malignancies (see later). The control of the c-myc gene 

under the strong immunoglobulin promoters was thought to contribute to its 

overexpression in these cell types and, hence, to malignancy (Leder et al, 1983, 

Varmus, 1984). More recently, another interesting example of a translocation involved 

in a haematologic malignancy has been characterised. In acute promyelocytic leukemia, 

a t(15;17) translocation was commonly found. As a result of this translocation, the 

retinoic acid receptor alpha gene (RARa) on chromosome 15 is relocated next to a gene 

called PML (promyelocytic leukemia gene) on chromosome 17 (Borrow et al, 1990, de 

The et al, 1990, de The et al, 1991, Kakizuka et al, 1991). RARa is a member of the 

steroid receptor family known to have DNA binding and transcriptional regulatory 

properties and PML has a zinc-finger domain, also characteristic of DNA binding
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proteins (Goddard et al, 1991). The role of this fusion protein in malignancy remains to 

be established but the functional properties of the proteins involved suggest 

deregulation of gene transcription may play a part. Thus, a variety of different 

observations had implicated either the aberrant or overexpression of a cellular genes in 

cancer. The question remained as to their normal role in the cell and the manner in 

which perturbation of their function could contribute to transformation.

The ways in which the inappropriate expression of oncogenes contribute to the 

the transformed phenotype was suggested by their involvement in the signalling 

pathways implicated in cell growth control (Weinberg, 1985). Growth factors, present 

in serum, can either stimulate or inhibit cell growth. These molecules are thought to 

initiate complex signal transduction pathways (Seuwen and Pouyssegur, 1992) as a 

result of binding to cell surface receptors. In many cases, the cellular receptors through 

which the growth factors or ligands exert their effects have also been identified. 

Mutated forms of growth factors and their receptors have been shown to act as 

oncogenes. The y-sis oncogene, which was isolated from the Simian sarcoma virus and 

a feline sarcoma virus was found to have homology to platelet-derived growth factor 

(PDGF) (Doolittle et al, 1983, Waterfield et al, 1983), which is a mitogen found in 

platelets and is composed of A and B chains. W-sis is homologous to the B chain 

(Doolittle et al, 1983, Waterfield et al, 1983). One way in which these oncogenes may 

cause transformation is through interaction with the corresponding receptor. If the same 

cell which produces the oncogene also has the corresponding receptor, a "closed 

positive feedback loop" was thought to be initiated (Weinberg, 1985). In support of this, 

the normal sis gene can transform cells when attached to a strong promoter but only 

transforms cells with PDGF receptors (Gazit et al, 1984, Leal et al, 1985). Sis is also 

expressed in some tumour cells including sarcomas and glioblastomas but not in normal 

human fibroblasts (Eva et al, 1982). In addition, y-sis mimics other aspects of PDGF 

such as the ability to dimerise, to cause phosphorylation of PDGF receptor and to 

induce DNA synthesis (Leal et al, 1985, Robbins et al, 1983). V-siSy therefore, may 

transform cells by mimicking the action of PDGF.
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So far, it appears that oncogenes are more likely to resemble growth factor 

receptors, rather than their ligands and, like growth factor receptors, many possess 

tyrosine kinase activity. The v-erb-B gene and the fm s  oncogene, for example, are 

homologous to the receptors for epidermal growth factor (EOF) and colony stimulating 

factor (CSF-1), respectively (Downward et al, 1984, Sherr et al, 1985). The fins 

oncogene, isolated from a feline sarcoma virus, is expressed as a viral fusion protein 

and possesses tyrosine kinase activity, as does the CSF-1 receptor (Sherr et al, 1985). 

CSF-1 normally stimulates haemopoietic cells to form colonies containing 

macrophages (Metcalf, 1985). W~fms differs from the CSF-1 receptor at its carboxy 

terminus (Roussel et al, 1988, Woolford et al, 1988). This alteration is thought to result 

in a change in the conformation of the molecule so that it resembles that induced by 

ligand binding and is, thereby, constitutively activated (Roussel et al, 1988, Woolford 

et al, 1988).

Other cellular oncogenes are thought to act downstream in growth factor- 

receptor signalling pathways. The ras genes were originally identified in the DNA from 

two human bladder cancer cell lines which had transforming activity in the NIH 3T3 

assay (Reddy et al, 1982, Santos et al, 1982, Shih and Weinberg, 1982, Tabin et al,

1982). The three members of the ras family found to be involved in human cancer are 

the H-ras, K-ras and N-ras genes (Bos, 1990) Expression of the normal H-ras-l gene 

under the influence of a strong promoter has transforming activity (Chang et al, 1982, 

Mulcahy et al, 1985). However, in human tumours, oncogenic ras genes are activated 

by several different point mutations most commonly resulting in amino acid 

substitutions at positions 12, 13 and 61 (Bos, 1990).

The ras family of genes produce highly homologous proteins known as p21roj 

which are members of a larger group of so-called G-proteins characterised by the ability 

to bind OTP and hydrolyse it to GDP (Lowy et al, 1991). The ras proteins (pllras), are 

located at the inner cell membrane where they alternate between active GTP-bound 

forms and inactive GDP-bound forms (Lowy et al, 1991). In cells, the regulation of 

p2lras between GDP-bound and GTP-bound forms was known to be regulated by at
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least two proteins, a guanine nucleotide regulatory protein (GNRP) which substituted 

GDP for GTP on ^2\ras and a GTPase activating protein (pl20GAP) which catalysed 

the hydrolysis of GTP to GDP (Polakis and McCormick, 1992).

Ras proteins are implicated in signal transduction pathways particularly those 

initiated by tyrosine kinase receptors. The production of inositol triphosphates, which 

are induced following mitogenic stimulation, accumulate when ras is expressed at high 

levels (Wakelam et al, 1986). In addition, the GTP-bound form of ^ llra s  accumulates 

following treatment with several different tyrosine kinases (Satoh et al, 1990). 

Furthermore, anti-p21mj antibodies inhibit growth of serum-stimulated NIH-3T3 cells 

(Mulcahy et al, 1985). Links between pl20GAP and tyrosine kinase receptors have also 

been found. pl20GAP is found in association with the PDGF receptor, and molecules 

involved in signal transduction, in the cell membrane and is phosphorylated by it 

(Kaplan et al, 1990). These experiments illustrate potential mechanisms of the normal 

ras proteins. Clues as to the way in which oncogenic ras may function emerged from 

experiments showing that mutant forms of p2lras generally have an altered GTPase 

activity which produces a higher proportion of the p2lras in the GTP-bound form 

(Gibbs et al, 1984). In fact, oncogenic forms of p2lras fail to be downregulated by 

pl20GAP, suggesting that the aberrant regulation of oncogenic p2lras proteins may 

contribute to cellular transformation (Adari et al, 1988, Trahey and McCormick, 1987). 

Although p2lras proteins appear to receive extracellular signals and transfer them to 

downstream intracellular effector molecules, their exact role in this signalling pathway 

has not yet been clarified (Polakis and McCormick, 1992). Initially, a constitutively 

active p21ra^ protein was assumed to send growth signals to a downstream effector(s). 

However, in some cells, ras can stimulate differentiation (Noda et al, 1985), and it is, 

therefore, more difficult to apply this model. In addition to a role for GAP as an 

upstream regulator of p2lras, it may also act downstream of p2lras (Adari et al, 1988, 

Cales et al, 1988, Hall, 1990). Further insight into the exact role of p21r#j in 

intracellular transduction may emerge from studies of this aspect of p2lras.
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Mitogenic stimulation of quiescent cells has been known to increase the 

transcription of a set of genes called "immediate early genes" within minutes (Nathans 

et al, 1988). These genes include several nuclear oncogenes such asfosy myc and jun  

(Nathans et al, 1988), with transcription regulatory functions (Bishop, 1991, Hunter, 

1991) which are overexpressed in some human cancers (Armelin et al, 1984, Hamlyn 

and Rabbits, 1983, Westin et al, 1982). The most well studied of these is the c-myc 

gene. Several observations have implicated c-myc in human cancer. Firstly, w-myc was 

identified as the oncogene of an avian retrovirus (MC 29) which causes cancer in 

chickens (Weiss et al, 1985). Its nuclear location was then demonstrated (Donner et al,

1982). In MC 29, a truncated form of the cellular homologue of c-myc was expressed 

under the control of viral promoter sequences (Varmus, 1984). In addition, myc was the 

site of "promoter insertion" by several chronic retroviruses (Varmus, 1984) and was 

amplified in leukemic cells (Dalla-Favera et al, 1982, Westin et al, 1982). Furthermore, 

in Burkitts lymphoma, a B cell tumour occurring at a high incidence in Africa, 

translocations juxtaposed the c-myc gene on chromosome 8 next to the immunoglobulin 

heavy or light chain genes on chromosomes 2, 14 or 22 (Leder et al, 1983). The 8:14 

translocation also occurs in acute lymphocytic leukemia (Nichols and Nimer, 1992). 

High levels of c-myc were expressed in Burkitt lymphoma cells (Hamlyn and Rabbits,

1983). The close proximity of the immunoglobulin promoter and enhancer sequences, 

combined with point mutations and rearrangements occurring within the c-myc gene in 

cells carrying the translocations, were thought to result in the deregulation of c-myc 

(Spencer and Groudine, 1991). C-myc is a member of a family of genes which are 

frequently overexpressed in human tumours by an additional mechanism. Small extra 

chromosomes called "double minute chromosomes" and "homogeneously staining 

regions" of chromosomes are cytogenetic abnormalities noted to occur frequently in 

tumour cells. These have been found to harbour amplified genes including those of the 

myc family (Varmus, 1984). Direct evidence for a role in transformation was also 

provided by in vitro studies in which myc could cooperate with ras to transform 

cultured cells (Land et al, 1983).
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A role for myc in cell proliferation and differentiation has been established from 

several studies. Increased levels of c-myc mRNA are associated with the transition of 

many cell types from a quiescent state into a proliferative state whereas differentiation 

is generally associated with decreased levels (reviewed in Cole 1986). Furthermore, 

introduction of antisense oligonucleotides to c-myc blocks proliferation and induces 

differentiation (reviewed in Luscher and Eisenmann 1990). The way in which myc 

coordinates these events is far from clear but, because the protein was located in the 

nucleus (Donner et al, 1982), it was suggested to function in gene expression. It turned 

out that structural features within the myc gene were also suggestive of a function as a 

transcription factor. Helix-loop-helix (HLH) motifs (Murre et al, 1989) are found in a 

number of transcription factors. This structure which mediates protein dimérisation 

consists of two amphipathic alpha helices joined by a non-helical loop. An adjacent 

region of basic amino acids bind DNA and together, the motif is known as a basic HLH 

or bHLH domain (Murre et al, 1989). C-myc also contains a leucine zipper motif which 

consists of an amphipathic alpha helix structure in which every seventh amino acid is a 

hydrophobic leucine residue (Landschulz et al, 1988, Luscher and Eisenman, 1990). 

This structure allows protein dimérisation. In the c-myc protein, the leucine zipper is 

located at its carboxy terminus with the bHLH domain situated adjacent to it 

(Prendergast and Ziff, 1992). A dimérisation partner for c-myc had been elusive until 

the carboxy terminus was shown to mediate the binding of myc to a protein called max 

(Prendergast and Ziff, 1992). Together this myc-max complex bound a consensus DNA 

sequence (Prendergast and Ziff, 1992) and transactivated transcription of reporter genes 

(Kretzner et al, 1992). Max homodimers also form and can bind DNA, on their own, 

but do not activate transcription (Amati et al, 1992, Kretzner et al, 1992). The fact that 

overexpression of myc activated transcription whereas max overexpression inhibited 

transcription suggests that the relative levels of the two proteins may regulate 

transcription of target genes (Kretzner et al, 1992). These structural and functional 

features of c-myc are consistent with a role in transcriptional control. Indeed, 

suppression and induction of the transcription of cellular genes has been demonstrated
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in cells overexpressing c-myc (reviewed in Luscher and Eisenmann 1990). Targets of 

suppression include the cellular adhesion protein N-CAM (Akeson and Bernards, 

1990). Perhaps myc regulates cell growth and differentiation by controlling the 

transcription of genes necessary for these processes but further characterisation of target 

genes is required to confirm this hypothesis.

Evan et al (1992) showed that cells constitutively expressing c-myc are induced 

to proliferate but, in fact, their numbers did not increase in culture. This was due to the 

induction of programmed cell death or apoptosis (Evan et al, 1992). This may not at 

first seem a plausible mechanism for cancer, until combined with a second aberration 

that prevents cell death. Consequently, the overall effect may be an increase in the 

number of cells (Evan et al, 1992, Williams, 1991). Bel -2 is an inhibitor of apoptosis 

(Hockenbery et al, 1990) which is translocated next to an immunoglobulin enhancer 

and expressed at high levels in B cell malignancies (Seto et al, 1988). It has been 

implicated in cooperating with myc in B cell malignancies since translocations 

involving both myc and bel -2 are characteristic of aggressive disease (Klein, 1991). 

Myc may, therefore, represent an important regulator of transcription which can also 

function with other genetic lesions within the cell to generate a highly malignant 

phenotype.

Although, we now have some insight into the ways oncogenes might transform 

cells, many of the functions of the cellular homologues and the way in which their 

oncogenic counterparts are disturbed remain to be elucidated. However, the idea that 

more than one mutation contributes to cancer has prevailed for most of this century. 

The increase in the incidence of adult cancers with age led to proposals that 

carcinogenesis was a multistep process (Armitage and Doll, 1954). As many as 6 or 7 

mutations were thought to be necessary for the development of many adult cancers 

(Armitage and Doll, 1954). It was later shown, in fact, that more than one oncogene 

was required to transform primary cells in vitro (Land et al, 1983). Ras could 

transform established cell lines but required myc to transform primary cells (Land et al,

1983). This supported the multistep model of carcinogenesis and led to the idea that
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multiple oncogenes could complement each other to transform cells (Weinberg, 1985). 

Further in vivo evidence for such a process came from studies of transgenic mice 

carrying the c-myc gene under the control of a strong tissue specific promoter. These 

mice developed malignancies more frequently than normal mice but there was a latency 

period before tumour development and the resultant tumours often showed mutations in 

other oncogenes (reviewed in Hunter 1991). In addition, cross-breeding of mice bearing 

different oncogenes leads to more frequent development of tumours with a shortened 

latency period (reviewed in Hunter 1991) Thus, many different oncogenes were 

required to produce a transformed cell which fitted with the variety of roles which such 

genes were shown to have in the cell.

1.2 TUMOUR SUPPRESSOR GENES.

Although dominantly acting oncogenes could explain how many cancers could 

develop, they could not account for the features associated with embryonic tumours, 

such as retinoblastoma (Rb), where there was evidence that loss of a critical 

chromosomal locus was important for tumour development (Lele et al, 1963, Yunis 

and Ramsay, 1978). In fact, it was the study of this rare paediatric tumour which was 

fundamental in our understanding of a class of genes which were involved in cancer but 

which differed fundamentally from oncogenes in their mode of action.

Harris et al (1969) showed that the fusion of normal and malignant cells resulted 

in a non-malignant hybrid. This suggested that the genome of a normal cell contained 

elements capable of suppressing the growth of a malignant cell. This was in contrast to 

early work on the fusion of malignant cells with normal cells which resulted in the 

emergence of tumorigenic segregants and, therefore, fitted with the dominant oncogene 

theory of tumorigenesis (reviewed in Stanbridge 1990). The results of these 

experiments could be explained by the relative instability of interspecies and rodent 

intraspecies hybrids resulting in the loss of genetic material (reviewed in Stanbridge

1990). Later work showed that when human HeLa cells were fused with human diploid 

fibroblasts hybrids, the malignant phenotype was, indeed, suppressed (Stanbridge et al,
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1982). The existence of genes that act to suppress the malignant phenotype was 

supported by these and subsequent experiments (Craig and Sager 1985; reviewed in 

Stanbridge, 1990).

Rb is a rare cancer, occurring with an incidence of 1:23,000 in the UK (Sanders 

et al, 1988), which develops in the retina of young children and has familial and 

sporadic forms. In the familial form the tumour phenotype segregates as an autosomal 

dominant trait with high penetrance. Thus, approximately 50% of offspring in these 

families will develop Rb (Vogel, 1979). In 10% of cases, however, Rb was transmitted 

through unaffected individuals, so called "incomplete penetrance". The fact that 

individuals could transmit the disease without being affected demonstrated that it was 

only a predisposition which was inherited. In 1971, Knudson proposed the "two hit 

hypothesis", based on statistical probabilities of tumour formation, which offered a 

model unifying the hereditary and non-hereditary forms of the disease. Knudson 

suggested that two "hits" were required in both hereditary and non-hereditary cases for 

Rb tumours to develop (Knudson, 1971). In hereditary cases, the first of these hits was 

carried in every cell in the body, tumour formation, however, required a second somatic 

hit (Knudson, 1971). In non-hereditary cases, two hits were also required but both 

occurred somatically in the tumour precursor cells. Knudson's hypothesis helped 

explain several features of retinoblastoma. In the hereditary form, an autosomal 

dominant mode of inheritance was assumed because approximately 50% of offspring 

were affected by the disease (Vogel, 1979). The majority of those affected developed 

bilateral tumours. In many cases, bilateral tumours developed without a prior family 

history of Rb and these were assumed to represent new germline mutations. The 

development of unilateral tumours in individuals with no prior family history of Rb 

could be explained because two somatic hits were required for tumours to form. The 

earlier age of onset of bilateral compared to unilateral cases supported Knudson's ideas 

(Knudson, 1971). The first hit in some hereditary cases may have been a deletion 

involving chromosome 13 (Lele et al, 1963, Yunis and Ramsay, 1978) but this was not 

proven. The second hit remained to be elucidated as did the nature of the hits in
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sporadic Rb. Following on from Knudson's assumptions. Comings (1973) introduced 

the concept of a recessively acting gene which normally suppressed transformation and 

suggested that Rb may involve such a mechanism. According to Comings (1973), each 

of the two hits could occur at each locus of a single suppressor gene. Thus, the 

predisposition to Rb was dominantly inherited but tumour formation was recessive at 

the cellular level.

1.3 RETINOBLASTOMA - BIOLOGY.

1.3.1 Cell of origin

Light and electron microscopy studies were undertaken to try and determine the 

embryological origin of the retinoblastoma cell type. During development, the retina 

arises from the neuroectodermal cells which are derived from the cells of the inner wall 

of the optic cup. This inner wall eventually forms a complex layered structure 

consisting mainly of photoreceptor cells, bipolar cells, ganglionic cells and, together 

with supportive cells, comprises the retina. The intraretinal space separates the retina 

from the pigment epithelium which forms from the outer layer of the optic cup.

Light microscope studies of retinoblastoma tumours have shown that the cells 

have a range of morphologies sometimes appearing undifferentiated with large 

hyperchromatic nuclei, scant cytoplasm and numerous mitotic figures (T'so et al, 1969) 

Within these same regions, cells exhibiting features of photoreceptor cells have also 

been noted (T'so et al, 1970a, T'so et al, 1969). These features include Flexner- 

Wintersteiner rosettes, cytoplasmic extensions, cilia and membranous structures 

resembling the outer segments of rods and cones (T'so, 1980, T'so et al, 1970b, T'so et 

al, 1970a). In culture, Rb cells can be induced to differentiate into either glial or 

photoreceptor-like cells and express markers characteristic of these cell types (Kyritsis 

et al, 1984). Together, these observations have led to the concept that retinoblastoma 

cells arise from a primitive neuroectodermal cell.
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1.3.2 Retinomas or Regressed tumours

Although retinoblastoma most commonly results in the formation of malignant 

ocular tumours, occasionally, a more benign or "milder" form of the disease is apparent. 

This form of retinoblastoma manifests itself as retinal scarring or as an ocular mass 

which does not progress to malignancy. In some cases, spontaneous regression of 

tumours has been observed (S. Senft, personal communication). Gallie and colleagues 

have contended this interpretation of such lesions and prefer the term retinoma which is 

"characteristically a translucent, grey mass with calcified nodules and an underlying 

disturbance of pigment epithelium". Gallie and colleagues argue that retinoma 

represents a benign form of retinoblastoma (Gallie et al, 1982). Occasionally, follow-up 

of patients with retinoma has demonstrated that these lesions can develop into 

retinoblastoma (B .Gallie, personal communication). From a survey through hospital 

records of 15(X) Rb patients and their relatives, they find that lesions consistent with 

retinoma occur in 2% of cases (Gallie et al, 1982). There has been no convincing 

evidence to date to adequately explain the appearance of these lesions although their 

presence in families segregating a predisposition to Rb is indicative of mutant gene 

carriers (Onadim et al, 1991).

1.3.3 Cytogenetics of Rb.

The suggestion that only a single gene was responsible for Rb led several 

groups to attempt to clone it. The first clues came from cytogenetic observations in rare 

patients with a range of other associated abnormalities and mental retardation (Francke 

and Kung, 1976, Knudson et al, 1976, Lele et al, 1963, Wilson et al, 1969). These 

patients carried constitutional deletions of part of a chromosome initially designated as 

part of the "D" group. In those days, before chromosome banding techniques were 

developed, the first deletions identified were relatively large.

With the development of chromosome banding techniques it became clear that 

chromosome 13 was always involved and subband deletions implicated 13ql4 as the 

site of the critical gene. As reports of constitutional chromosome 13 deletions increased
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in the literature, a common region of overlap emerged. The missing segment in 

constitutional cells was narrowed to band ql4 (Francke and Kung, 1976, Knudson et 

al, 1976, Vogel, 1979, Yunis and Ramsay, 1978). In addition, a large family was 

identified in which several of those members transmitting Rb were themselves 

unaffected. The development of Rb was associated with a constitutional deletion of 

chromosome 13 (ql3.1-14.5) whereas, the unaffected transmitting state was associated 

with a balanced insertional translocation involving a portion (ql3-14) of chromosome 

13 (Strong et al, 1981). This was the first demonstration of co-segregation of a 

chromosome 13 deletion and the Rb phenotype. Karyotype studies showed that 

abnormalities of chromosome 13 were detected in only 10-20% of Rb tumours 

(Balaban et al, 1982, Benedict et al, 1983a, Gardner et al, 1982, Turleau et al, 1985). 

In addition to abnormalities of chromosome 13, a number of other chromosomal 

changes had been consistently observed in Rb tumours. In fact, these were generally 

more common than cytogenetic abnormalities of chromosome 13 itself and included 

extra copies of parts of chromosome Iq in 40-70% of tumours (Gardner et al, 1982, 

Potluri et al, 1986, Squire et al, 1985), the common region being q25-32, and the 

presence of 2 extra copies of the long arm of chromosome 6 (referred to as iso 6p) in 

45-60% of tumours (Benedict et al, 1983a, Gardner et al, 1982, Potluri et al, 1986, 

Squire et al, 1985). It was thought that the involvement of chromosomal regions other 

than chromosome 13 may reflect the requirement for extra events in Rb tumour 

progression (Murphree and Benedict, 1984, Squire et al, 1984). The cytogenetic results 

from constitutional and tumour cells suggested a common etiology for both hereditary 

and non-hereditary forms of the disease.

Chromosome analysis of tumour cells and patients with constitutional deletions 

had implicated chromosome 13 as the site of the Rb predisposition gene. Its location to 

13q was demonstrated when a patient with Rb and a 13ql4 deletion was noted to have 

50% of the normal level of the Esterase D enzyme (BSD) in their blood cells (Sparkes 

et al, 1980). BSD had been mapped to chromosome 13 using somatic cell hybrids (Van 

Heyningen et al, 1975) and the study of enzyme levels in patients with overlapping
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13ql4 deletions showed it was in 13ql4 (Sparkes et al, 1980). The fact that ESD had 

two polymorphic isoforms (Hopkinson et al, 1973), which could be distinguished by 

their electrophoretic patterns, prompted linkage studies with Rb predisposition. By 

studying ESD isoforms in 3 large families, in whom deletions were not present 

cytogenetically, Sparkes et al (1983) showed tight linkage between the two loci. There 

have been no recorded recombinants between ESD and Rb firmly placing the hereditary 

Rb gene in 13ql4. Whether the same gene was responsible for the sporadic form was 

not clear. At the same time, however, Benedict et al (1983b) reported a patient with Rb 

with 50% ESD levels who had no cytogenetically visible 13ql4 deletion but had 

undetectable ESD activity in their tumour cells. This suggested complete loss of 13ql4, 

and hence RBI, had occurred in the tumour (Benedict et al, 1983b), supporting the two 

hit hypothesis. It was clear, however, that the ESD gene was not often deleted in 

constitutional cells because enzyme activity was normal in 95-100% of Rb patients 

(Cowell et al, 1986, Dryja et al, 1983). Evidence linking 13ql4 with sporadic tumours 

came from a different kind of study and, in the first instance, used the ESD gene again.

1.3.4 Loss of heterozygosity.

Godbout et al identified 6 individuals with Rb who were heterozygous using 

ESD isoforms. When their tumours were analysed, four became homozygous for one of 

the two ESD isoforms (Godbout et al, 1983). All 6 tumours had detectable ESD activity 

and two apparently had normal chromosome 13 homologues as determined 

cytogenetically (Godbout et al, 1983). These patients had either bilateral or unilateral 

tumours (Godbout et al, 1983). This observation implied that the development of both 

hereditary and non-hereditary Rb involved selective loss of alleles in 13ql4. These 

observations were extended by Cavenee et al (1983) using restriction fragment length 

polymorphisms (RFLP). RFLP markers from the length of chromosome 13 in 8 

different tumours were studied and loss of heterozygosity (LOH) found in 5 cases. The 

interpretation of these results was that loss of the normal allele and duplication of the 

chromosome which carried the mutant gene exposed a "recessive" oncogene. Several
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mechanisms which could expose a recessive gene were put forward (Cavenee et al,

1983). One mechanism was based on a patient who had 50% of normal ESD activity in 

constitutional cells. Tumour cells from the same patient showed LOH for markers 

proximal and distal to ql4, lack of one chromosome 13 and complete absence of ESD 

activity indicating that the chromosome 13 carrying the deletion was retained in tumour 

cells whilst the normal homologue was lost. In another tumour, LOH was found for 

markers proximal and distal to ql4 but two copies of chromosome 13 were present 

(Cavenee et al, 1983). In this case, it was inferred that one parental chromosome was 

lost via mitotic nondisjunction and this was then followed by the duplication of the 

retained chromosome. A third mechanism was thought to involve mitotic 

recombination events because markers between ql4 and the telomere underwent LOH 

in the tumour whilst a marker between Rb and the centromere remained heterozygous 

(Cavenee et al, 1983). If the region undergoing LOH involved a mutant Rb locus then 

mitotic recombination would generate homozygosity at this locus in the tumour 

(Cavenee et al, 1983). Confirmation that the mutant allele was the one retained in the 

tumour came from studies on a tumour from a familial case where it was shown that the 

chromosomal segment which was retained in the tumour was the one transmitted by the 

affected parent (Cavenee et al, 1985). A large number of Rb tumours have now been 

analysed for LOH which occurs in approximately 70% of cases (Cavenee et al, 1983, 

Godbout et al, 1983, Zhu et al, 1992). In an analysis of 13 Rb tumours, LOH occurred 

through non-disjunction and reduplication of the remaining chromosome in 39% of 

cases and as a result of mitotic recombination in 46% of cases (Zhu et al, 1992). Since 

approximately 30-40% of tumours retained heterozygosity at the polymorphic sites 

(Cavenee et al, 1983, Godbout et al, 1983, Zhu et al, 1992), it was possible that more 

subtle inactivating events must occur independently in the two genes. Point mutations 

and sub-microscopic deletions were potential mechanisms in these cases. It thus 

became clear that tumorigenesis in all Rb tumours probably involved the homozygous 

inactivation, by whatever means, of RBI. Safe in this knowledge several groups 

pursued the isolation of candidate genes from the 13ql4 region.
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1.3.5 Cloning the RBI gene.

Several groups chose two different approaches in order to clone the RB 1 gene. 

Lee and Lee (1986) attempted chromosome "walking" from the adjacent ESD gene. 

The second approach was to use a flow sorted chromosome 13 library from which 

several probes were isolated and one probe, (H3-8), mapped to the 13ql4 region 

(Lalande et al, 1984). This probe clearly lay closer to RBI since it was missing in 

patients with submicroscopic deletions whereas ESD was not (Cowell et al, 1986, 

Dryja et al, 1983, Squire et al, 1986). Several groups then set about chromosome 

walking from the H3-8 probe. When H3-8 was used to probe DNA from 37 different 

Rb tumours, abnormal banding patterns were identified in 3 (Dryja et al, 1986a). Probes 

from the surrounding region were isolated from overlapping lambda clones and unique 

sequences isolated. One of the breakpoints of a deletion in a tumour was located within 

a nearby probe. Another of these nearby probes, p7H30.7R, was isolated and 

recognised a conserved sequence in mice and human DNA (Friend et al, 1986). This 

probe identified a 4.7kb mRNA transcript from a fetal retinal cell line and a variety of 

normal adult tissues including retina, liver and spleen but failed to detect a transcript in 

4 different Rb tumours (Friend et al, 1986). A cDNA probe (4.7R) was subsequently 

isolated from a lambda phage library constructed from RNA from a human retinal cell 

line (Friend et al, 1986). This 4.7kb transcript was also absent in the 4 Rb cell lines and 

in an osteosarcoma from an Rb patient (Friend et al, 1986). Furthermore, when the 

cDNA was used to probe DNA from Rb tumours, between 15-40% of them showed 

abnormalities on Southern blots (Friend et al, 1986, Fung et al, 1987, Lee et al, 

1987a). Many other tumors including a leiomyosarcoma, histiocytoma and 

undifferentiated sarcoma also showed abnormalities by analysis of Southern blots 

(Friend et al, 1987). Northern analysis of 4.7R identified a 4.7kb mRNA which was 

apparently expressed ubiquitously (Friend et al, 1986, Fung et al, 1987, Lee et al, 

1987a). Although the mRNA was undetectable in some Rb tumours (Friend et al, 1986, 

Fung et al, 1987, Lee et al, 1987a), more extensive studies showed that, in 70% of 

tumours, full length mRNA was produced at normal levels (Goddard et al, 1988).
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Together these data strongly implicated 4.7R as the RBI gene especially since some of 

the deletions found in tumours were intragenic (Friend et al, 1986, Friend et al, 1987, 

Lee et al, 1988a). It was soon shown that the breakpoints from chromosome 

translocations, which predisposed to Rb and with breakpoints in 13ql4, interrupted the 

coding sequence of RBI (Higgins et al, 1989, Mitchell and Cowell, 1989) 

demonstrating the authenticity of RBI unequivocally. Specific mutations within RBI 

were also shown in tumour cells and in individuals predisposed to Rb (Dunn et al, 

1988, Dunn et al, 1989, Yandell et al, 1989) further supporting this idea.

1.3.6 In vitro evidence for a tumour suppressor function.

Soon after the cloning of RBI, antibodies to the protein product of the RBI 

gene (pRb) were raised and identified a series of closely migrating species on SDS 

polyacrylamide gels (Lee et al, 1987b). The size of the precipitated proteins were 

between 110-114,000 kD (Lee et al, 1987b). pRb was a phosphoprotein with a 

predominantly nuclear location and DNA binding was also suggested (Lee et al, 

1987b). Its function was, however, not yet clear.

At this point, there was only speculation that pRb acted as a tumour suppressor. 

To study pRb function, cell lines lacking normal Rb protein were infected with an Rb 

cDNA via a retroviral vector (Huang et al, 1988). Following infection of WERI-Rb27 

(a retinoblastoma cell line) and Saos-2 (an osteosarcoma cell line), pRb was produced 

and several cellular phenotypes associated with transformed cells, including the growth 

rate of cells and the ability to grow in soft agar, were suppressed (Huang et al, 1988). 

Unlike the parental cell line, when WERI-Rb27 cells infected with the RBI-retroviral 

vector were injected into the flanks of nude mice, tumours did not form (Huang et al, 

1988). These early experiments have since encountered some degree of scepticism from 

other groups (Muncaster et al, 1992, Sumegi et al, 1990, Xu et al, 1991). One criticism 

of this approach was that the infected cells used to innoculate the mice were not 

clonally derived and were selected for an antibiotic resistance marker also encoded by 

the retroviral construct and not for pRb expression (Sumegi et al, 1990). A second
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problem was that slower growing Rb-infected cells may have been expected to produce 

tumours but at a slower rate resulting in a longer latency period. In order to counter the 

first criticism, a prostate carcinoma cell line (DU-145), which had been found to have 

an abnormal shortened Rb protein, was infected with the RBI cDNA retroviral 

construct and expression of pRb confirmed (Bookstein et al, 1990a). In contrast to 

experiments using WERI-Rb27 and Saos-2 cells, infection with the RBI-retroviral 

vector did not reduce the in vitro growth rate of the DU-145 cells (Bookstein et al, 

1990a). DU-145 cells infected with the RBI-retroviral vector reduced the size of 

tumours but did not abolish tumour formation (Bookstein et al, 1990a). Protein analysis 

showed that when tumours did form, however, they lacked pRb (Bookstein et al, 

1990a). Subsequent experiments have shown that WERI-Rb27 cells infected with a 

RBI-retroviral vector do form tumours when injected intraocularly, albeit with a 

reduced frequency and longer latency period compared with the parental cell line (Xu et 

al, 1991). Although protein analysis confirmed that these slower growing tumours 

retained pRb expression, the cells infected with the RBI-retroviral vector were not 

clonally derived. In addition, the proportion of pRb-expressing and non-expressing cells 

was not determined directly on the tumour cells since they were cultured before 

Western blotting (Xu et al, 1991). Other groups have found that retinoblastoma cell 

lines reconstituted with RB 1 show a reduction in anchorage-independent growth but do 

produce tumours when injected intraocularly into nude mice and that these tumours 

express Rb protein (Muncaster et al, 1992). In summary, the Rb protein appeared to 

suppress some of the cellular characteristics associated with malignancy. However, the 

extent of these effects varied depending on the system used.

The initial experiments mentioned above (Bookstein et al, 1990a, Huang et al, 

1988) had demonstrated that the pRb could suppress some cellular phenotypes of 

malignant cells including tumorigenicity of retinoblastoma and osteosarcoma cell lines 

in nude mice. However, there was evidence that the Rb protein had a role in a more 

extensive set of cancers.
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1.3.7 Involvement of RBI in non-ocular tumours.

Before RBI was cloned, LOH for loci on chromosome 13 was found in both 

sporadic osteosarcomas and osteosarcomas from Rb patients, (Dryja et al, 1986b, 

Hansen et al, 1985) thus implicating a pathogenetic mechanism in the association of Rb 

with osteosarcoma. The finding that the RBI gene was abnormal in osteosarcomas and 

soft tissue sarcomas from Rb patients (section 1.3.5) was not totally unexpected since 

evidence for a predisposition to these cancers in hereditary Rb patients had 

accumulated.

Several early studies had shown that the frequency of osteosarcomas was elevated in 

hereditary Rb patients suggesting that the disease may have more extensive effects than 

first thought (Jensen and Miller, 1971). In a survey of 1130 patients, 7% of cases, all of 

which were bilateral, developed second tumours. The vast majority of second tumours 

were sarcomas of bone and soft tissues (Kitchin and Ellsworth, 1974), the latter of 

which, unlike the retina which is derived from the neuroectoderm, are derived from 

mesenchymal cells which form the skeletal and connective tissues. One aspect which 

confounded studies of second tumours in Rb patients was that a common form of 

treatment for bilateral Rb was high dose radiotherapy which could, in itself, increase the 

incidence of second tumours. However, when second tumours occurring in the parts of 

the body which had not received irradiation were considered, or when patients who had 

recieved irradiation were removed from the analysis, there was still a significant 

increase in the development of non-ocular tumours in hereditary Rb patients (Abramson 

et al, 1984, Draper et al, 1986, Kitchin and Ellsworth, 1974, Meadows et al, 1985).

Estimations of the cumulative risk from the time of diagnosis varied according 

to the study and were probably sometimes biased because of the better follow-up of 

patients with second tumors. Abramson claimed that the incidence of second tumours, 

excluding the effects of irradiation, was 10% at 10 years from the time of diagnosis, 

30% at 20 years and 68% at 30 years (Abramson et al, 1984). A subsequent study by 

Roarty (1988) gave a lower estimate than Abramson et al (1984) of 4.4% after 10 years, 

18.3% after 20 years and 26.1% after 30 years. Even for patients who did not receive
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radiation therapy, the cumulative incidence rate was 5.8% after 30 years (Roarty et al,

1988). Draper et al (1986) estimated that the cumulative incidence rate of second 

tumors in patients with bilateral Rb was lower than either of these estimates. Excluding 

the effects of irradiation, they estimated it was 3.0%, 18 years after the age of diagnosis 

(Draper et al, 1986). When tumours within the radiation field were included in this 

estimate, it increased to 8.4% after 18 years, 6% of which were osteosarcomas (Draper 

et al, 1986). Thus, the risk of developing osteosarcoma was 200-fold greater than the 

risk for the general population (Draper et al, 1986). Osteosarcomas developing in the 

bones around the eye were much more common (4(XX)x) in hereditary Rb patients than 

for the general population, supporting the increased susceptibility of this group to the 

effects of irradiation (Draper et al, 1986). Although the estimate of cumulative risk 

varied widely between studies, it was clear that the development of second tumours, 

particularly osteosarcoma, was much more common in hereditary Rb patients than in 

the normal population.

In a different approach to assessing the risk of second tumours associated with 

Rb, relatives of Rb patients were studied. Strong et al (1984), found that when the age 

of onset was taken into account, twice as many relatives died earlier from cancer in the 

bilateral group compared to the unilateral sporadic group (Strong et al, 1984). Even 

though some family members were transmitting Rb but were not themselves gene 

carriers, they may have been more predisposed to developing other tumours. In fact, 

cancer mortality in the siblings, parents and grandparents of individuals with bilateral 

Rb, who were themselves unaffected with Rb, was also increased when compared to the 

relatives of cases of unilateral, sporadic Rb (Strong et al, 1984).

Earlier reports of LOH for loci on chromosome 13 in osteosarcomas was 

extended by Southern and Northern analysis using a cDNA probe derived from the 3' 

end of RBI (3.8R) and by studying protein expression. Homozygous DNA deletions 

were detected in osteosarcomas and lack of expression of the RB 1 gene was detected in 

sporadic osteosarcomas and soft tissue sarcomas (Friend et al, 1987, Weichselbaum et 

al, 1988). Using Southern blotting, 30 cases of sporadic osteosarcoma (43%) showed
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structural abnormalities including deletions and rearrangements (Toguchida et al,

1988). If those showing LOH were also included a total of 64% showed a reduction to 

hemizygosity or homozygosity (Toguchida et al, 1988). Structural abnormalities of 

RBI DNA and abnormal expression of RBI mRNA and pRb protein have also been 

found in osteosarcoma cell lines (Friend et al, 1987, Shew et al, 1990a, Shew et al, 

1989, Weichselbaum et al, 1988, Wunder et al, 1991). Several types of soft tissue 

sarcomas have been shown to have structural DNA abnormalities of the RBI gene 

including leiomyosarcoma, malignant fibrous histiocytomas and a liposarcoma (Friend 

etal, 1987, Stratton et al, 1989, Weichselbaum et al, 1988, Wunder et al, 1991).

Studies of breast (Lundberg et al, 1984) and lung (Yokota et al, 1987) tumours, 

to which hereditary Rb patients did not appear to be predisposed, showed that LOH of 

loci on chromosome 13 was a frequent event even in patients with no family history of 

Rb. The evidence for small cell lung carcinomas (SCLC) was particularly strong with 

91% showing LOH (Yokota et al, 1987). After the cloning of the RBI gene, several 

groups explored these findings further by examining tumour DNA and RNA for 

structural abnormalities of RBI. The development of antibodies to the Rb protein also 

allowed expression studies to be done (Lee et al, 1987b, Whyte et al, 1988). Structural 

DNA abnormalities were found in 18% of SCLC cell lines and also in other types of 

lung cancer such as pulmonary carcinoid cell lines (Harbour et al, 1988). Absence of 

RBI mRNA expression was demonstrated in 60-70% of SCLC and pulmonary 

carcinoid tumour cell lines (Harbour et al, 1988). Other SCLC and non-SCLC lung 

tumour cell lines failed to express pRb although RBI DNA and mRNA appeared 

normal on Southern and Northern blots (Yokota et al, 1988). Analysis of mRNA from 

SCLC cell lines by reverse transcription and PCR amplification (Horowitz et al, 1990, 

Mori et al, 1990, Shew et al, 1990b), has demonstrated a number of deletions of 

specific exons (16, 21, and 22). Mutations creating premature stop codons (Mori et al,

1990) and, in one case, an amino acid substitution (Kaye et al, 1990) were also found. 

Although very few studies have examined primary tumours, it seems that RBI is 

frequently inactivated in lung tumours. This data is consistent with further studies of
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second tumours in Rb patients showing that affected relatives of Rb patients are 15 

times more likely to develop lung cancer (Sanders et al, 1989). The role of RBI in lung 

tumorigenesis remains to be established and more extensive studies of RB 1 mutations 

are ongoing in several laboratories.

Earlier studies had demonstrated cytogenetic abnormalities and LOH of 

chromosome 13 in breast tumours (Lundberg et al, 1984) but there was no apparent 

increase in the incidence of this tumour in retinoblastoma patients. There was, however, 

an increased incidence of breast cancer in the mothers of children with osteosarcoma 

and soft tissue sarcomas (Hartley et al, 1986). Absence of pRb was then found in 2 

(20%) of breast carcinoma cell lines and, in both cases, abnormalities in the RB 1 RNA 

and DNA of those cell lines were demonstrated (Horowitz et al, 1990, Lee et al, 

1988b). A similar incidence of structural abnormalities were detected using Southern 

analysis in breast cancer cell lines and in 10-20% of primary breast tumours (T'Ang et 

al, 1988, Varley et al, 1989). Taken together these findings provided convincing 

evidence for a role for RB 1 in the development of breast tumours.

The involvement of the RB 1 gene in bladder cancer was initially a coincidental 

Ending, although studies since then have shown a higher incidence of bladder cancer in 

Rb patients (Sanders et al, 1989). The first documentation of an abnormality in RBI 

was in a bladder carcinoma cell line (J82) which was found to have a smaller 102 kD 

Rb protein due to the deletion of exon 21 from the mRNA (Horowitz et al, 1989). A 

point mutation was identified in the splice acceptor site of exon 21 (Horowitz et al,

1989). Although LOH at the RBI locus has been identified in 29% of primary bladder 

tumours (Cairns et al, 1991), structural abnormalities of RBI DNA have been identified 

in very few primary bladder tumours (Cairns et al, 1991, Ishikawa et al, 1991) and 

LOH often does not show any correlation with lack of protein expression (Ishikawa et 

al, 1991). This is thought to reflect the presence of another tumour suppressor gene on 

chromosome 13 or the frequent occurrence of different mutations in either copy of RBI 

(Ishikawa et al, 1991). Decreased expression or abnormally sized Rb protein has been
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found in 25% of primary bladder carcinomas (Ishikawa et al, 1991) and bladder 

carcinoma cell lines (Horowitz et al, 1990).

The types of second tumours which appear to occur at a higher incidence in 

hereditary Rb patients has broadened as data has accumulated. Thus, in addition to 

osteosarcomas and soft tissue sarcomas, a higher incidence of melanoma, leukemia, 

lymphomas (Draper et al, 1986, Sanders et al, 1989) and tumours of the lung, bladder 

and brain (Sanders et al, 1989, Strong et al, 1984) have been reported. As we have 

seen, many sporadic forms of these tumours also show RB 1 mutations. More studies 

are needed to confirm the extent and nature of RBI mutations in non-Rb tumours, 

however. For instance, earlier studies showed no abnormalities of pRb expression in 

melanoma cell lines (Horowitz et al, 1990). This appears to be contradictory to data 

showing a high incidence of melanoma in Rb patients (Sanders et al, 1989). Further 

analysis of melanomas may be required to clarify this point. Abnormalities of RB 1 have 

also been described in other tumours to which Rb patients are apparently not 

prediposed. These include cervical carcinoma (Scheffner et al, 1991), glioma (Venter et 

al, 1991), acute lymphoblastic leukemia (Hansen et al, 1990, Hillion et al, 1991) and 

eosophageal cancer (Boynton etal, 1991). One question that needs to be addressed is 

whether the loss of functional Rb protein is an important factor in the progression of 

many cancers rather than their initiation. By analogy with the finding that multiple 

oncogenes cooperate with each other to transform cells, RB 1 may only be one of many 

genes required to be inactivated for tumorigenesis in some cell types. One outcome of 

this may be that loss of Rb function would occur at later stages of tumour development. 

There is evidence for this in bladder cancer and breast cancer. In sporadic bladder 

cancer, there is some correlation between lack of pRb and muscle invasion (Cairns et al, 

1991, Ishikawa et al, 1991). In breast cancer. Southern analysis confirmed the presence 

of RBI structural abnormalities in lymph node métastasés but not in benign breast 

lesions from the same patients nor in constitutional cells suggesting a role in the 

progression of breast tumours (Varley et al, 1989). Other groups have confirmed a 

positive correlation of lack of Rb protein expression in breast tumours with lymph node
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métastasés (Sawan et al, 1992). In both bladder and breast cancer, therefore, RBI 

inactivation correlates with more advanced stages of tumorigenesis suggesting that 

mutations in other genes are required first. The nature of these additional events 

remains to be elucidated. The multihit nature of cancer has been established at the 

molecular level for colon cancer and involves a variety of oncogenes and tumour 

suppressor genes, not all of which are colon-specific (Fearon, 1992, Fearon and Jones, 

1992, Fearon and Vogelstein, 1990). It is likely that many other tumours will involve a 

similar progression of steps. In this way, mutations in several different genes may 

cooperate to endow the cell with a fully tumorigenic phenotype.

I.3.8 Further studies of loss of heterozygosity (LOH).

Previous studies on the childrens kidney cancer, Wilms' tumour, had 

demonstrated that, where allele loss occurred in the tumour, in this case of chromosome

II, it was the maternal allele which was preferentially lost (Schroeder et al, 1987). This 

finding strongly suggested that genomic imprinting might be important in the aetiology 

of some children's cancers. These findings were consistent with the idea that the 

expression of some genes was influenced by their parental origin because they were in 

some way marked differently or "imprinted" due to epigenetic mechanisms (Reik and 

Surani, 1989). Alternatively, the paternal allele may have been more susceptible to 

mutation. For example, an increase in the number of mutations occurring on the 

paternal allele may have been attributed to the number of cell divisions involved in the 

development of sperm cells which increases with the age of the father. In comparison, 

ova have passed through relatively few divisions at the time of conception. Studies of 

the loss of parental alleles followed in Rb. If imprinting was occurring, there should be 

preferential retention of one of the parental alleles in sporadic tumours. In unilateral 

retinoblastomas, arising in individuals with no prior family history of Rb, however, no 

preferential loss of parental alleles was found (Dryja et al, 1989, Zhu et al, 1989). An 

earlier cytogenetic study suggested that deletions in hereditary Rb usually occurred on 

the chromosome derived from the father (Ejima et al, 1988). In support of this earlier
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observation, 14 bilateral retinoblastomas retained the paternal allele and only one 

retained the maternal allele (Dryja et al, 1989, Zhu et al, 1989). These results were 

consistent with the idea that male germline cells were more susceptible to mutation. 

Surprisingly, when osteosarcomas from individuals with no family history of Rb had 

been studied (Toguchida et al, 1989), 12 tumours showed loss of maternal alleles and in 

only one tumour, the paternal alleles were lost (Toguchida et al, 1989). The reason why 

sporadic osteosarcomas but not sporadic retinoblastomas show retention of the paternal 

allele is not clear. One suggestion was that the paternally derived copy of RB 1 is more 

susceptible to mutation in osteosarcoma precursor cells (Reik and Surani, 1989, 

Toguchida et al, 1989). Alternatively, the maternal allele would be "imprinted", for 

example by méthylation, which is often correlated with loss of gene expression (Bird, 

1986, Reik, 1989 ). A mutation could then inactivate the remaining paternal allele 

which may lower the activity of the tumour suppressor gene sufficiently for 

tumorigenesis (Reik, 1989 ). If imprinting completely ablated expression of RBI from 

the maternal allele in osteosarcoma precursor cells, there would be no selection for 

retention of paternal alleles. It is necessary to propose, therefore, that a further factor 

selects for retention of paternal alleles. To explain this, Reik (1989) has suggested that, 

as a consequence of imprinting, the maternal allele may still be expressed but at lower 

levels. The reason why imprinting would predispose to retention of paternal alleles in 

bone but not in the retina is not clear. Evidence is still lacking for a mechanism for 

imprinting in osteosarcomas.

Another potential consequence of tissue-specific méthylation is that in some Rb 

tumours, loss of one functional copy of the RBI gene could occur by méthylation 

(Reik, 1989 , Reik and Surani, 1989). Déméthylation of an allele inactivated in this 

way has also been proposed as an explanation (Reik and Surani, 1989) for the 

spontaneous regression of tumours which is sometimes seen in Rb patients (see section 

1.3.2). Consequently, méthylation and déméthylation processes could control the 

degree of inactivation of RB 1 and, hence, tumour progression. Since méthylation of 

promoter regions was correlated with a loss of transcriptional activity (Bird, 1986),
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several groups set about trying to show méthylation in Rb tumours. The 5’ region of the 

RB 1 gene was shown to be predominantly unmethylated in most Rb tumours (Greger et 

al, 1989, Sakai et al, 1991a). In contrast, in 10% of tumours from unilateral patients, 

there was evidence for hypermethylation of the RBI gene (Greger et al, 1989, Sakai et 

al, 1991a) and in one tumour, only one allele was hypermethylated (Sakai et al, 1991a). 

It seems, therefore, that if hypermethylation is involved in repressing RB 1 expression, 

it is not a universal mechanism but may be operative in some tumours. Its role in 

spontaneous regression of tumours is still open to question.

1.4 THE RETINOBLASTOMA PROTEIN (pRb).

1.4.1 RBI Structure.

Following the cloning of 4.7R (Friend et al, 1986, Fung et al, 1987, Lee et al, 

1987a), the structure of the RBI gene was analysed for clues as to its normal function. 

The coding region was found to be distributed over 180-200kb of DNA (Friend et al, 

1987, Hong et al, 1989, T'Ang et al, 1989, Wiggs et al, 1988) and consisted of 27 

exons ranging in size from 31bp to 1873bp (McGee et al, 1989). The 27th exon was 

1873bp long but contained a large portion of untranslated sequence. Thus, with the 

exception of exon 27, all the others were less than 200bp long (McGee et al, 1989). The 

intervening intron sequences varied in size from 80bp to 70,500bp (Hong et al, 1989, 

McGee et al, 1989). In genomic DNA, the exons were clustered into 3 main groups 

(figure 3.1) with the largest introns separating exons 2 and 3 and exons 17 and 18 

(Hong et al, 1989, McGee et al, 1989).

With the cloning of the RBI gene from mouse (Bernards et al, 1989) and 

Xenopus (Destree et al, 1992), it was possible to compare the sequence between species 

and look for conserved domains. A notable structural feature, common to the human, 

mouse and Xenopus RBI genes, is a "leucine zipper" (Bernards et al, 1989, Destree et 

al, 1992, McGee et al, 1989). This structure consists of a stretch of amino acids where 

every seventh one is a leucine residue (Landschulz et al, 1988). The hydrophobic 

leucine residues promote the formation of an alpha helical structure (Landschulz et al,
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1988). The leucine zipper motif has also been found in the fos and jun proteins which 

facilitates their dimérisation to form the transcription factor, AP-1, which then binds to 

DNA via an adjacent basic domain (Turner and Tjian, 1989). pRb, however, lacks such 

an adjacent basic domain. Unlike the fos and jun proteins, the leucine zipper in pRb 

contains a proline which would be expected to introduce a kink in the alpha helix. As 

yet, no partner has been identified which binds to pRb exclusively through the leucine 

zipper and there is no evidence to suggest that pRb can dimerise with itself. Other than 

the leucine zipper, the human Rb protein does not have any remarkable structural 

features but has a mildly hydrophobic amino terminus and a hydrophilic carboxy 

terminus (Lee et al, 1987a).

Surprisingly, the 5' region of RB 1 contains few elements typical of many genes. 

Thus, no enhancer elements have been detected in the 7.3kb of upstream sequence 

(Hong et al, 1989). Another motif typical of promoter regions is the TATA box but, 

again, this motif was absent from the RBI promoter region. The TATA motif binds 

transcription factors which, in turn, interact with RNA polymerase II to promote 

transcription (Greenblatt, 1992). A region rich in unmethylated cytosine and guanine is 

located upstream of the transcription initiation site (Ford et al, 1990, Hong et al, 1989, 

McGee et al, 1989, T'Ang et al, 1989). This type of promoter sequence organisation is 

typical of "housekeeping genes" (Bird, 1986) which is consistent with the ubiquitous 

expression of RBI (Bernards et al, 1989, Friend et al, 1986, Lee et al, 1987a). The 

actual promoter region was defined by CAT assay of progressive 5' deletions and is 

between 185 and 206bp upstream of the initiating methionine residue (Hong et al, 1989, 

Sakai et al, 1991b). Other motifs which have homology to binding sites for 

transcription factors have been identified in the promoter region. Three copies of a GC- 

rich element known to bind the SPl transcription factor has been identified (T'Ang et 

al, 1989) and a binding site for the E2F transcription factor is also present (Hamel et al, 

1992). A binding site fitting the consensus sequence for the ATF family of transcription 

factors has also been described (Sakai et al, 1991b). Mutations in this ATF site, at 186- 

192 bp 5' to the initiating methionine residue and in an adjacent position located 198 bp

48



5' to the initiating methionine residue, were found in different Rb patients. The site at 

-198 was shown using gel shift assays to bind a protein from cellular nuclear extracts 

and it was called RBF-1 (Sakai et al, 1991b). In both cases, when these mutations were 

introduced in an appropriate expression vector into cells, they reduced transcription of a 

chloramphenicol acetyl transferase (CAT) reporter gene (Sakai et al, 1991b). This 

provided evidence for their functional significance. The p53 protein has been shown to 

repress in vitro expression of the CAT gene when under control of the RB 1 promoter 

(Shiio et al, 1992). The region through which p53 exerts its effect was localised to a 

8bp sequence which overlaps the ATF site and includes the site at -198. It is quite 

possible, therefore, that p53 may have a role in regulating pRb transcription.

Until now, mutation or deletion was generally considered to be the way in 

which RBI was inactivated but genetic silencing has also been shown to occur. For 

example, in X;13 translocations inactivation of the rearranged chromosome switches off 

RBI (Ejima et al, 1982, Hida et al, 1980). It is often thought that this is mediated by 

DNA méthylation. In fact, in some tumours, the promoter region of RBI is 

hypermethylated (Greger et al, 1989, Sakai et al, 1991a) (see section 1.3.8) whereas, in 

most tumours (Sakai et al, 1991a) and lymphocytes (Ford et al, 1990), it remains 

relatively unmethylated. Méthylation of both the ATF and the RBF-1 sites decreased 

the transcription of a reporter gene when transfected into cultured cells (Ohtani-Fujita et 

al, 1993). Since a mutation had been identified in one Rb patient in the RBF-1 site 

(Sakai et al, 1991b), this suggested that silencing of the RBI gene could occur by this 

mechanism. Thus méthylation has been implicated as a mechanism for loss of function 

of the RB 1 gene. Extensive searches for mutations in RB 1 in these patients have not 

been carried out, however, so it is still not clear whether méthylation in some Rb 

tumours reflects the state of differentiation of the tumour precursor cells rather than 

being a causative mechanism.

The RBI gene clearly plays a role in terminal differentiation of the retina. 

Surprisingly, however, pRb is expressed ubiquitously in murine and human tissues 

(Bernards et al, 1989). A 4.7kb transcript is found in all tissues studied, except mouse
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testis where a shorter 2.8kb mRNA was also detected (Bernards et al, 1989). A shorter 

2.3kb transcript was also detected in foetal rat brain when probed with the human RBI 

cDNA (Lee et al, 1987a). The significance of these other transcripts is not clear.

1.4.2 pRb Viral Oncoprotein Binding.

Much of our present knowledge regarding the function of the protein product of 

the RB-1 gene came from the study of DNA tumour viruses. These viruses generally 

infect quiescent cells in the epithelial lining of many tissues. They produce a set of 

genes soon after infection of the cell. These "early" genes are required to push normally 

quiescent cells into division so that the viral genome can be replicated. These viruses 

can replicate in their natural host cells but they usually transform cells which are not 

derived from their natural host. It had been known for some time that the early protein 

Ela from adenovirus and the large T antigen (LT) from the SV40 polyoma-type virus 

were necessary for the transcription of all other early genes and were capable of 

immortalising primary cells (Tooze, 1980). Although SV40 LT can transform some cell 

types on its own (Tooze, 1980), Ela requires another early protein, Elb, to induce a 

fully transformed phenotype (Ruley, 1983). On its own, however, E la can stimulate 

cellular DNA synthesis (Kaczmarek et al, 1986). Both adenovirus and SV40 can cause 

tumours in newborn rodents (Tooze, 1980). A large amount of investigation has been 

devoted to trying to understand how these viruses transform cells in order to gain an 

insight into the way in which normal cell division is controlled. In one approach to this 

problem, antibodies to the E la protein were raised and used to immunoprecipitate 

cellular proteins (Harlow et al, 1986). A number of proteins were co-precipitated 

including species of approximately 60kd, 105kd, 107kd, 120kd and 300kd (Harlow et 

al, 1986). Antibodies to pRb were used to show that the 105kd Ela-associated protein 

was pRb (Whyte et al, 1988). These interactions were clearly important for the 

transforming function of E la because mutation of the regions of E la required for 

transformation abolished its association with pRb (Whyte et al, 1989). At the same 

time, studies of the SV40 tumour virus demonstrated that LT also bound pRb
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(DeCaprio et al, 1988). This was interesting in view of the fact that the region of Ela 

which bound to pRb was homologous to a region of LT. A third viral protein which 

also shared this homology was the E7 protein of the human papilloma virus (HPV-16) 

which is associated with human cervical carcinoma and it also bound pRb (Dyson et al, 

1989a). These findings implied that the participation of the Rb protein in a viral 

oncoprotein complex was necessary for viral transformation to occur.

Two regions of pRb, extending from amino acids 394-571, encoded by exons 

12-18, and amino acids 649-772, encoded by exons 19-22, bound Ela and LT (see 

discussion) (Hu et al, 1990, Huang et al, 1990). The portion of the proteins separating 

these two parts of the Ela/LT binding domain was known as the "spacer" region. 

Speculation arose that one possible reason for the interaction of the viral transforming 

domains with pRb was to displace cellular proteins from pRb. In fact, several proteins 

were coprecipitated from cellular lysates using just the region of pRb from amino acids 

394-772 and it was subsequently described as the pRb "pocket domain" (Kaelin et al,

1991).

1.4.3 pRb Cell Cycle Phosphorylation.

In eukaryotic cells, division occurs according to an orderly sequence of events, 

each one of which is dependent of the completion of an earlier event (Hartwell and 

Weinert, 1989). The levels of the Rb protein proved to be relatively constant throughout 

the cell cycle with a half life of between 4-10 hours (Chen et al, 1989, Mihara et al,

1989). With the demonstration that the 105-115kD protein species seen on gels were 

due to differential phosphorylation, several groups showed, however, that pRb 

phosphorylation was cell cycle dependent (Buchkovich et al, 1989, Chen et al, 1989, 

DeCaprio et al, 1989, Mihara et al, 1989). pRb was underphosphorylated in the period 

before DNA replication (Gl) in a wide variety of both primary mammalian cells and 

cell lines, (Buchkovich et al, 1989, Chen et al, 1989, DeCaprio et al, 1989, Mihara et 

al, 1989, Stein et al, 1990). The phosphorylated forms of pRb began to appear prior to 

DNA synthesis (S), at the Gl/S boundary, predominated in S and were still present as
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cells underwent mitosis (M) (Buchkovich et al, 1989, Chen et al, 1989, DeCaprio et al, 

1989, Mihara et al, 1989, Stein et al, 1990). pRb was then dephosphorylated sometime 

between the completion of M and the next G l phase. The exact point of 

dephosphorylation during M has not yet been determined. Because pRb remained 

phosphorylated in cells blocked at metaphase with nocodazole, dephosphorylation 

probably occurs sometime after prometaphase (Ludlow et al, 1990). Since 

phosphorylation and dephosphorylation occurred in the same population of pRb 

molecules (Ludlow et al, 1990), it was more likely that a phosphatase and a kinase were 

involved in modifying pRb as the cell cycle progressed rather than degradation of either 

the phosphorylated or unphosphorylated molecules. These experiments suggested that 

phosphorylation of pRb might be necessary for cells to progress from Gl into S. The 

presence of unphosphorylated pRb also correlated with the differentiation state of some 

haemopoietic cell lines and the unphosphorylated form actually appeared prior to 

cellular, morphological features of differentiation (Chen et al, 1989, Mihara et al,

1989). This suggested that dephosphorylation was an essential step in the differentiation 

of some cell types. An important observation was that only the unphosphorylated form 

of pRb associated with LT (Ludlow et al, 1989, Ludlow et al, 1990), which, together 

with the link between phosphorylation of pRb and cell division, led to speculation that 

it was not the presence of pRb per se which was important for cell growth but the 

regulated appearance of post translationally modified forms of the protein.

1.4.4 The Association of pRb With Cellular Transcription Factors.

Insights into the ways in which pRb may function in the cell emerged from a 

continuation of the study of the transforming function of DNA tumour viruses. The E la 

transforming protein with which pRb complexed is a powerful transactivator of several 

viral and cellular genes (Kretzner et al, 1992). Although E la was essential for 

transcription of all of the adenovirus genes, it required an additional cellular factor to 

mediate transcription of the viral E2 gene. This factor (Kovesdi et al, 1986) was termed 

the E2 promoter binding factor (E2F). Clues as to how E la might mediate the
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transactivation of the E2 promoter emerged when it was shown that transactivation of 

the E2 promoter coincided with the dissociation of multiprotein complexes in the cell 

(Bagchi et al, 1990). Since pRb had been shown to associate with Ela, it was thought 

that this interaction may reflect the mechanism behind E la transactivation. An 

interaction between pRb with E2F was subsequently shown which was disrupted by 

Ela, LT and E7 (Bagchi et al, 1990, Bagchi et al, 1991, Chellappan et al, 1991, 

Chellappan et al, 1992, Chittenden et al, 1991). This suggested that disruption of this 

complex would allow E2F to participate in transcriptional activation. Those domains of 

E la which were important for tranformation were responsible for disruption of the 

E2F:pRb complex (Chellappan et al, 1991). Furthermore, the protein complex was not 

present in cell lines in which a mutant RBI gene had been identified (Chellappan et al, 

1991, Chellappan et al, 1992). Thus, because disruption of the E2F:pRb complex 

appeared to be important for viral transformation and it was absent from RB- cell lines, 

this suggested a crucial role for RBI in cellular growth control. E2F binding sites occur 

in several cellular genes known to be induced following growth factor stimulation, 

including c-myc (Mudryj et al, 1990), and genes known to be involved in DNA 

replication (Nevins, 1992). The latter include thymidine kinase and dihydrofolate 

reductase (both of which are essential for thymidine biosynthesis) and also DNA 

polymerase alpha (Blake and Azizkhan, 1989). Taken together, these findings 

suggested a role for pRb in sequestering E2F, thereby preventing it from activating the 

transcription of genes involved in cellular replication.

The association between pRb and E2F was discovered by several different 

groups. Bagchi et al (1991)had isolated the E2F:pRb complex when trying to find an 

inhibitor of E2F binding to DNA. Yet, since pRb was also found in association with 

DNA-bound E2F (Chellappan et al, 1991, Chittenden et al, 1991) which could be 

released by E7 (Chittenden et al, 1991), this contradicted the results of Bagchi et al 

(1991). This apparent paradox may be resolved when it becomes clear how many other 

proteins participate in this complex. At least one other protein, RBP 60, has been 

implicated and is believed to be necessary for the E2F:pRb complex to bind DNA (Ray
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et al, 1992). It has been suggested that modulation of pRb inactivation of E2F may be 

regulated at two levels, RBP60 binding and phosphorylation of pRb (Ray et al, 1992). 

Thus, although the E2F:pRb:RBP 60 protein complex can bind DNA, it may not be 

transcriptionally active. Perhaps other events in the cell are monitored and controlled 

through RBP 60 binding before pRb becomes phosphorylated, thereby completely 

relieving pRb-dependent repression of E2F. In this role, pRb may be seen as guiding 

proteins to promoters of genes for transcriptional regulation.

The E2F gene has now been cloned (Helin et al, 1992, Kaelin et al, 1992) and 

encodes a protein of 437 amino acids in length. The minimal DNA binding domain is 

located at the N terminus and extends from amino acid 89 to 191 (Helin et al, 1992). 

The E2F protein contains a helix-loop-helix motif characteristic of DNA binding 

proteins and 17 amino acids further towards the C terminus downstream is a structure 

resembling a leucine zipper where every 7th amino acid is hydrophobic and 4/6 of these 

are leucines (Kaelin et al, 1992). Although only 17 amino acids (409-426) at the C- 

terminus of E2F are required to bind Rb (Helin et al, 1992), they are located within a 

stretch of 60 amino acids constituting a transactivation domain, suggesting that pRb 

may inhibit E2F activity by binding to this domain (Kaelin Jr et al, 1992).

From the pathology of tumours it appears that RB 1 controls the development of 

immature photoreceptor cells. A role in development is also suggested by the 

association of pRb with a developmentally regulated transcription factor called DRTF-1 

(Bandara and La Thangue, 1991) identified in F9 murine embryonal carcinoma cells. 

pRb was identified as a component of a higher molecular weight form of DRTF-1 

which correlated with cellular differentiation and this complex was dissociated by Ela 

(Bandara and La Thangue, 1991, Partridge and La Thangue, 1991). Furthermore, 

expression of pRb can repress transcription from DRTF-1-driven promoters (Zamanian 

and La Thangue, 1992). The relationship between DRTF-1 and E2F remains unclear 

but both appear to bind to the same DNA sequence. It is quite possible that there are 

other cell-specific, stage-specific proteins that exist which bind pRb and presumably 

hold the clue to its method of regulating cell growth and differentiation.
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1.4.5 pRb and the cell cycle.

A number of cellular proteins were co-precipitated with anti E la antibodies 

(Harlow et al, 1986) and included species of 33 kD, 60kD and 107kD. Because that part 

of E la interacting with these cellular proteins was also critical for transformation 

(Whyte et al, 1988), these associations appeared to be important.

The "cyclins" are a large family of proteins, the levels of which oscillate during 

the cell cycle (Hunter and Pines, 1991). Two groups of cyclins were recognised which 

were thought to play an important part in cellular replication. The Gl cyclins control 

the onset of DNA synthesis and the mitotic cycins are necessary for mitosis (Hunter and 

Pines, 1991, Kirschner, 1992). The cyclins do not act alone but are associated with cell 

cycle dependent protein kinases of which there now appears to be a family of related 

members (Meyerson et al, 1992). Cdc2 is the most studied of these and its kinase 

activity is regulated by phosphorylation and by association with cyclins (Pines, 1993). 

Since the phosphorylation of pRb was cell cycle dependent, the cdc2 and related protein 

kinases were candidates for this kinase action.

The first evidence for a role for cdc2, or a related kinase, in pRb 

phosphorylation was shown by the ability of cdc2 antisense oligonucleotides to block 

the formation of some of the phosphorylated forms of pRb (Furukawa et al, 1990). 

Subsequently, cdc2 was shown to phosphorylate those same sites on pRb in vitro 

which were phosphorylated in vivo (Lees et al, 1991, Lin et al, 1991). Not all of the 

phosphorylated species of pRb, however, were blocked by antisense cdc2 (Furukawa et 

al, 1990) suggesting that pRb phosporylation may also require other kinases.

Another member of the human cyclin family, called cyclin A, was cloned 

independently by two groups because of its homology with Drosophila and Xenopus 

cyclins (Pines and Hunter, 1990) and by its presence at the site of hepatitis B virus 

integration in a hepatocellular carcinoma (Wang et al, 1990). A different kinase activity 

(cdk2) was associated with cyclin A (Pines and Hunter, 1990). An additional important 

finding was that cyclin A and cdk2 were identified as the Ela-associated proteins which
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had molecular weights of 60kD and 33kD, respectively (Giordano et al, 1991, Pines 

and Hunter, 1990, Tsai et al, 1991).

When unphosphorylated pRb was injected into Saos-2 cells which lacked 

normal pRb, the cells became growth arrested at the G1->S transition (Goodrich et al,

1991). Since, in Xenopus oocytes, cdk2 antibodies blocked the onset of DNA synthesis 

whilst cdc2 antibodies prevented cells from progressing through mitosis, cdk2 was 

considered more important for DNA synthesis whilst cdc2 appeared to have a more 

significant role in mitosis (Fang and Newport, 1991). Furthermore, in vitro cdk2 could 

phosphorylate most of those sites phosphorylated on pRb in vivo and anti-cdk2 

antibodies coprecipitated pRb suggesting that they were physically linked (Akiyama et 

al, 1992). The amino terminal end of the pRb protein was sufficient for this interaction 

(Akiyama et al, 1992) (see discussion). Taken together, these results suggested that 

cdk2 was a candidate kinase for the phosphorylation of pRb during Gl whilst cdc2 was 

more likely to phosphorylate pRb later during S. A clearer picture may emerge when 

more is known about the other members of the family of cdc2-related kinases. For 

instance, cyclin E also associates with cdk2 and is present in Gl whereas the cyclin 

A:cdk2 complex is present in S (reviewed in Pines 1993). A cyclin E:cdk2 complex 

may, therefore, be a better candidate for phosporylating pRb in Gl. Another hypothesis 

suggested by the physical association of pRb with cdc2 and cdk2 is that pRb may be 

acting to target the kinases to cellular substrates (Hu et al, 1992).

1.4.5.1 The pl07 Ela-associated protein.

The identification of other Ela-associated proteins implied that these proteins 

may also be important for E la transformation and the quest to clone them has 

continued. The 107kd species (pl07) bound E la (Whyte et al, 1988) and also LT 

(Dyson et al, 1989b) suggesting an important role in transformation. The amino acid 

sequence of pl07 was determined and oligonucleotides from the predicted DNA 

sequence used to screen a cDNA library (Ewen et al, 1991). A cDNA sequence was 

isolated, the amino acid sequence of which was highly homologous to pRb, particularly
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around the Ela/LT binding domain (Ewen et al, 1991). The "spacer" sequence which 

separates the two components of the Ela/LT binding domain, however, was larger in 

pl07 (Ewen et al, 1991). This structural similarity between the two proteins strongly 

suggested they had a similar function.

1.4.5.2 E2F cellular complexes.

E2F was known to be an essential cellular factor for Ela-mediated 

transactivation (Nevins, 1989) (see section 1.4.2 and 1.4.4). More than one DNA-bound 

species was observed on gels when cellular lysates were incubated with an 

oligonucleotide corresponding to the E2F DNA-binding sequence (Mudryj et al, 1991). 

E2F was, therefore, assumed to exist in the cell in different multiprotein complexes. 

When cells were stimulated to proliferate, two cell cycle dependent complexes with 

higher molecular weights were present in addition to the DNA-bound E2F (Mudryj et 

al, 1991). E la could dissociate both of these DNA-bound activities (Mudryj et al,

1991), one of which contained cyclin A (Mudryj et al, 1991).

Further analysis demonstrated that E2F associated with unphosphorylated pRb 

during G l then, as cells passed into S, the E2F:pRb complex dissociated and E2F could 

be found predominantly complexed with cyclin A, p i07 and cdk2 in S phase (Cao et al, 

1992, Helin et al, 1992, Mudryj et al, 1991, Pagano et al, 1992, Shirodkar et al,

1992). This explained the difference between the "spacer regions" in p i07 and pRb 

because this region of pl07 was responsible for binding cyclin A (Ewen et al, 1992). 

Since it was the unphosphorylated form of pRb which bound E2F (Chellappan et al, 

1991, Helin et al, 1992), these events suggested a model whereby E2F, when 

complexed with unphosphorylated pRb, was inactive until cells received the 

appropriate signal whereupon pRb was phosphorylated and E2F released to activate 

genes necessary for DNA synthesis (Wagner and Green, 1991). This model has to be 

tempered by recent evidence that pRb:E2F complexes are present in S phase (Shirodkar 

et al, 1992). The real story, therefore, may prove to be more complex. The 

E2F/pl07/cyclin A/cdk2 complex identified in S phase was presumed to represent
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another aspect of E2F regulation. The potential of this complex to localise to DNA has 

led to speculation that it may participate in phosphorylating proteins present on DNA 

and/or involved in DNA replication or transcription (Devoto et al, 1992). Thus, both 

pRb and pl07 may be involved in transcriptional regulation. The hypothesis that pRb 

was a negative regulator of E2F has been reinforced by recent experiments showing that 

the presence of pRb inactivates E2F transcriptional activity (Hiebert et al, 1992, 

Weintraub et al, 1992). Weintraub et al (1992) showed that transcription of the 

chloroamphenicol acetyltransferase (CAT) gene was inhibited through E2F sites in the 

E la promoter but was activated in cells which either expressed E la or lacked RBI. 

Coexpression of RB 1 cDNA in these cells once again inhibited transcription of the 

CAT gene, strongly suggesting that pRb was mediating the negative effects of E2F on 

transcription (Weintraub et al, 1992). In a different cell line, Hiebert et al (1992) 

showed that E2F binding sites could act as positive elements for transcription of the 

CAT gene but that coexpression of the normal RBI cDNA, but not mutant RBI, 

inhibited transcription. Taken together, these findings placed pRb in the role of a 

transcriptional regulator which was consistent with evidence from other studies (see 

section 1.4.7).

1.4.6 Interactions of pRb with TGF-B.

Transforming growth factor 6 (TGF-6) is a potent inhibitor of growth in many 

cells (Massague et al, 1992). A relationship between TGF-6 and pRb was first 

suggested by the apparent resistance of retinoblastoma cells in culture to the growth 

inhibitory effects of TGF-6 (Kimchi et al, 1988). At first, it was thought that a lack of 

TGF-6 receptors (Kimchi et al, 1988) could explain these results but other mechanisms 

have since been proposed. In cells growth-suppressed by TGF-6, pRb was in the 

unphosphorylated form (Laiho et al, 1990). The reversal of TGF-6-induced growth 

inhibition by LT and E7 was thought to be acting through the interaction of 

unphosphorylated pRb with the viral oncoproteins (Laiho et al, 1990, Pietenpol et al,

1990). This led to speculation that pRb was a component of a TGF-6-induced pathway
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to growth suppression. Although this remains a possibility, breast cancer cells which 

lack RBI retain sensitivity to TGF-6-induced growth suppression suggesting that other 

pathways must exist (Ong et al, 1991). Further evidence that pRb may act downstream 

of TGF-B came from transcriptional studies.

1.4.7 Regulation of Transcription by pRb.

One agent through which TGF-6 might exert its effect on cell growth was c- 

myc. Suppression of c-myc transcription accompanying TGF-61 arrest of keratinocyte 

growth in Gl was inhibited by E7, Ela and LT (Missero et al, 1991, Pietenpol et al,

1990). TGF-6 and pRb both repressed c-myc transcription in kératinocytes through a 

promoter sequence (Pietenpol et al, 1991) referred to as the TGF-6 control element 

(TCE). Taken together, these findings suggested a role for pRb in the suppression of 

myc transcription. However, myc could overcome this effect as shown by the reversal of 

pRb-induced growth arrest in Gl in Saos-2 cells when they were cotransfected with 

myc (Goodrich and Lee, 1992). Another mechanism by which myc might reduce the 

activity of pRb was suggested by the association of myc and pRb in in vitro binding 

experiments (Rustgi et al, 1991). Whether the reversion of pRb-induced growth 

suppression by c-myc is simply a consequence of myc binding to Rb is not yet resolved. 

Alternatively, c-myc may be acting downstream of pRb, so that sufficient expression of 

c-myc would overcome pRb-induced repression. The action of pRb on myc trancription, 

and its involvement in growth suppression by TGF-6, may be only one aspect of a 

complex system. The ability of E la to reverse TGF-61-induced cell growth inhibition 

also depends on its binding to other cellular proteins including p i07 and p300 (Missero 

etal, 1991).

In contrast to the studies using kératinocytes, a positive effect of pRb on 

transcription from the myc promoter has been reported in mink lung epithelial cells 

(Kim et al, 1991). pRb also induces transcription from the c-fos and TGF-61 promoters 

in mink lung epithelial cells but represses transcription from the same promoters in NIH 

3T3 mouse fibroblast cells (Kim et al, 1991, Robbins et al, 1990). Thus, both positive
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and negative effects of pRb on the c~fos and TGF-6 promoter were described which 

appeared to be cell type or species specific (Kim et al, 1991). A 30bp element within 

the human c-fos promoter, referred to as the retinoblastoma control element (RCE), has 

been shown to mediate the effects of Rb on c-fos and c-myc transcription and, more 

recently, the insulin-like growth factor 2 (IGF-2) gene (Kim et al, 1992a). The RCE and 

TCE appear to have similar sequences but are not identical. Both the c-fos RCE and c- 

myc TCE each form three cellular complexes (Pietenpol et al, 1991, Udvadia et al,

1992) which might explain why, in different cells, pRb may have different effects on 

transcription depending on the presence of associated factors. pRb does not appear to 

bind directly to the RCE or TCE elements in vitro, however, but may interact through 

other cellular components (Pietenpol et al, 1991, Udvadia et al, 1992). The SP-1 

transcription factor has also been identified as a component of a protein complex 

associated with the RCE in the IGF-2 promoter and SP-1 mediates pRb induced 

transcriptional activation of the (IGF-2) promoter in mink lung epithelial cells (Kim et 

al, 1992a). No direct interaction of Rb with SP-1 has yet been demonstrated. However, 

oligonucleotide sequences which selectively bind to pRb affinity columns, suggest an 

indirect association because one such oligonucleotide, which is selectively bound, is 

similar in sequence to the consensus SP-1 binding site (Chittenden et al, 1991). In 

addition to the RCE and TCE, an additional negative regulatory effect of Rb on the c- 

myc promoter was mediated by an E2 element located downstream of the RCE/TCE 

(Hamel et al, 1992). Another transcription factor binding site mediating pRb-induced 

transcription in the mink lung epithelial cell line is the ATF-2 binding site in the TGF- 

62 promoter (Kim et al, 1992b). ATF-2 also associates in vitro with pRb (Kim et al, 

1992b). Thus, it appears that pRb may mediate positive and negative effects on multiple 

promoters through more than one site. The ability of pRb to act positively or negatively 

on transcription may still be consistent with a regulatory role because the effect elicited 

may relate to conformational changes of pRb and its association with other interacting 

proteins. In this respect it will be interesting to know more of the functions of the 

different phosphorylated forms of pRb.
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1.4.8 Control of pRb function and interaction with cyclins.

There is ample evidence to suggest that pRb has a role in controlling the 

transcription of other genes and exerts an effect of restricting the growth of cells at a 

point in G l. The question remains as to how pRb action is controlled. Part of this 

control is probably exerted at the level of phosphorylation of pRb. This hypothesis is 

supported by the fact that arrest of Saos-2 cells in Gl occurs following transfection of 

wild type RBI (Goodrich et al, 1991) and cotransfection of cyclins A, E and D1 can 

relieve this block (Hinds et al, 1992). Release of Saos-2 cells from Gl by transfection 

of cyclin A and E is accompanied both by a weakening of the interaction of pRb with 

an, as yet, unidentified nuclear component, and phosphorylation of pRb (Hinds et al,

1992). This provides strong evidence that a cyclin/cdc2-related kinase complex is 

responsible for pRb phosphorylation. Release of Saos-2 cells from Gl is also caused by 

cyclin D1 but it is not accompanied by hyperphosphorylation of Rb (Hinds et al, 1992). 

