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ABSTRACT

The human calcitonin/a-CGRP gene is expressed in a tissue-specific 
manner; the C cells of the thyroid produce calcitonin, whilst specific 
subsets of neurons in the central and peripheral nervous system make CGRP. 
In certain tumours, in particular those of the lung, this tissue- 
specificity is lost and the gene is ectopically expressed. The mechanism 
of ectopic expression is of particular interest as it may provide insights 
into the processes regulating gene expression in the normal and transformed 
state.

Sequencing of 1.8 kb of 5' flanking region of the human calcitonin/a- 
CGRP gene revealed many potential cis-acting control sequences. In order 
to test the activity of these sequences, a series of deletion vectors were 
constructed with portions of these 5' flanking sequences driving expression 
of the bacterial reporter gene, chloramphenicol acetyl transferase (CAT). 
These calgcat constructs were transfected into both BEN cells, a lung 
carcinoma cell line that ectopically expresses the calcitonin/a-CGRP gene, 
and HeLa cells, a cervical carcinoma cell line that does not express the 
gene. Analysis of the resulting CAT activity revealed that there is a 
sequence upstream of the transcription start site that is able to mediate 
the repression of the gene in HeLa cells. This repression could be 
abolished by co-transfection with an excess of the identical sequence, 
indicating that it is probably mediated by the binding of a repressor 
protein. This upstream region did not mediate repression in BEN cells, 
suggesting that the repressor is not active in BEN cells, and presenting 
one possible explanation for ectopic expression of the gene in these cells. 
The repressor binding site was localised to a 53 bp sequence, situated 
between -1.51 kb and -1.46 kb upstream of the transcription start site. 
This 53bp fragment was unable to repress transcription from an HSV tk 
promoter-CAT construct in HeLa cells, indicating that repression may 
operate by interaction with other proteins which specifically bind to the 
calcitonin/a-CGRP promoter region.

Stimulation of the calcitonin/a-CGRP gene by forskolin and phorbol 
esters in BEN cells was also examined. Both agents increased the level of 
endogenous calcitonin mRNA and of transcription from the calgcat 
constructs. Phorbol ester stimulation was three fold higher than that of 
forskolin for the largest calgcat construct. Interestingly, phorbol esters



were unable to stimulate expression of any of the calgcat constructs in 
HeLa cells.

The 5' flanking region of the human calcitonin/a-CGRP gene contains 
a higher than expected frequency of CpG dinucleotides, which are 
unmethylated in all tissues, characteristic of a CpG island. A region in 
the second intron exhibits variable methylation with expression, being 
undermethylated in expressing tissues. This suggests that regulatory 
sequences are located here. Various fragments from this region were 
inserted into an HSV tk promoter-CAT plasmid, and transfected into both 
HeLa and BEN cells. Sequences from this region were shown to enhance and 
repress CAT activity relative to the parent vector, demonstrating that 
sequences in intron 2 do possess regulatory activity.

A model for the mechanism of ectopic expression is proposed on the 
basis of these results in which inactivation of repressor activity is a 
primary event in inducing expression of the gene in neoplasia.
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ABBREVIATIONS

The abbreviations used in this thesis are those described in the "Policy 
of the Journal and Instructions to Authors" of the Biochemical Journal 
(Biochem. J. (1989) 257,1-21). In addition, the following abbreviations 
have been used:

Acetyl CoA Acetyl Coenzyme A
bp base pairs
BSA bovine serum albumim
CAT chloromphenicol acetyl transferase
CGRP Calcitonin gene-related peptide
CNS Central nervous system
DMSO Dimethylsulphoxide
DTT Dithiothreitol
HBS Hepes Buffered Saline
I MX 3-1s obuty1-1-methy1-xanthine
IPTG Isopropyl B-D-thiogalactopyranoside
kb kilobase
LTR long terminal repeat
MCT Medullary Carcinoma of the Thyroid
PBS phosphate buffered saline
PEG polyethylene glycol
PMA phorbol 12-myristate-13-acetate
PTH Parathyroid Hormone
RSV Rous Sarcoma Virus
SDS sodium dodecyl sulphate
TEMED N,N,N',N'- tetramethylethylenediamine
TLC thin layer chromatography
X-GAL 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
1,25(OH)2D3 1,25-dihydroxycholecalciferol
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CHAPTER ONE INTRODUCTION

1.1 THE CALCITONIN/a-CGRP GENE
1.1.1 Structure, function and therapeutic applications of calcitonin.

Calcitonin was discovered in 1962 by Copp et al. who identified a humoral 
factor in the salmon with potent hypocalcaemic action. Subsequently, 
calcitonin has been identified in many different species, including humans 
(MacIntyre et al.,1980). It is now well established that calcitonin lowers 
the blood calcium concentration, maintaining and protecting the skeleton 
in situations of physiological calcium stress, where much calcium is 
required and bone turnover is high, such as during growth, pregnancy and 
lactation (Stevenson et al.,1979). Its hypocalcaemic effects are mediated 
by direct inhibition of osteoclast activity in the bone (Friedman and 
Raisz,1965; Chambers,1985), ; inhibition of calcium reabsorption in the 
kidney (Haas et al.,1971) and inhibition of intestinal calcium absorption 
(Jaeger et al.,1986). Additional roles for calcitonin include a reduction 
in the renal absorption of several different ions (Haas et al.,1971) and 
inhibition of the secretion of a variety of gastrointestinal hormones 
(Cantalamessa et al.,1978; Stevenson et al.,1985). It is thought that 
calcitonin contributes to the maintenance of calcium homeostasis by acting 
in opposition to parathyroid hormone (PTH) and the vitamin D derivative 
1,25-dihydroxycholecalciferol (1,25-(OH)2D3) (Kanis,1987), as outlined in 
figure 1.1. However, vast excess (medullary carcinoma of the thyroid) or 
total deficiency (total thyroidectomy) of calcitonin are associated with 
only minor disturbances in skeletal or calcium homeostasis (Tashijan et 
al.1974; McDermott et al.,1983) making its actual physiological role 
unclear.

Calcitonin is produced and stored in the C-cells of the thyroid 
(Bussolati and Pearse,1967). These cells, originally migrating from the 
neural crest (Polak et al.1974), are derived from the ultimobranchial body 
seen in lower vertebrates, which in mammals fuses with the thyroid gland 
during fetal development (Le Douarin and Le Lievre,1970). In adult mammals 
the C-cells are dispersed in the thyroid gland and show a parafollicular 
distribution comprising at most a few percent of the total thyroid gland 
population (Forster et al.,1964). Extrathyroidal sites for calcitonin 
production have been demonstrated in the thymus, adrenal, and the pars

2



Figure 1.1 Calcium Homeostasis

Actions of calcitonin (CT) , parathyroid hormone (PTH), and l,25(OH) D3 
(1,25-DHCC) in the regulation of the blood calcium concentration. + and 
- represent positive and negative influences, respectively, on the 
transport of calcium ions between different tissues of the body, 
(reproduced from Hoppener, 1988).
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intermedia of the pituitary gland (Jonas et al.,1985; Kanis,1987). Further 
evidence for extrathyroidal calcitonin production is provided by the 
detection of high calcitonin levels in pregnant and lactating
thyroidectomized women. Both the placenta and the mammary gland have been 
suggested as possible sites of synthesis (Bucht et al. ,1986; Balabanova et 
al.,1986).

Clinically, the major interest of calcitonin is in treatment of 
Paget's disease of bone and hypercalcaemia (Stevenson and Evans,1981), 
although alternative treatments have now become available with fewer side 
effects than calcitonin (Warrell et al.,1988). Additionally calcitonin has 
been shown to have a distinct analgesic action, and a few clinical trials 
have now shown that calcitonin may be useful for management of pain in 
certain situations (Leyland and Hindley,1982; Miseria et al.,1989; Pun and 
Chan,1989). A further recent clinical trial successfully utilised
calcitonin to prevent osteoporosis in post-menopausal women who would 
previously have received oestrogen replacement therapy (Reginster et 
al.,1987).

In the majority of cases salmon calcitonin is administered, as it has 
been shown to have a higher affinity for the calcitonin receptors than the 
human polypeptide (Marx and Aurbach,1975), and is therefore more potent. 
Receptors for calcitonin have been detected in bone, kidney, placenta and 
brain (Nicholson et al. ,1987;1988; Fischer et al.,1981). Binding of 
calcitonin to its receptors activates adenylate cyclase through a guanidine 
nucleotide binding protein, leading to increased cytoplasmic cAMP levels 
(Nicholson et al.,1987). The isolation and complete structural analysis of 
calcitonin receptors has not yet been reported. The presence of both 
calcitonin receptors and calcitonin in the central nervous system suggests 
that calcitonin may have a neuromodulatory function as well as a calcium- 
regulating role. Indeed, it was recently demonstrated that calcitonin, 
acting directly on lactotrophes in the rat anterior pituitary gland
stimulated the secretion of prolactin (Morel et al.,1989). Thus it is
becoming apparent that calcitonin has a much wider range of action than was 
once thought.

Calcitonin was first isolated from porcine thyroid glands in 1968 
(Kahnt et al.,1968). Since then the amino acid sequence of calcitonin has 
been determined for five mammals (man, pig, rat, cow and sheep), the eel 
and three salmon species (Aurbach et al.,1981), and most recently for

4



chicken (Homma et al.,1986). All calcitonin polypeptides contain 32 amino 
acids, although only 8 are conserved in all 10 species examined (see figure 
1.2). Human calcitonin is most homologous to rat (only 2 amino acid 
substitutions) . Surprisingly human and rat calcitonins are more homologous 
to the ultimobranchial forms of chicken, eel and salmon than they are to 
the other mammalian calcitonins analyzed. This observation has raised the 
possibility that either calcitonin may have a different physiological role 
in these mammals, or that two distinct sub-types of calcitonin exist. 
Indeed, a salmon calcitonin-like immunoreactivity has been found in rat and 
human, thyroid and brain (Perez Cano et al.,1982; Fischer et al.,1983; 
Lasmoles et al. ,1985) . Almost every species now examined appears to possess 
at least two calcitonin like peptides with differing immunoreactivity, 
leaving the evolutionary relationships and significance of these hormones 
to be determined. The salmon calcitonin-like peptide in humans may be the 
endogenous ligand for the receptors that have been characterised and this 
would explain the apparent discrepancy of the difference in affinity 
between salmon and human calcitonin for the human receptor.

In vitro studies of protein synthesis in the ultimobranchial bodies 
of trout (Roos et al.,1974) and chicken (Moya et al.,1975) suggested that 
calcitonin, like many other small polypeptide hormones, is synthesised 
initially in the form of a large precursor, and then post-translationally 
cleaved. Studies on mammalian calcitonin production were hampered by the 
dispersed distribution and scarcity of the C-cells of the thyroid. However, 
a tumour of these C-cells which is common in aged rats (Roos et al.,1979), 
medullary carcinoma of the thyroid (MCT), over-expresses calcitonin and 
thus provides a good source of material on which to work. Cell-free 
translation of poly(A) RNA isolated from both rat and human MCTs 
demonstrated that calcitonin is synthesised as a high molecular weight 
precursor polyprotein of between 14500 and 21000 molecular weight (Goodman 
et al., 1979; Amara et al. , 1980a: Allison et al. , 1981). It is now known 
that the human polypeptide, secreted as a monomer of molecular weight 3500, 
possesses a carboxy-terminal proline-amide and a disulphide bridge between 
the cysteine residues at positions 1 and 7 at the amino-terminus( see 
figure 1.2) (Neher et al., 1968). Both the disulphide bridge and the 
proline-amide group are necessary for biological activity.

Calcitonin cDNA clones were isolated from libraries constructed using 
MCT tissue from the rat (Amara et al.,1980b) and human (Allison et

5



Figure 1.2 Conservation of calcitonin through the animal kingdom

Al Sequence of human calcitonin. Residues which are conserved 
through all known species are circled. Note the disulphide bridge 
betjjeen cysteine residues 1 and 7 that is essential for biological 
activity.

B) Comparison of the amino acid sequences of known animal 
calcitonins with the human calcitonin molecule. Solid vertical bars 
indicate positions where the amino acid in all the calcitonins is 
identical to that occuring in the human sequence (for references see 
text). (Reproduced from Hoppener, 1988).
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al.,1981). Sequence analysis of these clones revealed that in both species 
calcitonin is located within a precursor polyprotein, which contains a 
signal sequence, and is flanked by amino- and carboxy-terminal peptides 
(see figure 1.3) (Jacobs et al.,1981; Amara et al.,1982; Craig et al.,1982; 
Le Moullec et al. ,1984) . Calcitonin is separated from its flanking peptides 
by short stretches of basic amino acids; these sequences are known to be 
the recognition sites for proteolytic cleavage enzymes which act within the 
secretory pathway (Douglass et al.,1984). A glycine residue is found 
adjacent to the carboxy-terminal proline of calcitonin. By analogy with 
other systems this glycine is thought to provide the amide group found at 
the carboxy-terminus of mature calcitonin (Bradbury et al. ,1982) . In a cell 
line derived from a rat MCT it has been shown that the major route of 
calcitonin biosynthesis involves removal of the N-terminal peptide prior 
to removal of the C-terminal peptide (Birnbaum et al.,1986). The human C- 
terminal peptide has been found in plasma at equimolar concentrations to 
calcitonin (Hillyard et al., 1983), but as yet no function has been 
confirmed for either this peptide, or the N-terminal peptide.

Interestingly, it was noted that during serial passages of MCTs 
between rats, the level of calcitonin mRNA would occasionally spontaneously 
decrease more than 10-fold and at the same time a new mRNA species related 
to calcitonin mRNA would appear (Rosenfeld et al.,1981). Cloning of this 
new mRNA species and the rat calcitonin gene led to two major discoveries. 
First, the new mRNA species encoded a novel neuropeptide, the calcitonin 
gene-related peptide (CGRP). Secondly, both calcitonin mRNA and CGRP mRNA 
were encoded by the same gene, now designated the calcitonin/a-CGRP gene, 
and were generated by the use of alternative RNA splicing (Amara et 
al.,1982; 1984).

1.1.2 Structure of the calcitonin/a-CGRP gene
Calcitonin and CGRP mRNA have identical 5' ends (and thus a common 

transcriptional initiation site) but divergent 3' regions. The common 
region is encoded by exons 1,2 and 3 of the gene. The point of divergence 
between the mRNAs corresponds precisely to the end of exon 3 sequences. Use 
of the poly(A) site at the end of exon 4 (the calcitonin poly(A) site) 
together with splicing of exon 3 to exon 4 leads to formation of calcitonin 
mRNA. Use of the poly (A) site at the end of exon 6 (the CGRP poly (A) site) 
together with splicing of exon 3 to exon 5, exon 5 to exon 6, and excision
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Figure. 1^3 Protein products of the rat calcitonln/a-CGRP gene

N- terminal 
peptide

Preprocalcitonin

Lys Arg Gly Lys Lys Arg

Signal CT C* terminal 
peptide

Calcitonin mRNA 1 2 3 4

CCRP mRNA 1 2 3 5 6

PreproCGRP S ignal 
25

55 C-terminal 
peptide7VT

Lys Arg Gly Arg Arg Arg Arg

N - t e r m i n a l  
p e p t  ide

The exons contained within the mRNA species and the sizes of peptide 

products are shown. The amino-terminal flanking peptides of 

preprocalcitonin and preproCGRP are very similar, differing only in the 

4-6 residues at their carboxy termini.
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of those sequences in between, including exon 4, leads to formation of 
CGRP mRNA (see figure 1.4) (Craig et al., 1986). This alternative splicing 
is tissue-specific with calcitonin mRNA being the predominant mRNA species 
in the C-cells of the thyroid, whilst CGRP mRNA is produced in the central 
and peripheral nervous system (Rosenfeld et al.,1983). In all expressing 
cells, the primary transcript contains all 6 exons (Amara et al.,1984) and 
so the decision as to which mRNA and therefore which protein to synthesise 
is determined in the processing of the primary RNA transcript. Crenshaw et 
al.(1987) demonstrated with the use of transgenic mice that splicing to 
form calcitonin mRNA is the default choice and suggested that there is a 
trans-acting factor in CGRP producing cells which acts to promote formation 
of CGRP mRNA. Splice committment is therefore not a result of 
polyadenylation site selection. The same laboratory has recently shown that 
the cis-acting sequences necessary for this splice commitment to CGRP mRNA 
are located at the intron 3/exon 4 splice acceptor site (the calcitonin- 
specific splice acceptor) (Emeson et al.,1989). These sequences appear to 
be necessary to suppress the splicing for calcitonin mRNA suggesting that 
CGRP producing cells possess a trans-acting factor which represses the 
splicing of exon 3 to exon 4 thus enabling the CGRP-specific splicing of 
exon 3 to exon 5 (See figure 1.4).

1.1.3 Structure, function and therapeutic application of CGRP
CGRP mRNA encodes a protein which contains similar processing signals 

to those in preprocalcitonin. The nucleotide sequence predicted a protein 
containing an amino terminal sequence (including a signal sequence) of 80 
amino acids (the 76 amino-terminal amino acids in common with the 
calcitonin precursor), a novel peptide (CGRP) of 37 amino acids, encoded 
by exon 5 of the gene, flanked by a glycine residue, and a carboxy-terminal 
peptide of four amino acids. CGRP (molecular weight 4,200) is cleaved from 
its flanking peptides by proteolytic processing of the intervening basic 
amino acids (see figure 1.3) (Rosenfeld et al.,1983). The peptide has now 
been isolated and analyzed from a variety of animals (human, rat, pig and 
chicken) and shown to have a disulphide bridge between the cysteine 
residues at positions 2 and 7 and an amidated carboxy-terminal 
phenylalanine (Craig et al.,1986). Interestingly CGRP molecules are more 
highly conserved between species than the calcitonins, favouring the

9



Figure 1.4 Model for the tissue-specific RNA splicing of the
calcitonin/a-CGRP gene

Regulation of splicing of the 6 exons of the calcitonin/a-CGRP gene. In 
non-neuronal cells, exon 3 is spliced to exon 4 in the majority of 
primary transcripts to produce calcitonin mRNA. However, in neuronal 
cells, the splice commitment factor, by binding to sequences at the 
intron 3/exon 4 boundary, prevents this splicing, and ensures that exon 
3 is spliced to exon 5, to generate CGRP specific mRNA.
(Reproduced from Broad, 1987) .
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hypothesis that the physiological role of CGRP has not varied greatly 
during evolution (see figure 1.5).

A picture of the in vivo role of CGRP in both rats and humans has 
been built up by localising CGRP mRNA (by in situ hybridisation) and CGRP 
itself (by immunocytochemistry using antibodies raised to synthetic CGRP) 
and by investigating the effects of synthetic CGRP. The major localisation 
of CGRP is the central nervous system (CNS) and the peripheral nervous 
system (PNS) (Rosenfeld et al.,1983). Distribution of CGRP in nerve fibres 
associated with the vasculature points to a role in cardiovascular 
regulation (Fischer et al.,1983). An increase in circulating plasma 
noradrenaline levels, an increase in heart rate and an increase in arterial 
pressure have all been induced by administration of CGRP (Fischer et 
al.,1983). Recently CGRP has been shown to cause a dramatic increase in 
Ica2+ (the influx of Ca2+ due to the transmembrane calcium current) in 
single heart cells, mediated by stimulation of adenylate cyclase, 
postulating CGRP as an important regulator of cardiac function (Ono et 
al.,1989). CGRP is the most potent vasodilator known (Brain et al.,1985), 
one order of magnitude greater than prostacyclin. Immuno re active CGRP (IR- 
CGRP) nerve fibres are abundant in the walls of many blood vessels and it 
is thought that it is these fibres which are the source of the majority of 
the circulating CGRP in man (Girgis et al.,1985).

CGRP is the most frequently occurring polypeptide in a wide range of 
primary sensory neurons so far encountered suggesting a general 
neuromodulatory function (Ju et al.,1987). Co-localisation of CGRP with a 
variety of other neuropeptides has been reported, implying some co- 
regulatory role, or co-regulation of their synthesis. The first reported 
case of co-localisation was with substance P (SP) in primary sensory 
neurons (Lee et al., 1985) and dorsal root ganglia. CGRP and SP may have 
a synergistic interaction implying a close functional role of the two 
neuropeptides in sensory neuro-transmission (Gibbins et al.,1987). CGRP 
also acts as a differentiation signal for dopaminergic interneurons in the 
olfactory bulb (Denis-Donini, 1989).