One interpretation of this data is that, while cyclin A and E may function to regulate 

pRb by phosporylation, there may be further steps downstream of pRb in the cell 

growth control pathway which are mediated by cyclin D l. It is conceivable that 

upstream regulators of pRb function are, in turn, linked to further signalling pathways 

to which pRb responds. For instance, perhaps the mechanisms by which growth factors 

such as TGF 6 exert their effects on the cell will become clear once we know more 

about other intermediary signals in the pathways which act upstream of transcriptional 

regulators such as pRb.

1.4.9 A role for pRb in differentiation?

The existence of pRb in the underphosphorylated form in both senescent 

fibroblasts (Stein et al, 1990) and HL-60 leukaemic cells induced to terminally 

differentiate with retinoic acid, suggested an involvement in the maintenance of GO 

(Chen et al, 1989, Mihara et al, 1989). Myo D is a protein which is is a member of a 

large family of muscle specific proteins and is required for the differentiation of
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myoblasts into myotubes (Weintraub et ai, 1991). Myo D binds to a consensus DNA 

binding sequence present in most muscle-specific enhancers and is able to transactivate 

transcription of these genes (Weintraub et al, 1991). An important finding was that Myo 

D will not induce growth inhibition or features of differentiated muscle cells, such as 

expression of muscle-specific proteins, in an osteosarcoma cell line unless pRb is 

present (Gu et al, 1993). The regulation of skeletal muscle cell differentiation has 

presented compelling evidence for a role for pRb in the induction and maintenance of 

the differentiated muscle cell phenotype, which, in muscle cells, is mutually exclusive 

to cell cycling (Gu et al, 1993). Myo D interacts with unphosporylated pRb both in vivo 

and in vitro through a basic helix-loop-helix domain (bHLH) characteristic of 

dimerising DNA binding proteins (Gu et al, 1993, Murre et al, 1989). The region of 

pRb which binds Myo D (Gu et al, 1993) includes the C terminal half (amino acids 

605-792) of the Ela/LT binding domain (see discussion). pRb can prevent Myo D 

homodimers from binding DNA (Gu et al, 1993). DNA binding by heterodimers 

formed between Myo D and other bHLH proteins of the Myo D family, however, is not 

inhibited suggesting a potential role for the regulation of muscle differentiation through 

transcriptional control of muscle specific genes (Gu et al, 1993). The interaction of pRb 

with Myo D illustrates a function for pRb in differentiation of muscle cells. It is quite 

possible that this role may be extended to other cell types and that similar mechanisms 

may be operating in its control of the differentiation of retinal cells.

The most convincing evidence for tumour suppressor genes is the ability to 

repress malignancy, or the promotion of cancer, in systems where the function of the 

normal gene product has been inactivated. The first experiments to demonstrate this 

function for pRb relied on in vitro systems (see section 1.3.6). More recently, 

transgenic mice have been generated with both heterozygous or homozygous mutations 

in RB 1 which allow studies of the in vivo consequences of pRb inactivation (Clarke et 

al, 1992, Jacks et al, 1992, Lee et al, 1992). Mice with homozygous RBI mutations 

did not reach term and showed developmental abnormalities of the haemopoietic and 

nervous systems which may have been due to defects of cellular differentation (Clarke
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et al, 1992, Jacks et al, 1992, Lee et al, 1992). These abnormalities included a decrease 

in the density of cells in the liver which represents a major site for haemopoiesis in the 

embryo, an increase in the number of circulating nucleated erythrocytes and an increase 

in the death of cells in the central nervous system, particularly in the hindbrain (Clarke 

et al, 1992, Jacks et al, 1992, Lee et al, 1992). Interestingly, mice with heterozygous 

RB 1 mutations did not develop Rb but rather pituitary tumours developed in some 

animals (Jacks et al, 1992). There has not yet been a convincing explanation for why 

these mice did not develop Rb but, since Rb has not been observed in any other animals 

than man, retinal development in humans may simply have unique regulatory pathways. 

The demonstration that RBI mutations can interfere with development, however, 

suggests it may play an analagous role in the haemopoietic and nervous tissues in mice.

1.4.10 A model for pRb action.

The evidence so far amassed from studies of pRb function points to a critical 

role for pRb in the control of the cell cycle which appears to be strongly linked with 

transcriptional control. A model depicting the interactions of pRb is shown in figure 1.1 

and is based on the interpretation of data from several groups. pRb associates with E2F 

but the presence of an additional protein(s) is required in order for this complex to bind 

DNA. Thus, pRb sequesters those E2F molecules which are not bound to DNA and 

when E2F is bound to DNA, the presence of an additional factor prevents E2F from 

activating promoters containing E2F recognition sequences. Because, in the cell cycle, 

cyclin E is present prior to cyclin A, it is a more likely candidate for phosphorylating 

pRb early, before S phase (Pines, 1993). The kinase associated with cyclin E may be 

any one of the family of cdc2-related kinases (Meyerson et al, 1992) but cdk2 is a likely 

candidate because it is active prior to DNA replication (Pines, 1993). Phosphorylation 

of pRb releases E2F which can then activate the transcription of genes as shown at the 

bottom of figure 1.1. An alternative route for E2F transactivation involves the
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Figure 1.1 Model of pRb action. During Gl of the cell cycle, pRb binds to and 
sequesters E2F. At the G1->S transition, pRb is phosphorylated by a cyclin 
dependent kinase (cdk), possibly cdk2 in association with a Gl cyclin, such as cyclin 
E. Phosphorylation of pRb releases E2F which is then able to activate transcription 

of genes necessary for DNA replication, as shown below. pRb is then progressively 
phosphorylated by cyclin:cdk complexes as the cell passes from S->G2->M, after 
which pRb is dephosphorylated before the next Gl. During S, E2F can also be found 
in a complex with p i07, cyclin A and cdk2 and could, potentially, phosphorylate 

DNA-bound substrates (perhaps other transcription factors) to regulate transcription..
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phosphorylation of accessory factors required for transcription and this is achieved by 

the action of the cyclin A/ cdk2 /p i07 complex as shown at the bottom of figure 1.1. 

The ability of pRb to promote, or suppress, transcription from other promoters has also 

been described (see section 1.4.7) but it is not yet clear when these actions occur in the 

cell cycle. It is difficult, therefore, to incorporate this idea into a model of pRb function. 

Cyclin A and cdk2 may also participate in a later wave of phosphorylation of pRb in S 

and other cyclins, in combination with cdc2-related kinases, may phosphorylate pRb 

later in G2 and M (figure 1.1). The reason for the multiple phosphorylations of pRb 

during the cell cycle are not yet clear but may serve to regulate the activities of pRb in 

some way, for instance, by altering its binding affinités to cellular proteins.

1.5 THE SEARCH FOR OTHER OTHER TUMOUR SUPPRESSOR GENES.

RB 1 is the prototype for human tumour suppressor genes and has paved the way 

for the identification of other tumour suppressor genes, particularly through their 

involvement with familial cancer syndromes. From our knowledge of retinoblastoma 

and oncogenes, the main characteristic that distinguishes the two is that when present, 

oncogenes cause transformation. In contrast, it is the absence of the functional products 

of tumour suppressor genes which predispose to cancer. Tumour suppressor genes 

acting recessively were perfect candidates to explain the features of other dominant 

familial cancer syndromes whereby the first mutation was inherited and the second 

mutation occurred in the tumour precursor cells (Knudson, 1977). Once characteristics 

which could be used to pinpoint tumour suppressor genes had been established, analysis 

of deletions/translocations and loss of heterozgosity studies were carried out for several 

other dominantly inherited cancer syndromes.

1.5.1 Familial Adenomatous Polyposis Coli:

Familial adenomatous polyposis coli (FAP) is a familial cancer syndrome with a 

dominant pattern of inheritance. FAP patients suffer from hundreds of adenomatous 

polyps in the colon and inevitably develop colon cancer at a relatively early age
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(Utsunomiya and Lynch, 1990). Unlike Rb, however, it is a cancer of adults. Linkage 

analysis using markers from chromosome 5 established the location of the gene 

predisposing to FAP (Bodmer et al, 1987). Analysis of patients with large constitutional 

deletions and positional cloning resulted in the cloning of two genes, (Joslyn et al, 

1991, Kinzler et al, 1991a, Kinzler et al, 1991b) the adenomatous polyposis coli gene 

(AFC) and the "mutated in colon cancer" (MCC) gene both of which showed mutations 

in sporadic colon cancers (Groden et al, 1991, Kinzler et al, 1991b, Nishisho et al, 

1991). However, MCC mapped outside the region deleted in FAP patients (Joslyn et al, 

1991). Germline mutations in the APC gene were subsequently identified in patients 

predisposed to FAP (Groden et al, 1991, Nishisho et al, 1991). It appeared, therefore, 

that the pattern established for Rb could also be applied to FAP. The function of the 

APC protein product is as yet unknown but structural analysis shows that it contains a 

putative coiled coil region which may mediate oligomerisation with other proteins 

(Kinzler et al, 1991a). Since the initial mutation in the APC gene is carried in the 

constitutional cells of FAP patients, yet, only some colonic epithelial cells develop into 

adenomas, another mutation is thought to be necessary for tumour progression. In 

contrast to sporadic colon cancers, however, loss of heterozygosity for chromosome 5 is 

rare in early adenomas from patients with FAP (Solomon et al, 1987). Advanced stage 

adenomas and carcinomas are more difficult to obtain from these patients because their 

colons are removed at an early age. The APC gene, therefore, appears to be acting in 

sporadic colon cancers in a fashion similar to RB 1 but the situation is less clear in colon 

cancers in FAP patients. The resolution of this apparent paradox may require more 

studies of somatic mutations in other genes in FAP patients and knowledge about the 

function of the APC protein product.

1.5.2 Neurofibromatosis.

Individuals with neurofibromatosis type 1 (NFl) and type 2 (NF2) display a 

range of abnormalities including tumours affecting neural ectodermal tissue (Menon et 

al, 1990). NFl is an autosomal domininant disorder which has an incidence of 1:35(X)
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and involves the development of neurofibromas, schwannomas, neurofibrosarcomas, 

phaeochromocytoma and tumours of the central nervous system in approximately one 

third of patients (Ponder, 1990). In >90% of patients, however, hundreds of benign 

neurofibromas of the skin are present (Ponder, 1990) which can develop into malignant 

neurofibrosarcomas. The isolation of the NFl gene was based on its linkage to markers 

on chromosome 17 (Barker et al, 1987). This was followed by positional cloning 

guided by constitutional translocations in NFl patients involving chromosome 17 

(Visckochil et al, 1990, Wallace et al, 1990). Mutations were subsequently identified in 

patients with NFl in a gene, NFl, isolated from chromosome 17qll.2 (Cawthon et al, 

1990). More recently, mutations of the NFl gene have also been identified in several 

sporadic tumours not associated with neurofibromatosis 1 (Li et al, 1992).

Although constitutional deletion of NFl implicates it as a tumour suppressor 

gene, LOH of markers from 17q in benign neurofibromas or malignant 

neurofibrosarcomas has rarely been reported. The analysis of LOH in benign 

neurofibromas from NFl patients, however, is difficult because these tumours are 

composed of many different cell types (Menon et al, 1990). A dosage effect has, 

therefore, been proposed as an alternative hypothesis to explain the high incidence of 

neurofibromas in NFl patients (Cawthon et al, 1990) with mutations in other genes 

contributing to tumorigenesis. In contrast to Rb, NFl is a heterogeneous disorder again 

suggesting that other genes may be involved. Confirmation that N F l is a tumour 

suppressor gene may, therefore, require the study of more subtle mutations in the gene.

The NFl gene encodes a protein called neurofibromin which is related to the 

GTPase activating protein (pl20GAP), which hydrolyses GTP to GDP on p21ras (Xu 

et al, 1990). The region of homology comprises the catalytic domain of pl20GAP (Xu 

et al, 1990). Indeed, neurofibromin catalyses the GTPase activity of p2lras (Xu et al, 

1990) and, in fact, has a much higher affinity for p2lras than pl20GAP (Bollag and 

McCormick, 1991). A role for neurofibromin in the upstream regulation of p2lras has, 

therefore, been proposed (Bollag and McCormick, 1991, Xu et al, 1990). There is 

further evidence for such a role from studies of the NFl protein product. Despite the
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presence of p i20 GAP, cell lines from NFl patients show negligible levels of 

neurofibromin and high levels of GTP-bound ras (Basu et al, 1992). Because ras is 

implicated as an intermediate between extracellular signals impinging on the cell and 

intracellular pathways, the disruption of its regulation may be expected to disturb cell 

growth. Further evidence that the inactivation of NFl contributes to tumorigenesis in 

NFl patients comes from experiments showing that introduction of the GAP-related 

domain from neurofibromin induces morphological reversion of malignant cell lines 

from NFl patients (DeClue et al, 1992). These protein studies, therefore, support the 

identification of NFl as a tumour suppressor gene.

NF2 is a rare autosomal dominant disorder, affecting 1:100,000 people and 

almost all patients develop bilateral acoustic neuromas (Menon et al, 1990). Positional 

cloning of the NF2 gene (Trofatter et al, 1993) was based on cytogenetic evidence for 

loss of chromosome 22 in tumours, linkage analysis using markers from chromosome 

22 in NF2 families, deletions on chromosome 22 from tumours and loss of 

heterozygosity for markers on chromosome 22 in tumours (Seizinger et al, 1987, 

reviewed in Menon 1990). The candidate gene for NF2 encodes a protein called merlin 

which has homology to proteins which are thought to provide a link between the 

cytoskeleton and the cell membrane (Trofatter et al, 1993). In one tumour from a NF2 

patient, there was loss of the normal allele on chromosome 22 and the allele that 

remained in the tumour had a mutation which would be expected to produce a 

premature translational stop codon (Trofatter et al, 1993). The NF2 gene, therefore, 

appears to behave as a tumour suppressor gene in a fashion similar to RBI.

1.5.3 p53.

In contrast to the APC and NFl and NF2 genes, the p53 gene was originally 

found because it was overexpressed in transformed cells. The product of the p53 gene, a 

protein of 53kD, was isolated when it coprecipitated with antibodies to the large T 

antigen which were produced in SV40 transformed cells (Lane and Crawford, 1979). It 

was subsequently found at high levels in other tumours and cell lines and was,
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therefore, regarded as an oncogene (Lane and Crawford, 1979, Rodrigues et al, 1990). 

However, further studies revealed the p53 proteins identified in the earlier studies were 

mutant (Hinds et al, 1989). Mutations of the p53 gene usually involved loss of 

heterozygosity which was strong evidence that it was a tumour suppressor gene (Lane 

and Benchimol, 1990, Nigro et al, 1989). However, unlike the RBI gene, a dominant 

promotional effect of mutant p53 had also been noted. Mutant p53 could cooperate with 

ras to transform cultured embryonic fibroblasts (Eliyahu et al, 1984). The presence of a 

mutant p53 gene in a mouse with two normal copies of p53 resulted in a range of 

cancers at an earlier age (Lavigueur et al, 1989). A "dominant negative" effect 

(Herskowitz, 1987) mediated by the formation of complexes between wild type and 

mutant p53 was proposed to explain the promotional effect of p53 and such complexes 

were observed in vitro (Eliyahu et al, 1988). Mutant p53 in cells lacking normal p53, 

however, promoted neoplastic features and the cotransfection of mutant and wild type 

p53 resulted in the wild type phenotype (Chen et al, 1990, Finlay et al, 1989). Taken 

together, these results suggested that at least in some cases, mutant p53 promoted 

transformation by a mechanism other than a dominant negative effect (Chen et al, 1990, 

Finlay et al, 1989). The most convincing evidence for a tumour suppressor function of 

p53 was that it blocked cell division in Gl and reduced tumorigenicity in nude mice 

(Martinez et al, 1990, Michalovitz et al, 1990, Baker et al, 1990). p53 may, therefore, 

behave in a dominant negative fashion or simply gain a growth promoting function. The 

reasons for these different activities are not yet clear but are thought to depend upon the 

nature of the mutation and the way it affects p53 protein function.

The p53 gene is located at chromosome 17p 13.1 (Benchimol et al, 1985), has 

11 exons and is widely expressed throughout the body (Rogel et al, 1985). The p53 

protein contains five highly conserved regions, four of which are targeted by mutations 

in a wide range of human cancers including those of the lung, breast, colon, liver, 

bladder, ovary and brain and also leukemias, lymphomas and sarcomas (Hollstein et al, 

1991, Nigro et al, 1989). Mutations are usually of the missense type and are 

concentrated in four highly conserved regions between amino acids 117-142, 171-181,
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236-258 and 270-286 (Soussi et al, 1990). However, mutations do occur outside of 

these regions. Many studies confine their searches to these domains and so the 

proportion of mutations in the highly conserved regions may be overestimated. 

Particular hotspot codons are 175, 248, 249, 273 and 282 (Caron de Fromentel and 

Soussi, 1992, Hollstein et al, 1991, Levine, 1992, Levine et al, 1991). For instance, 

codon 175 is a hotspot in colon cancer (Levine, 1992) whereas codon 249 is commonly 

mutated in hepatocellular cancer occurring in China and South Africa (Bressac et al, 

1991, Hsu et al, 1991).

The function of the p53 protein remains a controversial topic and an object of 

intense research. Several biochemical properties distinguish mutant p53 from wild type 

p53 proteins including a longer half-life, the exposure of different antigenic epitopes 

(which is thought to reflect different structural conformations) and the ability to bind 

the heat shock protein 70 (reviewed in Levine 1991). All mutant p53 proteins described 

so far appear to have a longer-half life but, otherwise, vary according to their altered 

biochemical properties (Levine, 1992, Slingerland et al, 1993). This also suggests that 

not all mutant p53 proteins may have the same effect on cell growth. The wild type p53 

protein has now been shown to have sequence specific DNA binding activity (Kern et 

al, 1992) and to transactivate transcription of a reporter gene containing a heterologous 

DNA binding domain (Raycroft et al, 1990, Unger et al, 1992). Almost every mutant 

p53 protein which has been tested is inactive in this system (Fields and Jang, 1990, 

Raycroft et al, 1990, Unger et al, 1992). Furthermore, cotransfection of wild type and 

mutant p53 inhibited transcription of a reporter gene compared to equivalent amounts 

of wild type p53, alone, suggesting that the mutant p53 protein was acting in a 

dominant negative way to inhibit transcription (Kern et al, 1992, Unger et al, 1992). 

One mechanism by which this might occur was suggested by earlier experiments by 

Milner et al (1991), showing that p53 proteins could oligomerise and that the 

cotranslation of mutant and wild type p53 induced the wild type protein to assume a 

mutant conformation (Milner and Medcalf, 1991). Wild type p53 appears to have a 

transactivation function that many mutant proteins lack but the identity of the targets of
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such activity is still unknown. Mice homozygous for p53 mutations develop normally 

(Donehower et al, 1992) which has led to speculation that although p53 may not be 

essential for development, it may participate in the response of cells to stress or damage 

(Vogelstein and Kinzler, 1992). In support of this. Lane (1992) showed that p53 levels 

rise in response to DNA damage. Kuerbitz et al (1992) showed that when cells that 

lacked endogenous p53 genes were transfected with wild type p53 they acquired the 

ability to arrest in G l after gamma irradiation. Furthermore, when mutant p53 was 

transfected into cells which had wild-type p53 genes, their ability to arrest in 01 was 

repressed (Kuerbitz et al, 1992). They proposed that p53 was, therefore, acting as a cell 

cycle checkpoint following gamma irradiation. p53-induced G l arrest may occur by 

activation of the transcription of cell growth inhibitory genes enabling the cell to repair 

damage before progressing through the cell cycle. Since complexes of wild-type and 

mutant p53 proteins are transcriptionally inactive, Vogelstein and Kinzler (1992) 

suggest that inhibition of this repair process may occur as a result of mutations which 

inactivate p53 function through one of several mechanisms. This may occur through 

inactivation of p53 as a result of missense mutations, truncation of the p53 protein, 

preventing oligomerisation, or the production of mutant p53 proteins which can 

oligomerise with wild type p53 and interfere with its function through a dominant 

negative mechanism (Vogelstein and Kinzler, 1992). Another way by which normal 

p53 may function is to induce apoptosis of cells which have undergone DNA damage 

(Lane, 1993). Tumour cells with mutant p53 may, therefore, have a selective advantage 

so explaining the high incidence of p53 mutations in human tumours.

p53 was first identified as an LT-associated protein in SV40-infected cells (Lane 

and Crawford, 1979) which is similar to the interaction seen for pRb. p53 was 

subsequently shown to also bind the Elb protein product of adenovirus (Samow et al, 

1982) which cooperates with E la to transform cells (Ruley, 1983). Furthermore, an 

interaction with the E6 proteins of human papilloma virus (HPV) types 16 and 18 

which cooperate with E7 to transform cells was also demonstrated (Werness et al,

1990). Taken together, these findings suggest that p53 has a growth regulatory role
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which these viral transforming proteins must inactivate. Although the interaction of p53 

with LT and Elb leads to a stabilisation of the protein (Samow et al, 1982), E6 induces 

rapid degradation of p53 (Scheffner et al, 1990). p53 associates with E6 and when 

present in this complex, p53-mediated repression of the transcription of some promoters 

is inhibited (Lechner et al, 1992). HP Vs are implicated in cervical cancer in humans 

(Howley, 1991). The importance of the interaction of p53 with E6 is suggested by the 

presence of mutant p53 proteins in cervical tumour cell lines which are negative for 

HPV sequences and the presence of wild-type p53 in those lacking HPV (Scheffner et 

al, 1991). These experiments suggest that E6 may interfere with the function of p53 

either through inducing its degradation or by binding to it and that this is an important 

step in the transformation of human cells by these viruses.

Unlike RBI, p53 had not been associated with an inherited cancer 

predisposition syndrome. Recently, however, p53 mutations have been identified in Li- 

fraumeni families who are predisposed to the early onset sarcomas and cancer of the 

breast and brain (Malkin et al, 1990), Mutations have since been identified in other 

cancer-prone families which vary from the classical Li-Fraumeni phenotype (Prosser et 

al, 1992). Thus, both inherited and sporadic mutations in p53 can contribute to 

tumorigenesis.

1.5.4 Wilms’ tumour.

Another childhood cancer which occurred in both unilateral and bilateral forms 

was Wilms' tumour of the kidney. Unlike Rb, however, familial forms were extremely 

rare accounting for less than 1% of cases (Haber and Housman, 1992). Knudson and 

Strong (1972) also proposed that Wilms' tumour required the loss of critical genes and 

that two hits appeared sufficient for tumour formation.

The localisation of a candidate gene for Wilms' tumour began with the study of 

patients with Wilms' tumour, aniridia and genitourinary abnormalities (the WAGR 

syndrome). Many of these patients had deletions of chromosome 11, with a common 

region of overlap involving pl3 (Riccardi et al, 1980). Following the demonstration that
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Rb could be due to the loss of alleles at 13ql4, several groups used polymorphic 

markers from chromosome 11 and showed that loss of alleles could also occur in 

sporadic Wilms' tumours (Koufos et al, 1984, Orkin et al, 1984, Reeve et al, 1984). A 

potential locus for a Wilms' tumour gene was sought by positional cloning and guided 

by deletions in patients with WAGR syndrome sporadic Wilms' tumours. A candidate 

gene (WTl) was identified (Call et al, 1990, Gessler et al, 1990). Small deletions were 

subsequently identified in WTl in a proportion of Wilms' tumours (Call et al, 1990, 

Cowell et al, 1991, Huff et al, 1991). The WTl gene encoded a zinc finger protein 

which was a motif typical of DNA-binding proteins and characteristic of proteins 

involved in transcriptional regulation (Drummond et al, 1992, Madden et al, 1991, van 

Heyningen and Hastie, 1992).

One perplexing feature of sporadic Wilms' tumours, however, was that 11 p i3 

does not often show LOH in Wilms' tumours. Heterozygosity is more often lost at 

l lp l5  (Wadey et al, 1990). Additional evidence that the l ip  15 region is involved in 

Wilms' tumour is that patients with Beckwith Wiedemann syndrome, typically a foetal 

overgrowth syndrome but often associated with Wilms' tumour, often have duplications 

or translocations involving l ip  15 in their constitutional cells (Koufos et al, 1989). 

Another puzzling result is that neither l lp l3  or l lp l5  are linked to familial Wilms' 

tumour (Grundy et al, 1988, Huff et al, 1988). Another locus is, therefore, implicated 

in the hereditary form (Grundy et al, 1988, Huff et al, 1988). Recently a locus on 

chromosome 16 was found to frequently undergo LOH in Wilms' tumours but again, it 

was not linked to Wilms' tumour families (Huff et al, 1992). It appears, therefore, that 

at least four loci are involved in Wilms' tumour.

1.5.5 Multistep carcinogenesis.

The studies of tumour suppressor genes shows that what we are uncovering is a 

group of genes with widely different activities in the cell ranging from transcriptional 

regulators to components of signal transduction pathways and genes with a potential 

role in controlling the cytoskeleton. As we might have expected, no tumour suppressor
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genes have been identified as growth factors or growth factor receptors. In contrast to 

Rb, the simple model of tumour formation always being recessive at the cellular level 

may not be as easily applied to diseases such as NFl or FAP. Instead, dosage effects 

may often play a role in addition to inactivation of other tumour suppressor genes or 

activation of oncogenes (Marshall, 1991).

The multihit nature of cancer at the genetic level has been elegantly shown for 

colon cancer where a number of genes are known to be involved (Fearon, 1992, Fearon 

and Jones, 1992, Fearon and Vogelstein, 1990). Colon cancer was a good candidate for 

testing such a model because it undergoes a series of pathological developmental 

stages. The adenomatous polyps which occur in the large bowels of FAP patients often 

become malignant progressing through the stages of adenoma, in situ carcinoma to 

invasive carcinoma. Recently, APC mutations and LOH on chromosome 5 have been 

found in early adenomas in sporadic colon cancer (Powell et al, 1992). It is possible, 

therefore, that loss of genes at the APC locus occurs quite early in carcinoma 

development. A number of other genes have been found to be involved in colon 

carcinoma. Other changes included LOH for chromosome 18, 17 and mutations of K- 

ras (Fearon, 1992, Fearon and Jones, 1992). Once the gene for p53 was localised to 

chromosome 17, mutations in p53 were suspected and subsequently confirmed (Nigro 

et al, 1989). A gene on chromosome 18 was localised by positional cloning and LOH 

(Fearon et al, 1990) and called "deleted in colon cancer" (DCC). It has features of 

cellular adhesion proteins (Fearon et al, 1990). Mutations in the DCC gene, however, 

have only rarely been reported in colon cancers. Although it had been suspected for 

some time that adult cancers usually require mutations in several genes, colon cancer 

has provided the first model for the identification of such a process at the genetic level. 

Earlier studies had demonstrated that multiple oncogenes were required to elicit the 

fully transformed phenotype (Land et al, 1983) in cells in culture. The studies of colon 

cancer have shown that cooperation of tumour suppressor genes also contributes to 

tumorigenesis. It appears that, it is not the chronological order of mutations of genes 

involved in colon cancer which is important but the accumulation of sufficient
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mutations for tumour development (Fearon and Vogelstein, 1990). Many colon tumours 

only have mutations in two of the genes described above (Fearon, 1992, Fearon and 

Jones, 1992), however, the number of mutations may reflect the phenotype of the 

tumour or mutations in other unknown genes may have occurred. More insight into this 

process will undoubtedly emerge from functional studies of the products of tumour 

suppressor genes and oncogenes and identification of other genes involved in 

tumorigenesis.

1.6 DIAGNOSIS OF Rb

Treatment options for retinoblastoma include cryotherapy, laser therapy, 

radiotherapy and enucleation. Excluding surgery, these treatments can save the patient’s 

sight but, more importantly, they can all prevent local spread of the tumour either via 

the optic nerve to the brain or into local tissue of the face. As a result of treatment, more 

than 95% of patients survive their initial tumour but second tumours, which develop 

later in life in patients with hereditary Rb, often prove fatal. In addition, many people 

who have hereditary Rb choose to have prenatal screening. It is important, therefore, to 

identify individuals predisposed to Rb as early as possible so that less radical treatment 

can be used, a susceptibility to second tumours can be assessed and the appropriate 

genetic counselling can be given.

With the association of Rb with chromosome 13 well established, large 

cytogenetic surveys of Rb patients were undertaken and the proportion carrying 

constitutional chromosome abnormalities was estimated at 10% (Ejima et al, 1988, 

Turleau et al, 1985). This probably reflected an overestimate since patients referred for 

cytogenetic analysis usually had other congenital abnormalities. Measuring ESD levels 

was less biased and subsequently large surveys identified only 3% with deletions 

(Cowell et al, 1986, Dryja et al, 1983). After the cloning of the RBI gene, it became 

clear that, using Northern or Southern blot analysis, gross structural abnormalities were 

infrequent (Friend et al, 1986, Goddard et al, 1988, Lee et al, 1987a). Genetic analysis 

of Rb patients with a prior family history of the disease was made possible with the
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discovery of intragenic probes (Wiggs et al, 1988) which identified restriction fragment 

length polymorphisms (RFLPs). The use of intragenic probes is a very accurate way to 

track a gene through families because the risk of recombination between marker and 

phenotype is minimal. Four RFLPs involved two allele systems but an additional 

probe, called RS 2.0, detected a variable number of tandem repeats (VNTR) in intron 

17. In this case, a 50-53 bp sequence was repeated generating alleles which varied in 

length from 1.5-2.0kb (Wiggs et al, 1988). The RS 2.0 polymorphism proved to be 

informative for the majority (70-80%) of families (Onadim et al, 1990, Wiggs et al, 

1988) with the other RFLPs being less so. Using this combination of probes up to 80% 

of families could be offered genetic screening. Later, another VNTR polymorphism, 

known as Rb 1.20, was identified (Yandell and Dryja, 1989) downstream of exon 20 

which had 14-26 copies of the sequence [CTTT(T)]. The number of repeats could be 

assessed by amplifying the alleles by PCR then sizing the products on denaturing 

polyacrylamide gels (Onadim et al, 1992a). The Rb 1.20 VNTR proved particularly 

useful because approximately 80% of UK families were informative at this locus alone 

(Onadim et al, 1992a). Using 7 different sequence polymorphisms, including Rb 1.20 

and RS 2.0, 95% of UK families are informative using linkage analysis (Onadim et al, 

1992a; Z. Onadim, PhD thesis) . This has had a significant impact on the clinical 

management of the disease since patients at risk to tumour development can be 

identified. Just as importantly is the fact that those who do not carry the mutation can 

be excluded from routine screening. In families with a history of Rb, individuals 

undergo regular ophthalmological screening but the use of linkage analysis removes the 

need for screening in those who have not inherited the mutant gene. This genetic 

linkage analysis was subsequently extended to prenatal screening to identify at risk 

fetuses (Onadim et al, 1992a). As techniques for the analysis of RBI improved, more 

subtle polymorphic sites were identified which differ by a single base (Yandell and 

Dryja, 1989). Although the allele frequencies in these cases differ they may be expected 

to increase the number of families informative using linkage analysis. Unfortunately,
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these polymorphisms require DNA sequencing which is much more time consuming 

than VNTR or RFLP analysis.

Linkage analysis is clearly important for those patients with a prior family 

history of Rb. This group constitutes only 16% of all Rb patients, however (Draper et 

al, 1992). Approximately one third of the 84% of individuals who have no prior family 

history of the disease are bilaterally affected (Draper et al, 1992) and who, according to 

Knudson, will carry a predisposing mutation. It may be difficult, sometimes, to predict 

whether the patient carries a predisposing mutation because both eyes may not be 

affected simultaneously. In addition, approximately 30% of individuals with hereditary 

Rb have unilateral tumours (Draper et al, 1992). A significant proportion of unilateral, 

apparently sporadic cases, therefore, will also be expected to carry the predisposing 

mutation. The establishment of a mutation detection technique would obviously be of 

great use for the unequivocal detection of germinal mutations.

1.7 MUTATION ANALYSIS.

In addition to its obvious advantage for diagnosis, mutation analysis is also 

important to increase our knowledge about spontaneous mutations occurring in human 

disease and potentially opens the doors to several unexplored areas in biology. The 

number of genes which are candidates for human genetic disease is currently increasing 

at a rapid rate. Identifying a mutation in a particular gene provides strong evidence that 

it is involved in that disorder. With the successful cloning of genes responsible for 

many common diseases, the interest in techniques which can rapidly detect mutations in 

DNA has grown. An approach which allows the comprehensive study of mutations 

offers the opportunity to study the distribution of different types of mutation, perhaps 

divulging the origins of mutations and allowing comparisons between diseases and the 

variability in phenotype of a particular disease. Progress has already been made toward 

understanding the differences in the severity of muscular dystrophy by analysing the 

effect of the particular mutation on the gene product. Mutations in the dystrophin gene 

were identified in patients with Duchenne (DMD) and Becker (BMD) muscular
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dystrophy (Koenig et al, 1989, Koenig et al, 1987). DMD, the most severe form of 

muscular dystrophy, generally results from deletions which disturb the translational 

reading frame whilst deletions within the dystrophin gene which do not disturb the 

translational reading frame are usually a feature of the milder BMD (Koenig et al, 1989, 

Monaco et al, 1988). This is also reflected in the amount of dystrophin protein 

produced. DMD patients have low amounts of dystrophin while BMD patients have 

only moderately reduced levels (reviewed in Ahn and Kunkel, 1993). Mutations in the 

gene for phenylalanine hydroxylase which causes phenylketonuria are usually missense 

mutations (Konecki and Lichter-Konecki, 1991). An analysis of these mutations and 

disease severity has demonstrated that there is a correlation between the site and nature 

of the amino acid substitution and enzyme activity (Konecki and Lichter-Konecki,

1991). Patients with higher enzyme activity tend to be less severely affected whilst 

those with less enzyme activity are more severely affected. Severe forms of autosomal 

dominant retinitis pigmentosa have also been linked to critical residues in the rhodopsin 

protein (Keen et al, 1991). The range and implication of mutation analysis in different 

genes has recently been reviewed by Cooper and Krawczak (1993) and has illustrated 

that mutation analysis has improved our understanding of the correlation between 

genetic phenotype and lesion.

Mutation analysis may help us to understand disease progression and may guide 

us to the agents responsible for genetic damage and the mechanisms by which they 

exert cellular injury. Within both the ras and p53 proteins, for example, there are 

certain codons which are frequently mutated (Bos, 1990, Caron de Fromentel and 

Soussi, 1992). Further analysis (Caron de Fromentel and Soussi, 1992, Hollstein et al, 

1991, Levine, 1992) of the types of mutations occurring in p53 in different tumours has 

demonstrated that particular mutations, at discrete codons, are tumour-type specific (see 

section 1.5.3). In some cases, the mutation can be correlated with the action of 

carcinogens linked to a particular tumour type and the nature of the mutations are 

consistent with the known mutational specificity of the carcinogen (Caron de Fromentel 

and Soussi, 1992). For instance, G->T mutations which commonly occur at codon 249
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of p53 in liver cancer in China and Africa have been linked to aflatoxin B l, a frequent 

contaminant in food in these countries (Bressac et al, 1991, Hsu et al, 1991). 

Preliminary studies had identified some point mutations and deletions in Rb tumours 

and patients (Dunn et al, 1989, Yandell et al, 1989). One aim of this study was to 

develop a method to determine the spectrum of mutations occurring in the RB-1 gene 

and to determine whether variations of the Rb phenotype were a result of particular 

mutations.

1.7.1 Polymerase Chain Reaction (PCR).

A major technological achievement in molecular biology in the 1980s (Mullis 

and Faloona, 1987, Saiki et al, 1985) was the invention of the polymerase chain 

reaction (PCR). PCR allows amplification of a segment of DNA up to a million fold 

(Mullis and Faloona, 1987). It involves denaturing a double stranded (DS) DNA 

template at a high temperature then annealing a short oligonucleotide primer to each of 

the complementary strands from which a DNA polymerase can extend in the presence 

of deoxynucleotides (Mullis and Faloona, 1987). If this process is repeated "n" times, 

2^ molecules will be produced and typically this involves 30-40 cycles. In the 

beginning, it was referred to as a form of "cell free molecular cloning". Initially the 

thermolabile large fragment of E. coli polymerase 1 or Klenow fragment was used 

(Saiki et al, 1985), but this required replacement of the enzyme after every cycle. With 

the commercial availability of the thermostable Taq polymerase (Saiki et al, 1988) from 

Thermus aquaticus, the technique became amenable to automation and also increased 

the specificity, yield and length of the amplified products. The higher temperature 

during DNA synthesis was held responsible for the specificity. The increased yield of 

amplified product was due to the increased stability of the enzyme at higher 

temperatures. The increase in the length of amplified products was due to the higher 

processivity of Taq polymerase compared to the Klenow fragment.
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1.7.2 PCR Sequencing.

During the pre-PCR era, large quantities of DNA were produced for sequencing 

by what are relatively time consuming methods. DNA sequencing was carried out on 

cloned, double-stranded DNA purified from plasmids. There were two widely used 

methods of sequencing available at that time. The method perfected by Maxam and 

Gilbert (1977) was based on the base-specific chemical cleavage of DNA. The reagents 

used for cleavage were widely available and this method made use of a double-stranded 

(DS) DNA template and was, therefore, very popular. A second popular method was 

the Sanger method of di-deoxy chain termination (Sanger et al, 1977). Unlike the 

Maxam and Gilbert method (1977), it required a single-stranded (SS) DNA template to 

which a primer could anneal. The primed DNA sequences were then extended by the 

Klenow fragment of DNA polymerase 1 and subsequently terminated in the presence of 

dideoxynucleotides. Four different reactions were carried out, each containing a 

mixture of deoxynucleotides and one dideoxynucleotide. Termination occurred because 

the lack of a hydroxyl group prevented the dideoxynucleotide from forming a 

phosphodiester linkage with the succeeding base (Sanger et al, 1977).

The Sanger dideoxy method became more popular with the development of the 

M13 bacteriophage sequencing system (Messing et al, 1981) which enabled large 

quantities of SS DNA to be produced. SS DNA was a preferable template because the 

complementarity of DS DNA meant that it was a difficult template with which to work. 

The commercial availability of dideoxynucleotides and the development of the M13 

system for producing large quantities of SS DNA template were partly responsible for 

increasing the popularity of the dideoxy method of sequencing.

With the advent of the PCR, sequencing of the amplification products became a 

possibility. Some groups approached this by sequencing PCR products which had been 

cloned into M13 (Scharf et al, 1986). The advantages of this system are that the 

template is SS DNA and only one primer was required to sequence any cloned 

fragment. Individual alleles can be cloned and sequenced separately and the DNA 

sequence is in a convenient form for subcloning into other vectors. The disadvantages
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include the need to grow the M l3 bacteriophage, which is time consuming, laborious 

and not amenable to automation. In addition a high proportion of clones may contain 

"spurious" or background PCR amplification products and a number of clones must be 

sequenced in order to obtain a consensus sequence which is free of Taq 

misincorporation errors. An alternative and quicker approach was sought by many 

groups which would allow the PCR-amplified product to be sequenced directly. 

Providing the amount of starting template was adequate, the PCR approach 

circumvented the problem of Taq polymerase errors. Although Taq polymerase had a 

higher rate (2 x 10"^ over 30 PCR cycles) of misincorporation (Saiki et al, 1988) than 

the Klenow fragment (8 x 10" 5) of DNA polymerase, templates with errors are in a 

minority amongst the vast majority of those with the correctly inserted bases (Scharf et 

al, 1986).

Direct sequencing from PCR-amplified DNA quickly followed although 

optimisation of this system has taken a considerable time. Major improvements in 

sequencing protocols were created, not only through the better preparation of template 

DNA, but also through the use of different polymerases. These properties greatly 

enhanced both the quality and quantity of sequencing information gained. The Klenow 

fragment of E.coli DNA polymerase 1 was used in earlier applications but had a low 

processivity (McMahon et al, 1987, Tabor and Richardson, 1987). The processivity of 

the enzyme is the number of bases incorporated into the DNA before the enzyme 

dissociates from the template. Higher processivity rates were possible with avian 

myeloblastosis virus (AMV) reverse transcriptase although the rate of synthesis was 

slow (Stoflet et al, 1988, Tabor and Richardson, 1987). The T7 phage DNA 

polymerase had greater processivity and further genetic manipulation inactivated its 3'- 

>5’ exonuclease activity (Tabor and Richardson, 1989). The lack of 3'->5' exonuclease 

activity prevented degradation of extended DNA strands and, combined with the other 

properties, made this an ideal enzyme for dideoxy sequencing. Apart from areas of very 

complex secondary structure, such as GC-rich regions, the modified T7 DNA 

polymerase is one of the most widely used enzymes at present. For GC-rich regions or
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areas with complex secondary structure which are refractory to sequencing, Taq 

polymerase is often used (Innis et al, 1988) because such regions are more easily 

resolved at high temperatures.

Another factor which was confounding the evolution of a robust direct 

sequencing technique was that optimal results with the dideoxy sequencing method 

required a single stranded tem plate and the correct ratio of 

deoxynucleotideidideoxynucleotides (dNTPsrddNTPs). If the ratio of dNTPs:ddNTPs is 

not optimal, premature termination of the DNA molecule can result (Innis et al, 1988). 

The product of the PCR reaction was double stranded and contained unused 

deoxynucleotides. Prior to the start of this project, various strategies had been 

described in order to overcome these problems. Denaturing a DS template, either by 

heating and rapid cooling or by alkali treatment, was the most simple and rapid 

approach (Wong et al, 1987). The problems of reassociation of DNA strands, however, 

were widely recognised and a way to produce SS DNA was sought by many groups 

(Gyllensten, 1989). Some methods of producing SS DNA were very complicated 

procedures. One technique known as 'genome amplification with transcription 

sequencing' or GAWTS, had been reported. In this method, a T7 phage promoter was 

attached to one PCR primer and, after amplification, T7 RNA polymerase was added to 

synthesise RNA. Addition of T7 reverse transcriptase then produced a SS DNA 

template (Stoflet et al, 1988). In addition to the number of steps required, a costly 

requirement of this and other methods was the need for additional modified primers and 

enzymes. Higuchi and Ochman (1989) described a method which involved 

phosphorylation of one of the PCR primers by kinase treatment. After PCR 

amplification, digestion by lambda 5'->3' exonuclease was used to selectively remove 

the DNA strands which were not phosphorylated. The phosphorylated strand was then 

protected from enzymatic digestion. One of the more simple procedures to produce SS 

DNA was a technique known as asymmetric PCR. For an asymmetric PCR, unequal 

ratios of the two PCR primers were used, resulting in the excessive production of one of 

the DNA strands (Gyllensten and Erlich, 1988). Another method which relied on the
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affinity purification of SS biotin-labelled DNA strands on a streptavidin-coated solid 

phase, to which biotin labelled strands bind with high affinity, had also been reported 

(Mitchell and Merril, 1989). The method required the synthesis of biotin-labelled 

primers and was, consequently, not widely used at first.

In January 1988 the PCR technique employing Taq polymerase was published 

(Saiki et al, 1988). This allowed large quantities of a specified DNA template to be 

produced which could then be sequenced. When the work described here was initiated 

in 1989, reproducible and efficient PCR-sequencing strategies had remained elusive 

(Gyllensten, 1989). Similarly, the analysis of clinical material by PCR and mutation 

analysis was largely unexplored. Therefore, a large part of this work has involved the 

development and refinement of techniques for the PCR, direct sequencing from PCR 

products and mutation detection and the application of these techniques to clinical 

material.

1.7.3 Mutation Screening.

The complexity and size of the RB-1 gene dictated the use of a rapid method for 

sequence analysis. Prior to the sequencing of the intron/exon boundaries of RB-1 

(McGee et al, 1989), the only possible way of screening for small mutations involved 

using the RNase protection technique. This method had a number of drawbacks, the 

main one being that it was insensitive (Myers et al, 1985a). In addition, it relied on the 

production of a stable mRNA product. In a number of Rb tumours and normal cells, 

there was evidence that the mutant mRNA was expressed at low or undetectable levels, 

as discussed below. This led some investigators to consider direct sequencing of exons 

amplified by PCR from genomic DNA. Mutations were found in a number of Rb 

tumours and in the normal cells of patients with Rb but this procedure is very time 

consuming for such a large gene (Yandell et al, 1989). A pre-screening strategy was 

required.

A substantial shortcut to screening for mutations is created if cDNA is analysed 

for mutations. Indeed, this has proven a powerful approach for the analysis of several
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genes but there are several shortcomings to a cDNA-based approach for the detection of 

mutations in RBI. Firstly, the mutant mRNA transcript must be expressed in adequate 

amounts in the tissue available for analysis. Goddard et al (1988) had shown that some 

Rb tumours do not produce mRNA but normal levels of 4.7kb mRNA were detectable 

in 70% of tumours. However, because of the successful clinical screening programme, 

Rb tumours are usually diagnosed early and either treated in situ so no tissue is 

available or, for large tumours, are treated before they are removed which yields few 

viable cells. Hence, tumour tissue is often not available for analysis or there are 

insufficient amounts for the purification of RNA. It might have been expected that 

mutations would be easily detectable in the mRNA from lymphocytes as in other 

diseases. For example, mutations in the dystrophin gene have recently been detected by 

analysing ectopic transcripts present in lymphocytes where the gene is only expressed 

in minute quantities (Roberts et al, 1991). Even when using the sensitive reverse 

transcriptase-PCR technique, however, Dunn et al (1989) showed that no mutant 

mRNA transcripts were detectable in 3 patients, although the mutation was found in the 

DNA and mutant mRNA was expressed in tumour cells from the same patient. Low 

levels of expression of RBI mRNA could be due to promoter mutations, although very 

few putative promoter mutations have been described in RBI (Sakai et al, 1991b, Dunn 

et al 1989). Dunn et al (1989) found, however, that the mutant RBI mRNA was 

strongly expressed in tumour cells so it was unlikely that a promoter mutation or an 

unstable transcript was the explanation for the absence of detectable mutant RNA in the 

normal cells. Since the mutant mRNA seemed to be repressed only in constitutional 

cells where the normal RB 1 gene was also expressed, a feedback mechanism for the 

regulation of RB 1 mRNA expression by its own transcript was postulated to account 

for the low level of mutant mRNA expression (Dunn et al, 1989). Decreased stability of 

the mutant mRNA was also assumed to contribute (Dunn et al, 1989). Whatever the 

mechanism for the lack of mutant RBI mRNA in constitutional cells, these findings 

suggested that mutant transcripts are not produced regularly in lymphocytes from
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patients with genomic mutations in RB 1 and it seemed likely that they would not be 

detected by analysing the cDNA.

The initial analysis of the mRNA following the cloning of 4.7R suggested that 

abnormal sized mRNA species were produced, on occasion, although this type of 

analysis created a definite bias in the number of such cases. Another reason for studying 

genomic DNA rather than cDNA is that additional information regarding mutations that 

cause aberrant splicing of mRNA can be gained. Splicing mutations are well 

documented as a cause of genetic disease (Cooper and Krawczak, 1993). Indeed, 

aberrant splicing (Bookstein et al, 1990a, Horowitz et al, 1990, Horowitz et al, 1989) 

of exons 21,12 and 22 has been described for the RBI gene resulting in the absence of 

the corresponding mRNA segment from the final transcript (Bookstein et al, 1990a, 

Horowitz et al, 1990, Horowitz et al, 1989). As mentioned above, the detection of these 

aberrantly spliced transcripts relies on their stability and adequate expression. By 

starting from genomic DNA, the majority of splice site mutations can be easily detected 

and information regarding the mechanism of mis-splicing can be gained.

Since cDNA analysis would probably not be useful for mutation detection in 

DNA from Rb patients, a fast and sensitive method was required with which to screen 

the exons of the RBI gene. Direct sequencing is accurate but slow and so other 

alternatives were considered. At the beginning of this work, strategies for mutation 

analysis which had been described included ribonuclease (RNase) cleavage (Myers et 

al, 1985a), the chemical cleavage mismatch (CCM) method (Cotton et al, 1988, 

Montandon et al, 1989), denaturing gradient gel electrophoresis (DGGE) (Fischer and 

Lerman, 1983, Myers et al, 1985b) and single strand conformation polymorphism 

(SSCP) techniques (Orita et al, 1989a, Orita et al, 1990, Orita et al, 1989b).

1.7.3.1 Ribonuclease cleavage.

Ribonuclease (RNase) cleavage, or RNase protection, relies on the cleavage of 

DNAiRNA heteroduplexes formed between wild type DNA and a radioactively labelled 

ribonucleotide probe by ribonuclease A (Myers et al, 1985a). If a mutation is present in

85



the RNA, single-stranded RNA created by mismatches between the mutant and wild 

type molecules, will be cleaved at the site of the mismatch by RNase. DS DNA is not 

recognised by the RNase and is therefore "protected" from cleavage. The location of the 

mutation is determined by analysing the size of any new products appearing on 

denaturing polyacrylamide gels. The RNase protection technique was one of the first 

mutation screening methods to be developed and was widely used because there were 

few alternatives. As mentioned above, the main disadvantage of this technique is that it 

only detects an estimated 50% of mutations, for unknown reasons (Myers et al, 1988). 

Because of this inaccuracy, it was not considered a potential screening technique in this 

study.

1.7.3.2 Chemical Cleavage Mismatch (CCM).

The chemical cleavage mismatch technique (CCM) has proved an extremely 

sensitive method detecting 100% of mutations in some cases (Cotton et al, 1988, 

Montandon et al, 1989), but in other studies, the success rate was lower (Theophilus et 

al, 1989). Mismatches in heteroduplexes formed between wild type DNA and mutant 

DNA are modified by osmium tetroxide (for thymidine mismatches) or hydroxylamine 

(for cytosine mismatches) which then renders the modified DNA susceptible to 

cleavage by piperidine. The location of the mutation is determined by electrophoresis of 

the cleaved product in denaturing polyacrylamide gels. The approximate location of the 

mutation can be deduced by running a random sequence ladder on the same gel. 

Although CCM was initially used on genomic DNA, PCR products can also be used 

(Montandon et al, 1989). CCM appears to be quite sensitive and large fragments of 

DNA up to l-2kb long can be screened thus making this a very appealing method. The 

main disadvantage of CCM is that it involves several steps in the procedure and, since it 

relies on a cleavage reaction, non-specific cleavage is sometimes a problem 

(Theophilus et al, 1989).
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1.7.3.3 Denaturing Gradient Gel Electrophoresis (DGGE).

The denaturing gradient gel electrophoresis method (DGGE) is dependent on 

the differences in melting characteristics between a normal and a mutant fragment of 

double stranded DNA under conditions of increasing concentration of dénaturant 

(Fischer and Lerman, 1983). A partially melted molecule will display a greatly reduced 

migration through the gel because of its branched structure. Two DS DNA molecules 

differing by a single point mutation can be distinguished because the stability of a DS 

DNA molecule is due to both interstrand base pairing and intrastrand base stacking 

interactions (Lerman and Silverstein, 1987, Myers et al, 1987). Melting of DS DNA 

molecules occurs in discrete stretches of 50-200bp called melting domains (Myers et al, 

1987). Theoretically, fragments up to Ikb in size can be analysed using the DGGE 

technique (Myers et al, 1987). However, this is probably rarely the case because such a 

large fragment will have many melting domains. As each melting domain denatures, the 

migration of the fragment is increasingly retarded. The difference in the migration 

between a normal and a mutant duplex, therefore, will be less if the mutation is in one 

of the higher melting domains (Fischer and Lerman, 1983). If the mutation is in the 

highest melting domain, the complementary strands of the DS molecule will completely 

dissociate and rapidly migrate through the gel preventing the detection of mutations in 

this portion of the molecule. One strategy to overcome this problem involves 

"clamping" the DNA with a sequence that has a high melting temperature. This can be 

achieved by amplifying the sequence with a primer which has a GC-rich sequence 

attached to its 5' end (Sheffield et al, 1989). Another modification which improves the 

sensitivity of DGGE is the analysis of heteroduplexes (Sheffield et al, 1989). Although 

two DS DNA molecules with Watson-Crick base pairing, but differing by a single point 

mutation, can be separated using DGGE, the sensitivity of the technique can be 

increased by analysing DNA molecules containing a mismatched base pair (Sheffield et 

al, 1989). These molecules tend to be more unstable (Sheffield et al, 1989). The use of 

GC clamping and heteroduplex formation have improved the sensitivity of DGGE to 

close to 100% (Myers et al, 1985c, Sheffield et al, 1989). In practise, the ideal
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fragment for this type of analysis is one that is GC clamped and has only one other 

melting domain. The problem, then, is to determine what is the appropriate fragment for 

analysis. The design of such a fragment was determined in the past by electrophoresing 

the fragment in a gel containing a gradient of dénaturant that is perpendicular to the 

direction of electrophoresis, ie. perpendicular gels (Myers et al, 1987). The DNA is 

loaded in a long well which traverses the top of the gel. The melting of the DNA 

fragment can then easily be visualised, but in order to produce a fragment with the ideal 

melting characteristics, requires running several different fragments on perpendicular 

gels in a trial and error approach. Even when an appropriate range of dénaturant is 

determined, the length of time of gel electrophoresis must also be optimised. If more 

than one melting domain is contained within the region, digestion of the PCR-amplified 

DNA with restriction enzymes may also be necessary. More recently, a computer 

program has been developed which predicts the melting characteristics of a DNA 

fragment (Abrams et al, 1990, Higuchi et al, 1991, Kogan and Gitschier, 1990, 

Lerman and Silverstein, 1987). Although multiple fragments may still need to be 

analysed to find one with the appropriate characteristics, the computer system does 

offer an alternative to extensive analysis on parallel gels.

1.7.3.4 Single strand conformation polymorphism (SSCP).

Unlike the techniques requiring modification of mismatches, SSCP is a rapid 

and simple technique which was first reported in 1989 (Orita et al, 1989a). It is based 

on the ability to separate DNA strands in non-denaturing gels (Kanazawa et al, 1986). 

Although point mutations had been detected in fragments up to approximately 400- 

500bp in size, it was reportedly more sensitive for fragments less than 200-250bp in 

size. Detection of homozygotes and heterozygotes was theoretically possible using 

SSCP and complications in interpretation due to background cleavage would not be 

expected. SSCP had not been extensively used at the beginning of this study. Its main 

appealing feature was its simplicity and the potential for rapid analysis. Since an exon-
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by-exon analysis appeared to be required for RBI, it was considered to be a good 

candidate for a pre-screening method.

1.8 SUMMARY OF AIMS.

In the past two decades, two classes of genes, the oncogenes and tumour 

suppressor genes, which have had a remarkable impact on our understanding of cancer 

and cell growth control, have emerged. Analysis of the structural and functional 

properties of these genes and their proteins in cancer cells has led to the belief that 

oncogenes and tumour suppressor genes differ fundamentally in their mode of action. 

Oncogenes act by overexpression or aberrant function. In contrast, it is the loss of 

function of tumour suppressor genes which is required for transformation. At the 

beginning of this thesis, the nature of inactivating mutations in RBI was largely 

unexplored. Functional studies were also in their infancy. It was not known if certain 

crucial domains of the protien would be targeted for mutations or what effect mutations 

would have on the protein product. The aim of this study was to develop a mutation 

screening method which would be a powerful tool assisting both in diagnosis and in the 

understanding of Rb.
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2.0 MATERIALS AND METHODS.

A list of general solutions is shown in table 2.1 below. All water used was 

double distilled and purified through a Milli Q system (Millipore).

Table 2.1 General solutions.

Tris EDTA (TE) buffer pH 8.0

STE

TAE gel running buffer 

lOXTBE

Neutral gel loading buffer

Sequenase stop mix

lOmM Tris HCl pH 8.0,

ImMEDTA pH 8.0

TE/O.IM NaCl

0.04 M Tris-acetate, 1.0 mM

EDTA, 0.5|ig/ml ethidium bromide

0.9M Tris base, 0.9M boric acid,

25mM EDTA

0.25% bromophenol blue,

0.25% xylene cyanol, 15%

Ficoll (Type 400) (Pharmacia)

95% formamide, 20mM EDTA,

0.05% bromophenol blue,

0.05% xylene cyanol (United States 

Biochemical Corporation(USB),Ohio, USA).

2.1 PATIENT SAMPLES.

Retinoblastoma tumours were obtained from patients undergoing enucleation 

either at St Bartholomew’s Hospital or the Hospital for Sick Children (HSC) in London. 

I am grateful to Dr J. Hungerford (St Bartholomew's Hospital) and Dr D. Taylor (HSC) 

for making these samples available. Two of the tumours were from bilaterally affected 

patients and 11 were from unilaterally affected patients. Tumours were snap frozen and 

stored under liquid nitrogen in 10% dimethylsulphoxide (DMSO) before use.

Generally, blood was collected in lithium-heparin tubes from members of families 

attending the Department of Ophthalmology at St Bartholomew’s Hospital and
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Moorfield's Eye Hospital in London. On occasion, blood samples were provided by 

family practitioners.

2.2 SAMPLE PREPARATION.

Table 2.2 Solutions used for sample preparation.

Blood lysis buffer 0.075 M NaCl, 0.024 M EDTA

Cell lysis buffer 100 mM NaCl, lOmM EDTA, lOOmM Tris HCl pH 8.0

SDS 10% SDS (sodium dodecyl sulphate)

PB SA phosphate buffered saline A

1 M Tris HCl pH 8.0 IM Tris base adjusted to pH 8.0 with HCl

2.2.1 Preparation of DNA from Lymphocytes.

Blood samples were collected in lithium heparin anticoagulant tubes. There is 

some suggestion that this anticoagulant interferes with subsequent enzyme digestion.

This was not obvious in any experiments using DNA collected in this way. Each 10ml 

sample was mixed with 20ml of sterile, cold distilled water to lyse the red cells. 

Following centrifugation at 4,(XX) rpm for 15 minutes the supernatant was removed and 

the pellet, containing the white blood cells, was resuspended in 30ml of 0.1% Nonidet P 

40 to lyse the cell membrane but not the nuclear membrane. After further centrifugation 

at 4,000 rpm for 15 minutes the supernatant was removed and the nuclei resuspended in 

5ml of blood lysis buffer (table 2.2). SDS was added to a final concentration of 1.0%. 

Digestion of cellular proteins was performed overnight at 37°C with Proteinase K or for

2 hours at 60”C at a final concentration of 100 pg/ml. After proteinase K digestion, the 

DNA was extracted with phenol/chloroform (section 2.2.3.1) and precipitated with 

ethanol (section 2.2.3.2).
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2.2.2 Preparation of Lymphoblastoid Cell Lines and Rb Tumours.

Lymphoblastoid cells grown to 2 x 10^/ml were harvested by centrifugation at

2,000 rpm for 10 minutes, after which the pellet was washed in ice-cold PB SA and the 

cells resuspended in cell lysis buffer. SDS was added at a final concentration of 0.5% 

and the DNA was digested overnight with proteinase K (lOOjig/ml) at 37°C or for 2 

hours at 60“C and then purified by phenol/chloroform extraction and ethanol 

precipitation as described in sections 2.2.3.1 and 2.2.3.2. The DNA from each 50ml 

culture of lymphoblastoid cells (approximately 10^ cells) was subsequently dissolved in 

3ml of TE. The cellular RNA was digested with RNase A (Sigma) at a final 

concentration of 50pg/ml in a water bath at 37“C for 1 hour. Prior to digestion, a stock 

solution of RNase A, at a concentration of lOmg/ml, was heated at 90“C for 10 minutes 

in order to inactivate potential contaminating DNases. Finally, the DNA was extracted 

with phenol/chloroform (section 2.2.3.1) and precipitated with ethanol as described in 

section 2.2.3.2 and resuspended in TE buffer.

2.2.3 Purification of DNA.

2.2.3.1 Phenol Chloroform extraction.

In order to separate cellular proteins from DNA, a phenol chloroform extraction 

was carried out. Proteins denature and enter the non-aqueous phenol/chloroform layer 

whereas DNA remains in the aqueous phase.

Water-saturated phenol (Rathbum chemicals, Walkerbum, Scotland) is acidic 

and was, therefore, equilibrated with IM Tris, pH 8.0 to allow the DNA to enter the 

aqueous layer. An equal volume of IM Tris pH 8.0 was added and the solution was 

shaken gently and left to stand overnight at 4“C. If necessary, this process was repeated 

by removing the upper layer and adding fresh IM Tris HCl pH 8.0, until the pH of the 

phenol was 8.0. Hydroxyquinolone was added to equilibrated phenol to a final 

concentration of 0.1% to preserve the solution by preventing oxidation and enable the 

phenol layer to be clearly identified.
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In order to prepare pure DNA using phenol/chloroform, an equal volume of 

equilibrated phenol was firstly added to the sample. The mixture was then shaken 

gently for 60 seconds, if genomic DNA was being extracted, to prevent shearing the 

DNA but PCR products were vortexed. Centrifugation was then carried out in an 

eppendorf microfuge for 1 minute if the sample volume was <1.5 ml, or in a Jencon 

benchtop centrifuge for 5 minutes at l,200rpm for larger volumes. Following 

centrifugation, the upper layer was removed, leaving the interface behind, and 

transferred to a fresh tube. An equal volume of phenol and chloroform (Analar) in a 1:1 

ratio was added to the upper layer and, following extraction and centrifugation, the 

upper layer was again transferred to a new tube and mixed with an equal volume of 

chloroform. When genomic DNA was extracted, during the phenol/chloroform 

extraction, the upper end of a 10ml pipette was used to transfer the supernatant, to 

prevent shearing of the DNA. This was not necessary when PCR amplified DNA was 

purified because the products were small and there was no danger of shearing the DNA. 

The phenol chloroform extraction was repeated until there was no obvious precipitate at 

the interface. After the final chloroform extraction, the upper aqueous layer was 

precipitated with ethanol (see section 2.2.3.2), unless otherwise stated.

2.2.3.2 Ethanol Precipitation.

DNA was precipitated with sodium acetate by adding 1/10 volume of a 3M 

solution pH 5.2, and 2 - 2.5 volumes of ice cold 100% ethanol. Genomic DNA was 

collected, by spooling if possible, and washed in 70% ethanol to remove excess salts 

and resuspended in lOOfil of TE. When genomic DNA was present in insufficient 

amounts to allow spooling, or when PCR DNA was extracted, the DNA was collected 

by centrifugation in a benchtop microfuge for 15 minutes after precipitating at -70“C for 

30 minutes. The pellet was washed in 70% ethanol, recentrifuged for 15 minutes and 

resuspended in TE. If, after resuspension in TE, the solution was white and cloudy the 

Proteinase K treatment (see section 2.2.1) was repeated to remove undigested cellular 

proteins. The quality and quantity of DNA was measured by spectrophotometry,
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agarose gel electrophoresis or dot quantitation, or a combination of these as described 

in section 2.2.4.

2.2.3.3 Geneclean purification.

The Geneclean (BIO 101 Inc., La Jolla, USA) procedure used to purify DNA 

from contaminants such as agarose, salt, RNA, proteins and ethidium bromide is based 

on the ability of highly charged glass beads (Glassmilk) to bind DNA in solution. 

Unless otherwise stated, DNA fragments to be purified were separated on an agarose 

gel (see section 2.2.4.2) and, whilst illuminated with UV light, the required band was 

excised and placed in a pre-weighed microfuge tube. The tube was re-weighed and 3 X 

weight/volume of gel of sodium iodide (BIO 101 Inc.) was added. The tube containing 

the gel was heated at 55°C for 5 minutes to dissolve the agarose. In some cases, DNA 

was purified from salts in solution. When DNA was purified from solution, 3 X 

volume/volume sodium iodide was added. The Glassmilk solution (BIO 101 Inc.) was 

resuspended by vortexing until no precipitate was obvious and then 5pl was added to 

solutions containing 5|ig or less of DNA. For every 0.5|ig of DNA in excess of 5|ig , 

an extra l|il of glassmilk was added. Adsorption of the DNA to the glassmilk took 

place on ice for 5 minutes, mixing every 1-2 minutes. After centrifugation for 5 

seconds, the supernatant was removed and the pellet was washed 3 times in NEW wash 

(BIO 101 Inc.). The pellet was resuspended in approximately 10-50 volumes of NEW 

wash, centrifuged for 5 seconds in a microfuge, the supernatant was removed 

completely with an eppendorf tip and this procedure was repeated twice. The pellet was 

then resuspended gently in 10 |il of TE and the DNA eluted by incubation at 50-55“C 

for 3 minutes. After microfuging for 30 seconds, the supernatant containing the DNA 

was removed. A further 10 |il of TE was added to the glassmilk to release any residual 

DNA and the elution was repeated, as above. The yield and quality of DNA from the 

first and second elutions was analysed by running 1/10 of the product on an agarose gel 

(see section 2.2.4.2).
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2.2.4 Quantitation of DNA.

2.2.4.1 Spectrophotometry.

When genomic DNA was prepared from blood samples (see section 2.2.1) the 

concentration of the DNA was determined by measuring the absorbance, at 260nm, of 

an aliquot diluted 1:20 with water in a glass cuvette, in a LKB Ultraspec II 

spectrophotometer. An OD (optical density) unit of 1.0 represents a solution of double 

stranded DNA at a concentration of 50|ig/ml. The concentration of DNA in mg/ml, of a 

1/20 dilution, therefore, was equal to the absorbance at 260nm. The absorbance at 

280nm was also determined in order to assess contamination with protein or phenol. 

The ratio of the absorbance of the solution at 260nm to the absorbance at 280nm was 

calculated. Samples with a ratio of less than 1.8 suggested contamination with protein 

or phenol and were re-extracted (see section 2.2.3.1 and 2.2.3.2). The quality of the 

DNA was checked by running an aliquot on an agarose gel (see section 2.2.4.2).

2.2.4.2 Agarose Gel Electrophoresis.

In order to quantitate small amounts of DNA, such as PCR products, agarose gel 

electrophoresis or dot quantitation (see section 2.2.4.3) was used. In addition to 

allowing an estimate of the amount and quality of DNA after purification or PCR 

amplification, agarose gels were used to check restriction enzyme digestion of DNA 

samples, to separate DNA prior to Southern blotting, (see section 2.6) and to purify 

PCR products for mutation analysis and DNA sequencing (see section 2.4 and 2.6). The 

concentration of the gel depended on the size of the DNA fragment under analysis. 

Generally, 2% gels were used for fragments < Ikb and 0.8% or 1.0% gels for genomic 

DNA and larger fragments. Gels were prepared by adding 4.0g (2.0%), 2.0g (1.0%) or 

1.6g (0.8%) of agarose to 200ml of IX TAE buffer and dissolved in a microwave. The 

agarose solution was cooled to 65°C in a water bath. After lOpl of ethidium bromide 

(lOmg/ml) was added, the gel was mixed and quickly poured into a 20 x 20cm gel tray 

and left at room temperature to set. DNA samples were diluted to 7|il with TE and 3|il 

of neutral loading buffer (table 2.1) was added. In order to allow size estimation of PCR
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products, l|il of a Ikb ladder (l|ig) (Gibco BRL) (figure 2.1), was loaded onto the gel. 

For genomic DNA, Ifil of a lambda HHR ladder (l|ig) (Gibco BRL), which is a 1:1 

mixture of DNA from lamda phage which has been digested with either Hind III/Eco 

R1 or Hind IB (see appendix 2), was used. For quantitation purposes, DNA standards of 

known concentration from 0.1-2.0|Xg/ml, were run in parallel. Samples were 

electrophoresed in a horizontal tank in 1 X TAE buffer containing 0.5p,g/ml ethidium 

bromide until the bromophenol blue dye front, which migrates ahead of xylene cyanol, 

had traversed 2/3 of the gel. DNA was visualised by placing the gels on a UV 

transilluminator. Photographs were taken using a UVP camera and Mitsubishi video 

monitor and copy processor or a polaroid system. When agarose gels were used to 

purify DNA, it was removed from the gel by excision and the geneclean procedure (see 

section 2.2.3.S).
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Figure 2.1 A 1 kb ladder (sizes of DNA in kb are shown) was 

electrophoresed on agarose gels in order to determine the sizes of 

DNA fragments.
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2.1.4.3 Dot Quantitation.

An alternative method was used for quantitation of low concentrations of DNA. 

Aliquots representing 1/5, 1/10 and 1/50 of the PCR reaction were removed and added 

to 9|il of 2(xg/ml ethidium bromide. DNA standards (0, 5.0, 10.0, 30.0, 40.0, 50.0, 

60.0|ig/ml) were prepared from a DNA sample of known concentration (measured by 

spectrophotometery) and l|il of each was diluted to 9\i\ with 2 pg/ml ethidium bromide. 

A strip of Parafilm (American National Can) was placed on a UV transilluminator and 

each aliquot of the standards and test samples were dispensed onto it as a droplet with a 

pipette (see figure 2.2). After photographing the aliquots under UV light, the intensity 

of staining of the test DNA was compared with the standards (figure 2.2). The 

concentration of the original sample was then estimated as an average of that 

determined for the 1/5,1/10 and 1/50 dilutions.
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DNA standards 0 5 10 20 30 40 50 60

Samples 1 2 3 8

Figure 2.2 Small amounts of DNA were measured by dot quantitation. A 
series of DNA standards (0-60 pg/ml) have been diluted in ethidium bromide and 

dispensed as droplets onto parafilm on a transilluminator (above). Underneath are 
a number of different PCR products treated in the same way. The intensity of the 
samples was compared with the standards to estimate the concentration of DNA, 
eg. samples 1-4 are between 10-20pg/ml and sample 8 contains less than 5pg/ml.
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2.2.5 Analysis of RNA from Lymphoblastoid cell lines.

Table 2.3 Solutions for RNA analysis.

GTC solution 4M guanidinium thiocyanate,

25mM sodium citrate, 0.5% sarcosyl,

0.2M B-mercaptoethanol (do not autoclave).

IX reverse transcriptase buffer 50mM Tris HCl pH 8.3,140mM KCl,

3mM MgCl2,3mM dithiothreitol (DTT) 

water-saturated acid phenol phenol which has not been equilibrated with TE

(Rathbum chemicals)

2.2.5.1 Preparation of RNA.

Ribonucleases (RNases) are extremely stable and, in order to prevent 

degradation of RNA, solutions used in its extraction were autoclaved or filtered, unless 

otherwise stated, through a 0.2 |im Acrodisc filter (Gelman Science). It was essential to 

wear gloves during the procedure and all equipment used was either sterile, disposable 

plastic or glass which had been baked at 180°C for 4 hours.

RNA was isolated from lymphoblastoid cell lines using the acid guanidinium 

thiocyanate-phenol-chloroform extraction method as described below (Chomczynski 

and Sacchi, 1988). This method relies on the separation of RNA into the aqueous phase 

during the phenol-chloroform extraction whilst DNA and proteins are retained in the 

phenol and interphase at acid pH. GTC and B-mercaptoethanol denature cellular 

proteins including RNases. Lymphoblastoid cells grown in suspension were counted in 

a Neubauer counting chamber using an inverted microscope at a magnification power 

of 1,000. The cells were collected by centrifugation at l,000g at 4“C for 5 minutes, 

washed twice in sterile PBSA and lOOpl /lO^ cells of freshly prepared, ice cold GTC 

solution was added to inactivate ribonucleases. The cells were immediately resuspended 

and stored at -70“C at this stage, prior to RNA isolation.
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To 1 volume of cells in GTC solution was added 1/10 volume of sterile 2M 

sodium acetate pH4, an equal volume of water saturated, acid phenol and 1/5 volume of 

chloroform/isoamylalcohol in the ratio 49:1. This mixture was vortexed for 10 seconds, 

cooled on ice for 15 minutes and spun at 10,000 g for 20 minutes at 4“C in a Sorvall 

JA-20 rotor. The upper, aqueous layer was removed, transferred to a new tube and an 

equal volume of isopropanol added to precipitate the RNA. Following precipitation at 

-20“C for 1 hour, the RNA was collected by centrifugation at 10,000 g for 20 minutes at 

4°C. The pellet was dissolved in the same amount of GTC solution as that used initially 

(100|il/10^ cells), an equal volume of isopropanol was added and the RNA was stored 

at -20“C. To check that the RNA was not degraded, a 10|il aliquot was removed and 

spun for 10 minutes in a microfuge. The pellet was washed in 75% ethanol, dried in a 

vacuum centrifuge (Genevac) for 3 - 5  minutes until no liquid remained and 

resuspended in 20)11 of sterile, distilled water. 3|il of neutral loading dye was added to 

the sample which was then electrophoresed in a horizontal tank through a 1% agarose 

gel (prepared as in section 2.2.4.2) containing 0.2% SDS in order to observe the 18S 

and 28S ribosomal RNA bands. Most of the cellular RNA is ribosomal RNA and the 

18S and 28S predominate so that two clear bands appear on the gel. This is indicative 

of intact RNA, whereas a "smeared" appearance suggests degradation.

Another 10p,l aliquot was removed, centrifuged, washed in 75% ethanol and 

diluted to 500p.l with sterile distilled water and the RNA concentration was determined 

by measuring the absorbance at 260nm. An absorbance of O.D.=1.0 corresponds to a 

solution with a concentration of 40mg RNA/ml.

2.2.S.2 First Strand synthesis of cDNA.

Complementary DNA (cDNA) was synthesised from RNA by reverse 

transcription. Prior to first strand synthesis, l|ig of total RNA was incubated with 11 pi 

of sterile water at 65°C to destroy secondary structures in the RNA which might 

otherwise prove refractory to transcription. The RNA was reverse transcribed in the 

presence of 20pM dCTP, dGTP, dATP and dTTP, 0.75pM random hexanucleotides,
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0.2mM dithiothreitol (DTT), l|il (36 units) RNA guard (Pharmacia), reverse 

transcriptase buffer and 20U Avian myeloblastosis virus reverse transcriptase 

(Pharmacia) at 37“C for 1 hour. Following the incubation, the newly synthesised first 

strand was heated at 90°C for 5 minutes, then immediately snap cooled on ice to 

generate a single stranded template for subsequent amplification by PCR (see section 

2.3.1.3).

2.3 POLYMERASE CHAIN REACTION (PCR).

The PCR reaction (Mullis and Faloona, 1987, Saiki et al, 1988) was used to 

produce large quantities of DNA for analysis. The technique employs a thermostable 

polymerase (Taq polymerase) islolated from the bacterium Thermus aquaticus. During 

the PCR reaction, DNA synthesis is primed from two oligonucleotides (primers) which 

anneal to complementary strands of the DNA template to be copied. The use of a 

thermostable DNA polymerase allows successive "cycles" of dénaturation, annealing 

and extension to be performed without destroying its activity. A series of cycles are 

carried out where double stranded DNA accumulates at an exponential rate of 2^, 

where n=the number of PCR cycles (Mullis and Faloona, 1987).

The sequence, location and considerations for the selection or primers are 

presented in detail in section 3.1.

2.3.1. PCR Amplification.

Table 2.4 Solutions for PCR.

Taq polymerase 10 X buffer

dNTP (deoxynucleotide) mix

500mM KCl, lOOmM Tris HCl, pH 9.0, 

15mM MgCl2,0.1% gelatin (w/v),

1% TritonX-100 (Promega,Madison,USA) 

2.0mM dATP, 2.0mM dCTP,

2.0mM dGT, 2.0mM dTTP 

(Pharmacia, Milton Keynes, U.K.)

103



2.3.1.1 Extracted DNA.

DNA was amplified in a Techne PHC-2 water-cooled thermocycler using a 

ramp rate of 4. The ramp rate is a measure of the rate of heating and cooling of the 

Techne PHC-2 and, when set at 4, corresponds to 48°C per minute. Oligonucleotide 

primers for PCR were synthesised on a phosphoramidite column (Imperial Cancer 

Research Fund, Central Services division, Clare Hall). They were stored as a precipitate 

in 80% ethanol at -70°C until required at which stage they were spun in a microfuge for 

10 minutes. The supernatant was then removed with a pipette tip and the tube was 

briefly spun to allow the last traces of ethanol to be eliminated and then resuspended in 

H2O or TE at a concentration of 0.5mM.

The PCR reaction mixture was prepared on ice and consists of lOOng DNA, 

50pm of each PCR primer, 5|il of Taq polymerase 10 X buffer and 5|Xl of dNTP mix in 

a final volume of 50 pi. It was necessary to store the dNTP mix in small aliquots so that 

they were not repeatedly thawed and frozen, otherwise, amplification soon deteriorated. 

To reduce secondary structure, 5pl of dimethylsulphoxide was also added to the 

reaction when exon 1 or the promoter region, which both have a high guanine and 

cytosine content, were amplified.

The reaction cocktail was overlayed with 50pl of mineral oil (Sigma) to prevent 

evaporation and an initial dénaturation step was performed at 96“C for 15 minutes. 

Following dénaturation, the temperature was decreased to 65°C and lU of Taq 

polymerase at 5,(X)0 U/ml (Promega, Madison, USA) was added through the oil whilst 

the tubes remained in the thermocycler. 30 PCR cycles consisting of an initial 

dénaturation step at 96“C for 0.5 minutes followed by an annealing step at a 

temperature optimal for the particular primer pair (see table 3.1 and 3.5) for 0.5 minutes 

and an extension step at 72“C for 1.0 minute were carried out.

Following amplification, it was often necessary to remove the mineral oil. This 

was achieved by adding an equal volume of chloroform, vortexing and briefly
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centrifuging in a microfuge for 5 seconds after which, the supernatant containing the 

DNA was carefully removed.

2.3.1.2 Whole blood.

Although DNA for PCR amplification was prepared by standard phenol- 

chloroform extraction, as described in 2.2.3.1, a simple and rapid procedure was used 

for whole blood. This involved adding 2|il of whole blood to 5|il of Taq polymerase 

lOX buffer, 5|il of dNTP mix and adjusting the volume to 50p.l with water. Cells were 

lysed by 3 successive PCR cycles, each consisting of 3 minutes at 95“C and 3 minutes 

at 65°C. A 15 minute dénaturation step at 96“C was then carried out followed by 

addition of 1 U of Taq polymerase (5000 U/ml) and 30 cycles of PCR as described in 

section 2.3.1.1.

2.3.1.3 cDNA.

The procedure used for the amplification of cDNA was as follows. A 1.5|il 

aliquot of the first strand cDNA was added to the PCR reaction mixture (see section 

2.2.5.2), denatured for 15 minutes at 96“C and the Taq polymerase added at 65°C as 

described in 2.3.1.1. The first 10 cycles consisted of an annealing step at a temperature 

optimal for the particular primer pair (see table 3.7) for 2 minutes, an elongation step at 

72“C for 5 minutes and dénaturation at 94°C for 1 minute. A further 30 cycles consisted 

of an annealing step at the optimal primer annealing temperature (see table 3.7) for 1 

minute, an elongation step at 72“C for 3 minutes and a dénaturation step at 94“C for 1 

minute. At all stages, a ramp rate of 2, corresponding to 10°C per minute was used to 

create a more gradual change in temperature, thereby increasing the specificity of 

primer annealing.
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2.3.2 Purification of FCR-Amplified DNA.

2.3.2.1 Phenol chloroform extraction.

Mineral oil was initially removed from PCR-amplified DNA using chloroform 

(see section 2.3.1.1). The DNA was then extracted as described in section 2.2.3.1.

2.3.2.2 Isopropanol precipitation.

Isopropanol precipitation was sometimes used to purify PCR-amplified DNA as 

an alternative to ethanol precipitation because (1) it was rapid, (2) precipitation could 

be carried out at room temperature and, (3) the small volumes involved meant that 

small PCR tubes could be used which reduced the amount of time required for 

centrifugation. Following removal of the mineral oil with chloroform (see section 

2.3.1.1) and subsequent phenol-chloroform extraction (see section 2.3.2.1), the DNA in 

the upper aqueous layer was precipitated with 1.5M ammonium acetate and 1 volume 

of isopropanol at room temperature for 30 minutes and collected by centrifugation at

13,000 rpm in a benchtop microfuge for 15 minutes. This concentration of ammonium 

acetate proved to be important for DNA fragments of 300-500bp (see results). 

Ammonium acetate was not used if end-labelling of DNA with polynucleotide kinase 

was to be performed as the activity of the enzyme is inhibited by ammonium (NH4+) 

ions. In this case, ethanol precipitation in the presence of sodium acetate was carried 

out as described in section 2.2.3.2

2.3 2.3 PrimeErase Quick Push Columns.

Table 2.5 Solutions for PrimeErase Push Columns

Wash buffer 0.045M NaCl, 2mM Tris-HCl, 0.1 mM

EDTA pH 7.0 (Stratagene)

Loading buffer 5M NaCl (Stratagene)

Elution buffer 2M NaCl (Stratagene)
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PrimeErase columns (Stratagene) were ideal for the preparation of PCR- 

amplified DNA for dideoxy sequencing because they consisted of an anion exchange 

resin which bound DNA >35bp long, thereby allowing the removal of deoxynucleotides 

and oligonucleotides. The resin was contained within a disposable plastic unit and 

solutions were gently pushed through a syringe with a plunger at a rate of 

approximately 1 drop per second.

Firstly, 2ml of wash buffer, at room temperature, was applied to the top of the 

column. The wash buffer was forced through the column by depressing the plunger of 

the syringe until a residual amount remained over the column bed which prevented it 

from drying out. The PCR product was shaken with 1 volume of chloroform to remove 

the mineral oil and the upper aqueous layer was transferred to a new tube. It was then 

diluted to lOOp.1 with 9|il of distilled water, loading buffer was added and it was applied 

to the top of the column. The syringe plunger was depressed forcing the sample into the 

column bed and pressure was applied until liquid ceased to come through the column. 

Unadsorbed deoxynucleotides and primers on the column were then removed by 

washing the column with 3-4ml of wash buffer. The wash buffer was drawn into the 

syringe and 1ml was applied to the top of the column, the syringe was then inverted and 

a small amount of air drawn into it. The syringe was then reattached to the column and 

the plunger depressed allowing the wash solution in the syringe to gently drip onto the 

solution overlying the column without disturbing the surface of the column bed. When 

all of the wash solution had passed through the column, the DNA was eluted by 

applying 0.5ml of elution buffer to the top of the column then pushing it gently through 

with the plunger. The eluted DNA was concentrated by ethanol precipitation as 

described in section 2.2.3.2, except that it was not necessary to add sodium acetate 

because the eluted sample already contained sufficient salt for precipitation.

2.3.2 4 Sephadex Purification of DNA.

An alternative and less expensive method to rapidly separate DNA amplified by 

PCR from oligonucleotide primers was by purification through a Sephadex G-50 size
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exclusion resin. Two methods were employed. The column was centrifuged for the 

separation of DNA for dideoxy sequencing or, for safety purposes, it was run under 

gravity for the separation of radioactive nucleotides from DNA.

Dry Sephadex G-50 was first rehydrated with STE buffer, as follows: lOg of 

Sephadex G-50 resin was added to 150ml of TE buffer and left to swell overnight at 

4°C. After equilibrating the G-50 resin to room temperature, a column was then 

prepared in a 1ml plastic syringe. Glass wool was inserted into the bottom of the 1ml 

syringe which was then filled with G-50. The column was then placed in a plastic 

centrifuge tube and centrifuged in a bench top centrifuge at 1,200 rpm for 3 minutes. 

The column was washed twice in 2 X 1ml volumes of STE buffer. The buffer was 

removed each time by centrifugation.

In order to prepare DNA for sequencing, the oil was first removed from the 

PCR product (see section 2.3.1.1) by chloroform extraction. The upper aqueous phase 

was removed, transferred to a new tube and diluted with 50|il of STE. The diluted DNA 

was applied to the column which was then centrifuged, as described above, and the 

eluent was precipitated with ethanol (see section 2.2.3.2) and resuspended in 7}il of 

water.

In order to separate radioactive nucleotides from DNA, the labelled DNA was 

loaded onto a Sephadex G-50 column prepared in a 230mm Pasteur pipette. For the 

separation of radioactive nucleotides from oligonucleotides of between 22-27bp in 

length, a Sephadex G-15 column was used to ensure that the short DNA molecules did 

not remain in the resin. In either case, the column was prepared essentially as described 

above, except that it was poured in a glass Pasteur pipette. After pouring the column, it 

was allowed to pack for 5-10 minutes during which time STE buffer was continually 

applied so that the column would not dry out. Instead of spinning the column, solutions 

were loaded onto it and allowed to pass through under gravity. After loading the 

labelled DNA, 150fxl fractions of STE were introduced onto the column and the 

resultant fractions were collected. The radioactive content of the fractions were 

monitored using a ^^P mini monitor and the three containing the first radioactive peak
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were pooled. The unincorporated nucleotides presented as a second peak several 

fractions later. In order to assess the activity of the labelled DNA, 5|il of pooled sample 

was counted in a Bioscan counter.

2.4 MUTATION SCREENING METHODS.

In this study, two mutation screening methods were explored; chemical 

cleavage mismatch (CCM) (Cotton et al, 1988, Montandon et al, 1989) and single 

strand conformation polymorphism (SSCP) analysis (Orita et al, 1989b).

2.4.1 Chemical Cleavage Mismatch (CCM).

Table 2.6 Solutions for CCM.

Hybrid solution 3M NaCl, IM Tris HCl pH 8

10 X Kinase buffer 500mM Tris HCl pH 7.6, lOOmM MgCl2,

lOOmM DTT

The chemical cleavage mismatch method (CCM) is based on the modification 

of mismatched base pairs. Hydroxylamine modifies mismatched cytosines and osmium 

tetroxide modifies mismatched thymines. In both cases, the modified bases are cleaved 

by piperidine (Cotton et al, 1988). Hybrid DNA molecules are formed between normal 

and test DNA such that heteroduplexes are formed between PCR-amplified DNA 

differing by one or more base pairs (Montandon et al, 1989). Modification leaves the 

mismatched base pair susceptible to cleavage by piperidine resulting in smaller 

products, the size of which can be determined on polyacrylamide gels.

2.4.1.1 DNA Preparation.

The method used was based on that of Montandon et al (1989). The DNA 

fragment of interest was amplified by PCR (see section 2.3.1.1) and purified with 

"Geneclean" (see section 2.2.3.3). In some instances (see results), PCR products were
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initially purified on agarose gels and a band of the correct size was excised before 

purification by the geneclean procedure (see section 2.2A.2). The yield after 

"Geneclean" purification was estimated by dot quantitation (see section 2.2.4.3) and 

was generally between 2(X)-500ng from one PCR reaction. DNA was set aside to form 

hybrids with the labelled DNA (see section 2.4.1.3).

2.4.1.2 End Labelling of PCR products.

Bacteriophage T4 polynucleotide kinase (PNK) can transfer a ^^P molecule 

from [y-32p]ATp to the 5' end of a DNA molecule but requires removal of the 5' 

phosphate group from the DNA. Because the oligonucleotide primers used for PCR did 

not contain a phosphate group at the 5' end, they could be end-labelled directly with [y- 

^^P]ATP and PNK. Purified PCR product was resuspended in lOjil of TE, 1.2|il of 10 

X kinase buffer and mixed with Ipl (8-10 U) of T4 PNK and [y-^^pj^TP (3,000 

Ci/mmol) to give a molar ^^P : DNA ratio of 2:1.

Following labelling at 37“C for 1.5 hours, the reaction was stopped by placing it 

at 65°C for 10 minutes followed by snap-cooling on ice. The labelled probe was diluted 

in 90|il of STE and purified on a G-50 sephadex column (see section 2.3.2.4). Three 

lOOfxl fractions containing the first peak of radioactivity were pooled and precipitated 

on dry ice for 15 minutes with 4M sodium acetate pH 5.2 and 2.5 volumes of ethanol. 

The DNA was collected by centrifugation for 15 minutes, the pellet washed in 70% 

ethanol, dried in a vacuum centrifuge and resuspended in lOpl of water.

2.4.1.3 Hybrid formation.

In preliminary experiments, the ratio of labellediunlabelled DNA in the hybrids 

was approximately 20ng:200ng (see results for other ratios used).

Hybrid DNA molecules were formed from 2|il of unlabelled and 6pl of labelled 

PCR product and then mixed with Ipl of hybrid solution (see table 2.6), centrifuged 

briefly, overlaid with mineral oil to prevent evaporation, boiled for 5 minutes and left 

at 65°C overnight. The DNA was removed from underneath the oil and precipitated by
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the addition of Ijil of 20 mg/ml glycogen (Boehringer Mannheim), 200fil of 0.3M 

sodium acetate/0.ImM EDTA and 750fil of ethanol and placed on dry ice for 10 

minutes. Following centrifugation, the pellet was washed twice in 70% ethanol and 

resuspended in 7fil of 10 mM Tris HCl pH 8 / O.lmM EDTA.

2.4.1.4 Hydroxylamine modification.

The hybrid DNA was mixed with 20|il of 4M hydroxylamine hydrochloride 

solution which was prepared freshly in water and titrated to pH 6 with 0.3 volumes of 

diethylamine. Hydroxylamine hydrochloride modification was performed at 37°C for 2 

hours after which the DNA was precipitated with 100|il 0.3M sodium acetate/0.ImM 

EDTA and 400|il of ethanol on dry ice for 10 minutes. Following centrifugation and 

two 70% ethanol washes, the pellet was dried and 50|il of freshly prepared IM 

piperidine was added. The pellet was resuspended by vortexing for 30 seconds and 

incubated for 30 minutes at 90“C (this step requires the use of lid fasteners for the 

eppendorfs to prevent explosions due to the volatility of piperidine). The reaction was 

stopped by ethanol precipitation as described in section 2.4.1.3 in the presence of Ijil of 

20 mg/ml of glycogen. After washing the pellet with 70% ethanol, the DNA was 

resuspended in 5p.l of TE and 2pl of sequenase stop mix (table 2.1).

I l l



The samples were loaded onto 6% polyacrylamide sequencing gels containing a 

bisracrylamide ratio of 1:20 and 7M urea (see section 2.5.7) and electrophoresed at 

room temperature at 60W for 2 hours. DNA from a 1Kb ladder was end-labelled with 

polynucleotide kinase (as described in 2.4.1.2) and electrophoresed on the same gel in 

order to estimate the size of the products. Gels were fixed, dried and exposed to X-ray 

film, as described in 2.5.7.

2.4.2 Single Strand Conformation Polymorphism (SSCP).

The migration of single-stranded (SS) DNA in non-denaturing polyacrylamide 

gels is sequence dependent. As a result, PCR-amplified DNA strands identical in size 

but with different sequences can be heat denatured and separated on polyacrylamide 

gels (figure 2.3).
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Figure 2.3. Principle of SSCP. Mutant double stranded (DS) DNA containing, for 

example, a C->A transversion and normal DS DNA are denatured, by heating, to form 

SS DNA, and loaded onto a non-denaturing polyacrylamide gel, allowing the formation 

of unique single stranded conformations. The final positions of the SS DNA species are 

different because the distance migrated in the gel is dependent on their conformation.
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2.4.2.1 PCR amplification.

For SSCP analysis, individual exons were amplified using PCR as described in 

section 2.3.1. The PCR primers which were used are listed in tables 3.4 and 3.5. In 

order to visualise the products, l |i l  (lOpCi) [a-^^P]dCTP (3,000Ci/mmol; Amersham, 

U.K.) was added to the PCR reaction mixture and the "cold" dCTP concentration was 

reduced to a final concentration of 0.02mM to promote incorporation of labelled dCTP 

to ensure a high specific activity. The final concentration of dATP, dGTP and dTTP 

was 0.2mM. [a-^^P]dCTP was added to the reaction last, before overlaying with 

mineral oil and amplifying by PCR as described in 2.3.1.

Following amplification, most of the mineral oil layer was removed from the 

surface of the PCR product with a pipette tip and the quality and quantity of the PCR 

product was checked by analysing 5pl on a 2.0% agarose gel (see section 2.2.4.2). 

Providing that only a single product and residual primers were visualised, the DNA was 

either digested with an appropriate restriction enzyme (see section 2.4.2.2) or diluted as 

described in section 2.4.2.2 if it was already <250bp long.

2.4.2.2 Restriction enzyme digestion of PCR products.

Because SSPC is more sensitive for fragments < 200-250 bp long F(Orita et al, 

1989b, Dr. K Hiyashi personal communication), it was sometimes necessary to generate 

shorter fragments for SSCP analysis. The restriction enzymes used for each exon, the 

promoter region and poly-A signal sequence are given in Table 3.5. Enzymes were 

obtained mainly from Bioexcellence, (Essex, U.K.) but, depending on their 

availability, also from New England Biolabs, (Beverly, USA) and Northumbrian 

Biologicals, (Cramlingtion, U.K).

In order to digest PCR products, 15|il of the DNA was removed from beneath 

the oil and incubated overnight with 8U of each of the appropriate restriction enzymes 

(table 3.5) at 37“C (65“C for Taq 1 and 50“ C for Bel 1). In all cases, digestion 

proceeded to completion without the addition of the manufacturer's restriction enzyme 

buffer, presumably because the PCR reaction mixture already contains components
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necessary for optimal activity. In order to check that the DNA was digested, 5|il of TE 

and 3fxl of neutral loading dye was mixed with 5|il of the digested product which was 

then analysed on a 2.0% agarose gel (see section 2.2.4.2).

2.4.2.3 Sample preparation and analysis.

A 5|il aliquot of the PCR amplified product from 2.4.2.1 or digested DNA from

2.4.2.2 was removed from beneath the oil and the pipette tip was wiped on the rim of 

the tube to prevent oil carryover which tends to distort the entry of the DNA into the 

SSCP gel. The DNA was added to 40|il of dilution mix (0.1% SDS/lOmM EDTA) and 

the solution mixed by aspirating and ejecting the fluid from the tip several times. 2|il of 

this mixture was added to 2|il of Sequenase stop mix and the samples were stored at 

-20“C.

2.4.2.4 Preparation of non-denaturing gels.

A BRL sequencing gel system (SI00) was used to prepare 0.3mm x 40cm x 

30cm, 6% polyacrylamide "non-denaturing" gels containing an N,N'-methylene 

bisacrylamide (bis) to acrylamide ratio of 1:20. In the latter stages of this work, a 40% 

acrylamide solution containing 1:20 bis:acrylamide ratio (NBL) was used. The addition 

of 10% glycerol, which acts as a mild dénaturant, was found to give the best separation 

of normal and mutant DNA (see results).

The gel was prepared by mixing 27ml of 40% acrylamide (bis:acrylamide 1:20), 

18ml of 10 X TBE, 18ml of glycerol and adjusting the volume to 180ml with distilled 

water. Because glycerol is extremely viscous, the gel solution was mixed gently on a 

magnetic stirrer for 15 minutes and checked to ensure that it was thoroughly mixed. 

Vigorous mixing should be avoided at this stage because undue aeration of the gel will 

prolong polymerisation which, in turn, may result in excessive leakage of the gel. The 

gel plates were assembled and the gel poured as described in section 2.4.2.5.
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2.4.2.S Pouring of polyacrylamide gels.

Gels were poured between a large 0.3mm x 40cm x 30cm and a smaller 0.3mm 

X 38cm X 30cm glass plate. It was necessary to use clean plates to avoid bubbles 

forming when the gel was poured which may, otherwise, interfere with the 

electrophoresis of the samples. Gel plates were cleaned with detergent, rinsed with 

distilled water, dried, wiped with 70% ethanol and finally, 100% ethanol. To prevent 

the gel adhering to it, the smaller gel plate was coated with dimethyldichlorsilane 

solution (BDH) and left for 10 minutes in a fume hood. This plate was then rinsed with 

distilled water and gently wiped dry. 0.3mm plastic spacers with 2cm long sponge pads 

at the top to fill the gap left by the smaller plate, were inserted between the plates along 

the longitudinal edge and the plates were then sealed with electrical tape along either 

side and across the bottom. A gel comb was cut from 0.3mm model plastic to form 

square wells, 0.5cm wide and 0.8cm deep. Commercially bought "Sharks tooth" combs 

were not used for SSCP because they tended to result in curved bands on gels and, 

being so close together, often obscured bandshifts. The gel comb was rinsed in distilled 

water and wiped with 100% ethanol prior to use.

Before pouring the gel, 130p,l of TEMED (N,N ,N ',N '- 

tetramethylethylenediamine) (Gibco BRL) and 1.1ml of freshly prepared 10% 

ammonium persulphate (APS) (Gibco BRL) were added to the gel solution in a glass 

beaker to catalyse polymerisation. APS is extremely hygroscopic and should be dry and 

granular. If gels took a long time to polymerise a new batch was used. After adding 

TEMED and APS, the gel solution was mixed by inverting. The gel solution was 

poured between the glass plates, using a 50ml syringe, so that it entered down one side 

thereby avoiding bubbles forming. Once the gel had reached the top of the plates, the 

comb was inserted and bulldog clamps were applied to the sides of the plates. The gel 

was left for 45 minutes to polymerise. IX TBE was dribbled over the wells and the top 

of the gel were covered with paper towels soaked in 1 X TBE to prevent them drying 

out.
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2.4.2 6 Gel electrophoresis.

After the gel had set it was left for at least two hours at 4“C to ensure it cooled 

sufficiently. 1.5 litres of 1 X TBE running buffer was also left at 4“C overnight. SSCP 

was most efficient when performed at 4“C (see section 3.5.1). Air circulation systems, 

such as fans, create temperature gradients in the local environment which cause DNA 

samples to migrate faster on one side of the gel relative to the other. The position of the 

gel tank in the cold room was, therefore, critical to the accurate interpretation of gels. If 

the dye front does not run straight, it is essential that the gel tank is re-positioned.

Prior to loading, the DNA samples were denatured at 95°C for 3 minutes either 

in a PCR machine or in a 95°C water bath. The samples were then placed immediately 

on ice for 30 seconds to prevent renaturation then briefly microfuged and returned to 

ice before being loaded into the gel wells which had been thoroughly rinsed using a 

syringe and needle in 1 X TBE to remove residual polyacrylamide. Duck bill pipette 

tips (Anachem) were used to load the sample to ensure it reached the bottom of the 

well. Because distortion of the migration of samples was shown to occur frequently in 

the 3 outside wells on either side of the gel, these were not used. In general, at least 6 

different samples for any one exon were run in adjacent wells so that any variation in 

the positions of the resultant bands could be seen clearly. An undenatured sample, 

which was not heated at 95°C, was also analysed to establish the position occupied by 

the double stranded DNA. Electrophoresis was performed at 4°C for 4-6 hours at 60 

watts in 1 X TBE. Running the gels at 60W was essential to give sharp bands (see 

section 3.5.1). The duration of electrophoresis was dependent on the length of the DNA 

fragments. Generally, gels were electrophoresed for 6 hours but some exons required 

different conditions. Exons 7,10 and 24, for example, required a shorter run to preserve 

DNA < 1(X) bp long and were run until the xylene cyanol dye front was 5/8 of the way 

through the gel which generally required 4.5-5.5 hours. For DNA fragments >110bp, 

the gels were electrophoresed until the xylene cyanol lagging dye front from the 

Sequenase stop mix had traversed 2/3 of the gel. Exon 10 and 24 required two runs on
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separate gels, a short one for fragments <100 bp and an additional run for 6 hours to 

achieve adequate resolution of the larger fragments >200 bp.

Following electrophoresis, the gel plates were prised apart applying force to the 

lower, larger, unsiliconised plate to ensure that the gel remained firmly adhered to it. If, 

initially, the gel adhered partly to the upper plate, it was dislodged onto the lower plate 

by gently tapping the upper plate. This often caused the gel to buckle but it could be 

smoothed out by placing the lower plate, with the gel still attached, in a shallow bath of 

10% methanol/ 10% acetic acid where it was manipulated usually without damaging it. 

After removal from the bath, the plate was tilted at a slight angle to allow any excess 

fixative to drain off. If the gel went easily onto the larger plate, it could be immediately 

dried. Fixation of SSCP gels was not required.

Two layers of 3mm chromatography paper were laid onto the gel and the paper 

with the gel attached was then peeled back. The gel was covered in "Saran wrap” and 

dried in a vacuum gel dryer for 1-2 hours and exposed to XAR-5 film (Kodak) for 12- 

72 hours at -70“C without an intensifying screen which otherwise tended to blurr the 

image.

Samples which showed bands at a different final position on the gel were 

sequenced. Many of the primers used for SSCP were biotinylated because these were 

required for sequencing by the biotin/streptavidin magnetic bead method (see section 

2.5.5). Digestion of DNA with multiple restriction enzymes often generated complex 

patterns which generally obscured bandshifts. Gels were more easily interpreted when 

fragments were digested to produce two fragments and consequently many primers 

were redesigned to make this possible and to keep fragments < 250bp long (see tables

3.4 and 3.5).

2.4.2.7 Multiplex SSCP.

A more rapid method for SSCP analysis involved coamplifying between 1-4 

exons (multiplex SSCP). This was possible providing the primers had the same 

annealing temperature. Fragments differing by at least 30bp were chosen to ensure
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adequate resolution. It was usually difficult to identify restriction enzymes which were 

optimal for all fragments because one restriction enzyme might only one cut sites in one 

fragment whereas another fragment might have many cut sites. Because of this 

problem, undigested DNA was generally analysed. 50pm of each primer pair was added 

to a single PCR reaction, otherwise prepared as described in section 2.3.1. Each 

fragment was amplified individually and analysed in parallel to provide the reference 

position for the bands generated by each individual exon. The amplified PCR products 

for each sample were then loaded onto a single well, such that banding patterns of 

several exons could be compared to each other at the same time (see results). SSCP gels 

were prepared as described in sections 2.4.2.4 to 2.4.2.6.

2.5 DIRECT SEQUENCING METHODS.

2.5.1 Preparation of the template for sequencing.

The Sanger dideoxy sequencing procedure was the method of choice for direct 

sequencing because of its relative simplicity and the commercial availability of 

sequencing kits (Sanger et al, 1977). Dideoxy sequencing is based on the extension 

from an oligonucleotide "sequencing" primer by a DNA polymerase in the presence of 

deoxynucleotides and dideoxynucleotides. The dideoxynucleotides, which lack the 3' 

OH group necessary for DNA strand elongation by DNA polymerases, cause chain 

termination.

A number of problems had to be overcome if a reliable method of direct 

sequencing was to emerge. Firstly, the products of the conventional PCR reaction were 

not ideal templates for dideoxy sequencing because they were double stranded and 

Sequenase (USB) (a modified form of T7 DNA polymerase) (Tabor and Richardson, 

1989) only extends from a short region of DS DNA, created by the annealing of the 

sequencing primer, to the DNA "template" requiring sequencing. Secondly, in order for 

strands of a convenient size to be produced during the dideoxy sequencing reaction, the 

appropriate ratios of dNTPs and chain terminating ddNTPs are required. A 

concentration of dNTPs of 200|iM was recommended for the PCR reaction to produce
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an adequate amount of product (Williams 1989), However, for dideoxy sequencing, a 

low concentration of dNTPs (0.2|iM) in the "labelling step" maintains the velocity of 

the reaction at a low rate, permitting the incorporation of labelled [a-^^S]dATP without 

exclusive production of very long chains. A high concentration of dNTPs (33pM) in the 

termination step then allows rapid elongation of strands in the presence of ddNTPs 

(3.3|iM), which eventually terminate chain synthesis. Excess PCR primers may also 

have been expected to interfere with the sequencing reaction by providing targets for 

enzymatic extension thereby competing with the sequencing primer. Four principle 

methods were investigated to minimise such problems. The PCR product was purified 

using any of the methods described in sections (1) 2.3.2.1 and 2.3.2.2, (2) 2.3.2.3, (3)

2.3.2.4 or (4) 2.2.3.3 and 23.2.2. Following purification, the DNA yield was checked 

by analysing 1/10 of the product on an agarose gel (see section 2.2.4.2) or by dot 

quantitation (see section 2.2.4.3). All of the purification methods successfully removed 

primers as judged by their absence on agarose gels.

The "PrimeErase" columns (see section 2.3.2.3) gave the most consistent results 

but were expensive. Poorer yields, as low as 30%, were often obtained with the agarose 

gel/Geneclean method (section 2.2.3.3). Phenol chloroform extraction (section 2.2.3.1 

and 2.3.2.2) was also used but the yield of DNA was not consistently high. Sephadex 

G-50 spin columns (section 2.3.2.4) gave higher yields of DNA up to 50%.

To enable the products of the dideoxy sequencing reactions to be visualised, two 

types of radiolabelling methods were employed. Either (a) [a-^^S]dATP was 

incorporated during dideoxy sequencing or (b) a primer which had been end-labelled 

(section 2.5.2.2a) with [y-^^SjATP or [y-32p]ATP was used. The sequencing primers 

used were generally either the 5' or 3' PCR primer for each exon described in Tables 3.1 

and 3.5. Occasionally, a primer was used which was located internally to that used in 

the PCR reaction. This was used particularly when the initial primer was located a long 

way from the exon such that it was difficult to read the sequence from one short gel run. 

Those internal primers which were used as sequencing primers are described in section 

3.2.7.
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Several approaches of direct sequencing were attempted on PCR products from 

normal DNA before a method which gave optimal results was established.

2.5.2 Sequencing from a double stranded PCR template.

To generate SS DNA molecules after PCR reactions, the DS DNA was 

denatured by heating and, to avoid labelling the sequencing primer, incorporation of [a- 

^^S]dATP was tried.

2.5.2.1 [a-^^S]dATP incorporation.

DNA amplified by PCR was electrophoresed in an agarose gel containing 

ethidium bromide to remove primers and dNTPs. The DNA was then excised and 

purified from the agarose by the geneclean procedure (as described in section 2.2.3.3). 

0.5-1.0|ig of DNA resuspended in 7pi of TE was mixed with 2pl of 5 X sequenase 

reaction buffer (200 mM Tris-HCl pH 7.5, lOOmM MgCl2, 250 mM NaCl) (USB), Ipl 

of 50pm/pl sequencing primer and Ipl of DMSO and denatured by boiling for 3 

minutes then placed on dry ice for 20 minutes to prevent renaturation. DMSO is 

included to promote dénaturation of the DS DNA by lowering its melting temperature. 

The labelling and termination reactions of the dideoxy sequencing reaction were then 

performed as described in section 2.5.6.

2.5.2.2 Sequencing using end-labelled primers.

(a) End-labelling of PCR primers for sequencing.

Because, when using [a-^^S]dATP incorporation during the sequencing 

reaction, the strength of the products was weak, the sequencing primer was pre-labelled 

with ^^P (McMahon et al, 1987). This was achieved with bacteriophage polynucleotide 

kinase (PNK) which transfers a 32p molecule from [y-32p]ATP to the 5’ hydroxyl 

group on the DNA molecule. The use of end-labelled primers is also advantageous 

because it allows sequence very close to the primer to be read. This is because every
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DNA primer extended in the sequencing reaction is pre-labelled. End-labelling with 

was also tried because the signal from emission was diffuse.

50pm of the sequencing primers (Ijil) were end-labelled using l|il of T4 PNK 

(8-10 U/p.1), l|il of 10 X kinase buffer (500 mM Tris HCl pH 7.6, 100 mM MgCl2, 

lOOmM DTT), 3|il of water and either 5|il of [y-^2p]ATP (3,000 Ci/mmol) or 10|il of 

[y_35s]ATP (lOOOCi/mmol) for 1-2 hours at 37“C. The reaction was stopped by 

incubating at 65“C for 2 minutes and the sample was then placed on ice, diluted in 90p,l 

of TE/O.IM NaCl and applied to a Sephadex G-15 column (see section 2.3.2.4). Three 

fractions, each of 100|il, containing the first peak of radioactivity, were pooled and 

ethanol precipitated (see section 2.2.3.2) at -70°C for 2 hours and resuspended in lO îl 

of TE. Radioactivity was measured in a Bioscan ^^P-counter.

(b) Sequencing reaction.

When using end-labelled primers the usual labelling step in the Sequenase 

reaction was no longer required (see section 2.5.6) so a modified reaction was used. 

End-labelled primer (1 p,l) was added to 0.5-1.0|Lig of the DNA which had been 

amplified by PCR and purified using either the agarose/geneclean procedure (see 

section 2.2.3.3) or Sephadex G-50 columns (see section 2.3.2.4). The volume was 

adjusted to lOjil with TE. The mixture was then denatured by heating at 94“C for 4 

minutes, placed immediately on dry ice for 10 seconds, centrifuged to collect the 

condensation and 2.5|il was aliquoted into each of 4 tubes containing the 4 dideoxy 

termination mixes (see section 2.5.6.3) which had been prewarmed at 37°C for 1 

minute. The remainder of the procedure was according to the "Sequenase" termination 

reaction (see section 2.5.6.3).
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2.5.3 Linear PCR Sequencing.

Table 2.7 Solutions for Linear PCR sequencing.

10 X Taq polymerase buffer 500mM KCl, lOOmM Tris HCl, pH 9.0,

15mM MgCl2,0.1% gelatin (w/v),

1% Triton X-100 

(Promega, Madison USA) 

dNTP mix 25liM dCTP, dTTP, dATP and dGTP

2.5.3.1 Linear PCR Sequencing using ^^P or ^^S end-labelled primers.

The linear PCR sequencing technique involves extension of one end-labelled 

PCR primer by Taq polymerase in the presence of dNTPs and ddNTPs (Murray, 1989). 

In linear PCR sequencing, the use of the thermostable Taq polymerase instead of 

Sequenase, which is thermolabile, enables the sequencing reaction to be performed in 

the PCR machine. Sequential PCR cycles are carried out so that the same primer can 

prime from more than one template in different cycles. In this way, the efficiency of the 

reaction is improved compared to procedures which involve only one round of 

extension of the sequencing primer. The use of Taq polymerase would also be expected 

to be advantageous when areas of strong secondary structure were encountered because 

the extension step is carried out at 72°C.

Initially DNA for the sequencing reaction was amplified by PCR and purified 

by the "Geneclean” procedure (section 2.2.3.3). However, purification using phenol 

chloroform extraction and isopropanol precipitation (section 2.3.2.1 and 2.3.2.2), or on 

a Sephadex G-50 column (section 2.3.2.4), gave more consistent results. PrimeErase 

columns (Stratagene) also gave good results but were too costly for regular use. 

Following purification, the DNA was resuspended in 10|il of TE. A l|il aliquot of the 

template DNA (O.ljig), 2\û of 10 X Taq polymerase buffer and 2|il of dNTP mix were 

added to each tube. One of the four dideoxynucleotides, at the following 

concentrations, was then added to each tube ; 2\i\ of 5mM ddATP, 2|il of 2.5mM dCTP,
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2|il of 0.5mM dGTP or 4|il of 5mM ddTTP. 32p or 35§ end-labelled primers were 

prepared as described in section 2.5.2.2a and Ipl was added to each tube. The final 

volume was adjusted to 20|il with water and overlaid with 50pil of mineral oil. The 

DNA was denatured for 15 minutes at 96°C in the PCR machine. Finally, 0.5|il (1.25U) 

of Taq polymerase was added and the reaction proceeded for 15 PCR cycles consisting 

of 96“C for 20 seconds, 58 “C for 20 seconds and 72°C for 1 minute. The samples were 

then placed on ice and 6|xl of sequenase stop buffer was added. A 4|il aliquot was 

loaded onto 6% sequencing gels prepared as described in section 2.6.7.

2.5.3.2 Linear PCR sequencing using [a-^^SjdATF incorporation.

The DNA template for sequencing was amplified by PCR and purified by 

phenol chloroform extraction and isopropanol precipitation (section 2.3.2.1 and 2.3.2.2) 

or on a Sephadex G-50 column (section 2.3.2.4). Following purification, the DNA was 

resuspended in 10 pi of TE. A l|il aliquot of the template DNA (0.5-1.0pg) was then 

dispensed into 4 tubes. Ifxl of one of dideoxynucleotides at the following 

concentrations; 2.5mM ddATP, 2.5mM ddCTP, 2.5mM ddTTP or 0.5mM ddGTP, was 

then added to one of these four tubes followed by l|il of lOx Taq polymerase buffer, 

lp.1 of dNTP mix and Ijil (5pm) of sequencing primer. 2.5p.l of [a-35s]dATP (1,000 

Ci/mmol) was then added to the ddCTP, ddGTP and ddTTP tubes and the ddATP tube 

received 5|il. The volume of all four tubes was adjusted to lOfxl with water. Finally, 

0.5p.l (1.25U) of Taq polymerase was added and the tubes were placed in a Techne 2 

thermocycler. 15 PCR cycles, consisting of 96“C for 20 seconds, 58“C for 20 seconds 

and 72“C for 1 minute, were performed. The samples were then placed on ice and 6|il 

of sequenase stop buffer was added. A 4pl aliquot was loaded onto 6% sequencing gels 

prepared as described in section 2.5.7.

2.5.4 Asymmetric PCR Sequencing.

An alternative procedure for producing a SS DNA template for sequencing 

involves PCR-amplifying DNA using one primer at a limiting concentration and one
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primer in excess (Gyllensten and Erlich, 1988). This results in production of SS DNA 

from the primer which is present in excess. DS DNA must be produced initially, 

however, in order to provide enough template molecules for subsequent synthesis of SS 

DNA which proceeds at a linear rate. A modification of the Gyllensten and Erlich 

method (1988) was initially investigated. This involved a primary amplification with 

equimolar concentrations of the two primers, then performing a second PGR reaction 

where only one primer was present.

Following the first PGR amplification the DNA was purified (section 2.3.2.1 

and 2.3.2.2) and the pellet was washed in 250|il of 70% ethanol and dried. 

Alternatively, "Primerase" columns were used for purification of the DS template 

(section 2.3.2.3).

Following purification, the pellet containing the DS DNA (0.5-1.0|Xg) was 

resuspended in lOpl of water and added to a mixture of 200|iM dATP, dGTP, dTTP, 

dGTP, 5111 of 10 X Taq polymerase buffer and 50pm of one primer. Taq polymerase 

(lU) was then added and the mixture was denatured at 96“G for 15 minutes after which 

30 cycles of conventional PGR were performed (section 2.3.1). Following this second 

PGR the mineral oil was removed with chloroform (section 2.3.1.1). The sample 

volume was then adjusted to lOOp.1 with STE and the DNA was purified on a Sephadex 

G-50 column (section 2.3.2.4). The eluent was pooled, precipitated with 1.5M 

ammonium acetate and 1 volume of isopropanol (section 2.3.2.2), and resuspended in 

5111 of water. The template was sequenced acording to the "Sequenase" protocol 

(section 2.5.6) except that the labelling mix was diluted 1:15 to limit the amount of 

extension from the primer.
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2.5.5 Sequencing of biotin-labelled, affinity purified DNA.

Biotin-labelled DNA can be purified using "Dynabeads", (Dynal, Merseyside, 

UK) which are streptavidin-coated magnetic beads to which biotin binds with a strong 

affinity. The principle is shown below.

1. DNA TEMPLATE

2. EÊB
Biotinylated primer

non-biotinylated primer

3. ADSORB Biotinylated DNA

non-biotinylated DNA

streptavadin

dynabeadm agnet

4. DENATURE

5. SEQUENCE
- dideoxy sequencing reactions perform ed on both 
the non-biotinylated strand and biotinylated single
stranded DNA

Figure 2.4 Sequencing using magnetic streptavidin-coated beads.
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The DNA template for sequencing was amplified using PCR (section 2.3.1) 

except that one primer was biotin-labelled at the 5' end and the amount of both primers 

was decreased to 5-15 picomoles. This did not affect the quality of the PCR product but 

was necessary to avoid saturating the streptavidin-coated beads with excess primer in 

preference to full length PCR amplification products.

The supernatant was removed from a 30p.l aliquot of resuspended magnetic 

streptavidin-coated "Dynabeads". A magnetic particle concentrator (MPC), (Dynal) was 

used to immobilize the beads, allowing removal of supernatant. The MPC consists of a 

magnetic rack in which eppendorf tubes fit snuggly with their walls in full contact with 

the magnetic surface. The tube containing the beads was placed in the MPC for 30 

seconds after which the supernatant was gently removed with a pipette. The beads were 

washed twice in 100|il of STE by removing the tube from the MPC, resuspending the 

beads in the STE then returning the tube to the MPC to immobilise the beads so that the 

supernatant could be removed as described above.

Excess mineral oil was first removed from the amplified PCR product which 

was then carefully taken from beneath the residual mineral oil and added to the washed 

beads which were gently resuspended. Adsorption of the DNA to the beads took place 

at room temperature for 5 minutes but better results were obtained when it was done in 

a 28“C water bath for 5 minutes with occasional gentle mixing. Following adsorption of 

the DNA to the beads, the tube was placed in the MPC for 30 seconds and the 

supernatant (containing excess, unbound DNA) was removed with a pipette. The tube 

was removed from the MPC and the beads were resuspended in freshly prepared 0.15M 

NaOH and left for 5 minutes to denature the double-stranded DNA. The tube was again 

placed in the MPC for 30 seconds and the non-biotinylated DNA removed and set 

aside. The tube was removed from the MPC and the beads, with the biotinylated strand 

attached, were resuspended in 100|il of STE. The tube was placed in the MPC for 30 

seconds and the supernatant removed. The tube was removed from the MPC, 100|i.l of 

water was added, the tube was returned to the MPC, the supernatant removed and 

finally the beads with the biotinylated strands attached were resuspended in 5|il of
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water. The immobilized biotinylated DNA was sequenced while still bound to the 

beads and the non-biotinylated strand was eluted and sequenced following ethanol 

precipitation. The non-biotinylated strands were precipitated by adding lOpl of 3M 

sodium acetate, pH 5.2 and 250jil of 100% ethanol and left overnight at -70°C. The 

DNA was recovered by centrifugation at 12,000 g in a microfuge for 20 minutes and 

the pellet was washed in 75% ethanol and resuspended in 5pl of water. The 

biotinylated and non-biotinylated DNA was then sequenced using the dideoxy 

sequencing technique as described in section 2.5.6. To ensure that extension from the 

primer during the labelling step (when dideoxy nucleotides are not present) was 

minimal, the labelling mix was diluted 1:15 which allowed the sequence close to the 

primer to be read.

2.5.6 Sequenase Version 2 Protocol.

Table 2.8. Solutions for Sequenase reaction.

5 X sequenase reaction buffer

labelling mix

enzyme dilution buffer

ddATP termination mix

ddCTP termination mix

ddTTP termination mix

ddGTP termination mix

200mM Tris-HCl pH 7.5,100mMMgCl2, 

250mM NaCl (USB)

7.5pM dGTP, 7.5pM dCTP, 7.5pM dTTP 

(USB)

lOmM Tris-HCl pH 7.5, 5mM DTT, 

0.5mg/ml bovine serum albumin (USB) 

80pMdGTP, 80pM dATP, 80pM dCTP, 

80pMdTTP, 8pM ddATP, 50mM NaCl 

80|iM dGTP, 80pM dATP, 80pM dCTP, 

80pM dTTP, 8pM ddCTP, 50mM NaCl 

80pM dATP, 80pM dTTP, 80pM dCTP, 

80pM dGTP, 8pM dTTP, 50mM NaCl 

80pM dATP, 80pM dTTP, 80^iM dCTP, 

80^iM dGTP, 8pM dGTP, 50mM NaCl
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For exon 17, the 7-deaza-dGTP analogue which forms weaker bonds with dCTP 

was used in place of dGTP. This improved the quality of the sequencing for this exon. 

7-deaza-dGTP sequencing solutions (USB) contained 7-deaza-dGTP in place of dGTP 

and, otherwise, were the same as those described in table 2.8.

2.5.6.1 Annealing reaction.

Unless otherwise stated, the "Sequenase" reaction proceded as follows: The 

DNA template for sequencing was prepared as described in sections 2.5.2, 2.5.3, 2.5.4 

and 2.5.5. Annealing of the sequencing primer to the DNA template was achieved by 

adding Ipl of primer to 7|il of DNA and 2pl of 5 X sequenase reaction buffer. The 

mixture was heated to 65“C in a beaker of water for 2 minutes and left in the beaker as 

the water cooled to <37°C.

2 5.6.2 Labelling reaction.

The labelling reaction is performed to allow the incorporation of [a-^^S]dATP 

into the DNA molecule as it is being extended from the sequencing primer by T7 DNA 

polymerase. The labelling mix containing the dNTPs was diluted 1:5 when sequencing 

was carried out according to the procedures described in sections 2.5.2 and 2.5.3. For 

asymmetric sequencing (see 2.5.4), or the biotin-streptavidin method (section 2.5.5), the 

labelling mix was diluted 1:15. A lower concentration of dNTPs in the sequencing 

reaction is preferable to allow sequence close to the primer to be read. When the DNA 

template-primer from 2.5.6.1 was cooled to <37°C, Ifil of O.IM DTT, 2.0|il of diluted 

labelling mix and 0.5|il of [a-^^S]dATP (1,000 Ci/mmol) was added. Sequenase 

Version 2.0 (USB) DNA polymerase (on ice) was diluted 1:8 in enzyme dilution buffer 

and 2.0|il was added to the reaction which was then incubated at room temperature for 

5 minutes. After the labelling step, the labelled DNA molecules are extended rapidly 

with Sequenase in the presence of a high concentration of dNTPs and terminate when a 

ddNTP, also present in the reaction, is incorporated.
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2.S.6.3 Termination reaction.

During the labelling reaction, 2.5p,l of one of the ddNTP termination mixes was 

added to each of 4 tubes (ddATP, ddGTP, ddTTP, ddCTP). These tubes were 

prewarmed at 37°C for 1 minute. Following the labelling reaction, 3.5|il of the solution 

was added to each of the 4 ddNTP tubes. The termination reaction proceeded at 37°C 

for 4 min, following which, 4.0|il of Sequenase stop mix was added (unless stated 

otherwise in the relevant section). The tubes were then placed on ice or frozen.

2.5.7 Sequencing gels.

Either 4% or 6% polyacrylamide (0.3-0.6mm) thick wedge gels were prepared 

for analysing the products of sequencing reactions depending on the length of the 

sequence which was to be resolved on the sequencing gel. The following provides a 

guide:

Table 2.9 Conditions for sequencing gels.

length from 3' end of primer polyacrylamide time (hours)
concentration

10-200 bp 6% 2

65-300 bp 6% 4

up to 320 bp 4% 3

Glass gel plates were prepared as described in section 2.4.2.5. For 6% gels, the 

sequencing gel (20cm X 30cm X 0.5cm) solution consisted of 27ml of 40% acrylamide 

(containing 1:20 bis acrylamide:acrylamide), 75.6g of urea, 18ml of 10 X TBE pH 8.3 

and water to 180ml. For 4% gels, 18ml of 40% acrylamide was used. The urea was 

dissolved by gently heating the mixture. Wedge gels (0.2mm-1.0mm thick) were 

poured as described in section 2.4.2.5, except that wedge-shaped spacers (BRL) were 

used. Because urea can quickly settle into the wells forming crystals, which retard the 

radioactively labelled molecules, the wells were flushed out with 1 X TBE using a

130



needle and syringe before loading the samples onto the gel. If this simple precaution 

was not taken streaks would appear on the autoradiograph.

The DNA samples were denatured at 95°C for 3 minutes before loading on the 

sequencing gel. Because it takes a while to load the gel it was important to keep the 

waiting samples at >85“C until their turn. Gels were then electrophoresed at room 

temperature in 1 X TBE buffer in a BRL SlOO sequencing tank. The time of 

electrophoresis depended on the length of the sequence which was to be read (see table 

2.9). It was also possible to do both a 2 hour and a 4 hour run on the same gel by 

staggering the loading times. Following electrophoresis, the glass gel plates were prised 

apart and the gel attached to the non-siliconised plate was fixed in a 10% methanol/ 

10% acetic acid bath for 45 minutes to remove the urea which would otherwise make 

the gel brittle. Following fixation, two layers of 3mm chromatography paper were 

carefully laid on top of the gel so that it adhered to them. The gels were dried in a 

vacuum dryer and exposed to XAR-5 (Kodak) film overnight. If the signal was faint, 

however, it was necessary to re-expose them for longer.
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2.6 SOUTHERN BLOTTING.

Table 2.10 Solutions for Southern Blotting.

S.O.C.

Hybridisation buffer 

lOX oligolabelling buffer

20 X SSC

LB

Denaturing solution

Neutralising solution

2 % bactotryptone, 0.5% yeast extract, 

lOmM NaCl, 2.5mM KCl, lOmM MgCl2, 

lOmM MgS04, 20mM glucose 

4XSSC, 50|ig/ml sonicated salmon sperm 

DNA, lOX Denhardts, 0.1%SDS 

0.25M Tris pH 8 ,0.025M MgCl2, 

lOÔ iM dATP, lOO îM dTTP, 

lOOjiMdOTP,

0.05M B-Mercaptoethanol,

IM Hepes pH6, 30 OD260 U/ml random

hexanucleotides

3M sodium chloride,

0.3M sodium citrate pH 7.0 

1% bacto-tryptone, 0.5% bacto-yeast 

extract, 0.17M sodium chloride, pH 7.0 

0.5M sodium hydroxide, 1.5M sodium 

chloride

0.5M Trizma base, 0.3M sodium citrate, 

3Msodium choloride, pH 5.5.

2.6.1 Transformation.

The RB1 cDNA (4.7R) which was in the Bluescribe vector (kind gift of Dr. T 

Dryja) was used to transform DH5a competent E.coli host cells for the preparation of 

probes for hybridisation analysis. Transformed cells were selected in the presence of the 

colorimetric indicator, 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal) and
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inducer, isopropyl B-D-thio-galactopyranoside (IPTG). E. coli competent cells (Gibco 

BRL) were thawed on ice and 1-lOng of DNA was added to lOOpl of competent cells, 

together with Img of X-gal (dissolved in N,N, dimethylformamide) and 0.5mg IPTG. 

The cells were incubated on ice for 30 minutes then heat shocked by placing in a 42“C 

water bath for 45 seconds. The heat-shocked cells were returned to ice for 2 minutes. 

0.9 ml of S.O.C. was added to each tube which was then shaken at 37“C for 1 hour. 

The mixture was plated onto LB plates (LB containing 15g/l bacto-agar and 50|ig/ml of 

amplicillin) and incubated overnight at 37“C. Single white colonies were selected and 

cultured in LB containing ampicillin overnight at 37°C and glycerol stocks were 

prepared (Sambrook et al, 1989).

2.6.2 Preparation of Plasmid DNA.

Plasmid stocks were maintained in 15% glycerol in LB at -70“C. It is important 

to use a single colony for plasmid isolation to avoid the potential problem of 

heterogeneity in the stock. Consequently, a frozen aliquot of the stock was streaked out 

on LB-agar plates containing 50)1 g/ml ampicillin. The streak was left at 37°C to 

penetrate the surface of the agar before being inverted and incubated overnight at 37°C. 

The next day, a single colony was innoculated into a 10ml starter culture of LB 

containing 50|ig/ml of ampicillin. After a 5 hour incubation at 37°C, 2ml of this starter 

culture was innoculated into 400ml of LB containing 50|ig/ml of ampicillin and large 

scale propagation of the plasmid was carried out overnight at 37”C in an orbital shaker.

The bacteria from overnight cultures was recovered by centrifugation at 5,000 g 

for 10 minutes. Plasmid DNA was purified using a Qiagen kit (Qiagen, 

Chatsworth,USA), The Qiagen kit contains an anion exchange resin which retains 

plasmid DNA at high concentrations of salt while other contaminants, such as RNA and 

cellular proteins, are washed through. The bacterial pellet was resuspended in 50ml of 

PB SA, washed and resuspended in 10ml of buffer PI (100|ig/ml RNase A, 50mM Tris- 

HCl, lOmM BDTA pH 8.0) and 10 ml of buffer P2 (200mM NaOH, 1% SDS) to lyse 

the cells, digest the RNA and denature cellular proteins. The solution was then mixed

133



by inverting the tube 4-6 times and lysis was carried out for 5 minutes after which 

buffer P3 (2.55 M potassium acetate pH 4.8) was added. The tube was inverted several 

times and left on ice for 20 minutes to neutralise and precipitate protein, chromosomal 

DNA and SDS. The precipitate was pelleted by centrifugation at 4“C for 30 minutes at 

12,000g JA-10 rotor in a Beckman J2-21 centrifuge, after which the supernatant was 

removed and centrifuged again at 12,000g for 15 minutes. The resultant supernatant 

from the second spin was loaded onto a C^agen column which had been equilibrated in 

10ml of QBT buffer (750mM NaCl, 50mM MOPS, 15% ethanol pH 7.0, 0.15% Triton 

X-100). The column was washed twice in 30ml of buffer (l.OM NaCl, 50mM 

MOPS, 15% ethanol pH 7.0) to remove contaminants and the retained DNA was eluted 

with 15ml of high salt buffer QF (1.25M NaCl, 50mM MOPS, 15% ethanol pH 8.2). 

The DNA was precipitated with 0.7 volumes of isopropanol, centrifuged at 15,000g at 

4°C for 30 min to collect the pellet which was then washed in 15ml of 70% ethanol and 

dried. The DNA pellet was then resuspended in 100|il of TE and checked by 

electrophoresis on a 0.8% agarose gel (section 2.2.4.2).

The 3.8 kb RB 1 fragment was released from Bluescribe by overnight digestion 

with Eco R1 at 37®C. The digested products were electrophoresed on a 0.8% agarose 

gel and the 3.8kb band was excised and purified by the Geneclean procedure (section 

2.2.3.3). The yield was quantified by electrophoresing a small aliquot on a 1% agarose 

gel (section 2.2.4.2).

2.6.3 Radioactive Labelling of DNA for Southern blots.

DNA probes for Southern blotting were labelled using the random primer 

method (Feinberg and Vogelstein, 1983). An aliquot of the 3.8kb fragment (l-2p,l), 

containing lOOng of DNA was diluted to 20|xl with TE and boiled for 5 minutes. The 

DNA was immediately chilled on ice to maintain single stranded DNA. To the chilled 

mixture was added 3|il of lOX oligolabelling buffer, 1.2|il of lOmg/ml Bovine serum 

albumin, 3pl of [a-^^PJdCTP (lOuCi/ml, 3000Ci/mmol) and water to a final volume of 

30|il. Following incubation of the labelling reaction overnight at room temperature, the
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labelled DNA was separated from free [a-^^P]dCTP by chromatography through a G- 

50 sephadex column (section 2.3.2.4). The first peak of radioactivity was usually 

collected from 3 fractions which were then pooled and counted in a Bioscan 

counter.

2.6.4 Southern Blotting and Hybridisation of DNA.

Retinoblastoma tumor DNA (20|ig) from 7 patients was digested with the 

restriction enzyme Hind III overnight at 37°C then electrophoresed in a 0.8% agarose 

gel (section 2.2.4.2) containing 0.5|ig/ml ethidium bromide in TAE gel running buffer 

overnight at 50-60V. DNA from lambda phage which had been digested with Hind 

ni/Eco R1 and Hind III was run in the same gel to enable accurate sizing of the 

digested DNA (see appendix). The gel containing the separated DNA was 

photographed to allow the positions of labelled DNA fragments, relative to the lambda 

DNA size markers, to be determined. The gel was denatured by gently shaking in 0.5M 

NaOH, 1.5M NaCl for 1 hour, neutralised in two changes of neutralising solution for 30 

minutes each and blotted by capillary action onto a nylon (Hybond N) membrane 

(Amersham) using 20XSSC overnight. Fixation of the DNA to the membrane was 

carried out by baking for 1 hour at 80°C.

The nylon membrane was prehybridised in hybridisation buffer at 65“C for 4 

hours. The labelled 3.8 kb probe was added to the prehybridised membrane at a 

concentration of 100,000 cpm/ml after boiling for 5 minutes and snap cooling on ice. 

Hybridisation proceded overnight at 65“C in a Hybaid oven. The membrane was 

washed in 2 X SSC for 10 minutes at room temperature, wrapped in cling film and 

exposed to X-ray film XAR-5 (Kodak) for 24-48 hours in an autoradiography cassette 

at -70“C in the presence of an intensifying screen.

135



r e su l t s

136



3.0 RESULTS.

3.1 POLYMERASE CHAIN REACTION (PCR).

At the outset of this thesis the aim was to develop a simple and efficient system 

for the identification of mutations in the RBI gene and thereby to improve our 

understanding of the nature of retinoblastoma and the function of the pRb protein. 

Another important consideration was to determine whether this technology could be 

applied to a mutation screening service for patients with hereditary and sporadic 

disease. The analysis was based on the amplification of all 27 exons of the RB 1 gene 

(figure 3.1) using PCR. The first step, however (which also proved particularly time 

consuming), was to obtain a set of oligonucleotide primers which could, under defined 

conditions, generate reproducible PCR products with no background which could then 

be used for subsequent analysis.

3.1.1 Design of PCR Primers.

The full sequence of the coding region of RB 1, together with approximately 

200 base pairs of the introns flanking each exon, was reported by McGee et al (1989) 

several months after this thesis was initiated. This sequence was used to design 

oligonucleotide primer pairs to amplify exons 1 - 26, the coding region of exon 27, the 

5’ promoter region and the 3' poly-A signal sequence of RBI (figure 3.1).

Primers were deliberately located within intron sequences to allow the analysis 

of splice sites, detection of activated cryptic splice sites or new splice sites and analysis 

of branchpoints which are usually 30 - 50bp upstream from the splice acceptor site. The 

first generation of primers produced PCR products between 212 - 815 bp long. 

Following PCR amplification of normal and tumour DNA, the size and specificity of 

the product was analysed on 2% agarose gels (section 2.2.4.2).
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200 kb

36 kb 70 kb
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Pro 1 2 3 4 5 6 7 8 9 10 11 12 13-17 18 19 20 21-23 24-26 27

Figure 3.1 The structure of the RBI gene. The location and distribution of the 27 
exons and the promoter (pro) region are shown (filled boxes). The exons are 
separated into 3 groups by two large introns of 36kb and 70kb between exons 2 
and 3 and 17 and 18, respectively.
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Eventually, a set of primers which generated a single PCR product were 

obtained. In fact, this was the ultimate determinant of whether specific pairs of primers 

would be used in later experiments. Details of the final set of primer sequences, their 

annealing temperatures and size of product are given in table 3.1. With the exception of 

exon 14, the primers were situated >50 bp upstream from the splice acceptor site in 

order to allow analysis of the branchpoint sequence. In exon 14, however, in order to 

avoid areas homologous to Alu sequences (section 3.1.3), the 5' primer was located 17 - 

42 bp upstream of the exon. As such, the branchpoint sequence is not included. The 

length of the 3' flanking intron sequence amplified along with the exons was between 

39-343 bp (table 3.1). During the development of conditions for the amplification of 

RBI exons, several "first generation" primers (shown in table 3.2), produced non

specific amplification products (see sections 3.1.2 and 3.1.3; figures 3.2 to 3.5) which 

would clearly interfere with mutation detection and sequence analysis. These should 

definitely be avoided when designing primers around these exons. In these cases, it was 

necessary to re-design primers from different locations around the exons. Primers 6709 

and 6710 used to amplify exon 3 are also included. Using an annealing temperature of 

55”C, these amplified a 645bp sequence without background amplification products but 

were redesigned so that they framed a smaller sequence to facilitate sequencing 

(sections 3.2.3 and 3.2.5). The following discussion describes the development of the 

final set of oligonucleotide primers.
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Table 3.1: Details of the final set of oligonucleotide primers for the amplification of the
27 exons of RBI.

Oligo Location Sequence Temp
*C

Full size 5' Intron 
(bp)

3' Intron

6007
6008

RB 5xPro 
RB 3xPro

GATCCCAAAAGGCCAGCAAGTGTCT
TCAACGTCCCCTGAGAAAAACCGGA

62* 570

9691
9692

RB 5x1 
RB3x1

CGTGCGCGCGCGTCGTCCT
ACCCGGCCCCTGGCGAGGAC

62* 307 67 103

10143
10142

RB 5x2 
RB3x2

GTTCI 1 1 1 ICACAGTAGTGTTATGTG 
CGTGCCCGGCCTCAAACATTTTTAA

60 409 105 177

8202
8201

RB5x3 
RB 3x3

GCCATCAGAAGGATGTGTTACAA
GGACACAAACTGCTACCTCTTAAAG

58 408 150 211

8203
8204

RB5x4 
RB 3x4

CCTTCCAAAGGATATAGTAGTGATTTG
COAGGAAGCATTCAGAATGCATATT

58 445 133 192

8206
8205

RB 5x5 
RB 3x5

GAAGACTAATTGAGAGGATTAACTG
TGTCCTGAATCAATTCCACCTTATT

58 488 216 233

8208
8207

RB 5x6 
RB 3x6

GAAACACCCAAAAGATATATCTGG
CCAAGGTTGTTTCTAGTACCAG

58 326 85 173

7090
7091

RB 5x7 
RB 3x7

ACTCTACCCTGCGATTTTCTCTCAT
CTTCTTGTCTCCCAAACCTCCATTTG

60 430 76 243

20085
20084

RB 5x8 
RB 3x8

GACCTAAGTTATAGTTAGAATACTTC
CATGCTCATAACAAAAGAAGTAAA

55 316 81 92

7095
7094

RB 5x9 
RB 3x9

TGCATGGGGGATTGACACCTCTAAC
CTACTTGGCTAGATTCTTCTTGGGC

60 316 106 132

10145
10144

RB 5x10 
RB 3x10

TCTGTACCTCACI 1 1 lAGATAGACC 
CTGTTATAGGACACACAATTCAC

60 492 170 212

11289
11290

RB 5x11 
RB 3x11

GACAACAGAAGCATTATACTGC
CCTGGCCTTCAATATATATTTCT

55 294 90 126

9987
9986

RB5X12 
RB 3x12

CCACAGTCTTATTTGAGGGAATG
GGTGAGCAAGGCAAATAGGTAAA

60 465 146 231

5528
5529

RB 5x13 
RB 3x13

TAATAGGGTTTTTTAGTTGTACTGT
AATTTCTACAATGGCTATGTGTTCC

60 570 220 233

13679
13680

RB 5x14 
RB3X14

CTAAAATAGCAGGCTCTTATTTTTC
ATCTTGATGCCTTGACCTCCTGAT

58 212 42 113

11293
11294

RB5X15 
RB 3x16

ATTCAATGCTGACACAAATAAGGTT
TTCTCCTTAACCTCACACTATCC

55 361 70 80

5535
5536

RB5X17 
RB 3X17

ATAAAAATGGTTTAACCTTTCTACT
GTGGCATGTTTTAAGAAAAGCTATT

55 555 114 244

10604
10603

RB5X18 
RB 3x18

ATGTACCTGGGAAAATTATGCT
CTATTTGCAGTTTGATGGTCAAC

58 221 59 43

9439
9440

RB5X19
RB3X19

AGGCAGTAATCCCCAGGAAAAGCCA
CACAGAGATATTAAGTGACTTGCCC

62 485 223 116

9438
14928

RB 5x20 
RB 3x20

TTCTCTGGGGGAAAGAAAAGAGTGG
AGTTAACAAGTAAGTAGGGAGGAGA

60 350 153 151
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Oligo Location Sequence Temp
*C

Full size 
(bp)

S' Intron 3' intron

9436
9435

RB 5x21 
RB 3x21

GACTTTCAAACTGAGCTCAGTATGG
ACAAATACCTGCTTATTACAGGGAT

58 518 148 265

9434
9433

RB 5x22 
RB 3x22

GCAGCTATAATCCAAGCCTAAGAAG 
GTTTT GGTGGACCCATTACATTAGA

60 363 193 56

9694
9695

RB 5x23 
RB 3x23

TCTAATGTAATGGGTCCACCAAAAC
CATCTTGCGTTGCTTAAGTCGTAAA

58 420 62 194

9696
9697

RB 5X24 
RB 3x24

TAAAACTAAGAGACTAGGTGAGTAT
TAGATTTGGGTGAGAAAAAAATCTC

58 579 205 343

9991
9990

RB 5x25 
RB 3x25

ATTTGGTCCAATGAAGCAGAAAATT 
TGATGCTATGTAT1 TTTl CAGTGGT

60 625 142 340

9993
9992

RB 5x26 
RB 3x26

AACCACTGTAI 1 1 IGTGAGAAGCAC 
TGAATGTGGTCAAGCAATGTTTCAC

60 524 216 258

10609
10608

RB 5x27 
RB 3x27

AAGGTCCTGAGCGCCATCAGTTTGA
GAGGTGTACACAGTGTCCACCAAGG

62 218 108 39

10605
10606

RB 5xPA 
RB 3xPA

Gi l l !  lAGGTCAAGGGCTTAC 
ATCTCTAGCATATAG AG CCCCTT

58 375

The location of each pair o f primers, (i.e. 5 x 1 = 5 '  primer for exon 1 etc.). (Pro)= the promoter region. Primers for the 
poly-A signal sequence (PA) are also included. All of these primers generated specific PCR products at the annealing 
temperature shown. The sizes o f the fragment and flanking 5' and 3' introns are also shown. Both the promoter region 
and exon 1 required 10% DM SO in the PCR reaction (*).
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Table 3.2: Details of "first generation" of oligonucleotide primers for the amplification
of the 27 exons of RBI.

Oligo Location Sequence
Size
(bp)

5'
Intron

3*
Intron

6011
6012

RB 5'x2 
RB 3'x2

TCTTCACAGAAGTGITTTGCTGCT
ACCATGTTGCCCAGGCTGGTCTCGA

674 279 270

8200
8199

RB 5'x2 
RB 3'x2

GATATTTGACTTACCATGCAAGCAA
AAGTGGTAGGATTACAGGCATGAAC

580 249 204

6709
6710

RB 5'x3 
RB 3'X3

TGAGATGACTGACCCCTAAAGTTCC
CTTACACATGAATAGTGAGAGACAC

645 277 252

6711
6712

RB 5'x4 
RB 3 x4

GCATAGGTATATAGATAATAGAGGT
TGGAGACATGAAAGGATAATAACGG

540 195 225

6713
6714

RB 5 x5 
RB 3’x5

T AGGTGG ATC AGCT GGGTGTTTTC T 
GTTGCATTTTTCTCAGAGITGGTGA

565 263 263

9988
9989

RB 5’x ll  
RB 3 x11

AAGCAGCAGCTGGGTCATCTAT
CTGGGATTACAGGTGTGATCCACCA

390 159 153

5530
5532

RB 5 x14 
RB 3'xl4

GAATGTTAATCACCACTTAATACTT
CTGCCAAGTAGCT(3GGACTACTGGT

595 330 208

11291
11292

RB 5'xl4 
RB 3'xl4

AAGCAGGAGGATCTCTTGAGCCCAG
GGCCAGGATGATCTTGATGCCTTGA

323 143 123

6412
6413

RB 5'xl4 
RB 3'xl5

GTCAGCTGGGTATAGTGGTACATGC
GAGCGCACGCCAATAAAGACATATG

815 195 130

5531
5534

RB 5’xl5 
RB 3'xl6

ACCTGTAGTCCCAGCTACTTGGCAG
GCTCTCTACAATCTCAAAGGTCTTC

710 220 301

11295
11296

RB 5’xl5 
RB 3 x16

GAGGTTGCAGTGAGCCAAGA
GCCTCTTAAATGGCTTATAATGACC

518 160 169

The location of the primers (i.e. 5x2 = 5' primer for exon 2) and the size of the amplified DNA and 
flanking 5' and 3' introns is given for each primer pair. Even at high temperatures, all of these primers 
amplified non-specific products and new primers were, therefore, designed. One exception was the 
primer pair for exon 3 (6709/6710) for which primers were designed to reduce the size of the fragments 
to facilUate sequencing (see later).
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It was important that primers were designed with a view to reducing the chance 

of a non-specific priming event. Using annealing and extension steps with lower 

temperatures reduces the specificity of amplification (Saiki et al, 1988). Generally, for 

primers of a similar length, the higher the AT content of the primer, the lower the 

annealing temperature (Kim and Smithies, 1988). To reduce background due to very 

low annealing temperatures, regions having an AT content of more than 70% were 

avoided. Wherever possible, GC-rich sequences were also avoided to reduce potential 

problems such as non-specific priming or lack of product, which can be due to the 

formation of secondary structures in the template or primer and is often a feature of 

GC-rich regions (Innis, 1990). The GC content of the primers ranged from 24-56%, 

except for exon 1 where primers 9691 and 9692 (table 3.1) contained 79% and 75%, 

respectively. This is often unavoidable at the 5' end of many genes because of the high 

GC:AT ratio associated with promoter regions. Although primer pairs were usually the 

same size, with a mean of 22bp (table 3.1), the length of some primers was altered to 

obtain primer pairs with a similar GC content and so they range in length from 19 - 

27bp. The sequences of the primer pairs were checked closely for complementarity to 

each other and no more than 3/5 base pair matches were allowed at their 3' ends. 

Primers annealing via their 3' ends are a perfect template for extension by Taq 

polymerase. In fact, primers capable of annealing to each other in any way are thought 

to result in the formation of "primer dimers" which greatly reduces the efficiency of the 

PCR reaction because the number of primers available for "legitimate" elongation is 

reduced. It was important at the outset, therefore, to select sequences which were not 

capable of self-annealing. Designing the primer pairs, however, is only the first step and 

it was then necessary to optimise the conditions for their use.

3.1.2 Optimisation of PCR.

The purpose of optimising the PCR amplification procedure was to produce a 

sufficient quantity of DNA from a specific region for sequence analysis. The specificity 

of the reaction was defined as the ability to produce a single band of the expected size
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when viewed on a 2% agarose gel (section 2.2.4.2). Although increasing the number of 

PCR cycles from 25 to 40 generated more product, the specificity of the reaction 

decreased with increasing number of cycles. After 40 cycles, spurious amplification 

products were often observed. Strategies were, therefore, developed to try and increase 

the specificity of the PCR reaction whilst still maintaining an adequate yield of product.

The specificity of PCR amplification is dependent on a number of factors and 

several of these were assessed in a series of experiments intended to optimise the 

procedure. One of the most important factors influencing PCR is the temperature at 

which the primers are annealed to the template. This was assessed by increasing the 

annealing temperature in increments of 1-8“C using a representative selection of 

primers. At higher temperatures, non-specific amplification was eliminated (figure 3.2). 

For each primer pair, the empirically determined annealing temperature was compared 

to the melting temperature (Tm) which was calculated using the formula, Tm (°C) = 

4(G+C) + 2(A+T) - 5 (Meinkoth and Wahl, 1984). The Tm corresponds to the 

temperature at which 50% of double stranded DNA molecules are dissociated. An 

average of the values obtained for the two primers was compared with the empirically 

determined annealing temperature. The optimal annealing temperature for the primers 

used in this study was between 1-9®C lower than the Tm calculated using the above 

formula. Because of this inconsistency, an alternative formula, Tm = 61-1- 0.41(%G-fC) 

- 500/L (where L = length of oligonucleotide primer), based on the hybridisation of 

DNA duplexes in solution, was applied (Meinkoth and Wahl, 1984). Using this formula 

the empirically determined annealing temperature was within 2-3“C of the calculated 

one. Because the second formula proved consistently more accurate it was used 

subsequently to predict the annealing temperature for all PCR reactions. The only 

example where neither formulae accurately predicted the optimal annealing temperature 

was for exon 1. Surprisingly, the predicted Tm for exon 1 was 17”C lower than that 

predicted by the first formula and 5®C lower than that predicted by the second formula. 

This inconsistency was probably due to the requirement for DMSO in the reaction, 

which was necessary to increase the annealing specificity (section 3.1.3) whilst, at the
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same time, lowering the melting temperature of double stranded (DS) DNA. With the 

exception of exon 1, the calculated annealing temperature usually gave optimal results 

but, occasionally, had to be increased by 2-3“C when non-specific products were 

amplified, or decreased by a similar degree when there was no amplification.

One of the most important factors influencing the specificity of the PCR was the 

concentration of Mg^+ ions in the reaction. For several exons, from different parts of 

the RBI gene, the effect of altering the magnesium concentration in the reaction was 

also explored. Commercially available PCR buffers contain 1.5mM Mg. Increasing the 

Mg2+ concentration to between 1 . 5 - 6  mM generally resulted in more non-specific 

amplification and a decrease in the amount of the desired PCR product (figure 3.3). An 

alternative approach to try to reduce non-specific amplification (Williams, 1989) was 

to decrease the concentration of deoxynucleotides (dNTPs). Presumably, this limits the 

availability of dNTPs to reactions involving accurate primer annealing. The dNTP 

concentration was decreased from 200p.M to either lOOjiM or 50|iM. This approach, 

however, did not reduce the amount of background amplification (data not shown). 

After all of these manipulations, however, the most effective way to increase the 

specificity of the PCR reaction was to raise the annealing temperature which, in most 

instances, resulted in the generation of a single band (figure 3.2) and it was generally 

unnecessary to change the other parameters.
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645 b p

Prim ers 645 b p

Prim ers

645 b p

P rm e rs

L 3

(a) Exon 3 
40°C

(b) Exon 3 
47°C

(c) Exon 3 
60°C

Figure 3.2 Effect of annealing temperature on PCR amplification.

Exon 3 of the RB 1 gene was amplified using primers 6709 and 6710 wlich frame a

645 bp sequence. Using an annealing temperature of (a) 40^C, a PCR pnduct of the 

expected size was observed on 1.5% agarose gels but at least two other lands (open 

arrows) are seen in addition to primers, the majority of which are still unused.

Raising the temperature to (b) 47^C, did not significantly alter this resut. Howe\er,

at (c) 60^C, a single band of the expected size is produced with no background. A 

1 kb ladder (L) is shown.
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645 Dp

L 0 1.5 2.0 2.5 3.0 6.0

Figure 3.3 Effect of magnesium on PCR amplification. Exon 3 of ue RB 1 gene was 

amplified using primers 6709 and 6710 at an annealing lemperatua of 55‘'C in the 

presence of 0 mM, 1.5 mM, 2.0 mM, 2.5 mM, 3.0 mM or 6.0 mM Mg and analysed on 

a 1.5% agarose gel. A 1 kb ladder (L) is shown on the left. As the Mg concentration was 

increased the number of additional amplified products also increased due to non

specific annealing of the primers and the yield of the 645 bp long produ:t decreased.
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3.1.3 Further Primer Considerations.

Two main types of problems of non-specific priming could not be eliminated by 

increasing the annealing temperature or decreasing the dNTP concentration (figure 3.4 

and 3.5). In addition to the appropriate sized product, some primer pairs generated 

discrete, non-specific background bands which were as long as 1-2 kb (figure 3.4a, 

figure 3.5a and c), whilst others amplified a whole range of non-specific products, as 

long as 2kb, which appeared as a "smear” on the agarose gels (figure 3.5b andc). When 

exon 5 was amplified with primers 6713/6714, for example, (figure 3.4a) multiple 

background bands were produced and when exon 4 was amplified with primers 

6711/6712 (not shown), an extra 1.2 kb band was seen. In these cases, non-specific 

amplification still occurred at very high temperatures and increasing the annealing 

temperature further, simply abolished the generation of any product (figure 3.4b). For 

troublesome areas such as these, new "nested primers" were designed at different 

locations in an attempt to increase the specificity of amplification (Mullis and Faloona, 

1987). Thus, after the first round of amplification using the original primers, a second 

round of amplification was performed with the internally located ("nested") primers. 

Nested primer pairs, 8203/8204 and 8205/8206 were designed for exons 4 and 5, 

respectively (table 3.1). Amplification using the internal primers alone, however, 

resulted in a specific product without the need for a preliminary amplification (figure 

3.4c). Thus, simply re-designing the primers for a different region was sufficient in all 

cases to increase the specificity.
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(a) Exon 5 
65°C

(b) Exon 5 
7(PC

' h

kb

1.0—

0.5“

(c) Alternative 
primers

L 5 L 5 4 5 L

Figure 3.4 The sites chosen for primers affected the quality of the PCR product. 

DNA from exon 5 of RBI was amplified using primers 6713 and 6714 which framed 

a 565 bp sequence. At an annealing temperature of 65^C (a), non-specific products 

were generated which were eliminated by raising the annealing temperature to 7()‘̂ C 

but the 565 bp product also failed to amplify (b). By redesigning primers at different 

sites (c), products of the correct size for exon 4 (445 bp) using 8203/8204 and exon 5 

(488 bp), using 8205/8206 were amplified an annealing temperature of 58‘X̂ . 1 kb 

ladders (L) are shown. . t
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Background "smearing" on agarose gels was a particular problem during 

amplification of the promoter region and exons 1,2,11,14 and 15-16 (Figures 3.5a-c). 

The "spurious" amplification occurred at temperatures up to 10 - 15°C above the 

calculated Tm and in the absence of magnesium. A reduction of the concentration of 

primers 6412 and 6413 (table 3.2) used to amplify exon 14 and exon 15, increased the 

yield of the appropriate PCR product but did not completely eliminate the non-specific 

amplification (figure 3.5c). The problem of background amplification for the GC-rich 

promoter region and exon 1 could be relieved by the addition of 10% DMSO, (figure 

3.5a) (Innis, 1990) or "Perfect Match" [a commercial inhibitor of non-homologous 

annealing; (Nielson et al, 1990)] (figure 3.5a), but made no difference for exons 2,11, 

14, and 15 (figure 3.5b and c). For these exons, the smeared appearance of PCR 

products suggested that only one of the primers was amplifying, and so, generating 

PCR products of varying lengths. To explore this possibility primers 6011 and 6012, 

which flank exon 2 and frame a 674 bp sequence, were used individually or together in 

a PCR reaction. A product 600 - 700 bp long was amplified using 6011/6012 which 

was consistent with the expected 674 bp product (figure 3.5b). An intense background 

smear was also noted, however. When primer 6012 was used in the PCR reaction alone, 

what appeared to be a specific 674 bp product was still observed suggesting that this 

band was not the "real" PCR product and that primer 6012 was cross-reacting with 

another, unknown sequence (figure 3.5b). A similar experiment was carried out with 

primers 9988 and 9989 which frame a 390 bp sequence including exon 11. No 

amplification was generated with primer 9988 alone (figure 3.5c) but when 9989 was 

used alone (figure 3.5c), or in combination with 9988, a smear was produced (figure 

3.5c). This suggested that primer 9989 was not binding specifically to the DNA 

template of interest (figure 3.5c).
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Figure 3.5. Effect of DMSO and Alu regions on backgound PCR amplification. 

Primers flanking exons 1 ,2 ,9 , 11, 14 and 15-16 generated background amplification 

which was not reduced by increasing the annealing temperature for the PCR reaction,

(a) When exon 1 was amplified using primers 9691/9692, a series of background 

products were amplified (-). By adding 10% DMSO (+) to the reaction mixture the 

correctly sized product (307bp) was produced. Excess primers are indicated. In (b), a 

"smear" of background amplification was observed when exon 2 of RB1 was amplified 

using primers 6011 and 6012 which frame a 674bp sequence. A PCR product of the 

expected size was also observed, however, using primer 6012, alone, whereas primer 

6011 gave no product, (c) When exon 11 of RBI was amplified using primers 

9988/9989, a smear of background PCR products were generated (-) and were not 

eliminated by the addition of 10% DMSO to the reaction (+). Backgound PCR products 

were generated solely by primer 9989, whilst using 9988 alone gave no background. A 

series of amplification products were also observed when exon 14 and 15 were 

amplified using primers 6412 and 6413 which frame a 815bp sequence. Diluting the 

concentration of primer from 50 to 5pm per reaction increased the specificity but 

background PCR products still remained. The abundance of background amplification 

using primers flanking exons 2, 11,14 and 15-16 ,which was not reduced by addition of 

10% DMSO, suggested the influence of a repetitive sequence. To reduce background 

amplification, primers were redesigned for these exons so that a minimal region of 

intron sequence was lost. In (d) exon 11 was amplified using primers 11289/11290, 

which flank a 294bp sequence and exon 15-16 was amplified using primers 11293 and 

11294, which flank a 361bp sequence using an annealing temperature of 55“C. These 

primers, which were located in regions with <75% homology to Alu sequences, and 

which did not include highly conserved Alu motifs A1 and A2 (see fig 3.6), amplified 

products of the correct size with no background. 1 kb ladders are shown (L).
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Given these high levels o f background priming it seemed unlikely that nested 

primers would improve specificity so new primers were designed ju st internal to the 

previous pair in order to minimise the amount o f intron sequence that would be lost. For 

many exons, however, the redesigned prim ers still generated a sm ear o f background 

amplification. The inescapable conclusion was that the prim ers w ere annealing in 

regions containing repetitive D NA sequence throughout the genome.

The location of the highly repetitive Alu fam ily o f DN A sequences in the R B I 

gene had been reported by M cGee et al (1989) in intron sequences flanking exons 2, 9 

,11 ,14 , 15 and 17. The region showing hom ology to the consensus Alu sequence 

located 5' of exon 9 is upstream of the 5' exon 9 prim er used here, which may explain 

why spurious amplification products were not observed (figure 3.6b). For exons 2, 11, 

14 and 1 5 -1 6  primers producing background smearing were located in areas showing 

homology to the consensus Alu sequence (figure 3.6). Prim ers at, o r flanking, highly 

conserved Alu repeat elements A1 (GAGGCNGAGGC) (M cGee et al, 1989) or A2 

(CCAGCCTGG) (McGee et al, 1989) produced the m ost spurious amplification (figure 

3.5b and figure 3.6). New primers were designed to avoid the highly conserved Alu 

sequence but some were still situated in less highly conserved regions to generate a 

maximum amount o f sequence information. M any of the prim ers in regions showing 

homology to Alu sequences, but not containing the highly conserved sequences, did 

amplify a specific product. This applied to the primers 10142,11290,13680, 11293 and 

5535 all of which produced a specific PCR product when used with the appropriate 

opposing primer (figure 3.5d and figure 3.6).
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Figure 3.6. Relative positions of Alu sequences and prim ers sequences in the intron 

regions flanking exons 2, 9, 1 1 ,1 4 ,1 5 , 16,17.

For each region the location o f the exon sequences, indicated by striped boxes, are 

positioned according to the sequencing data presented by M cGee et al (1989). The 

maps for exon 14 (d) and 15-16 (e) overlap. Regions with hom ology to the consensus 

Alu sequence (open boxes) and highly conserved Alu motifs, A1 and A2 (solid boxes), 

are shown. The location o f primers in the 5'-> 3' (->) or 3’ to 5' (<-), direction relative to 

the coding sequences, are shown. Prim er pairs 6011/6012 and 8200/8199 (exon 2); 

9988/9989 (exon 11); 11291/11292 and 5530/5532 (exon 14); 5531/5534 and 

11295/11296 (exon 15 and 16) generated background PC R  products. P rim er pairs 

10143/10142 (exon 2), 7095/7094 (exon 9), 11289/11290 (exon 11), 13679/13680 

(exon 14), 11293/11294 (exon 15-16) and 5535/5536 (exon 17) am plified specific PCR 

products.
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Figure 3.6
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Excluding those regions where primers were relocated to avoid highly 

conserved Alu sequences, the majority of primer-pairs were designed from sequences 

located towards the distal extremes of the sequenced intron regions (McGee et al, 

1989). However, there were a few exceptions. The 3’ primer for exon 20 (14928), for 

example (table 3.1), was situated upstream to the highly polymorphic VNTR region 

containing varying numbers of CTTT(T) tandem repeats (McGee et al, 1989). Since 

exons 15 and 16 are only separated by an 80bp intron sequence, a single pair of primers 

(11293 and 11294) was used to generate a PCR product from both of these exons. All 

of the primers listed in table 3.2 have been tested and their efficiency confirmed using 

DNA samples from Rb tumours or peripheral blood from normal individuals and 

patients with bilateral Rb.

3.1.4 PCR amplification from blood.

In order to identify constitutional mutations, amplification from lymphocyte 

DNA purified by phenol/chlorform extraction was initially carried out (section 2.3.1.1). 

Even though PCR conditions had been optimised and tumour DNA could be reliably 

amplified, occasionally, lymphocyte DNA was refractory to amplification (figure 3.7a). 

Simply increasing the amount of template DNA did not improve the yield. In fact, serial 

dilution of DNA allowed efficient PCR amplification, presumably by reducing the 

effect of inhibitors such as haemoglobin, which may have been present in the sample 

(figure 3.7a). Amplification was most efficient at a dilution of between 1:40-1:50 in 

most of these cases (figure 3.7a).

One drawback to the routine use of the phenol/chloroform extraction method 

was the lengthy preparation required to produce DNA. A method of amplifying DNA 

directly from blood samples, without purification based on the procedure described by 

Mercier et al (1990), was investigated (section 2.3.1.2). Rather than extracting the 

DNA, the lymphocytes are simply lysed by three successive rounds of heating to 95“C 

and cooling to 65“C. 0.1, 0.5, 1, 2, 3, 5, and lOpl aliquots of whole blood were 

amplified according to this method. The yield of specific PCR products peaked at 2|il
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(figure 3.7b). Obviously, variations in the white cell count between individuals have to 

be taken into consideration and poor yields may indicate that a larger volume of blood 

is needed. Nevertheless, a 2\il aliquot always gave adequate amounts (0.5 - l.Opg) of 

PCR product. Higher concentrations of blood resulted in lower yields presumably due 

to the presence of inhibitors.