Apart from its presence in the sensory nervous system , IR-CGRP has 
been demonstrated in motor neurons, motor end plates and in nerve fibres 
innervating striated muscle (Takami et al.,1985; Rethelyi et al.,1989). 
CGRP co-exists with acetylcholine (ACh) in some spinal motorneurons, and 
causes significant increases in both cellular cAMP levels and acetylcholine
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Figure 1.5 Conservation of CGRP

Amino acid sequences of human and known animal CGRPs, and of human 
amylin (IAPP), compared to the human a-CGRP molecule. Solid vertical 
lines indicate positions where the amino acid in all 6 CGRPs is 
identical to that occuring in the human a-CGRP sequence.
(Reproduced from Hoppener, 1988)
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receptor (AChR) numbers (New and Mudge,1986; Laufer and Changeux,1987). 
This suggests a role for CGRP as a neurotrophic factor in the regulation 
of nerve-muscle interaction and the development of the motor-end plate. 
The appearance of IR-CGRP concomitantly with the development of the 
neuromuscular junction supports this suggestion. CGRP may also be involved 
in synaptic transmission, by modulating the phosphorylation of the AChR at 
the neuromuscular junction, and regulating desensitisation of the AChR 
(Miles et ai.,1989).

In the endocrine system, small amounts of CGRP have been detected in 
the C-cells of the thyroid (Grunditz et al.,1986) and the chromaffin cells 
of the adrenal medulla (Kuramoto et al. , 1987). CGRP has also been 
implicated in inhibition of gastric acid secretion (Hughes et al.,1984), 
release of pancreatic amylase (Hughes et al.,1984), anti-nociception and 
mediation of inflammation (Brain et al. ,1985) . It can be seen that CGRP is 
involved in a wide variety of apparently unrelated activities and the list 
is constantly growing.

It is thought that CGRP acts through binding to its own receptor at 
the cell surface, thereby triggering some intracellular change. Although 
in some instances, particularly when acting in muscle, the effects of CGRP 
are mediated through an increase in cAMP levels (Kubota et al.,1985), this 
is not always the case, and it is likely that some of its effects are 
brought about by an as yet undetermined intermediate. A CGRP receptor from 
human placenta has been isolated and characterised in our laboratory (Foord 
and Craig, 1987). Cloning of this receptor is still in progress.

A clinical role for CGRP is still being sought, although it may be 
that the molecule is so important that its absence, or malfunction, is 
not compatible with sustaining life. Clinical trials have started with 
synthetic human CGRP to treat diseases as diverse as heart failure, 
subarachnoid and Raynauds phenomena, but it is too early to tell
whether CGRP will be both successful and suitable to be used in these 
situations (Bunker et al.,1989).

A second CGRP molecule designated B-CGRP was discovered, and shown 
to be encoded by a separate gene. B-CGRP differs from a-CGRP by three 
amino acids (Steenbergh et al.,1986), and has similar but distinguishable 
in vivo localisation (Amara et al.,1985). Studies using synthetic B-CGRP 
show it to have a similar action to a-CGRP suggesting a similar function 
in vivo. The B-CGRP gene possess a region homologous to the calcitonin exon
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(exon 4) of the calcitonin/a-CGRP gene, but is unable to generate a 
calcitonin-like mRNA (Steenbergh et al.,1986). Probing of a Southern blot 
with DNA from the common region revealed a third hybridising DNA fragment 
indicating a third gene, but nucleotide sequence analysis suggests that 
this is a pseudogene which is not transcribed (Hoppener et al.,1988), and 
does not therefore encode the putative second calcitonin-like peptide. 
Thus, a fourth gene which encodes this second calcitonin molecule, and 
potentially another CGRP remains to be identified. An additional related 
peptide (amylin) was isolated and sequenced from pancreatic amyloid
deposits in patients with non-insulin dependent diabetes (NIDDM) (Cooper 
et al.,1987). The gene for this peptide has now been cloned and shown to 
have a 59% homology to the human E-CGRP sequence, in the coding region 
(see figure 1.5) (Mosselman et al.,1989). Amylin is thought to play a 
significant role in the pathogenesis of NIDDM. CGRP also has been shown to 
have similar biological activity, but this may be a result of cross- 
reactivity with receptors due to the strong structural similarity between 
these two peptides, rather than a reflection of in vivo events.

All these genes that have been localised appear to be on the short
arm of chromosome 11 (Hoppener et al. , 1984; 1985; 1988). It has been
suggested that these genes arose by gene duplication and sequence
divergence from one primordial gene (Jonas et al.,1985). Evidence is 
accumulating to substantiate this theory. Structural comparison of the 
human calcitonin and CGRP peptides reveals slight homology between the two 
peptides. However, there is potentially significant homology between salmon 
calcitonin and human CGRP. Additionally, although calcitonin and CGRP have 
distinct sets of receptors, studies show that each peptide is capable of 
cross-reacting with the specific receptor of the other (Goltzmann and 
Mitchell,1985). The weak hypocalcaemic action of CGRP (three orders of 
magnitude less than calcitonin) is thought to be attributed to this 
phenomenon (Roos et al., 1986). With the cloning of more members of this 
gene family the evolutionary relationships between them should become 
clearer. This may help to distinguish the functional importance of 
individual peptides.

1.1.4 Expression of the calcitonin/a-CGRP gene.
Calcitonin/a-CGRP expression is regulated at both the transcriptional 

and post-transcriptional level. Current theories on the regulation of
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splicing of the calcitonin/a-CGRP gene have already been explained (see 
section 1.2). Transcription of this gene by RNA polymerase II is highly 
regulated. RNA levels and transcription of the calcitonin/a-CGRP gene are 
increased by both phorbol esters and cAMP analogues in TT cells (de Bustros 
et al. , 1985a; 1986), a cell line derived from a human MCT (Berger et

al. , 1984). These effects have been shown to be independent of each other 
and additive, and are both connected with a programmed change towards 
slower growth and a more differentiated phenotype of the cells (deBustros 
et al.,1986). Butyrate also induces differentiation of these cells and has 
a similar effect on calcitonin/a-CGRP gene transcription, but its effects 
are only noticeable after a 48 hour lag period (Nakagawa et al. , 1988). 
Surprisingly, growth of a rat MCT cell line (44-2C) in serum free medium 
again leads to an increase of calcitonin/a-CGRP gene specific RNA together 
with a change in the cells to a more differentiated state (Zeytin et 
al. ,1988). However, it has been demonstrated that this cell line itself 
secretes several different peptides and so these changes may be the result 
of autocrine stimulation (Zeytin and Delellis, 1987).

The synthetic glucocorticoid dexamethasone has been shown to affect 
calcitonin gene transcription, although there is some disagreement as to 
its exact effect. Russo et al.(1988) demonstrate the increased 
transcription and RNA expression of the rat calcitonin/a-CGRP gene in 
response to dexamethasone stimulation, and in contrast to the apparent 
lack of regulation of the B-CGRP gene, in the rat MCT derived cells CA77 
and CA1037. However, Zeytin et al.(1987) found a decrease in calcitonin/a- 
CGRP gene specific RNA levels in their rat MCT cell line (44-2C) with 
similar dose and time treatment, and confirmed their finding by 
demonstrating the inverse effect with RU-486, a synthetic 
antiglucocorticoid. This discrepancy has yet to be explained. A further 
reported effect of dexamethasone administration was to differentially 
increase the ratio of calcitonin mRNA to CGRP mRNA detectable in the TT 
cell line (Cote and Gagel, 1986), suggesting a role for glucocorticoids in 
the regulation of splicing in this cell line. Butyrate also has a similar 
effect (Nakagawa et al.,1988).

Many studies have shown a wide variety of substances to be potent 
secretagogues of calcitonin in a variety of systems, but few have 
correlated increased secretion with any change in transcription. Calcitonin 
is released in response to phorbol esters, cAMP, 1,25 (0H)2 D3, the calcium
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ionophore A23187, and gastric hormones such as gastrin, glucagon and 
secretin (Austin and Heath,1981). Gastrin is the most potent secretagogue 
and pentagastrin is often used as a provocative test to determine the 
capacity of a patient to secrete calcitonin in diagnosis of certain 
cancers. Oestrogen and progesterone also stimulate calcitonin secretion 
(Greenberg et al. , 1986) and it is tempting to speculate that they may have 
a direct effect on expression of this gene - particularly as there is 
evidence to link reduced oestrogen levels with reduced circulating plasma 
calcitonin (Stevenson et al.,1981). There are no known studies published 
on this.

The interaction and feedback between the components governing 
maintenance of calcium homeostasis play an important role in the control 
of calcitonin. There are no reports of PTH regulating calcitonin directly. 
However, conflicting evidence exists as to the effect of 1,25 (0H)2 D3 on 
calcitonin. Cote et al.,(1987) have shown 1,25 (0H)2 D3 to cause a time 
and dose dependent decrease in calcitonin-specific mRNA in TT cells, an 
effect which is mirrored in vivo in the rat where administration of 
physiologically relevant doses of 1,25 (0H)2 D3 caused both a decrease in 
RNA levels and a direct inhibition of calcitonin/a-CGRP gene transcription 
in thyroid C-cells (Naveh-Maney and Silver, 1988). Segond et al.(1985), 
however, describe a two fold increase in calcitonin specific RNA of the 
thyroid two hours after 1,25 (0H)2 D3 administration in the rat. Although 
it is possible that RNA levels could increase before decreasing, it is more 
probably a result of the large dose of 1,25 (0H)2 D3 administered by the 
last authors. All reports show that calcium levels do not change in 
response to the l,25(OH)2 D3 dose, and are therefore not contributing to 
this effect.

The extracellular calcium concentration is the major regulator of 
calcitonin secretion causing an almost immediate release of calcitonin from 
the thyroid C-cells. It is possible that calcium may have a direct effect 
on gene transcription, possibly through interaction with calmodulin 
dependent protein kinases, and the calcitonin gene would therefore be an 
obvious candidate for transcriptional control by the intracellular calcium 
concentration. Indeed Zeytin et al.,(1987) have shown a reduction in 
calcitonin gene-specific RNA levels with prolonged exposure to a high dose 
of Ca2+ in the 44-2C cells. However, the immediate effect of hypercalcaemia 
was quite different. By utilising an assay to distinguish between total
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mRNA content and that mRNA available for translation, Segond et al. (1984) 
demonstrated that an increase in the serum Ca2+ concentration activates an 
'inert' mRNA pool within minutes, to provide an increase in translatable 
calcitonin mRNA without an increase in the total calcitonin mRNA content 
of the thyroid. This could be mediated through a control on translation of 
the calcitonin mRNA, by an RNA-binding protein, similar to the one 
postulated to regulate translation of the iron-binding protein ferritin 
mRNA on stimulation with increased Fe2+ concentration (Casey et al.,1988). 
The existence of an untranslated first exon in the calcitonin mRNA would 
assist this mechanism; whereby an increase in the intracellular Ca2+ 
concentration would cause possibly an allosteric change in the RNA-binding 
protein, releasing it from the RNA and allowing rapid translation. The 
difference in the long and short term effects of Ca2+ concentration would 
be compatible with calcitonin's physiological role, whereby in a situation 
of acute hypercalcaemia, calcitonin is released to lower the serum calcium 
level, but after chronic hypercalcaemia the amount of calcitonin 
synthesised is down regulated. A further indication that post 
transcriptional control is operational in the control of calcitonin gene 
expression is given on stimulation of the TT cell line with cAMP (deBustros 
et al.,1986). Levels of nuclear RNA precursors are increased to a greater 
extent than their mature mRNA counterparts in the cytoplasm, suggesting 
some form of regulation in transport or processing.