At this point, primers were available which could amplify specific products for 

all coding regions of RBI, the promoter and poly-A signal. Conditions for the 

amplification of these sequences from tumour and lymphocyte DNA had also been 

established. The ultimate goal was to characterise mutations which would require 

analysis of the DNA sequence. The next step, therefore, was to find an efficient and 

accurate way to do this.
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Figure 3.7. Effect of serial dilution of DNA on the generation of a PCR amplification

product.

In (a), amplification products are shown on a 1.5% agarose gel for exon 11 (left) and 

15-16 (right) from lymphocyte DNA from patients LS (GOS 197) and JK (GOS 568), 

respectively. It had not been possible to amplify these products following a 1:10 

dilution of the DNA. When the DNA was serially diluted 1/20, 1/40, 1/50 and 1/100, 

PCR products were obtained. For LS, the 1:50 dilution gave a product yield equal to 

that for the normal control (N) whereas for JK, a 1:40 dilution seemed optimal. Dilution 

beyond the optimal concentration resulted in a poorer yield. The 1 kb DNA ladder (L) 

is shown in the centre. Amplifying DNA directly from whole blood is shown in (b). 

Following the protocols outlined in section 2.3.1.2, lOpil, 5pil, 3pil, 2pil, Ipil, 0.5pil or 

0.1 pil aliquots of whole blood were added to the PCR reaction with primers for exon 19. 

The PCR products were analysed on a 1.5% agarose gel. Clearly, when too much blood 

is present (3-10|il), amplification is poor. Below the optimal 2|il volume, amplification 

is poorer but the reducing intensity of the band reflects the decreasing amount of DNA 

present in the reaction. A 1 kb ladder (L) is shown.
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3.2 DEVELOPMENT OF A PCR-SEQUENCING STRATEGY.

Given the large number of exons of RBI, and the number of patients which 

might need screening, it was essential to be able to sequence directly from the PCR 

product to avoid cloning steps, thereby enabling greater accuracy and allowing analysis 

of both alleles simultaneously. Although PCR was becoming an established technique 

at the outset of this thesis, it was stiU unreliable for generating products which could be 

used directly for DNA sequence analysis. Consequently, several methods were 

investigated for sequencing PCR products before finally settling on one particular 

approach.

3.2.1 Preparation of the DNA template.

Dideoxy sequencing (Sanger et al, 1977) was the method of choice because it 

required fewer steps than the Maxam-Gilbert (1977) method of base-specific cleavage. 

Dideoxy sequencing is generally carried out in three steps. The first of these consists of 

annealing a sequencing primer to the template DNA. This is then followed by the 

labelling step which involves extension from the "sequencing" primer by T7 DNA 

polymerase to allow incorporation of radiolabelled dNTPs in the presence of a low 

concentration of unlabelled dNTPs. Finally, there is a chain termination step where 

dideoxynucleotides (ddNTPs), at a 10-fold lower concentration than dNTPs, compete 

for incorporation into the newly synthesised strand, causing chain termination. An 

alternative way of producing a labelled sequencing product was to use a primer that was 

labelled at the 5' end with a radioactive dNTP (McMahon et al, 1987). The dideoxy 

sequencing reaction can then be carried out as a two step procedure with no 

requirement for a pre-labelling step. Variations of both types of labelling methods were 

tried.

A high concentration of dNTPs (200 pM) is used in the PCR reaction, in order 

to generate an adequate amount of product, compared to that of the labelling step of the 

sequencing reaction (0.2 pM). After the initial PCR reaction it was essential to remove
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excess dNTPs in order to maintain a slow rate of extension in the labelling step of the 

sequencing reaction. Excess primers from the PCR reaction might also be expected to 

interfere with dideoxy sequencing by competing with the sequencing primer for 

extension by the DNA polymerase. It was, therefore, essential to include a purification 

step after PCR amplification to remove both excess primers and nucleotides. To this 

end, several approaches were explored and used throughout the development of a 

sequencing method, including phenol chloroform extraction followed by isopropanol 

precipitation (section 2.3.2.1 and 2.3.2.2), agarose gel electrophoresis followed by 

purification using "Geneclean" (section 2.2.4.2 and 2.2.3.3), purification on a 

commercial (Stratagene) anion exchange "PrimeErase" column (section 2.3.2.3) which 

binds DNA at high concentrations of salt but will not bind short oligogucleotides or 

dNTPs, and purification through a Sephadex G-50 size exclusion resin (section 2.3.2.4). 

Short oligonucleotide primers might have been expected to co-precipitate during 

isopropanol precipitation in the phenol/chloroform procedure and so this method was 

not used initially. The agarose gel/Geneclean procedure had the advantage of removing 

non-specific amplification products and excess primers and dNTPs. Although this 

approach was used initially, PCR product yields were often as low as 30% as measured 

by dot quantitation (section 2.2.4.3). A decrease in avidity of short DNA molecules for 

the silica gel was possibly responsible for this low yield. Higher yields of PCR product 

(50%) were achieved using the commercial "PrimeErase columns” but these proved too 

expensive to be used routinely. However, a similar yield could be obtained by loading 

the PCR product onto a Sephadex G-50 column and spinning it in a 10ml tube in a 

bench-top centrifuge allowing the purified DNA in the eluent to be collected rapidly 

whilst the primers remained in the resin (section 2.3.2.4). During the development of 

direct sequencing several of these methods of template preparation were used. 

Experience gained in this process showed that the Sephadex G-50 method often gave 

good results, and because it was rapid and cost effective, it was most commonly used. 

Non-specific amplification products might have been expected to be co-eluted with the 

sequencing template but all the PCR primers and reaction conditions had been carefully
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optimised to avoid these. If present, they would represent a very small proportion of the 

total product. Following the preparation of the template for sequencing, the most simple 

and rapid way to proceed was to use the double stranded (DS) PCR product directly for 

sequencing.

3.2.2 Sequencing from a double-stranded PCR template using [a-^^S]dATF 

incorporation.

Although using the DS PCR product potentially offers the quickest route to 

sequencing, T7 DNA polymerase requires a single-stranded template for chain 

elongation and so, a strand separation step must be included. Strategies for denaturing 

DS DNA frequently rely on the use of heating (McMahon et al, 1987) or addition of 

alkali (Haltiner et al, 1985) but reannealing of the two complementary DNA molecules 

is often a problem. Despite these potential problems, DNA which had been purified 

using the agarose gel/Geneclean procedure, was denatured by boiling in the presence of 

DMSO to help retain single stranded (SS) DNA and snap cooled on dry ice to prevent 

strand reannealing (Winship, 1989). Sequencing was then carried out by incorporation 

of labelled [a-^^S]dATP. However, despite repeated attempts, obtaining a readable 

sequence proved impossible, probably due to the lack of SS product generated in this 

way. In order to increase the signal, an alternative approach, using ^^P-end-labelled 

primers, was tried.
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3.2.3 Sequencing a DS template using end-labelled primers.

Initially, when a genecleaned DS DNA template was used in the sequencing 

reaction with an end-labelled primer a very faint sequencing ladder was generated and 

was dominated by a large amount of low molecular weight radioactivity (figure 3.8). 

This profile suggested that primer 6710 had been efficiently labelled but was not being 

extended. This may have been caused by the loss of PCR product during purification 

and so only a very low concentration of DNA was available to the sequencing reaction. 

As a result, only the excess, unused primer was appearing at the bottom of the gel. 

Alternatively, the previously denatured DS DNA template may have reannealed thereby 

preventing extension of the primer.

A smear of radioactivity suggested that the end-labelled primer was degraded 

but this did not appear to be the case because DNA molecules approximately 25bp 

longer than the primer were present and obscured the sequencing ladder which started 

to appear after that point. There were several other possibilities to explain why 

termination of the extended primers might be occuring after only 25bp. Possibly the 

termination reaction was too efficient because insufficient template was present, or 

regions of strong secondary structure could be preventing the polymerase from 

extending the DNA strand. In an attempt to overcome these problems two approaches 

were taken. Firstly, Sephadex G-50 columns were used to purify the PCR products 

(instead of using Geneclean) to increase the amount of template by up to 20%. 

Secondly, internal sequencing primers were used to try to avoid regions of strong 

secondary structure. The use of an internal end-labelled primer in conjunction with the 

Sephadex G-50-derived PCR product, however, did not produce a sequencing ladder. 

Whether this was due to the presence of other "contaminants" which had not been 

removed by this procedure is not clear.
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Figure 3.8 Double stranded template sequencing using end-labelled primers. 

Exon 3 was amplified from normal DNA with primers 6709 and 6710 and sequenced 

using end-labelled primer 6710 which is 25 bp long. The autoradiograph of the 

sequencing gel showed a high background signal originating from fragments of 25 bp 

and 50 bp (arrows).
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When Geneclean purified templates and internal, end-labelled primers 8201 and 

8202 were used, a faint sequencing ladder within 5bp from primer 8201 was resolved 

(figure 3.9). Shorter extensions from the opposing internal primer, 8202, were still 

obscured by the intense low molecular weight radioactivity. However, when an aliquot 

of each of the labelled primers was electrophoresed on the same gel they too produced a 

"smear” of radioactivity which was approximately 25bp longer than the primer (figure 

3.9). The two most intense signals appeared to originate from the fragment which was 

approximately twice as long as the primer and from the unextended 25bp long labelled 

primer. This suggested that the end-labelled primer was forming a dimer with itself 

and perhap degradation products were contributing to the background signal resulting 

in smearing. The mechanism, however, was unclear since there was no appreciable 

complementarity between the primers.

The inability to settle on a reproducible method using end-labelled primers was 

disappointing because this method can potentially allow sequence close to the primer to 

be read. This may have been advantageous because it was not possible to predict the 

location of mutations in the RB-1 gene and some of the primers were located close to 

intron-exon boundaries. It was, therefore, considered worthwhile pursuing sequencing 

of PCR products with the use of end-labelled primers.
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Figure 3.9. Double stranded template sequencing using end-labelled primers and 

internal sequencing primers.

Exon 3 was amplified from normal DNA using primers 6709 and 6710 and sequenced 

using 25bp long, end-labelled internal primers located in the 3' (8201) or 5’ (8202) 

intron (left). The positions occupied by the ^^P end-labelled internal primers alone are 

shown on the right hand side of the figure. Background radioactivity obscured the first 

25bp of the sequence ladder after the end of primer 8202. This feature was also 

observed in the primer itself (right). There was less background radioactivity using 

primer 8201 and sequence as close as 5bp from the primer could be read clearly. 

Sequence quality was poor for both primers. The signal was faint and diffuse and many 

background bands were observed.
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Figure 3.9
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3.2.4 L inear PC R Sequencing.

Sequencing using end-labelled primers appeared to be hampered by the "primer- 

dimer" artifact described above and, possibly, problems resulting from secondary 

structure formation. To achieve a more efficient sequencing reaction, and reduce the 

potential problem o f secondary structure, linear PCR sequencing (LPCR) was 

investigated (Murray, 1989). LPCR sequencing involves the extension of an end 

labelled primer by Taq polymerase in the presence of dNTPs and ddNTPs. The end 

labelled primer can be extended in each round of the PCR and using Taq polymerase 

meant that problems with secondary structure were reduced because of the elevated 

temperature (72°C) used for the reaction (section 2.5.3).

Initially, a 32p end-labelled primer was used which produced a stronger 

sequencing ladder but the primer-dim er artifact still occurred. Difficulties in 

interpretation of the sequence were compounded by the diffuse signal generated from 

the ^^P emission. Another problem was the length of DNA molecules produced in the 

ddATP and dd'lT'P reactions. These extended for a relatively short distance (70 - 

lOObp), only appearing in the lower part of the gel, whereas the DNA molecules in the 

ddCTP and ddGTP extended right to the top of the gel (figure 3.10a). To produce 

sharper bands, primers were end labelled with but the sequence close to the primer 

was still difficult to interpret because of the presence of the "primer-dimer" artifact 

(figure 3.10b).
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Figure 3.10 Linear PCR sequencing using and end-labelled primers.

(a) An autoradiograph of a sequencing gel showing exon 3 amplified using primers 

6709 and 6710 and sequenced using the linear PCR method with ^^P end-labelled 

primer 6709 is shown. The method was as described in section 2.5.3.1, except ddATP 

and ddTTP were at a final concentration of 500|iM and lOOOjiM, respectively. The 

position of the ^^P labelled primer is shown in the far right lane (P). Although the 

primer is 25bp in length, background radioactivity continues to appear up to 50bp and 

obscured the first 25bp of sequence. Extension of the labelled primer was improved 

using the linear sequencing method but the background generated from the primer and 

the diffuse signal from 32p disintegration reduced the quality of the sequence. In order 

to try and solve the problem of the diffuse signal, primer 6709 was end labelled with

(b). The position of the labelled primer shows that the signal was sharper but the 

"primer dimer" artifact was retained.
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3.2.5 Linear PCR sequencing using [a-^^S]dATP incorporation.

Because of the difficulties encountered with end-labelled primers a novel 

approach was explored whereby [a-^^S]dA TP was incorporated in an LPCR. Apart 

from end-labelling primers, other modifications that would be expected to allow 

analysis of the sequence close to the primer included diluting the concentration of 

dNTPs used in the labelling step or increasing the ratio of ddNTPs to dNTPs in the 

termination step. Either of these modifications would increase the number of shorter 

extensions. By diluting the concentration of dNTPs in the labelling step, the labelling 

reaction will proceed more slowly and the number of shorter labelled molecules 

available for termination will, therefore, be increased. ddNTPs will be incorporated 

more frequently when the ddNTPidNTP ratio is increased, thereby terminating the 

majority of DNA molecules before they have been extended a long way from the 

primer. Because diluting the dNTP concentration was simpler, this approach was 

chosen. Initially, when dNTPs were maintained at a low concentration (2.5|iM) relative 

to the ddNTPs, there was a lack of longer DNA molecules produced in the ddATP and 

ddTTP reactions suggesting that the ratios of these dNTPiddNTP may have required 

some 'fine tuning'. To achieve longer extensions of the ddATP terminated strands, 

unlabelled dATP to a final concentration of lOpM, was added to ddATP termination 

reactions (figure 3.11). This resulted in slightly longer extensions but fainter, shorter 

extensions (figure 3.11). In contrast, doubling the concentration of [a —̂ ^SjdATP in 

the ddATP reaction to 5p,M doubled the size of the extensions without affecting the 

shorter strands (figure 3.11) and so this concentration of [a-^^SJdA TP was used in 

subsequent experiments. Longer extensions were also achieved by decreasing the 

ddATP and ddTTP from 500p,M and lOOOjiM, to 250|xM, lOOjiM or 50fiM, 

respectively (figure 3.12). The optimal concentration of ddATP was 250|iM. At this 

concentration, extensions 2-180bp from the primer were produced. Lowering the 

ddATP concentration further increased the level of falsely terminated DNA strands and 

resulted in DNA strands terminating within a narrow size range between 60-90bp 

(figure 3.12). For ddTTP, even at the lowest concentration of 50|xM, the level of falsely
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terminated DNA strands was still unacceptably high. The main problem with the LPCR 

method was the high level of background bands (figure 3.12). Several ambiguities were 

also noted in a stretch of lOObp of sequence (figure 3.12). It had been possible using 

LPCR sequencing to sequence exons 3 and 13 from Rb patients but the high levels of 

background bands made interpretation difficult. In particular, two bands often appeared 

at the same position in the sequencing ladder. Because DNA from Rb patients was 

being studied, two bands coinciding in their position on the gel could have been 

interpreted as a single base change occurring in an individual with a heterozygous 

mutation but the high frequency with which they occurred made this unlikely. Clearly, 

a low background was required on the sequencing gel if we were to be able to 

distinguish between real heterozygous base changes and artifacts.

Another drawback of the LPCR technique was that a relatively high 

concentration of 5p,M of [a-^^S]dA TP was required to sequence one template 

compared with a standard sequenase protocol which required 20 times less 

radioactivity. Up to this point, the LPCR had generated good results for relatively GC- 

rich regions within exons 3 and 13. In comparison, when using the asymmetric method 

(section 3.2.6) for the same exons, bands often appeared across all four lanes, 

presumably because of the formation of secondary structures. Indeed, non-specific 

termination of all four bases at one time, characteristic of regions of strong secondary 

structure, was rarely observed with LPCR-Taq sequencing. The requirement for high 

amounts of [a-^^S]dATP and the significant level of ambiguous bands meant that it 

was costly and inaccurate. A technique which would be more suited to routine use was 

sought. At this time, the asymmetric method was explored.
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Figure 3.11 Effect of increasing [a-^^S]-labelled dATP or unlabelled dATP 

concentration on the length of extensions. Exon 3 was amplified using primers 8201 

and 8202 and sequenced using primer 8201 by the linear PCR method using 

[a-^^S]dATP incorporation. Only short extensions, up to 80bp long, were produced in 

the "A" tracks when 2.5|iM [a-^^S]dATP and 500pM ddATP were used. The length of 

extensions was increased to lOObp by adding lO^iM unlabelled dATP but the 

abundance of shorter extensions, less than 45bp, were reduced. Increasing the 

concentration of [a-^^S]dATP to 5.0^iM, however, generated faint extensions of up to 

180bp in length without affecting the sequence close to the primer.
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Figure 3.12 Effect of altering the ddATP and ddTTP concentration on the linear PCR 

sequencing method. Exon 12 was amplified using prim ers 9986 and 9987 and 

sequenced from primer 9987 using the linear PCR sequencing method performed as 

described in section 2.5.3.2. The amounts of ddATP and ddTTP were reduced to a final 

concentration of 250|xM, lOOjiM or 50p.M to increase the abundance of longer DNA 

molecules. DNA molecules up to 180bp long were observed in the "T" track at any of 

the concentrations of ddTTP used and in the "A" track when either 250|iM  or lOOfiM 

ddATP was used. However, when the concentration o f ddATP was lowered to 50|iM, 

most extensions were limited to between 60-90bp and many non-specific terminations 

(bracketed) were observed. One problem with the linear PCR sequencing method was 

the high background, frequently resulting in sequence which was difficult to interpret 

(indicated by arrows).
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3.2.6 Asymmetric Sequencing.

Despite the considerable effort expended to try to resolve the problems 

encountered when using DS templates, the results generally proved to be inconsistent 

and unsatisfactory. Clearly, a method which generated a single stranded (SS) template 

would potentially overcome some of the problems caused by using DS templates. In 

addition, SS templates would be more accessible to sequencing primers and DNA 

polymerases, thereby improving the efficiency of the reaction. Initially, the asymmetric 

method of Gyllensten and Erlich (1988) was investigated. This procedure relies on 

using unequal ratios of two PCR primers which results in the excess production of one 

DNA strand when one of the primers is present at a limiting concentration. A pool of 

DS DNA which can act as a PCR template, however, is still required because SS DNA 

accumulates linearly with each PCR cycle (Gyllensten and Erlich, 1988).

To test the system, the amount of DS DNA generated using primers 6709 and 

6710 in ratios of 1:1, 10:1, 100:1 and 200:1 was compared by running the PCR 

products on an agarose gel (figure 3.13). The concentration of primer 6709 was fixed at 

50pm whereas the concentration of primer 6710 was reduced accordingly. DS DNA 

was only observed, however, when equimolar ratios of primers were used and not when 

the concentration of one of the primers was reduced (figure 3.13). Another way to 

provide DS DNA template was sought. This consisted of two steps, the first involving a 

PCR reaction using equimolar amounts of both primers to amplify the DNA. Excess 

primers and other reaction components were then removed by phenol chloroform 

extraction followed by isopropanol precipitation (section 2.3.2.1 and 2.3.2.2). Although 

phenol/chloroform had not been used previously because of the risk of short 

oligonucleotide primers precipitating with isopropanol, it proved adequate for the 

asymmetric sequencing method and, in fact, did remove the majority of oligonucleotide 

primers (not shown). Because the amount of DNA precipitated in the presence of salt 

depends on the length of the PCR fragment, the concentration of ammonium acetate 

used was first optimised for a 477bp long sequence (figure 3.14). The maximum 

product yield was achieved using 1.4-1.7M ammonium acetate. Within this
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concentration range an estimated 30-40% of the DNA was recovered (figure 3.14). DS 

PCR products precipitated this way were then resuspended in lOjil of water of which 

half was used in a second PCR reaction which relied on one primer to generate SS 

DNA in a linear fashion. The product of the second PCR was purified using a Sephadex 

G-50 column (section 2.3.2.4), precipitated in isopropanol (section 2.3.2.2) and 

resuspended in 7|il of water. Sequencing was performed using a modified sequenase 

protocol (section 2.5.6) in which the dNTP concentration was reduced to a final 

concentration of 0.067|lM during the labelling step. In order to check that longer 

extensions were not adversely affected by the reduction in dNTP concentration, the 

products were electorophoresed for 2 or 4 hours in 6% polyacrylamide gels (figure 

3.15) and 3 hours in 4% polyacrylamide gels (figure 3.16). In 6% gels sequence could 

be resolved to within 10 bp of the primer and extended for 200bp from the 3' end of the 

primer after 2 hours (figure 3.15). A longer run of 4 hours resolved sequence between 

65 to 300bp from the primer (figure 3.15). In 4% gels, an improvement in the resolution 

of longer extensions was possible and sequence up to 320bp from the primer was 

resolved after 3 hours (figure 3.16).
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Figure 3.13 Asymmetric amplification.
Exon 3 was amplified using primers 6709 and 6710 in the following ratios; (a) 50 : 
50 pm (b) 50 : 5.0 (c) 50 : 0.5 pm or (d) 50 : 0.25 pm and 10 % (5|il) or 70% (35pl) 

of the PCR product was elcctfophoresed on a 2% agarose gel A 645 bp double
stranded DNA product (arrow) was only seen in reactions containing equal amounts 
of each primer.
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Figure 3.14 Titration of ammonium acetate for isopropanol precipitation.

Exon 3 was amplified using primers 8201 and 8202, framing a 477 bp sequence and 

10% of the PCR product was electrophoresed on a 2% agarose gel before (lanes 1, 3, 

5 ,7 ,9 ,1 1 ,  13) or after (lanes 2, 4, 6, 8, 10, 12, 14) purification by phenol/chloroform 

extraction and isopropanol precipitation. Precipitation was carried out in the presence 

of 0.4M (lane 1,2), I.IM  (lane 3, 4), 1.4M (lane 5, 6), 1.7M (lane 7, 8), 2.0M (lane 9, 

10), 2.5M (lane 11, 12) or 3.2M (lane 13, 14) ammonium acetate. Sizes of DNA from 

a 1 kb ladder (L) are shown at right of figure. The best yield of precipitated PCR 

product was obtained when between 1.4 -1.7M ammonium acetate was used.
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Figure 3.15 Effect of duration of electrophoresis on the resolution of DNA in 6% 

polyacrylamide sequencing gels. Exon 3 was amplified using primers 8201/8202 and 

sequenced using 0.5 pm of primer 8201 according to the asymmetric method. In order to 

sequence close to the primer, the labelling mix from the Sequenase kit (USB) was diluted 

1:15. This did not reduce the length of extensions seen on the gel. Up to 200 bp was 

resolved after 2 hours of electrophoresis (left) and sequence from 65 bp to 300 bp away 

from the primer was resolved after 4 hours of electrophoresis (right). Sequence as close as 

10 bp from the primer was resolved after longer exposures (48 hours) of the 2 hour gel.
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To determine whether the asymmetric method would be capable of identifying 

heterozygous mutations, the Rb 1.3 polymorphism (Yandell and Dryja, 1989) was 

analysed by sequencing exon 3 from three patients. Rb 1.3 is a 2 allele polymorphism 

located in intron 3, 43bp from the 3' end of exon 3 where either a G or A nucleotide 

occurs. It does not affect a restriction enzyme site and was originally identified by PCR 

sequencing (Yandell and Dryja, 1989). The frequency of the alleles are; "G" (73%) and 

"A" (27%). DNA was amplified from exon 3 from 3 individuals using primers 8201 and 

8202 (table 3.1). These primers were used instead of 6709 and 6710 (which framed a 

645bp sequence) because they framed a smaller 477bp sequence and it would, 

therefore, be easier to quickly sequence the polymorphism to confirm its presence. 

Asymmetric sequencing was performed (section 2.5.4) using 8202 to synthesise SS 

DNA and 8201 as the sequencing primer. Sequencing gels (section 2.5.7) were 

electrophoresed for 3 hours. A "G" and an "A" were observed 141bp from the 3' end of 

primer 8201 in the sequencing ladders from individuals Rb 89 and Rb 90 at the 

polymorphic site (not shown). However, in the DNA from individual Rb 91 a single 

"G" allele was observed proving that heterozygotes and homozygotes could be 

successfully distinguished using the asymmetric sequencing method.

Unfortunately, a common problem with the asymmetric method was that the 

signal on the gels was weak and so long exposures of 4-5 days were required before a 

clear sequence could be read. Two strategies were undertaken to try and shorten the 

exposure time. Firstly, the amount of primer used in the sequencing reaction was 

titrated to obtain optimal concentrations. When the amount of primer was increased 

from 0.5 pm to 5 pm, there was no increase in intensity (figure 3.16, compare a and b) 

and decreasing the primer to 0.05 pm generated a much less intense signal (figure 

3.16c). Because there was no advantage in increasing the primer concentration above 

0.5pm to intensify the signal, a second modification was tried. An alternative DNA 

extraction procedure was sought in order to increase the yield of DS product. 

Commercial chromatography columns, ("PrimeErase columns”), under appropriate salt 

conditions, reportedly bind DNA >35 bp long. Using these columns (section 2.3.2.3) a
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more consistent yield of DS DNA, judged by the intensity of bands on agarose gels, 

was obtained and sequencing reproducibility was improved. When trying to quantify 

the SS DNA on agarose gels, however, it was difficult to determine which band 

represented the SS DNA since several fragments other than the DS DNA were often 

observed after the asymmetric PCR. It was also unclear how the SS DNA would 

migrate under these conditions. Furthermore, the success of the sequencing reaction did 

not appear to be related to the appearance of particular DNA bands on agarose gels. It 

was quite possible that SS DNA was often being generated but was not adequately 

visualised on agarose gels because ethidium bromide stains SS DNA with greatly 

reduced intensity compared to DS DNA. Although the PrimeErase columns improved 

the results from asymmetric sequencing, their routine use was, unfortunately, cost- 

prohibitive. An alternative method of purification of the SS DNA, using G-50 sephadex 

spin columns, was assessed. In comparison with phenol/chloroform extraction for 

purifying the SS DNA, strong, clear sequence was more consistently obtained using G- 

50 columns.
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Figure 3.16 Effect of polyacrylamide and primer concentration on asymmetric 

sequencing. In order to generate a stronger signal on sequencing gels, exon 12 was 

amplified with primers 9986/9987 and sequenced using (a) 5 pm, (b) 0.5 pm or (c) 

0.05 pm of primer 9987, according to the asymmetric method. The best results were 

obtained using 0.5 pm of primer (b). Increasing the amount of sequencing primer to 

5 pm generated a sequence of equal intensity with slightly more background. 

Reducing the amount of primer to 0.05 pm led to a significant reduction in intensity. 

To increase the length of sequence which could be resolved using the asymmetric 

method, electrophoresis was performed in a 4% polyacrylamide gel for 3 hours. This 

resulted in resolution of sequence up to 320 bp from the primer.
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During the development and improvement of this technology asymmetric PCR- 

sequencing was used to sequence exons 3, 4, 5, 6, 12, 17 and 18 from several Rb 

patients in order to test the technique. No mutations were identified. It was then used 

successfully to detect mutations in DNA from three Rb patients which had been 

screened by the single strand conformation polymorphism technique (section 3.4). Both 

deletions and single base changes which were detected using SSCP in exons 13 from 

tumour GOS 13 and exon 14 from tumour GOS 159 and patient GOS 636 (section 3.4.1 

and 3.4.2) were successfully sequenced using the asymmetric method. One problem 

with the asymmetric method, however, was a general increase in the background of 

falsely terminated bands. Also, for reasons not entirely clear, this type of sequencing 

procedure was only successful in an estimated 50% of attempts which is consistent with 

the obervations of others at the time (R. Iggo, personal communication). It seemed most 

likely that the frequent lack of sequence and the high level of background bands were 

due either to a lack of SS DNA or the presence of DS DNA. It was imperative to have a 

method whereby a relatively pure population of SS DNA was produced. In addition, the 

asymmetric technique was not suitable for routine use, due to the lengthy procedures 

involving two rounds of PCR followed by two purification steps all of which required 

two days.

3.2.7 AfGnity purification of biotin-labelled DNA using streptavidin-coated beads.

In late 1991, streptavidin-coated magnetic beads were becoming commercially 

available (Dynal, UK). This provided a simple and rapid means of affinity purifying 

biotin-labelled DNA when bound to the streptavidin-coated beads by immobilising 

them on the side of a tube using a magnet (section 2.5.5 and figure 2.4). Firstly, a 

primer with a biotin label incorporated onto the 5' end was used in a PCR reaction with 

a non-biotinylated primer to generate DS DNA. The DNA was then added to the 

streptavidin-coated beads and the non-biotinylated DNA eluted by the addition of 

0.15M NaOH which denatured the DS DNA. The non-biotinylated strand could then be 

sequenced after ethanol precipitation (see figure 2.4). A particularly attractive feature of
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this system was the ability to sequence the biotin-labelled DNA whilst it was still 

attached to the beads.

Preliminary experiments using newly prepared biotin-labelled primers were 

extremely promising and justified the synthesis of a batch of biotin-labelled primers for 

all of the 27 exons of RBI. Using this method a very strong sequencing ladder was 

generated and gels usually required just an overnight exposure. Background bands were 

virtually absent and sequencing ladders proceeded through to the opposite primer with 

few non-specific terminations (see later).

Occasionally, however, a sequencing ladder was not produced. Low 

concentrations of primers (5pm) were initially used to amplify the fragment for 

sequencing because excess primers would be expected to compete with template DNA 

and saturate the streptavidin sites on the magnetic beads. To ensure that primers were 

completely used up in the PCR reaction, each pair was titrated and the appropriate 

concentration, which produced a strong PCR band but left no visible primers when 1/10 

of the product was electrophoresed on an agarose gel, was used. Although a 

concentration of 5 pm was generally adequate, the amount of primer required varied 

slightly from exon to exon from 5-15pm. Thus, the relative concentrations were 

optimised for each primer pair. The level of PCR amplification varied to some extent 

with the batch of PCR buffer and it was advisable to frequently re-check the optimised 

amount of primer from amplification to amplification.

Despite the high reproducibility of this sequencing technique, exon-specific 

problems were sometimes encountered. For example, a clear sequence was difficult to 

generate for exon 17. Although this is not a particularly GC-rich region, it was possible 

that secondary structure was interfering with the sequencing reaction. Secondary 

structure in DNA can be reduced by substituting base analogues in the sequencing 

reaction which form weaker secondary structures (Innis et al, 1988). One such 

analogue, T  deaza-2’-deoxyguanosine, in which the N7 of guanine is replaced with a 

-CH group, produced a much clearer sequencing ladder from exon 17 (see later; figure 

3.31).
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Because primers were sometimes located far into the intron, long 

electrophoresis times and several runs of different duration were required to read all of 

the sequence for some exons. One way to overcome this problem, and at the same time 

increase the specificity of sequencing, was to use sequencing primers which were 

located internally to the amplification primers. These internal primers which were used 

as sequencing primers were (1) 17251 (5TGCATAAACAAACCTGCCAACTGAA 3'), 

w hich lies 90bp 3' to exon 26 and (2) 23783 (5'

AAGATACATTTAACTTGGGAGATTG 3') which lies 117bp 5’ to exon 12. This 

approach was usually successful but, occasionally, two superimposed sequencing 

ladders were observed. One of these was produced from the external PCR primer and 

the other from the internal primer. The use of very low amounts of primer (5pm) did 

not always alleviate this problem, which occurred even when no excess primer was 

visible when 1/10 of the product was checked on an agarose gel. For the majority of 

exons, however, this overall appoach was successful. Despite the considerable effort 

expended in optimising the asymmetric technique the biotin-streptavidin sequencing 

system proved to be a more rapid, efficient and consistent method and was used to 

characterise the majority of mutations discussed in sections 3.4-3.6.

3.3 DEVELOPMENT OF A MUTATION SCREENING METHOD.

Having established a quick and reliable technique for direct sequencing of PCR 

products, one way of finding mutations in the RBI gene would have been through 

random sequencing of all 27 exons for each patient. To avoid using this very time 

consuming approach, methods for the detection of mutations in the RB 1 gene before 

sequencing, were investigated.

Ideally, such a screening method should be based on the analysis of mRNA, 

since only the coding regions of the RBI gene would have to be examined. An mRNA- 

based approach would be quicker and reduce the number of primers required. Previous 

studies, however, had suggested that mutant mRNA may not be present in 

constitutional cells (lymphocytes) from Rb patients (Dunn et al, 1989). Another
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consideration was that Rb tumours are mostly treated in situ and not removed so it was 

necessary to be able to detect constitutional mutations within normal tissue. It became 

clear, therefore, that a detection system based on screening the DNA was necessary. A 

number of screening methods were investigated before one optimal for the purposes of 

this study was developed.

3.3.1 Chemical Cleavage Mismatch (CCM).

Methods such as denaturing gradient gel electrophoresis (DGGE) (Myers et al, 

1987, Sheffield et al, 1989) and single strand conformation polymorphism analysis 

(SSCP) (Orita et al, 1989a, Orita et al, 1989b) had limitations to the size of fragment 

which could be analysed. The chemical cleavage mismatch (CCM) method (Cotton et 

al, 1988, Montandon et al, 1989) (section 2.4.1) on the other hand was appealing 

because single base substitutions in DNA fragments of up to Ikb had previously been 

detected in the dystrophin gene (Roberts et al, 1989). In addition, there was no need for 

extensive analysis of the sequence of interest as is required for DGGE (Lerman and 

Silverstein, 1987, Myers et al, 1987). The Rb 1,3 polymorphism had previously been 

used to test the ability of asymmetric sequencing to identify single base pair changes 

(section 3.2.5). This polymorphism was used, therefore, in preliminary experiments to 

test whether the CCM approach was sensitive enough.

CCM is based on the formation of hybrids between normal and test DNA 

molecules such that a mismatched base pair is formed if the test DNA contains a point 

mutation. The mismatched base pair then becomes susceptible to chemical modification 

and enzymatic cleavage by piperidine (Cotton et al, 1988). Two types of modifications 

are generally carried out. Hydroxylamine modifies mismatched cytosine bases and 

osmium tetroxide reacts with mismatched thymidine bases. Using Rb 1.3, 

hydroxylamine modification should have been sufficient to detect the mismatched 

cytosine formed between DNA molecules carrying either the "G” or "A" allele.

Exon 3 was amplified by PCR from patient ET 89 who had previously been 

shown to be heterozygous at the Rb 1.3 locus by the asymmetric sequencing method
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(section 3.2.5). Hybrid DNA molecules were formed between the end-labelled and 

unlabelled PCR product from the same patient (section 2.4.1). End labelling is preferred 

to internally labelled probes because it reduces background caused by non-specific 

cleavage products. Following hydroxylamine modification and cleavage by piperidine 

only faint, full length products were observed even after a 3 day exposure. This 

suggested that the concentration of labelled DNA in the hybrid was low. DNA 

fragments with sizes resulting from cleavage at the mismatched "C" were not seen. 

DNA from a Ikb ladder, which was end-labelled using [y-^^FlCTF and electrophoresed 

on the same gel, before and after purification on a Sephadex G-50 column (section 

2.3.2.4), suggested that a large amount of probe was being lost during the purification 

step. Two modifications were explored. Firstly, the amount of G-50 purified probe was 

increased in the reaction but the cleaved signal remained extremely faint (figure 3.17a). 

Secondly, G-50 purification of labelled DNA was omitted. Cleaved DNA of the 

expected size appeared in the hybrid containing unpurified probe but it was indistinct 

due to an extremely high background signal (figure 3.17b). This band was missing in 

the absence of hybrid formation suggesting that its origin was, indeed, due to cleavage 

at the mismatched "C" (figure 3.17b). These experiments suggested that increasing the 

concentration of labelled probe produced a more intense cleavage signal but resulted in 

a higher level of background. It was important to be able to distinguish between 

background cleavage and specific cleavage of mismatched base pairs to avoid 

sequencing long tracts of DNA.

The source of the background appeared to be the labelled probe itself, since it 

was present when hybrid formation was omitted (figure 3.17b). It seemed that non

specific modification and cleavage may also have been contributing because many 

additional bands were appearing in the modified/cleaved hybrid compared to the probe 

(figure 3.17b). It was unclear whether the background was due to nonspecific 

amplification products but when the unlabelled and labelled PCR products were 

purified using Geneclean (section 2.2.3.3), the background bands were not eliminated 

following hydroxylamine modification and cleavage (not shown). Therefore, the
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background originated from the cleavage procedure. This may have been due either to 

increased non-specific modification and/or cleavage or to inefficient hybrid formation. 

By hybridising heterozygote DNA against itself, and assuming equal formation of all 

hybrid combinations, at least 1/8 of the labelled DNA should have been modified by 

hydroxylamine and cleaved by piperidine. This was clearly not the case judging by the 

ratio of the intensity of labelled full length probe to cleaved product (figure 3.17b). 

However, if labelled DNA was present in excess to unlabelled DNA, self-annealing of 

the probe could dilute the signal from the cleaved product. DNA concentration was 

therefore estimated by dot quantitation (section 2.2.4.3) in all experiments and the 

recommended ratio of labelled:unlabelled DNA of 20:200 ng (D.Bentley, Guys 

Hospital, London, personal communication) was used. Since this ratio did not seem to 

be giving optimal results it was varied from 1:3 to 1:20 but did not improve the signal 

of the cleaved band (not shown).
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Figure 3.17 Chemical cleavage mismatch (CCM) analysis.

To investigate whether increasing the amount of the labelled probe increased the 

sensitivity of CCM, DNA known to be heterozygous at the Rb 1.3 polymorphism locus 

(a) was amplified using primers 8201 and 8202 which frame a 477 bp fragment. This 

unlabelled DNA, was then hybridised in suspension with 0.1,0.2 or 0.3piCi of ̂ ^P-end- 

labelled, Sephadex G-50 purified DNA. After modification with hydroxylamine and 

treatment with piperidine an autoradiograph of the labelled products was generated. The 

full length 477 bp DNA molecule was intensely labelled (arrow) and a very faint 311 

bp band (*), consistent with cleavage of hybrid DNA at the mismatched 'C  at the Rb

1.3 locus, was only just visible when 0.3p.Ci of labelled DNA was used and only then, 

after a 3 day exposure. Sizes of the Ikb DNA ladder (L) are shown at the left of the 

figure. To investigate whether Sephadex G-50 purification was significantly reducing 

the quantity of probe available, hybrid DNA molecules were again generated but the 

labelled DNA was not purified on a Sephadex G-50 column. An autoradiograph of the 

gel (b) shows the labelled DNA (probe) and hydroxylamine-modified, piperidine- 

cleaved hybrid DNA (hybrid). After a 10 day exposure, a small amount of the 311 bp 

DNA product (*) was visible relative to the full length probe (arrow) in the hybrid and a 

large number of background bands were also present.
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Figure 3.17
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In an attempt to investigate the efficiency of hybrid formation, hybrids were 

formed between PCR products of different sizes such that a portion of the hybrid would 

be single stranded, and so susceptible to hydroxylamine modification and piperidine 

cleavage (shown schematically in figure 3.18a). DNA was amplified by PCR using 

primers 6709 and 8201 generating a product 604bp in length which was end-labelled 

with [y-32p] CTP and hybridised with DNA amplified using primers 8201 and 8202 

(figure 3.18a). Primer 8202 is located between primer 6709 and 8201 and, when used 

with the latter, amplifies a product of 477bp. Thus, hybrids formed between the 604bp 

fragments and the 477bp fragments are partially single stranded (figure 3.18a). 

Hydroxylamine and piperidine modify and cleave single-stranded DNA more 

efficiently than double stranded DNA (D.Bentley, personal communication). If hybrid 

DNA molecules were forming efficiently, cleavage of the single stranded portion of the 

labelled probe by piperidine should proceed up to the point where the hybrid becomes 

double stranded, thus generating products ranging in size from the length of the labelled 

probe (604 bp) to the length of the 477 bp double stranded portion of the DNA hybrid 

(figure 3.18a). There was a slight increase in the intensity of bands between 400-600 bp 

in the treated hybrid but not at the levels expected for efficient hybrid formation (figure 

3.18b). Since the DNA amplified by PCR using primers 6709 and 8201 was from an 

individual heterozygous at the Rb 1.3 locus, hybrid formation between each of the 

labelled DNA duplexes would have been expected to produce fragments of 438 bp. 

Only faint bands with the same intensity as those in the background were observed at 

this position, h o w ev er  (figu re 3 .1 8 b ). T h e background  w a s  m ore in ten se  in  the  
hydroxylamine /piperidine-treated hybrids than in the non-treated hybrids. Non

specific cleavage may, therefore, have been a problem resulting in dilution of the signal 

from cleavage at the mismatch created by the Rb 1.3 polymorphism.

Clearly, despite a considerable effort, a satisfactory technique for unequivocal 

identification of mutations had not been forthcoming. In addition, the CCM technique 

required the use of several toxic chemicals and several preparatory steps for each 

sample which, for routine screening of a large gene with many exons, was not ideal.
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Figure 3.18. To determine whether DNA hybrids were forming efficiently during the 

chemical mismatch procedure, DNA was amplified from individual ET 89 known to be 

heterozygous at the Rb 1.3 locus using primers 6709 and 8201, which frame a 604bp 

sequence, and end-labelled with This DNA was hybridised in solution with DNA 

amplified using primers 8201 and 8202 which frame a 477bp sequence. This process is 

shown schem atically in (a). Following hybrid form ation and treatm ent w ith 

hydroxylamine and piperidine, a 438bp long product resulting from cleavage of the 

mismatched "C" in the labelled upper strand in (1) and products of between 477-604bp 

long resulting from cleavage of the single stranded portions of the hybrids shown in (2)- 

(5) should be observed. In (b), an autoradiograph of the labelled products is shown. 

Hybrids formed between DNA molecules of equal length which were amplified using 

primers 6709 and 8201 yielded a product of the correct size of 604bp (A). DNA from a 

Ikb ladder (L) is shown. (B) When the 604bp long DNA was hybridised with the 477bp 

long DNA fragment, and treated with hydroxylamine and piperidine (+), there was no 

significant increase in intensity of bands between 477 and 604bp. In addition, no 438bp 

product could be seen. The number of background cleavage products was high when 

hybrid DNA molecules were treated with hydroxylamine and piperidine (+) compared 

to (C) untreated hybrids (-) which may have obscured any 438bp product.
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Figure 3.18 (a)
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Figure 3.18 (b)
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3.3.2 Single strand  conformation polymorphism (SSCP) analysis.

The SSCP technique (Orita et al, 1989a, Orita et al, 1989b) had been used for 

the detection of point mutations in the ras gene (Orita et al, 1989b) and so was 

considered as a possible approach for detecting RB 1 mutations. Particularly attractive 

was the relatively small number of manipulations required. SSCP relies on the 

incorporation of [a-^^P]dN TPs during a standard PCR reaction, followed by 

electrophoresis of denatured single stranded (SS) DNA on a non-denaturing 

polyacrylamide gel. There was no need for DNA purification or cleavage steps.

The SSCP technique is based on the observation that single stranded DNA 

molecules, differing in sequence by even a single nucleotide, will migrate to different 

positions in a non-denaturing polyacrylamide gel (see figure 2.3). The conformation of 

a SS DNA molecule in solution is thought to depend on intrastrand hydrogen bonding 

as well as base stacking, both of which may be altered in SS DNA containing a point 

mutation when compared to normal DNA. The unique conformation of SS DNA 

molecules containing a point mutation is thought to alter their mobility in a gel when 

compared to a normal DNA fragment.

Initially, the SSCP procedure, as described by Orita et al (1989b), was used to 

screen for mutations in the RB 1 gene from several Rb patients. Later, however, a 

modification was introduced to ensure a product with a high specific activity was 

generated. This involved reducing the unlabelled dCTP concentration in the reaction so 

that [a^^-P]dCTP was incorporated more frequently during the PCR amplification 

(section 2.4.2).

Although the PCR product is denatured by heating to 95”C and cooling on ice 

prior to loading on the gel, double stranded DNA can still be visualised. However, SS 

DNA is sufficiently abundant to produce an intense signal after just an overnight 

exposure of the resultant autoradiograph. Electrophoresis of an undenatured sample 

enabled the position of the DS DNA on the gel to be determined, making it easy to 

identify which were the SS DNA molecules. In this way, a number of heterozygous and
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homozygous mutations, which were distributed throughout the RBI gene, were 

identified in Rb patients (section 3.4). The persistence of DS DNA in the same sample 

was helpful because heteroduplexes sometimes formed between mutant and normal 

DNA strands producing additional aberrantly migrating DS DNA molecules (Sheffield 

et al, 1989). An example of this is shown in figure 3.19, where a heterozygous 4 bp 

deletion in tumour GOS 561 detected by SSCP produced two DS molecules migrating 

close together and another DS molecule which migrated more slowly. The optimal size 

of the PCR products for SSCP analysis was reportedly less than 200-250bp (Dr. K 

Hiyashi personal communication; Orita et al, 1989b) but in most cases, the PCR 

products which had been designed were 300-500bp long. To avoid potential problems 

of missing mutations in long DNA molecules, restriction enzyme sites were identified 

within the PCR product which cleaved it into smaller fragments, the largest of which 

was designed to be as close as possible to 250bp. For example, when exon 4 was 

amplified from tumour GOS 561 using primers 8203 and 8204 and then digested with 

the restriction enzyme, Rsa 1, two fragments 269bp and 176bp long are produced. In 

figure 3.19, the DNA in the upper part of the gel represents single stranded DNA, half 

of which migrated to the same position as the normal DNA but an extra set of 

fragments was also seen which migrated slightly faster because of the 4bp deletion. In 

contrast, the DNA in the lower part of the gel is derived from the digested portion of the 

DNA which does not contain the deletion and so migrates to the same position in the 

normal and mutant samples.

Often SS DNA from individual exons did not always produce only two bands. 

Often 3 or 4 SS DNA species could be seen and were presumed to represent different 

conformations of the same SS DNA molecule (figure 3.20). Some SS DNA bands were 

more intense than others (fig 3.20), indicating that some conformations may be 

favoured more than others or that more than one species was migrating to the same 

position.
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Figure 3.19. Single strand conformation polymorphism analysis.

(a) Exon 4 was amplified from normal DNA (N) and tumour GOS 561, digested with 

Rsa I and analysed on a 1:20 (bisracrylamide) SSCP gel containing 5% glycerol at 22“C 

using 30W of power. Three bands (closed arrows) representing single stranded (SS) 

molecules produced from the 269bp Rsa I product can be seen in the normal DNA (N) 

in the upper part of the gel (bracketed). Tumour GOS 561 had previously been shown 

to have a 4bp deletion located in the 269bp Rsa 1 fragment using SSCP and sequencing. 

In the upper part of the gel three additional bands (closed arrows; left) representing 

mutant SS DNA molecules are present in the DNA of tumour GOS 561 all of which 

migrate faster than their normal counterparts (closed arrows; right). Double stranded 

(DS) molecules (open arrows), representing the 269 and 176bp fragments generated 

with Rsa I, are evident in the normal DNA. DNA from tumour GOS 561 shows three 

DS bands (open arrows), one migrating at the same position as the normal DNA (DSN), 

one derived from the mutant DNA duplex (DSM) which migrates faster, and a slower 

one (DSM*), indicative of heteroduplex formation between the normal and mutant 

DNA molecules. The SS DNA and DS DNA molecules in the lower part of the gel are 

from the 176bp Rsa I fragment and migrate to the same position in both normal and 

tumour samples. In (b), the same DNA samples were analysed using 60W of power. 

Bandshifts were evident using either set of conditions.
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Figure 3.19
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Preliminary experiments confirmed that the SSCP technique was a rapid method 

but our studies so far, and those of others (Dunn et al, 1988, Dunn et al, 1989, Yandell 

et al, 1989), had indicated that RBI mutations appeared to be located in several 

different exons. Each exon would, therefore, require screening which would still be a 

relatively time consuming process. Because we wished to develop a method which was 

effective for prenatal screening, a short analysis time was desirable. For this reason, a 

more rapid approach was tried.

3.3.3 M ultiplex SSCP.

The positions of the bands on SSCP gels sometimes varied slightly from one 

sample to another, presumably because of factors such as temperature gradients across 

the gel caused by air currents or differences in the amount of DNA which was loaded. It 

was, therefore, desirable to run samples for at least 6 or 7 different patients for a 

particular exon in adjacent wells on the same gel to allow a comparison of the positions 

of SS DNA molecules between samples. This limited the number of exons that could be 

analysed at any one time. Experiments aimed at testing the feasibility of a technique 

based on analysis of several exons from a single PCR reaction were carried out 

In an attempt to process the 27 exons of the RBI gene quickly, a rapid approach to 

SSCP screening was explored which involved simultaneous analysis of several exons 

using multiple primer pairs (multiplex SSCP). Firstly, potential combinations of 

primers which had the same annealing temperature were used to co-amplify the relevant 

exons and then the products were visualised on ethidium-stained agarose gels. For some 

combinations of primers there was preferential amplification of certain exons, whilst 

others gave an extremely faint signal. Combinations of exons which co-amplified to 

equal levels included exons 4 ,5  and 6; exons 7 and 9; exons 12 and 23 and exons 2,22, 

25 and 26. Because one SS DNA molecule often produced two bands in addition to the 

DS DNA and each of the complementary SS DNA molecules often migrated at quite a 

distance from each other, primers were chosen so that they framed DNA sequences that 

differed by more than 30bp to prevent DNA from each fragment overlapping.
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Individually am plified exons w ere run as controls on SSCP gels to identify the relative 

position of the bands corresponding to  each exon. A ll o f  the above com binations o f 

exons were co-analysed by m ultiplex SSCP. A  difference in SSCP banding pattern w as 

noted for exon 4 in D N A  from  tum our GO S 561 (fig 3.20). W hen exon 4 from  this 

tumour was sequenced, a  4bp deletion w as identified (figure 3.21).

Despite its prom ising beginning there w ere problem s w ith  m ultip lex  SSCP. It 

was necessary, fo r exam ple, that each co-am plified  fragm ent d iffered  by  >30bp. 

Consequently, the fragm ents analysed w ere relatively large (300-500bp). Furtherm ore, 

it was difficult to  find appropriate enzym es sites w ith  w hich to d igest several co 

amplified DNA fragm ents to reduce their size. As shown for the 4bp deletion identified 

in tumour GOS 561, how ever, even sm all deletions could be detected in  undigested 

fragments up to  445bp in size (figure 3.20). A t the tim e, w e did no t know  w here to 

expect to find m utations so the m axim um  am ount o f sequence w as included for each 

exon. It later became evident that the m ajority o f m utations w ere located in  the exon or 

flanking splice site but it w as considered too expensive to re-design all o f  the prim ers 

which would have enabled a m ultiplex approach. G iven the resources, this w ould surely 

be a useful approach, since all o f the 27 exons o f R B 1 are < 2(X)bp long. A t th is stage, 

however, exons w ere screened individually  to assess the effectiveness o f  the SSCP 

method in detecting m utations in  patients with Rb.
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Figure 3.20 Multiplex SSCP. An autoradiograph of an SSCP gel showing analysis of 

exons 4 (445bp), 5 (488bp) and, 6 (326bp) coamplified from tumours using primer 

pairs described in Table 3.2. Individual amplifications to identify the relative position 

of the bands corresponding to each exon are shown in lane 3 (exon 4), lane 4 (exon 5) 

and lane 5 (exon 6). Arrows indicate the position of the DS DNA. The only novel 

banding pattern observed is in the bands corresponding to exon 4 in lane 15 derived 

from the DNA of tumour GOS 561. In addition to the 4 bands seen from exon 4 in all 

samples, DNA from tumour GOS 561 contains an extra set of bands which migrate 

faster than their normal counterparts.

203



v * *'<.

( •

Figure 3.20

. , V

- .

'  v 'P  '
' • V v  •

V,
II '■ n
III
I  lil 
I I I !
■ItI.ji

*!5
I I I

HI
I ;
I I I
I I I

I I I
III
III
III
I I I
I I Im
Ml

i
X

i
«

i
I

1

CO

in

CO

CM

]
1

I

O)

00

1̂

CD

UO

V ' ts

V I ■

m -x: n  X 3
CO

CM

f

204



Figure 3.21 Sequence analysis of exon 4 from tumour GOS 561.
DNA was amplified from tumour GOS 561 with primers 8203 (biotinylated) and 8204. 
The biotinylated DNA, sequenced using primer 8204, is shown. The exon sequence 
can be seen quite clearly up to the point of the deletion (arrow). In the upper half of the 
sequencing gel the normal and mutant sequencing ladders are superimposed, one 
lagging by 4 base pairs. Above this point the bands became less intense because the 
radioactivity^is shared between the two sequences. The normal sequence (shown at 
right) was present in addition to a sequence which lacked 4 bp (boxed, at right).
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3.4 THE NATURE OF RBI MUTATIONS.

3.4.1 Detection of mutations in the lymphocyte DNA of patients with 

Bilateral Rb.

Because tumours are not always removed from Rb patients, it was essential to 

test the feasibility of using the SSCP technique to detect mutations in constitutional 

DNA. DNA was prepared from the lymphocytes (section 2.2.1) of bilaterally affected 

individuals from five different Rb families and screened using SSCP. The pedigrees for 

each family are shown (figure 3.22). Although bandshifts were found in all patients 

during this survey, the SSCP analysis was still under evaluation and so all 27 exons 

were screened, regardless.

The mutations identified as SSCP bandshifts from each individual were in 

different exons and these were sequenced (table 3.3). Two deletions, Ibp and 2bp long 

in exons 3 and 17 respectively, were observed in individuals from family RBF 64 

(figure 3.23) and RBF 59. Two Ibp insertions were identified, one in exon 20 in family 

RBF 62 (figure 3.24) and another in exon 13 in family RBF 58. A C->T mutation 

(figure 3.24) was observed in exon 14 of individual U.l from family RBF 25 (table 

3.3).

Family RBF 62 was one of the few which had proved uninformative for all of 

the known polymorphic loci used for RFLP analysis (Onadim et al, 1992a). The 

mutation in family RBF 62 affected a Dde 1 restriction enzyme site (table 3.3) which 

meant that it could be identified quickly without the need for SSCP. By screening the 

whole family for this mutation, definitive diagnosis could be provided which had not 

previously been possible.
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Figure 3.22 Pedigrees for families in which constitutional mutations were identified. 

Individuals with bilateral Rb tumours are indicated by solid symbols.
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(a)

Q
RBF 64

■ t| 0

1.1 11.1 11.2 III.1

(b)
AAAAACEBAGA AATCAG TGTCCATAA 
Lys Asn Arg Asn Gin Cys Pro STOP

Figure 3.23 SSCP analysis of exon 3 from family RBF 64.
DNA from affected individuals II. 1 and III.l contained several bands on the SSCP gel 
(arrows) which were absent from the unaffected individuals, I.l and II.2. Sequencing 
revealed a deletion of the 106th and 107th bases in exons 3 in individuals II. 1 and III.l. 
The consequence of the mutation is shown in (b). The deleted bases (boxed) generated 
a shift in the reading frame producing a stop codon 15 bp further downstream.
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(a)

GA

(b)

636 
RBF 25

A

' I
ATG GCT CAT
454
Tyr Arg Val 

TACCGAGTA
I
TGA
STOP

A

N

Exon 14 non coding sequence

Amino acid sequence 

Exon 14 coding sequence

GOS 636

Figure 3.24 In this gel the sequence (a) of exon 14 from patient GOS 636 (family 

RBF 25) is compared with that from normal DNA (N). Exon 14 was amplified and 

the antisense strand sequenced using the asymmetric method. At the position shown 

by the arrow (left), a "G" and an "A" were noted at the same level in the sequencing 

ladder in the Rb patient whereas the normal DNA contained only the "G" nucleotide 

(arrow on right). The result of this mutation is shown in (b). In the coding strand the 

C->T transition converts a CGA arginine codon to a TGA stop codon.
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In all 5 families, the patients in which mutations were identified (table 3.3) were 

bilaterally affected individuals. With the exception of patient II. 1, from family REF 25 

(figure 3.24), all created a shift in the reading frame, resulting in the generation of 

premature stop codons downstream. In RBF 25 (figure 3.24), an amino acid codon is 

converted directly to a stop codon (table 3.3). Although all of these mutations, by their 

nature, would be predicted to be the disease-causing lesion, this was confirmed by 

analysing all family members, where available, to determine whether the mutation co

segregated with the disease phenotype. Cosegregation of the mutation with Rb was 

confirmed in families RBF 59, RBF 58, and RBF 64 (figure 3.23, table 3.3) by SSCP 

analysis and in family RBF 62 by digestion with Ddel (table 3.3).

The SSCP technique had all the hallmarks of an ideal mutation screening 

method because it was rapid and capable of detecting point mutations and deletions in 

both tumour and constitutional DNA and, therefore, ideal for large genes containing 

many exons with heterogeneous mutations. Initially, electrophoresis using gels 

containing 6% acrylamide (bisiacrylamide 1:20) and 10% glycerol was at 22°C using 

30W of power for 6 hours or until the xylene cyanol dye front had migrated 2/3 of the 

way through the gel (Orita et al, 1989b). However, because the bandshifts generated by 

the C->T point mutation in family RBF 25 under these conditions were very small they 

might have been missed, on occasion, depending on the resolution of the bands in the 

gel (see figure 3.48c). In addition, when DNA from individuals homozygous or 

heterozygous for the Rb 1.3 polymorphism, described in section 3.2.6, were analysed, 

no differences in the positions of bands was observed (not shown). Because the results 

using the conditions described by Orita et al (1989b) did not appear to be giving 

significant bandshifts in many cases, optimal conditions were established during the 

SSCP screening. From these optimisation experiments (described in section 3.5.1), it 

was concluded that electrophoresis using 60W of power at 4“C in gels containing 10% 

glycerol gave the best separation of mutant DNA molecules.
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Table 3.3: Summary of mutations found in constitutional DNA from Rb patients

PATIENT FAMILY
POSITION* 

EXON & MUTATION EFFECT
ENZYME
SITE
AFFECTED

n . i
(GOS 636)

RBF 25 14 1638, C -> T arg > stop

All affected 
members

RBF 62 20 2150, O 1 frameshift 
> stop

Dde I

All affected 
members

RBF 64 3 507, A 2 frameshift 
> stop

All affected 
members

RBF 59 17 1760, A 1 frameshift 
> stop

All affected 
members

RBF 58 13 1402, O 1 frameshift 
> stop

A = deletion 

o = insertion

* nucleotide position according to Friend et al (1987).

arg=arginine

stop=stop codon
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For several exons of the RBI gene, the amplified regions were large which 

meant that 3 or 4 restriction enzymes were required to generate fragments smaller than 

250bp. As a result, very complex banding patterns were often produced and these were 

particularly difficult to interpret. Because the mutations identified were located in the 

exons or the immediate flanking intron, the sizes of some of the amplified fragments 

(see table 3.4) were reduced by designing new primers such that only 1 or 2 enzymes 

were needed. The final set of primers which give optimal SSCP results are listed in 

table 3.5.

During the development of the SSCP/sequencing technique, DNA from a 

variety of Rb patients was analysed and some mutations were found. Having 

established the technology, all of the exons in DNA from a series of 13 Rb tumours 

were screened to investigate the nature of RBI mutations. The majority of mutations 

described in the following sections were initially identified using these optimal 

conditions and even after a mutation was identified, all exons were ultimately re

screened at 4“C to ensure that mutations had not been overlooked.
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Table 3.4 Primers published (Hogg et al, 1992), where the SSCP banding profile 
proved too complex for interpretation.

Oligo Location Sequence Temp
'C

Full
size

5'
Intron

3'
Intron

RE Cut size 
(bp)

8202
8201

R B5x3
R B3x3

CGGATCAGAAGGATGTGTTACAA
GGACACAAACTGCTACCTCTTAAAG

58 477 150 211 Alul 243
234

5535*
5536

R B 5 x l7
R B 3 x l7

ATAAAAATGGTITAACCnTCTACT
GTGGCATGTnTAAGAAAAGCTATT

55 555 114 244 Rsal
Ndel
Sau3al

142/119
104/101
89

9439*
9440

R B 5 x l9
R B 3 x l9

AGGCAGTAATCCCAGGAAAAGCCA
CACAGAGATATTAAGTGACTTGCCC

62 485 223 116 Hinfl
Mlul

218
176/91

9436*
9435

RB5x21
RB3x21

GACTTTCAAACTGAGCTCAGTATGG
ACAAATACCTGCTTATTACAGGGAT

58 517 147 265 A sel
Ndel

180
173/164

9993*
9992

R B5x26
R B3x26

AACCACTGTATnTGTGAGAACCAC
TGAATGTGGTCAAGCAATGTTTCAC

60 524 216 258 PstI
N sil

215
166/143

The annealing temperatures for PCR amplification, the size of the amplified sequence, flanking 5' and 3' 
introns and the cut fragments are shown. (5' x 3' = 5' primer for exon 3 etc). Primers were generally 
redesigned because they required restriction enzyme digestion with multiple enzymes which generated 
complex SSCP banding profiles which were difficult to interpret (these are asterixed). Primers for exon 3 
were redesigned to improve the separation of the Rb 1.3 polymorphism. RE= restriction enzyme.
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Table 3.5: Details of the final set of oligonucleotide primers for the amplification and analysis using SSCP of the 27 exons of RBI.

ro
.Cr

Oligo Location Sequence Temp
“C

Full size 5' Intron 
(bp)

3' intron RE Cut size  
(bp)

6007
6008

RB 5xPro 
RB 3xPro

GATCCCAAAAGGCCAGCAAGTGTCT
TCAACGTCCCCTGAGAAAAACCGGA

62* 570 Sma 1 
Bsp HI

230
176/164

9691
9692

RB5X1 
RB 3x 1

CGTGCGCGCGCGTCGTCCT
ACCCGGCCCCTGGCGAGGAC

62* 307 67 103 Dde 1 153
154

10143
10142

RB 5x2 
RB 3x2

GTTCI 1 1 1 ICACAGTAGTGTTATGTG 
CGTGCCCGGCCTCAAACAI 1 1 1 lAA

60 409 105 177 Hpa 1 214
191

8202
13773

RB5x3 
RB 3x3

GCCATCAGAAGGATGTGTTACAA
GGCAGTTCACTATTTGGTCCAAGTT

58 408 150 142 Hinfl 223
185

8203
8204

RB 5x4 
RB3x4

CCTTCCAAAGGATATAGTAGTGATTTG
CCAGGAAGCATTCAGAATGCATATT

58 445 133 192 Rsa 1 269
176

8206
8205

RB 5x5 
RB 3x5

GAAGACTAATTGAGAGGATTAACTG
TGTCCTGAATCAATTCCACCTTATT

58 488 216 233 Afl III 
Taq 1

218
142/128

8208
8207

RB5x6 
RB 3x6

GAAACACCCAAAAGATATATCTGG
CCAAGGTTGTTTCTAGTACCAG

58 326 85 173 Alul 179
147

7090
7091

RB5x7 
RB 3x7

ACTCTACCCTGCGATTTTCTCTCAT
CTTCTTGTCTCCCAAACCTCCATTTG

60 430 76 243 Rsa 1 193/176
61

20085
20084

RB 5x8 
RB3x8

GACCTAAGTTATAGTTAGAATACTTC
CATGCTCATAACAAAAGAAGTAAA

55 316 81 92 Taq 1 192
124

7095
7094

RB 5x9 
RB 3x9

TGCATGGGGGATTGACACCTCTAAC
CTACTTGGCTAGATTCTTCTTGGGC

60 316 106 132 Eco RI 171
145

10145
10144

RB5X10 
RB 3x10

TCTGTACCTCACI 1 1 lAGATAGACC 
CTGTTATAGGACACACAATTCAC

60 492 170 212 Bglll
Hinfl

225/218
49



I\3

en

Oligo Location Sequence
“C

Temp
(bp)

Full size 5' intron 3' Intron RE Cut size  
(bp)

11289
11290

RB 5x11 
RB 3x11

GACAACAGAAGCATTATACTGC
CCTGGCCTTCAATATATATTTCT

55 294 90 126 Mbo II 163
131

9987
9986

RB5X12
RB3X12

CCACAGTCTTATTTGAGGGAATG
GGTGAGCAAGGCAAATAGGTAAA

60 465 146 231 Bell 
Rsa 1

198
162/105

5528
5529

RB 5x13 
RB3X13

TAATAGGGTT1 1 1 lAGTTGTACTGT 
AATTTCTACAATGGCTATGTGTTCC

60 570 220 233 Eco RI 
Hinfl

232
225/113

13679
13680

RB5X14
RB3X14

CTAAAATAGCAGGCTCTTAI 1 1 1 1C 
ATOTTGATGOGTTGAOGTCCTGAT

58 212 42 113

11293
11294

RB5X15
RB3X16

ATTGAATGGTGAGAGAAATAAGGTT
TTGTGGTTAAGGTGAGAGTATGG

55 361 70 80 Nde 1 209
152

20877
23728

RB 5x17 
RB 3X17

AGTTGGAAAAAAATAGGTAGGTGAAG
TTTGTTAGGGATATGGAGATGAATG

55 315 69 49 Dra 1 176
139

10604
10603

RB5X18
RB3X18

ATGTAGGTGGGAAAATTATGGT
GTATTTGGAGTTTGATGGTGAAG

58 221 59 43 Bell 113
108

17294
9440

RB 5x19 
RB3X19

TATGTGGGTGTAGAAGGTTGAAGTG
GAGAGAGATATTAAGTGAGTTGGGG

62 349 223 116 Mlu 1 218
131

9438
14928

RB 5x20 
RB3x20

TTGTGTGGGGGAAAGAAAAGAGTGG
AGTTAAGAAGTAAGTAGGGAGGAGA

60 350 153 151 HpallorMspI 177 
73

9436
17296

RB 5x21 
RB3X21

GAGTTTGAAAGTGAGGTGAGTATGG
GGTGAGAGAGAATATATGATGTG

58 363 148 88 Nde 1 
Nde 1

191
172

9434
9433

RB 5x22 
RB3X22

GGAGGTATAATGGAAGGGTAAGAAG 
G1 1 1 1 GGTGGAGGGATTAGATTAGA

60 363 193 56 Bell 210
153

9694
9695

RB 5x23 
RB 3x23

TGTAATGTAATGGGTGGAGGAAAAG
GATGTTGGGTTGGTTAAGTGGTAAA

58 420 62 194 Bsp NI 
Alul

186
136/98



Oligo Location Sequence Temp
“C

Fuii size  
(bp)

5' Intron 3' Intron RE Cut size  
(bp)

9696
9697

RB 5X24 
RB 3x24

TAAAACTAAGAGACTAGGTGAGTAT
TAGATTTGGGTGAGAAAAAAATCTC

58 579 205 343 Bst Ell 235/200 
Hind lll/Bsp NI 93/50

9991
17249

RB5X25 
RB 3x25

ATTTGGTCCAATGAAGCAGAAAATT
ATGAAAGAAATTGGTATAAGCCA

60 382 142 97
Bsp 1286 1

198
184

I\î
ON

17250
9992

RB5X26
RB3x26

GTCATCGAAAGCATCATAGTTACTG
TGAATGTGGTCAAGCAATGTTTCAC

60 394 86 258 Nsl 1 252
142

10609
10608

RB 5x27 
RB 3x27

AAGGTCCTGAGCGCCATCAGTTTGA
GAGGTGTACACAGTGTCCACCAAGG

62 218 108 39

10605
10606

RB 5xPA 
RB 3xPA

Gil 11 lAGGTCAAGGGCTTAC 
ATCTCTAGCATATAGAGCCCCTT

58 375 Rsa 1 162
111/102

The location of each primer is shown (i.e. 5x1 = 5' primer for exon 1, etc). Pro=the promoter region. PA=poly A signal sequence. The annealing temperatures for 
PCR amplification and the sizes of the flanking 5* and 3' introns are shown as well as restriction enzymes (RE) used to digest PCR products and sizes of the resultant 
fragments. Both the promoter region and exon 1 required 10% DMSO in the PCR reaction (*). Primers 11293 and 11294 amplify 80 bp of intron sequence between 
exons 15 and 16.



3.4.2 Detection of Mutations in Rb Tumours.

At this point, only a small number of RB 1 mutations in Rb tumours had been 

reported in the literature. An exon by exon analysis of DNA samples from 13 different 

tumours from 13 unrelated individuals was performed using the optimised (section 

3.5.1) SSCP conditions. Exons 1 to 26, the coding region of exon 27, the promoter 

region, the poly A signal and flanking intron sequences were included. Examples of the 

SSCP banding profile for each region is shown in appendix 1.

Eleven tumours were from patients with unilateral Rb and 2 were from patients 

with bilateral Rb. Two tumours were from patients carrying constitutional cytogenetic 

deletions. Patient GOS 19 had a constitutional 13ql4.3 subband deletion (Cowell et al, 

1989) and patient GOS 45 had a deletion extending from 13ql4 to 13q22 (Cowell et al, 

1989). A total of 15 different mutations, detected using SSCP and confirmed by 

sequencing, were distributed throughout the gene. Nine (60%) were point mutations, 4 

(31%) were deletions of 2-22bp, one was a complex TT->C mutation and one was a 

Ibp insertion (table 3.6). In several tumours, two different mutations were detected. 

However, in two unilateral tumours (GOS 17 and GOS 560) no mutations were 

identified.
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Table 3.6 Summary of mutations in the RBI gene from 11 Rb tumours. The nucleotide 
position of the mutations in the cDNA are indicated (according to the system of Friend 
et al 1987).

Tumour Type Exon Position & 
Mutation

G/S Effect
LOH

Restriction
enzyme
site
affected

GOS 13 U 13 1353 A 22 S Frameshift stop Yes Hinfl

tOOS 19 U 1 179 C ->T S ?Splicing/Translation Yes Nsp Bn

t o e s  45 u 19 2076 A2 S Frameshift stop No

GOS 109 B 14 1508 T ^ G N/A M-> R or new 
splice acceptor -> 
Frameshift -> stop

Yes

GOS 159 U (a)
(b)

11
14

1210
1501

C ^ T
C ^ T

S
S

R -> stop 
R -> stop

No N lalll

GOS 537 B 4 622 TT->C s Frameshift -» stop No

GOS 551 U 24 2658 A 4 s Splice donor -> 
Frameshift -> stop

No

GOS 559 U (a)
(b)

10
12

1096
1173

C -^T
C ^ T

N/A R -» stop 
Q -> stop

No
B ell

GOS 561 u (a)
(b)

4
17

538
1804

A 4 
C- >T

S
s

Frameshift -» stop 
R -> stop

No
Taq I

GOS 563 u (a)
(b)

10
17

1105
1791

G- >T
C ^ T

s
s

E -> stop 
R stop

No Mbo n

GOS 568 u 16 1576 0 1 s Frameshift -> stop No

The type of tumour is classified as U (unilateral) or B (bilateral). Point mutations are given fcff the coding 
strand, A=deletion, o= insertion. The number of base pairs deleted or inserted follows the appropriate 
symbol. The origin of the mutations is classified as G (germline) if mutations were found in lymphocyte 
DNA or S (somatic) if they were not. In some cases, blood was not available (N/A).
For affected amino acids, the one letter code is used: R=arginine, M=methionine, E=glutamic acid, 
Q=glutamine, t  = 13q".
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3.4.2.1 Deletions and Insertions.

The largest deletion was seen in GOS 13 and removed the first 22bp of exon 13 

(figure 3.25). Two mutations, one in exon 4 of tumour GOS 561 (figures 3.19-3.21) and 

the other in exon 24 of tumour GOS 551, were 4bp deletions. One smaller deletion of 

2bp was detected in exon 19 of tumour GOS 45. Heterozygous deletions generated 

complex sequencing ladders. From the point where the deletion began, two 

superimposed sequencing ladders were observed (figure 3.21). The deletion in tumour 

GOS 45, however, was heterozygous which was unexpected because the patient carries 

a large cytogenetic deletion involving 13ql4 (Cowell et al, 1989). The presence of the 

normal allele may have been due to contamination by normal cells or possibly because 

several different tumours were present within the sample (see discussion). The TT->C 

mutation occurred in exon 4 in tumour GOS 537, the net result being a Ibp deletion 

(figure 3.26). Only one insertion (of Ibp) was detected in exon 16 (table 3.6) of tumour 

GOS 568 (figure 3.27 and 3.28). The insertion, and all but one of the deletions, 

generated a stop codon by shifting the reading frame (table 3.6, figure 3.29). The 4bp 

deletion in tumour GOS 551 was located in the splice donor site of exon 24 and would 

be expected to cause aberrant splicing probably resulting in the removal of exon 24 

from the mature mRNA and consequently, a reading frameshift (see discussion).
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Figure 3.25 Detection of the 22 bp deletion in tumour GOS 13.

DNA was amplified from five different tumours using primers 5528 and 5529. When 

digested with EcoRl two fragments were produced, 345 bp and 225bp long. Both 

digested (+) and undigested (-) DNA was analysed on a SSCP gel containing 10% 

glycerol and electrophoresed at 22°C. The double stranded DNA (DS) from the full 

length 570bp fragment (top arrow, left) and two digested products (lower arrows, left), 

are shown. The DS full length DNA and 345 bp digested DNA from tumour GOS 13 

and the SS DNA (5) migrated faster than the other samples on the gel.
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Figure 3.25

t +
s a l  I

DS-*-

1 2 3 4 5
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537

L
537

T

Figure 3.26 ' Sequence analysis of exon 4 from patient GOS 537.

DNA was aipplified from lymphocytes (L) and tumour cells (T) using primers 8203 

(biotinylated)!and 8204. The antisense strand is shown. In the upper half of the 

sequencing geC from the tumour DNA two superimposed sequencing ladders were 

observed above'the point shown by the arrow. The normal sequence (N) was present in 

addition to the mutant (M) sequence where a "AA" (boxed) was converted to an "G" 

(boxed). The patient's lymphocytes contained only the normal sequence (left). The net 

result of the mutation is a 1 bp deletion and a reading frameshift creating a premature 

stop codon downstream.
I
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r« tü
w DS 209 bp

563 568 170 45

Figure 3.27 Detection of a 1 bp insertion in tumour GOS 568.
DNA was amplified from 4 tumours using primers 11293 (biotinylated) and 11294, 
digested with Nde I and analysed on an SSCP gel. Only the upper part of the gel, 
containing the larger 209 bp product, is shown. The position of the 209 bp double 
stranded (DS) DNA is shown (arrow at right). The final position of the single stranded 
DNA from GOS 568 (arrows at left) was lower in the gel than the other samples.
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A T
GOS 568

Figure 3.28 Sequence analysis of exon 16 in tumour GOS 568.

The normal sequence for exon 16 is shown on the left. In tumour GOS 568 (right), an 

extra "T" (arrow) was noted in the anti sense strand 18 bp from the 5' end of exon 16. 

Two superimposed sequencing ladders were visible from the point of the "T" insertion 

indicating that both normal and mutant sequences were present. The interpretation of 

this sequencing gel is shown at the right.
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Figure 3.29 Summary of the sequences around (a-d) four deletions, (e) a 1 bp insertion 

and (f) a complex TT->C mutation found in this study. All mutations were from Rb 

tumours as indicated on the left. The normal sequence is shown in the top line in each 

case and the mutant sequence is shown underneath. Exon sequence is in upper case and 

intron sequence is in lower case. The amino acid sequence is shown beneath both the 

normal and the mutant sequences, and their position in the pRb protein is indicated 

underneath the first amino acid described. D irect repeat sequences flanking all of the 

mutations are boxed. The repeat flanking the deletion in GOS 13 (b) is imperfect and 

the nucleotide which differs is asterixed. Inserted nucleotides in (e) and (f) are shown in 

bold. With the exception of tumour GOS 551 (d), all o f the mutations generate a shift in 

the reading frame and a premature stop codon downstream. The 4bp deletion in tumour 

GOS 551 occurs in the splice donor site o f exon 24, probably resulting in deletion of 

exon 24.
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Figure 3.29

Tumour
(a)

GOS 45

(b)

GOS 13

(c)

GOS 561

(d)

GOS 551

(e)

Exon

GOS 568

19 A C C  T T  T C A  C TO  TTT T A T  A A A

13

Thr S er Leu S e r  Leu P h e  Tyr Lys
645

A C C  T C  T  T T C  A C T O T T T T A  T A A  

Thr S e r  P h e  Thr Val Leu STO P

—* Hbp-—  , *
tcctaaag A A C  A A  IT C C A  A A A  G

AsnAsn
409

tcctaaag

A A  A G T A T A C T G  

Pro Lys Glu S er Ile Leu 

A A A  O T A  T A C  T G A  

Lys Val Tyr STO P

T T T  AlACTl t I a C t Ia  A A A  

Leu Lys

AA

P h e Asn Leu
132

T T T  A A C  T  

P h e  Asn STO P

24 G G G  Igtjgalgtjattttc
840

G G G  gt attttc

16 A A T G  |AC AjAC AjT T  T T T  C A T  A T G  T C T  T T A  T T G  G C G  T G C  

Asn Asp Asn Ile P h e  His Met S e r  Leu Leu Ala C ys
478

G C T C T T G A G  

Ala Leu Glu

A A T  G A C  A A a  c a t  T T T .T C A .T A T G T C T IT . A T T.G G C .G T G  
Asn A sp Lys Mis P h e  S er Tyr Val P h e  Ile Gly Val

C G C  T C T  TG A

Arg S er STO P 
166

(f)

GOS 537

4 G C A  C E I  t E I  A G C  A A A  T T G  G A A  A G G  A C A  T G T  G A A

Ala
160

Leu P h e  S e r Lys Leu Glu Arg Thr C ys Glu

G C A  C T C  C C A  G C A  A A T  T G G  A A A  G G  A C A T  G T G  A A G  G  A C A T G  T G A  

Ala Leu Pro Ala Asn Trp Lys Gly His Val Lys Asp Met STO P
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3.4.2.2 Point mutations.

Seven (78%) of the point mutations were C->T transitions (table 3.6), all but 

one of which occurred in CpG dinucleotides (figure 3.30 to 3.36). The one exception 

was in tumour GOS 559, where the C->T mutation in exon 12 occurred in a CpA 

dinucleotide, converting a CAA glutamine codon to a TAA stop codon (figure 3.34 and 

figure 3.35). The mutation in tumour GOS 559 interrupted the Bel 1 restriction enzyme 

site used to digest the PCR product prior to SSCP analysis (figure 3.34 and figure 3.35, 

table 3.6). Sometimes, residual undigested fragments can be seen on the SSCP gels 

after a few days exposure of the gel (figure 3.34). However, 50% of the DNA of the 

PCR product from exon 12 of tumour GOS 559 remained undigested (figure 3.34) 

suggesting that a mutation may have interrupted the Bel 1 site. Sequencing confirmed 

that a C->T mutation was present at the Bel 1 site (figure 3.35).

All but one of the 6 CpG->TpG mutations converted an arginine CGA codon to 

a TGA stop codon (table 3.6, figure 3.30 to 3.33). The C->T mutation in tumour GOS 

19 affected the last base pair of a GCC alanine codon which was followed by a 'G' 

again creating a CpG doublet (figure 3.36). However, in this case, the mutation did not 

affect the coding sequence because GCT also encodes alanine. Two of the point 

mutations were not C->T transitions. One was a G->T transversion in tumour GOS 563, 

converting a glutamic acid GAA to a stop codon TAA (figure 3.32 and 3.33) and one 

(figure 3.50) was a T->G transversion in tumour GOS 109 (Table 3.6).

B.4.2.3 Analysis of constitutional genomic DNA.

It was important to determine whether each of the patients described above 

carried a germline mutation because of the high risk of second tumours developing in 

patients with hereditary Rb and to assist in genetic counselling. Most of the tumours 

analysed were from unilaterally affected patients, who would not be expected to have a 

germline mutation. However, 6-8% of patients with unilateral Rb tumours have the 

hereditary form of Rb (Draper et al, 1992), it was important to determine if any of these 

mutations could be found in the patients' normal cells.
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DS 179 bp

DS 139 bp

563 159 559 197 561 551 170 U

Figure 3.30 The banding profile following SSCP analysis of exon 17 from Rb 

tumours. The position of the DS DNA (U = undenatured) is indicated. Following Dra 1 
digestion, aberrant bands were noted in DNA from tumour GOS 563 and GOS 561 
(asterixed). ■
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Figure 3.31 Sequence analysis of exon 17 from two Rb tumours and from the 

lymphocytes of patient GOS 563 is shown in (a). Exon 17 was amplified from DNA 

from tumour GOS 563 (T), tumour GOS 561 (T) and the lymphocytes of patient GOS 

563 (L) using primers 23728 and 5535 (biotinylated). In tumour GOS 563, a G->A 

mutation was noted. A G->A mutation was also seen in tumour GOS 561 but in a 

different position. The mutation from tumour GOS 563 was not present in lymphocyte 

DNA (L) from the same patient. The consequences of the exon 17 mutations are shown 

in (b). In both cases, C->T mutations in the coding strand result in the generation of 

stop codons.
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Figure 3.31 (a)
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Figure 3.32 To investigate the effects on migration characteristics of DNA molecules, 

PCR products for exon 10 from a variety of different tumours were run on an SSCP gel 

for (a) 3 hours or (b) 6 hours. In all cases, the PCR product was digested with Bgl II 

and Hinf 1 yielding products of 225bp, 218bp and 49bp in length. The upper part of the 

3 hour gel containing the 225bp and 218bp fragments only, is shown in (a). U= 

undenatured sample. DS= double stranded DNA. There was no apparent difference in 

the migration pattern for the tumours after 3 hours but after 6 hours (b), aberrantly 

migrating DNA (arrows) was noted in tumour GOS 563 and tumour GOS 559 (asterix). 

The bandshift in GOS 559 was less obvious but a doublet is present at the second band 

position compared with the others.
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Figure 3.32 “
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(a) 3 hour gel .
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U 45 V 19 109 563 197 561 159 559 551 170

(b) 6 hour gel
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563
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U 45 19 109 563 197 561 159 559 551 170

I .
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Figure 3.33 The sequence derived from exon 10 from Rb tumours GOS 559 and GOS 

563 are compared with the normal DNA sequence (N) in (a). In this case the coding 

strand was sequenced. A C->T mutation is shown in tumour GOS 559 (arrow at left), 

and a G->T mutation was identified in tumour GOS 563 (arrow at right). The 

consequences of these mutations are shown in (b). In tumour GOS 559, an arginine 

CGA codon at residue 320 is converted to a stop codon (TGA) and in tumour GOS 563, 

a glutamic acid (GAA) codon at residue 323 is converted to a stop codon (TAA).
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Figure 3.33 (a)
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Figure 3.34 This gel shows the SSCP analysis of exon 12 from 9 different Rb tumours. 

Exon 12 was amplified using primers 9986 and 9987 and digested with Bel I and Rsa I 

producing fragments of 198bp, 162bp and 105bp in length. Only that part of the gel 

containing the 198bp and 162bp DNA is shown. An undenatured sample (U) shows the 

positions of the DS DNA, the most intense fragments representing the 198bp and 162bp 

digestion products and an additional band in the upper part of the gel representing 

residual undigested 360bp full length DNA. Several bands in the upper part of the gel 

are seen in all tumour DNA samples suggesting that they may represent undigested 

DNA but are very intense in tumour GOS 559. In addition, the 198bp DS band is 

reduced in intensity in tumour GOS 559.

235



Figure 3.34
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(a)

CT 559 -----^  —

G A I  0. G A T C ,

(b)

5'

559

395
Ala Ser Asp Gin 

GCA AGT GAT CAA

N

3'

Bell i
TAA

STOP

Amino acid sequence 

Exon 12

Tumour GOS 559

Figure 3.35 In this gel, the sequence analysis of exon 12 from tumour GOS 559 (a) is 

compared with that from normal DNA (N). Exon 12 was amplified using primers 9987 

and 9986 (biotinylated). The sense DNA sequence is shown. A C->T mutation (arrow) 

was identified in tumour GOS 559. In addition to the "T" present in normal DNA 

(arrow), tumour GOS 559 carried a "C" at the same position (arrow). The consequence 

of the C->T mutation is shown in (b). It occurs in a Bel 1 site in tumour GOS 559 

converting a glutamine codon (CAA) at position 395 to a stop codon (TAA).
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(a)

G A T
Tumour

G A T C
Lymphocytes

(b)
14

Thr., Ala Ala Ala Ala Ala

ACC GCC GCC GCT GCC GCC

GCT
Ala

Amino acid sequence 

Exon 1

Tumour GOS 19

Figure 3.36 Sequence analysis of exon 1 from tumour and lymphocyte DNA from
r

patient GOS 19. (a) Exon 1 was amplified using primers 9691 and 9692 

(biotinylated). The sense DNA strand is shown. A homozygous C->T mutation 

(arrow) was noted in tumour GOS 19 but was absent from the lymphocytes from the 

same patient (arrow) which contained just the normal "C". The consequences of the 

mutation are shown in (b). The mutation does not change the amino acid sequence 

because GCC and GCT both encode an alanine residue.
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In some cases the mutations affected a restriction enzyme site (table 3.6). 

Digestion of lymphocyte DNA with the appropriate enzyme was used to establish 

whether the same mutation was constitutional in patients GOS 13, COS 563, and GOS 

561 (figure 3.37). Previous analysis of DNA from tumour GOS 13 showed that a 

homozygous 22 bp deletion in exon 13 removed a Hinf 1 restriction enzyme site (figure 

3.37a). The tumour DNA, therefore, remained undigested (figure 3.37a). However, 

digestion of constitutional DNA from this patient with Hinf 1 produced DNA 232bp 

and 338bp long indicating that the mutation was absent from the patient's normal cells 

(figure 3.37a). In tumour GOS 563, an Mho II site was destroyed in exon 10 by the G- 

>T mutation converting the sequence GAAGA to GAATA (figure 3.37b). In addition, 

in exon 17 (figure 3.37c) from tumour GOS 561, a Tag 1 site was destroyed (TCGA > 

TTGA). Both of these mutations were heterozygous and PCR analysis showed that 

there was a 1:1 ratio of digested to undigested DNA (figure 3.37b, c). In contrast, 

digestion with the appropriate enzyme of lymphocyte DNA from both patients revealed 

that neither mutation was present, again indicating that a de novo mutation had occurred 

in the tumour precursor cells during tumour development.
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Figure 3.37 As a result of some mutations, the recognition sequences for restriction 

enzymes are affected, some examples of which are shown. In (a), the 22bp deletion 

detected in exon 13 from tumour GOS 13 was analysed using PCR. A 570bp DNA 

fragment from the normal blood lymphocytes is shown in lane 1. The same fragment 

amplified from tumour cells appears smaller (lane 2), as expected. A Hinf I site (H), is 

present in the normal sequence which is deleted in the tumour cells (shown 

schematically to the right). Thus, after Hinf I digestion, tumour DNA (T) (lane 5) 

remained undigested whereas the normal DNA (lane 4) produced the expected 

fragments 232bp and 338bp long. The constitutional cells from this patient, therefore, 

do not carry the mutation. A Ikb ladder is shown in lane 3. The results of enzyme 

digestion, however are not always so clear. In (b), a 492bp DNA fragment spanning 

exon 10 was amplified from the tumour cells (T) and normal blood lymphocytes (N) 

from patient GOS 563 and compared with a control subject (C). In lanes 1-3 the 

undigested DNA is compared with DNA digested with Mbo II (lane 5-7). There are 2 

Mho II restriction enzyme sites (M l and M2) in this fragment as shown on the right, 

resulting in products 243bp, 207bp and 42bp in length. The control DNA (C), when 

digested with Mbo II (lane 7) produces 2 fragments, 243bp and 207bp long, with equal 

staining intensity. The 42bp fragment is too small to be visualised by ethidium bromide 

staining. The G->T mutation in tumour GOS 563 destroys M l resulting in the digested 

products (243bp, 207bp and 42bp) from the normal allele and 249bp and 243bp 

products from the mutant allele. In the agarose gel, both bands from the mutant allele

migrate with the 243bp fragment which creates a more intense upper band than that
!

seen in the control. The equal intensity of Mbo H digested DNA from the normal blood 

lymphocytes of patient GOS 563 (N, lane 5) confirmed that the G->T mutation was not 

carried constitutionally. A Ikb ladder is shown in lane 4. In (c), a 363bp DNA fragment 

spanning exon 17 was amplified using primers 5535 and 23728 from tumour GOS 561 

(T) and compared with normal blood lymphocyte (N) DNA from the same patient and 

a control subject (C) (lane 1-3). There are two Taq I sites (T i and T2) in this 363 bp 

fragment. The C->T mutation in tumour GOS 561 affects T2- Thus, when control DNA

240



(lane 7) was digested with Taq I, three fragments, 212bp, 70bp and 81bp in length 

were generated, the two smallest ones migrating together. In comparison, DNA from 

tumour GOS 561 digested with Taq I (lane 6) produced an additional fragment 15Ibp 

long (shown to the right) resulting from inactivation of T2- Absence of the 151bp 

fragment from the normal blood lymphocytes (N) of patient GOS 561 (lane 5) 

confirmed that they were not a constitutional carrier of the mutation. A Ikb ladder is 

shown in lane 4.
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Figure 3.37
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In tumours from three other patients, mutations were identified which affected 

restriction enzyme sites. In GOS 559, a C->T mutation destroyed a Bel I site (discussed 

in 3.4.2.2) converting it from TGATCA to TGATTA (figure 3.34 and 3.35) and in GOS 

19, the C->T mutation in exon 1 interrupted a Nsp BII site converting it from 

CCGCTG to CTGCTG (figure 3.36). However, in tumour GOS 159, a Nla HI site was 

created by the C->T mutation converting CATG to CACG (Table 3.6). Because 

lymphocyte DNA from patient GOS 559 was not available for analysis it was not 

possible to establish whether the mutation was constitutional. In GOS 19 and GOS 159, 

the restriction enzymes Nsp BE and Nla 111 were not available. The relevant exon 

from the constitutional cells was, therefore, sequenced (figure 3.36, table 3.6) and 

indicated that neither mutation was present. In a number of other tumours, mutations 

did not effect restriction sites including GOS 159, GOS 537 (figure 3.26), GOS 551, 

GOS 561, GOS 563 (figure 3.31), GOS 568, and GOS 45 (table 3.6). In these cases, the 

relevant exon from lymphocytes when available was sequenced to see if the mutation 

was present. None of the mutations from these 7 tumours was found in the 

corresponding lymphocyte DNA (figures 3.31, 3.26 and table 3.6). Because patients 

GOS 19 and GOS 45 carried cytogenetically visible 13ql4 deletions, the C -> T 

transition (figure 3.36) and the 2bp deletion identified in their tumours represented the 

second "hit" and so were not present in their lymphocyte DNA. However, the C->T 

mutation identified in tumour GOS 19 did not change the coding sequence (see above). 

When lymphocyte DNA from this patient was analysed the C -> T change was not 

present, excluding the possibility that this change represented a polymorphism (figure 

3.36). It must, therefore, have occurred de novo on the non-deleted chromosome during 

tumorigenesis (see discussion).

Two of the tumours, GOS 537 and GOS 109, were from bilaterally affected 

patients who would be expected to have a constitutional mutation. Lymphocytes were 

only available from patient GOS 537 and when DNA from these were screened the 

TT->C mutation identified in the tumour was not present (figure 3.26). It was assumed.
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therefore, that there must be another mutation in this patient which was either not 

detected using SSCP or that it is located in the intron sequences not screened.

3 4.2.4 Loss of heterozygosity in Rb tumours.

Analysis of polymorphic markers has demonstrated that 70% of Rb tumours 

lose heterozygosity at loci on chromosome 13 (Cavenee et al, 1983, Godbout et al, 

1983, Zhu et al, 1992, Zhu et al, 1989). In this study three tumours (GOS 13, GOS 

109 and GOS 19) had homozygous mutations since the normal sequence was not 

present (table 3.6). In 4 tumours, two different mutations (table 3.6) were identified. In

4 other tumours, however, only one mutation was identified and the normal sequence 

was also present at that site (table 3.6). It was not possible to determine whether the 

mutations in these cases were homozygous and the normal allele was contributed by 

normal contaminating cells or whether the second mutation had been missed during the 

screening process.

3.4.2.S Analysis of Rb tumours using the 3.8R probe.

Although mutations were found in the majority of tumours analysed (table 3.6), 

it was still possible that large deletions and rearrangements within RB 1 could occur and 

would be missed using SSCP. Patient GOS 537 had tumours bilaterally and therefore 

was presumed to carry a constitutional mutation. The mutation detected in his tumour 

DNA, however, was not present in normal cells (figure 3.26) and so it was important to 

determine whether a gross structural abnormality of RBI could be detected in his 

tumour DNA. In tumours from patients GOS 551, GOS 568 and GOS 45, only one, 

heterozygous mutation had been identified despite analysis of all 27 exons, the 

promoter region and poly-A signal sequence using SSCP. Patients GOS 19 and 45 both 

carried large constitutional deletions of chromosome 13 (section 3.4.2). In all three 

tumours, the second allele may have been contributed by contaminating normal cells. 

Alternatively, additional tumour foci containing different second mutations may have 

contributed the second allele. In tumour GOS 19, a homozygous mutation which did
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not change the amino acid sequence had been identified (figure 3.36). It was possible 

that a large deletion or rearrangement had also occurred on the allele remaining in the 

tumour. No mutations at all were detected in tumours GOS 17 and GOS 560 using 

SSCP, which may be explained by the presence of a gross deletion or rearrangement of 

RBI in these cells. Southern blot analysis was used to study tumour DNA prepared 

from the 7 tumours described above to establish whether the gross structure of RBI was 

intact.

DNA from each tumour was digested with Hind III and probed with 3.8R 

(Friend et al, 1986) which is derived from the 3' 3.8kb of the 4.7kb RBI cDNA (figure 

3.38). Seven exon-containing Hind III fragments 9.8, 7.5, 6.2, 5.5, 5.3, 4.5 and 2.Ikb 

long are usually seen using this probe (figure 3.38). As shown in figure 3.38, DNA 

from all of the tumours contained these fragments at the normal relative intensity. 

Although the intensity of all of the fragments in the DNA of patient GOS 537 was 

reduced, this was because less DNA was loaded on the gel. Thus, no gross 

abnormalities were detected in any of the 7 tumours where two mutations were not 

identified. It was not possible to look at the 5' most exons (1-9) because the 0.9R probe 

contains repetitive elements and produces smears on Southern blots (Friend et al, 1986).
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Figure 3.38 Comparison of the restriction pattern observed using the 3.8 R cDNA probe 

on Hind III digested DNA from 7 tumours essentially showing the same pattern and 

relative intensity of bands for each sample. Some differences are observed in GOS 45 and 

GOS 551 because there is more DNA loaded on the gel. The intensity of GOS 537 is 

reduced because less DNA was loaded on the gel. A longer exposure, however, showed 

that all normal bands were present. The relative location of the 9.8, 7.5, 6.2, 5.5, 5.3, 4.5 

and 2 .Ikb Hind III fragments at the RBI locus is illustrated in (b). Note: The 5.3 and 

5.5kb bands ^igrate to the same position. The positions of the exons is shown.
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3.4.3 The Nature of RBI mutations in low penetrance families.

The identification of mutations occurring in Rb patients and their tumours 

established the spectrum of changes that might be expected in RBI. However, some 

families show an unusual range of Rb phenotypes. Lymphocytes from two such 

families (RBF 29 and RBF 18) were analysed using SSCP/sequencing (see figure 3.39a 

and 3.40a for pedigrees).

In family RBF 29, four individuals (II.4, II.7, m .l, III.2) from two generations 

were proven by linkage analysis (Onadim et al, 1991) to be asymptomatic carriers of 

the mutant gene (figure 3.39a). One of these individuals (11.4) had transmitted the Rb 

predisposition to twins who were both bilaterally affected. Each of the parents of the 

twins had a sister (11.2, 11.5) affected with unilateral Rb (figure 3.39a). When the 

grandparents were examined subsequently, both were shown to have bilateral retinal 

scarring (figure 3.39a) which was indicative of regressed tumours or retinomas (section 

1.3.2) and linkage analysis (Onadim et al, 1991) again showed that they carried the Rb 

predisposition gene.

In family RBF 18, three members were bilaterally affected (11.1,11.3 and 111.2) 

(figure 3.40a). A further 5 members of the family had unusual phenotypes. Specifically, 

two individuals had unilateral retinal scarring (II1.3 and IV. 1), again thought to be due 

either to spontaneous regression of Rb tumours or the presence of a benign form of Rb 

called retinoma (Gallie et al, 1982). In addition, one member, I .l, had unilateral 

scarring in one eye and tumour formation in the other eye whilst, in patient n.4, both 

eyes were affected by retinal scarring (figure 3.40a). One patient (11.2) had unilateral 

Rb (figure 3.40a).

Patient 11.4 from family RBF 29 and patient in.3 from family RBF 18 showed 

aberrantly migrating DNA when exon 20 was analysed by SSCP (Onadim et al, 1992b). 

Exon 20 was sequenced and mutations identified in both patients. In patient 11.4, from 

RBF 29, a missense mutation in exon 20 converted an arginine to a tryptophan residue 

(figure 3.39). This mutation affected an Msp I site and was subsequently identified by 

Msp 1 digestion of lymphocyte DNA amplified from exon 20 in affected members from
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family RBF 29 and in asymptomatic mutant gene carriers but not in unaffected 

individuals who were not carriers of the mutant gene. The mutation was identified in 

individuals LI, II.2, n.4, II.5, n.7, m .l, III.2, ni.3 but not in 1.2, II. 1, II.3 and II.8 from 

family RBF 29.

In family RBF 18, a G->T mutation was identified in exon 20 (figure 3.40) 

which apparently converts a glutamic acid codon to a stop codon. This mutation might 

also create a potential splice acceptor site in exon 20, which if used, would result in an 

in-frame deletion of the first 10 amino acids encoded by this exon. An AG dinucleotide 

is invariant at splice acceptor sites and another AG is usually not present within -5 and 

-15bp of this site (T.Maniatis personal communication; Senapathy et al, 1990). The G- 

>T mutation occurred upstream of a TAG sequence, located at bases 68-70 of exon 20, 

removing another AG and possibly generating a cryptic splice site. A potential 

branchpoint sequence is also located further upstream (figure 3.40). Normally, cryptic 

splice sites are not used but the G->T substitution in RBF 18 enriches the pyrimidine 

content of the sequence upstream of the TAG sequence which may influence its 

activation (see discussion).

Thus, the spectrum of mutations found in Rb tumours and individuals with Rb 

differed from those found in low penetrance families. In the former, 90% of mutations 

create premature stop codons but in the latter, the mutations would not be expected to 

disrupt the reading frame. It was not clear, however, if a cryptic splice site was 

activated in family RBF 18 (see discussion).
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(a) RBF 29
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Figure 3.39 The pedigree for family RBF 29 is shown in (a). Arrows indicate 
asymptomatic gene carriers as determined by previous linkage analysis. Affected 

individuals are indicated by filled symbols (see key). In (b), the consequence of the 
mutation identified in exon 20 in all affected members, and in asymptomatic gene 

carriers, is shown. A C->T mutation converts an arginine codon at position 661 to a 
tryptophan codon.
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Figure 3.40 The family pedigree for RBF 18 is shown in (a). Affected individuals are 

indicated by filled symbols, (see key). Affected individuals from generation III and IV 

of this family were shown to carry a G->T transversion, in the coding strand, 63bp from 

the 5' end of exon 20. Nucleotide sequence of exon 20 (upper case) and its flanking 

intron sequences are shown in (b). (i) The normal splice acceptor in intron 19 is 

underlined, as is the cryptic splice site in the sequence containing the G->T 

transversion. The invariant AG dinucleotide of the cryptic splice acceptor is boxed. 

Although a stop codon (TAA) is created by the mutation, an AG dinucleotide occurs 

4bp further downstream and is in an appropriate environment to function as a splice 

acceptor site. It is preceded by a pyrimidine-rich tract (underlined) and a sequence 

which fits the branchpoint consensus (italics) is located 22bp futher upstream. If the 

cryptic splice site was used, amino acids 654-676 would be deleted but the reading 

frame would remain intact, (ii) The consensus splice acceptor site is shown, (iii) The 

real splice acceptor site in intron 19 is compared with the normal and mutant cryptic 

splice acceptor site in which the mutation enriches the pyrimidine tract preceding the 

AG dinucleotide.
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Figure 3.40
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3.4.4 Analysis of mutations from mRNA.

Earlier studies had suggested that RBI mutations could not be detected in 

mRNA from constitutional cells (Dunn et al, 1989). Clearly, however, if abnormalities 

could be detected in RNA from patients with Rb, it would be a far more efficient way 

of screening for mutations. To investigate whether any of the mutations identified in 

this study resulted in stable mRNA production, cDNA was produced by reverse 

transcription of mRNA isolated from lymphoblastoid cell lines (section 2.2.5.2). Since 

the majority of these mutations occur within the exon sequences, or in the flanking 

splice sites, it might be expected that they could be identified in cDNA. In this case 

because fewer amplifications would be required to span the cDNA and more than one 

exon could be included in a single amplification product the whole procedure would be 

quicker. Mutations affecting the normal splice sites should also be detected, since 

smaller PCR products would be present.

Thus, RNA was isolated (section 2.2.5.1) from the lymphocytes of 3 patients 

with bilateral Rb from families RBF 59, RBF 62 and RBF 64 and one member of each 

of the low penetrance families, RBF 18 and RBF 29, described above. All of these 

patients carried constitutional mutations detectable in genomic DNA. First strand 

cDNA was synthesised by reverse transcribing total RNA primed by random 

hexanucleotides (section 2.2.5.2). The cDNA was then amplified using PCR with 

primers designed from the cDNA sequence (table 3.7; figure 3.41a). These primers 

would be unlikely to amplify from genomic DNA because they were separated by 

introns greater than 2-3kb which would generally be too large for successful 

amplification under these PCR conditions.

The mutations which had been detected in the genomic DNA from 3 patients 

with bilateral Rb (figure 3.22 to 3.24 and table 3.3) were located in 3 different exons 

and all generated frameshift mutations which resulted in premature stop codons (table

3.3). DNA from patient 1.1, from family RBF 59, contained a Ibp deletion located 131- 

132bp from the 5' end of exon 17 where one of two adenine nucleotides was deleted 

(table 3.3). Exon 17 was amplified from the cDNA of patient I.l from family RBF 59
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with primer 24839 located in exon 16 and primer 24840 located in exon 18 which 

frame a 345bp sequence (figure 3.41a). A PCR product of the expected size was 

generated (figure 3.41b). The cDNA was then sequenced but the deletion in exon 17 

was not present (figure 3.42a). DNA from patient III.1 from family RBF 64 contained a 

deletion of 2bp located 106-107 bases from the 5' end of exon 3 (figure 3.23; table 3.3). 

cDNA from the same patient amplified with primer 24838 located in exon 2 and primer 

27726 located in exon 4, framing a 23Ibp sequence, also generated a fragment of the 

expected size (figure 3.41b). Sequencing of the cDNA from this patient revealed that 

exon 3 contained only the normal sequence (not shown). DNA from patient I.l of 

family RBF 62 contained an insertion of an "A", 53bp from the 5' end of exon 20 (table

3.3). When exon 20 was amplified from the cDNA from this patient using primer 24843 

in exon 19 and primer 24844 in exon 20 a 194bp fragment was produced which was the 

normal size (figure 3.41b). The cDNA was then sequenced but revealed only a normal 

exon 20 sequence (figure 3.42).Thus, in all three cases, where a frameshift mutation had 

been detected in genomic DNA, the same mutation could not be detected in the cDNA 

from constitutional cells. This suggested that transcription of the mutant gene was 

possibly suppressed or that, once produced, the mutant mRNA was rapidly degraded. 

RNA samples were not available from the tumours.

RNA analysis was also performed from members of the families showing low 

penetrance. Patient II.4 was an asymptomatic mutant gene carrier from family RBF 29 

(figure 3.39). The DNA from this patient contained a constitutional C->T mutation in 

exon 20, converting an arginine to a tryptophan codon (figure 3.39). When exon 20 was 

amplified from RNA from this patient using primers 24843 and 24844 (figure 3.41a) a 

normal sized 194bp product was generated (figure 3.41b) and sequenced (figure 3.43b). 

In this case, both the normal "C" and the mutant "T" nucleotides were present at the site 

of the mutation. It appears, therefore, in contrast to those cases where a frameshift 

mutation generated a premature stop codon, the missense mutation in family RBF 29 

produces an equivalent amount of normal and mutant mRNA transcripts.
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A member of the low penetrance family RBF 18 was also studied (figure 3.40). 

Patient III.3 had unilateral retinal scarring and a G->T mutation in exon 20 which 

converted a glutamic acid codon to a stop codon but was also located upstream of a 

potential splice acceptor site (figure 3.40). Primer 24844 is located towards the 3' end of 

exon 20 and, when used together with primer 24843, amplifies a sequence spanning the 

putative cryptic splice site (figure 3.41a). A single band of 194bp was produced when 

the cDNA of patient III.3 was amplified using these primers (figure 3.41c). If the 

cryptic splice site had been activated by the G->T mutation in this patient, a 125bp 

fragment of would have been expected because the first 69bp of exon 20 would be 

spliced out of the pre-mRNA. It appeared that this was not the case and that only the 

normally spliced mRNA was present. Thus, the potential cryptic splice acceptor was, 

apparently, not used in the lymphocytes of patient III.3 from family RBF 18 (figure 

3.40). It was important to examine whether splicing of exon 20 was disturbed, however, 

because there is increasing evidence that alterations of exon sequences, far removed 

from the splice sites, can cause splicing abnormalities. Mutations within exons can 

result in their removal from the mature mRNA (Dietz et al, 1993). The cDNA of patient 

III.3 from family RBF 18 was reamplified with primer 30893 located in exon 21 and 

primer 24843 located in exon 19 (figure 3.41c). These primers frame a 228bp sequence 

in the cDNA and a single product of this size was observed (figure 3.41c). Since a 

159bp product would have resulted if the cryptic splice site was used, this confirmed 

the first result that only the normal splice site was chosen. Removal of exon 20 would 

have resulted in a 82bp product and no such product was seen even when 5|ig of RNA, 

instead of l|Xg, was used for preparing the cDNA to increase the concentration of 

mRNA template molecules (figure 3.41c). Small DNA molecules, however, often stain 

weakly with ethidium bromide so, in order to ensure that exon 20 was included in the 

transcript, either lp.g or 5|ig of RNA from patient III.3 was reverse transcribed and 

amplified with primer 24839 located in exon 16 and primer 30893 located in exon 21 

(figure 3.41c).
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Using Ifig of RNA a single 656bp product was observed. When 5^ig of RNA 

was reverse transcribed and amplified, however, several additional products were 

observed but they were also found in a cDNA from a normal control (figure 3.41c). The 

background products were presumed to arise from amplification of related mRNA 

species which often occurs when too much starting cDNA is used. When the cDNA of 

patient 111.3 from family RBF 18 was sequenced, no mutation was detected which is 

consistent with the mutation generating a stop codon in the genomic DNA (figure 

3.43a).

Since the majority of mutations (>90%) identified would be expected to disturb 

the reading frame and generate a premature stop codon, it seems unlikely that RNA 

analysis will be useful for screening patients for mutations.
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Table 3.7: Details of the oligonucleotide primers used for the amplification of the
RBI cDNA.

Oligo Exon Location Sequence Temp
r c )

Size
(bp)

24838
27726

3 5 'x2
3 ' x4

TCAGAGAGAGACjCTTGGTTAACTT
CATTATCAACTTTGGTACTCXjTATC

58 231

24839
24840

17 5' X 16' 
3 'x 18'

CATATGTCTTTATTGGCGTGCGCTC
CTGGAGAGGAAGATTAAGAGGACAA

60 345

24843
24844

20 5 'x 19 
3 'x 20

CAGACCCAGAAGCCATTGAAATCTA
TCCAAATGCCTGTCTCTCATGAGTT

60 194

30893
24839

17-20 3'x 21 
5 'x 16

GCATATGCCATACATGGAACACATC
60 656

or
24843 20 5'x 19 (see above) 60 228

The exon(s) for which each pair of primers were designed, their location (i.e. 5' x 2' = 5' primer located in 
exon 2, etc.), annealing temperatures fw PCR amplification and size of the amplified product are shown.
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Figure 3.41. In order to analyse mutations in mRNA, primers were designed from exon 

sequences flanking sites of mutations which had previously been identified in DNA. 

The relative position of these primers (R l- R7) and the expected size of the amplified 

PCR products is shown in (a) relative to the RBI cDNA. (b) First strand cDNA was 

prepared from total RNA isolated from members of several different families, as 

indicated, and the region containing the mutation was amplified using PCR. The size of 

the PCR products for each family and 1 kb ladders (L) are shown. Primers Rl and R2, 

flanking exon 3, were used to amplify cDNA from patient III. 1 from family RBF 64 

giving a normal sized fragment of 23 Ibp in length. A PCR product of the expected size 

(345bp) was also produced when exon 17 from individual I.l of family RBF 59 was 

amplified using primers R3 and R4. Amplification of exon 20 from families RBF 29, 

RBF 62 and RBF 18 using primers R5 and R6 also yielded normal sized products of 

194bp. The mutation detected in exon 20 in the DNA from family RBF 18 created a 

potential cryptic splice site. However, the presence of a normal sized PCR product 

using primers R5 and R6 suggested that only the normal splice acceptor site was being 

used to produce mRNA. In (c), the consequence of this mutation was further 

investigated to rule out the possibility of "exon skipping". Different exon primers (as 

indicated above the figure) were used to amplify cDNA from family RBF 18 and from a 

control subject (C), using a total RNA concentration of Ipg or 5 |ig. Amplification of 

the control and RBF 18 cDNA using primers R3 and R7 located in exons 16 and 21, 

respectively, generated products of the expected size (656bp). When 5|Xg of RNA was 

used for first strand cDNA synthesis, some background amplification products were 

observed in addition to the expected 656bp product. Identical bands, however, were 

also observed in the control cDNA indicating that they were artifactual. PCR analysis 

using primers R5 and R7, located in exons 19 and 21, respectively, also generated a 

PCR product of the expected size (228bp) indicating that only the normal splice site and 

not the cryptic splice site was used to produce mRNA in this patient.
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Figure 3.41
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Figure 3.42 Sequence analysis of cDNA from families RBF 59 and RBF 62.

(a) The sequence for the sense strand of exon 17 and the beginning of exon 18 is shown 

from individual I.l of family RBF 59 compared with normal DNA. Only a normal 

sequence (shown at left) is observed in the cDNA. In genomic DNA from this patient, 

however, an "A" was deleted in the sense strand at the point shown by the arrow, (b) 

The sequence for the sense strand of exon 20 is shown from individual I.l of family 

RBF 62. A "T" was inserted at the point shown by the arrow in this patient's genomic 

DNA but only the normal sequence (shown at left) is seen in the cDNA.
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Figure 3.43 Sequence analysis of cDNA from exon 20 from families RBF 18 and RBF 

29 compared with normal DNA. (a) In the genomic DNA of individual III.3 from 

family RBF 18, a G->T mutation converted a glutamine codon (GAA) at position 675 

to a stop codon (TAA). In this patient's cDNA, however, only the normal sequence is 

present (shown at left), (b) In contrast, a C->T mutation identified in the genomic DNA 

from individual n.4 of family RBF 29, which converted an arginine codon (CGG) to a 

tryptophan codon (TGG) was present in their cDNA (shown at left) and is compared 

with normal DNA where only the normal CGG codon is present.
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3.4.5 Analysis of sequences involved in mutations.

There is a growing body of evidence that the sites of mutations are related to the 

structure of the DNA in which they occur (Krawczak and Cooper, 1991, Ripley, 1990, 

Streisinger et al, 1966). Defining sequences which are prone to mutation may help in 

the understanding of mechanisms underlying mutagenesis and may even enable the 

sites of mutations to be predicted. With this in mind, the sequences around the 

mutations were examined for any particular structural peculiarities such as direct or 

inverted repeats and symmetrical elements which may have predisposed the region to 

mutation. The presence of short direct repeat sequences, 2-8bp in length, was noted at 

the endpoints of all of the deletions and the insertions identified in DNA both from 

tumours (figure 3.44) and constitutional cells (figure 3.45). Because of the repeated 

nature of the sequence, it is sometimes difficult to determine which nucleotides are 

deleted, however, the best interpretation is shown in figures 3.44 and 3.45. In some 

cases one repeat and the intervening sequence was removed by the deletion (figure 

3.44). Such repeats are postulated to participate in slipped mispairing during replication 

(Efstratiadis et al, 1980) resulting in the deletion of a DNA loop (see discussion). It is 

not clear, however, whether certain structural features of the DNA bring repeats 

together. It has been suggested that inverted repeats, which are capable of forming a 

dyad symmetry may play a role (Ripley, 1990). Because of their dyad symmetry, 

inverted repeats are capable of annealing to form a stem while the intervening sequence 

forms a loop. These so-called "stem and loop", or "hairpin loop", structures are 

proposed to act by juxtaposing repeats located at the distal ends of the stem and loop 

structure (see discussion). In most cases, however, the repeats are too close together to 

explain the generation of mutations by this mechanism. Alternatively, repair enzymes 

may recognise the stem and loops and excise sequences from them (see discussion). A 

search for inverted repeats was conducted using the Microgenie computer program 

(Beckman). Even allowing some mismatched bases in the stem, imperfect inverted 

repeats can form stem and loops resulting in the looping out of DNA. A stem of at least 

6bp was stipulated for the search, because hairpin loops with very short stems are
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unlikely to be stable (Tinoco et al, 1973). The repeats were required to be within 30bp 

of each other because hairpin loops are less likely to form if the loop is very large. A 

loop of 6bp is optimal (Tinoco et al, 1973). No more than 3 loopouts due to mismatches 

were allowed in the stem because loopouts increase the energy requirement for the 

hairpin loop to form (Tinoco et al, 1973). Using these criteria, many potential stem and 

loop structures were identified. It was, however, difficult to determine the significance 

of these structures using such a small sample size. In any case, none were positioned 

such that they could directly facilitate the misalignments between repeat sequences. In 

one previously described case, a mutation in a Rb patient removed the entire "loop" of 

such a structure (Shew et al, 1990b). Those deletions which were located in "loops" are 

shown (figure 3.46). None of the deletions in this study, however, involved the removal 

of an entire loop (figure 3.46).

An alternative mechanism for generating deletions involves quasi repeat 

sequences which can misalign by slipped mispairing (Drake, 1991, Ripley, 1990) such 

that one repeat then provides the template for the other repeat (see discussion). In the 

2bp deletion in exon 3 from family RBF 64, a nearby quasi repeat was identified which 

was a replica of the mutant sequence (figure 3.45).

In a series of 60 deletions in human genes, Krawczak and Cooper (1991) noted 

a hotspot consensus sequence TG ^/q ^ / q ^ / j ^ / c  at the sites of half of them. This 

same consensus sequence was identified in the 5’->3' direction not more than 2 bp from 

the margins of the deletions found in tumours GOS 13 and COS 551 (figure 3.44), but 

not in any of the constitutional mutations.
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Figure 3.44 Summary of the local DNA sequence environment around RB 1 mutations 

found in tumours. These include four deletions (a-d), one insertion (e) and a complex 

TT->C mutation (f). The normal sequence is shown in the top line (5'->3') in each case 

and the mutant sequence is shown underneath. Exon sequence is in upper case and 

intron sequence is in lower case. Direct repeats flanking all of the deletions (a-d), the 

Ibp insertion (e) and the TT->C mutation (f) are boxed. The "hotspot deletion 

consensus sequence" found in a survey of half of the deletions present in human genes 

is italicised in (b) and (d). In (a), one member of a tandem 2 bp repeat is deleted in 

tumour GOS 45. In (b), the 8bp repeat in exon 13 is imperfect and the nucleotide which 

differs is marked by an asterix. One of the repeats and the intervening sequence is 

deleted. The hotspot deletion consensus sequence is located within the deleted bases 

(italics). A similar pattern is seen in tumours GOS 561 (c) and GOS 551 (d) where one 

repeat and the intervening sequence is removed. In (d), the "hotspot consensus 

sequence" (italics) flanks the deletion breakpoint. The 1 bp insertion in tumour GOS 

568 (e) is located at the junction between a tandem 3bp direct repeat, the two members 

of which are also symmetrical to each other (arrows). A 2 bp repeat is located either 

side of the complex TT->C mutation in tumour GOS 537 (f).
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Figure 3.44

Tumour Exon
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(b)
GOS 13

(c)
GOS 561

(d)

GOS 551
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Figure 3.45 DNA sequences around deletions (a,b) and insertions (c,d) found in 

constitutional DNA from Rb families. The normal sequence is shown in the upper line 

(5'->3') in each case and the mutant sequence is shown underneath. Direct repeat 

sequences (boxed) were identified at all sites. For imperfect, direct repeats those bases 

which differ are marked by an asterix. The 1 bp deletion in family RBF 59 (a) is 

flanked by 4bp imperfect direct repeats. In the mutation found in family RBF 64 (b), it 

is precisely the bases which differ between the two 7-9 bp direct repeats (asterixed) 

which are deleted. In family RBF 58 (c), the inserted "A" is located at the junction 

between two direct repeats (arrows), which are also symmetrical to each other. The 1 bp 

insertion in family RBF 62 (d) is located in one of the tandem 4bp direct repeats, parts 

of which are also symmetrical to each other (arrows).
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Figure 3.45

FAMILY EXON

(a)

RBF 59

17 CTT GACA GAGA AATGA

CTTGACA GAGAAATGA

(b) GCT ACAGAAA ACATAGAAA TC

RBF 64 GCT ACAGAAA A AC AGA A ATC

(c) 13 GTG AAGGATA TAGGATA

RBF 58 GTG AAGGATA TAGGATAC 
\ /
A

(d) 20 GCCT TCTG TCTG A GCA

RBF 62 GCCT TCTG TC TG A G CA  
\ l
T
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(a) GOS 561 (b) GOS 45 (c) GOS 568
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Figure 3.46 Diagrammatic representation of the potential stucture created by the 
inverted repeats located at deletions from tumours (a) GOS 561, (b) GOS 45 and (c) 
GOS 568. In each case, the inverted repeats are capable of annealing to form a 

"stem" with the intervening sequence forming a "loop". Deletions, located within the 

"loops", are outlined.
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The presence of other unusual DNA stuctures near deletions and insertions was 

examined. Symmetrical elements are thought to be capable of forming structures called 

Moebius loops (see discussion). These double stranded structures are created when one 

the DNA strand folds about the axis of symmetry and reanneals forming a loop 

structure (Cooper and Krawczak, 1991) in which each half of the symmetrical element 

hybridises to the opposite complementary half (see discussion). Symmetrical elements 

were present at all three of the 1 bp insertions. In tumour GOS 568, an "A" is inserted 

creating the sequence ACAAACA, where the inserted base represents one of the "A's" 

in boldface. In family RBF 58, an "A" is inserted creating the sequence 

AGGATAATAGGA, where the inserted base again represents one of the bases in 

boldface. In family RBF 62, a "T" is inserted in the sequence TTCTGTCTT. In each 

case, direct repeats were also located at these sites (figure 3.44 and figure 3.45).

For 8 of the point mutations identified in the tumours, quasi repeat sequences of 

between 3-6bp in length were located within 14bp and, as a result of the mutation, a 

replica of this sequence was produced (Figure 3.47). Only one point mutation was 

identified in normal cells from Rb patients (table 3.3) and this was identical to the 

mutation in tumour GOS 159 which contains a 3bp quasi repeat nearby.
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Exon Tumour

I GOS 19 GCC GCT

I “

T
10 GCS 559 M A C  GATACGAAAT

T

10 GCS 563 M G A M T T T A T C T T M M A T A M

t  -------------
T

I I  GCS 159 A C G M A M G TM CCTTG A TG

I —

T

17 GCS 563 M TGATM M CATTTAGAACGAT

t
T

17 GCS 561 T G M C A T C G M

—  t
T

12 G CS 559 ATTCAGCM GTGATCM

I
T

14 GOS 159 TATTACt
Figure 3.47 Quasi repeats located within 14 bp of 8 point mutations are shown. 

The length of the repeat (underlined) is between 3-6 bp and, in all cases, the 

mutation produces a replica of the repeat sequence.
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3.5 OPTIMISATION OF SSCP CONDITIONS.

SSCP had not been widely explored by late 1990 and the conditions of analysis 

had not been extensively studied. It was imperative, therefore, that conditions were 

sought to create a technique with maximum sensitivity which would be suitable for the 

detection of any mutation within the RBI gene. Optimisation of the SSCP technique 

was constantly assessed, therefore, during the mutation screening process.

3.5.1 Optimisation of electrophoretic conditions.

In order to optimise conditions for SSCP, a number of mutations first had to be 

identified. SSCP analysis was used to detect mutations in tumour DNA and lymphocyte 

DNA from Rb patients (see figure 3.48, table 3.3 and 3.6) using the conditions 

described by Orita et al (1989b) . Since Orita et al (1989b) originally established the 

conditions to detect mutations in specific regions of the ras gene, they may not have 

been expected to be optimal for the analysis of RBI.

Several mutations, however, were detected in Rb tumour DNA which could 

now be used to optimise the SSCP conditions. Detecting larger deletions was relatively 

straightforward as large bandshifts were usually seen on the SSCP gels. For example, 

when exon 13 from tumour GOS 13 was amplified using primers 5528 and 5529 

framing a 570bp sequence, the SS DNA molecules migrated faster compared to four 

other tumours analysed at the same time (figure 3.25). When the 570bp fragment was 

digested with Eco Rl two DNA molecules, 345bp and 225bp long, were generated. 

Both the DS DNA and SS DNA corresponding to the 345bp fragment migrated faster in 

the gel (figure 3.25). Unlike the 4bp deletion in tumour GOS 561, described in section 

3.3.2, in GOS 13 the normal SS DNA and DS DNA 345bp products from exon 13 were 

not present suggesting the deletion was homozygous in this case. When exon 13 from 

tumour GOS 13 was sequenced, a 22bp, homozygous deletion was found in that portion 

of the exon corresponding to the 345bp Eco Rl digestion product. The deletions from 

tumours GOS 13 and GOS 561, as well as a 4bp deletion detected in exon 24 from 

tumour 551, were used in the optimisation studies (table 3.6).
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Unlike deletions, the bandshifts observed on SSCP gels corresponding to single 

base pair changes were very small. For this reason, the C->T transition (figure 3.48; 

table 3.3) detected in exon 14 from patient GOS 636 (mutant 636) from family RBF 25 

and a T->G transversion (figure 3.48; table 3.6) in tumour GOS 109 (mutant 109) were 

used for optimisation of SSCP. Each had previously produced very subtle bandshifts on 

SSCP gels, particularly mutant 636 (figure 3.48). A number of parameters were 

assessed for their ability to produce more distinct changes in the positions of SS DNA 

on SSCP gels using mutant 636 and mutant 109 and the three deletions detected in 

tumours GOS 13, GOS 551 and GOS 561 (table 3.6).

Electrophoretic conditions influencing the migration of SS DNA with different 

conformations would be expected to include; concentration of dénaturant, gel porosity 

and temperature. The presence of a strong dénaturant in the gel would be expected to 

interfere with SSCP analysis by reducing the folded conformation of the SS DNA 

molecule. However, by analogy with DGGE, where branching of the DS DNA is 

thought to produce a marked change in migration within the gel, a mutant SS DNA with 

a less compact conformation may be more likely to migrate differently from the normal 

SS DNA. Glycerol had been included in SSCP gels because it was thought to act as a 

mild dénaturant, thus ensuring that the DNA molecules retained some of their 

secondary and tertiary conformation but still showed sequence-specific differences in 

migration. Because glycerol might be expected to have a marked effect on the 

conformation of SS DNA, a range of concentrations were explored throughout the 

optimisation studies.

The bis-acrylamide:acrylamide ratio would also be expected to affect the 

migration of DNA within gels by altering the amount of cross linking and, therefore, 

the porosity of the gel. Decreasing the ratio of bis-acrylamide:acrylamide from 1:20 to 

1:100 was reported to increase the separation of mutant and normal DNA (K. Hiyashi, 

personal communication). Using the conditions described by Orita et al (1989b) the 

following parameters were investigated. Firstly, the effect of gel porosity and 

concentration of dénaturant was explored at 22°C (figure 3.48). PCR products were
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analysed on gels run at 30W containing a bisiacylamide ratio of 1:20 or 1:100 and 

glycerol concentrations of 0, 5 or 10% (figure 3.48). The effects of these conditions are 

only shown for the two point mutations used in this study because altering the gel 

porosity or glycerol made no difference to the bandshifts created as a result of the 

deletions. Electrophoresis was conducted until the xylene cyanol dye front was 2/3 of 

the way through the gel. The inclusion of glycerol retarded the movement of both the 

dye front and the DS DNA. Consequently, the relative distance between the DS DNA 

and the SS DNA generally decreased as the concentration of glycerol was increased 

(figure 3.48). The results were not dramatically different when 1:20 (figure 3.48 a-c) or 

1:100 (bis:acrylamide) gels (figure 3.48d) were used. The DS DNA migrated faster in 

1:1(X) (bis:acrylamide) gels but the separation of single-stranded DNA was similar 

(figure 3.48). Only the 1:100 (bis:aerylamide) gel containing 10% glycerol is shown but 

when the glycerol concentration was decreased to 0 or 5% the results were similar to 

those seen using 1:20 gels (figures 3.48a and b).

Of the two exon 14 point mutations, mutant 636 was more sensitive to 

variations in the electrophoretic conditions than mutant 109. In 1:20 (bis:acrylamide) 

gels, normal DNA from exon 14 resolved into 4 bands but only 3 bands were observed 

in 1:1(X) gels (figure 3.48, compare a-c with d). Mutant 109 DNA resolved into 4 bands 

on both gels. In addition, the number of aberrant bands migrating differently when 

mutant 109 DNA was compared to normal DNA increased as the concentration of 

glycerol was increased (figure 3.48 a to c). Changes in the mobility of mutant 636 DNA 

were only very subtle and could just be discerned in gels containing 10% glycerol 

(figure 3.48c).
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Figure 3.48 In order to study the effect of glycerol and gel porosity on SSCP, exon 14 

was amplified from DNA from a normal individual (N), patient GOS 636 containing a 

C->T mutation and tumour GOS 109 containing a T->G mutation and electrophoresed 

on 1:20 (bisracrylamide) SSCP gels (a-c) containing (a) 0%, (b) 5% (c) 10% glycerol 

or (d) a 1:100 (bis : acrylamide) SSCP gel containing 10% glycerol at 4°C. In all cases 

the double stranded DNA (DS) is indicated (open arrows). In (a), the C->T mutation 

cannot be seen but two of the bands in the DNA containing the T->G mutation show a 

slight downward shift (closed arrows). Adding 5% glycerol to the gel (b) enhances the 

shift seen for the T->G mutation but the C->T mutation is still not seen. Adding 10% 

glycerol to the gel (c) enables the C->T mutation to be discerned but the downward 

shifts in the two bands (arrows at left) are only slight. The number of bands showing 

shifts in the DNA containing the T->G mutation is further enhanced in gels containing 

10% glycerol. In a 1:100 (bis:acrylamide) gel (d), there is only a slight upward shift in 

one of the bands in the DNA containing the C->T mutation (arrow at left). In contrast, 

the T->G mutation can easily be seen.
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Gels containing 10% glycerol and 1:20 (bis : acrylamide) produced the best 

results (figure 3.48c) but required a 6 hour running time compared to gels without 

glycerol which required only 4.5 hours. In an attempt to speed up the analysis, gels 

were electrophoresed at 60W (figure 3.49a) instead of 30W. Using this power there was 

complete ablation of the bandshifts observed for mutant 636 and the magnitude of the 

bandshift observed for mutant 109 DNA was also reduced (figure 3.49a). The DNA 

containing the 4bp deletion in exon 4 from tumour GOS 561 still migrated differently to 

normal DNA at either 30W or 60W (figure 3.19, compare a and b). In fact, the 4bp 

deletions in tumours GOS 551 and GOS 561 and the 22bp deletion in tumour GOS 13 

were detected consistently using any of the conditions described. The reduced ability to 

detect point mutations was presumed to be due to the increase in the temperature of the 

gels when they are run at 60W compared with those run at 30W, despite the ambient 

temperature remaining at 22“C. This suggested that the SS DNA conformations might 

be better preserved at lower temperatures. To explore this possibility the mutations 

which had been used for the optimisation experiments described above, were compared 

with normal DNA on 1:20 gels containing 0, 5 or 10% glycerol and run at 4"C. DNA 

from individuals homozygous or heterozygous for the Rbl.3 polymorphism (section

3.2.5) were also included (not shown). At 4°C, the DNA fragments moved much slower 

through the gel than at 22“C. At first, gels were run overnight at lOW but the resultant 

bands on the autoradiograph were very diffuse (figure 3.49b). This would clearly make 

interpretation of gels difficult because closely migrating DNA would not be resolved. 

At 30W, bands were sharper but, in order for the xylene cyanol dye front to traverse 2/3 

of a gel, 7.5 hours was required when the gels contained 5% glycerol and 8 hours was 

needed if the gels contained 10% glycerol. At 60W, gels containing 10% glycerol 

required only 5^/2 - 6 hours running time. In order to assess the sensitivity of 

electrophoresis at 4”C using varying power, gels run at 30W or 60W were compared 

(figure 3.50 a-c and e-f). In gels containing 10% glycerol, run at 30W at 22°C (figure 

3.48c), mutant 636 had migrated close to the normal DNA so that the bands appeared 

only slightly thickened (figure 3.48c). The results were similar when gels were run with
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no glycerol at 4“C (figures 3.50a and d). In contrast, in gels containing 5% or 10% 

glycerol (figure 3.50b ,c ,e and f), distinct bands were generated for mutant 636 at 4“C 

although the inclusion of 10% glycerol in the gel gave better results (figure 3.50f). The 

addition of glycerol, and analysing the gel at 4°C, therefore, improved the separation of 

mutant and normal DNA. Analysis at 4°C generally appeared to preserve more SS DNA 

conformations judging by the number of bands on gels. At 22“C, the maximum number 

of aberrant single stranded conformations seen in mutant 636 DNA was 2 whereas at 

4“C, 4-5 were seen (compare figure 3.48c to figure 3.50e and 3.50f). There were also 

more aberrantly migrating bands in mutant 109 DNA at 4°C compared to 22“C but the 

difference was not as marked as for mutant 636 (compare figure 3.48 and figure 3.50). 

When individuals heterozygous (GA) or homozygous (GO) for the Rb 1.3 

polymorphism were analysed on SSCP gels at 22°C, no differences were detected. At 

4“C, however, they could be distinguished. A combination of sharper bands and clearer 

bandshifts which were associated with mutations as well as a shorter duration of 

electrophoresis at 4“C using 60W, made these the conditions of choice. Consequently, 

all SSCP analysis now uses the following conditions; 6% polyacrylamide (1:20 

bisiacrylamide) gels containing 10% glycerol, electrophoresed at 60 W at 4“C for 6 

hours (Figure 3.50f).

Using the optimised conditions, and generating fragments <250bp with 

restriction enzymes, an additional mutation was detected in one of the tumours 

previously analysed by multiplex SSCP (section 3.3.3). This was a TT->C mutation in 

exon 4 of tumour GOS 537 (see table 3.6). In addition, the C->T mutation in exon 10 

from tumour GOS 559, which had not been detected at 22°C, was detected at 4“C.
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Figure 3.49 The C->T mutation in patient GOS 636 and the T->G mutation from 

tumour GOS 109 were electrophoresed either (a) at 22%  and 60W for 4 hours, or (b) 

at 4%  overnight at lOW. Bandshifts (arrows at right) were clearly seen in DNA from
' - ' S

GOS 109 at 60 W but there was no apparent difference in the migration of the DNA 

from GOS 63,6 when compared to normal DNA (N). (b) In contrast, when these same
* ■ y «

DNA* samples were electrophoresed overnight at 10 W and 4% , bandshifts were 

clearlyseen in GOS 636 (arrows at left) and GOS 109 (arrows at right). Because of 

the low voltage and time taken to run the gel, however, the signal was very diffuse.
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Figure 3.50 Detection of point mutations at 4“C with SSCP. Exon 14 from normal 

DNA (N), patient GOS 636 and tumour GOS 109 was amplified and analysed in SSCP 

gels at 4°C containing (a,d) 0%, (b,e) 5% or (c,f) 10% glycerol. Electrophoresis was 

carried out at 30W (a-c) or 60W (d-f) In gels with 0% glycerol, no differences in the 

positions of the bands were observed in the DNA from patient GOS 636 compared with 

normal DNA (N). However, several aberrantly migrating DNA molecules were 

observed in the DNA from tumour GOS 109 (arrows at right). In gels containing 5% (b 

and e) or 10% (c and f) glycerol the resolution of mutant DNA molecules in patient 

GOS 636 was significantly improved (arrows at left). Several distinct bands were seen 

(arrows at left). The magnitude of the differences between the aberrant bands using 

DNA from tumour GOS 109 compared to normal DNA (N) also improved in gels 

containing 5% or 10% glycerol. Bands were sharper when gels were electrophoresed 

using 60W of power (d,e,f) compared with 30 W (a,b,c) and the mutant DNA molecules 

with the C->T or T->G mutations retained their ability to form single stranded 

molecules with unique migratory properties in gels containing 5 or 10% glycerol 

(b,c,e,f).
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Figure 3.50
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3.5.2 Using biotin primers for SSCP and Sequencing.

The application of the magnetic bead system to sequencing required biotin 

labelled primers. Clearly it would be more efficient if the same biotin primers could be 

also be used for SSCP. Because biotin is a relatively large molecule, however, it might 

possibly interfere with the formation of unique single-stranded DNA structures or 

change their migratory properties in SSCP gels. To investigate the effect of using 

biotin-labelled primers in the SSCP analysis exon 14 was amplified from patient GOS 

636 and tumour GOS 109 both of which contain point mutations (see figures 3.24, 3.48 

and tables 3.3 and 3.6). These samples were compared to DNA carrying a normal exon 

14 sequence. Biotin labelled primers 13679 and 13680 were both used in combination 

with their non-biotinylated counterparts to generate a 212bp fragment. The effects on 

the mobility of DNA fragments in an SSCP gel, with or without a biotin molecule 

attached, is shown in figure 3.51. Aberrantly migrating DNA was demonstrated in 

tumour GOS 109 and patient GOS 636 despite the presence of the biotin molecule on 

either the 5’ or 3‘ primer (figure 3.51). The different banding patterns generated using 

the biotinylated primers, however, are complex but differences in the banding pattern in 

the two samples containing point mutations are clearly evident Generally, the biotin 

label retarded the mobility of the DNA relative to the non-biotinylated primer (figure

3.51). There are bands, however, which clearly do not conform to this rule (figure

3.51). The reasons for this are unclear but may be due to the formation of complex 

heteroduplex structures between the mutant and normal DNA strands. The conclusion 

was that biotin-labelled primers can be used for SSCP and sequencing, which is more 

cost effective.
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Primers Non-biotin 5' biotin 3' biotin
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Figure 3.51 Comparison of biotinylated and non-biotinylated DNA for SSCP 
analysis. To investigate whether using biotinylated primers in SSCP analysis affected 
the ability to detect point mutations, exon 14 from patient GOS 636, tumour GOS 
109 and normal DNA (N) was amplified using primers 13679 and 13680. (a) When 
both primers were non-biotinylated, several aberrant bands are seen in the mutant 
DNA. In (b), the 5' primer, 13680, was biotinylated and several of the bands are 
retarded in all of the samples. The mutant DNA samples, however, still show striking 
differences in migration. In (c), the 3' PCR primer 13679 was biotinylated. Since the 
complementary strand is now biotinylated, different bands are retarded compared to 
(a) but'the aberrant bands in the mutant DNA samples are still evident.
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3.6 THE DETECTION OF RBI POLYMORPHISMS BY SSCP.

During the analysis of individual exons using SSCP, occasionally the same 

abnormal band pattern was seen in several samples. On closer analysis it appeared that 

there were usually three different patterns. The fact that one of these abnormal patterns 

was a mixture of the other two was consistent with this abnormality being due to a 

polymorphism. It was important to establish that these were polymorphisms since 

sequencing is a time consuming process and an appreciation of their location and 

appearance could save undue effort. Some of the individual cases are described below.

3.6.1 Detection of the Rb 1.26 polymorphism.

When exon 26 was amplified using primers 9992 and 17250, a 394bp fragment 

is produced and, when digested with Rsa I, produces fragments 142 and 252bp long. 

SSCP analysis of tumour DNA showed a potential polymorphism. Yandell and Dryja 

(1989) had detected a single base pair polymorphism in intron 25 by direct sequencing 

which was located lObp from the 5’ end of exon 26. A T  or A ’ is present at that 

position. The abnormal bands in this study were derived from the smaller, 142bp, Rsa 

1 fragment migrating to the lower part of the gel (figure 3.52). An example of each of 

the three variants was seen in tumours GOS 13, GOS 561 and GOS 170 and these were 

sequenced (figure 3.53) and, as it turned out, the tumours varied in sequence at the site 

reported by Yandell and Dryja (1989). Tumour GOS 13 was homozygous/hemizygous 

at this locus and carried only the "A" allele, tumour GOS 561 was heterozygous 

carrying both the "T" and "A" alleles and tumour GOS 170 only carried the "T" allele. 

This was consistent with the SSCP gel where the AA and TT genotypes showed unique 

bands and the heterozygote was a combination of these (figure 3.52). In the analysis of 

this same exon another variant band was present in the upper part of the SSCP gel 

(figure 3.52). This band was absent from tumours GOS 109, 551 and 559 but present in 

all the other tumours. It was thought unlikely to represent a common mutation because 

two mutations had already been identified in exons 10 and 12 in tumour GOS 559 and 

tumour GOS 109 contained a homozygous mutation in exon 14. Furthermore, a 4 bp
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deletion was identified in tumour GOS 551. The frequent occurrence of this variant 

band suggested a polymorphism and is currently being investigated further.

3.6.2 Detection of the Rb 1.3 polymorphism.

Whilst the presence of polymorphisms can be annoying when looking for 

mutations they can also be useful for linkage analysis. In fact, the polymorphic SSCP 

profile resulting from a single base pair polymorphism might be sufficient for this type 

of analysis by itself. To test this, the Rb 1.3 polymorphism was analysed in family RBF 

22 (figure 3.54) and from individuals 1.1 and II.2 from family RBF 64 (see figure 3.22 

for pedigrees). Individual 1.1 from family RBF 64 was heterozygous at the Rb 1.3 locus 

and individual II.2 was homozygous for the "A" allele. Single strands containing either 

the A or 0  alleles were not resolved when DNA was amplified with primers 8201 and 

8202 and digested with Alu 1, giving 243 and 234 bp fragments, the latter of which 

contained the Rb 1.3 locus (not shown). Another primer (17252 5' 

TTGACCTAGATGAGATGTCGTTCAC 3') was designed from within exon 3 to 

amplify a 200bp sequence to improve resolution of Rb 1.3. Using these primers, better 

resolution was obtained and all three banding patterns could be seen (figure 3.54a). 

Primer 17252, however, is located within exon 3 and was not suitable for detecting 

mutations within the whole exon. Since most of the mutations were located in splice 

sites or exons, another primer (13773) (table 3.5) which was closer to exon 3 than 8201 

had been designed for the analysis of mutations. When primer 13773 was used with 

primer 8202 (table 3.5) to study exon 3 from tumour DNA, the bandshifts observed due 

to the Rb 1.3 polymorphism were greatly enhanced (figure 3.54c). Exon 3 was 

amplified using primers 8202 and 13773, which frame a 408bp sequence and, when 

digested with Hinf 1, generates a 223bp fragment containing the Rb 1.3 polymorphism 

and a 185bp fragment. When analysed at 4°C three very clearly defined patterns (figure 

3.54c) were observed and an example of each was sequenced. Tumour GOS 109 carried 

only the "G” allele, tumour GOS 19 carried only the "A” allele and tumour GOS 561 

was heterozygous for Rb 1.3 (figure 3.54c). This result suggested that the sensitivity of
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SSCP was sometimes determined by the structure of the single strand rather than its 

size because for family RBF 22 and RBF 64, the different Rb 1.3 alleles (figure 3.54b) 

did not generate such large bandshifts using the smaller 200 bp sequence.

Abnormal banding patterns, consistent with their being polymorphisms, were 

also noted when exons 22, 18 and 15/16 were analysed using SSCP (see appendix 1). 

The exons, and most of the flanking intron from some of these variants, were sequenced 

but no mutations or polymorphisms were detected. It is possible, however, that 

polymorphisms are located in the very distal flanking intron sequence. Polymorphisms 

have not been described previously in these regions. A pattern typical of a 

polymorphism in exon 22 (and flanking introns) was of particular note. The larger of 

the two Bel I products from the fragment amplified with primers 9434 and 9433 (table

3.5) generated several minor products in the lane containing DS DNA which were not 

observed on agarose gels. This suggested that there were DS DNA fragments of 

different sizes which could be resolved only on polyacrylamide gels. The larger Bel I 

fragment contained 193bp of intron 21 sequence and only 17bp of exon sequence. Since 

two mutations had already been identified in many of the tumour samples, the aberrant 

DNA fragments were considered unlikely to represent a common mutation. On 

inspection of the sequence from which the aberrant bands arose, an unusual tract of 24 

thymidine nucleotides was noted which finished 15 bp 5' of the start of exon 22. The 

presence of a polymorphism in such a highly repetitive sequence is highly likely and is 

being investigated further although it is unclear whether this reiterated sequence 

somehow contributes to the unusual SSCP banding pattern.
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Figure 3.52 Detection of the Rb 1.26 polymorphism using SSCP. Exon 26 was 

amplified from a variety of tumours using primers 17250 (biotinylated) and primer 

9992 and electrophoresed on an SSCP gel. When digested with Rsa 1, DNA fragments 

142 bp and 252 bp long are produced. The 142 bp fragment contains the Rb 1.26 

polymorphism. The position of the double stranded DNA (DS) from each Rsa 1 

digestion product is shown in the undenatured (U) sample. Three different banding 

profiles were observed for the single stranded DNA migrating in the lower part of the 

gel near the 142 bp DS DNA. These are described as 1, 2 or 3. Examples of each were 

sequenced from tumours GOS 13, 561 and 170. A different variant band was seen in 

the upper part of the gel near the 252 bp DS fragment (*) but was not investigated 

further.
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Figure 3.52
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Figure 3.53 Sequence analysis of exon 26. DNA from tumours GOS 561, 170 and 
13 was amplified using primer 17251 (biotinylated) and 9993. The sense strand, 
sequenced using an internal primer (17250), is shown. The position of the Rb 1.26 
polymorphic site is indicated (arrows). Tumour GOS 561 is heterozygous "AT", GOS 
170 is homozygous "TT" and GOS 13 is homozygous "AA".
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Figure 3.54 Analysis of the Rb 1.3 polymorphism using SSCP. The pedigree for 

family RBF 22 is shown in (a). DNA was amplified from members of this family using 

primers 17252 (biotinylated) and 13773 which frame a 200 bp sequence and, on SSCP 

gels (b), were shown to be either homozygous (GG) or heterozygous (GA) at the Rb 1.3 

locus. To illustrate the banding pattern in an AA homozygote, two members of family 

RBF 64 (pedigree shown in figure 3.22) are included. Only very slight variations in the 

position of bands representing SS DNA (bracketed) and DS DNA (arrow) are evident in 

individuals homozygous or heterozygous at the Rb 1.3 locus. Depending on the 

genotype of the patient, SS DNA migrates to three different positions, labelled 1,2 or 3. 

In GA heterozygotes, DNA at position 2 is most intense and faint bands are present at 

positions 1 and 3. In GG homozygotes, DNA migrating to position 2 is intense and a 

fainter band is present at position 3. In the AA homozygote, DNA at position 1 is most 

intense and a fainter band at position 2 is also present. The DS DNA of GA 

heterozygotes migrates as a doublet which may represent heteroduplex formation. In 

homozygotes, DS DNA migrates as a single band. In (c) the results of this analysis 

using DNA from 10 different Rb tumours is shown. The use of different primers 

improved the resolution of the Rb 1.3 alleles. Primers 8202 (biotinylated) and 13773 

amplify a 408bp sequence. When digested with Hinf 1, two fragments, 223bp and 

185bp long are produced. The Rb 1.3 polymorphism is located in the 223bp fragment 

which is positioned in the upper part of the gel. Three different banding profiles were 

clearly distinguished on the SSCP gel for DNA migrating in two different clusters of 

bands (Cl and C2). At C l, an upper and a lower band were observed. At C2, 3 bands 

were seen. An example of each of the 3 banding profiles was sequenced. In tumour 

GOS 19, only the "A" allele was present. In this DNA the upper band was present at Cl 

and the lowest of the 3 bands was present at C2. Tumour GOS 109, carried only the "G" 

allele. In this DNA, the lower band was seen at C l and the middle band was seen at C2. 

In tumour GOS 561, both the upper and lower bands were seen at Cl and all 3 bands 

were present at C2. This DNA was heterozygous "GA".
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Figure 3.54
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During routine sequencing of the exon-intron regions of the RBI gene 

throughout this study, several discrepancies to the sequence published by McGee et al 

(1989) were noted (table 3.8). These changes have been confirmed by others (Z. 

Onadim PhD thesis; D. Yandell, personal communication), and are not mutations or 

polymorphisms but it is important to record these for the benefit of future studies.

As a cautionary final note, occasionally bandshifts were observed on SSCP gels 

but no mutation was detected by sequencing. Why this should happen is not clear. 

Despite this a reproducible bandshift signified the presence of a mutation or 

polymorphism in over 90% of cases.
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Table 3.8 Sequence discrepancies in the RB 1 gene.

Exon Location Published sequence Correct sequence

14 17 bp from exon in 3' intron AATAATAAAA AATATAAAA

14 47 bp from exon in 3' intron GGCTCACGCC GGCTGCACGCC

14 32 bp from exon in 3' intron AAATTTCAMC AAATTTCAÜC

13 158 bp from exon in 3' intron ATGGGAACTT ATGGGIAACTT

13 181 bp from exon in 5' intron g c t c g a t t GCTCATT

20 78 bp from exon in 5' intron AATTAGIGIAA AATTAGAGCAA

26 23 bp from exon in 3' intron TTGTGTAAACG TTGTGTAAAIG

N = unknown nucleotide

293



DISCUSSION

294



4.0 DISCUSSION.

A major factor contributing to our understanding of genetic disease is the 

precise characterisation of mutations. The technical difficulties imposed by the need to 

clone and select for specific regions of the genome before analysis has been overcome 

with the development of the PCR protocol. The introduction of several novel and 

sensitive methods for mutation detection has also led to progress in the field of 

mutational epidemiology. The application of these recent developments to the 

identification of mutations in the RBI gene has been the basis of this thesis. The 

molecular genetic changes occurring in the malignant cell are now being uncovered and 

we are now in a position to discover the alterations in genes which give rise to the 

malignant phenotype. This approach not only has implications for diagnosis but also 

provides information about protein dysfunction and the mechanisms of gene mutation.

4.1 OPTIMISATION OF A PCR-BASED SCREENING METHOD FOR 

MUTATIONS.

4.1.1 PCR Amplification.

The first aim of this study was to develop a PCR-based method for detecting 

mutations in the RBI gene. By avoiding cloning steps (eg. into M l3) large numbers of 

samples could be analysed quickly even for a gene with the size and complexity of 

RBI. This approach required a set of oligonucleotide primers and optimal conditions 

which would accurately amplify the coding regions of RBI and parts of the gene 

important for transcriptional regulation and post-transcriptional processing. During the 

preparation of these primers many considerations were taken into account. Generally, 

the annealing temperature was the most important determinant of PCR specificity. At 

first, the annealing temperature of all primer pairs was determined empirically by 

raising the temperature until "background" amplification was eliminated. The annealing
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temperature determined in this way correlated most closely with the melting 

temperature predicted by the equation Tm(“C) = 69.3 + 0.45 x %G+C - 500/L (where 

L=length of oligonucleotide) (Meinkoth and Wahl, 1984). This formula accurately 

predicted the annealing temperature except when DMSO was required in the reaction, 

such as for exon 1, in which case the annealing temperature was lowered significantly.

Raising the annealing temperature usually resulted in a single, specific PCR 

product. There were certain features of the DNA sequence, however, which had a 

significant influence on the specificity of PCR amplification. For example, the RB 1 

gene has a CpG island immediately 5' to the first exon which is characteristic of 

housekeeping genes (Ford et al, 1990) and the GC nucleotide-rich region extends to the 

3’ end of exon 1 (McGee et al, 1989, T'Ang et al, 1989). GC rich regions, in fact, are 

characteristic of transcriptional regulatory regions at the 5’ ends of genes. Such GC rich 

regions are notorious for forming secondary structure within single-stranded DNA 

which tends to impede the progression of the polymerase along the DNA. 

Consequently, they usually create problems in PCR amplification and sequencing. 

Amplification of the GC-rich regions at the 5' end of RBI, including the promoter and 

exon 1, resulted in background amplification products. DMSO, however, reduces 

secondary structure formation in single stranded DNA molecules and problems in RBI 

were eliminated by the addition of DMSO to the reaction (Winship, 1989). If DMSO 

prevents secondary structure, it might be expected to hinder the detection of mutations 

using SSCP which relies on the conformation of a single-stranded DNA molecule. In 

fact, this study shows that the presence of DMSO did not prevent the identification of a 

C->T mutation in exon 1 from tumour GOS 19 (table 3.6; figure 3.36) so presumably 

does not interfere with mutation induced conformational changes.

The presence of Alu sequences can also have a profound effect on the 

specificity of PCR. The Alu family of DNA sequences are short interspersed repeated 

sequences which occur 1 million times per human haploid genome (Hwu et al, 1986). 

The entire Alu consensus sequence is 300bp long, consisting of two directly repeating 

monomers connected by an A-rich region and flanked on the 3' side by another A-rich
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region (reviewed in Kariya et al, 1987). When designing PCR primers it was necessary 

to avoid the two highly conserved motifs (figures 3.5c and 3.6), both of which occur 

twice in the Alu consensus sequence, otherwise spurious amplification products would 

occur (figure 3.5). Sometimes, however, even when primers were located in sequences 

homologous to the less highly conserved regions of the Alu consensus sequence, eg. 

primer 8199, 9989 and 11292 (figure 3.6), "spurious” PCR products were also 

observed. A comparison of the homology between these primers and those amplifying a 

single product indicated that primers with <75% homology to the Alu consensus 

sequence generated a specific product and those with >80% homology amplified 

spurious products. The probability that Alu sequences will occur within the introns of 

any gene is high, since they are located with an average spacing of 4 kb throughout the 

human genome (Hwu et al, 1986). Although Alu sequences flank 5 of the RBI exons, 

the results described here suggest it is possible to design effective primers from those 

intron regions if homology is kept below 75% and the highly conserved regions are 

avoided. Primers with Alu homology will, in general, produce a smear on the gel but in 

some cases, discrete, non-specific amplification products were seen. This was the case 

for primers flanking exons 4 and 5 (figure 3.4) which presumably indicates that these 

regions possess some homology with other regions in the genome which are not part of 

the highly repeated sequences. Redesigning the primers from a nearby location, 

however, successfully led to the amplification of a single product (figure 3.4c, 3.5d).

Eventually, optimal conditions were established which allowed the 

amplification of all regions of the RB 1 gene from all tumour samples and the majority 

of blood samples. A number of blood samples, however, still proved refractory to 

amplification. When DNA from these blood samples was diluted 40-50 fold, a PCR 

product was then produced (figure 3.7a) suggesting that a blood-specific inhibitor of the 

PCR may be present which was less active at low concentrations. This inhibitor was 

clearly not thermolabile because a 15 minute dénaturation step at 96°C, prior to PCR 

cycling, did not inactivate it. The specific nature of the inhibitor was unknown but iron 

released from the breakdown of haemoglobin may have been responsible (R. Saiki,
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Cetus Corp, personal communication). Amplification of DNA from several blood 

samples showed that, when it was diluted more than 40-50 fold, the quantity of the PCR 

product was reduced. Presumably this may reflect the reduction in the amount of 

template available for amplification. The exact dilution at which this reduction occurs 

may depend upon the white blood cell (WBC) count.

To overcome the inconvenience of having to dilute each blood sample to an 

optimal level to allow amplification, a more rapid method of amplifying this DNA was 

successfully applied to a range of Rb patients and normal individuals. This method does 

not require any separation of the WBCs or extraction of the DNA prior to amplification 

and was based on a number of rapid heating and cooling steps to lyse the cells which 

released the DNA. Serial dilution of whole blood showed that amplification peaked 

when a starting volume of 2pl of blood was used (figure 3.7b). This was also suggestive 

of the presence of an inhibitor of amplification. Although samples with abnormal WBC 

counts may alter the dilution required, this volume generally proved adequate during 

this study. Clearly a more thorough investigation of this approach would assist in the 

cheaper and more rapid analysis of patient material in the future.

For the first time, optimal conditions and suitable primers have now been 

established which allow specific PCR products to be generated for all 27 exons, the 

promoter region and the poly-A signal sequence of the RBI gene. Strategies for 

successful amplification of these regions from both tumour and blood samples have 

also been described now making it possible to produce large quantities of a specific 

region of RBI for further analysis.

4.1.2 Development of a technique for sequencing directly from PCR products.

The precise characterisation of mutations in the RBI gene required a fast, 

efficient and consistent sequencing strategy. Although cloning the PCR products was 

possible, the size and complexity of the RB 1 gene, and the large number of samples 

awaiting analysis, meant that this would not be the best approach for a diagnostic 

mutation screening programme. At the beginning of this thesis, a number of techniques
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for direct sequencing of PCR products had been reported (Engelke et al, 1988, 

Gyllensten and Erlich, 1988, Higuchi and Ochman, 1989, Innis et al, 1988, McMahon 

et al, 1987, Stoflet et al, 1988, Wong et al, 1987) but the difficulties in obtaining 

reproducible results from this direct sequencing approach was well recognised 

(Gyllensten, 1989). During the establishment of a reliable direct sequencing strategy in 

our laboratory, several methods were tried before a reproducible technique was found 

which was capable of processing large numbers of samples. One of the most important 

hurdles to be overcome was to remove the excess dNTPs and primers present in the 

PCR reaction which would otherwise interfere with sequencing. When this project was 

initiated, techniques for the removal of excess dNTPs and primers included separation 

of the DNA on polyacrylamide gels (McMahon et al, 1987) and purification of the 

DNA through spin dialysis filters (Wong et al, 1987). Separation on polyacrylamide 

gels is time consuming, especially for large numbers of samples and experience with 

spin dialysis in our laboratory at that time had suggested that this did not give adequate 

results. A number of other techniques for purification of PCR templates prior to 

sequencing, therefore, were explored. These included "genecleaning", Sephadex G-50 

"spin" columns, PrimeErase columns and phenol/chloroform extraction followed by 

ethanol or isopropanol precipitation. Sephadex G-50 columns and phenol/chloroform 

extraction followed by isopropanol/ethanol precipitation both gave good yields of PCR 

products and were the most cost-effective approaches.

The second obstacle was to generate sufficient SS templates for sequencing. 

Boiling the template in the presence of DMSO to denature the DS DNA (Winship, 

1989) was not sufficient to give a good, reliable sequencing ladder. To improve the 

intensity of the sequencing ladder, ^^P end-labelled primers were tried (McMahon et al, 

1987) which also allowed the sequence close to the sequencing primer to be read. End- 

labelled primers, however, proved unacceptable in this study because of the "primer- 

dimer" artifact and the diffuse signal produced from ^^P emission. The cause of the 

primer-dimer artifact was not clear, since the primers had no appreciable self

complementarity. Furthermore, the "dimer" bands were present prior to the sequencing
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reaction. To try and increase the intensity of the sequencing ladder, the linear PCR 

(LPCR) sequencing method (Murray, 1989) was employed which allowed repeated 

extensions of the same sequencing primer in successive "cycles" of DNA 

polymerisation. Taq polymerase was used in LPCR rather than T7 polymerase and, 

since the enzyme was stable at a higher temperature, a reduction both in primer 

interactions and any secondary structure in the template resulted in less intense "dimer" 

bands. The frequent dénaturation of the DNA also increased the strength of the 

sequencing ladder presumably by reducing the reannealing of the DS DNA and 

increasing the efficiency of primer extension.

To improve the clarity of bands, end-labelled primers were used. Primer 

dimer bands still persisted, however. To overcome this, LPCR sequencing products 

were labelled by incorporation of [a-^^S]dATP, instead. The strength of the 

sequencing signal on the autoradiograph was improved using this method and low 

concentrations of dNTPs preserved the sequence close to the primer. When DNA was 

sequenced using the LPCR method, terminations at the same position in all four lanes 

were rare, suggesting that secondary structures were easily resolved. LPCR, however, 

requires large amounts of [a-^^S]dATP and a number of ambiguous bands were often 

present in 2 or 3 lanes. These may have been a consequence of the low concentration of 

dNTPs, which at < 5|xM cause a high background of incorrect termination products 

because of the misincorporation of both dNTPs and ddNTPs by Taq polymerase (Innis 

et al, 1988). Because the enzyme did not have 3' exonuclease activity, which allows 

proofreading, misincorporated bases tended to induce chain termination.

The LPCR had proved to be the most successful sequencing method, so far, in 

terms of signal strength. It was clear that this resulted from the repeated dénaturation of 

the DS DNA giving rise to SS DNA. In view of this, one method of generating SS 

DNA directly based on the asymmetric method of PCR sequencing (Gyllensten and 

Erlich, 1988) was tried. A very clear sequencing ladder was produced using this 

technique and it allowed the characterisation of several mutations predicted by 

bandshifts using SSCP. Unfortunately, the reproducibility of the technique was poor.
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The success of this method is probably dependent on the amount of SS DNA generated 

but this was difficult to quantify. The number of falsely terminated DNA molecules was 

generally high and resulted in many background bands on sequencing gels. Since DS 

DNA was still present in the template, reannealing of complementary strands was 

thought to cause frequent "stoppages” which were seen as bands across all four lanes 

and were attributed to pausing of the polymerase.

In the end, techniques which were able to avoid the reannealing of the template 

DNA were more successful and, therefore, the production of a relatively pure SS 

template appeared to be required. This was made possible by using streptavidin coated 

magnetic "dynal beads". The dynal bead system deals with two main problems of PCR 

sequencing; the removal of excess primers and dNTPs and the production of SS DNA. 

It has the advantage of capturing one of the complementary strands of the DNA by 

virtue of the strong bond formed between streptavidin (on the beads) and the 

biotinylated primer. The magnet provides an efficient way to immobilise this complex 

away from the rest of the reaction. The excess primers are then removed by washing 

and the complementary DNA strand separated by dénaturation with 0.15M NaOH. 

Providing that limiting amounts of primer are present in the PCR reaction, the majority 

of the biotinylated DNA adhering to the beads will be full length PCR product. This 

was ensured by titrating the amount of primer used in the PCR amplification. Another 

advantage of the dynal bead system is that it is very rapid because it does not require 

any other purification of the PCR product prior to sequencing. Consequently, the 

information obtained from direct sequencing was far superior using "dynalbeads" 

compared to any of the other approaches which were tried during this study. 