Most of the work on control of transcription of the calcitonin/a- 
CGRP gene has been accomplished on cell lines derived from the C-cells of 
the thyroid, and tumours of these cells. This is partly for historical 
reasons, calcitonin was the first known product of this gene, these cells 
are the primary site of synthesis of calcitonin and therefore the obvious 
ones on which to work; and partly because of their accessibility, 
availability and ease with which it is possible to grow and manipulate 
them. Recently, however other cell types have been developed which provide 
a model to investigate transcriptional regulation when CGRP is the primary 
product of the gene. One such system was used to examine the effects of 
nerve growth factor (NGF) on neuropeptides. Lindsay and Harmar (1989) found 
that NGF stimulated CGRP mRNA levels four fold in cultures of adult rat 
dorsal root ganglia. With the advances being made in cell culture of 
neuronal cells in particular it should now be possible to investigate 
further the neuronal-specific expression of the calcitonin/a-CGRP gene.
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1.1.5 Expression of the human calcitonin/a-CGRP gene in disease
The human calcitonin/a-CGRP gene is over expressed in medullary 

carcinoma of the thyroid (MCT). This tumour of thyroid C-cells occurs in 
a familial as well as a sporadic form (Williams,1966). It is generally 
considered to be a benign tumour, though both sporadic and familial forms 
may be malignant and lead to death from dissemination (Schifter et 
al.,1986). Calcitonin is a well-established and reliable marker for the 
diagnosis and monitoring of patients with this disease (Goltzmann et 
al.,1974) and there is a correlation between serum calcitonin levels and 
clinical outcome (Mendelsohn et al.,1984). The more aggressive tumours 
develop a defect in their ability to develop or maintain a mature endocrine 
phenotype, leading to diminished or absent calcitonin production (reviewed 
in Nelkin et al.,1989). The correlation is not absolute but CGRP has been 
postulated as a valuable additional marker for MCT (Schifter et al. , 1986).

Many patients with advanced non-thyroidal malignancies have elevated 
plasma immunoreactive calcitonin concentrations (Coombes et al.,1976; 
Schwartz et al.,1979). Neoplasms of the lung, breast, pancreas, 
gastrointestinal tract, stomach, colon and certain leukaemias have been 
shown to secrete immunoreactive calcitonin (reviewed by de Bustros and 
Baylin, 1985; Imura, 1980). This secretion is termed 'ectopic' as it is 
produced from tumours derived from cells which do not normally secrete the 
hormone. The reported incidence of calcitonin production by tumours varies 
and is dependent on the cell type from which the tumour derived. Calcitonin 
has been detected in all histological types of lung cancer (Berger et 
al. , 1981), although is more common in small cell carcinoma of the lung 
(SCLC) or oat cell carcinoma, a tumour which secretes a wide variety of 
hormones (Sorenson et al.,1981). Studies have revealed calcitonin to be 
secreted in up to 75% of these tumours (Berger et al.,1981). Interestingly, 
immunoreactive salmon-like calcitonin was detected in these and other lung 
carcinomas in addition to immunoreactive human calcitonin (Gropp et 
al.,1985), adding further support to the suggestion that a second 
calcitonin peptide exists in humans.

In contrast to the low molecular weight forms of calcitonin found 
in MCT, the majority of calcitonin secreted from non-thyroidal sources 
consists of large molecular weight precursors that do not have biological 
activity (Zajac et al.,1985; Oscier et al.,1983; Koeppler et al., 1987). 
This has important biological implications. First, calcitonin production
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by non-MCT tumours tends to be asymptomatic. A result of this is that 
calcitonin production by tumours may be more common than realised as it is 
very unlikely that endocrine determination will be performed on a patient 
without any external manifestation. Secondly, it is possible to 
differentiate biochemically between immunoreactive calcitonin produced from 
the lung and that secreted by MCT due to their difference in size (Becker 
et al. ,1978; Ghillani et al.,1989). Third, serum calcitonin levels may be 
used as a diagnostic marker for lung carcinoma (Cote et al. ,1984) . However, 
care must be exercised as the endocrine activity of the tumour may alter. 
Also it was shown in one patient that the source of the raised serum 
calcitonin levels was not the tumour but the thyroid, which was stimulated 
by a substance produced by the tumour (Silva et al., 1975). CGRP has also 
been suggested as a possible marker in lung carcinoma, but a recent report 
suggests that raised serum CGRP levels are not a result of direct secretion 
from the tumour but of the surrounding vasculature (Schifter et al. ,1988). 
Possible explanations for the mechanism by which ectopic calcitonin 
production occurs will be discussed later. First, it is necessary to 
examine the causes of neoplasia, and the role of gene regulation in its 
development.

1.2 CANCER
1.2.1 Development of Cancer

Cancer is second only to cardiovascular disease as a cause of 
mortality in the U.K., and presents a vast medical problem. Understanding 
the cause and progression of the disease is one of the major challenges 
facing medical research today. The symptoms and resulting disorders caused 
by cancer vary enormously depending on the location and advancement of the 
disease, but all cancers have an underlying common causative mechanism. 
Cancer cells are defined by two heritable properties; they and their 
progeny reproduce in defiance of the normal restraints and they metastasise 
and colonise secondary tissues. Both characteristics are necessary for 
development of the cells into a malignant tumour (Franks, 1986).

Cancer is not a single step process, but is more likely to be caused 
by several independent events in one cell with cumulative effects. 
Statistical calculations, based on the number of cells in the body and 
epidemiological evidence about the increase of cancer with age, suggests
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that between three and seven independent random events, each of low 
probability, are needed to turn a normal cell into a cancer cell (Peto, 
1977). The primary event in carcinogenesis is a heritable change in the 
cell's DNA which may or may not have a direct effect on the phenotype of 
the cell (Bishop, 1987). Although this is difficult to prove as the initial 
steps in carcinogenesis are usually well hidden, support for this argument 
is that most known carcinogens are mutagens and conversely that mutagens 
have the potential to be carcinogens (Ames et al.,1973).

It is thought that cancers are clonal in origin, that is they are 
derived from a single abnormal cell. If tumours from female patients are 
analyzed, all the cells within one tumour have the same X chromosome 
inactivated, unlike the mosaic that is found in normal body tissues (Fearon 
et al., 1987). Further evidence is obtained from karyotyping the DNA from 
a number of different cells in one tumour. Specific chromosomal 
translocations can sometimes occur in the aetiology of the disease, for 
example the translocation between chromosomes 9 and 22 in chronic 
myelogenous leukaemia (Rowley, 1973). The actual breakpoint differs 
slightly between patients but is identical in all the leukaemic cells in 
any one patient (Groffen et al.,1984), confirming the monoclonal origin of 
the tumour. Thus cancer originates by an initial genetic change in one cell 
which is irreversible, usually silent and inherited by the cell's 
daughters. In our current model of cancer, this change may be caused by an 
initiator, which can be a chemical carcinogen, ionising radiation or 
exposure to a virus. However, this initial mutation is not sufficient; to 
generate a cancer a cell must undergo successive changes in its DNA to 
escape the multiple controls on cell division that regulate the normal 
development of a cell. Certain substances, while not themselves mutagenic, 
can speed up the development of a cancer, by acting on the initial 
mutation. These chemicals are called tumour promoters as they promote the 
development of the cancer. They may act by stimulating the expression of 
the initial mutated gene, or by a general stimulation of growth that 
expands the population of cells that carry the initial mutation (Slaga, 
1983).

Although naturally occurring cancers do not arise by a specific 
sequence of distinct initiation and promotion events, their evolution must 
be governed by similar principles. This can be observed in the development 
of cancer of the epithelium in the uterine cervix (Mclndee et al.,1984).
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The first sign of aberrant growth are patches of dysplasia, where dividing 
cells are no longer confined to the basal level and there is some disorder 
in the process of differentiation. The next stage is carcinoma in situ when 
the cells in all layers are proliferating and apparently undifferentiated. 
True malignancy begins when the cells cross the basal layer and begin to 
invade the underlying connective tissue. This process may take several 
years to occur and in common with all tumour progression depends on the 
frequency of mutations. The ability to metastasise is the final step on the 
way to malignancy and probably requires additional mutations to trigger the 
switch to a malignant phenotype. These mutations will occur randomly in the 
tumour cell population leading to heterogeneity for metastatic capacity in 
the tumour (Fidler and Hart,1982).

Neoplastic cell proliferation also often seems to be associated with 
a block in differentiation, such that cells are kept or returned to the 
replicating cell cycle and prevented from maturation into a non-dividing, 
terminally differentiated state (Sachs, 1986) . Such disruption of the normal 
pattern of differentiation must play an essential role in many cancers to 
enable continual cell proliferation. Thus the development of a cancer 
generally involves many steps, each governed by multiple factors, some of 
which will be dependent on the genetic constitution of the individual, and 
others on his/her environment or lifestyle.

1.2.2 Oncogenes and cancer
Mutations occur at random all over the genome, but those that are 

significant in the development of cancer will affect the genes involved 
in control of growth and differentiation of the cell and its interactions 
with surrounding tissue. It is these genes, called proto-oncogenes, that 
are abnormally activated in cancer (reviewed by Bishop, 1987). However, the 
implication of such genes in the aetiology of cancer was brought about in 
an indirect manner.