Sequencing ladders were unambigous, free of background bands and extended from one 

primer to the opposing primer usually without stoppages. The only problem which was 

encountered was that the non-biotinylated strand occasionally did not produce a 

sequencing ladder, probably because the non-biotinylated strand was lost during 

ethanol precipitation. The low concentration of dNTPs used in the labelling step also 

makes this an ideal sequencing method for reading sequence close to the primer
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because many shorter strands will be generated for termination. Sequence up to 350 bp 

away from the primer may be read by reducing the polyacrylamide concentration from 

6% to 4% and electrophoresing for 4 hours. More DNA sequence may be resolved 

using longer electrophoresis times and internal sequencing primers. Taq polymerase is 

usually recommended to resolve GC-rich regions because it works at 72“C and 

secondary structures are lost at this temperature. The Dynalbead method, however, 

proved equally useful for sequencing exon 1 (figure 3.36), which is very GC rich, even 

though Sequenase (USB) operates at 37“C.

The main disadvantage of the biotin system is the requirement for biotinylated 

primers which may prove costly. The asymmetric method was shown to yield results of 

a high quality, which were, however, somewhat dependent on the method of 

purification. In those cases where it is not possible to produce biotinylated primers, a 

viable option may be to optimise the purification procedure for asymmetric sequencing. 

During this study biotinylated primers were available and so there was no need to 

optimise the conditions for asymmetric sequencing. Other laboratories, however, have 

sucessfully optimised asymmetric sequencing and the choice depends on the 

availability of resources.
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4.1.3 Development of a mutation screening method.

Sequencing of PCR products is an accurate but time consuming way to identify 

mutations but is a feasible approach for genes with few exons. This approach would 

also not attract the criticism that a mutation had been overlooked during the pre

screening. Direct sequencing was not a practical way to analyse the 27 exons of the 

RB1 gene, since, when this project was initiated every mutation that had been detected 

was located in a different region of the gene. It would, therefore, have been necessary to 

sequence the entire coding region of RBI for every patient. As a result of these 

difficulties, preliminary experiments were carried out to assess the possibility of pre

screening the RBI gene for mutations.

At the time this work began, a number of screening methods were considered 

which were capable of detecting single base changes, small deletions and insertions in 

DNA. Experiments were carried out to test the use of these methods to detect mutations 

in RBI. The method of RNase protection was not considered because it only detects 

50% of mutations (Myers et al, 1985a, Myers et al, 1988). The chemical cleavage 

mismatch (CCM) method (Cotton et al, 1988, Montandon et al, 1989) was chosen 

because previous studies had demonstrated its ability to screen large fragments and 

determine the approximate location of mutations. When applied to the RB 1 gene we 

encountered a high level of background cleavage and low levels of piperidine cleavage 

at the site of mismatch. These problems have also been reported by others (Theophilus 

et al, 1989). The high background cleavage was observed despite the use of end- 

labelled probes instead of internally labelling the PCR product with [a-^^P]dATP, 

which would have been expected to decrease this anomaly. It was unclear whether the 

signalibackground ratio was suboptimal because of either a low amount of cleaved 

product or high non-specific cleavage, or a combination of both effects. It is unlikely 

that this high background signal was due to non-specific amplification during the PCR 

because gel purification of the unlabelled and labelled PCR products, followed by 

hydroxylamine modification and cleavage, did not eliminate background bands. Self

annealing of the labelled probe is another possible cause of inefficient hybrid formation
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which would lead to a low amount of cleaved product. Ideally, the labellediunlabelled 

probe ratio is 1:10 and a ratio of 20:200ng generates an adequate cleavage signal 

(D.Bentley, personal communication). Reducing the amount of labelled probe relative 

to the unlabelled PCR product, however, did not increase the intensity of cleaved 

product. It seems most likely that inefficient hybrid formation and/or non-specific 

modification and cleavage of the hybrids resulted in a relatively low amount of cleaved 

DNA from the mismatch. To test if hybrids were forming efficiently, two PCR products 

of unequal length, but with a common 5' end and 3' single-stranded overhang, were 

annealed and cleaved by piperidine (figure 3.18). The intensity of cleaved products was 

very low so it was still unclear whether hybrid formation or the modification and 

cleavage reactions were optimal. It can only be concluded, therefore, that a combination 

of non-specific modification and cleavage and inefficient hybrid formation were 

possibly contributing to the high background: signal ratio. CCM is also cumbersome, 

requiring separate hydroxylamine and osmium tetroxide reactions for each sample and 

careful handling of hazardous chemicals. Difficulties with the signahbackground ratio, 

the many steps involved in this procedure and the use of extremely toxic chemicals 

were the principle reasons why another simpler and rapid technique became the method 

of choice.

Preliminary experiments were also carried out during this study to explore the 

use of denaturing gradient gel electorphoresis (DGGE) for mutation pre-screening. 

During these experiments, DGGE proved to be a relatively rapid procedure involving 

minimal manipulation of samples. Ethidium bromide (EB) staining of gels was used 

conventionally for detection of DNA molecules in DGGE gels (Myers et al, 1985c). I 

successfully applied an alternative method based on silver staining (Merril, 1990) 

which avoided the use of EB or radioactivity and is also much more sensitive than EB 

(Beidler et al, 1982). DGGE was used initially in the analysis of the BamHl 

polymorphism which is located in intron 1, 102bp from the 3' end of exon 1 of RBI 

(Bookstein et al, 1990b). An "A” or a "G” is present at the polymorphic site. This 

polymorphic site was amplified from homozygous GG or heterozygous GA individuals.
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When these DNA molecules were electrophoresed in a broad range denaturing gradient 

gel containing 1.4 - 5.6 M urea and 8 - 32% formamide, no differences between the 

migration of the samples could be detected. DGGE relies on the difference in melting 

temperature between DNA molecules. Melting retards their migration in the gel. It was 

quite possible that the fragment which was chosen for analysis contained multiple 

melting domains and that the single base polymorphism was located in one of the 

higher melting regions and therefore complete melting of the normal and mutant DNA 

molecules occurred before any changes in migration could be detected. A primer with a 

GC sequence attached to the 5’ end (GC clamp) was therefore designed which would 

prevent complete melting of the molecule (Myers et al, 1985c, Sheffield et al, 1989). 

However, when the GC-clamped PCR product was anlaysed using DGGE, again, no 

product was seen on the gel. This may have been due to the very high melting 

temperature of the GC-clamped molecule which migrated rapidly through the gel 

without denaturing. Shortening the electrophoresis time allowed visualisation of bands 

on gels but again homozygotes and heterozygotes could not be distinguished. It may 

have been necessary to increase the upper limit of dénaturant in the gel to achieve 

melting, especially since this region of the gene is also very GC rich. These preliminary 

experiments illustrated one of the major problems with the DGGE method. It requires 

considerable pre-analysis of the sequence under investigation either by parallel gels 

(Myers et al, 1987) or by computer programs (Lerman and Silverstein, 1987) before 

optimal conditions can be determined for mutation detection. Parallel gels determine 

the melting properties of the DNA fragment, and, therefore, the concentration of 

dénaturant required in the gel to achieve this. In addition, they allow the optimal 

fragment to be determined which, for DGGE, is one which has a single melting domain 

in addition to the melting domain resulting from the attachment of the GC-clamp to the 

5' primer. A single melting domain ensures maximal separation of normal and mutant 

DNA molecules (Dr E. Abrams, personal communication). For known mutations, the 

optimal time of electrophoresis can also be assessed by staggering the time of loading 

of samples on a gel and looking for the largest difference in the position of mutant and
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normal DNA molecules. For unknown mutations, a trial and error approach is the only 

way to do this. An alternative way to analyse the melting characteristics of any DNA 

fragment is provided by the computer program "Meltmap" (Lerman and Silverstein, 

1987) designed in the laboratory of Professor Lerman (M.I.T., Cambridge Ma. USA). 

This solves the need for analysis of DNA fragments on parallel gels and is also capable 

of determining the optimal time of electrophoresis for any given mutation. For all of the 

27 exons of the RBI gene, analysis by parallel gels, would have been very time 

consuming and even then the time of electrophoresis would not necessarily have been 

optimal. "Meltmap” offered a feasible alternative and we obtained this program from 

Professor Lerman and his colleagues in order to assess its use for the analysis for the 

RBI gene. The "Meltmap" program worked on a personal computer but took several 

hours to analyse a 300bp sequence. To speed up this analysis, the program was 

successsfuUy converted for use on the VAX system at the ICRF but, unfortunately, this 

took a considerable time and, during the process, the single strand conformation 

polymorphism (SSCP) method began to give favourable results. Consequently, DGGE 

was not pursued any further. However, DGGE has several useful features. With the 

help of the "Meltmap" program, conditions could be established so that any mutation 

could be detected, in theory, within a DNA fragment. Once optimal conditions and 

fragments were known, the time for analysis is relatively quick because sample 

preparation is minimal and many samples can be run on one gel. This would, therefore, 

be a useful screening technique if access to the "Meltmap" programme on a VAX 

system had been available at the beginning of the project.

In contrast to the difficulties encountered with other pre-screening methods, 

SSCP (Orita et al, 1989a, Orita et al, 1989b) proved straightforward and simple, 

requiring very few steps between PCR amplification and analysis of the sequence and 

no special equipment. Its sensitivity, however, had not been assessed when this work 

began. Several exons were screened initially in gels containing 10% glycerol at room 

temperature and a constant power of 30W according to the conditions recommended by 

Orita et al (1989b). Both deletions and point mutations were detected. In the early
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stages of development, modifications included (1) a reduction in the amount of the 

unlabelled dCTP by a factor of 10-fold relative to the other deoxynucleotides in order to 

increase the specific activity of the product and (2) the exposure to X-ray films without 

an intensifying screen to achieve a sharper image. Although SSCP proved to be a very 

quick screening method, its speed was enhanced by the simultaneous analysis of up to 3 

fragments differing by 30-40 bp using multiplex SSCP (figure 3.20). SSCP was also 

shown to be most sensitive for fragments less than 250 bp in size but, for most exons, 

primers were separated by 400-500 bp. It was difficult to find appropriate restriction 

enzymes to digest several co-amplified exons for multiplex SSCP so the full length 

fragments were analysed instead . A 4bp deletion in a 488bp fragment was detected in 

tumour GOS 561 using this approach, however (figure 3.20). The drawbacks of 

analysing large fragments became apparent later when another mutation was identified 

in exon 4 from tumour GOS 537 (figure 3.26) following generation of restriction 

enzyme fragments less than 270 bp long. We now know that most of the mutations in 

the RB 1 gene occur in the exons or flanking splice sites so it would be useful to design 

another generation of primers for use in multiplex SSCP because all of the exons of 

RBI are less than 200 bp long. In this way, 4-5 exons from one patient could be 

analysed in one lane on a gel.

4.1.4 O ptim isation of SSCP.

Deletions, insertions and point mutations were all identified on SSCP gels 

containing 10% glycerol and run using 30W of power at 22°C. It was noted, however, 

that point mutations produced very small bandshifts and a number of different 

experimental parameters, therefore, were altered to maximise bandshifts during the 

course of this study. Firstly, the effect of gel porosity and different concentrations of 

dénaturant was explored by comparing 1:20 bis : acrylamide gels with 1:100 bis : 

acrylamide gels at room temperature and conducting each in the presence of 0, 5 or 

10% glycerol. 1:100 gels gave similar results to 1:20 gels in terms of the size of the 

bandshifts between normal and mutant DNA molecules (figure 3.48). In contrast, the
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addition of 5 or 10% glycerol to the gel enhanced the separation of normal and mutant 

DNA significantly but only for DNA containing point mutations (figure 3.48). 

Deletions were far easier to detect since they generated similar bandshifts in gels with 

or without glycerol.

I also found that the power used for electrophoresis had a significant effect on 

the separation of mutant and normal DNA molecules. Again, a reduction in sensitivity 

in gels run using 60W of power compared to 30W was only noted for point mutations 

(figure 3.48a) and not for deletions (figure 3.19) which were always detected. This 

difference in sensitivity was attributed to the increased temperature of the SSCP gel 

when running the gels using a higher power. In order to investigate this, analysis was 

carried out at 4°C. Bandshifts in SS DNA molecules were enhanced significantly by 

reducing the temperature of analysis to 4°C (figure 3.50). Again, the effect of glycerol 

and temperature was more noticeable for DNA containing point mutations as opposed 

to deletions. Increasing the power within the gel or the ambient temperature at which 

the gels were analysed, decreased the sensitivity of SSCP but sufficient power was 

necessary to prevent the bands diffusing. Sharp bands are essential for accurate anlaysis 

by SSCP to resolve closely migrating bands. I found that running the gels overnight at 

lo w  generated diffuse bands (figure 3.49b), presumably because the sample had more 

opportunity for diffusion and the current was not sufficient to oppose this movement. 

The best results were obtained at 4“C in polyacrylamide gels containing 10% glycerol 

and 1:20 bis-acrylamide:acrylamide. Electrophoreseis at 60W gave clear separation of 

DNA containing point mutations and all tumour DNA samples were rescreened using 

these optimal conditions (figure 3.50f).

The reasons why the optimal conditions established here for SSCP differ from 

those described by others may be attributed to a number of factors. In many studies, the 

power at which gels have been electrophoresed was either not reported or was very low 

(Labrune et al, 1991, Michaud et al, 1992, Plieth et al, 1992). Although 10% glycerol 

gels run at room temperature using a constant power of lOW gave the best results for 

the phenylalanine hydroxylase gene, not all mutations were detected (Labrune et al,
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1991). Details of other conditions which were tried were not given, making it difficult 

to directly compare these findings with those described here. In the study by Michaud 

et al (1992), the power used was not reported. The authors state that interpretation was 

difficult because bands were not sharply resolved in the presence of glycerol. It is 

possible that use of a higher power may have improved interpretation in many cases. It 

is difficult to compare the results from a retrospective study of known mutations in the 

human papilloma virus (HPB) using SSCP (Spinardi et al, 1991) with those described 

here for RBI because different conditions were used. In the first report describing 

SSCP (Orita et al, 1989a) the separation of DNA containing single base pair mutations 

in the H-ras-1 gene was improved at lower temperatures. Specifically, gels 

electrophoresed at 17°C were superior to those at 23“C. Further studies of ras 

mutations and Alu polymorphisms by this group compared gels with or without 

glycerol electrophoresed using 30W at room temperature to those electrophoresed at 

4“C (Orita et al, 1989b). SSCP at room temperature, in gels containing 10% glycerol, 

was the most sensitive means of detection, although at least two point mutations in the 

K-r<35-2 gene were detected using any of the conditions (Orita et al, 1989b). It is 

possible that particular conditions are better for certain genes or regions of genes and 

that this reflects the secondary structure of the SS DNA. The study by Michaud (1992) 

is one of the few retrospective studies analysing the effect of different electrophoretic 

conditions on the detection of mutations. Mutations in the ornithine aminotransferase 

gene were analysed on gels with or without 10% glycerol at 4“C or at room temperature 

with 10% glycerol and the detection rate using any of these three sets of conditions was 

the same (Michaud et al, 1992). Yet, I found that several single base pair changes 

generated the most significant band shifts in gels containing 10% glycerol 

electrophoresed at 60W at 4“C. These included a transition and a transversion in exon 

14 and a G/A polymorphism (Rb 1.3) in intron 3. Using the optimised conditions 

described here, C->T transitions in exons 11,17, 10, 12, 26 and 1 and a transversion in 

exon 10 were detected. Many of these mutations were not compared on 10% glycerol 

gels at 22“C. It is not clear, therefore, whether these conditions would improve
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bandshifts. However, the two point mutations in exon 10 and the Rb 1.3 polymorphism 

were not detected on gels containing 10% glycerol run at room temperature and were 

only identified when the same size fragment was compared on gels containing 10% 

glycerol run at 4°C. In addition, the transition in exon 14 was barely visible in gels run 

at 22°C. Therefore, the unequivocal detection of at least 25% of the single base changes 

described in RBI was dependent on their analysis at 4°C.

It is not entirely clear how much the analysis of much smaller fragments 

increased the sensitivity. When a 555 bp exon 17 fragment from tumour GOS 561 was 

analysed at 22°C, a very subtle bandshift was noted. However, when exon 17 was 

digested and a 139 bp fragment (table 3.5) was analysed at 4°C, several aberrant bands, 

which differed markedly in their mobility, were present (figure 3.30). Analysis of the 

139bp fragment at 22“C was not performed so it was not clear whether the 

improvement in bandshift was a result of the difference in temperature or the size of the 

fragment. Similarly, the 4 bp deletion in tumour GOS 537 was not visible when a 

445bp fragment was analysed at 22“C but when a 269bp Rsa 1 fragment was analysed 

at 4°C, 3 aberrant bands were clearly distinguished (not shown). The 4 bp deletion in 

tumour GOS 561 was also much more obvious in a 176bp Rsa 1 fragment, run at 4“C 

(figure 3.19). 5 extra bands were observed compared with only two extra bands in the 

445bp fragment run at 22°C (figure 3.20). In addition, the Rb 1.3 polymorphism 

generated a bigger bandshift when present in a 223bp fragment than a 2(X)bp fragment 

(figure 3.54) suggesting that sequence environment, as well as fragment length, might 

govern the sensitivity of SSCP. The magnitude of the bandshifts generated by point 

mutations did not seem to correlate with the size of the fragment when considering 

those in the range of 142-221 bp. A C->T mutation in a 179 bp fragment of exon 17 

generated a far greater bandshift than a C->T mutation in a 142 bp fragment from exon 

11. Overall, my results do not support a simple correlation between length and 

detection sensitivity but there is a trend towards bigger bandshifts when mutations lie 

on smaller fragments.
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Single base changes in fragments up to 221 bp in length were found in this 

study at 4“C, with the exception of the 555 bp fragment from exon 17 analysed at room 

temperature in which a C->T mutation was detected. The bandshifts for point mutations 

in exons 14 and 17 were the most impressive, especially exon 17 (figure 3.30). Exon 

17, although not particularly GC-rich, requires the use of the 7-deaza 2'- 

deoxyguanosine analogue for sequencing. Both observations may reflect a high degree 

of secondary structure in this region of the gene making it more sensitive to SSCP 

analysis.

Trans versions may be expected to produce greater bandshifts in gels compared 

to transitions because the differences in base stacking created by a purine > pyrimidine 

substitution within a SS DNA molecule would be expected to effect its conformation 

more significantly. Most of the mutations detected in this study were C->T transitions. 

Both transitions and transversions were detected in exons 10 and 14 (table 3.6). In both 

cases, the transversion resulted in a slightly greater bandshift compared to the transition 

(figure 3.30, compare the G->T transversion in GOS 563 and the C->T transition in 

GOS 561; figure 3.50f, compare the C->T transition in GOS 636 with the T->G 

transversion in tumour GOS 109) but the differences were not remarkable.

Analysis of fragments <200 bp has been recommended for SSCP analysis (Orita 

et al, 1989b) and the use of restriction enzymes is an effective means to reduce the size 

of PCR products longer than 200-250 bp. Once it was established that most mutations 

were located in exons or splice sites, many of the primers were redesigned to reduce the 

number of enzymes used to digest the fragment so that SSCP gels were easier to 

interpret. The B g l l l  restriction enzyme site used to reduce the size of the exon 10 

fragment is within 20bp of the G->T mutation in tumour GOS 563 and the Mho 11 site 

in exon 11 is within 28bp of the C->T mutation in exon 11 of tumour GOS 159. This 

shows that the location of mutations near to the end of fragments does not seem to 

interfere with their ability to form unique conformations.

For the first time, appropriate enzymes and primers have been described for 

SSCP analysis of all 27 exons of the RB 1 gene (table 3.5).
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4.2 THE LOCATION AND NATURE OF RBI MUTATIONS.

A total of 5 germline mutations (table 3.3) and 15 somatic mutations (table 3.6) 

were identified by SSCP and confirmed by sequencing.

4.2.1 Germline Mutations.

Germline mutations were detected in 5 patients (table 3.3). Two were 1 bp 

insertions of an A/T, two were deletions, one of 2 bp and one of 1 bp and one was a C- 

>T mutation which converted a CGA arginine codon to a stop codon.

4.2.2 Mutations in Rb Tumours.

Fifteen mutations, which were located in 11 different exons, were identified by 

the SSCP-PCR sequencing approach in 11/13 tumours . The location and nature of the 

mutations identified in the tumours are shown schematically in figure 4.1.

Although 70% of Rb tumours become homozygous for the causative mutation 

(Cavenee et al, 1983, Dryja et al, 1984, Godbout et al, 1983, Zhu et al, 1992), only 

27% of mutations in our series were obviously homozygous/hemizygous. In a further 

36%, different mutations were found in both RBI alleles. In four tumours, despite 

screening all 27 RB 1 exons, only heterozygous abnormalities were detected. In these 

cases it is possible that the normal DNA sequence is contributed by contaminating 

normal cells and the tumour had, in fact, become homozygous for the initial mutation. 

Bilateral tumours are generally multifocal so it is possible that in these cases the two 

alleles could be contributed by different tumour foci. This explanation could apply to 

the heterozygous mutation seen in tumour GOS 45 from a patient who carries a 

constitutional 13q deletion (Cowell et al, 1989).
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Figure 4.1 The distribution and nature of RBI mutations identified in this study by 

SSCP are shown (top) in relation to the 27 exons of RB 1 (open bars) and the promoter 

region (pro). (Untranslated region not shown). These are compared with mutations 

published to date (shown below) (Yandell et al, 1989, Dunn et al, 1989, Sakai et al 

1991b, Weir-Thompson et al, 1991). Vertical lines with appropriate symbols (see 

legend) represent point mutations (o, •, h ) ,  deletions (Y)or insertions (A). Mutations 

were assumed to be; germline (G) if they were identified in constitutional cells; somatic 

(S) if the mutation was found in tumour cells, but not in constitutional cells; or 

undetermined (U) if analysis of normal cells was not performed. An asterix (*) above 

the symbol indicates that the same point mutation has been identified in RB 1 in either 

tumour cells or constitutional cells independently and, therefore, may signify a potential 

hotspot. Sites of deletions or insertions were considered to be potential hotspots if more 

than one deletion/insertion was found either in this study or in other published studies, 

within 5bp. The distribution of potential sites for C->T mutations in CGA codons 

within RBI is shown below the figure (o). Many of the C->T mutations occur at these 

sites ( o). Mutations identified in exon 20 from low penetrance families (a) RBF 29 and 

(b) RBF 18 are shown (top). Mutations identified in the promoter region (c) from two 

other low penetrance families in the study by Sakai et al (1991b) are shown (bottom).
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Analysis of lymphocyte DNA was undertaken in 9 patients and did not reveal 

any of the mutations found in the tumours (table 3.6). This was consistent with the 

unilateral presentation in 8 of the patients. The mutation identified in tumour GOS 537, 

from a bilaterally affected individual, was heterozygous but was not detected in the 

patient's normal cells (figure 3.26) so we presume there must be a second, as yet, 

unidentified mutation in this tumour which represents the germline mutation.

4.2.3 Point Mutations.

The occurrence of mutational "hotspots" was first described by Benzer (1961) 

(Benzer, 1961) in T4 bacteriophage. The influence of the local DNA sequence was 

suggested to be important from studies of "spontaneous" mutations in bacteria and the 

bacteriophage T4rII gene and from those induced by carcinogenic treatment (Benzer, 

1961, Coulondre et al, 1978, Farabaugh and Miller, 1978) More recently, many 

insights into mutational hotspots in human genes have been provided by studies of 

disease-causing mutations (Cooper and Krawczak, 1990, Levine, 1992, Youssoufian 

et al, 1988). The mutational spectrum of a gene gives clues as to the origins and 

mechanisms of mutations and of the functional requirements to elicit particular 

phenotypes.

In this study, 8/20 of all mutations and 80% of point mutations were C->T 

transitions. Of the point mutations which were not C->T mutations, a G->T mutation 

occurred in tumour GOS 563 converting a glutamine codon (GAA) in exon 10 to a stop 

codon (TAA) and a T->G mutation occurred in tumour GOS 159 converting a 

methionine codon (ATG) in exon 14 to an arginine codon (AGG). With the exception 

of tumour GOS 563 where a C->T mutation converted a glutamine codon (CAA) in 

exon 12 to a stop codon (TAA), every C->T mutation occurred in a CpG dinucleotide. 

Thus, 7 (88%) of 8 C->T mutations occurred in CG dinucleotides which represented the 

most common type of point mutation.

The CpG dinucleotide is underrepresented in the mammalian genome which is 

thought to be due to its inherent instability (Bird, 1986). When unmethylated, the
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deamination product of cytosine is uracil which is removed by uracil glycosylase. In 

contrast, the deamination product of 5-methylcytosine is thymine (Coulondre et al, 

1978, Duncan and Miller, 1980) which is not recognised as a foreign base. As a result, 

the G:T mismatched base pair was thought to be often repaired to an A:T. More 

recently, however, cellular repair enzymes have been identified which are capable of 

repairing G:T to G:C (Wiebauer and Jiricny, 1989). It is still, therefore, unclear as to 

why CpGs represent such a mutational hotspot. Recently, enzymatic deamination of 

cytosine to uracil by (cytosine-5)-methyltransferase was also proposed to contribute to 

the high mutability of CpGs (Shen et al, 1992) because, if the resultant U:G mispair 

was not repaired by a uracil N-glycosylase, it could result in a C->T mutation.

There are 46 arginine residues in the Rb protein which are encoded by CGT, 

CGC, CGA, CGG, AGA and AGG. Although four of these codons contain CpGs, only 

the CGA codon becomes a stop codon following mutation of a CpG to TpG. In fact, the 

CGA^^& codon is the only one of all the amino acid codons which can be converted to 

a stop codon following a CpG->TpG mutation. The CGA^^& codon is used 14 times in 

the RB 1 coding sequence and 5 of these were shown in this study to be the sites of C- 

>T mutations (figure 4.1). Two different CGA^^& codons occur in exons 8, 14, 17 and 

27 (figure 4.1). In this series of tumour samples, both CGA^^B codons in exon 17 and 

one of the CGÂ '̂*̂  codons in exon 14 were mutated (figure 4.1; table 3.6). In addition, 

the bilaterally affected patient RBF 25 carried the same CGA^^^&->TGA mutation in 

exon 14 seen in one of the tumours. Exons 1, 10, 11, 15, 18 and 23 each contain one 

CGA^^S codon (figure 4.1) but only those in exons 10 and 11 were sites of C->T 

mutations. It is interesting that the CGA^^& codon in exon 23 and the 5' CGA '̂"& codon 

in exon 14 were mutated in germline cells but not, as yet, somatically (figure 4.1). The 

patterns of CGA^^& mutations may reflect subtle differences in the méthylation of 

specific CpG sites of the RB 1 gene in germline and somatic cells. Further evidence for 

the high mutability of CpGs in the RB 1 gene was the conversion of a CGG (arginine) 

codon in exon 20 to a TGG (tryptophan) codon in the low penetrance family RBF 29.
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The high mutability of CpG dinucleotides is well documented in germline cells 

in many genes (Cooper and Krawczak, 1993) including the factor VIII (Cooper and 

Youssoufian, 1988, Youssoufian et al, 1988) and factor IX genes (Green et al, 1990) 

and in the glucose-6-phosphate dehydrogenase (G6PD) gene (Vulliamy et al, 1992). 

The effect of CpG->TpG mutations appears to reflect different factors including 

whether the activity of the protein needs to be abolished and if the cell can tolerate 

complete absence of the protein. For instance, in G6PD deficiency, mutations 

generating stop codons are unknown (Vulliamy et al, 1992). All are missense mutations 

with the exception of one in-frame single amino acid deletion (Vulliamy et al, 1992). 

Stop codon mutations are thought to affect the protein stability so that cells would 

effectively lack G6PD activity and this would be lethal to the cell (Vulliamy et al, 

1992). Although the high mutability of CpG in the germline is established, the single 

base mutations described in Rb tumours imply that the mutablity of CpG dinucleotides 

is similarly elevated in somatic cells. Increased somatic mutability of CpGs has only 

been previously described for the p53 gene (Rideout et al, 1990). Hotspot CpG 

dinucleotides in the p53 gene and the low density lipoprotein receptor genes have been 

shown to be methylated in the human tissues in which they are expressed and it is 

estimated that méthylation increases their mutability by a factor of 10 (Rideout et al,

1990). CpG mutations may be expected to occur at a similar frequency in RB tumours 

and germline cells because the méthylation status of genes is similar in human sperm 

and somatic tissues, unlike oocytes which remain unmethylated during meiosis 

(Driscoll and Migeon, 1990). In our study, only one germline C->T mutation was 

identified but the numbers are small.

It is interesting to look at the way in which CpG mutability affects different 

genes. In the factor VIII or IX genes, CpG mutations target critical residues and 

arginine codons containing CpGs are frequently affected resulting in both missense and 

stop codons (Green et al, 1990, Youssoufian et al, 1988). A C->T mutation in a CpG 

dincucleotide results in a TG dinucleotide if it occurs on the coding strand or a CA 

dinucleotide if it occurs on the non-coding strand. In the factor VIII or IX genes, both
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CG->TG and CG->CA mutations occur in CpG dinucleotides. In fact. Cooper and 

Krawczak (1993) have surveyed >80 different human genes in which mutations have 

been identified, excluding mutations found in tumours. Of >880 mutations, the CG 

dinucleotide was observed to be more often mutated to CA than TG (Cooper and 

Krawczak, 1993). However, we find that C->T mutations were only observed in the 

CpG dinucleotides in the coding strand of RBI. The importance of this observation is 

emphasised further when considering the findings of Cooper and Krawczak (1993). 

Presumably, this reflects the fact that stop codons are usually required to inactivate RBI 

function because a CG->CA mutation in the coding strand would not produce a stop 

codon.

4.2.4 Direct Repeats at deletions and insertions.

Deletions were the second most frequent abnormality detected in the RB 1 gene 

in this study. The size of the deletions ranged from l-22bp, although the majority of 

these were less than 4bp. There was one 1 bp deletion, two 2bp deletions, two 4bp 

deletions and one 22bp deletion (tables 3.3 and 3.6). All of the deletions described here 

were flanked by short repeat sequences ranging in size from 2-8bp (figures 3.44 and 

3.45).

In a recent survey of 60 deletions of <20bp in human genes, all but one 

contained nearby direct repeats (Krawczak and Cooper, 1991). One and three base pair 

deletions occurred most frequently, together comprising one third of the total 

(Krawczak and Cooper, 1991). In contrast, no 3bp deletions were recovered in our 

study. In fact, none of the deletions were consistent with an in-frame deletion. This 

supports the finding that stop codons are usually required to inactivate the RB 1 gene.

Short direct repeats have been noted in regions flanking deletions in prokaryotic 

and eukaryotic genes (Albertini et al, 1982, Efstratiadis et al, 1980, Farabaugh and 

Miller, 1978, Hogg et al, 1993, Krawczak and Cooper, 1991, Lohmann et al, 1992, 

Streisinger et al, 1966). A slipped mispairing mechanism has been invoked to explain 

the role of direct repeats in deletions or insertions (Efstratiadis et al, 1980, Streisinger
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et al, 1966), although the exact role of repeats in the generation of deletions remains a 

contentious issue.

Models based principally on DNA replication, repair or recombination have 

been proposed to explain the involvement of short repeats in deletion formation. To 

explain proflavin-induced Ibp insertions or deletions in bacteriophage T4, Streisinger et 

al (1966) postulated that misalignment of the DNA strand during repair replication 

occurred causing the misaligned DNA to loop out. This would lead to a deletion if the 

looped out bases were located in the template DNA molecule or an insertion if they 

were in the newly synthesisied strand. A similar process could occur during DNA 

replication when single stranded DNA is exposed at the replication fork. Alternatively, 

deletion of a repeat could occur by recombination during unequal crossing over events. 

One of the difficulties in determining whether slipped mispairing occurs during 

replication, recombination or repair is that many enzymes and mechanisms are common 

to all three processes. Spontaneous insertion or deletion of a 4bp repeat in the E.coli lac 

1 gene was supposed to have evolved by a slipped mispairing mechanism (Farabaugh 

and Miller, 1978). In an effort to try and discover the importance of recombination in 

slipped mispairing, Albertini et al (1982) studied strains of T4 lacking rec A (rec A-) 

which is essential to most, but not all, recombination pathways in E.coli. Deletions 

consistent with a slipped mispairing mechanism were 25 fold higher in a rec An- 

background but still occurred in rec A- strains. These experiments suggested, therefore, 

that recombination or slipped mispairing at the replication fork were both plausible 

mechanisms (Albertini et al, 1982). Recombination involving pairing between two 

different repeats on separate chromosomes could result in deletions but it is unlikely 

that this mechanism is operating for most of the deletions described in this thesis 

because they are < 5bp which is thought to be insufficient for homologous 

recombination (Rubnitz and Subramani, 1984). Recombination is a more likely 

mechanism in the generation of large (>2kb) deletions in human genes where the 

endpoints are located in Alu repeats and other human repetitive sequences (Ariga et al, 

1990, Canning and Dryja, 1989). As well as a means of generating genetic diversity,
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however, recombination is an effective means of repairing DNA. Following excision of 

modified sequences, the homologous non-affected duplex can be used as a template 

from which to repair the other strand. This has also been described as gene conversion 

(Fincham and Oliver, 1989, Komberg and Baker, 1992). This type of recombinational 

repair may require the exposure of single stranded DNA thereby facilitating a 

misalignment (Roth et al, 1985). Sticky ends provided by repeats may also facilitate the 

joining of DNA strands (Roth et al, 1985). This may explain why short repeats (3-4 bp) 

have been found in mammalian cells at sites of illegitimate recombination events such 

as viral integration where they may merely reflect a joining mechanism (Roth et al, 

1985). A repair mechanism explains why structures which need repairing, such as 

misincorporated bases and DNA adducts, may induce such lesions (Kornberg and 

Baker, 1992). The series of events thought to be involved in the generation of deletions 

by slipped mispairing during DNA replication is shown schematically figure 4.2 for the 

4bp deletion in tumour GOS 561. Although this mechanism explains slipped mispairing 

during de novo DNA replication, the principle would also be the same for repair 

replication. A modification of the repair model was proposed when deletions in the 6- 

globin genes were also found to be flanked by direct repeats (Efstratiadis et al, 1980). In 

this case, however, it was suggested that removal of the loop was achieved by cellular 

repair enzymes because deletions, but not insertions, were always flanked by these 

repeats (Efstratiadis et al, 1980). This model is depicted on the right of figure 4.2. 

According to the slipped mispairing model, one repeat and the sequence separating it 

from the second repeat is usually deleted. Either mechanism depicted in figure 4.2 is 

consistent with the deletions seen in tumours GOS 45, GOS 13, GOS 561 and GOS 551 

(figure 3.44).
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Figure 4.2 Potential mechanisms of deletion formation via slipped mispairing. 
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In our study, as in others, it is difficult to determine whether replication, 

recombination or repair processes were important in these deletions. Factors which may 

precipitate slipped mispairing include misincorporation of a nucleotide during 

replication, palindromic sequences and DNA adducts. The "dislocation model" explains 

how misincorporation could facilitate misalignment. During replication a base is 

misincorporated which happens to be complementary to the next base in the template 

strand. Slipped mispairing (figure 4.3a) occurs to pair the misincoporated base with this 

next complementary base (Bebenek and Kunkel, 1990). That carcinogens may facilitate 

slipped mispairing was first based on the observations of Streisinger et al (1966) of 

direct repeats flanking proflavin-induced mutations. Proflavin is a member of a group 

of compounds known as acridines which modify DNA non-covalently by intercalation 

(Streisinger et al, 1966). Carcinogenic agents, which can form DNA adducts, may also 

contribute to misalignments by distorting the DNA helix (Lambert et al, 1992, 

Streisinger et al, 1966). For larger deletions, it has been suggested that palindromic 

sequences may form stem and loop structures, juxtaposing repeats which would 

otherwise lie at some distance from each other (Ripley, 1990) (figure 4.3b). With the 

exception of the 22bp deletion in tumour GOS 13, the distance between most of these 

repeats is probably too small for the involvement of extensive palindromic sequences. 

In the sequence which is deleted in tumour GOS 13, there are structures capable of 

forming stems and loops but none were found which could directly juxtapose the two 

repeats.
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Figure 4.3 Mechanisms which may promote slipped mispairing. (a) According 

to the dislocation model (Bebenek and Kunkel 1990), the 1 bp insertion in exon 

16 from tumour GOS 568 may have been promoted by (i) misincorporation of a 
"A" nucleotide during DNA synthesis (ii) which could promote slipped 
mispairing. Hypothetical palindromic sequences (underlined) which could 
promote slipped mispairing are shown in (b). These are flanked by repeat 
sequences R1 (outlined) and R2 (bold). The palindromic sequences are postulated 
to form "stem and loop" structures and could potentially juxtapose two repeat 
sequences R1 and R2 (adapted from Ripley 1990).

323



In view of the fact that errors created by DNA polymerase-8 in vitro, which is 

thought to be the major repair polymerase in eukaryotic cells (Komberg and Baker,

1992), were more frequently Ibp deletions than Ibp insertions (Kunkel, 1985a), another 

interesting finding was that RBI deletions were more common than insertions. The 

mechanism behind DNA pol-6-induced errors was suggested to be due to the decreased 

number of hydrogen bonds which needed to be disrupted for deletions to occur 

(Kunkel, 1985a). For example, a deletion merely requires the hydrogen bonds between 

R1 and the complementary sequence in the newly synthesised strand (shown in figure 

4.4) to be dismpted to produce a misalignment in the template strand. In contrast, to 

produce an insertion, the two repeats (R1 and R2) must first be synthesised in the new 

DNA strand. Slipped mispairing of the newly synthesised DNA then requires that all of 

the hydrogen bonds between and including both R1 and R2 and their complementary 

sequence to be disrupted (figure 4.4). The sequence between and including R1 and R2 

is then resynthesised creating an insertion. The results reported here support the 

findings of Kunkel (1985a) since three different Ibp insertions were identified whereas 

6 deletions ranging from l-22bp long were found.

The insertion of an "A" in a run of two "A’s" in exon 16 from tumour GOS 568 

is also consistent with the Streisinger model of slipped mispairing. According to 

Streisinger et al (1966), the two "A’s" are inserted opposite the two "T’s" on the 

complementary strand. Slippage then occurs, looping out the last "A" on the newly 

synthesised strand. Another "A" is inserted and replication continues with the extra "A" 

remaining in the newly synthesised strand. Alternatively (figure 4.3a), the insertion 

could be explained by a dislocation model if it was assumed that misincorporation of an 

"A" preceded a misalignment facilitated by the the two "A’s" 5’ from it (Kunkel and 

Soni, 1988). An insertion of a "T" in the germline of family RBF 62 and an"A" in 

family RBF 58 could also be explained by this model. The presence of tandem direct 

repeats (figure 3.44 and 3.45) are also characteristic of all three Ibp insertions in exon 

20 from family RBF 62, exon 16 from tumour GOS 568 and exon 13 from family RBF
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58. The effect of these repeats may be to destablilise the region via slipped mispairing 

and increase the likelihood of an insertion.

We find that direct repeats occur frequently at sites of small deletions of < 22bp 

in the RB1 gene whether their origin is germline or somatic. This is further evidence 

that direct repeats reflect a mechanism of mutation common to germline and somatic 

cells since they often flank deletions in the p53 gene (Jego et al, 1993) both in tumours 

and the adenomatous polyposis coli (APC) gene in FAP patients as well as in sporadic 

colorectal carcinomas (Miyoshi et al, 1992, S. Cottrell personal communication). The 

presence of direct repeats at deletion endpoints may reflect endogenous or exogenous 

processes. In RBI, endogenous processes are more probable because it is unlikely that 

fetal retinal cells are exposed to exogenous carcinogens. In sporadic colorectal 

carcinomas, however, direct repeats may involve exogenous mechanisms because such 

cancers usually occur late in life. It would seem, therefore, that deletions flanked by 

direct repeats reflect a mechanism common to germline and somatic cells but subtle 

differences may exist. In APC, two particular deletions, both 5bp long, which are 

flanked by direct repeats of 5bp and 3bp, respectively, dominate the mutational 

spectrum. It is interesting that one 5bp deletion occurs most frequently in FAP patients 

whereas the other 5bp deletion occurs more frequently in sporadic colon cancer (S. 

Cottrell, personal communication). It is possible that this distribution is a result of 

exposure to carcinogens or that different replication/repair mechanisms are operating in 

germline and colon cells. The 5bp deletion hotspot does not appear to represent a 

founder effect (S. Cottrell, personal communication). Relatively few mutations of 

germline origin have been reported in the p53 gene so it is difficult to assess whether 

different hotspots for repeat-mediated mutations will occur. As reports of mutations in 

the RBI gene accumulate it will be interesting to see whether particular sites are 

favoured for deletions in germline and somatic cells.
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Figure 4.4 Slipped mispairing in the template strand during DNA replication 
results in a deletion (left). In contrast, slipped mispairing of the newly 
synthesised strand generates an insertion (right). A deletion may be more likely 

to occur because fewer hydrogen bonds (lines) need to be disrupted for the 
slipped mispaired intermediate to form.
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4.2.5 Symmetrical elements at insertions.

Another feature of all of the Ibp insertions identified in RBI was the presence 

of sequences which showed a two-fold symmetry (symmetrical elements). For example, 

as discussed in section 3.4.5, in family REF 58 an A is inserted creating the sequence 

AGGATAATAGGA. Thus, the inserted A improves the symmetry of the sequence. In 

family RBF 62 and tumour GOS 568, the inserted base also improves the symmetry 

(figures 3.44 and 3.45). Cooper and Krawczak (1991) suggested symmetrical elements 

may form Moebius loops as a consequence of illegitimate pairing between 

complementary strands (figure 4.5). Resolution of the structure may involve breakage 

within the loop followed by repair and copying of a sequence dictated by the loop 

structure as shown in figure 4.5. In this respect it is interesting that, in all three cases in 

RB 1 described above, the inserted base is a copy of an adjacent base. It has been argued 

that, if repair is a predominant pathway of deletion formation, the mutations induced in 

vitro by DNA polymerase-B, being a major repair polymerase, should parallel in vivo 

findings (Krawczak and Cooper, 1991). In fact, the majority of mutations generated in 

vitro were Ibp deletions (Kunkel, 1985a). However, these experiments rely on purified 

preparations of DNA polymerase-B to repair M13 templates in E.coli which may not 

accurately reflect the processes occuring in vivo in mammalian cells. Verification of 

repair-based models may have to await further studies using a mammalian system and a 

more genuine replication environment.
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(a) (b)

3' TTACTGTTGTAAAAA 5' 
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AAAAATTAC
AATG

(d)

TTAC
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«-AAAAA
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(e)
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Figure 4.5 The DNA sequence with an internal axis of symmetry in which the 
Ibp insertion occurred in exon 16 from tumour GOS 568 is shown in (a). This 
sequence is capable of forming a structure called a Moebius loop which requires

that the DNA becomes single stranded. One strand then turns 180“ as shown in 

(b). This structure is shown schematically in (c). (d) If a break in the DNA then 
occurred, one strand of the loop may then serve as a template for the repair 
polymerase, resulting in the insertion of an A (boxed). The structure may then be 

resolved, resulting in the insertion of an A (boldface) as shown in (e)(adapted 

from Cooper and Krawczak, 1993).
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4.2.6 Modified "slipped mispairing".

A modification of the slipped mispairing mechanism was suggested by 

Krawczak and Cooper (1991) and depends on the presence of a highly homologous 

sequence nearby. Transient mispairing of the repeat with the homologous sequence on 

the opposite strand was thought to create a looping out of the non-homologous 

sequence which was then removed. The repeats then realign. The 2bp deletion found in 

family RBF 64 is consistent with this mechanism because the sequences flanking the 

deletion are a duplicate of an upstream sequence (figure 4.6). As a result of the 2bp 

deletion a replica of the adjacent sequence is created (figure 4.6). The germline deletion 

in family RBF 59 may also fit the modified mispairing model because the deletion of 

the "A" creates two tandem AG repeats (figure 3.45a). There are also 3 imperfect 

tandem direct repeats in the same region (GACAA GAGAA T GAT A A) where the A 

represents the deleted nucleotide and the repeats are underlined. It is possible that a 

transient misalignment with one of the two downstream repeats, followed by replication 

then realignment of the repeats, could occur. In fact, symmetrical elements or direct 

repeats are a feature of all of the deletions described in this thesis, whether their origin 

is germline or somatic, suggesting that similar mechanisms are operating in germline 

and somatic cells. Either classical or modified slipped mispairing or a mechanism 

involving a transient misalignment appears to explain most of the RBI deletions, 

whereas the three Ibp insertions either perfect or improve the symmetry of the 

symmetrical elements and are located in direct repeats.
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Figure 4.6 A modified slipped mispairing mechaninism (Krawczak and Cooper 1991) 
could explain the 2bp deletion in exon 3 from family RBF 64. (a) Two "quasi” direct 

repeats in exon 3 are shown which differ by the nucleotides marked with an asterix. 

These are shown schematically in (b) as open boxes. The mechanism of the deletion 
could involve a transient misalignment during DNA replication facilitated by the 

exposure of single stranded (SS) DNA, as described in (c) and (d). This generates 2 
identical repeats because of the 2bp deletion (e).
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4.2.7 Quasi Repeats and Point mutations.

Another mechanism of mutation is thought to involve local inverted or direct 

repeat sequences, which may be copied during a transient misalignment event (Ripley,

1990). In 8/9 point mutations described in Rb tumours, an exact replica of the mutant 

sequence was found within 14 bp of the point mutation (figure 3.47). In only one case, 

(a T->G mutation), was a repeat sequence not found. In 7/8 cases, the mutations were 

C->T transitions, six of these in CpG dinucleotides (figure 3.47). The repeats were 

between 3-6 bp long (figure 3.47). The two step misalignment model proposes that a 

mutation arises when a sequence misaligns with a nearby highly homologous or "quasi" 

repeat sequence (Ripley, 1990). Evidence for such a process in the evolution of alpha 

interferon genes in mammals, for example, has been presented and involves both quasi 

palindromic and quasi direct repeats (Golding and Glickman, 1985). As a result of 

slipped mispairing, copying of a nearby repeat is thought to produce identical inverted 

or direct repeats (Golding and Glickman, 1985). In somes cases, multiple base 

substitutions and deletions can be predicted by this model. There is no reason why 

single base substitutions could not occur by such a mechanism either. Mathematical 

models that would predict the production of identical repeats from imperfect repeats in 

close proximity to one another suggest that such a process may contribute to the 

observed excess of direct repeats occurring in a wide range of species (Fieldhouse and 

Golding, 1991). The findings reported here suggest that local quasi repeat sequences 

influence the generation of C->T transitions.

Repair or replication processes have been proposed to explain repeats mediated 

by point mutations. These models are, essentially, based on the original concept of 

Streisinger et al (1966). During replication, a repeat misaligns with the second repeat in 

the complementary strand. Following replication and realignment, the two repeats are 

identical. Involvement of repair processes has been suggested whereby one repeat may 

be corrected against the other during transient misalignment (Fieldhouse and Golding,

1991). Following realignment, mismatch repair fixes the mutation. If point mutations 

were simply a result of nearby quasi repeats, many more possibilities arise for the
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conversion of amino acid codons to stop codons other than at CGA arginine codons. 

Modifications of the basic model allow for this discrepancy. For instance, deamination 

of 5-methylcytosine to form thymine (T) may occur followed by a misalignment with a 

nearby repeat which provides a complementary A for the mismatched T (figure 4.7). In 

this way, the misalignment protects the T:G mismatch which would be produced in the 

absence of a misalignment from cellular DNA repair mechanisms. Conversely, the 

misalignment may promote the deamination event. Slipped mispairing assumes that, at 

some stage, the DNA strand becomes single stranded. In this regard, it is interesting 

that spontaneous 5-methylcytosine deamination occurs at a faster rate in single stranded 

DNA (Frederico et al, 1990). Slipped mispairing, therefore, could promote or be 

stabilised by 5-methylcytosine deamination. Either of these mechanisms offers an 

explanation of why stop codon mutations, other than those caused by CpG->TpG 

mutations are rarely observed in RBI. Because the size of the repeat units and the 

sample size are still relatively small, many more RBI mutations must be studied before 

any statistical significance can be assigned to this observation.

4.2.8 A deletion hotspot sequence.

During replication, the polymerases and associated replicative enzymes move 

along the double stranded DNA in one direction, yet the DNA strand only grows in the 

5'->3' direction. This is achieved through formation of Okazaki fragments which arise 

because one DNA strand is synthesised discontinuously before these fragments are 

eventually joined. Eukaryotic cells contain at least four DNA polymerases. The major 

DNA polymerases involved in chromosomal replication in eukaryotic cells are DNA 

pol Ô and DNA pol a . DNA replication requires priming of the template strand by a 

small RNA molecule which is later removed. Synthesis of the lagging or discontinuous 

strand, therefore, requires priming of each Okazaki fragment. Because DNA pol 5 has 

no primase activity, but is highly processive (the distance travelled before the enzyme 

dissociates from the DNA), it is thought likely to function in synthesis of the leading, or 

continuous, strand(Komberg and Baker, 1992). In contrast, DNA pol a , which is less
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processive (Kunkel, 1985b) and has primase activity (Goulian et al, 1990) is a more 

likely candidate for synthesis of the lagging or discontinuous strand. Weaver and 

DePamphilis (1982) investigated whether, to assist in coordinating replication events, 

specific DNA signals halted the progress of DNA pol a  along the DNA strand. They 

found that DNA pol a  pauses at several sequences during DNA synthesis. An 

interesting observation that came out of the study by Krawczak and Cooper (1991) was 

that a particular consensus sequence (TG^/G^/Q^/T^/C)» noted within 2bp of 50% of 

deletion (< 20 bp) hotspots in human genes, was similar to one of these in vitro "pause" 

sites for DNA pol a . It is possible that this pause during replication may assist in the 

formation of slipped mispaired intermediates (Krawczak and Cooper, 1991, Weaver 

and DePamphilis, 1982). The consensus sequence is only statistically significant in the 

5'->3‘ direction on the coding strand (D.Cooper, personal communication) but this is 

not inconsistent with the putative role of DNA pol a  in replication of only one of the 

DNA strands (Goulian et al, 1990). In-vitro studies have shown that deletions occur 

between repeat sequences during in vitro synthesis by DNA pol a  (Kunkel, 1985b). In 

RBI, the deletion consensus sequence occurred in 2/4 somatic deletions. In tumour 

GOS 13 and GOS 551 the hotspot deletion consensus sequence was present in the 

region spanned by the 22bp and the 4bp deletion, respectively (figure 3.44b and d). It is 

interesting that the position of the 4bp deletion in intron 24 from tumour GOS 551 

coincides with a 1 bp deletion identified independently in an Rb tumour (Yandell et al, 

1989) (see later). This may, therefore, indeed denote a deletion hotspot (figure 4.1).
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the C->T mutation and 2 identical 
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Figure 4.7 A two step misalignment mechanism may explain the presence of 

repeat sequences nearby point mutations. In (a), the sequence from exon 17 in 

which the C->T mutation occurred in tumour GOS 561 is shown. The mutated 
cytosine is shown with a methyl group at the 5* position. During DNA 

replication (b and c), RV and R2 misalign transiently and the 5-methylcytosine 
in R2 is deaminated to thymine.This creates perfect complementarity between 
RV and R2. The DNA molecules (d) then realign and synthesis of the daughter 
strand continues producing two identical copies of Rl.
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In truly sporadic tumours, the two mutations in the RB 1 gene must occur during 

the development of the fetal retina whereas in hereditary cases one mutation is inherited 

from the parents. The inherited mutation has probably occurred during the lifetime of 

the germ cells of those parents. The second mutation, whether somatic or inherited, may 

be a duplication of this mutation. In tumours from hereditary cases which show loss of 

heterozygosity for RBI, the RBI mutation usually originated from the paternal 

germline (Dryja et al, 1989, Zhu et al, 1989). The male germ cells are constantly 

renewed during the lifetime of the adult and it might be expected that mutations 

resulting from replication errors would originate in this germline. Since slipped 

mispairing occurs during DNA replication, deletions resulting from this mechanism 

may be expected to be more commonly found as germline rather than somatic 

mutations. My results appear to support this suggestion because all but one of the 

germline mutations were deletions, the generation of which was consistent with slipped 

mispairing. The number of examples so far are small, however, and more germline 

mutations need to be screened to reach a conclusion regarding the distribution of 

mutation types in germline cells. If chromosomal replication errors cause mutations in 

male germline cells it would be expected that the incidence of retinoblastoma should 

increase with the paternal age. This is not the case for retinoblastoma, however (Vogel, 

1979). Another possibility to explain these results, therefore, is that repair processes are 

different in germline cells compared with somatic cells. If so, slipped mispairing might 

occur more frequently during repair replication. It is also unclear if more point 

mutations may have been detected if all the exons from Rb patients were rescreened at 

4“C. It may be informative to compare the types of RB 1 mutations identified with those 

from other studies.

To date this work represents the most comprehensive published study of 

mutations in RBI in Rb tumours. Unlike previous studies, even after a mutation was 

detected the remaining exons were still screened to determine whether it represented the 

only mutation or whether others could be found. It is perhaps important to compare the 

types of mutation detected by SSCP with those found in other studies using different
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screening methods (Dunn et al, 1988, Dunn et al, 1989, Yandell and Dryja, 1989). 

These are shown schematically in figure 4.1. One particularly interesting observation is 

that, in previous studies, there were relatively few mutations identified and 

characterised in the 5' end of the gene. Aberrant cleavage products were observed in 3 

tumours using RNase protection experiments (Dunn et al, 1988) which suggested that 

mutations were present in exon 1. These abnormalities could not be characterised 

further, however, because of difficulties in amplifying this region (Dunn et al, 1989) 

presumably due to the high GC content in that region. A 50kb deletion from the 5' end 

of the gene was noted in one of three retinoblastoma cell lines beginning in intron 1 and 

removing exons 2-6 (Bookstein et al, 1988, Lee et al, 1988a). It is possible that the 

absence of CGA codons in exons 2-7 may be partly responsible for the scarcity of C->T 

mutations in the 5' region (figure 4.1) or that mutations may occur in this region but are 

not sufficient to inactivate the gene. Two deletions in exon 4, a deletion in exon 3 and a 

point mutation in exon 1 were described in this study which demonstrates that this 

region is, in fact, susceptible to mutation.

Only one of the five germline mutations detected in this study was a point 

mutation (C->T) and four were deletions or insertions. 50% of the mutations identifed 

by Dunn et al (1989) were deletions, all of which were of germline origin. Using exon- 

by-exon sequencing, Yandell et al (1989) found that point mutations occurred in both 

hereditary and sporadic tumours but that germline mutations were exclusively point 

mutations. Combining the results from all of the studies to date (figure 4.1), deletions, 

point mutations and insertions occurred in approximately equal proportions in both 

germline and somatic cells. In germline cells, 42% of mutations were deletions, 10% 

were insertions and 47% were point mutations. In somatic cells, 37% of mutations were 

deletions, 6% were insertions and 56% were point mutations. The discrepancy between 

studies is probably a result of the different methods used to detect mutations. A higher 

percentage of deletions may have been found using RNase protection, for example, 

probably because deletions are more readily detectable with this method. Thus, Dunn et
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al (1989), only detected 3 point mutations, all of which affected splice junctions and 

resulted in the deletion of exons from the mRNA, supporting this suggestion.

4.2.9 Nature of RBI mutations in Rb compared with other tumours.

Mutations causing Rb most likely occur in utero before the fetus has been 

exposed to carcinogens. Do the mutations in RB 1 differ, therefore, between Rb tumours 

and sporadic adult cancers which occur later in life which may be carcinogen-induced. 

Loss of heterozygosity. Southern blotting and pRb protein expression studies of tumour 

DNA predict that mutations in RB 1 probably also occur in other tumour types such as 

osteosarcomas (Friend et al, 1986, Friend et al, 1987, Toguchida et al, 1988, 

Toguchida et al, 1989, Weichselbaum et al, 1988), breast tumours (Horowitz et al, 

1990, Lee et al, 1988b, Lundberg et al, 1984, T’Ang et al, 1988, Varley et al, 1989), 

SCLC (Harbour et al, 1988, Hensel et al, 1990, Horowitz et al, 1990, Yokota et al,

1988) prostate (Bookstein et al, 1990c) and bladder cancer (Cairns et al, 1991, 

Horowitz et al, 1990, Ishikawa et al, 1991) but relatively few studies have so far sought 

to identify the nature of these mutations. In figure 4.8, the location and nature of RBI 

mutations in non-Rb tumours is shown. 10 subtle mutations have been reported of 

which 70% were point mutations and 30% were small deletions (<100 bp). It is entirely 

possible, however, that the high proportion of point mutations may represent a bias 

resulting from the techniques used to identify them. In the majority of cases mRNA 

analysis was used which requires the production of a stable mRNA (Horowitz et al, 

1990, Murakami et al, 1991, Shew et al, 1990a, Shew et al, 1990b). However, in 

section 3.4.4, it was clearly shown that transcripts from RB 1 with nonsense mutations 

(which we found were often generated by C->T mutations), for example, are not 

detected in lymphocytes using RT-PCR. Taking those which were identified in the 

DNA in non-Rb tumours the most common mutations (40%) were G->T transversions. 

Mutations in Rb tumours were mostly C->T transitions (50%) which were seen in only 

20% of non-Rb tumours whereas only one G->T mutation was found. Given the 

limitations of RNA techniques it is still interesting to contrast the nature of mutations
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seen in non-Rb tumours. The majority of other tumours studied were from the lung, 

predominantly SCLC. Of 7 lung tumours, the most common mutation was G->T which 

occured in 4 of the tumours and the remaining three tumours had deletions. To my 

knowledge, no C->T mutations have been reported to occur somatically in lung 

tumours. Similar results were shown for p53 mutations in lung tumours (Caron de 

Fromentel and Soussi, 1992, Hollstein et al, 1991), the majority of which are G->T 

transversions whereas in all other tumour types (except liver cancers), C->T mutations 

at CpGs were more common (Caron de Fromentel and Soussi, 1992, Hollstein et al,

1991). This predominance of G->T mutations may be linked to the mutational 

specificity of benzo[a]pyrene, a carcinogen present in tobacco smoke, which causes G- 

>T mutations (Eisenstadt et al, 1982). Clearly many more tumours will have to be 

studied before specific conclusions can be drawn but the technology described here 

offers a straightforward and sensitive approach to identify mutations in RB 1 in different 

adult tumours.
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Figure 4.8 RBI mutations in non-Rb tumours. The distribution and nature of mutations in bladder, cervical and lung tumour cell 

lines published to date are shown in relation to the 27 exons of RBI. Sources of data were; J82 (Horowitz et al, 1989), HT-3 and 
C33-a (Scheffner et al,1991), Lu-65 (Murukami et al, 1991), Lu-135 and Lu-141 (Mori et al, 1991), SD-1 (Shew et al, 1990b), H- 
209 (Kaye et al, 1990), H-1436 and H-69 (Horowitz et al, 1990).



4.2.10 Splice site mutations.

It is not always possible to predict the consequences of mutations because the 

transcription, processing and translation of genes in mammalian cells is complex and 

not fully understood. This is particularly true of mutations affecting splicing. The pre- 

mRNA transcript is spliced in the nucleus before the mature mRNA is exported to the 

cytoplasm. A 7’methyl guanosine "cap" is also added to the 5' end of the pre-mRNA 

transcript and a poly-A tail is added after cleavage at the poly-A signal sequence 

(Lamond, 1991). Splicing takes place within a conglomeration of proteins and RNA 

which assemble in an orderly manner into a structure called a "spliceosome" (Konarska 

and Sharp, 1987, Maniatis and Reed, 1987) (figure 4.9). The major components of the 

spliceosome are the small ribonucleoproteins (snRNPs) composed of both protein and 

RNA. At present, at least 6 (U1-U6) of these are known to be associated with the pre- 

mRNA during the splicing process (Green, 1991). U1 RNA binds to the 5' splice site at 

the 3' end of the exon (figure 4.9) and is necessary for the first step of splicing which 

involves cleavage of the 3' exon-5'intron junction (Green, 1991, Sharp, 1987, Zhuang 

and Weiner, 1986). A lariat structure (figure 4.9) is then formed by a 2'->5' 

phosphodiester bond (Padgett et al, 1984) between the guanosine (in the GU 

dinucleotide) located at the 5' end of the intron and, usually, an adenosine which is 18- 

38 nucleotides upstream from the 3' end of the intron (Green, 1991, Sharp, 1987). The 

adenosine (marked with an asterix in figure 4.9) in the intron is located in a consensus 

sequence TNCT-^/g AC known as the "branchpoint" with which U2 RNA interacts 

(Konarska and Sharp, 1987, Zhuang et al, 1989). Binding of the U1 RNA to the 5' 

splice site sequence is facilitated by its complementarity to the 9bp consensus splice 

site sequence Q a  AG GU AGU the first 3bp of which are derived from the exon 

and the last 6 bp from the intron (Green, 1991, Lemer et al, 1980, Zhuang and Weiner, 

1986). Cleavage at the 5' splice site occurs immediately before the GU (figure 4.9), 

which is invariably present at this site. The second stage of splicing involves cleavage 

at the 3' end of the intron. Although the branchpoint sequences play an important role in 

3' splice site recognition it is also important to have an "invariant " AG dinucleotide
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(figure 4.9) preceded by a pyrimidine-rich stretch (Ruskin and Green, 1985, Smith et 

al, 1989a). Cleavage occurs immediately downstream of the AG (figure 4.9). Recently, 

there is evidence that, in addition to U2, U1 and U5 associate with the 3' splice site 

(Steitz, 1992). U4 and U6 associate with the spliceosome after U1 and U2 are bound 

but their role is not yet clear (Green, 1991). Following 5' and 3' cleavage, the intron 

lariat stucture is removed and the two exons are joined (figure 4.9).

Two of the facts which remain unsolved regarding the mechanism of splicing 

are, (1) the means by which appropriate 3' and 5' splice sites are selected and (2) how 

the exons are ordered. It is clear that several consensus splice sites are often present in 

an exon-intron, yet only one pair are joined (Senapathy et al, 1990). One suggestion 

(Lang and Spritz, 1983) is that mRNA molecules are scanned in a 5'->3' direction such 

that the 5' splice site of one exon is paired with the 3' splice site of the next exon. In this 

model, scanning and pairing of splicing sites takes place across the intron. This notion 

has been contended recently (Niwa et al, 1992, Robberson et al, 1990) by evidence that 

the exons themselves are the main determinant of splicing. In the exon scanning model, 

binding of snRNPs occurs at the 3' splice site first. The branchpoint is then defined by 

U2 snRNP binding. Other factors which bind the polypyrimidine tract may also be 

involved. Following branch point recognition, scanning proceeds for an appropriate 3' 

AG which then defines the 5' end of the exon (Smith et al, 1989a). Scanning from this 

point downstream across the exon then takes place until a suitable splice donor site is 

found. The fact that vertebrate exons are rarely >300 bp in size provides strong 

evidence for an exon-scanning model because it implies that pairing of a 5' and 3' splice 

site takes place across the exon (Niwa et al, 1992). Once the exon has been defined, the 

snRNPs must reassemble across the intron for splicing (Robberson et al, 1990)
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Figure 4.9 Mechanism of spliceosome assembly and splicing. The location of the 5' 

splice donor site, branchpoint and 3' splice donor sites and the invariant dinucleotides 

are shown in (a). The first step of splicing involves binding of U1 snRNP to the 5' 

splice site (b). U2 snRNP then binds to the branchpoint (c). Formation of the 

spliceosome which consists of a conglomeration of snRNPs shown in (d), is necessary 

for splicing to take place. During the first step of splicing, the RNA is cleaved at the 

sequence immediately 5' to the invariant GU at the 5' splice site, (e) A 2'-5' 

phosphodiester bond is then formed between the 2'-hydroxyl group of the adenine at the 

branchpoint and the 5'-phosphate group of guanine. The second step of splicing 

involves cleavage at the 3' splice site which releases the lariat structure. The two exons 

are then joined (adapted from Sharp, 1987 and Green, 1991).

342



F ig u re  4 .9  MECHANISM O F SPLICEO SO M E ASSEM BLY AND
SPLICING

5 ' sp lice  s ite  
(donor)I

Exon 1 I GU

3 ' sp lice  s ite  
(ac c e p to r)

Branchpoint
A*

— e -------

i '
AG I Exon 2 I

© ■

<5)

L ariat s tru c tu re

\

U4 X U6 ) (  U5

U2

S p lic e o so m e

E xon 1 I E xon 2 ~l
P ro d u c ts

343



An exon scanning model explains several consequences of splice site mutations 

and assists in interpreting the consequences of the splice site mutations described in this 

study. From studies of other genes we know that, when the normal site is mutated, 

another splice site which is not normally active, ie. a cryptic splice, is sometimes 

chosen. Cryptic splice sites are invariably located either within the exon, between the 

branchpoint and 3' splice site or <70 bp downstream in the proximal intron (de Boer et 

al, 1992, Orkin et al, 1982, Steingrimsdottir et al, 1992, Treisman et al, 1983). Further 

evidence for an exon scanning model is the skipping of upstream exons which occurs 

when the 5' splice site at the 3' end of the exon is mutated (Dunn et al, 1989, Horowitz 

et al, 1990, Scheffner et al, 1991, Talerico and Berget, 1990, Treisman et al, 1982). 

Exon-skipping can also occur when mutations are present within those exons (Dietz et 

al, 1993, Reed and Maniatis, 1986). In this case, the exon is spliced out despite the fact 

that the upstream intron contains functional 5’ and 3' splice sites.

Given the complexities of the processing of RNA transcripts, and the multiple 

recognition events which are required, it is not suprising to find that mutations in and 

around splice sites disrupt the process. However, because mutations within exons can 

also cause exon skipping (Dietz et al, 1993 ) without creating new splice sites, the role 

of secondary structure of RNA in splicing may also be important. For example, certain 

exon sequences in the B-tropomyosin gene (Libri et al, 1990) and in adenovirus 

(Domenjoud et al, 1991) appear to prevent the use of particular splice sites. It was 

suggested that these sequences may mediate folding of the mRNA such that it is 

prevented from interacting with the spliceosome. Recently, an additional guanine 

stretch, located upstream of the 3' splice acceptor site, has been identified in human 

introns which may help define real splice sites (Lukashin et al, 1992). It is often 

difficult, therefore, to predict the outcome of splice site or exon mutations based solely 

on sequence data because of the multiple requirements for a functional splice site.

Given this caveat several interesting, although speculative, consequences of 

mutations arose from this study. In Rb tumours two potential splice site mutations were 

identified, one of which affects the splice donor site and one which affects the splice
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acceptor site. In tumour GOS 551, the invariant GT at the 5' splice site in intron 24 is 

retained but the 4bp deletion, which begins at the adjacent downstream nucleotide, 

reduced the sequence homology compared with the consensus splice site sequence from 

7/9 to 5/9 matches (figure 4.10). Donor sites usually match the consensus site at 7/9 

places on average. Having only 5/9 matches is extremely rare and occurs in only 4/139 

reported donor sites (Mount, 1982). It is unlikely, therefore, that the mutant splice 

donor site in GOS 551 would support normal splicing. Consistent with this 

interpretation is that mutations in the splice donor site of exon 21 of RBI, which 

reduced the consensus from 7/9 to 6/9 but did not remove the invariant GT, apparently 

abolished the use of the normal 5' splice site (Horowitz et al, 1990). As predicted by the 

exon scanning model, mutations of the splice donor site are usually associated with 

deletion of the preceding exon and/or activation of a cryptic splice site(s). Thus, 

mutations of the splice donor sites of exon 12,13 and 21 of RBI led to deletion of these 

exons from the mRNA (Dunn et al, 1989, Horowitz et al, 1990, Scheffner et al, 1991). 

The reading frames were maintained in genes lacking exon 13 and 21 and truncated 

proteins were detected (Horowitz et al, 1990, Scheffner et al, 1991). Because the 

definition of a splice donor site appears to involve more than the 9bp consensus 

sequence, and may depend on additional requirements such as the secondary stucture of 

the pre-mRNA, the use of cryptic splice sites is difficult to predict. There are no 

obvious in-frame cryptic splice donor sites present in exon 24 or in the proximal intron 

sequence and none have been reported. It seems, therefore, that deletion of exon 24 in 

tumour GOS 551 is a more likely consequence and would create a reading frameshift 

and a premature stop codon at position 838.
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Consensus ^AGGJq AGT

Normal GGGGT GAGT

V/
Deletion 
GOS 551

7/9

Mutant 
GOS 551

GGGGT ATTT 5/9

Figure 4.10 The consensus splice donor site is shown. The normal splice donor 
site in exon/intron 24 matches this site at 7/9 positions. The 4 bp deletion in tumour 

GOS 551 removes part of the splice donor site producing a mutant site with only 5/9 
matches thereby interfering with the normal splicing of this exon.
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Another mutation identified in an Rb tumour may also interfere with splicing. In 

tumour GOS 109, although the T->G mutation converts the methionine (ATG) at 

position 457 to an arginine (AGG) codon, a potential splice acceptor site might also be 

created 36 bp 3' to the canonical splice acceptor site (figure 4.11). An AG doublet 

followed by a G nucleotide is generated and is preceded by a pyrimidine-rich tract 

(figure 4.11). A sequence TACAAAC is also present 20-27 bp upstream which bares 

strong homology to the mammalian branchpoint consensus sequence (Green, 1991, 

Zhuang et al, 1989). The lObp sequence upstream of the AG dinucleotide at the splice 

acceptor should normally be (98%) devoid of the AG doublet (Senapathy et al, 1990). 

In the putative splice acceptor in tumour GOS 109, an AG is located at -5 and -6. 

Although an AG preceding the splice acceptor is generally the rule, one exception is the 

mouse kapppa active V region splice site which has an AG immediately preceding the 

AG dinucleotide and two more AGs within 12 bases upstream (Senapathy et al, 1990). 

The potential cryptic splice site in GOS 109 also matches the consensus splice site 

better than the real splice site because a G is present at +1 (figure 4.11) instead of a C. 

Because the normal splice acceptor site would still be intact the new site would have to 

compete with it for splicing components. Multiple splice sites do occur in some genes 

and are crucial for their developmental or tissue-specific actions (Emeson et al, 1989, 

Hoshijima et al, 1991, Smith et al, 1989b). As to which site is used in any particular 

environment probably depends on other interacting factors. If the new splice acceptor 

site created in GOS 109 was used, a new reading frame would result in a stop codon at 

position 449. The patient is bilaterally affected but normal cells were not available for 

analysis to test whether the mutation was present in their constitutional cells. The 

mutant sequence was present either in the homozygous or hemizygous state in the 

tumour because the normal sequence was not detected. If hemizygous, it is possible that 

patient GOS 109 carried a large constitutional germline deletion. If homozygous, the 

mutation must be germline in origin and the second hit was presumably a non

disjunction event followed by loss of the normal chromosome 13 homologue. Because 

RNA was not available from the tumour we are unable to confirm the consequences of
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the mutation and it is quite possible that it converted a methionine at position 457 to an 

arginine residue. If so, this is a non-conservative change and is an important finding 

since it implies that this arginine residue must be critical for the function of the Rb 

protein. Other examples of mutations which result in missense mutations in Rb patients 

are rare (Hogg et al, 1993, Hogg et al, 1992, Onadim et al, 1992b, Yandell et al,

1989). If a functional splice site is activated by the mutation in tumour GOS 109, it is 

not clear to what extent the new splice site would be used since, in other examples of 

this type, the site which is used appears to be tissue specific or developmentally 

regulated and the amount of alternatively spliced transcript will presumably depend on 

the degree to which the alternative splice site can compete with the normal site for the 

splicesome (Green, 1991). To resolve this issue the mutation will have to be introduced 

into in vivo or in vitro test systems and expression monitored.

The effect of the C-> T transition in tumour GOS 19 was equally unclear. It 

does not change the amino acid codon usage and was not present in the patient's 

lymphocytes (figure 3.36) demonstrating that it is not an inherited silent polymorphism 

and is likely to represent an oncogenic mutation. Since patient GOS 19 carries a large 

constitutional 13q- deletion, the C->T mutation must have occurred in the tumour in the 

non-deleted RBI gene. SSCP analysis failed to identify another oncogenic mutation 

despite screening all of the gene. As in other examples, it is not possible to predict the 

effect this mutation has on the secondary structure of the RNA or the effect that this 

altered sequence environment has on splicing. If it affects the splicing of exon 1 it 

would be predicted to delete the entire upstream region because of the lack of a 

preceding 3' splice site. Increased use of a second in-frame AUG codon in exon 3 is 

then a possibility but whether this results in the production of a functional protein is 

unknown. Transcripts initiating at the exon 3 AUG are consistent with a minor 98kD 

Rb protein immunoprecipitated from normal human fibroblasts (Xu et al, 1989). This 

shorter species is also observed in in vitro systems but these often have less stringent 

initiation conditions than in vivo (Dyson et al, 1989b, Kozak, 1989a). An alternative 

possibility is based on recent observations that CUG codons can initiate translation in
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vitro and in vivo (Dasso and Jackson, 1989, Hann et al, 1988, Kozak, 1989b, Prats et 

al, 1989). Initiation of translation in mammalian cells usually occurs at the first AUG 

following the mRNA cap site (Kozak, 1989b). The transcription initiation consensus 

site is thought to reflect the requirements for binding of both the 40S ribosomal RNA 

and initiator t-RNA to the mRNA before protein translation. In some situations 

initiation can occur at a downstream AUG, particularly when the upstream AUG shows 

weak conformity to the consensus sequence for the transcription initiation site (Kozak, 

1989b). This is thought to be due to "leaky" scanning whereby the 40S ribosomal RNA 

and initiator t-RNA occasionally slip past the initial AUG. A purine at positions -3 and 

+4 relative to the AUG codon is important (Kozak, 1989b). The initiating AUG in RBI 

has a purine at -3 but not at +4. This AUG, therefore, is not in a maximally favourable 

environment, although, for many proteins, this is adequate. If a downstream codon is 

used to initiate translation, it is usually very close to the first AUG (Kozak, 1989b). In 

this instance, the mutation creating the CUG is only 42 bp downstream. Because 

purines are not located at -3 or +4 relative to the CUG, if a protein is initiated here, it is 

likely that this will only represent a small proportion of the total translated protein. The 

secondary structure of RNA is also thought to affect scanning (Kozak, 1989b). It is 

difficult, therefore, to assess how much of the alternatively translated products would 

be produced if the alternative CUG was used. The use of a downstream CUG would 

create a different reading frame and result in a premature stop codon after 51 amino 

acids. The lack of any other detectable mutations in the remaining exons of the RB 1 

gene in tumour GOS 19 stongly suggest that RBI mRNA processing is compromised. 

The fact that this sequence change was not identified in exon 1 in constitutional cells 

makes it unlikely that it represents a silent polymorphism. It is also entirely possible 

that there is another mutation which was missed by SSCP
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Met
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.AGG, Tumour GOS 109
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Figure 4.11 The nucleotide sequence of exon 14 (uppercase) and its flanking 
intron sequence (lower case) are shown in (a). The normal splice acceptor site 
in intron 13 is underlined. The T -> G mutation in tumour GOS 109 converts 
the methionine codon at position 457 to an arginine codon. It also creates an 

'AG' dinucleotide which is present at most splice acceptor sites. A sequence 
24bp upstream which matches the consensus branch point is shown in italics. In 
(b), the putative cryptic splice acceptor site created in exon 14 is shown above 
the real splice acceptor site. Another AG' dinucleotide is located at position - 5, 

-6 relative to the mutant AG. AG' is present within 10 nucleotides 5' to the AG' 
at the 3' splice acceptor in only 2% of splice acceptor sites (Senapathy et.al,

1990). The putative splice acceptor site, however, also has a G' at +1 which fits 
more closely with the consensus splice site.
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4.3 EFFECTS OF RBI MUTATIONS.

Although it is unclear in some of the cases described in the previous section as 

to the effect of the mutation, it is clear that the vast majority of RB1 mutations generate 

premature stop codons. Of a total of 20 mutations in Rb tumours and Rb families 

(excluding those showing low penetrance), 17 mutations produced stop codons. If 

produced, the truncated proteins would be expected to range from 133 to 652 amino 

acids from the amino terminus. Of the 15 mutations in tumours and 5 germline 

mutations, nine were frameshift mutations and eight converted amino acid codons 

directly to stop codons. In 6 of these cases, CGA '̂*^ codons were mutated. Given that 

there are only 3 alternatives for stop codons, most single base changes should create 

missense mutations. It would seem, therefore, that amino acid substitutions are not 

sufficent to initiate tumorigenesis. In addition, 3bp deletions or insertions (or multiples 

thereof) are not seen and so frameshift mutations and downstream premature stop 

codons are always created.

4.3.1 Mutations associated with Incomplete Penetrance.

The majority of RB 1 mutations in Rb patients interfere with the translational 

reading frame (Hogg et al, 1993, Hogg et al, 1992). It was interesting, however, that 

two families with a large proportion of mutant gene carriers, who were either 

unaffected or mildly affected, did not have this type of mutation (Onadim et al, 1992b). 

In family RBF 29, an arginine was substituted for a tryptophan residue at position 661 

in all mutant gene carriers. The absence of this change in 50 randomly selected normal 

individuals excluded the possibility of a neutral polymorphism (Onadim 1992b). This 

nonconservative amino acid substitution changes a basic amino acid to a neutral polar 

residue. Because this amino acid is conserved between mice and humans it is probably 

an important residue in the protein (Bernards et al, 1989, McGee et al, 1989).

The mutant mRNA transcript from family RBF 29 was expressed in normal 

blood lymphocytes (figure 3.43) which was not the case for 3 nonsense mutations 

(figure 3.42). One way to explain the less severe phenotype in this family may be that
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the mutation creates a protein which can still function but not as efficiently as the 

normal Rb protein. In this family, however, there were bilaterally affected twins which 

apparently contradicts this theory. This phenotype, however, may depend on the nature 

of the second event. Unfortunately, because these children were part of a family where 

their Rb tumours were treated in situ they were not available for analysis. If the second 

mutation severely compromises protein function this may be enough to overcome 

tumour suppression and bilateral Rb may result. If the initial mutation is duplicated and 

the protein retains a degree of function, this may have less drastic effects for the cell. 

The detection of a mutant mRNA transcript from family RBF 29 supports this 

hypothesis since it shows that mRNA from this mutation is expressed, unlike the 

majority of nonsense mutations. In family RBF 18, a G->T mutation occurred which 

appeared to convert a glutamic acid codon to a stop codon. However, the mutation 

occurred upstream of an AG dinucleotide which could function as a splice acceptor. 

The G>T mutation enriched the region 5' of the AG in pyrimidine content and a 

sequence with homology to the consensus branchpoint was located 24 bp upstream 

from the AG. The mutation removed another AG only 6 bp (-7, -8) upstream from the 

putative cryptic splice acceptor which might otherwise have prevented the cryptic site 

functioning. Another AG was located at 13 bp upstream (-14,-15) but AGs are found in 

this region occasionally in functional splice acceptors (Senapathy et al, 1990).

In vitro studies (Smith et al, 1989a) have shown that the efficiency of splicing 

is increased by enriching the sequence between the branchpoint and the splice acceptor 

AG with pyrimidines. In some cases, multiple AGs 3' to the branchpoint and 

polypyrimidine stretch have also been shown to support splicing in vitro (Ge et al, 

1990, Reed, 1989). The cryptic splice site in exon 20 in family RBF 18 is in-frame and, 

if used, would produce a protein lacking the first 23 amino acids encoded by exon 20. 

In order to investigate whether the cryptic site was used, RNA from the patient's 

lymphocytes was analysed by the sensitive RT-PCR method. Using primers located in 

exon 19 and 21, a normal 228 bp PCR product was obtained (figure 3.41c), consistent 

with the use of the normal splice site. It appears, therefore, that the normal 3' splice
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acceptor site is used in lymphoctyes. In other cases, where mutations have activated 

cryptic splice sites or created novel ones, the abnormally spliced product may 

sometimes comprise only 5% of the total product (Orkin et al, 1982). However, when 

5p.g of RNA was used, abnormal bands were not observed. In order to investigate if the 

mutation was expressed, DNA amplified from exon 20 was sequenced and only the 

normal sequence was present (figure 3.43). This is consistent with other findings from 

nonsense transcripts (see below).