It was as early as 1911 that Peyton Rous demonstrated that a 
connective tissue tumour (a sarcoma) in chickens was caused by an infective 
agent, subsequently shown to be a retrovirus and called Rous Sarcoma Virus 
(RSV) (Rous, 1911). After much investigation it was shown that RSV differed 
from the then known non-tumorigenic retroviruses by the addition of one 
gene into its genome, v-src. Confirmation that it was indeed this gene 
that caused the cancer was given by its ability to transform normal cells
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when introduced alone (reviewed by Jove and Hanafusa, 1987) . This gene was 
therefore called an oncogene (from the Greek onkas for mass or tumour). It 
was subsequently shown that v-src is not a viral gene, but a transduced 
cellular gene c-src. Other oncogenes were then identified in different 
tumorigenic retroviruses. It is thought that the viral oncogenes were 
transduced as a result of integration of a v-onc- retrovirus close to the 
proto-oncogene in the genome and subsequent incorrect viral excision, 
creating a virus containing a transduced cellular gene (Varmus, 1984). 
Examination of the genes in tumorigenic retroviruses, and searching for 
their cellular homolog became a way of identifying new proto-oncogenes; 
more than 20 have been uncovered by this approach, including c-Ha-ras, c- 
fos, c-sis, c-myc, c-jun, c-erb-A and c-erb-B (Bishop, 1985). Thus, the 
same gene which is tumorigenic in the virus is present in the normal genome 
without any adverse effect. This apparent inconsistency is explained by the 
activation of the proto-oncogene by the virus to make it an oncogene. This 
is achieved by alteration and/or truncation of the acquired gene sequence, 
and/or its fusion to viral gene sequences, so that it codes for a protein 
with abnormal activity; or stimulation of the gene's expression by powerful 
promoters and enhancers in the viral genome so that its product is 
inappropriately or over-expressed (Varmus,1984).

Retroviruses can also cause over expression of cellular proto- 
oncogenes directly by insertional mutagenesis, that is by inserting their 
genome into cellular DNA and causing over expression of an adjacent gene 
by the influence of their control elements (Nusse, 1986). Such an 
occurrence led to the discovery of the int genes, which were activated by 
insertion of the mouse mammary tumour virus in breast cancers in mice 
(Nusse and Varmus, 1982; Peters et al.,1983). Both int-1 and int-2 are 
important cellular genes involved in growth and development but are 
functionally unrelated to each other.

Proto-oncogene activation can be effected by means other than 
retroviral transduction or insertion and is therefore ascribed to be one 
of the causative factors in non-viral cancer development (Bishop, 1987). 
In fact the involvement of viruses in human cancer is quite rare except for 
certain exceptions such as cervical cancer (Lazo,1988). Proto-oncogene 
products appear to be regulated activators of cell proliferation, their 
oncogenic derivatives however are deregulated and it is this deregulation 
of normal growth controls that leads to neoplastic growth. There are three



main ways that a proto-oncogene can be converted to an oncogene (see figure 
1.6). The first is a deletion or other mutation in the coding sequence of 
the gene so that an overactive or constitutively active protein is produced 
(Bargmann and Weinberg, 1988). The second is gene amplification, whereby 
a region of the chromosome containing the proto-oncogene is amplified 
(Little et al.,1983). Such amplified regions are often visible under a 
light microscope, either as a homogeneously staining region (HSR) or as 
double minute chromosomes (DM) when the amplified region is excised from 
its original locus. The third means of proto-oncogene activation in situ 
is by chromosome rearrangement, where the proto-oncogene either comes under 
the influence of a strong enhancer, causing the protein to be overproduced, 
or when chromosome translocation leads to fusion between two truncated 
genes (Gale and Canaani, 1984). In this case either the protein is greatly 
overproduced or the fusion protein is overactive or constitutively active. 
All these mutations are dominant mutations, that is mutations that 
deregulate cell proliferation even when normal gene copies are present in 
the cell.

More than 50 proto-oncogenes have been identified so far, but it is 
likely that there are more remaining to be identified. Proto-oncogenes are 
defined either by their homology to retrovirally transduced oncogenes, as 
described above, or through the ability to transform NIH 3T3 cells, when 
introduced alone into them. The broad definition of a proto-oncogene as a 
cellular gene which when mutated or inappropriately expressed renders a 
cell tumorigenic means that any gene which promotes growth or stimulation 
is a potential proto - oncogene. Such a viewpoint was confirmed by the recent 
demonstration that ectopic expression of the serotonin lc receptor in NIH- 
3T3 cells leads to their malignant transformation (Julius et al. ,1989). All 
known proto-oncogenes are components of signalling pathways through which 
external stimuli trigger cell proliferation (Marshall, 1987) . Characterised 
proto-oncogenes include growth factors, growth factor receptors, GTP 
binding proteins and membrane bound and cytoplasmic protein kinases (see 
figure 1.7). Tyrosine phosphorylation plays an important role in 
transmitting the mitogenic signal of the growth factors through the cell, 
and it has been shown that mutation of tyrosine kinase genes in particular 
can lead to oncogenesis (Hunter and Cooper, 1985). The ultimate destination 
of these mitogenic signals is the nucleus where they stimulate expression 
of those genes required by the growing cell. It is therefore not surprising
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Figure 1,7 Classes of proto-oncogenes

Outline of the relationships between the major classes of proto-oncogenes 
in the intracellular control network through which external signals

stimulate cell proliferation.
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that nuclear proto-oncogenes exist, some of which encode transcription 
factors which directly regulate gene expression (Herrlich and Ponta, 1989). 
These will be discussed more fully in chapter 3. One proto-oncogene encoded 
transcription factor, c-erb-A, encodes the thyroid hormone receptor (Sap 
et al.,1986). When thyroid hormone is bound to its receptor, the
appropriate genes are stimulated. However, the mutated oncogenic version 
of this gene, isolated from avian erythroblastosis virus, v-erib-A, although 
able to bind to DNA at the correct site, no longer has a functional hormone 
binding domain and so will not respond to thyroid hormone. Its binding 
therefore represses transcription of thyroid hormone responsive genes, and 
prevents their activation by thyroid hormone (Sap et al.,1989). When v-
erb-A was introduced into chicken erythroblasts, it blocked their
differentiation into erythrocytes (Zenke et al.,1988). Thus this mutation 
although dominant, contributes to transformation by suppression rather than 
activation. It may be the first of many oncogenes to influence cell
proliferation in this way.

There is an apparent paradox between the assertion that a single 
mutation is not sufficient to cause cancer and the definition of an 
oncogene as a dominantly acting gene, which is commonly assayed by its 
ability to cause neoplastic transformation when introduced into cultured 
cells on its own (Cooper, 1982) . However it must be remembered that the 
cultured cells, usually NIH-3T3 cells derived from mouse fibroblasts, are 
not themselves normal somatic cells and must have undergone several changes 
to immortalise them. A more realistic model is created using transgenic 
mice which carry an oncogene in all their cells. Acting under the control 
of a strong tissue-specific promoter (MMTV), the expression in such mice 
of two oncogenes (ras and myc), working synergistically, drastically 
accelerated the kinetics of tumour formation in the mammary gland, over 
that caused by either oncogene acting alone (Sinn et al.,1987). However, 
expression of these genes either together or alone does not appear to be 
sufficient for malignant transformation, since high levels of oncogene 
expression could be detected in morphologically normal mammary epithelium. 
Contrasting with these results is the finding that transgenic mice carrying 
an MMTV/c-neu gene, develop mammary tumours in all expressing cells (Muller 
et al. ,1989), in an apparent single step induction of malignancy. Thus, the 
multihit, tumour progression hypothesis would seem to be dependent on the 
seriousness of the 'hit'. If fewer events are required to induce
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malignancy, then the probability of occurrence of this malignancy will be 
much reduced and the incidence of it more common. This is supported by the 
high incidence in the population of mammary carcinoma and the high 
frequency in such patients of abnormal c-neu expression and amplification 
(Parkes et al., 1990). We must take into account therefore, that the 
activity and influence of oncogenes, is by no means uniform, and is 
dependent to a large extent on the tissue environment in which it is 
expressed. Although our models are limited, in their application to tumour 
formation in cancer sufferers, it is only through them that we will start 
to understand the complex interactions that govern the transformation of 
a normal cell to malignancy.

1.2.3 Antioncogenes
Some childhood cancers seem to be caused by an inherited pre

disposition to the condition. In the case of retinoblastoma, a rare 
children's cancer in which tumours develop in the immature retina, this 
predisposition was shown to be due to the lack of a specific locus on 
chromosome 13 on one of the two chromosomes. Interestingly sufferers who 
developed the disease sporadically also showed the same deletion (Benedict 
et al., 1983a; 1983b). It is thought that the cancer develops by the loss 
of both of these alleles. In the familial cases the patients inherit one 
of the deletions and after the second copy becomes inactivated tumour 
formation follows. Sporadic cases are much rarer as both alleles would have 
to be lost/mutated in one cell by random events. The development of cancer 
from inactivation of a locus suggests that this locus encodes a protein 
whose function is to limit cell proliferation and which thus act as a 
tumour suppressor or anti-oncogene. The existence of such proteins is 
indicated by the finding that when transformed cells are fused with non
transformed cells, the resulting hybrid cells very often appear non
transformed, implying that normal cell division has been restored by some 
dominantly acting factor in the non-transformed cells (La Rocca et 
al.,1989). When the retinoblastoma gene was cloned (Lee et al.,1987b) and 
its protein product characterised (Rb), it was shown to contain zinc 
fingers, characteristic of a transcriptional regulator (see section 
1.3.3.1.1), and also to bind to the proteins encoded by oncogenes of some 
DNA tumour viruses, such as the SV40 large T antigen and the adenovirus ElA 
protein (DeCaprio et al. , 1988). It has also recently been shown to be
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phosphorylated in a cell-cycle dependent manner, suggesting its role is in 
control of some part of the cell cycle (Cooper and Whyte, 1989).

Tumour DNA analysis suggests that inactivation or loss of tumour 
suppressor genes may be instrumental in tumour formation for a wide range 
of cancers, from the rare inherited forms such as Wilm's tumour (Weissman 
et al. , 1987), to some of the most common forms, such as lung cancer (Kok,
1987). These loss-of-function recessive mutations are probably more common 
than was previously realised; it has been suggested that there are as many 
anti-oncogenes as oncogenes; although finding them will be significantly 
more complex. There is accumulating evidence to implicate p53 as an anti- 
oncogene, although a mutated form of it has oncogenic properties, possibly 
by forming heterodimers with wild type p53 and inactivating it (Baker et 
al. ,1989) . This is the mechanism thought to be responsible for the activity 
of both oncogenes and antioncogenes; that, in a normal somatic cell, 
regulation of mitogenic pathways is strictly controlled by the binding 
together of factors that stimulate and suppress growth and differentiation 
(Green, 1989). Thus, the excess or overactivity of the former, or absence 
or inactivation of the latter, will both ultimately lead to uncontrolled 
cell proliferation. An extension of this idea is the control of 
phosphorylation. It has been shown that the active form of Rb is not 
phosphorylated, and conversely that phosphorylated Rb is inactive, so 
phosphorylation may have the same inactivating effects as binding to SV40 
large T antigen (Cooper and Whyte, 1989) . The recent discovery that protein 
tyrosine phosphatases exist and may be linked to extracellular receptors, 
and therefore stimulated in an analogous manner to protein tyrosine 
kinases, confirms the vital importance of maintaining the fine balance of 
phosphorylation in the cell (Hunter, 1989). It is feasible that these 
protein tyrosine phosphatases will turn out to be anti-oncogenes in the 
same way that the protein tyrosine kinases are proto-oncogenes. The study 
of cancer and the battle to control this disease are therefore helping us 
to understand the normal processes of growth, development and
differentiation together with the malfunctioning of these processes in the 
malignant phenotype.

1.2.4 Cancer and ectopic hormone production
The term "ectopic" hormone production was first used by Liddle in 

1969 to describe the production of a hormone "by a neoplasm which is
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derived from tissue not normally engaged in the production of the hormone 
in question". Originally this phenomena was thought to be quite rare, but 
with advances made in the detection and analysis of peptides it is becoming 
clear that most neoplasms are engaged in the production of peptides of some 
form. The question which now remains is whether this production can 
accurately be described as ectopic.

Ectopic hormone production by neoplasms has quite distinct clinical 
implications. Several syndromes are associated with this deregulated 
hormone production and often high serum levels of the hormone can aid in 
diagnosis of the cancer. Cushings syndrome is probably the most well 
documented case. This is caused by excess ACTH (corticotrophin) secretion, 
and is ectopically produced by tumours of the lung, thyroid, pancreatic 
islet cells, thymus and adrenal medulla (reviewed by Imura, 1980). Other 
syndromes which have been shown to result from ectopic hormone production 
include hypercalcaemia of malignancy (parathyroid hormone and parathyroid 
hormone related protein); acromegaly (growth hormone or growth hormone 
releasing factor); hypoglycaemia (insulin, IGF I and IGF II); male 
gynaecomastia (chorionic gonadotrophin); erythrocytosis (erythropoietin) 
and hyponatraemia (vasopressin) (reviewed by Odell, 1989). For excess 
secretion to have a physiological effect, the peptides produced must have 
biological activity. As most peptide hormones are cleaved from polyprotein 
precursors, this suggests that those cells giving rise to the tumour have 
the capability to correctly process the precursor. In such cases it is 
probable that the tumours are therefore clonal expansions of an endocrine 
cell. However, at the time that the first recorded cases of ectopic hormone 
production were published, it was thought that the sites of hormone 
synthesis were restricted to distinct endocrine glands. Therefore any 
production that could not be localised to these glands must be ectopic. 
Pearse (1968) first postulated the existence of a diffuse neuroendocrine 
system, widely distributed all over the body, suggesting that all these 
cells were derived from a common embryological origin in the neural crest 
and had shared ultrastruetural and cytochemical characteristics. He named 
these APUD cells as they had the characteristic of Amine Precursor Uptake 
and Decarboxylation. Although it has now been demonstrated that not all 
cells with these properties actually derive from the neural crest, the 
notable exception being the endocrine producing cells of the 
gastrointestinal tract (Fontaine et al.,1977), the APUD nomenclature has
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withstood the test of time and the list of cells belonging to it is 
constantly growing (Le Douarin, 1988). Thus, those tumours which produce 
biologically active peptides are potentially derived from APUD cells and 
have been called APUDomas. If it can be shown that the tumour is derived 
from an APUD cell then this production can no longer be called ectopic.

There are numerous reported occurrences of large molecular weight, 
biologically inactive peptides being secreted from unexpected places and 
it is these tumours which are actually engaged in ectopic hormone secretion 
(de Bustros and Baylin, 1985). It is likely that the incidence of this 
production is far more widespread than realised as endocrine evaluation is 
seldom carried out in cancer patients who have no endocrine manifestations. 
Most endocrine proteins are originally translated as polyproteins which are 
then proteolytically cleaved in the endocrine cells, to generate mature, 
active hormones. Inactive precursors are secreted from tumours either 
because the protein is altered in some way or because the cells lack the 
ability to correctly cleave and process the precursors. Introduction of a 
proinsulin-SV40 recombinant vector into At T-20 cells (an ACTH-secreting 
mouse pituitary cell line) , resulted in a stably transformed cell line 
capable of proteolytic processing of proinsulin to insulin and of releasing 
insulin into the media upon stimulation with secretagogues. By contrast, 
similarly transformed fibroblast L-cells secrete only proinsulin and their 
secretion rate is unaffected by secretagogues (Moore et al., 1983). Riley 
et al. (1986) demonstrated that in the BEN cell line, a lung carcinoma cell 
line which produces large molecular weight calcitonin precursors, the 
coding sequence of calcitonin was unchanged. In these instances, it is 
probable that biologically inactive hormone is secreted because the cells 
from which it is produced lack the correct processing enzymes. Thus, 
hormone production from such cells could be described as ectopic because 
the cells from which the tumour originates do not have endocrine 
characteristics.

Hormone production sometimes aids in the propagation of the tumour 
producing it when the substances that are produced directly stimulate the 
growth of the same neoplasm in an autocrine system. Many genes encoding 
proteins connected with the growth and differentiation of the cell are 
potential oncogenes and overproduction of these proteins may be 
instrumental in driving the neoplastic process (Waterfield, 1986) 
(discussed in section 1.2.2). In this situation the relevant growth factors
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are probably produced in very small quantities by the original tissue and 
the development of the tumour causes gross over expression of the peptides. 
This cannot therefore be described as ectopic.

Over expression of certain peptides in neoplasia has provided 
researchers with large quantities of previously unanalysed hormones. In at 
least two cases this has led to the discovery of novel peptides involved 
in the endocrine system. Growth hormone releasing factor (GRF), a peptide 
which regulates growth hormone secretion, was first isolated and purified 
from a human pancreatic tumour (Guillemin et al. , 1982) . Overproduction of 
parathyroid hormone was thought to be the major cause of hypercalcaemia of 
malignancy, but in several cases researchers were unable to show this 
despite there being some parathyroid hormone-like immunoreactivity in the 
serum of such patients. The explanation became clear when a novel peptide, 
parathyroid hormone-related protein (PTHrP) was isolated and analyzed from 
BEN cells, a lung carcinoma cell line (Suva et al. ,1987). This protein has 
potent hypercalcaemic action and its role in normal calcium regulation is 
currently being evaluated.

Several theories have been proposed in an attempt to explain the 
production of hormones by tumours (reviewed by Imura, 1980; deBustros and 
Baylin,1985; Odell, 1989). One of the most frequently cited concepts is 
that of clonal expansion of APUD cells in the tissue from which the tumour 
is derived (Pearse, 1980). However, it is clear that hormone production is 
by no means restricted to these cells as is indicated by the large amount 
of tumours producing large, biological inactive precursors; and the 
production of hormones by tumours of non-ectodermal origin (Stevens and 
Moore, 1983). A second more plausible explanation is related to the 
differentiation state of the tumour. This theory argues that APUD features 
do not necessarily reflect tumour origin from an endocrine cell, but rather 
may arise as a consequence of a certain direction of differentiation. The 
degree of endocrine differentiation.determines the ability of the tumour 
to synthesise and secrete mature hormone. Tumour cells with strong APUD 
characteristics, are able to produce and secrete biologically active 
peptides. Some tumour cells do not evolve the machinery needed for 
proteolytic processing of precursor hormones and thus produce only 
biologically inactive hormones. Tumour cells with an even lower degree of 
APUD differentiation are, perhaps only able to transcribe certain peptide 
hormone genes. This has not yet been shown. Finally, those tumours which
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are either not on this differentiation pathway or have not progressed along 
it, do not even transcribe the hormone genes.

Examination of the four major histological classes of lung cancer
illustrate this theory well. Small cell lung carcinoma, SCLC, has strong
endocrine characteristics; the majority of SCLC tumours producing hormones.
Many produce more than one; ten different peptides were secreted from one
SCLC cell line (Sorenson et al.,1981). The other three main types of lung
cancer have all been shown to produce hormones (Berger et al.,1981), but
they generally exhibit fewer endocrine features, such as L-dopa
decarboxylase activity (the 'D' in APUD), than SCLC cells. The existence
of several histological types of lung cancer in the same tumour tissue at
different times during the evolution of the disease also supports this
theory (Abeloff et al.,1979). It would seem that with tumour progression
the characteristics of a tumour, including the degree of endocrine
differentiation can change. Thus the cells which comprise the tumour,

cdedifferentiate from their programmed lineage, potentially ̂ quiring certain 
endocrine characteristics on the way.

Tissue dedifferentiation is also related to the aggressiveness of the 
tumour. It is generally accepted that the less differentiated the tumour 
the more aggressive it is (Franks, 1986). Small cell lung carcinomas can 
be divided into classic and variant cell types. The classic cells are more 
differentiated, exhibiting neuroendocrine features and are less aggressive, 
whilst the variant have lost a lot of their endocrine characteristics, have 
increased growth rates and are more invasive (Mabry et al.,1988). The fact 
that one type can spontaneously differentiate into the other type supports 
the differentiation theory and also indicates a possible avenue of 
investigation for controlling cancerous growth. All neoplasms are composed 
of a heterogeneous population of cells of different differentiation states. 
Malignant tumours appear undifferentiated because many undifferentiated 
malignant stem cells are produced in relationship to the number that 
differentiate, but if it is possible to induce this differentiation and 
then ensure that tissues derived from this differentiation stay benign then 
this would provide an alternative to current methods of cancer therapy 
(Pierce and Speers, 1988). Analyzing the hormone production from such 
tumours is one way of monitoring the differentiation state of the tumour 
(Bork et al.,1988). The idea of differentiation therapy is becoming more
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popular, but a lot of work needs to be accomplished before its feasibility 
is established.

The actual mechanism of ectopic hormone production is still 
unknown, but is intrinsically linked to the whole basis of aberrant gene 
expression in cancer. One hypothesis is that neoplastic transformation 
activates repressed genes, thus producing hormones that are not produced 
by differentiated cells - the derepression hypothesis. This derepression 
may be the result of alterations in chromosome structure, DNA 
rearrangements, methylation changes and/or regulatory events in 
transcription and translation. Random derepression of polypeptide hormone 
genes in tumours does not explain the fact that certain peptides are 
produced more frequently than others (calcitonin, ACTH) and that certain 
tumours seem to be associated with specific hormones. The large numbers of 
different hormones produced from one malignant cell type also suggests some 
common regulatory mechanism in endocrine gene transcription; that once 
along the endocrine differentiation pathway it is easier to activate other 
endocrine genes, perhaps dependent on the degree of differentiation and the 
embryological origin of the tumour cell. Whatever the mechanism it seems 
impossible to separate the problem of hormone production by neoplasms from 
the broader perspective of mechanisms underlying the processes of gene 
expression, regulation of normal cell differentiation and cellular 
transformation.