The lack of alternately spliced transcripts in the lymphocytes of patient III.3 

from family RBF 18 may not reflect what is happening in tumour cells. The tissue 

specificity of alternative splicing (Emeson et al, 1989, Gower et al, 1988, Smith et al, 

1989b) is well recognised and it is possible that the cryptic site may be preferred in 

tumour cells. Tissue-specific splicing may require tissue-specific splicing factors which, 

in tumour cells, may prefer a mutant, alternative splice site (Green, 1991). Whether the 

patient develops retinoblastoma or has a tumour which regresses may also depend on 

the timing of the second 'hit'. Differentiation of the cells from which the retinoblastoma 

were derived may be accompanied by changes in the types of splicing factors present in 

the cell. In support of this, developmental regulation of alternative splicing is well 

documented in Drosophila (Smith et al, 1989b). The timing of the second hit may be 

crucial, therefore, and depending on which splicing factors are present, will determine 

which splice site is used. This, in turn, may dictate the degree to which the protein is 

inactivated because if the normal splice site is used a prematurely translated protein of 

674 amino acids would be produced but if the alternative site is used, a protein lacking 

23 amino acids would be produced. The former would be likely to generate an unstable 

transcript (see below) whereas the latter may well produce a protein which retains some 

degree of function. This would also explain why the number of bilaterally affected 

individuals is higher in family RBF 18 compared to RBF 29.
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4.3.2 Unstable nonsense transcripts.

Most RBI mutations produce premature stop codons and would, therefore, be 

expected to result in a carboxy-terminated protein. However, no mutant transcripts were 

detected in lymphocytes from four patients where mutations created stop codons in 

exons 3, 17 or 20 (figures 3.42 and 3.43). In contrast, a missense mutation in family 

RBF 29 did produce a transcript (figure 3.43). Three of the stop codon mutations were 

created by frameshift mechanisms and the one in exon 20 from family RBF 18 resulted 

from the direct conversion of a glutamic acid to a stop codon. Even if the mutations 

resulted in exon skipping they would also be expected to generate premature stop 

codons because deletion of exon 3, 17 or 20 all create an out-of-frame transcript. It is 

not possible, therefore, to determine whether the lack of a detectable transcript was 

caused by exon skipping or the exon mutation itself. Two other examples of stop codon 

mutations in Rb patients, in exon 12 and exon 19, have been described previously 

which fail to produce transcripts in lymphocytes (Dunn et al, 1989). My results support 

the conclusion that premature stop codons in the RB 1 gene produce unstable mRNA 

molecules in lymphocytes.

Unstable mRNAs containing stop codons have been described for the 6-globin 

(Lim et al, 1992), the triosephosphate isomerase (Cheng and Maquat, 1993, Daar and 

Maquat, 1988) and the dihydrofolate reductase genes (Urlaub et al, 1989). The failure 

to produce transcripts from mRNAs carrying stop codons could occur at any stage of 

RNA processing including transcription, splicing, transport to the cytoplasm or 

degradation of transcripts. Stop codons can cause decreased stability of nuclear (Cheng 

and Maquat, 1993) or cytoplasmic mRNA (Daar and Maquat, 1988, Lim et al, 1992). 

The mechanisms responsible for this degradation are unclear. Evidence for both 

aberrant nuclear processing and cytoplasmic instability of RNA transcripts from the fi- 

globin gene containing stop codons has been presented (Lim et al, 1992). For the 

dihydrofolate reductase (Urlaub et al, 1989) and triosephosphate isomerase genes 

(Cheng and Maquat, 1993), a nuclear defect in processing may be operative because 

cytoplasmic half-life and transcription initiation are not affected. Models proposed for
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the latter two examples include a nuclear mRNA scanning mechanism which allows the 

detection of premature stop codons and directs them to a degradative pathway (Urlaub 

et al, 1989) Alternatively, a pathway may link nuclear processing to translation and 

premature stop codons may create a block in this pathway allowing nucleases to 

degrade the mRNA (Cheng and Maquat, 1993, Urlaub et al, 1989). In any case, it 

appears that inappropriate stop codons are somehow recognised by the cell and 

distinguished from the natural termination codons. For many genes this results in either 

no mRNA product or an abnormally processed transcript. Clearly, stop codons do not 

always result in the lack of stable mRNA. For example, mutant dystrophin transcripts 

are detectable (Roberts et al, 1991). Different mechanisms must, therefore, be operative 

for different genes.

It has been suggested that repression of RBI mRNA transcription by the RBI 

protein may also contribute to the lack of nonsense transcripts in normal cells 

containing a wild type RBI gene (Dunn et al, 1989). This was based on the finding that 

when a mutation creating a stop codon occurred in the homozygous state in tumours, 

the mutant transcript was detected. However, when present in lymphocytes with a 

normal allele, or in tumours with an in-frame mutation which would be expected to 

produce a protein product, the mutant transcript was not detected. Transcriptional 

repression of the RB 1 promoter by murine RB 1 protein has been demonstrated (Hamel 

et al, 1992) which supports this finding. The RBI promoter contains an E2 element 

suggesting that E2F could mediate this effect but this has not been proven. In tumour 

cells, transcription would be expected to be increased because of the lack of functional 

RBI protein. In this case, therefore, the unstable nonsense transcript would be 

maintained at detectable levels unless a second hit created a protein product which 

retained some function. RBI transcripts containing premature stop codons have been 

reported as a minor species in two SCLC tumours (Mori et al, 1990) and a giant cell 

lung tumour (Murakami et al, 1991) The same was found in four RB tumours (Dunn et 

al, 1989). It is also possible that RBI transcription is higher in tumour cells than in 

blood cells for other reasons not related to the presence of functional RBI protein.
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Tissue specific méthylation of the RBI gene, or expression of other transcription 

regulatory factors, could also play a part. Alternatively, the mechanisms governing the 

defective RNA processing may function differently in tumour cells. In any case, these 

findings prevent the use of a method based on RT-PCR from the RNA of patient's 

lymphocytes for detecting mutations and support an approach based on genomic DNA 

analysis, as described here.

Even though stop codon transcripts may be detected at low levels in tumours, 

the frequent lack of Rb protein in tumours makes it unlikely that stable protein is 

produced from these mutant alleles (Horowitz et al, 1990, Mori et al, 1990). Only 

proteins from transcripts lacking exon 22, 21 and 13, which can all be skipped and still 

maintain the reading frame, have been detected in tumour cells, supporting this theory 

(Hashimoto et al, 1991, Horowitz et al, 1990, Mori et al, 1990, Scheffner et al, 1991, 

Weir-Thompson et al, 1991).
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4.3.3 Functional consequences of RBI inactivation.

The inevitable conclusion from the discussion in the previous section is that 

premature termination of the Rb protein is almost always necessary for tumour 

formation because stable protein production is effectively eliminated by such 

mutations. Whether this is a result of defective translation, folding or processing of the 

protein is not clear but agrees with observations in the fibrillin gene. A mutation 

creating a stop codon was found in the fibrillin gene from a patient with Marfan 

syndrome (Kainulainen et al, 1992), which is an inherited connective tissue disorder. 

The fibrillin protein, however, was not produced in this patient but was present in 

another patient with an in-frame deletion (Kainulainen et al, 1992). In some cases, 

frameshift mutations do result in the production of a truncated protein. For instance, a 

truncated protein was produced in a patient with osteogenesis imperfecta, another 

inherited connective tissue disorder, resulting from a frameshift mutation in the Type I 

collagen gene that produced a premature stop codon (Bateman et al, 1989).

The nature of mutations in some of the other putative tumour suppressor genes 

appear to be similar to RBI. Mutations in the APC gene in PAP patients and in colon 

cancer are usually CGA->TGA mutations or frameshifts resulting in stop codons 

(Cottrell et al, 1992, Groden et al, 1991, Miyoshi et al, 1992, Powell et al, 1992). 

Mutations resulting in premature stop codons are also common in the NFl gene 

(Cawthon et al, 1990, Estivill et al, 1991, Upadhyaya et al, 1992). In contrast to these 

putative tumour suppressor genes, mutations in the p53 gene usually generate amino 

acid substitutions (Caron de Fromentel and Soussi, 1992, Hollstein et al, 1991). Part of 

this may be attributed to the dominant negative activity of some p53 mutants. The 

dominant negative effect of some p53 mutations is attributed to the oligomerisation of 

p53 proteins (Eliyahu et al, 1988, Finlay et al, 1989, Milner and Medcalf, 1991, 

Milner et al, 1991, Vogelstein and Kinzler, 1992). Obviously this requires production 

of a stable protein which may not be possible if stop codons are created. Not all 

mutations, however, seem to behave in this fashion because in some cases, the wild 

type p53 gene is dominant over the mutant gene (Finlay 1989; Chen 1990). In any case,
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unlike the RB 1 protein, high levels of mutant p53 protein are selected for in tumour 

cells (Iggo et al, 1990, Lane and Crawford, 1979, Levine, 1992, Linzer and Levine, 

1979). If cells lacking p53 were not viable, mice lacking p53 would not exist 

(Donehower et al, 1992) . All of these observations suggest that mutations compatible 

with production of mutant p53 proteins, which can then exert a positive effect on 

tumour growth, are selected for in tumours cells. This is in contrast to RBI which 

simply needs to be "knocked out". Besides reflecting mutagenic specificity of 

carcinogens, particular mutations in the p53 gene may be a consequence of different 

properties of mutant proteins and their effects in different tissues. With the exception of 

p53, it seems that stop codons frequently inactivate tumour suppressor genes and it 

would be prudent to take advantage of this when designing mutation screening 

strategies.

The lack of protein expression in Rb tumours is consistent with the high 

frequency of premature stop codons. In contrast, milder phenotypes may be associated 

with stable expression of a mutant protein. Theories which have been proposed to 

explain the low penetrance of RB 1 in particular families include some form of innate 

resistance to the development of retinoblastoma which some have suggested may be 

due to differences in immune systems between individuals (Matsunaga, 1978). A 

chromosomal mechanism has also been proposed which involves segregation of a 

balanced chromosome 13 translocation (Strong et al, 1981). Our studies show that 

another mechanism contributing to "mild expression" of the RBI gene in some families 

may lie in the nature of the predisposing mutation and its effect on the Rb protein. With 

this in mind, it may be informative to compare the mutant protein from family RBF 29 

with other examples of mutant proteins to see if mutation of particular regions of the 

protein predisposes to milder phenotypes. Consistent with the observation that unstable 

transcripts or protein can be generated from mRNA containing stop codons, all mutant 

proteins which have been detected have in-frame mutations (figure 4.12). When the 

Ela/LT binding function of Rb was identified, it was noted that all of the previously 

described mutations occured in the Ela/LT binding domain (Hu et al, 1990, Huang et
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al, 1990). This region involved amino acids 394-571, encoded by exon 12-18, and 649- 

773, encoded by exon 19-22 (figure 4.12) (Hu et al, 1990, Huang et al, 1990). The 

prediction that there would be a cellular protein(s) which bound to the same region of 

pRb (Kaelin et al, 1991)was fulfilled when its interaction with E2F and more recently, 

cdc2 and Myo D, was identified (Bagchi et al, 1991, Chellappan et al, 1991, 

Chittenden et al, 1991, Gu et al, 1993, Hu et al, 1992). The pRb binding sites for E2F 

and Myo D overlap with the Ela/LT binding domain (figure 4.12). In-frame mutations 

which bave been previously described in a range of tumours consist of intragenic 

deletions, splice site mutations causing skipping of exons and amino acid substitutions 

occurring in the C terminus of the protein (figure 4.12). Although deletion of exon 21 

and exon 22 is found in both Rb and non-Rb tumours, neither of these deletions would 

disturb the reading frame which is why truncated proteins have been detected (figure 

4.12). Likewise, deletion of exon 4, 5, 9,11, 13 and 14 will not disturb the reading 

frame. Deletion of exon 13 and production of a truncated protein has been reported in a 

cervical carcinoma cell line (figure 4.12) (Scheffner et al, 1991) but deletion of the 

other exons has not been described. It is possible that an Rb protein which lost the 

amino acids encoded by exons 4, 5, 9 or 11 may still function normally so an abnormal 

phenotype is not observed. Alternatively, such proteins could be lethal to the cell by 

creating a dominant negative effect and, for instance, interfering with the transcription 

of genes by competing with other binding proteins. Exon 14 is the only exon in the 

Ela/LT binding site domain which has not been shown to be deleted. Many sequences 

within the spacer between the two segments of the Ela/LT binding domain do not 

appear to affect binding but the physical presence of an intervening segment is required 

to allow the "pRb pocket" to form (Hu et al, 1990, Huang et al, 1990). No proteins 

have been described from RB 1 genes with mutations in the intervening sequence.
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Figure 4.12 Summary of the structural domains of pRb and location of mutations 

producing abnormal Rb proteins. The binding sites for Myo D, cdk 2, E2F, large T 

antigen and E la are shown (open boxes above), relative to the 27 exons of RBI (open 

box, below). The position of amino acids at the boundaries of the binding domains are 

given above the open bars. The putative leucine zipper domain in exon 20 is also shown 

(L-ZIP). The amino terminus of the cdk2 binding domain has not yet been defined and 

it may, therefore, be much smaller. Filled circles below the gene represent cdc2 

phosporylation sites which are known (Lees et al, 1991) to be phosporylated in vivo. 

Deleted sequences (lines) and point mutations (asterixes) in mutant pRb proteins 

identified in a variety of different human tumour cell lines, tumours and constitutional 

cells from Rb patients are shown below the gene. The origins of the cell lines and 

tumours are as follows; Saos-2 (small-cell lung tumour cell line. Shew et al, 1990a); 

J82 (bladder carcinoma cell line, Horowitz et al, 1989); DU-145 (prostate carcinoma 

cell line. Bookstein et al, 1990a); NCI-H1436 and NCI-H69C (small-cell lung 

carcinoma cell lines, Horowitz et al, 1990); Lu-24 (small-cell lung carcinoma cell line, 

Mori et al, 1990); SD-1 (small-cell lung carcinoma cell line. Shew et al, 1990b); HT-3 

and C33-a (cervical carcinoma cell lines, Scheffner et al, 1991); LA-RB74 and LA- 

RB151 (retinoblastoma tumours, Hashimoto et al, 1991); Rb 104 (retinoblastoma 

tumour, Yandell et al, 1989, Templeton et al, 1991); NCI-H209 (small-cell lung 

carcinoma cell line, Kaye et al, 1990). The location of the putative substitution of 

arginine (Arg) for tryptophan (Trp) is also shown for the low penetrance family RBF 29 

(Onadim et al, 1992b). Ser=serine; Leu=leucine, Cys=cysteine; Phe=phenylalanine.
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Figure 4.12
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As we have seen, all naturally ocurring mutant Rb proteins have regions deleted 

within the Ela/LT or E2F binding domains and, without exception, characteristics of 

normal pRb such as binding to Ela/LT, the interaction with E2F/DRTF1, attachment to 

the nucleus, activation of E2F-dependent transcription and ability to be phosphorylated 

are reduced in naturally occurring mutant Rb proteins (Bandara et al, 1991, Cao et al, 

1992, Chellappan et al, 1992, Hashimoto et al, 1991, Hiebert et al, 1992, Horowitz et 

al, 1989, Kaelin Jr et al, 1992, Kaelin et al, 1991, Mittnacht and Weinberg, 1991, Qin 

et al, 1992, Scheffner et al, 1991, Shew et al, 1990a, Shew et al, 1990b, Stirdivant et 

al, 1992, Templeton et al, 1991, Zamanian and La Thangue, 1992). From this data, it 

would appear that the E2F binding site, or at least an intact C terminus, is critical for 

function. The question remains as to why the two Rb proteins in the low penetrance 

families RBF 18 and RBF 29 would be expected to retain function when these 

mutations also occur in the pocket region. While RB 1 mutations in other tumours may 

be informative with respect to functional domains of the protein, it may be misleading 

to extrapolate to Rb tumours, since, the later onset tumours may contain mutations in 

several different oncogenes and tumour suppressor genes and the degree of inactivation 

required of the Rb gene in the tumorigenic process may be quite different than for 

retinoblastomas.

pRb has been implicated as a cell cycle "checkpoint" control. The consequences 

of RBI inactivation, however, await the further dissection of events regulating the cell 

cycle. Further insight will undoubtedly emerge from oncoprotein studies, since multiple 

cellular proteins may interact with these proteins to overcome cell cycle control and 

some of these are likely to represent key regulators of cell growth control. It appears 

that pRb may be involved in the regulation of transcription of genes expressed early in 

the cell cycle prior to DNA synthesis such as c-myc and c-fos and genes necessary for 

DNA synthesis such as thymidine kinase (Dou et al, 1992) and dihydrofolate reductase 

(Blake and Azizkhan, 1989). pl07 may also be involved in this process given that the 

two proteins exhibit two highly conserved regions necessary for interaction with many 

proteins, including E2F and cdk 2 (Ewen et al, 1991). The timing of nature of
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complexes formed by pRb and pl07 may also be crucial. Binding of pRb to Myo D also 

occurs in the Ela/LT/E2F binding domain (Gu et al, 1993). Therefore, the finding that 

so many in-frame deletions affect this area presumably reflects these important 

interactions.

One could argue that the mere disruption of the cell cycle is not enough to 

explain tumorigenesis. The undifferentiated phenotype of the cancerous cell has long 

been recognised. Recent evidence implicates pRb as a positive effector of 

differentiation of muscle cells (Gu et al, 1993). Obviously, further upstream controls 

may be required for a cell to be diverted from cell cycling toward a differentiation 

pathway. Myo D is present in cycling muscle cells and so pRb may restrain cells in G1 

until the appropriate signal for differentiation is received which will direct cells into 

terminal differentiation. The factors influencing the passage of muscle cells along the 

cycling or differentiation pathway remain to be elucidated but it is likely that pRb plays 

a key part in this process. Rhabdomyosarcoma is one of the second tumours associated 

with Rb, but does not occur frequently. Presumably other factors are involved in 

initiating this tumour and RB 1 inactivation only provides a supporting role. Perhaps the 

proteins in the low penetrance families retain binding to a factor specific for retinal cell 

differentiation. Another possibility, is that in these patients, mutations in other 

oncogenes or tumour suppressor genes are required to elicit a tumour. Perhaps loss of 

heterozygosity for the initial "mild" mutation is insufficent for tumours to develop, 

whereas a second inactivating mutation generating a stop codon produces retinoma and 

a mutation in another gene such as p53 is required for tumour formation.

A role for Rb in cell differentiation offers exciting possibilities to explain 

several features of retinoblastoma. Rb occurs within a narrow window of 

developmental time before terminal differentiation of retinal cells. It is possible that 

pRb may be necessary for retinal cells to exit from the cell cycle and choose the 

differentiation pathway. Deregulation of the cell cycle proliferation may be a futher 

"push" for the cell after it has lost its option to enter the differentiated state and it may 

be this function which E la and LT target for immortalisation. The fact that E la needs
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to bind to several proteins (Whyte et al, 1989) to transform cells probably means that 

inactivation of pRb is not enough in most cell types and other events are required. The 

difference may lie in a retinal differentiation factor perhaps one that interacts with the 

pRb leucine zipper. In those non-Rb tumours in which loss of pRb function is 

implicated, pRb may simply act as a promoter of tumorigenicity with other key 

differentiation factors playing a role in initiation of the tumorigenic phenotype.

To try and provide a model for Rb inactivation, the Rb gene was disrupted in 

mice by homologous recombination in embryonic stem cells followed by cross 

breeding of chimaeric animals (Clarke et al, 1992, Jacks et al, 1992, Lee et al, 1992). 

Surprisingly, mice homozygous or heterozygous for an RB 1 mutation do not get Rb 

tumours and homozygous mice die in utero with abnormalities of the nervous and 

haemopoietic systems (Clarke et al, 1992, Jacks et al, 1992, Lee et al, 1992). The 

reason why heterozygous Rb mice do not get Rb is not yet clear but may be related to 

differences in differentiation pathways between murine and human retinal cells. 

Alternatively, the number of target cells may not be sufficient for two hits to occur in 

the narrower span of time over which murine retinal ontogenesis occurs. There is also a 

possibility that pl07 may be able to undertake some of the functions of pRb in the 

mice. Muscle cell development is also normal in homozygous pRb deficient mice but 

the normal differentiation of nervous and haemopoietic tisssues is impaired. This, too, 

suggests a role for pRb in cellular differentiation but the mouse is not necessarily an 

ideal model system.

Disruption of cell cycling may be all that is required at later stages in tumours 

which require mutations in multiple genes, whereas retinal cells may require mutations 

which prevent differentiation as well as deregulate the cell cycle. The reason why some 

mutations produce a milder phenotype may lie in the nature of the mutations and the 

effect on the conformation of the binding domains. For this reason, it may be 

informative to look at the few examples of mutations that do not disturb the reading 

frame that have been reported in Rb patients. Of the few germline mutations which 

produce proteins that have been described in Rb patients, two large in-frame deletions
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of exon 14-17 (LA-RB-74) and exon 21-22 (LA-RB-151) were both located in the 

Ela/LT binding regions (Hashimoto et al, 1991). In addition, a germline ser-> leu 

substitution at position 567 (figure 4.12) has been reported (Yandell et al, 1989). It is 

interesting that the serine 567 to leucine substitution occurred in a consensus cdc 2 

phosphorylation site. The pRb protein is phosphorylated during the cell cycle in an 

orderly manner and different phosphorylated forms of the pRb protein may well have 

different functions necessary for different stages of the cell cycle. The ser->leu 

mutation may interfere with the production of a phosphorylated form of pRb which has 

a crucial role in cellular growth control. A protein containing this mutation was 

underphosphorylated but it is not clear whether some basal phosporylation may have 

occurred. It also failed to bind Ela, was not strongly attached to nuclear structures and 

did not induce senescence in Saos 2 cells (Mittnacht and Weinberg, 1991, Templeton, 

1992, Templeton et al, 1991). This mutation is also in the region of Rb shown to bind a 

cdk 2 or cdk 2-related kinase. Thus, if binding of cdk 2 is necessary for phosphorylation 

of pRb, this could contribute to the lack of phosphorylation (Akiyama et al, 1992). 

Another amino acid substitution described in RBI in a lung tumour replaced the 

cysteine residue at position 706 (figure 4.12) with a phenylalanine (Kaye et al, 1990). 

The cys->Phe substitution produces an underphosphorylated protein unable to bind to 

Ela, LT, E7, DRTF1/E2F, RBP 60 and is deficient in its ability to inhibit growth of 

Saos-2 cells or to associate with the nucleus (Bandara et al, 1991, Bandara and La 

Thangue, 1991, Kaelin et al, 1992, Kaye et al, 1990, Mittnacht and Weinberg, 1991, 

Qin et al, 1992, Stirdivant et al, 1992). The substitution of this cysteine residue might 

interrupt important scaffolding domains mediated by disulphide bonds contributed by 

cysteine which are necessary for proteiniprotein interactions.

In contrast to the other missense mutations described in RBI, no obvious 

function can be ascribed as yet to the arginine at position 661 which was mutated in 

family RBF 29. It is possible that mutations in low penetrance families target particular 

parts of the protein. If the mutation in family RBF 18 produced a stop codon, a protein 

674 amino acids long would result. Premature translation has, however, been predicted
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at sites further towards the C terminus of the protein in several other mutations not 

associated with low penetrance. If the cryptic splice site was activated, this would 

remove the first 23 amino acids encoded by the 5' end of exon 20 including the first 

three leucines of the putative zipper region. The arg->trp substitution in family RBF 29 

occurs in the C terminal portion of the LT/Ela binding domain and in the region of pRb 

shown to bind E2F and is 5 amino acids upstream of the region involved in cdk 2 

binding. It also immediately precedes the first leucine of the putative leucine zipper 

motif. If the cryptic splice site in RBF 18 was activated, the affected regions of both the 

RBF 18 and RBF 29 proteins would be located in the putative leucine zipper motif. It is 

possible that the leucine zipper represents part of a critical binding domain and that the 

regions affected in low penetrance families interfere with its conformation. As a result, 

binding of a critical protein(s) may not be completely ablated. In this respect, it is 

interesting to note that deletion of the leucine zipper region of mouse cDNA reduced 

but did not abolish Ela/LT binding or repression of an AP I promoter containing AP I 

sites in a CAT assay (Robbins et al, 1990). It is possible that Rb proteins with amino 

acid substitutions in binding domains can still bind some proteins. Another example of 

this is illustrated by an pRb protein containing the cys 706 to phe substitution which 

bound Myo D with low affinity (Gu et al, 1993). The fact that both mutations in 

families RBF 18 and 29 potentially affect the leucine zipper is also interesting because 

such regions mediate protein-protein interactions. Myo D contains a leucine zipper 

motif and deletions of the region C terminal to the Ela/LT binding domain of pRb 

reduced binding of Myo D to pRb but when the deletion encroached on the pRb leucine 

zipper, binding was completely abolished. It is possible, therefore, that the leucine 

zipper domain is necessary to bind Myo D. The pRb leucine zipper contains a proline 

which distorts alpha helices and might be expected to disrupt dimérisation but, until the 

binding site for Myo D is more precisely mapped, this remains a possibility. At this 

stage, no other naturally occurring mutations have been identified with deletions or 

point mutations in the leucine zipper region in Rb patients. However, a deletion of the 

first 4 amino acids from exon 20 has been reported in a cervical carcinoma cell line
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(Scheffner et al, 1991). It is possible, therefore, that the mutations in low penetrance 

families RBF 18 and RBF 29 affect the binding of pRb to another protein which 

interacts with the region that includes the leucine zipper domain.

Besides the missense mutation and potential in-frame deletion described in 

family RBF 29 and RBF 18 (Onadim et al, 1992b), mutations in the RBI promoter have 

also been associated with incomplete penetrance and have been shown to decrease 

production of pRb protein but not completely ablate it because the promoter may 

contain other elements which maintain pRb at adequate levels (Sakai et al, 1991b). This 

is further evidence that a protein with reduced functional activity contributes to the low 

penetrance phenotype. Such mutations may still yield enough functional protein to 

protect against tumorigenesis but occasionally pRb protein may fall below critical 

levels.

The fact that the mutation in RBF 29 is compatible with stable mRNA 

expression is also interesting in view of the proposal that méthylation of tumour 

suppressor genes may explain spontaneous regression of tumours (Reik and Surani, 

1989). Although méthylation of CpG is often correlated with reduced expression of 

genes, the situation is probably more complex reflecting the density of unmethylated 

CpG in the promoter region as well as other factors (Bird, 1992). It is possible that 

méthylation and déméthylation occur in somatic tissues during the lifetime of an 

organism. For RBI mutations which produce stop codons and unstable mRNA, 

méthylation and déméthylation would obviously have no effect on protein expression. 

However, for mutant Rb proteins which are stably expressed, méthylation and 

déméthylation could regulate protein expression. In support of this, méthylation of sites 

not normally methylated in the RB 1 gene has been shown occasionally in Rb tumours 

(Gregeret al, 1989, Sakai et al, 1991a) indicating that a méthylation mechanism could 

explain loss of Rb expression in some cases. In addition, méthylation of the RB 1 

promoter reduces the expression of the chloramphenicol transferase (CAT) reporter 

gene ii vitro (Ohtani-Fujita et al, 1993). It is possible, therefore, that 

methylaion/déméthylation processes are responsible for the phenotype of retinal scars
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in families such as RBF 29 caused by spontaneous regression of Rb tumours after 

méthylation of the mutant RBI gene.

4.4 DIAGNOSTIC MUTATION SCREENING.

A diagnostic screening method to identify those individuals at risk of 

developing retinoblastoma would be of great benefit to Rb families. At present, 

individuals in families where retinoblastoma is known to be inherited undergo regular 

ophthalmological examinations. The application of linkage analysis has eased this 

problem for most Rb families. However, linkage analysis is only useful if there is a 

prior family history of Rb and if the family is informative for the known 

polymorphisms. Fortunately, >95% of these families can be helped in this way. A 

further 28% of Rb patients have bilateral Rb (Draper et al, 1992) and no prior family 

history of the disease. All of these patients will carry a predisposing mutation and, in 

most cases, the transmission of Rb to their offspring can also be followed using linkage 

analysis but only after they have an affected child. If the predisposing mutation in these 

Rb patients could be identified, only those members who are at risk for developing 

tumours need to be examined. In addition, 30% of patients in Rb families have 

unilateral Rb (Draper et al, 1992). For those patients with unilateral Rb, who represent 

new germline mutations, a mutation screening method would be extremely valuable 

because at present there is no way of identifying these patients as hereditary cases. 

Clearly, the identification of patients who have inherited Rb mutations is important not 

only to assess those who will transmit Rb to 50% of their offspring but also because of 

their increased risk for the development of second malignancies.

It appears that the mutational spectrum observed for a particular gene will 

reflect the mechanisms of mutagenesis and the final effect on the protein. For instance, 

as discussed in section 1.7.3, the milder Becker muscular dystrophy (BMD) and more 

severe Duchenne muscular dystrophy (DMD) are both a result of mutations in the 

dystrophin gene. Yet, BMD is usually associated with in-frame deletions and DMD 

with frameshift mutations (Koenig et al, 1989, Monaco et al, 1988). There is also some
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evidence for a phenotype-genotype correlation in the autosomal dominant form of 

retinitis pigmentosa in which mutations in the rhodoposin gene have been found (Dryja 

et al, 1991, Ingleheam et al, 1992, Keen et al, 1991). Rhodopsin is located within 

membrane-like structures in the photoreceptor cells (Humphries et al, 1992, Wright, 

1992). Mutation of the attachment site for 11-cis-retinal (retinaldehyde) which is 

critical for the activation of rhodopsin and the transduction of the visual signal to the 

brain results in a more severe phenotype than many of the mutations that cause amino 

acid substitutions in other parts of the molecule (Keen et al, 1991). Mutations in the 

phenylalanine hydroxylase (PAH) gene cause phenylketonuria which is characterised 

by accumulation of phenylalanine and abnormalities of the formation of myelin sheaths 

around neuronal axons in the central nervous system (Konecki and Lichter-Konecki,

1991). Mutations in the PAH gene are usually amino acid substitutions resulting in 

reduced enzyme activity. Some mutations produce proteins which retain some residual 

activity and the disease is milder whereas mutations which virtually abolish enzyme 

activity results in severe symptoms.

We have also suggested a further reason for detecting the actual predisposing 

mutation in Rb patients for diagnosis. The ability to do this may assist in determining 

the level of risk for development of tumours. For instance, in family RBF 29, the 

inheritance of the amino acid substitution carries with it a lower risk of developing 

tumours and family members are frequently unilaterally affected. As more families with 

similar patterns of inheritance to RBF 29 are studied, the types of mutations 

predisposing to a milder phenotype may emerge. At the same time, as evidenced for 

family RBF 18, determining the effect of the mutation may not always be 

straightforward.

The speed, minimal sample manipulation and the lack of special equipment 

required make SSCP an ideal candidate for a mutation screening method for RBI 

mutations. We have also demonstrated that analysis of RNA is not useful for Rb which 

reduces the use of techniques based on the use of RNA or those capable of screening 

large segments of DNA. SSCP is more appropriate because of the large number of
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fragments requiring screening. Although high resolution electrophoresis has been used 

for mutation detection in RBI (Lohmann et al, 1992), SSCP is clearly superior to this 

approach because point mutations are detected in addition to deletions and insertions. 

The ability to predict disease outcome also makes SSCP preferable to linkage analysis. 

At present, linkage analysis is much faster because it can be done using PCR methods. 

The Rb 1.20 polymorphism is informative in 80% of families and diagnosis can be 

achieved in one day (Onadim et al, 1992a). However, we have also demonstrated the 

feasibility of multiplex SSCP. Now that the majority of mutations have been shown to 

be located in exons or splice sites, it should be possible to design a set of primers 

flanking the 27 exons of RB 1 which coamplify 4-5 exons (<250 bp) so they can be 

analysed together by SSCP.

The demonstration that RB 1 mutations are not completely random and, to some 

extent, follow a predictable pattern will also make this process faster. If the CGA codon 

is a hotspot for mutations in the RB 1 gene, this represents an important finding. Half of 

these inactivate or create restriction enzyme sites providing a simple detection method 

by PCR (figure 4.13). Four of the CGA codons form Taq 1 sites (TCGA), which would 

be destroyed by a C->T mutation and mutation of the CGA codon in exon 18 would 

destroy an Ava 11 site (GGACC). New restriction enzyme sites for Hphl and Nla 3 

would be created by mutation of the CGA codons in exon 8 and 11, respectively (table 

3.6). For the remaining six CGA codons, I have demonstrated that half of these give 

predictable banding profiles on SSCP gels (figures 3.30, 3.32, 3.50). Since, the CGA 

codons are mutated in 1/3 of mutations in Rb tumours, the exons in which CGA codons 

occur could be targeted in a first wave of SSCP screening. A further 1/3 of RBI 

mutations are small deletions or insertions and any of these which are in the same exons 

as the CGA codons will also be picked up.
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E xon C G A
P osition

Taq 1
( a )  8  251 C C T C G A A C

I
T

(b )  8  255  A G G C G A G G TC

I
AGGTGA  

H ph 1

(C) 11 358  COACGAAA

CATG  
N la 3

T aq  1

(d )  17 556  AC A TCGA A

T

A va 2

(e )  18 579  A A G G A C C G A

I
T

T aq  1

(f) 23 787  C C T C G A

T aq  1

(g) 27 908 C TG G A A C

I
T

Figure 4.13 The exon and amino acid position is shown for CGA 
arginine codons which are hotspots for C->T mutations in RBI. Many 
of these are located within restriction enzyme sites (bold) and are (a,d, 

e, f, g,) destroyed by C->T mutations. In b and c, restriction enzyme 
sites are created by C->T mutations.

371



For a more efficent screening programme it would obviously be important to 

identify hotspots for mutations within RBI. Reviewing all of the published mutations, a 

number of potential hotspots have emerged although there are still too few reports. The 

C->T mutation in the most 3' CGA codon in exon 14 found in tumour GOS 159 (Hogg 

et al, 1993) was also found in the constitutional cells of an unrelated patient from 

family GOS 636 (figure 3.50). The 5' CGA codon in exon 14 and the CGA codon in 

exon 23 (figure 4.1) were also sites of germline mutations in Rb patients in the study by 

Yandell et al (1989). The exon 11 CGA codon carrying a C->T mutation in tumour 

GOS 159 was also present in the Rb cell line W24 (Yandell et al, 1989). In all, ^/i4 

CGA codons have been reported as sites of CGA->TGA mutations in Rb patients. This 

represents represents 26% of all mutations so far. Only 17% of germline mutations 

were CGA->TGA but this may reflect a bias in reporting since 25% of the germline 

mutations so far reported have been found in low penetrance families where stop 

codons do not appear to be commonly detected. Other than CGA codons, RBI 

mutations occur more than once at three sites. The Ibp insertion in tumour GOS 568 

and the 3bp deletion in the germline of a patient with bilateral Rb (Lohmann et al,

1992) overlapped each other in exon 16. The 2bp deletion in exon 19 in tumour GOS 

45 lies 3bp from a 9bp deletion identified in the germline cells from a patient with 

bilateral Rb (Dunn et al, 1989). The deletion in the splice donor site of exon 24 in 

tumour GOS 551 is Ibp from a Ibp deletion identified in a Rb tumour which removes 

the G' of the invariant 'GT' dinucleotide in the same splice donor site (Yandell et al, 

1989). Therefore, a picture does seem to be emerging for the location of oncogenic 

mutations in the RBI gene.

SSCP appears to be a good candidate for a mutation screening programme but it 

did not detect all mutations in this study. The mutation that was detected in tumour 

GOS 537 was not the predisposing one because it was not present in constitutional cells 

(figure 3.26). In tumours GOS 17 and GOS 560, no mutation was detected and no 

deletions or rearrangements were identified by Southern blotting (figure 3.38). In our 

experience, it appears that SSCP is not 100% sensitive and may miss some mutations.
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My results have demonstrated that analysis at 4°C improved the sensitivity of SSCP 

significantly. However, it is possible that for some mutations other conditions will be 

optimal and a second round of SSCP using different condition may be advisable. For 

instance, analysis of mutations at 4°C in gels lacking glycerol may be better for some 

mutations with less stable secondary structure.

The use of SSCP should prove useful for unilateral cases where it is not clear if 

there is a germline mutation. Multiple tumour foci may represent independent events 

arising in a patient with a germline mutation or the dissemination of a single focus of 

tumour cells in a sporadic case. Patients in whom multiple foci of tumours are evident 

should be given priority, although, given the resources, all unilateral cases should also 

be screened for mutations. Because SSCP may not be 100% sensitive, some germline 

mutations will be missed.

An effective strategy for mutation screening for Rb patients would first entail 

screening for mutations using multiplex SSCP with redesigned primers such that 

fragments are less than 250bp long and do not require restriction enzyme digestion. 

There would also be an advantage in concentrating on hotspots for mutations in RBI 

(see future work). Problems may arise because SSCP may not detect large 

rearrangements or deletions. In our study, tumours in which mutations were not 

detected were rescreened using Southern blotting but no gross mutations were 

identified. It would be advisable in a mutation screening program, however, to perform 

Southern blotting and cytogenetic analysis in those cases where a mutation was not 

detected by SSCP. Evidence suggests that SSCP is 80-100% sensitive (Michaud et al, 

1992, K. Hiyashi personal communication) and it may be necessary to sequence every 

exon in those few cases when a mutation is not identified using SSCP.

SSCP was also useful in detecting two polymorphisms in RBI. Both are single 

base pair changes and do not alter restriction enzyme sites. Screening for the Rb 1.3 and 

Rb 1.26 polymorphisms using SSCP may be useful in those families who were 

uninformative for other polymorphisms. An SSCP-based detection method for single 

base polymorphisms would allow a larger number of samples to be analysed at any one
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time compared with direct sequencing. As the SSCP technique is refined further for 

diagnosis, ie. using a multiplex approach with single fragments for each exon, the 

whole process could be streamlined and it would then be much faster than RFLP or 

VNTR polymorphisms, ultimately. SSCP would be a more useful method for detecting 

mutations because information about the nature, location and types of mutations can be 

gained. However, until that happens, when a quick diagnosis may be required eg. 

prenatally or if a family is uninformative for any other polymorphisms and no mutation 

can be found, SSCP analysis of Rb 1.3 and Rb 1.26 may be the only possibility.

Previously unidentified polymorphisms were suspected around exons 15-16,18 

and 22 because variant banding profiles (appendix 1) were repeated in more than one 

sample. The characterisation of such polymorphisms may add to the bank of 

polymorphic loci available to screen Rb families.

4.5 CONCLUSION.

Primers and conditions appropriate for SSCP analysis of all the coding regions 

of RBI, the promoter and the Poly-A signal sequence have been described. These will 

allow detection of mutations in the RB 1 gene in Rb patients. An important conclusion 

reached from these studies is that RBI mutations are not completely randomly 

distributed but are dependent on the sequence environment and the requirements for 

inactivation of protein function. The generation of premature stop codons is the most 

common way to inactivate the Rb protein and mutations of this type generally appear to 

be incompatible with stable mRNA expression. CGA codons represent particular 

hotspots and could be integrated into a mutation screening programme especially since 

we have shown that many of these affect restriction enzyme sites. Certain sites may also 

be favoured for deletions but more work is required to fully establish their frequency. 

For the majority of individuals with Rb, the ability to detect mutations quickly in the 

RB 1 gene offers the only possibility to determine unequivocally whether they carry a 

germline mutation.
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In addition, the biotin system is a fast and accurate method for sequencing 

allowing the characterisation of the genetic lesion. The value of the SSCP/ biotin 

sequencing system is illustrated by our findings in low penetrance families. We have 

provided the first evidence that amino acid substitutions predispose to a milder 

expression of the Rb phentoype. These studies provide a basis for further 

characterisation of the genetic lesion in families in which mild expression of the Rb 

phenotype is observed. The results presented in this study illustrate the efficacy of the 

SSCP technique for detecting mutations in the RB 1 gene and show that this technique 

would have immense value as a part of a diagnostic approach to Rb. This approach 

paves the way for improvements in diagnosis, prognostic indicators and treatment of 

this severe disease and its associated high degree of morbidity and mortality.

4.6 FUTURE WORK.

A number of experiments are relevant to the refinement of the SSCP/ 

sequencing approach to detecting mutations in the RB 1 gene. One consideration which 

is particularly relevant to the routine clinical setting is radioactive detection methods. 

Although radioactive detection methods have been used here, the use of ethidium 

bromide has also been described for SSCP (Yap and McGee, 1992). Silver staining 

should also be possible for SSCP gels. The main problem with applying these staining 

methods is that the manipulation of polyacrylamide gels is required. This is difficult for 

gels of the size described here. It would, therefore, be of use to assess the sensitivity of 

SSCP on 18cm x 18cm polyacrylamide gels to see if such methods would be feasible. 

Such methods would reduce the risk of radiation exposure to personnel and may be 

more suited to routine use. In addition, a multiplex approach to SSCP should be 

assessed by designing new primers flanking the 27 exons such that fragments are less 

than 250 bp. This would reduce the time of analysis significantly.

CO A codons were the target of mutations in 33% of tumours. The targeting of 

CGA codons should be assessed in patients with hereditary Rb to determine if they
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show an equal susceptibility. Although méthylation of CpGs is proposed as the 

mechanism contributing to the instability of CpGs, this has not been unequivocally 

proven. It is possible that the méthylation of certain CpGs in RBI is different in 

germline cells and tumour cells and this may reflect the distribution of CGA mutations 

and provide further evidence for the contribution of CpGs to their instablility. In order 

to determine the contribution of méthylation to the mutation of CpGs, the method of 

Frommer et al (1992), which relies on the preferential deamination of cytosine to uracil 

by sodium bisulfite while 5-methylcytosine (5meC) remains unreactive, could prove 

useful. When DNA which has been reacted with sodium bisulfite is amplified using 

PCR, cytosines are amplified as thymines and 5meC is amplified as cytosine. Primers 

can be designed that are specfic for the sodium bisulfite-reacted strand where C's are 

substituted for G’s and visa versa. The PCR-amplified DNA is then sequenced to 

determine the distribution of unmethylated cytosines which show up in the "T" track 

whereas methylated cytosines remain as cytosines.

Different CGA codons may have different susceptibilities to mutation due to 

different effects on protein stability. Some investigators (Cheng and Maquat, 1993) 

have suggested that transcription and translation are coupled in a pathway and that 

premature stop codons may block the pathway. This may lead to exposure of the 

mRNA to nucleases resulting in its digestion. Consequently, premature stop codons at 

the ends of genes may not be susceptible to breakdown because by the time they were 

reached, most of the mRNA would have been translated. This would lead to a polarity 

in the distribution of stop codons causing Rb. The distribution of mutant CGA codons 

should, therefore, be assessed by looking at a large number of samples.

The fact that CGA arginine codons represent a hotspot for RBI mutations could 

be exploited because many of the CGA codons in the coding sequence of RB 1 are 

located in restriction enzyme sites (figure 4.13). For those that are not, a PCR approach 

to introduce an enzyme site should be assessed. The introduced site would be active if 

the sequence were mutant and inactive if the sequence was normal. A Taq 1 site 

(TCGA) would be ideal. This technique would involve synthesising a PCR primer
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which matched the residues preceding the CGA site, except for the terminal 3' 

nucleotide of the primer which would have a "T" mismatch. Amplification from normal 

DNA would produce a TCGA sequence whereas a TTGA sequence would be produced 

from DNA in which a CpG->TpG mutation had occurred. Taq 1 digestion and agarose 

gel electrophoresis following amplification of the DNA would yield a product with or 

without the length of sequence specified by the primer. If the frequency of mutations in 

CGA codons in hereditary cases is similar to that found in tumours, this rapid approach 

should detect mutations in 33% of Rb patients. In addition, a multiplex approach could 

be incorporated into this type of analysis significantly reducing the time required.

The majority of mutations detected in Rb tumours clearly result in premature 

stop codons which probably decrease the stability of mRNA and/or protein. The 

mutation in family RBF 18 was thought to represent one exception because of the 

potential activation of a cryptic splice site in exon 20. This was particularly interesting 

because of the unusually mild expression of the Rb in this family. RT-PCR, however, 

showed that only the normal splice site was used in lymphocytes. The question remains 

as to whether the putative cryptic splice site would be used in different cell types. This 

could be assessed by transfecting the mutant gene into different cell types. For example, 

a construct containing the mutant gene created by in vitro mutagenesis (see below) 

could be expressed under the control of the SV-40 promoter at high levels in COS cells.

A missense mutation detected in family RBF 29 showing incomplete penetrance 

has been shown to be associated with a stable mRNA transcript which may reflect the 

ability of the protein to retain some function. Since the pRb protein has recently been 

associated with many different cellular proteins and transcriptional regulation, 

dissecting exactly which functions are retained by this protein may shed light on steps 

critical for tumour formation. Functions such as (1) cell cycle dependent 

phosphorylation, particularly phosphorylation of specific residues, (2) the ability to 

induce senescence in Saos-2 cells and (3) be phosphorylated by cyclin A and E, (4) 

binding to E2F, cdk 2 and the basic helix-loop-helix muscle proteins and (5) the affinity 

of binding may illuminate critical interactions. Functional inactivation of the protein
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would also prove that this mutation is causing the predisposition to Rb and a reduction 

in biological activity/binding activity rather than complete ablation would support our 

contention that this mutation contributes to the observed phenotype. Assessing the 

function of the protein would involve introducing the mutation into a suitable vector. 

The most suitable way to achieve this would be by site directed mutagenesis. Reverse 

transcription of RNA followed by ligation into a vector carrying the RB 1 cDNA is 

another possibility but the lack of suitable restriction sites in the RBI sequence makes 

this problematic. The mutation would be introduced into an RBI cDNA in a pGEM 

expression vector, constructs of which already exist. This would allow production of 

RNA for in vitro translation in a reticulocyte lysate system. In vitro binding of the 

mutant protein to Ela/LT or E7 can be measured in this system using 

coimmunoprecipitation techniques and antibodies to each protein. All mutant pRb 

proteins tested so far fail to bind to the viral oncoproteins. It is possible that the mutant 

protein binds the viral oncoproteins with a decreased affinity reflecting a weaker 

interaction with a cellular binding protein. In order to test the affinity of the interaction, 

titration of one protein against the other would be measured. Since all mutant Rb 

proteins are un-or underphosphorylated, expression of the protein in an appropriate cell 

type should be performed to measure the extent of phosphorylation of the protein. For 

instance, the ability to form multiple phosphorylated Rb proteins, to be phosphorylated 

in vitro by cdc-2 like kinases, the affinity of binding to Ela, LT, E7, E2F/DRTF1, RBP 

60, myo D and ATF 2 and the ability to transactivate promoters with E2F, ATF2 or SP- 

1 binding sites may give important clues to domains necessary for these interactions 

and their importance to the development of retinoblastoma. For instance, the protein 

may retain some affinity for a retinal specific differentiation factor akin to myo D but 

be reduced in cell cycle regulatory functions. The ability to induce the G1 block to cell 

division in Saos 2 cells would also be useful because it provides a measure of the 

biological activity of the protein.

The interactions of proteins with pRb could be measured by 

immunoprécipitation or direct interaction with proteins expressed in vitro. For example,
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the baculovirus system produces large quantities of proteins but caution must be 

exercised in interpreting results because the protein may not be appropriately modified 

or processed in such a system. Binding of Rb to transcription factors can be performed 

by gel shift assays using a primer with the binding site for the transcription factor. Cells 

expressing Rb protein could be used for these experiments if the mutant protein was 

constructed in a vector such as those containing the haemagluttinin (HA) epitope 

allowing mutant pRb protein to be purified from endogenous protein by 

immunoprécipitation with anti-HA antibody.

The study of other families with a high proportion of unaffected and mildly 

affected members is necessary to determine the range of mutations which could give 

rise to a reduced risk for tumour development. The use of SSCP for families with a 

prior family history of the disease would then be useful for genetic counselling, since, 

the nature of mutations could be determined and the risk of tumour development 

assessed. Since mutations which do not disturb the reading frame have been found in 

low penetrance families and CpGs are hotspots for RB 1 muations, it may be useful to 

screen these families for amino acid substitutions at CpG dinucleotides. There are only 

20-30 sites at which CpG->TpG mutations in RB 1 change the codon usage. Many of 

these CpGs are located in restriction enzyme sites. A quick screen may, therefore, be 

useful.

It is also possible that mRNA screening may have some use in low penetrance 

families but, as these are relatively rare, it is probably not practical to set up an mRNA 

mutation screening programme just for these patients. It is possible, however, that in 

some of these families, removal of exons which would not disturb the reading frame 

occurs. Screening their cDNA by PCR amplification using exon primers spanning RBI 

may be useful, therefore, especially since the whole coding region could be covered 

with 4-5 pairs of primers.

Although it appears that mutations in RBI result in premature stop codons, 

either by producing frameshifts or directly converting CGAs to stop codons, the study 

of other types of adult tumours in which mutations have been identified needs to be
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addressed. Many of these tumours appear to contain in-frame mutations but this 

probably reflects the fact that mRNA-based methods were used. The SSCP-sequencing 

approach described here could be used to screen a variety of other tumour types. This 

may also clarify whether particular carcinogens are involved in different tumours.

There is some evidence to suggest that inactivation of RBI is not enough for 

tumour formation and that other genetic events may contribute. These ideas have their 

basis in several observations. Firstly, other cytogenetic abnormalites occur in Rb 

tumours including extra copies of chromosome 1 and 6p (Gardner et al, 1982, Squire et 

al, 1985). In addition, when Rb protein is expressed in cells lacking functional Rb then 

injected into the eyes of nude mice, tumour formation is not suppressed (Muncaster et 

al, 1992). However, this is not a universal finding. Another puzzling finding was that 

mice heterozygous for an RBI mutation failed to develop Rb tumours (Clarke et al, 

1992, Jacks et al, 1992, Lee et al, 1992). p53 is one of the most commonly mutated 

genes in human tumours. It is possible that p53 mutation may contribute to the 

formation of Rb and this should be assessed by screening tumours for p53 mutations. 

This is relatively easy because most are located within the 4 highly conserved regions 

of this gene (Caron de Fromentel and Soussi, 1992, Hollstein et al, 1991).
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APPENDIX I SSCP Banding Profiles.

Representative examples of the normal SSCP banding profiles are shown for all 27 exons 

of RBI and the promoter and poly-A signal sequence. These were all obtained using the 

primers and restriction enzymes described in table 3.5 and optimised electrophoretic 

conditions (see section 3.5). Repeated variations in banding profiles, characteristic of 

polymorphisms (see results), were noted in exons 3, 15-16 (which were amplified with a 

single pair of primers) 18, 22 and 26 and are marked with an asterix. Those in exons 3 

and 26 were due to the Rb 1.3 and Rb 1.26 (Yandell et al, 1989) polymorphisms (see 

results). The variations between samples from exons 15-16, 18 and 22 are being 

investigated further.
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APPENDIX n

Molecular Weight Markers

XHHR*
(kb)

23.13
21.23
9.42
6.56
5.15
4.98
4.36
4.27
3.52
2.32
2.02
1.91
1.58
1.38
0.95
0.83
0.56
0.13

X HHR* = a mixture of Hind IE cut and Hind m + Eco RI cut bacteriophage lambda DNA
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Several families segregating the autosomal dominant 
form of the hereditary retinoblastoma predisposition 
gene have been analysed for the causative mutation. We 
have used the single-strand conformation polymorphism 
(SSCP) technique to screen for mutations, exon by exon, 
in the RBI gene in affected patients from these families. 
The SSCP technique has proved a rapid and simple 
technique which relies on the sequence-dependent migra
tion of single-stranded DNA in a non-denaturing poly
acrylamide gel. Oligonucleotide primers flanking all 27 
exons and the promoter region of the RBI gene are 
reported here. The polymerase chain reaction (PCR)- 
amplihed products range in size from 212 to 625 bp and 
include a flanking intron sequence which allows detection 
of mutations in these regions. The sensitivity of SSCP is 
optimal when DNA fragments are approximately 200 bp 
long. Consequently, restriction enzyme sites for each 
amplified region were identified, reducing the size of the 
PCR products analysed to less than 250 bp. Bands with 
aberrant migration patterns were observed on SSCP gels 
in the lymphocyte DNA from two patients with bilateral, 
familial retinoblastoma. Sequence analysis of these DNA 
fragments revealed the causative mutations. These con
sisted of a 1-bp insertion of a T in the coding strand of 
exon 20 and a G->-A mutation in the coding strand of 
exon 14. This approach has proved to be a powerful 
method for the rapid detection of germline mutations in 
the RBI gene, a programme which can be extended to 
individuals with new mutations.

Introduction

Identifying mutations in oncogenes provides strong 
evidence for their role in tumorigenesis and clues to the 
location of important regions of the protein and assists 
in determining the aetiological factors involved. This 
type of mutation epidemiology has been particularly 
useful in establishing the functional domains of the ras 
and p53 genes, for example (Bourne et al., 1990; Holl- 
stein et al., 1991; Levine et a i , 1991; Valencia et al., 
1991).
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Many oncogenes require the production of an 
abnormal gene product to transform cells, but a class 
of ‘recessive cancer genes’ whose loss of function is 
required for initiation of tumorigenesis has been des
cribed (Weinberg, 1991). The retinoblastoma (Rb) pre
disposition gene {RBI) is one of these recessive cancer 
genes, and both copies must be inactivated for tumori
genesis to occur (Cavenee et al., 1985; Knudson, 1971; 
Yandell et al., 1989). In tumours this is achieved in 
70% of cases by duplicating the initial mutation and 
losing the chromosome with the normal gene (Cavenee 
et a i, 1983; Zhu et a l ,  1989). In the remaining cases 
functional inactivation of both copies of RBI occurs as 
a result of independent inactivating mutational events. 
However, approximately one-half of retinoblastoma 
patients carry a constitutional predisposing mutation 
(Vogel, 1979). This means that their children have a 
50:50 chance of inheriting the predisposition, and 90% 
of children who do will develop the tumour (Vogel, 
1979). However, only 10-15% of Rb patients have a 
family history of the disease, the remaining 30-35% 
representing new germline mutations. For those patients 
with familial Rb, over 95% can be offered prenatal 
screening (Onadim & Cowell, 1991) using standard 
linkage analysis. However, for these with new germline 
mutations, unless the causative mutation is identified 
counselling will not be available for their firstborn 
children.

A detailed analysis of events which play a role in the 
production of an inactive Rb gene product has, until 
recently, been limited by the lack of rapid and sensitive 
detection techniques. Investigations have also been 
complicated because the gene is approximately 200 kb 
long, encodes a 4.7-kb mRNA and is composed of 27 
exons ranging from 31 bp to 1873 bp in size (McGee et 
al., 1989).

Although analysis of RNA from tumours would be 
the most straightforward way of detecting mutations, 
only about one-third of tumours are removed, the rest 
being treated in situ. Of those which are removed, 
many have already been treated and the tumours are 
largely necrotic. An additional complicating factor is 
that, in up to 40% of tumours, the RBI RNA is not 
produced (Friend et al., 1986; Fung et al., 1987; Lee et 
al., 1987; Goddard et al., 1988). Although, in most 
cases, DNA analysis of tumours would avoid complic
ations due to the presence of the normal allele, for the 
successfully treated hereditary tumours this is not an 
option. RNAase protection has been used to identify 
mutations in RBI, but was only successful in an esti
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mated 50% of cases (Dunn et al., 1989). The examina
tion of RNA by RNAase protection or the polymerase 
chain reaction (PCR) is limited because the normal 
allele appears to suppress expression of the mutant 
transcript (Dunn et a i ,  1988; Zhu et al., 1989; Mura
kami et al., 1991). Thus, a procedure for identifying 
heterozygous mutations in constitutional cells is requir
ed. Yandell et al. (1989) identified mutations in Rb 
tumours following exon-by-exon sequencing of the 
RBI gene, which is a very time-consuming process. To 
avoid the need to sequence the whole gene in patients 
and/or their tumours, several groups have analysed 
ways of prescreening exons for mutations. Some of the 
more recently described methods, following amplifica
tion of DNA by PCR, include the chemical cleavage 
mismatch method (CCM; Cotton et a i, 1988), carbo- 
diimide modification (Ganguly & Prockop, 1990) and 
denaturing (DOGE) and temperature gradient gel elec
trophoresis (TGGE) (Fischer & Leiman, 1983; Myers 
et a i ,  1985; Wartell et al., 1990). These techniques 
generally require several manipulations and extensive 
preparation. Consequently, we chose to use the recent
ly described single-strand conformation polymorphism 
(SSCP) technique (Orita et a i ,  1989), which relies on 
the fact that the migration of single-stranded DNA 
molecules in non-denaturing polyacrylamide gels is 
sequence dependent.

In this report we present details for the construction 
of oligonucleotides for the amplification and analysis 
of all 27 exons of the RBI gene and demonstrate the 
application of SSCP and PCR sequencing to detect 
constitutional heterozygous mutations in Rb patients.

Results

greater the likelihood of non-homologous pairing 
which results in background amplification. Generally, 
the higher the GC content of the primer, the higher the 
annealing temperature. To reduce background due to 
very low annealing temperatures, we avoided regions 
with an AT content of more than 70%. Where possi
ble, GC-rich sequences were also avoided to reduce 
potential problems occurring as a result of the forma
tion of secondary structures in the template. This can 
cause a variety of problems from non-specific priming 
to lack of product (Innes, 1990). Although primer pairs 
were usually the same size (mean of 22 bp), the length 
of some primers was altered to obtain a primer pair 
with a similar annealing temperature; these range from 
19 to 27 bp in length. Primers of < 19  bp generally 
generated non-specific amplification products. The pro
moter region, exon 1 and flanking intron region are 
extremely GC rich. To obtain a specific PCR amplifica
tion product for both the promoter region and exon 1 
we found that addition of 10% dimethylsulphoxide to 
the PCR reaction was essential (Williams, 1989).

Although the majority of primer pairs were designed 
from sequences located towards the distal extremes of 
the sequenced intron regions, there were a few excep
tions. The 3' primer for exon 20 is situated upstream to 
the highly polymorphic variable number of tandem 
repeats (VNTR) region comprised of varying numbers 
of CTTT(T) repeats (McGee et a i, 1989). Since exons 
15 and 16 are separated by only an 80-bp intron 
sequence, a single pair of primers was used covering 
both exons. All of the primers listed in Table 1 have 
been tested and their efficiency confirmed using a vari
ety of DNAs from blood cells from normal individuals 
and patients with bilateral Rb in whom heterozygous 
mutations might be expected.

Design o f  PCR primers

The full sequence of the coding region of RBI, 
together with approximately 200 bp of the introns 
flanking each exon, has been reported by McGee et a i  
(1989). This sequence was used to design oligo
nucleotide primer pairs for the amplification of all 27 
exons of the RB! gene. Since not all mutations occur 
within the exons, the sequences used for the oligo
nucleotide primers are generally situated well into the 
intron region. Details of primer sequences and their 
annealing temperatures are given in Table 1. The 
length of the flanking intron region included in the 
amplified product varied between 42 and 344 bp depen
ding on the exon. The lengths of PCR products range 
from 212 to 625 bp (Table 1).

Following PCR amplification, the DNA fragment 
was analysed on a 2% agarose gel to check both the 
size and specificity of the product. The location of 
primers was influenced by several factors. Firstly, the 
size of product which can be easily sequenced is limited 
to 500-600 bp. Secondly, in some cases, background' 
bands were seen in addition to those of the expected 
size. Clearly, these background bands would complic
ate SSCP and sequence analysis. As a result, several 
sets of primers were designed for some exons before a 
single band was seen on agarose gels.

An additional factor which influenced the location of 
the primers was the GC-AT ratio. The higher the AT 
content, the lower the annealing temperature and the

SSCP analysis

Single base pair mutations can be detected following 
SSCP analysis of PCR products up to 350 bp. How
ever, subtle changes in nucleotide sequence are more 
readily detectable in smaller molecules (Orita et a i, 
1989). Restriction enzyme sites within each of the 27 
PCR-amplifiable regions have been identified and 
generally result in the generation of DNA fragments 
between 100 and 300 bp (see Table 1). In some cases, it 
was necessary to use several enzymes, in combination, 
to generate fragments of the required length. We found 
that overnight digestion of the PCR products, under 
the conditions described in the Materials and methods 
section, produced complete digestion which is essential 
to avoid artefact bands on the SSCP gel as a result of 
incomplete digestion. The expected sizes of digested 
products were confirmed on agarose gels in all cases.

Analysis o f  patient DNA

To determine whether the PCR-SSCP analysis could 
be used in the identification of heterozygous mutations 
in patients known to carry a predisposing mutation, we 
performed a limited survey of patients with a prior 
family history. DNA samples used in this study were 
from Rb patients who had presented with bilateral 
tumours and were selected randomly from the large 
group of Rb families previously described by Onadim 
et a i (1990).
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Table 1 Details o f the oligonucleotide primers, the annealing temperatures for PGR amplification, restriction enzymes 
used to digest PGR products and sizes o f cut fragments. Both the prom oter region and exon I required 10% 
dimethylsulphoxide in the PGR reaction*

Oligo Location Sequence
Temperaturerc) Full size

Restriction
enzyme

Cut size 
(bp)

6007
6008

RB
RB

5 X PRO 
3 X PRO

GATGGGAAAAGGGGAGGAAGTGTGT
TGAAGGTGCGCTGAGAAAAAGGGGA

62* 570 Smal
BspHI

230
176/164

9691
9692

RB 5 X 1 
RB 3 X 1

GGTGGGGGGGCGTGGTGGT
ACGCGGGGGGTGGGGAGGAC

62* 307 Dde! 153
154

10143
10142

RB
RB

5 x 2
3 x 2

GTTGTTTTTGACAGTAGTGTTATGTG
CGTGCCCGGCCTGAAAGATTTTTAA

60 409 Hpal 214
191

8202
8201

RB
RB

5 x 3  
3 X 3

GGGATGAGAAGGATGTGTTAGAA
GGACACAAACTGGTAGGTGTTAAAG

58 477 Alul 243
234

8203
8204

RB
RB

5 x 4
3 x 4

CGTTCGAAAGGATATAGTAGTGATTTG
CCAGGAAGCATTGAGAATGCATATT

58 445 Rsal 269
176

8206
8205

RB
RB

5 x 5  
3 X 5

GAAGACTAATTGAGAGGATTAAGTG
TGTCCTGAATCAATTCGAGCTTATT

58 488 Afllll
TaqI

218
142/128

8208
8207

RB
RB

5 x 6
3 x 6

GAAAGAGCCAAAAGATATATGTGG
GCAAGGTTGTTTGTAGTAGGAG

58 326 Alul 179
147

7090
7091

RB
RB

5 x 7
3 x 7

ACTCTACCCTGCGATTTTGTCTGAT
CTTGTTGTCTCCCAAACGTGCATTTG

60 491 Rsal 193/176
61

20085
20084

RB 5 X 8 
RB 3 X 8

GAGCTAAGTTATAGTTAGAATAGTTG
CATGCTCATAAGAAAAGAAGTAAA

55 316 TaqI 192
124

7095
7094

RB
RB

5 x 9
3 x 9

TGCATGGGGGATTGACAGCTCTAAC
CTACTTGGCTAGATTCTTGTTGGGG

60 316 EcoRI 171
145

10145
10144

RB
RB

5 X 10 
3 X 10

TCTGTACCTGACT r n  AGATAGAGG 
CTGTTATAGGAGAGACAATTCAG

60 492 Bglll
H inn

225/218
49

11289
11290

RB
RB

5 x 1 1
3 x 1 1

GAGAACAGAAGGATTATAGTGG
CCTGGCCTTCAATATATATTTGT

55 294 M boII 163
131

9987
9986

RB
RB

5 X 12 
3 X 12

CCAGAGTCTTATTTGAGGGAATG
GGTGAGCAAGGGAAATAGGTAAA

60 465 Bell
Rsal

198
162/105

5528
5529

RB
RB

5 X 13 
3 X 13

TAATAGGGTTTTTTAGTTGTAGTGT
AATTTCTACAATGGCTATGTGTTCC

60 570 EcoRI
H inn

232
225/113

13679
13680

RB
RB

5 X 14 
3 X 14

CTAAAATAGCAGGGTCTTATTTTTG
ATGTTGATGGCTTGACGTGCTGAT

58 212

11293
11294

RB
RB

5 x 1 5  
3 X 16

ATTGAATGCTGAGAGAAATAAGGTT
TTCTCCTTAACCTCACAGTATGG

55 361 Ndel 209
152

5535
5536

RB
RB

5 x  17 
3 X 17

ATAAAAATGGTTTAACGTTTCTAGT
GTGGGATGTTTTAAGAAAAGCTATT

55 555 Rsal
Ndcl

Sau3al

142/119
104/101

89

10604
10603

RB
RB

5 X 18 
3 X 18

ATGTAGCTGGGAAAATTATGGT
CTATTTGCAGTTTGATGGTGAAG

58 221 Bell 113
108

9439
9440

RB
RB

5 X 19 
3 X 19

AGGGAGTAATCGGGAGGAAAAGGGA
CAGAGAGATATTAAGTGACTTGGGC

62 485 Hinn
M lul

218
176/91

9438
14928

RB
RB

5 X 20 
3 X 20

TTGTCTGGGGGAAAGAAAAGAGTGG
AGTTAACAAGTAAGTAGGGAGGAGA

60 350 H pall 177
173

9436
9435

RB
RB

5 X 21 
3 X 21

GAGTTTCAAACTGAGCTGAGTATGG
AGAAATAGGTGGTTATTAGAGGGAT

58 518 AscI
Ndel

180
173/164

9434
9433

RB
RB

5 X 22 
3 X 22

GGAGGTATAATGGAAGGGTAAGAAG
GTTTTGGTGGAGGGATTAGATTAGA

60 363 Bell 210
153

9694
9695

RB
RB

5 X 23 
3 X 23

TGTAATGTAATGGGTCCAGGAAAAG
CATGTTGGGTTGGTTAAGTGGTAAA

58 420 BspNI
Alul

186
136/98

9696
9697

RB
RB

5 x 2 4  
3 X 24

TAAAAGTAAGAGACTAGGTGAGTAT
TAGATTTGGGTGAGAAAAAAATGTG

58 579 BstEII 235/200 
Hindlll/BspN l 93/50

9991
9990

RB
RB

5 X 25 
3 X 25

ATTTGGTGCAATGAAGGAGAAAATT
TGATGGTATGTATTTTTTGAGTGGT

60 625 BspNI 
Bsp12861

266
198/161

9993
9992

RB
RB

5 X 26 
3 X 26

AAGGAGTGTATTTTGTGAGAAGGAG
TGAATGTGGTCAAGGAATGTTTGAG

60 524 PstI
Nsil

215
166/143

10609
10608

RB
RB

5 X 27 
3 X 27

AAGGTGCTGAGGGGGATGAGTTTGA
GAGGTGTACAGAGTGTGGAGCAAGG

62 218
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A lthough we have not yet analysed all exons in all 
patients, we report here details from two patients, S T .  
and A .F ., to illustrate the efl'ectiveness o f our screening 
approach. Analysis o f  exon 14 showed an abnormal 
SSCP banding pattern (Figure I) for patient A .F . 
W hen com pared with D N A  from a normal individual, 
A .F . contained the same number o f  bands in the upper 
part o f  the gel, although two o f  the four bands were 
thickened and appeared to contain a slower migrating 
com ponent which could not be resolved even on longer 
gel runs. W e would predict, therefore, that this patient 
is heterozygous for the m utation. Sequence analysis o f
A .F . D N A  showed that, in addition to the normal 
sequence, a band in the A  lane was present in the same 
position as the G seen in the normal control (Figure 2). 
The intensity o f  these two bands was 50% o f  that seen 
in the normal control, confirming the heterozygous 
nature o f  the first m utation. The m utation is 31 bp 
from the 5' end o f  exon 14 on the coding strand and 
converts codon  455 from an arginine (C G A ) to a stop  
codon  (T G A ).

A 350-bp fragment containing exon 20 was amplified 
using D N A  purified from the blood o f  several patients 
and two additional bands were present in the D N A  o f  
patient S T. (Figure 3, lane 3). Sequence analysis 
revealed a 1-bp insertion 52 bp from the 5' end o f  exon  
20. An extra A was noted in the antisense strand 
(Figure 4). From the point o f  insertion both the

A.F. Blood Normal

Figure 2 Sequence analysis of exon 14 of patient A.F. Primer
13679 was biotinylated and used in conjunction with primer
13680 to amplify exon 14. Primer 13680 was used in sequencing 
PCR products from A.F. and normal DNA. DNA from patient 
A.F. contains both the mutant A allele and the normal G allele

am a#
mm

1

Figure 3 SSCP analysis of exon 20. A 350-bp fragment was 
amplified with primers 9438 and 14928. PCR products were run 
on a 6% non-dcnatunng polyacrylamide gel containing 10% 
glycerol at 30 W at room temperature for 6 h. DNA from patient 
S T. (lane 3) shows two additional bands at the bottom of the gel 
compared with samples from other patients (lanes 1 -2  and 4-7).

1

Figure 1 SSCP analysis of exon 14. DNA was amplified using 
pnmers 13679 and 13680. Whole PCR products, 212 bp m length, 
were analysed on a 6% non-denaturmg polyacrylamide gel con
taining 10% glycerol. DNA from patient A.F. is shown in lane 1 
and six controls are given in lanes 2 7. In the upper part of the 
gel the first and third bands contained a slower migrating compo
nent in patient A.F. compared with the normals, the second and 
fourth bands running in the same position as the controls. 
Similarly, a single band was present in the lower part of the gel in 
the normal DNA but a doublet was observed in patient A.F.

mutant and normal sequencing ladders are superim
posed, one lagging by 1 bp. Alteration o f  the reading 
frame results in the generation o f  a premature stop  
codon at codon 672. This m utation destroyed a Dde I 
site. D igestion o f  D N A  from this patient with D del 
shows the typical digested band pattern in addition to 
the full-length undigested fragment (Figure 5).

M ultiplex S S C P

Exon-by-exon analysis o f  the R B I  gene using SSCP is 
relatively tim e-consum ing. W e tried to improve the 
efficiency o f  the process by using com binations of 
primers with the same annealing temperature in a
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S T . Norm al

Figure 4 Sequence analysis of exon 20 from patient S.T. Primer 
9438 was biotinylated and used with pnmer 14928 to amplify 
exon 20. Sequencing of the immobilized strand from primer 
14928 is shown for DNA from patient ST . and normal DNA 
Insertion of an ‘A’ was present in the DNA of S T. in one allele 
(arrow). As a result of the insertion, the sequence ladder of the 
mutant allele is superimposed on the normal, resulting in two 
bands at each position on the gel

-0 .5 0

- 0 .4 0

- 0 .3 0

-  0.20

- 0 .1 3

1 2  3 4

Figure 5 Confirming the presence of the mutation in patient S.T. 
A 350-bp DNA fragment from S.T. (lane I) was amplified and 
digested with Ddel (lane 3). DNA markers are shown in lane 2 
and their sizes are indicated at the right of the figure. Ddel 
digests of normal DNA (lane 4) gave bands of expected size (145 
and 205 bp). Ddel-digested DNA from S.T. contained both full- 
length and digested fragments, indicating the presence of the 
mutant allele

single PCR reaction. The PCR products could then be 
analysed simultaneously on an SSCP gel. This is known 
as ‘m ultiplex SSC P’. Som e com binations result in pre
ferential am plification o f  one particular PCR product, 
but we have found the follow ing com binations to be 
successful; exons 4, 5 and 6; exons 7 and 9; exons 2, 22 
and 26; exons 2, 25 and 26; and exons 2, 10. 22 and 25. 
These studies are not com plete but provide a starting 
point for more rapid preliminary screening.

Discussion

One o f  the major challenges for the clinical m anage
ment o f  Rb is the identification o f  genetically predis
posed individuals. These individuals can be screened 
ophthalm ologically and tum ours treated as they arise. 
Identification o f  the causative m utations in Rb patients 
will allow unequivocal d iagnosis o f  carriers o f  germ line 
m utations and unaffected gene carriers in Rb families 
and allow  prenatal screening in these cases. We have 
dem onstrated here that, using a com bination o f  SSCP  
and PCR sequencing, it is possible to detect heterozy
gous m utations in constitutional cells, which is essen
tial given that tumour tissue is not often available. At 
present the siblings o f  all ‘new ’ cases presenting with 
Rb are subjected to regular ophthalm ological exam ina
tions. Thus, the unequivocal identification o f  mutant 
gene carriers will also elim inate the need for the costly  
and tim e-consum ing procedures for confirmed non
gene carriers.

We have presented m utations in two individuals to 
illustrate the effectiveness o f  the SSCP procedure. 
These m utations consist o f  a 1-bp insertion in exon 20 
in paiient S T. and a C ->T  single base pair change in

the coding strand in exon 14 in patient A .F . Both 
m utations w ould be predicted to result in the produc
tion o f  truncated proteins o f  672 and 455 am ino acids 
respectively.

A lthough m utant gene carriers in Rb families can be 
identified using linkage analysis (Onadim  er a/., 1990), 
a few uninform ative families still do not qualify for 
prenatal screening. Patient S T. was one such exam ple, 
having one affected and one unaffected child but being  
uninform ative for all o f  the predictive polym orphism s. 
U sing SSCP analysis, we were able to identify the 
predisposing m utation in exon 20. Because the 1-bp 
insertion affects a restriction enzym e site, it will be 
possible in the future to identify m utant gene carriers 
in this family using this simple procedure. H owever, 
not all m utations affect known restriction enzym e sites 
and D N A  sequencing will still be required.

Although we chose to use the SSCP technique for 
screening the RB I  exons, because o f  its relative speed 
and sim plicity, it is still not clear whether this 
approach will successfully identify all m utations in the 
R B I  gene. However, in addition to the initial studies 
on the ras oncogenes (Orita et al., 1989), it has been 
used successfully to detect m utations in the cystic 
fibrosis gene (D ean et al., 1990) and the p53 gene 
(M azars et al., 1991). Other techniques have been used 
in the analysis o f  m utation epidem iology but are lim it
ed by the lengthy procedure involved. For large genes, 
where m R N A  is not always produced, exon-by-exon  
analysis o f  the genom ic D N A  is necessary. For these 
reasons we prefer the SSCP m ethod, and it will not be 
until sufficient numbers o f  patients have been analysed  
that the efficiency o f  the procedure can be determined. 
Analysis o f  SSCP gels depends on the identification o f  
changes in the normal banding pattern but does not
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provide any information about the type of mutation. 
Samples with altered banding patterns are sequenced 
and so far, in these cases, we have always found a 
mutation. Multiplex SSCP provides a quicker way to 
screen a gene. However, digestion of the samples fol
lowing co-amplification is not feasible because enzyme 
sites are often present in inappropriate positions in 
other fragments and an extremely complex gel pattern 
would be generated. Hence, full-length PCR products 
must be used and sensitivity may be decreased for 
fragments >200 bp in length (K. Hayashi, personal 
communication).

It is a theoretical possibility that mutations in other 
parts of the gene may also have occurred. We plan to 
screen all exons in a subset of patients to investigate 
this possibility. It is important not to accept base pair 
changes which do not lead to changes in the amino 
acid sequence as mutations and to be aware that these 
changes may result in changes in SSCP banding 
profiles.

We have described the use of PCR and SSCP for the 
analysis of mutations in the RBI gene and have shown 
that this technique has potential as a rapid and efficient 
aid to genetic counselling of familial Rb. In addition, it 
offers the possibility of the further characterization of 
mutational events in the RBI gene, which has been 
shown to be abnormal in a wide range of human 
cancers. We have also previously described the PCR 
amplification of DNA from paraffin blocks (Onadim & 
Cowell, 1991). SSCP analysis of this DNA would open 
up the possibility of studying archival material.

Materials and methods

PCR amplification

D N A  was amplified in a Techne PHC-2 thermocycler. Oligo
nucleotide primers for PCR were synthesized on a phos- 
phoramidite column (ICRF, Central Services division). The 
PCR reaction mixture consisted o f approximately 100 ng of 
D N A , 50 pmol o f each PCR primer, Taq polymerase reac
tion buffer (Promega, Madison, WI, USA) and 0.2 mM  each 
o f  dATP, dGTP, dTTP and dCTP (Pharmacia, Milton 
Keynes, UK). This cocktail was overlaid with 50 pi o f  
mineral oil to prevent evaporation, and an initial dénatura
tion step was performed at 96°C for 15 min. Following 
dénaturation, the temperature was decreased to 65'C and 1 U 
o f Taq polymerase at 5 U ml~' (Promega) was added through 
the oil whilst the tubes remained in the thermocycler. Thirty 
PCR cycles consisting o f an initial dénaturation step at 96°C 
for 0.5 min followed by an annealing step at a temperature 
optimal for the particular primer pair (see Table 1) for
0.5 min and an extension step at 72°C for 1.0 min were 
carried out.

SSCP

For SSCP analysis, individual exons were amplified as des
cribed above except that 1 pCi o f [” P]dCTP (3000 Ci 
mmol"') (Amersham, UK) was added to the PCR reaction 
mix at the outset to generate a labelled product and the 
‘cold’ dCTP concentration was reduced to 0.02 mM . A 5-pl 
aliquot (10%) of the PCR-amplified produce was then dilut
ed with 40 pi o f 0.1% SO S’10 mM EDTA and 2 pi o f this 
mixture was added to 2 pi o f Sequenase stop mix: 95% 
formamide, 20 mM  EDTA, 0.05% bromophenol blue. 0.05% 
xylene cyanol (United States Biochemicals, OH, USA). Sam

ples were denatured at 95°C for 3 min and placed immed
iately on ice to prevent renaturation before being run on
0.3 mm X 40 cm X 30 cm, 6% polyacrylamide non-denaturing 
gels containing 10% glycerol. The D N A  was electrophoresed 
in TEE (0.09 M Tris base, 0.09 M boric acid and 2.5 m M  
EDTA) running buffer at 30 W at room temperature. Gels 
were dried and exposed to XAR-5 film (Kodak) for 12 -72  h 
without an intensifying screen, which tends to blurr the 
image.

Restriction enzyme digestion o f  PC R  products

When it was necessary to generate shorter fragments for 
SSCP analysis, 15 pi o f  the PCR-amplified product was 
removed from beneath the oil and incubated overnight with 
8 U o f  each o f  the appropriate restriction enzymes at 37°C 
(65°C for TaqI and 50'C for Bell). Enzymes were obtained 
mainly from Bioexcellence, Essex, UK, but also from New  
England Biolabs, Beverly, M A, USA, and Northumbrian 
Biologicals, Northumberland, UK.

Direct sequencing

When the PCR product was to be used for sequencing, 
amplification was performed with one non-biotinylated 
primer and one primer biotinylated at the 5' end. This was to 
allow immobilization o f  single-stranded D N A  on strept- 
avidin-coated magnetic ‘Dynabeads’, (Dynal, Merseyside, 
UK). The amount o f  primer used was decreased to 5 -1 5  
pmol. This does not affect the quality o f  the PCR product 
but was necessary to avoid saturating the streptavidin with 
excess primer in preference to full-length PCR amplification 
products. The supernatant was removed from a 30-pl aliquot 
of resuspended beads after placing them in a magnetic parti
cle concentrator (MPC; Dynal) for 30 s. The MPC immobi
lizes the beads, allowing removal o f  supernatant. The beads 
were washed twice in 100 ftl o f  10 m M  T ris-H C l, pH 8.0, 
1 mM EDTA, 0.1 M sodium chloride (TES), immobilized on 
the MPC and the supernatant removed, as described above. 
The amplified PCR product was carefully taken from 
beneath the mineral oil and added to the washed beads, 
which were then gently resuspended. Adsorption o f  the D N A  
to the beads took place at room temperature for 5 min with 
occasional gentle mixing. Following adsorption o f  the D N A  
to the beads, the supernatant (containing excess unbound 
D NA) was removed on the MPC and the beads were resus
pended in 100 pi o f  0.15 m  sodium hydroxide and left for 
5 min to denature the double-stranded D NA. The non-bio- 
tinylated strands were then removed while the beads with the 
biotinylated strands attached were immobilized on the MPC. 
The non-biotinylated strands remained precipitated by add
ing 13 pi o f  3 M sodium acetate, pH 5.6, and 250 pi o f 100% 
ethanol and left overnight at — 70*C. The D N A  was recover
ed by centrifugation and the pellet was washed in 75% 
ethanol and resuspended in 5 pi o f  water. The immobilized 
biotinylated D N A  was washed with 100 pi o f TES, followed 
by 100 pi o f  water, and finally resuspended in 5 pi o f  water. 
Dideoxy sequencing using a Sequenase kit (United States 
Biochemicals) was performed on the non-biotinylated frac
tion and on the immobilized biotinylated strands, thus con
firming the presence o f  the mutation in both directions. To 
ensure that extension from the primer during the labelling 
step (when dideoxy nucleotide are not present) was minimal, 
the labelling mix was diluted 1:15, which allowed the 
sequence close to the primer to be read.