1.3 GENE REGULATION

A central challenge in eukaryotic molecular biology is to understand the 
mechanisms by which gene expression is regulated, in a temporal, spatial 
or inducible manner. Differential gene expression is the basis of the 
cellular diversity found in higher eukaryotes. Most cells contain identical 
DNA, which records all of the information necessary for development. The 
retrieval of this information, in a temporally and spatially distinct 
manner, leads to the programmed differentiation of a large number of 
different cell types. Controlled gene expression is thus vital for the 
correct formation of a complex organism; and it is deregulation of this 
control that leads to the development and malignant spread of cancer. To 
understand the anomalous behaviour of cancer it is necessary to comprehend 
the normal processes of gene expression. Regulation of this expression can,
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in theory, occur at any of the points in the pathway between initiation of 
transcription and processing of the final protein product. These steps 
include initiation, elongation and termination of transcription; 
processing, transport and stability of the RNA transcript; and translation, 
post-translational modification and compartmentalisation of the protein. 
Despite the large number of possible control points, it is widely accepted 
that the primary level of control of gene expression is at the initiation 
of transcription.

1.3.1 Initiation of Transcription

In eukaryotes there are three RNA polymerases that are engaged in 
transcribing DNA into RNA. However, only RNA polymerase II (pol II) is 
utilised to make RNA that will then be translated into protein, and so it 
is only this enzyme that will be discussed. The minimal promoter 
requirement for initiation of transcription in vitro is a TATA box (a 
consensus sequence resembling TATAAA or TATATA) and an RNA initiation site 
about 25 to 30 nucleotides downstream of this (Breathnech and Chambon, 
1981) . However, pol II can not recognise its promoters on purified DNA but 
requires ancillary proteins which form a complex on the promoter which the 
enzyme will then recognise (Weil et al. ,1979). Although we do not yet know 
the complete structure and order of formation of this complex, several 
factors in it have been identified. The crucial factor, TFIID, is a 
sequence-specific DNA binding protein which recognises and binds to the 
TATA box (Reinberg et al.,1987). Binding of this protein alone is 
sufficient for the formation of a stable preinitiation complex, thereby 
conferring template commitment to transcription (Van Dyke et al.,1989). 
This stable complex is resistant to challenge by competitor DNAs or the 
addition of nucleosomes (Workman and Roeder, 1987), and TFIID probably 
remains bound to the promoter throughout multiple rounds of transcription 
(Van Dyke et al. ,1988) . The recent purification of the yeast TFIID protein, 
which can function in mammalian systems, has shown that this factor has a 
wider binding specificity than was envisaged (Hahn et al.,1989). Some 
genes, including many housekeeping gene (those genes encoding proteins 
required for the maintenance of most cells) , have no apparent TATA box at 
all (Dynan, 1986) and there may be a family of related TATA box binding
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proteins differing in their DNA binding specificity. A model has been 
proposed for initiation of transcription of these genes based on that of 
the lymphocyte specific terminal deoxynucleotidyltransferase gene. In this 
gene a 17 bp element containing within it the transcription start site has 
been shown to be sufficient for accurate basal level transcription (Smale 
and Baltimore, 1989). Homology to this "initiator" is found in many other 
genes and it is possible that this may be an alternative initial 
recognition sequence for binding of the preinitiation complex. It remains 
to be seen whether the initial protein bound will be a member of the TFIID 
family or an unrelated protein.

Accurate initiation by pol II requires at least three other factors 
which are added in an ordered initiation pathway. Buratowski et al.(1989) 
have proposed a model where the sequential addition of each factor 
facilitates the binding of the next factor to the complex, until initiation 
can begin. After, or perhaps together with TFIID binding, TFIIA joins the 
complex, followed by TFIIB which may act as a bridge between the TFIIA- 
TFIID-TATA element complex and pol II. RNA synthesis is not started until 
after the addition of TFIIE, possibly composed of two proteins RAP 30 and 
RAP 74, which contains DNA-dependent ATPase activity. Transcription has an 
energy requirement that can be satisfied by hydrolysis of ATP or dATP, 
generating what has been called an "activated" transcription complex 
(Sawadogo and Roeder, 1984). It seems likely that TFIIE association with 
the preinitiation complex involves this hydrolysis, leading to 
transcriptional initiation and dissociation of TFIIE. A possible function 
for the DNA-dependent ATPase is as a helicase, opening up the DNA helix 
ahead of pol II, and enabling it to synthesise the new RNA by a stepwise 
addition of ribonucleoside triphosphates in a 5' to 3' direction. Thus 
initiation of pol II transcription is a complex reaction, involving many 
components and distinct protein-protein and protein-DNA interactions.
Binding of any or all of the factors is potentially rate-limiting for
initiation and therefore a potential target step for regulation of
transcription.

Regulation of transcription is achieved by specific interactions 
between sequence-specific DNA binding proteins and the factors necessary 
for formation of the pre-initiation complex and initiation of
transcription. Such interactions are thought to facilitate the formation 
of the preinitiation complex; the rate at which the necessary proteins are
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loaded on to the complex determining the rate of transcription for a 
particular gene. So far however, only two sequence-specific DNA binding 
proteins have been shown to interact directly with any part of this 
transcriptional machinery; these are ATF, a mammalian transcription factor 
involved in the regulation of multiple cellular and adenoviral genes (Lin 
and Green, 1988), and GALA, a transcription factor involved in the 
regulation of galactose metabolism in yeast (Ma and Ptashne,1987). Both 
studies demonstrated a direct interaction of the transcription factor with 
TFIID (Horikoshi et al., 1988a; 1988b). Hai et al. (1988) also show that ATF 
is required only transiently for formation of the preinitiation complex, 
and once the other factors are bound it can dissociate without affecting 
transcription. This suggests that its role is in assembly of the complex 
rather than maintenance of transcription, and is the model by which other 
transcription factors are thought to act.

1.3.2 Promoters and enhancers
The control region in the immediate vicinity of a transcription start 

site is called the promoter. Systematic mutational analyses of sequences 
in this region show that each gene in an animal cell has a particular 
combination of positive and negative regulatory cis-elements that are 
uniquely arranged as to number, type and spatial array. These elements are 
the binding sites for the transcription factors that interact with the 
transcription apparatus, and load it on in the right place for correct 
initiation of transcription. Thus the cis-sequences dictate the number, 
position and type of proteins involved in the activation of transcription, 
and their frequency and location is also of importance in determining gene 
expression. The role of these sequences in expression of individual genes 
can be confirmed by their deletion, mutation, or transfer to other genes 
to confer the same pattern of expression (reviewed by Maniatis et 
al.,1987).

Promoters are generally considered to consist of those sequences 
100-200 bp immediately upstream of the RNA initiation site. However, other 
sequences were discovered, sometimes several kilobases away, that could 
enhance the expression of a particular gene. These sequences, termed 
enhancers, although unable to direct transcription themselves, dramatically 
increased the activity of their promoters, possibly by as much as several 
hundredfold. They were shown to be active in either orientation, and to
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function at a distance either upstream or downstream (reviewed by Atchison,
1988). The first enhancer studied was that of the DNA tumour virus SV40, 
which increased the transcription of viral genes required early in 
infection (Laimins et al. , 1982). It was shown to function in a chimeric 
gene to enhance the transcription of B-globin RNA. Enhancers, like 
promoters can exhibit tissue-specificity, and will only activate 
heterologous promoters in those tissues where they normally work. Thus, the 
immunoglobulin enhancer is B-cell specific (Gillis et al.,1983), and the 
insulin enhancer conferred tissue specificity on the SV40 large T antigen 
in transgenic mice (Hanahan et al.,1985). This technique involves 
microinjection of the chimeric construct into a fertilised mouse egg which 
is then reimplanted into a pseudopregnant surrogate mother to complete its 
gestation (Palmiter et al., 1982).

Nuclear run on experiments have demonstrated that enhancers increase 
the number of active RNA polymerases present on the total population of 
potential templates for a particular gene (Treisman and Maniatis,1985) . It 
is postulated that they do this by increasing the frequency at which an 
active template is formed rather than increasing the polymerase density on 
an individual gene (Weintraub,1988) . Once formed the transcription complex 
is stable, and the stability is preserved over many rounds of 
transcription. The enhancer seems to catalyse the probability that the 
transcriptional machinery will assemble at a given promoter. Thus, most 
genes are regulated by a combination of promoter and enhancer action. It 
is thought that promoters and enhancers act in similar ways, by binding and 
thereby bringing together sequence-specific DNA binding proteins which 
then activate the transcriptional apparatus. These elements are composed 
of multiple smaller units or modules (7-20 bp), that each provides the 
recognition sequence for a transcription factor or factors (Dynan, 1989). 
Experiments on the SV40 enhancer demonstrated that a minimum of two 
enhancer modules were required for activity and duplication of any one 
module fully compensated for the loss of the others (Herr and Clarke, 1986) . 
Individual modules can function either independently or co-operatively to 
stimulate transcription.

Spacing between modules is important as it will regulate the protein- 
protein interactions that are all important in stimulating transcription. 
The flexibility of DNA is such that a smoothly graded 90° bend will form 
with 200 bp of an average sequence. Therefore, with less than this distance

37



proteins will need to be on the same side of the helix to interact with 
each other. As the helix rotates through 360° every 10 bp, this interval 
between modules may enable easier interaction, allowing for steric 
hind ranee. The work of Takahashi et al.(1986) support this idea as they 
found that insertion of DNA in between the SV40 promoter and enhancer, 
severely disrupts promoter function when the inserted DNA causes the two 
elements to lie on opposite sides of the DNA helix. If the inserted DNA was 
a precise multiple of ten, then there was very little difference in 
expression.

The combined activity of enhancers and promoters is thought to be 
achieved through direct protein-protein interactions and looping out of the 
intervening DNA (Ptashne,1986). In this way the cells transcriptional 
machinery is able to integrate the regulatory information that the 
different active elements convey. Not all this information will stimulate 
transcription, there is increasing evidence of a large number of negative 
regulatory protein binding modules that will suppress transcription, unless 
inactivated. One such example is that of the human £-interferon gene whose 
transcription is induced upon viral infection. One module in the £- 
interferon enhancer, binds two proteins that suppress transcription in all 
cells. Viral infection causes these two proteins to dissociate from the 
DNA, enabling another factor to bind which then activates gene expression 
(Zinn and Maniatis, 1986). Thus the information that is integrated often 
will consist of both positive and negative components. Although we do not 
understand the exact interplay between the various factors that bind to 
these regions, and the interaction within promoters and enhancers may well 
be different to that between them; it is believed that the combination of 
cis-elements arranged in unique configurations confer on to each gene an 
individualised spatial and temporal transcription programme.