Acknowledgements
The blood samples used in this study were collected as part 
of a genetic analysis o f  Rb patients in the UK, and we are 
indebted to the Staff o f  the Ophthalmology departments o f  
St Bartholomew’s and Moorfields Eye Hospital, and in par



DETECTION O F RBI  M UTATIONS USING SSCP 1451

ticular Dr Marcelle Jay and John Hungerford. Our special 
thanks go to Dr D. Yandell for sharing his experience with 
SSCP and PCR sequencing and Dr 1. Goldsmith and his

group at the ICRF for supplying the oligonucleotides. A.H. 
and Z.O. are supported by a grant from the David Allen 
Retinoblastoma Appeal.

R eferences

Bourne, H R., Sanders, D  A. & McCormick, F. (1990).
Nature, 349, 117-127.

Cavenee, W.K., Dryja, T.P., Phillips, R.A., Benedict, W.F., 
God bout, R., Godbout, R., Gallic, B.L., Murphree, A., 
Strong, L.C. & White, R. (1983). Nature, 305, 779-784. 

Cavenee, W.K., Hansen, M .F., Nordenskjold, M., Kock, E., 
Maumenee, I., Squire, J.A., Phillips, R.A. & Gallic, B.L. 
(1985). Sciertce, 228, 501-503.

Cotton, R.G.H., Rodrigues, N .R . & Campbell, R.D. (1988).
Proc. Natl. Acad. Sci. USA, 85, 4397-4401.

Dean, M., White, M.B., Amos, J., Gerrard, B., Stewart, C., 
Khaw, K.-T. & Leppert, M. (1990). Cell, 61, 863-870. 

Dunn, J.M., Phillips, R.A., Becker, A. & Gallic, B.L. (1988).
Science, 241, 1797-1800.

Dunn, J.M., Phillips, R.A., Zhu, X., Becker, A. & Gallic,
B.L. (1989). Mol. Cell Biol., 9, 4596-4604.

Fischer, S.G. & Lerman, L.S. (1983). Proc. Natl. Acad. Sci.
USA, 80, 1579-1583.

Friend, S.H., Bernards, R., Rogelj, S., Weinberg, R.A., 
Rapaport, J.M., Albert, D  M. & Dryja, T.P. (1986). 
Nature, 323, 643 -  646.

Fung, Y.T., Murphree, A.L., T ’Ang, A., Qian, J., Hinrichs,
S.H. & Benedict, W.F. (1987). Science, 236, 1657-1661. 

Ganguly, A. & Prockop, D.J. (1990). Nucleic Acids Res., 18, 
3933-3939.

Goddard, A .D ., Balakier, H., Canton, M., Dunn, J., Squire, 
J , Reyes, E., Becker, A., Phillips, R.A. & Gallic, B.L.
(1988). Mol. Celt Biol., 8, 2082-2088.

Hollstein, M., Sidransky, D., Vogelstein, B. & Harris. C.C.
(1991). Science. 253, 4 9 -5 3 .

Innes, M.A. (1990). PCR Protocols: a Guide to Methods and 
Applications. Academic Press: New York, pp. 54-60. 

Knudson, A.G. (1971). Proc. Natl. Acad. Sci. USA. 68, 
820-823.

Lee, W.H., Shew, J.Y.. Hong, F .D ., Sery, T.W., Donoso, 
L.A., Young. L.J.. Bookstein, R. & Lee, Y.P. (1987). 
Nature, 329, 642-645.

Levine, A.J., Momand, J. & Finlay, C.A. (1991). Nature, 351, 
453-456.

McGee, T.L., Yandell, D.W. & Dryja, T.P. (1989). Gene, 80, 
119-128.

Mazars, R., Pujol, P., Maudelonde, T., Jeanteur, P. & 
Theillet, C. (1991). Oncogene, 6, 1685-1690.

Murakami, Y., Katahira, M., Makino, R., Hayashi, K., 
Hirohashi, S. & Sekiya, T. (1991). Oncogene, 6, 3 7 -4 2 . 

Myers, R.M ., Lumelsky, R.M ., Lerman, L.S. & Maniatis, T.
(1985). Nature, 313, 495-498 .

Onadim, Z. & Cowell, J.K. (1991). J. M ed. Genet., 28, 
312-316.

Onadim, Z., Mitchell, C D ., Rutland, P.C., Buckle, B.G., 
Jay, M., Hungerford, J.L., Harper, K. & Cowell, J.K.
(1990). Arch. Dis. Childh., 65, 651-656.

Orita, M., Suzuki, Y., Sekiya, T. & Hayashi, K. (1989).
Genomics, 5, 874-879.

Valencia, A., Chardin, P., Wittinghofer, A. & Sander, C.
(1991). Biochemistry, 30, 4637-4648.

Vogel, W. (1979). Hum. Genet., 51, 1 -54 .
Wartell, R .M ., Hosseini, S.H. & Moran, C.P.J. (1990).

Nucleic Acids Res., 18, 2699-2705.
Weinberg, R.A. (1991). Science, 254, 1138-1146.
Williams, J.F. (1989). Biotechniques, 7, 283-284 .
Yandell, D .W ., Campbell, T.A., Dayton, S.H ., Petersen, R., 

Walton, D ., Little, J.B., M cConkie-Rosell, A., Buckley, 
E.G. & Dryja, T.P. (1989). New Engl. J. Med., 321, 
1689-1695.

Zhu, X., Dunn, J.M., Phillips, R.A., Goddard, A .D ., Paton, 
K.E., Becker, A. & Gallic, B.L. (1989). Nature, 340, 
312-313.



LEAD ARTICLE

Genetics and Cytogenetics of Retinoblastoma

John K. Cowell and Annette Hogg

INTRODUCTION

Cancer ce lls  are referred to as “ im m ortalized,” because, 
for the m ost part, they no longer respond to intra- and 
extracellular signals preventing their proliferation or caus
ing them  to differentiate. In som e cases the breakdown of 
ordered ce ll d iv isio n  may be due to either the inappropriate 
expression  (in the wrong cell or at the wrong time) of a 
particular protein(s) or the overproduction or stable expres
sion  of a growth-prom oting gene product. In other tumors, 
particularly those inherited as a dom inant trait, it is the 
absence of a functional gene product, at an important stage 
of cellu lar d evelopm ent, that is the rate-limiting step. Be
cause it is  the norm al function of these genes that prevents 
tum origenesis they have been referred to as “tumor sup
pressor g en es” or “recessive oncogenes” or, perhaps inap
propriately, “an tion cogenes” [1]. The study of one particu
lar tumor suppressor gene, responsible for the developm ent 
of retinoblastom a, is a llow ing us to investigate and under
stand fundam ental processes required for many aspects of 
tum origenesis and is the subject of this review.

Retinoblastoma Genetics
Retinoblastom a is an intraocular tumor occurring almost 
ex c lu siv e ly  in  young children and has both hereditary and 
sporadic forms. In the fam ilial form, w hich represents 
10% -12%  of all cases, the tumor phenotype segregates as 
an autosom al dom inant trait with 90% penetrance. This 
m eans that inheritance of a single mutant gene will result 
in  the tum or phenotype in 9 of 10 cases. Transmitting 
ind ividuals, therefore, are heterozygous for the mutation, 
their ch ildren  having a 5 0 :5 0  chance of inheriting it. Knud
son  [2], in a m athem atical treatise of the subject, showed  
that, in  those ind ividuals carrying a predisposing mutation, 
a single additional event (which was later proved to be at 
the hom ologous normal locus) is sufficient for tumorigene
sis. Thus, in fam ilial cases, it is a predisposition to cancer 
that is inherited, and only a single random mutational event 
is required for tumor initiation. Because the chances of this 
sing le  addition  event occurring in the precursor retinal 
cell population is relatively high, gene carriers develop  
m ultip le, bilateral tumors with an early age of onset. In 
contrast, because in sporadic cases, both mutations must 
occur in hom ologous genes in the sam e retinal precursor
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cell, they are u su ally  unilateral, un ifocal, and have a later 
age of onset. The age of on set m ay be som ew hat m isleading  
because, h istopathologically , Rb con sists o f em bryonic-like  
cells that have failed  to differentiate. B ecause differentia
tion of the retina is com p lete soon  after birth, it is likely  
that all Rb tum ors have begun d evelop in g  during em- 
bryogenesis, and presentation depends on m any factors, 
including the stage of develop m en t at w h ich  the second  
m utation occurred, tum or growth rate, and identification  of 
the sym ptom s. B ecause the secon d  m utation in  hereditary  
cases occurs random ly, the num ber of tum ors that develop  
fo llow  a P oisson  distribution that accounts for som e of 
the heterogeneity seen  in  the phenotype, but not all of it. 
M atsunaga [3] suggested in a series of papers that other 
factors m ay affect the occurrence of Rb, in clu d in g  host 
resistance. T h ese genetic factors m ay a lso  serve to m odify  
the expression  of the RBI gene [4].

A lthough the vast majority o f fam ilial cases develop  
m ultifocal tum ors (3 -4 , on average) in  both eyes, occa
sional unilaterally  affected in d iv id u a ls occur w ith in  these  
fam ilies. In our ow n  series, approxim ately 10-15%  of fam i
lies have at least one unilaterally  affected ind iv idual. H ow 
ever, there are other fam ilies w here all affected ind ividuals  
only d evelop  either a sing le , unilateral tum or or no tum or at 
all [5|. In som e fam ilies, apparently unaffected  ind ividuals  
have been seen  to have retinal scars that resem ble su ccess
fully treated tumors. T hese have been described as benign  
tumors— retinom as [6]— or as regressed tum ors. In fam ily  
linkage stud ies, it has been  confirm ed that these patients 
w ith scars carry the m utant gene. M any of these various 
“m ild ” forms of the tum or can occur in different in d iv id u 
als in the sam e fam ily [5]. It is not clear w hether these  
unusual phenotypes are just part of a con tinu ou s spectrum  
of the phenotype or w hether specific  m utations w ith in  the 
gene are responsib le (see later). O ccasionally , several af
fected ch ildren  can be born to unaffected parents w ith  no 
prior fam ily history. W hile  th is m ay be due to the segrega
tion of unusual insertional translocations (see later), it is 
also possib le that it is related to tissu e  m osaicism  (see ref. 
7 for review ). A  major ch allen ge in the gen etic  analysis of 
Rb w ill be to try to rationalize all this phen otyp ic heteroge
neity in terms of m olecular events w ith in  the retinoblas
toma gene, RBI.

Localization o f the RBl Gene
The first steps toward the iso lation  of the R B l gene came 
from cytogenetic analysis of rare Rb patients w ith  other 
congenital abnorm alities, esp ec ia lly  m ental retardation [8|. 
T hese patients had constitutional d eletions from one copy  
of chrom osom e 13 [9). A lthough these d eletions vary in 
size, part of chrom osom e band 1 3 q l4  w as a lw ays lost, in d i
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eating the location  of the predisposition  gene. Usually, the 
larger the deletion , the greater is the range of associated  
congenital abnorm alities [10]. The esterase-D gene (ESD) is 
also located in 1 3 q l4 , and those patients with constitu
tional deletions had reduced cellu lar ESD enzym e levels 
[11]. T his assay a llow ed  population-based studies dem on
strating that approxim ately 3% of Rb patients carry 13ql4  
deletions [10, 12). The position of the ESD gene within  
1 3 q l4  w as dem onstrated by M itchell and Cowell [13], who  
analyzed an Rb patient with a 1 3 q l4 -q 3 1  deletion [14] and 
w ho had norm al ESD levels. W hen the deletion chromo
som e w as isolated in a som atic cell hybrid, the ESD gene 
w as present, but R Bl w as not, indicating that ESD lay 
proxim al to Rb. The suggested location of RBl, within  
13 q l4 , varies depend ing on the particular study. Sparkes 
et al. [15] favored a 13q l4 .1  location based on the analysis 
of the breakpoints in one deletion patient. Yunis and Ram
say [16], u sing high-resolution cytogenetics, suggested the 
1 3 q l4 .2 -1 4 .3  region as the site of the Rb gene from studying 
a m icrodeletion , and w e [14] and others [17] favor a more 
distal location  in  1 3q l4 .3 . A lthough not of fundamental 
im portance in the clon ing  of the gene, it may be important 
in siting  the p osition  of other genes and chromosomal 
breakpoints w ith in  13q l4 .

T he dom inantly inherited form of Rb w as also shown to 
be due to a gene located in 13 q l4  by virtue of its linkage to 
the ESD gene in  Rb fam ilies [18 ,19 ]. F inally, evidence was 
presented [2 0 -2 2 ] that the sam e gene was likely involved  
in sporadic tum ors because they frequently underwent loss 
of heterozygosity for the 13q l4  region. The suggestion here 
w as that in retinal precursor cells , an acquired mutation 
w as duplicated  at the expense of its normal homologue, 
rendering the ce ll hom ozygous for the initial loss of func
tion R B l m utation. The m echanism s m ost frequently in 
volved  w ere due to chrom osom e nondisjunction and m i
totic recom bination [21]. T his assum ption was confirmed 
because in  hereditary Rb, the chrom osom e retained in the 
tumor w as that transm itted by the affected parent [23]. It 
n ow  appears that up  to 70% of tum ors experience this loss 
of heterozygosity (LOH) [21, 24, 25]. These kind of analyses 
a llow ed  the origin of the parental m utation to be deter
m ined [26]. In sporadic cases there w as no differential 
susceptib ility  to som atic m utation betw een the hom olo
gous cop ies of the gene. H ow ever, for new  germline muta
tions, the heritable m utation arose on the paternally de
rived chrom osom e. T hese findings and those of Zhu et al. 
[24] argue against genom ic im printing being important in 
Rb tum origenesis but point to new  m utational events aris
ing predom inantly during sperm atogenesis. It has not, h ow 
ever, been  p ossib le  to attribute these to a paternal age effect 
[27].

Cytogenetic A nalysis of Rb Tumors
The m echanism s leading to LOH can clearly occur without 
structural chrom osom e rearrangements. It w as hardly sur
prising, therefore, that chrom osom e 13 abnormalities were 
found infrequently in  tumor cells , although several inter
esting observations have com e out of these cytogenetic 
analyses.

O ccasionally , tum or ce lls  from different histologic sites

reveal structural chrom osom e abnorm alities that are sp e
cific to that tumor and, therefore, potentially  im portant in  
the m alignant process. H ow ever, because th is analysis is 
usually performed on advanced stage tum ors, it is difficult 
to d etem ine w hether these changes are causal in tum origen
esis or consquences of it. T his is particularly true for Rb 
because, in countries w here adequate treatment is avail
able, tum ors are on ly rem oved w hen too large to treat in  
situ. Other difficu lties encountered  in the cytogenetic anal
ysis of Rb is their low  m itotic index and the relatively poor 
quality of the chrom osom es derived from them . D espite  
these lim itations several groups have presented interesting  
observations. M uch of the early work has been collated  by 
Potiuri et al. [28], w h o  rev iew ed  cytogenetic analysis from  
82 cases prepared d irectly from tum or tissu e  or cultured  
cells and cell lin es from patients w ith  both sporadic and 
hereditary Rb. By far the m ost consistent finding w as the 
presence of (usually  tw o cop ies of) an isochrom osom e 6p 
[i(6p)] and trisom y for all, or part, of the long arm of chrom o
som e 1 (Iq-t-) in  45% and 44% of tum ors, respectively. 
Chrom osom e abnorm alities in vo lv ing  chrom osom e 13, 
usually resulting in  m onosom y 13, w as on ly  found in 20% 
of cases. Sim ilar observations w ere reported independently  
by Squire et al. [29] from a single-center study, w ith  i(6p) 
present in 56% of tum ors and trisom y for lq23-qter in  
75%. In this study only 11% of tum ors had abnorm alities 
involving chrom osom e 13. A bnorm alities in vo lv ing  Iq  are 
the m ost com m only quoted in  all tum or ce lls . By contrast 
i(6p) is less frequently observed, being restricted largely to 
Rb and m alignant m elanom as [30]. The p resence of i(6p) 
has also been described by others [3 1 -3 3 ] but its exact 
significance in tum origenesis is  still unclear. O ne p ossib il
ity is that dup lication  of certain genes on  the short arm of 
chrom osom e 6 m ay be im portant in  tum or progression. 
Trent and colleagues [34] presented ev id en ce  for a tumor 
suppressor gene on chrom osom e 6 by introducing this chro
m osom e into m elanom a ce lls  and suppressing the m alig
nant phenotype. Other, less  frequently reported chrom o
som e abnorm alities [28] in  Rb tum ors in c lu d e  m onosom y  
16, lp +  and the presence of doub le m inutes (DM) and  
hom ogeneously  stain ing regions (HSR). DM and HSR repre
sent the cytologic m anifestation of gene am plification  [35]. 
In Rb, am plification of the N -m yc oncogene has been re
ported in  a few  tum ors [3 6 -3 8 ]. A nother cellu lar oncogene, 
INT-1, w as also sh ow n  to the am plified  in  three tumors 
[39]. Both of these oncogenes appear to be expressed  in  
cells of neurogenic origin, although, again, their role in  
tum origenesis is  unclear.

C hrom osom e analysis of ind ep en dent tum or foci from a 
bilaterally affected patient sh ow ed  that each  had d istinct 
abnorm alities, suggesting an ind ep en dent origin  for them  
[29]. T ien et al. [31] analyzed  a large, apparently unilateral 
tumor and found cytogenetica lly  d istinct c lo n es . T his w as 
interpreted to m ean that the tum or probably arose as the  
result of fusion  of several foci. T h is has im portant im plica
tions for counseling , because unilateral tum ors are thought 
to be associated predom inantly w ith  sporadic events. 
M ultifocal tum ors, how ever, even  in o n ly  on e eye, probably  
identify that patient as a hereditary case, e sp ec ia lly  if these  
tumors have a relatively early age of onset.
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C onstitutional C hrom osom e A bnorm alities
In ad d ition  to deletions of 13q l4 , ind ividuals predisposed  
to Rb m ay also carry constitutional chrom osom e transloca
tions w ith  breakpoints in 13q l4 . In som e cases inheritance 
of an unbalanced form of the rearrangement results in dele
tion  of the 1 3 q l4  region [4 0 -4 5 ]. In other cases the translo
cation appears to be reciprocal, and m olecular analysis of 
the breakpoint junctions, so far, has show n that the 13ql4  
breakpoint interrupts the RBl gene [46 -4 8 ]. In one case, at 
least, th is rearrangement is associated w ith a sm all deletion  
w ith in  the R B l gene [47].

A  few  cases have been reported where the translocation  
partner chrom osom e is the X [49 -51 ]. Because random  
X-activation occurs in  fem ales, w hen  the derivative chro
m osom e is inactivated in retinal precursor cells, the posi
tion  of the breakpoint on  13 is not important because the 
w h o le  chrom osom e experiences “genetic silencing ,” 
thereby constituting the first hit. In tw o fam ilies in our 
series, w ith  t(l;13)(q 22;q l4) and t(13;20](q l4;p l2) translo
cations, the patient w ith  Rb inherited the rearrangement 
from a parent w h o w as not affected (B. Gibbons, personal 
com m unication). A  sim ilar situation was discussed  by 
Dryja et al. [22] for 1 3 q l4  d eletions, in that deletion  carriers 
often  on ly  have unilateral, unifocal tumors. In our survey
[10], on ly  half of the 16 cases reported had unilateral tu
m ors. There are also reports of deletion  patients w ho have 
never d evelop ed  tum ors [5 2 -5 4 ], The age of onset of tumors 
from patients w ith  chrom osom e 13 abnorm alities also ap
pears to be later than those w ith  germinal m utations [55]. 
The explanation  for the lo w  penetrance in deletion  patients 
is  not clear, although on e proposal is that these deletions 
ex p o se  lethal m utations that are deleterious to the rapidly 
grow ing tum or ce lls  [22j. This does not explain the low  
penetrance of the reciprocal translocation carriers, unless 
large d eletions are associated w ith the rearrangement. In 
one case of a t(l;13) rearrangement [47], although a deletion  
w as associated  w ith  the translocation, it was m axim ally 8 
kb long and confined to the RBl gene. Keith and Webb [56] 
described a patient w ith  a 13q l4  deletion  w ith  a single 
tum or in  one eye and a retinom a in the other, both of which  
are considered  to be “m ild ” forms of the disease.

Iso la tion  and Structure o f  the R B l Gene
T he clon ing  of the RBl gene proceeded very rapidly fo llow 
ing the construction of a chrom osom e 13 specific [DNA) 
library from flow -sorted chrom osom es [57]. Of 12 probes 
isolated at random, one was show n to lie in the 13ql4  
region, and adjacent sequences identified a highly con
served region [58]. In fact, this probe lay w ithin  the RBl 
gene and w as used to iso late a 4.7-kb cDNA from a fetal 
retinal ce ll library [59]. Several other groups [60, 61] re
peated this procedure and co llective ly  show ed that struc
tural rearrangements of the RBl gene w ere present in ap
proxim ately 20% of tum ors. Abnormal mRNAs were seen  
to a greater [60] or lesser [62] degree. Often the mRNA 
product w as com p letely  m issing in tumors, reflecting the 
loss of function  nature of many of the m utations.

R Bl is a relatively large and com plex gene, approxi
m ately 180 kb long and com posed of 27 exons ranging in 
length from 31 bp to 1873 bp (63. 64]. The intervening

intron sequences vary in  size  from 80 bp to 70,500 bp. The 
exons are clustered into three groups, separated by the two  
largest introns [65]. In hum an cells , the gene en cod es an 
mRNA transcript of 4.7  kb [59, 60], w h ich  is expressed  in  
the majority of c e ll types studied . The R B l prom oter region  
is unusual in  that it lacks a TATA b ox or CCAAT m otif 
[65], typ ica lly  found in  eukaryotic prom oters and in volved  
in the p osition ing  o f RNA polym erase II and b inding of the  
CAT/enhancer b in din g  protein (C/EBP), respectively . The 
lack of a typical TATA box elem en t m ay account for the  
variable transcription start sites observed in  S i  n u clease  
experim ents [66]. The 5' prom otor region is GC-rich and  
has characteristics of a CpG island  [65, 67], w hereas the 3' 
end of the gene, in vo lved  w ith  transcription term ination, 
contains a h exan u cleotid e w ith  a con sen su s signal for poly- 
adenylation.

Several stu d ies have defined regions of the R B l prom o
tor required for transcription. One su ch  region, betw een  
185 and 206 bp upstream  of the in itiating m eth ion ine resi
due, has been located  by the analysis of deletion  m utants 
and appears to be essen tia l for transcription [64, 66, 68). 
This area contains a sequence sh o w in g  hom ology to the 
binding site for the S P l transcription factor [64], suggesting  
it m ight contain  the R B l prom oter, although S P l itself  
show s o n ly  w eak binding. T h is b inding site associates w ith  
another nuclear factor, referred to as R B F l, w h o se  function  
is not know n [68]. A  sequence sh ow in g  h om ology to the 
binding sites for the ATF/CREB fam ily of transcription fac
tors is a lso  located  w ith in  the putative R B l prom otor region  
and occurs adjacent to the site w here RBF-1 and S P l bind. 
Potential zinc-finger m otifs, associated  w ith  DNA binding  
ability, w ere found in  exon s 1 7 ,1 8 , 20, and 21 and putative  
leucine zipper m otif, associated  w ith  p rote in -p ro te in  in 
teraction, w as en tirely  encoded  for by exon  20 [66]. Experi
mental ev id en ce that these regions function  as su ch  is still 
lacking.

Fam ily Linkage A n a ly sis
With the clon in g  of the R B l gene, the expectation  was 
that the cDNA w ou ld  identify  restriction fragment length  
polym orphism s (RFLPs) w ith in  the population  that, in  
turn, cou ld  be used  in  linkage analyses. H ow ever, d esp ite  
extensive stu d ies in  several laboratories, no usefu l RFLPs 
were d iscovered . To overcom e this lim itation , W iggs et al. 
[69] isolated five unique D N A  sequences from the introns 
of R B l that, in com bination , w ere usefu l in gene carrier 
detection . The p rin cip les o f “gene tracking” have been  
presented e lsew h ere (see ref. 70), but essen tia lly  the trans
m itting ind ividual m ust be heterozygous at the locus in  
question. D esp ite  the theoretical probability of recom bina
tion  w ith in  the R B l gene, no recom binants have yet been  
reported in  Rb fam ilies [25, 69 , 71, 72]. The m ost usefu l 
single copy  probe isolated  by W iggs et al. [69] is RS2.0, 
w h ich  identifies a variable num ber tandem  repeat (VNTR) 
based on a 53-bp repeat w ith  eight different a lle les. In our 
ow n study [(72) and u npublished  observations], 60% of 
patients w ere heterozygous— "inform ative”— at this locus, 
and 80-85%  of a ll fam ilies w ere inform ative using a com bi
nation of all five probes. U sing this type of linkage analysis, 
one can now  determ ine w h ich  in d iv id u als in Rb fam ilies
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have inherited the predisposing m utation and, equally im 
portant, w h ich  have not. For those w ho, unequivocally, 
have not inherited the m utant gene, repeat ophthalm ologic  
screening of subsequent generations is not necessary. For 
those patients identified  as gene carriers (affected and unaf
fected), prenatal screening is possib le. The first report of 
this kind [73] used chorionic v illu s (CV) sam pling after 
on ly  9 w eeks of pregnancy and dem onstrated the child 
w ould  be unaffected. T his patient is n ow  55 m onths old 
and tum or free. S ince that report, w e have performed nine 
more pre- and postnatal predictions, m ost of w hich have 
been fo llow ed  for at least 2 years, and all of w hich have 
proved correct [74]. S ince the first report by Wiggs et al. 
[69], it has becom e p ossib le  to analyze tw o of the polymor
phic sites w ith in  R B l using the polym erase chain reaction 
[75, 76]. T h is m eans that the analysis can be com pleted in 
2 days com pared w ith  5 - 7  days for probes requiring analy
sis  by Southern blotting techn iques [74]. In addition, sev
eral other RFLPs have been added to the armory of tests 
available for fam ily stud ies, som e of w h ich  are single base 
pair polym orphism s identified  by sequencing [77], and an
other is a VNTR based on a sm all (1 -4  bp) repeat unit, 
w h ich  m ust be resolved  on sequencing gels. This latter 
RFLP, called  R b l.20 , has approxim ately 28 different alleles  
and is inform ative in  85 -95%  of fam ilies [74, 77]. Thus, it 
is  now  p ossib le  to offer fam ily linkage analysis and prenatal 
screening to virtually all Rb fam ilies w ith  the realistic ex
pectation that all gene carriers can be identified . In addition 
to the obvious advantages to the patients and their families, 
the screening load for ophthalm ology departments w ill be 
greatly reduced in the future. T he application  of the poly
m erase chain  reaction (PCR) to the analysis of polym orphic  
sites m eans that DNA isolated  from form alin fixed, h isto
pathologically  processed  m aterials can n ow  also be used. 
We have been able to u se this strategy to establish linkage 
phase in  a fam ily w here the key m em ber had died [78]. For 
the 85% of Rb patients w ithou t a fam ily history, many w ill 
carry “n e w ” germ line m utations. T he problem  for them is 
that linkage analysis w ill not be available for their firstborn 
children. It is necessary, therefore, to identify  the causative 
m utation in  these cases that w ill dem onstrate, unequivo
cally , w h o  is  at risk to tumor developm ent. The character
ization  of the structure of the R B l gene has made this 
possib le .

The RB Protein
The R B l gene is w id e ly  expressed  in  all human tissues 
exam ined  to date [5 9 ,6 0 ,7 9 ]. A m essenger ribonucleic acid 
(mRNA), 4 .7  kb long, is  transcribed in  hum an tissues and 
en cod es a protein of 928 am ino acids. In all but a few  
exceptions, rodent and m urine tissu es also express a sim i
lar-sized transcript. A  shorter 2.3-kb transcript has been 
reported in  rat fetal brain [60], and a 2.8-kb transcript was 
found in  adult m ouse testes [80]. In the latter case, the 
onset of expression  of the shorter mRNA coincided  w ith the 
appearance of sperm atids in the testes. The significance of 
these shorter transcripts has not yet been determined but 
may result from differential processing of the RBl gene.

T he protein product of the R B l gene (pRB) is generally 
thought to suppress cell growth because the absence of a

normal functional product is associated w ith  tumor forma
tion [60, 81]. Réintroduction of a functional pRB into cell 
lines lacking the R B l gene apparently suppresses tumorige- 
nicity in im m unosuppressed m ice [8 2 -8 5 ]. Others, h ow 
ever, have failed to repeat this observation and cast doubt 
on the infallability of the nude m ouse assay system s used  
for this kind of analysis [86, 87]. Early analysis of pRB 
show ed that it cou ld  be phosphorylated, m ainly on serine 
and threonine residues [88, 89]. A num ber of sp ec ies of 
pRB, ranging from approxim ately 110 to 115 kd, w ere d e
tected using W estern blotting techniques [88, 90]. The 
higher m olecular w eight sp ec ies represented m ore highly  
phosphorylated proteins, those w ith  low er m olecular size  
being less phosphorylated [89 ,91]. Subsequently, the phos
phorylation status of pRB w as show n to be ce ll cycle  d epen
dent [92 -94]. The underphosphorylated forms of pRB w ere  
found in quiescent cells , whereas the phosphorylated forms 
appeared toward the onset of DNA synthesis [93 ,94]. M ore
over, in synchronized cells , the appearance o f h ighly p h os
phorylated forms of pRB co in cid ed  w ith  the transition from  
G l -*  S-phase of the ce ll cycle  [93, 94]. The more h igh ly  
phosphorylated forms w ere still present in  G2 and M, al
though the underphosphorylated forms began to predom i
nate [91, 94, 95]. T hese observations provided strong cir
cum stantial ev id en ce that pRB w as involved  in the control 
of the cell cycle . pRB, how ever, does not have DNA se 
quence-specific b inding m otifs so m ust apparently exert 
any regulatory controls as a result of interactions w ith  other 
cellular proteins.

A ssociation  o f pRB w ith  Viral O ncoproteins
Several DNA tum or viruses produce proteins that can over
ride the normal growth regulation of the ce ll, driving in 
fected ce lls through S-phase w here viral DNA can be syn 
thesized.T his is apparently activated by binding to host 
cellular proteins. During stud ies aim ed at characterizing  
these cellular proteins, pRB w as found to interact w ith  the 
Ela protein of adenovirus [90] as w ell as w ith  the trans
forming proteins of tw o members of the papovavirus fam
ily; the Sim ian virus 40  large T (LT) antigen [95] and the  
E7 protein of hum an papillom a virus [96]. A ll of the viral 
transforming proteins share conserved regions that are n ec
essary for their transforming function. M utations in these  
conserved regions, w h ich  prevent cellu lar transformation, 
also prevent b inding to pRB [97]. LT b inds specifically  to 
the underphosphorylated form of pRB [89], and LT-pRB  
com plexes are found on ly  in G l w hen  the underphosphory
lated form of pRB is present [89]. T hese observations sug
gested that the underphosphorylated pRB is active in  the  
suppression  of cell growth and that phosphorylation , or 
sequestration by LT, a llow ed  the ce lls  to enter S-phase. 
Furthermore, entry of cells into S-phase could  be blocked  
by m icroinjection, into ce lls lacking pRB function , of either  
the full length or a truncated protein lacking the LT binding  
dom ain [98].

By se lective deletion  of parts of the R B l gene, tw o non
contiguous regions w ere identified  that w ere necessary for 
E la and LT binding [9 9 -1 0 1 ). These protein b inding do
m ains com prised am ino acids 3 9 3 -5 7 2  and 6 4 6 -7 7 2 , re
spectively, w h ich  have co llective ly  been called the RB
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“pocket." D eletion  of the spacer region, located between  
these tw o noncontiguous sequences, prevents Ela/LT bind
ing [99], but replacem ent w ith  nonspecific sequences re
stored that function. It appears, therefore, that, by seques
tering pRB from the ce ll during G l, the viral transforming 
proteins a llow  the ce ll to enter S-phase. In fact, it has 
em erged that pRB participates in the establishm ent of pro
tein com p lexes that associate and d issociate during the cell 
cycle. M any of these processes are under tight control, and 
the w h o le  system  appears to be regulated by the b iochem i
cal m odification  o f the participants in these com plexes and 
their availability  to join the com plex.

Involvement of pRB in the Cell Cycle 
The E la  protein  is thought to transform cells  by altering the 
activity of cellu lar transcription factors. O ne such  protein is 
E2F, w h ich  has been sh ow n  to be in vo lved  as a transcrip
tion regulator of several cellu lar genes [102]. Ordinarily 
E2F is com plexed  w ith  specific cellu lar proteins that effec
tively suppress its function  [103]. E la , how ever, can d isso
ciate E2F from its protein com plexes, releasing free E2F. 
To exert its transcriptional regulation, E2F m ust form a 
stable com p lex  w ith  other proteins in order to bind to 
specific DNA sequences in the promotor regions of the 
genes it controls. The conserved regions of E la  facilitate 
E2F binding; the sam e regions are a lso responsible for bind
ing pRB. It w as not surprising, therefore, to find that pRB 
also com p lexes w ith  E2F and that E la  can dissociate them  
[103 -1 0 6 ]. E2F associates w ith  the form of pRB found pri
marily in G l [106]. The E2F/pRB com plex ordinarily d isso
ciates near the G l-S  boundary, before S phase, releasing  
free E2F. The suggestion  is that pRB can control the tran
scriptional activ ities of E2F by b inding to it. D issociation of 
this com p lex  allow s free E2F to activate responsive cellular 
promotors that contribute to the release of ce lls  from their 
proliferative suppression .

pRb has a lso  been sh ow n  to com p lex  w ith  a develop- 
m entally regulated cellu lar transcription factor, DRTF-1, 
w hich  binds to the sam e sequence m otif as E2F, although  
the relationship betw een them is unclear [103, 105, 107, 
108]. The DRTF-la com p lex  associates w ith  pRB [107], and 
the com plex  can be d issociated  by E la . The suggestion  
is that, by binding w ith  a sequence-specific transcription  
factor, pRB can control transcription of target genes. Be
cause DRTF is d evelopm entally  regulated and its expres
sion is tissue dependent, this association  suggests a role 
for pRB in differentiation [105, 107, 108]. Tw o other Rb- 
binding cellu lar proteins, called  RBF-1 and RBF-2, have 
recently been cloned  and sequenced. T hey contain amino  
acid sequences hom ologous to the Ela/LT/E7 Rb binding  
dom ains [109].

E2F b inding sites are present in the promoters of a num 
ber of cellu lar genes, im plicating pRB in transcriptional 
regulation. Sequences resem bling the E2F binding site are 
present in the c-m yc promoter [110] and pRb can suppress 
c-m yc transcription. Robbins et al. [ I l l ]  show ed pRB could  
interact w ith the c-fos promotor region to repress transcrip
tion as w ell as dow n regulating A p l, a transcription factor 
thought to be involved  in regulating a set of early response  
genes required for cell growth. The m yc and /o s gene prod

ucts are part of the early response genes fo llow in g  growth  
stim ulation and the dem onstration that pRB can bind to 
their prom oters in  vitro suggests a cooperation in the con 
trol of ce ll proliferation [110]. The sam e cis-acting elem ent 
is found in  the prom oter of the transforming growth factor- 
)31 (TGFB) gene [112]. TGFB m olecu les are potent growth- 
inhibiting p o lyp ep tid es and act in  G l, although the exact 
m echanism  is not know n. Transcriptional in itiation  of 
growth related genes su ch  as c-m yc is inh ibited  by TGFB. 
Treatment of ce lls  w ith  TGFB prevents phosphorylation of 
pRB and m aintains it in  its grow th suppressive state [113]. 
Because TGFB also inh ib its ce lls  lacking pRB their interac
tion, how ever, is not obligatory for suppression  of cell 
growth [114].

From the preceeding d iscu ssion , it is clear that pRB may 
be in vo lved  in  a variety of cell-cycle-regulated  activities. 
The cyclin s constitute a fam ily of related, ce ll-cycle-depen 
dent, proteins [115] that associated  w ith  cellu lar protein  
kinases, includ ing  the protein products of cdc2 and cdk2 
[116, 117], w h ich  are thought to be key regulators of cell 
cycle progression [115]. Both cyclin  A  and pRB locate to 
DNA by virtue of the ability  to com plex w ith  DRTF and  
cyclin  A functions to assem ble pRB into the transcription  
factor com plex. It is  the underphosphorylated form of pRB 
that joins the com p lex  [107]. C yclin  A, therefore, m ay serve 
to direct cdc2 k inase to dephosphorylate pRB releasing it . 
from the com plex. T hese observations further support that 
pRB is in volved  in the regulation of the ce ll cycle . pRB can  
be phosphorylated at all potential sites in vitro by cdc-2, at 
least [116]. Further ev id en ce supporting an in  vivo role for 
cdc 2 phosphorylation  of pRB is currently lacking. Cyclin  
A also associates w ith  the form of E2F that appears once  
cells have entered S-phase [118]. In constrast, E2F has been  
found to interact w ith  the unphosphorylated  form of pRB, 
im plying that this com plex  occurs in  G l [106].

Another protein, p l0 7 , is associated w ith  the cyclin  A/ 
E2F/cdk2 com p lex  [117, 1 1 9 -1 2 1 ]. It has been proposed  
that the E 2F /p l07 containing S-phase com p lex  and the E2F/ 
pRB containing G l-p h ase  com p lex  m ay each  serve specific  
functions relevant to the m aintenance of normal cell 
growth. Both com p lexes w ere virtually absent in  G2/M
[120]. The p l0 7  protein is h ighly  hom ologous to pRB and 
was know n to be a cellu lar target for E la  [90, 9 5 -9 7 ,1 2 1 ] .  
p l0 7  has been c lon ed  and has tw o viral oncoprotein  bind
ing dom ains, hom ologous to those form ing the Rb pocket 
in pRB, but separated by a m uch larger “spacer e lem en t”
(121). It is the spacer elem ent that b inds cyclin  A. The 
ability of cyclin s to activate cellu lar k inases raises many  
possib ilities for their role in these com plexes. The p l0 7  and 
pRB proteins m ay them selves be phosphorylated through 
these interactions, or the E2F protein m ay be m odified as 
part of its cell cy c le  sp ecific  activity. It is thought that 
this m ay result in the release of free E2F, w hich  can then 
activate transcription of other genes. It is possib le , how ever, 
that the m echanism  is m ore indirect and that other, as 
yet unknow n, interm ediary factors are involved . The p i 07 
protein is found in ce ll lin es w ith  hom ozygous deletions  
of R B l [121]. If one assum es plQ7 is normal in these cells, 
it clearly cannot com pensate for the lack of pRB. The plQ7 
protein is found in a cyclin  A/E2F com plex in S-phase
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[117], w h ich  also contains cdk2, suggesting pRB and p l0 7  
cooperate in regulating E2F activity at different stages of 
the ce ll cycle.

RB Inactivation in Other Tumors
Individuals carrying constitutional m utations in the RBl 
gene are at significantly higher risk than the general popula
tion to the developm ent of second, nonocular tumors later 
in life (1 2 2 -1 2 4 ). T hese tumors are usually  osteosarcom as 
(OS) and soft-tissue sarcomas. For som e patients w ho have 
received  radiation therapy for their retinoblastoma(s), these  
second  tum ors arise w ith in  the irradiated field, but a sig
nificant proportion occur in  unirradiated tissues. These  
observations suggest that the R Bl gene also plays a role in 
tum origenesis in  other tissues, the frequency of w hich  can  
be raised by -y irradiation. A lthough the risk of the d evelop
m ent of OS is h ighest in  adolescence, the risk to other 
cancers persists throughout the lives of m utant gene carri
ers [125].

Structural rearrangements of the R Bl gene have been  
identified  in osteosarcom as [8 1 ,1 2 6 ,1 2 7 ] and in soft-tissue  
sarcomas [63, 128], supporting its role in the developm ent 
of these tumors. Loss of heterozygosity (LOH) for RB 1 infers 
that a recessive m utation is exposed  and has been dem on
strated in a w id e range of hum an m alignancies. A com bina
tion  of LOH stud ies, analysis of structural rearrangements 
by Southern blotting, and absence of pRB using im m uno
fluorescence and W estern blotting has im plicated the R Bl 
gene in  tum origenesis in breast cancer [129, 130], sm all 
cell lung carcinom a [1 3 1 -1 3 3 ], bladder cancer (134-136), 
esophageal cancers (137), hepatocarcinom as (138), prostate 
cancer (83), and a range of leukem ias (139). However, on ly  
a proportion of these tum ors have R Bl abnormalities and 
it is un likely  that R B l m utations are the rate lim iting step  
in these tumors. Instead, these m utations probably contrib
ute to a m ultistep  process of tum origenesis in these tissues.

One interesting tum or associated w ith  hereditary Rb is 
pineoblastom a. Because the pineal is thought to be a vesti
gial photoreceptor organ, patients w ith  retinal and pineal 
tum ors have been described as having “ trilateral” retino
blastoma [140, 141). The chances of tw o such  rare tumors 
occurring co in cid en ta lly  is negligible and suggests that the 
R B l gene also contributes to the developm ent of p i
neoblastom a.

Mutations in RBl
Early data, derived m ostly from Southern blot analysis, 
identified structural abnorm alities of RBl in 10% -40%  of 
hereditary and sporadic Rb tumors. The majority of these  
in volved  deletions of all or part of the gene [59 -6 1 ]. It 
appears that deletion  breakpoints can occur throughout the 
length of the gene [48, 142, 143]. In the study by Canning 
and Dryja [142] 2 of 12 d eletions had breakpoints in the 
region containing exon s 1 3 -1 7 , and 7 of 12 deletions in 
cluded  that region. Others also found this region was in 
volved  in deletions and rearrangements [47, 61] possib ly  
ind icating the location of a breakpoint cluster region. A 
clustering of dyad sym m etrical elem ents was found in ex 
ons 16 and 17 and an inverted repeat sequence in exon 17 
[64]. W hether this is related to the chrom osom e abnormali

ties is not know n, but these DNA sequences can form stem  
and loop  structures that p ossib ly  prom ote rearrangement. 
In 6 of 8 d eletions reported by Canning and Dryja, there 
w as a direct (som etim es imperfect) repeat at the breakpoint 
site, and one of these w as alw ays lost. W e (Hogg, unpub
lished) and others [144] have also found short, direct re
peats associated w ith  sm all d eletions w ith in  R B l. T his 
observation is consistent w ith  a slip p ed  m ispairing during  
DNA replication. In this m odel, pairing on  one DNA strand 
occurs w ith  the dow nstream  sequence on the other strand 
creating a loop . W hen the replication loop  is resolved , one  
copy  of the repeat, p lus the intervening sequence, is d e
leted. The majority of m utations, how ever, appear to be 
more subtle sequence changes and have been found in  both  
Rb tum ors and norm al ce lls  from predisposed  ind iv id u als  
[145 -148].

A nalysis of mRNA from tumors is not often possib le , 
because the majority of them  are su ccessfu lly  treated in  
situ. Of those that are rem oved, som e do not produce R B l 
and mRNA, and from m any others the sam ples are too sm all 
to analyze. D epsite this lim itation , D unn and colleagues 
[145, 146] w ere able to use tum or ce ll lin es to iso late RNA  
and, w ith  the use of RNase protection. Identify m utations  
in 50% -65%  of cases. They found that sm all d eletions  
were the m ost com m on abnorm ality but suggested this may 
reflect lim itations in  the RNase protection procedure. Sm all 
deletions w ere also found m ost frequently in  a proportion  
of SCLC ce ll lin es studied  by Mori et al. [149]. Unfortu
nately, it appears that, in constitutional ce lls  heterozygous 
for the causative RB 1 m utation, the norm al transcript d om i
nates over the abnormal one [146]. T his effectively  exclu d es  
the possib ility  o f using RNase protection, or sequencing  
from mRNA, to identify m utations in  constitutional ce lls  
from Rb patients. To overcom e these problem s, Y andell et 
al. [147] sequenced  the R B l gene, exon  by exon , fo llow in g  
am plification using (PCR). A lthough th is approach proved  
useful in identify ing m utations, it w as very tim e-consum 
ing. The introduction of m ethods to prescreen the am plified  
products, su ch  as the sin g le  strand conform ation polym or
phism  (SSCP) technique [150] and chem ical cleavage m is
match m ethods such  as the HOT technique [151], have 
made the analysis more rapid. In com bination, the available  
data sh ow s that there is no apparent hot spot for m utations 
w ith in  R B l, the majority of w h ich  are insertions, deletions, 
or sing le  base pair substitutions that result in the produc
tion of premature stop codons. T hese m utations w ou ld  be 
predicted to result in a structurally grossly abnormal pro
tein and are consistent w ith  stud ies where Rb tumors 
m ostly had no detectable pRB [81].

A pproxim ately 10% of m utations affect sp lice  junction  
sites. Bookstein  et al. [152], analyzing mRNA from a pros
tate carcinom a cell line, identified  an in-frame deletion  of 
exon 21, but, surprisingly, the sp lice  junction sequences 
w ere norm al. A single-point m utation w ith in  exon  20 had 
resulted in rem oval of the exon. A sim ilar situation was 
reported by Mori et al. [149], w ho sh ow ed  that the mRNA  
from an SCLC cell lin e was m issing exon  22. A tw o base 
pair m utation GC —» TT, w ith in  the exon , apparently con 
verted a glutam ine to a stop codon  but, in fact, resulted in 
the entire exon  being sp liced  out. Presum ably these muta-
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tions generate cryptic sp lice  sites that result in the endoge
nous sp lice  sites being ignored. Another exam ple was de
scribed in an SCLC that occurred as a second tumor in a 
patient w ith  hereditary Rb [151]. A single base pair substi
tution w ith in  exon  21, beyond the sp lice site, results in 
excis io n  of that exon  from the mRNA. In som e cases, how 
ever, [134, 146], m utations actually occur in the splice  
junction  and affect sp lic in g  accordingly. It is  clear, there
fore, that the con sequ en ces of point m utations found by 
sequ en cin g  the DNA m ay not be so obvious, and, without 
access to the mRNA, h ow  processing w ill be affected cannot 
alw ays be predicted. M issence m utations, sim ply substitut
ing one am ino acid for another, appear to be less common. 
In our ow n  survey of hereditary Rb patients, one example 
w as found in exon  20, w h ich  w as associated with a “low- 
penetrance” phenotype [153]. It is tem pting to speculate 
that the substitution  of a sing le  am ino acid only compro
m ises the function  of the protein, and, unless the second  
m utation in the tum or precursor ce ll causes loss of RBl 
function , dup lication  of the “ w eak” m utation allow s suffi
cien t functional pRB to be produced, so  preventing tumori
genesis. T h is is consistent w ith  our observation in this 
particular fam ily, because m any of the mutant gene carriers 
w ere either unaffected or have regressed tumors. Sakai et 
al. [68] a lso investigated low -penetrance fam ilies and found  
m utations in recognition sequences for different transcrip
tion factors in the prom oter region of R B l. Again, the sug
gestion  was that, as a result, a quantitative decrease in 
transcription occurs rather than com plete inactivity. Suffi
cien t pRB is produced, how ever, and any phenotypic con
sequences are m ild. W hether single am ino acid changes 
w ill generally be found in  patients w ith  mild phenotypes 
is still not clear. A gainst this, Yandell et al [147] reported 
a ser —> leu substitution  in exon  14 in a tumor, and w e have 
found a met ->  arg change in  one tumor in the same exon  
(Hogg, unpublished). A cys phe am ino acid substitution  
in exon 21 w as reported that resulted in a protein unable 
to bind to the viral oncoproteins and unable to com plex  
w ith the set of Rb-associated cellu lar proteins [104, 154].

CONCLUSIONS

T he developm ent of techniques to analyze the RBl gene 
exon by exon m eans that heterozygous mutations can now  
be detected in constitutional ce lls in Rb patients. This 
m eans that, for the 85% of cases w ithout a fam ily history, 
it w ill be possib le to identify mutant gene carriers that w ill 
greatly im prove the clin ica l management of the disease. 
Too few naturally occurring m utations in Rb patients have 
been identified , so far, to a llow  correlations to be drawn 
betw een genotype and phenotype. Depending on the pat
terns that might em erge, it may eventually be possible, 
how ever, to predict the course of the d isease and perhaps 
even to determ ine w ho is susceptib le to the developm ent 
of second tumors.

A nalysis of m utations in RBl has also helped our under
standing of the function  of the gene. In those tumor cells 
w here a nonfunctional pRB is produced, the mutations 
u sually  prevent E la , LT, and E7 binding [90, 95, 96). The 
sam e is true for many of the other proteins that bind to pRB

[104], in clu d in g  transcription factors D R T Fl and RBP- 
and early growth response genes su ch  as c-m yc and N-mj 
[110]. This analysis has dem onstrated im portant function  
dom ains of pRB and h igh lighted  w h ich  interactions a. 
important for norm al ce ll grow th control. The attachm e 
of pRB to nuclear structures w ith in  the ce ll [155] is ah 
affected by m utations in the Rb pocket.

One issu e that is still v irtually  unaddressed  is h ow  pF 
controls the differentiation of im m ature retinal ce lls  in 
mature photoreceptors. Presum ably, there are other, as y 
undiscovered, proteins (growth factors?) that m ust bii 
pRB to carry out their function  but are o n ly  available  
particular c e lls  at a particular stage o f develop m en t. The 
interactions, prom oting term inal d ifferentiation , m ust 
critical, because loss of function  of R B l a lone is  responsil 
for tum origenesis. T he challenge is still to find these p: 
teins and resolve on e of the fundam ental processes o f e 
bryonic developm ent.
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ABSTRACT The retinoblastom a-predisposition gene, 
R B I, segregates as an autosomal dominant trait with high 
(90%) penetrance. Certain families, however, show an unusual 
low-penetrance phenotype with many individuals being unaf
fected, unilaterally affected, or with evidence of spontaneously 
regressed tumors. We have used single-strand conformation 
polymorphism analysis and PCR sequencing to study two such 
families. Mutations were found in exon 20 of RBI in both cases. 
In one family a C —» T transition in codon 661 converts an 
arginine (CGG) to a tryptophan (TGG) codon. In this family, 
incomplete penetrance and mild phenotypic expression were 
observed in virtually all patients, possibly indicating that single 
amino acid changes may modify protein structure/function  
such that tumorigenesis is not inevitable. In the second family 
the mutation in codon 675 is a G —* T transversion that converts 
a glutamine (GAA) to a stop (TAA) codon. However, this 
mutation also occurs near a potential cryptic splice acceptor 
site, raising the possibility o f alternative splicing resulting in a 
less severely disrupted protein.

Retinoblastoma (RB) is an intraocular eye tumor with an 
incidence o f  1 in 15,000-25,000 (1). It occurs predominantly 
in children under the age o f  2 years and is rare over the age 
o f  5 years. Approximately 15% o f  all RB patients have a prior 
family history and the tumor phenotype segregates as an 
autosomal dominant trait in m ost cases (1). In =10% of  
fam ilies, unaffected individuals can be identified who can 
transmit the mutant gene (1). This phenomenon is referred to 
as “ incom plete penetrance.”

Knudson (2) demonstrated that, in cases o f hereditary RB, 
a single, additional, random genetic event was required for 
tumor developm ent, and he provided one explanation of the 
phenomenon o f  incom plete penetrance by suggesting that 
these patients formed part o f  a Poisson distribution where, by 
chance, the second random mutation did not occur. These 
patients, how ever, still carry germ-line mutations and their 
children have a 50% chance o f  inheriting the predisposing 
mutation. K nudson’s “ tw o-hit” hypothesis also predicted 
that mutant gene carriers would develop mostly multiple, 
bilateral tumors with an earlier age o f  onset when compared 
with sporadic cases, which would be mostly unilateral, 
unifocal, and present later in life. H ow ever, the distribution 
o f cases o f incom plete penetrance is not entirely random and 
families have been reported where the majority o f gene 
carriers are either unaffected or only unilaterally affected 
(3 -6 ). T hese we refer to as “ low-penetrance” families. 
Another feature o f  RB is that it som etimes apparently re
gresses spontaneously, leaving characteristic scars on the 
retina (4, 5). An alternative suggestion is that these scars 
represent a more benign form o f  the disease, retinoma (7).

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement'' 
in accordance with 18 Ü.S.C. §1734 solely to indicate this fact.

Identification o f unaffected mutant gene carriers has, until 
recently, required that they have affected children, but use o f  
classical linkage analysis and restriction fragment length 
polymorphisms (RFLPs) from within the R B I gene (8, 9) has 
allowed unequivocal identification o f  cases o f incomplete 
penetrance in RB families (5, 6). In addition, patients with 
typical retinal scarring and a strong family history also carry 
a mutant RBI gene (5). This heterogeneity is difficult to  
interpret in terms o f  the Knudson two-hit hypothesis, espe
cially when the majority o f  gene carriers are only unilaterally 
affected. We suggest that there are alleles o f  the RBI gene 
that are only partially defective and, as a consequence, give  
rise to a mild or incom pletely penetrant phenotype. With the 
cloning o f  RBJ (10), it should now be possible to determine 
the nature o f mutations in low-penetrance families to estab
lish whether they affect the gene in a distinct way or simply 
reflect random mutation events throughout the gene.

RBI has a com plex structure with 27 exons varying in size 
from 31 to 1873 base pairs (bp) (11) and tw o very large 
[>33-kilobase (kb)] introns. The sequences o f intron regions 
immediately adjacent to each exon have been determined
(11), allowing amplification o f  individual exons by the poly
merase chain reaction (PCR). This approach has already been 
used to identify mutations in RB tumors (12). Such a screen
ing program can proceed more rapidly with analysis o f  each  
exon o f  RBI by single-strand conformation polymorphism  
(SSCP) analysis (13). This procedure depends on the se 
quence dependence o f the migration o f  a single-stranded 
D N A  m olecule in a nondenaturing polyacrylam ide gel. 
H ence, mutations affecting a D N A  sequence will lead to a 
conformational change affecting mobility and produce novel 
bands on gels.

We have used standard linkage analysis in RB families to 
identify cases o f incomplete penetrance and have undertaken 
an exon-by-exon SSCP analysis com bined with PCR se
quencing to identify the specific mutation responsible for 
mild phenotypes in two low-penetrance families.

MATERIALS AND METHODS
PCR Amplification. Tw o primers were used to amplify a 

350-bp fragment including the entire 146 bp o f  exon 20 and 
flanking intron sequences. The 5' primer (no. 9438), 5'- 
TTCTCTGGGGGAAAGAAAAGAGTGG-3', was located in 
intron 19 and the 3' primer (no. 14928), 5 -AGTTAACAAG- 
TAAGTAGGGAGGAGA-3', was located in intron 20. For 
direct sequencing from PCR products either the biotinylated 
version o f  primer 9438 (no. 18322) or a biotinylated internal 
primer, 5 -C ATG ATTTG A A A A A A ATCTACTTG-3 ' (no.

Abbreviations; RB, retinoblastom a; R FLP. restriction fragment 
length polymorphism; SSCP. single-strand conform ation polymor
phism.
*To whom reprint requests should be addressed.
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17295), w as used  w ith p rim er 14928. The 17295/14928 prim er 
p a ir am p lifies  a 269-bp fragm en t. This p a rticu la r p rim er set 
w as a lso  used  to  am plify  exon  20 for M.sp I d igestion in fam ily 
R B F29.

PC R  w as carried  ou t e ssen tia lly  as  described  by Hogg et al. 
(14) w ith  30 cycles o f  d én a tu ra tio n  at 94°C for 20 sec, 
an n ea lin g  a t 60°C (fo r the  9438/14928 p rim er pair) or 52°C (for 
the 17295/14928 prim er pair) fo r 20 sec , and ex tension  at 72°C 
fo r 60 sec .

SS C P and  Sequencing. D etailed  m ethods for SSCP and 
d irec t seq u en c in g  from  PC R  p ro d u c ts  have been  described  
(14). F o r  S S C P , exon  20 w as am plified using prim ers 9438 and 
14928 in a PCR m ix tu re  w ith 1 /zCi o f  [a -"P )d C T P  (3000 
C i/m m o l; A m ersh am ; 1 Ci =  37 G B q) added  and a non ra
d io a c tiv e  dC T P  co n ce n tra tio n  o f only  0.02 mM . D enatured  
sam p les  w ere  e le c tro p h o re se d  in nondenatu ring  6%  (w t/v o l) 
p o ly ac ry lam id e /1 0 %  (v o l/v o l)  glycerol gels. F o r  d irect se 
qu en c in g , p rim ers  18322/14928 o r 17295/14928 w ere used . 
P rim ers  18322 and 17295 w ere  b io tiny la ted  at the  5 ' end to  
allow  im m obiliza tion  o f  s ing le-stranded  D N A  on  strep tav i-

RBF 18

d in-coa ted  m agnetic  D ynabeads  (D ynal; M ersey sid e , U K ), 
w hich w ere used  to  sep a ra te  the  D N A  stran d s  (14). Both 
single s tran d s  w ere  seq u en ced  by using  a S e q u en ase  kit 
(U n ited  S ta te s  B iochem ical) acco rd in g  to  (he m a n u fa c tu re r’s 
in s truc tions .

RESULTS

Included  in o u r SS C P  an aly sis  o f a large  n u m b er o f pa tien ts  
w ith h e red ita ry  RB w ere  tw o  fam ilies th a t show ed  an unusual 
p a tte rn  o f inhe ritance  in th a t m any ind iv idua ls  had  “ m ild ” 
form s o f  the  d isease  o r w ere  unaffec ted  gene ca rrie rs . T he 
ped igrees o f these  tw o  “ lo w -p e n e tra n c e ”  fam ilies , R B F29 
and R B F 18, are  g iven in Fig. 1. In b o th  c a se s , abnorm al 
banding p a tte rn s  w ere  seen  in the  S S C P  gel fo r  exon  20.

RBF29. L inkage analysis  fo r fam ily  R B F 29  (Fig. 1) w as 
rep o rted  p rev iously  (5). In th is fam ily  th e re  a re  six a ffected  
indiv iduals ( I . l ,  1.3, I I .2, I I .5, I I I .3, I I I .4), as  well as  fo u r 
unaffec ted  gene ca rrie rs  (I I .4, I I .7, I I I . l ,  I I I .2; a rro w s  in Fig. 
1) w ho w ere  identified  by using  the R S 2 .0  p o lym orph ism  (5).

IV

4 95/4  35  4 95 /4  35 3 5 /4 .3 5

4 95 /4  35

R B F 2 9

2 0 /1 91 9/1.5 1 9/1 5 1 9/1 85

2 0 /1 9  1 9 /1 5 1 .9 /185  1 ,9/19 1 9 /1 9  1.05/1,5

1.9/1 9 1 95/1 9 1 9/1,5 1 9/1 5 1 06M 5

F i g .  1. Family pedigrees for RBF18 and RBF29. Arrows indicate asymptomatic gene carriers. For individuals whose DNA was available 
for analysis, the numbers below the symbols indicate the sizes (kb) of the allelic fragments (R0.6 polymorphism in family RBF18 and the RS2.0 
polymorphism in family RBF29). individuals with regressed tumors are indicated by hatching.
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I he p a re n ts  (11.3, I I .4) o f  the b ila tera lly  a ffected  tw ins (I II .3. 
I I I .4) a re  firs t co u sin s  and  each  has a un ila te ra lly  afïccted  
s is te r  (11.2. I I .5). T he  fa th e r o f  the tw ins (11.4) is an unaffected 
gene c a r r ie r  as  a re  ind iv idua ls  I I .7, I I I . l ,  and I I I .2. A fter the 
b irth  o f  (n o n id en tica l) affec ted  tw ins, the eyes  o f  the g rand
p a re n ts , I . l  and  1.3, w ere  exam ined  and spon taneously  
reg re ssed  tu m o rs  w ere  identified  in both.

O u r p re lim in a ry  screen in g  p rog ram  involved exon-by-exon 
an a ly sis  o f th e  R B I  gene using S S C P  in con junction  with PCR 
seq u en c in g . E x tra  bands  w ere  identified  in exon  20 in the 
D N A  o f  ind iv idua l II .4 from  R B F 29 in SS C P gels (Fig. 2) and 
not in an y  o f  th e  o th e r  (20 ou t o f  27) ex o n s analyzed . In the 
S S C P  gel sh o w n  in Fig. 2 the  350-bp fragm ent encom passing  
exon  20 am plified  from  II .4 exh ib ited  an  add itional low er 
band w hen  c o m p ared  w ith sam ples  from  o th e r patien ts. 
S eq u en ce  an a ly s is  o f  ex o n  20 from  II .4 in R BF29 (Fig. 3) 
rev ea led  a h e te ro zy g o u s  C T  transition  in the coding 
s tra n d , 21 b a se s  from  the  5 ' en d  o f  exon  20. This m utation 
c o n v e r ts  c o d o n  661 from  an  arg in ine  (C G G ) to  a tryp tophan  
(T G G ) c o d o n . T h e  sam e m u ta tio n  w as identified  in the DNA 
o f  all th e  a ffec ted  m em b ers  and  unaffec ted  gene carrie rs  in 
R B F 29 , b u t n o t in the  una ffec ted  m em bers o f the  fam ily. The 
m u ta tio n  in R B F 29  o ccu rs  w ith in  an H p a  U / M s p  I restric tion  
site  in ex o n  20 (C C G G  C T G G ), so that the  p resence  o f  an 
u n d ig ested  269-bp fragm en t in d ica tes  a  m u tan t gene carrie r 
(F ig. 4). T h e  un d ig ested  269-bp band w as observed  in the 
D N A  o f  all a ffec ted  m em b ers  and  unaffec ted  gene carrie rs , 
w h e re as  o n ly  the  tw o  sm alle r norm al bands w ere seen in 
in d iv idua ls  from  th is  fam ily  iden tified  not to  be gene carrie rs  
(F ig. 4). D N A  from  I I I .5 w as o b ta in ed  fo r p rena ta l screening 
from  ch o rio n ic  v illus (CV ) tis su e  and  from  cord  blood sam 
p les (B) ta k en  from  the  sam e indiv idual a t b irth . E xon  20 from
II I .5 w as a lso  seq u en c ed  and found  to  be free  o f the 661 
m u ta tio n , con firm ing  o u r orig inal p red ic tio n  m ade w ith link
age an a ly sis  (15). M s p  I d ig estio n s  o f  exon 20 D N A s from  34 
u n re la ted  RB p a tien ts  and  38 u n re la ted  healthy  individuals 
did not show  th is  m u ta tion .

R E F IS . Fam ily  R B F 18 , first re p o rted  by H ine (16), show s 
e ight a ffec ted  ind iv idua ls  in the  fam ily (Fig. 1), th ree  o f w hom  
( I I .2, I I I .3, I V .1) had un ila te ra l d isease . F o u r generations of 
m ales ( I . l ,  I I .4, I I I .3, I V .1) have  a mild form  o f the d isease. 
A lthough  I . l  had one  eye  rem oved  for R B , the tum or in his 
o th e r  eye  reg re ssed  n a tu ra lly . I I .4 has sp o n tan eo u sly  re 
g re ssed  tu m o rs  in bo th  ey es  and  I I I ,3 and IV .1 have unilateral 
reg re sse d  tu m o rs . I I .1 and  I I .3, h o w ever, died  at the age o f 
1 y e a r  9 m o n th s  and  3.5 y e a rs , re sp ec tiv e ly , as  a result of

G

A
G

AG

C

C

G
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R B F  2 9  N O R M A L

G A T C  G A T  C

F ig . 3. Sequence from the biotinylated (S') strand of exon 20 
showing the heterozygous G -* A transition in RBF29 (Left) com
pared with the same sequence from a normal individual (Right).

o rb ita l ex ten sio n  (16) o f  th e ir  tu m o rs . I . l  and  I I .2 d ied  o f 
second  tum ors a t the  age o f  61 and  40, re sp ec tiv e ly . Only 
D N A  from  ind iv idua ls  I I I .2, I I I .3, I I I .4, and  IV .1 w as avail
able  to  us. T h e  RB p red isp o sitio n  is linked to  the  4 .95-kb 
allele in the  R 0.6 p o ly m o rp h ism  (6).

SS C P  an a ly sis  o f  D N A  from  I I I .3 from  R B F 18 sho w ed  an 
add itional u p p e r band  (F ig . 2) w hen  co m p ared  w ith o th e r 
sam ples. S eq u en ce  an a ly sis  o f  ex o n  20 from  I I I .3 (F ig . 5) 
revealed  a  h e te ro zy g o u s  G T  tra n sv ers io n  in the coding  
s tra n d , 63 b a se s  from  th e  5 ' end  o f  exon  20. T h is m uta tion  
co n v erts  codon  675 from  a  g lu tam ine  (G A A ) to  a s top  (TA A) 
codon . H o w ev er, 3 bp  d o w n stream  o f  th is  m u ta tion  lies a 
TA G  sequence  (F ig . 6), w hich  is co m p a tib le  w ith  a co n sen su s  
sp lice a cc e p to r seq u en ce  (17). T h e  G T  tran sv ersio n  
rem o v es  an AG d in u c leo tid e  (co n v ertin g  it to  A T) tha t 
o rd inarily  w ould  have p re v en ted  the  d o w n stream  T A G  se
q u en ce  from  becom ing  a sp lice a c c e p to r  site . In ad d itio n , this 
tran sv ersio n  in c rea se s  the  p y rim id in e /p u rin e  ra tio  in the 
region  im m ediate ly  p reced in g  the  TA G  site , th e reb y  e n h a n c 
ing its po ten tia l to  be a  c ry p tic  sp lice  site  (18). A b ranch -po in t 
seq u en ce  ex ists  (F ig. 6) u p s tre am  o f th is c ry p tic  site , w hich , 
although  not as good as the  real b ranch  poin t in in tron  19, 
w ould n ev erth e less  be ad eq u a te  if th is  site w ere  ac tiv a te d . In 
th is  case , the  read ing  fram e  w ould  be in tact bu t the first 23 
am ino  acids en co d e d  by  ex o n  20, co d o n s  6 5 4 -6 7 6 , w ould  be 
lost. Such a de le tion  w ould  d is ru p t the  leucine z ippe r m otif 
in exon  20, rem ov ing  3 o f  the  4 leuc ines . T h e  sam e m uta tion  
w as identified  in the  D N A  o f  I I I .2 and  IV .1, w ho  w ere  know n 
to  c a rry  the  R B -p red isp o sitio n  gene. II I .4, w ho  is an  una f
fec ted  norm al ind iv idua l, h as  the  norm al seq u e n ce . T h is  G —► 
T m utation  does  not a lte r  an y  know n res tric tio n  en zy m e  site .

A # # # # # - " " *

F i g .  2. SSCP analysis of exon 20 from a number of RB patients 
and controls as well as members from families RBF18 and RBF29 
(lanes marked as such). DNA was amplified by using primers 9438 
and 14928. A 350-bp PCR product was generated and electropho
resed in a nondenaturing 6% polyacrylamide/10% glycerol gel at 30 
W at room temperature for6 hr. Lane RBF18 (individual 111.3) shows 
an additional upper band, and lane RBF29 (individual 11.4) exhibits 
an additional lower band (near the bottom of the gel), compared with 
samples from other patients and from controls. An undenatured 
sample was included in the fifth lane to indicate the position of 
double-stranded DNA (*).

DISC U SSIO N

T here  have been  few  re p o rts  o f  m u ta tio n s  w ith in  the  R B I  
gene in pa tien ts  w ith  R B , an d  th o se  m u ta tio n s  tha t have been

11.1 I I I . l  II I .2  11.2 1.1 1 2  11.3 II I .3  C V  B  II 4  II 5  117 11.8

269 bp

177 bp

F i g .  4. Restriction enzyme analysis of the mutation in exon 20 
from family RBF29. DNA was amplified by using primers 17295 and 
14928 to generate a 269-bp fragment. Msp  1 digestion of this fragment 
results in two fragments, 177 bp and 92 bp long (lanes C. 11.1, 1.2, 
11.3, CV, B, and 11.8). Individuals carrying the G —» A mutation, 
which destroys the Msp  1 site, display the uncut 269-bp fragment 
(lanes 111.1, 111.2,11.2, 1.1,111.3. 11.4,11.5, and 11.7). Lanes; M. 1-kb 
marker (GIBCO/BRL); U, uncut control 269-bp fragment; C, control 
sample known to be homozygous for the 177-bp and 92-bp fragments; 
CV, chorionic villus DNA from 11.3; B, cord blood DNA from 111.5.
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R B F  18  N O R M A L

G A T C  G A T  C

F i g .  5. Sequence from the biotinylated (5') strand of exon 20 
showing the heterozygous C —► A transversion in RBF18 (Left) 
compared with the same sequence from a normal individual (Right).

desc rib ed  seem  to be ran d o m ly  d is trib u ted  th roughou t the 
gene (12, 19). T he m ajo rity  o f  th e se  m u ta tions  in b ila te ra lly , 
m u ltifocaily  a ffec ted  ind iv idua ls  c au se  m ajor d isrup tions  o f  
the  gene and  its c o n seq u e n t p ro cess in g , resu lting  in no n p ro 
duction  o f  the  RB p ro te in  (20). T he ex ac t ro le o f  R B I  in 
tu m o rig en esis  is still not fully u n d e rs to o d , but its p roduc t, 
R B I, seem s to  be p a rt o f  a  signaling  p a thw ay  con tro lling  cell 
p ro life ra tion  (21). T he  R B I p ro te in  in te rac ts  w ith the  tra n s 
form ing o n c o p ro te in s  o f  D N A  tu m o r v iru ses (22-24). The 
d om ains o f  R B I tha t b ind th e se  p ro te in s  a re  encoded  by 
exons 13 -17  and 18-22 , am ino  acid s  393-572 and 646-772, 
re sp ec tiv e ly  (25, 26). It has been  suggested  th a t, w ith a p p ro 
p ria te  fo ld ing  o f R B I, a “ p o c k e t”  is c rea ted  th a t fac ilita tes 
b inding to  the  viral tran sfo rm in g  p ro te in s  and  endogenous 
cellu lar p ro te in s  (27). T he  o b se rv a tio n  tha t R B I  m u ta tions 
exist tha t p ro d u ce  p ro te in s  w hich  fail to  bind viral p ro te in s o r 
to  a sso c ia te  w ith en d o g en o u s ce llu la r p ro te in s  has led to  the  
su g g estio n  tha t th is  p o ck e t c o n tr ib u te s  to  the  g row th- 
regu la to ry  fun c tio n  o f  R B I (27-30).

R ecen tly , m u ta tions  in the  p ro m o te r region o f  R B I  w ere 
d e tec ted  in tw o  fam ilies w ith lo w -p en e tran ce  p h eno types  
(31). .A p lausib le  ex p la n a tio n  fo r th is is that p ro m o ter m u ta 
tions m ay resu lt in red u ced  leve ls  o f R B I. In m any cells the 
p ro d u c tio n  o f su ffic ien t R B I p ro tec ts  them  against tum ori
genesis . but o ccasio n a lly  a cell p ro d u ces  insuffic ient R B I, 
th e reb y  e scap in g  its norm al g ro w th  c o n tro l. S ince p ro m o ter 
m u ta tions  w ere  not found  in a large n um ber o f  o th e r fam ilies

Intron 19  5 ■ a a a a a tg a c ta a l t tn c l la t lc c c a c a g  | T G  TAT C G G  OTA

G C C  TAT CTO  C G G  CTA AAT ACA C T / u ; t  f M  r G C  CTT 

C T G  TCT G AG CA C CCA G AA t | t a  G |a A  CA T A TC ATC TG G

T

A CC C T T  TTC C A G  CA C A C C  C T G  C A G  AAT G A G  TAT G AA C T C  

A TG  AGA G A C A G G  CAT T T G  G A C  CAA | g ta  ■ 3 In tron  20

C o nsensus 
sp lice  s e q u en c e

N “  A G | G

CryoLC

or T T C  T T A T T C C C A C A  G | T G

A G C  A C C C A G A A T T  A G | a a

A G C  A C C C A T A A T T  A Gl  AA

Fig 6. Nucleotide sequence of exon 20 (uppercase) and its 
Hanking intron sequences (lowercase) are shown in a. The normal 
splice acceptor in intron 19 is underlined, as is the cryptic splice site 
in the exon sequence containing the G —» T transversion. The 
absolutely required TAG sequence of the splice acceptor (described 
in b) is boxed. A potential branch site (TTGTGAAC) located 24 bp 
upstream of cryptic splice site is shown in italics. In r .  the real splice 
acceptor site from intron 19 is compared with the cryptic splice 
acceptor with and uithout the G —» T mutation.
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exh ib iting  a sim ilar p h e n o ty p e , one  w ould  a ssu m e  tha t a lte r
na tive  possib ilities  e x is t. S ub tle  ch an g es  in the  R B I am ino  
acid seq u en ce , fo r ex am p le , m ay red u ce  on ly  its func tiona l 
e ffic iency , and only  w hen  a th resh o ld  level o f  ac tiv ity  is not 
m ain ta ined  d o  tu m o rs  d evelop . T he  m u ta tio n  in fam ily 
R BF29 is possib ly  one  such  exam ple  w ith on ly  a single am ino  
acid change . W hy, th e n , did the  tw ins in th is  fam ily  develop  
m ultifocal d isea se?  In 70%  o f tu m o rs  the  in itial m u ta tion  is 
dup lica ted  (32, 33) in tu m o r p recu rso r cells. D up lica tion  o f  a 
“ w e ak ”  m u ta tion  m igh t still re su lt only  in a  m ild p h en o ty p e  
but if, as  in 30%  o f tu m o rs , the  second  m u ta tio n  is m ore 
serious the  co m b in a tio n  cou ld  re su lt in m ultifoca l tu m o r 
fo rm ation . S u ch  in d ep en d en t so m atic  m u ta tio n s  h av e  b een  
identified in tu m o rs  from  b ila te ra lly  a ffec ted  RB p a tie n ts  (19). 
The tu m o rs  from  R B F 29 fam ily m em b ers , h o w e v er , w ere  
su cce ss fu lly  tre a te d  an d  so  no t a v a ilab le  fo r an a ly sis . 
W hether sub tle  c hanges  an y w h ere  in the  gene  w ou ld  re su lt in 
a mild p h en o ty p e  o r w h e th e r  specific  reg io n s , such  as exon  
20, a re  m ore im p o rtan t is not c lear. T he  o n ly  o th e r  am ino  acid 
su b stitu tio n  rep o rte d  in RB tu m o rs  w as in e x o n  18, and th a t 
patien t w as b ila te ra lly  a ffec ted  (12).

It is in te res tin g  th a t th e  o th e r  fam ily in o u r s tu d y  show ing 
a lo w -p en e tran ce  p h e n o ty p e  a lso  has a m u ta tio n  in exon  20. 
At first sight it ap p ea rs  th a t the  m u ta tion  in R B F 18  resu lts  in 
the g en era tio n  o f  a s to p  c o d o n , w hich cou ld  n o t be  d esc rib e d  
as a mild m u ta tion  s ince  the  p ro te in  w ould  be m issing  254 
am ino acid s  a t the C -term ina l end . H o w e v e r, the  m u ta tion  
a lso a lte rs  the  D N A  seq u e n c e , po ten tia lly  g en era tin g  a c ry p 
tic splice a cc e p to r  s ite  in th a t region. U n d e r norm al c irc u m 
s tan ce s , in the  p re sen ce  o f  cis co m p e titio n  w ith  the  norm al 
s ite , c ryp tic  s ite s  a re  n ev er u sed . A ch an g e  in the  local 
s equence  e n v iro n m e n t, h o w ev er, can  ch an g e  th e  splicing 
p a tte rn  (34). In a c is-co m p etitio n  assay  fo r  sp lice-site  se le c 
tion , R eed and  M an ia tis  (34) show ed  th a t s eq u e n c es  loca ted  
dow n stream  from  in tro n  1 in the  hum an  /3-globin gene splice 
a cce p to r s ite , fo r ex am p le , can  have a p ro found  effec t on the 
efficient use  o f  the a d ja ce n t sp lice site . M o reo v er , th ey  found 
that the in te rac tio n  b e tw een  fac to r(s) p re sen t in a  splicing 
ex trac t and the  sp lice  s ite s  is a ffec ted  by  ex o n  seq u en c es , 
w hich m ay p lay  a key  ro le  in d is tingu ish ing  b e tw ee n  norm al 
splice s ites  and  c ry p tic  sp lice  sites  lo ca ted  th ro u g h o u t p re- 
m R N A s. A m u ta tio n  in the  exon  seq u e n c e , th e re fo re , m ight 
im prove the  c h an ces  o f  recogn ition  a n d /o r  the  affin ities  o f  
splicing co m p o n en ts  fo r the  c ry p tic  s ite , th u s  g iv ing  rise to  a 
s tro n g er and m ore s tab le  sp lice com plex . It is possib le  that 
u n d er som e c irc u m s ta n c e s , o r in a specific  cell ty p e , the 
cryp tic  site is used  e ith e r  exclu sive ly  o r in co m b in a tio n  w ith 
the real site . H o w ev e r, m any  fac to rs  a ffec t splicing  an d , 
w ithou t a func tiona l a ssa y , it is difficu lt to  p red ic t the 
ou tcom e. F o r ex am p le , a G —► T  tra n sv ers io n  in exon  22 o f 
the  R B I  gene in the  sm all-cell lung c an c e r  cell line N C 1-H 69C  
s im u ltaneously  c rea ted  a s top  codon  and a novel sp lice d o n o r 
site (20). H o w ev e r, th e  m u ta tion  m ust h av e  a lso  in fluenced  
the norm al sp lice  a c c e p to r  site im m edia te ly  u p s tre am  o f  exon
22. as it re su lted  in the  rem oval o f  the  en tire  exon .

It is p o ssib le , th e re fo re , tha t the  R B F 18 m u ta tio n  cou ld  
have sim ilar co n se q u e n ce s . W e do  not have  a cc e ss  to  R N A  
from  this fam ily to  in v estig a te  th is p o ssib ility . It is a lso  
difficult to  a sse ss  fun c tio n a l p ro p e rtie s  o f  p ro te in (s) thus 
p roduced . T h e re  have b een  rep o rts  o f  s h o r te r  RB p ro te in s , 
resu lting  from  in-fram e d e le tio n s  o f  ex o n s  2 0 -2 2 , w ith im 
paired  b iochem ica l p ro p e rtie s  (27, 28, 30. 35. 36). S h effn er et  
al. (37) rep o rte d  tha t a  4 -am ino  acid d e le tion  re su ltin g  from  a 
splice a ccep to r-s ite  m u ta tio n  in e xon  20 in a c erv ica l c a rc i
nom a cell line p ro d u ced  d e fective  R B I. It is no t c lear, 
how ever, w hat the  func tiona l c o n se q u e n ce s  o f  such  pro- 
tein(s) w ould be in a dev e lo p in g  re tinal cell.

The R B I  g ene seem s to have a v a rie ty  o f  fu n c tio n s , 
depend ing  on the  s tage  o f dev elo p m en t and  cell ty p e . The 
effect o f na tu ra lly  o ccu rrin g  R B I  m u ta tio n s  on  th is expand ing
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repertoire o f  RBI activities has not been investigated, but it 
is conceivable that particular mutations— for example, amino 
acid substitutions in particular regions o f the gene— rather 
than abolishing the function o f  R B I, modify it so that it works 
less efficiently. One consequence o f  this modification might 
be that only occasionally is there insufficient RBI to prevent 
tum origenesis. A lternatively, once initiated the transformed 
phenotype might be overcom e by subsequent adequate pro
duction o f  R B I— for exam ple, through alternative splicing 
where stop codons are involved— resulting in regressed/ 
benign tumors. To clarify this situation, more families o f the 
low-penetrance phenotype need to be analyzed for their 
mutations.
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