1.3.3 Sequence-Specific DNA Binding Proteins
The importance of sequence motifs is in bringing together 

transcriptional regulatory proteins, in the desired configuration. These 
proteins are characterised by their specificity in binding to certain 
sequences of DNA. Their specificity is vital in determining the correct 
interaction of required proteins in the transcription of individual genes; 
and it was their binding specificity that enabled their purification 
through sequence-specific DNA-affinity chromatography, despite their low
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abundance (approximately 104 copies/cell) (Kadanoga and Tjian,1986). 
Partial protein sequence permitted cloning of some of these factors through 
conventional library screening (Kadanoga and Tjian,1987). A more direct 
method utilises the protein's binding properties to screen an expression 
library for a clone, without first having to purify the protein, by 
screening with a probe of the protein's consensus nucleotide recognition 
sequence (Singh et al.,1988). The sequence of these clones revealed that 
there were many shared homologies between the various characterised 
transcription factors (Mitchell and Tjian, 1989). Several strategies have 
been employed to dissect out the function of individual regions of the 
proteins encoded for by the cloned genes. These include deletion or 
mutation of part of the gene, transcription and translation, in vitro or 
in bacteria, followed by functional studies of the resulting protein. DNA 
binding properties can be assayed in vitro using radiolabelled DNA probes 
of the potential binding site. Protein interaction can then be visualised 
by footprint or gel retardation assays. Transcriptional activation can be 
investigated by expressing the factor transiently in tissue culture cells 
and measuring the transcription from cotransfected reporter gene promoters 
containing binding sites for the factor. Such activation relies on DNA 
binding. To investigate activation alone, domain swap experiments are 
employed which reconstitute functional proteins, with a DNA binding domain 
from one factor and an activation domain from another. These reveal that 
binding and transcriptional activation are both separate and separable 
events (Brent and Ptashne,1985).

1.3.3.1 DNA Binding Domains of Transcription Factors
The specific DNA binding activities of several mammalian 

transcription factors have been localised to relatively small subregions 
consisting of 60 to 100 amino acids. Several structural motifs have been 
defined as elements which either bind directly to DNA or which facilitate 
DNA binding by adjacent regions of the protein (see figure 1.8). DNA 
binding has been show to be necessary but not sufficient for 
transcriptional activation.
1.3.3.1.1 The Zinc Finger

This motif was the first to be identified in a eukaryotic 
transcription factor. It was first characterised in the RNA polymerase III 
transcription factor TFIIIA (Miller et al.,1985) which is required to
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Figure 1.8 DNA Binding motifs of transcription factors

1) The Zinc Finger. Basic structure of the C2H2 finger, such as that 
found in TFIIIA. (A) represents the finger of amino acids, anchored by 
zinc, projecting from the surface of the protein. (B) represents an 
alternate view, inferred from structures of known metalloproteins. In 
the C2H2 proteins identified, the finger motif is tandemly repeated a 
minimum of two times, with a 7 to 8 amino acid linker separating the 
units, (from Evans and Hollenberg, 1988).

2) Helix-turn-helix. Two alpha helices are linked by a beta-turn. The 
second helix is called the recognition helix as it is responsible for 
mediating the sequence specific binding of the protein. This motif is 
found in the homeodomain of transcription factors, for example in the 
Drosophila regulatory protein Paired (Prd).

3) The leucine zipper. This motif mediates dimerisation of the 
transcription factors containing it. The zipper region is composed of 
an alpha helix, with a leucine every seventh residue. The leucine 
zippers interdigitate in a parallel direction to form a dimer. This 
motif is found in many DNA binding proteins, for example in C/EBP.
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initiate synthesis of the 5S RNA gene. Since then it has become a common 
motif found in a wide variety of pol II transcription factors, ranging from 
the steroid/thyroid hormone receptor superfamily, through Spl, yeast mating 
factors and Drosophila developmental regulating proteins (reviewed by Evans 
and Hollenberg, 1988). The association of the finger structure with 
transcription factors is so well accepted that the presence of this motif 
may be considered diagnostic of a new transcription factor. Such was the 
case with the identification of the ZF-Y gene as the Testis Determining 
Factor (TDF) gene (Page et al., 1987). However, this gene has now been shown 
not to encode TDF (Koopman et al., 1989). There are two main structural 
types of zinc finger, both of which consist of approximately 30 amino acids 
with a zinc ion anchoring four amino acids together to loop out the 
intervening DNA. The first class complexes the zinc between two histidine 
and two cysteine residues which tetrahedrally co-ordinate a zinc ion and 
stabilise the domain with a region of 12 amino acids between these 
invariant domains looping out. The other type of finger structure is found 
in the steroid hormone receptor family and the finger is composed of two 
pairs of cysteines. The residues of the finger are characterised by 
scattered basic residues and several conserved hydrophobic residues. Each 
transcription factor may be composed of several of these finger structures 
- TFIIIA possess nine, but members of the steroid hormone receptor 
superfamily all possess two each. The fingers bind to the DNA in the major 
groove as the sequence information is more accessible here than in the 
minor groove, and the structure is able to maximise its binding to the DNA 
without disturbing the base pairing (Klug and Rhodes, 1987) . The zinc finger 
binding proteins characterised so far have a wide range of binding 
specificities, so the determinants of binding specificity cannot be the 
highly conserved amino acids. Extensive studies of the glucocorticoid and 
oestrogen receptor proteins have revealed that the specificity of binding 
resides in the amino terminal finger of the two fingers present in the 
receptor, although both fingers are necessary for binding, and that 
altering two amino acids can change the specificity from one to the other 
(reviewed by Beato,1989).
1. 3 . 3.1.2. The Helix-turn-Helix

This motif was first identified in prokaryotic transcriptional 
regulators such as cro and the 434 repressor. It consists of two alpha 
helices linked by a £ turn. The second a-helix, termed the recognition
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helix is responsible for mediating the sequence-specific binding and 
contacts the DNA through the major groove. It has been shown that changing 
one amino acid in this helix can change the specificity of binding of one 
protein for another (Treisman et al.,1989). This motif is found in the 
homeodomain of transcriptional regulatory proteins. The homeodomain (or 
homeobox) is a 180bp protein-coding sequence that is found in nearly every 
eukaryote examined. It was originally noted as a strongly conserved region 
in a large number of Drosophila developmental regulatory genes, and its 
homology to the bacterial regulators implicated it as a DNA binding 
domain. This has been confirmed in numerous studies (reviewed by Levine and 
Hoey,1988; Dressier, 1989). A sub-class of transcription factors with a 
weak homology to the homeodomain has been identified; comprising the 
octamer binding factors, oct-1 and oct-2; the pituitary specific factor 
Pit-1; and a developmental regulatory protein of the nematode 
Caenorhabditis elegans, Unc-86. These factors each contain a conserved 
domain of approximately 160 amino acids, termed the POU domain, which 
consists of a homeobox and a second region, the POU box (Herr et al. ,1988). 
These proteins are very divergent outside their conserved domain. They 
appear to have a different mechanism of binding to the DNA than the rest 
of the homoebox containing family, despite binding to related sequences, 
(Sturm and Herr,1988) and thus constitute a novel transcription factor 
family.
1.3.3.1.3 The Leucine Zipper

This motif is not responsible for direct binding to the DNA but 
rather facilitates the dimerisation of the protein to provide the correct 
protein structure for DNA binding. It was discovered by a careful 
examination of the primary sequence of the cloned mammalian transcription 
factor, C/EBP, which is involved in stimulating liver specific expression 
(Landschulz et al., 1988). A region of this protein is composed of a run 
of 35 amino acids in which every seventh residue is a leucine. A similar 
structure was identified in the yeast regulatory protein GCN4, and the 
proto-oncogenes c-myc, c-fos and c-jun. It was proposed that the leucine 
rich region would form an alpha helix, with all the leucines on one side 
and two proteins would then dimerise through interdigitation of two such 
helices to form a structure called a leucine zipper (Landshulz et 
al. ,1988). Adjacent to this region in some of the proteins is a region rich 
in basic amino acids that can interact directly with the DNA. A 'scissors
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grip' model has been proposed for DNA binding, whereby the two proteins 
which form a dimer through the interaction of their leucine zippers, grip 
the DNA on both halves of their dyad-symmetric recognition sequence (Vinson 
et al., 1989). The importance of the leucine zipper was demonstrated by the 
abolition of both dimer formation and sequence-specific DNA binding after 
replacement of the leucine residues in the C/EBP protein (Landschulz et 
al.,1989).
1.3.3.1.4 Other motifs

A recently identified DNA binding motif is that of the helix-loop- 
helix; two alpha helices separated by a non-helical loop. Putative similar 
structures have been found in the myc proto-oncogene family, the Drosophila 
daughterless gene, two immunoglobulin enhancer binding proteins and the 
muscle specific protein MyoD (Murre et al.,1989a). This motif is distinct 
from the helix-turn-helix motif in that both helices are amphipathic, that 
is that they possess hydrophobic residues on one side of the helix only.
It has recently been shown that these motifs also enable the proteins to
form dimers with each other (Murre et al.,1989b).

The types of DNA binding domains is not limited to those listed 
above. Several known transcription factors exist which do not contain any 
significant homologies to the known motifs, including the proteins AP2 and 
SRF. Thus, it is likely as more proteins are characterised and more genes 
sequenced that further structural domains will be revealed.

1.3.3.2 Mechanism of Activation
Binding of the transcription factor to the DNA is a neutral function 

that brings the activating surface of the protein to the vicinity of the 
gene, but is not in itself sufficient for transcriptional activation.
Following binding, the bound transcription factor must increase
transcription either by directly activating pol II itself or facilitating 
binding of other transcription factors to form a stable transcription 
complex. Although we do not yet understand the mechanism through which 
transcription factors activate transcription we can learn a lot from 
examining the structures of the activating proteins. Activation domains 
have been shown to be independent of DNA binding by domain swap 
experiments. Such experiments provide a useful functional assay for the 
activation ability of any particular region of a protein (see Ptashne,1988 
for review). A comparison of activating domains between transcriptional
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regulatory proteins reveals no strong sequence homology, although a number 
of proteins have a high proportion of negatively charged amino acids in 
their activation domain. Examination of the yeast proteins GAL4 and GCN4 
showed that this region could form an amphipathic alpha helix. The 
importance of the amphipathic nature of the helix was demonstrated by 
Giniger and Ptashne (1987) who showed that a 15 amino acid peptide was not 
able to activate transcription when formed into a scrambled alpha helix 
whereas an amphipathic one, composed of identical residues could. Mutations 
in GALA that increase its net negative charge in this region increase its 
efficiency of transcription and mutations that decrease this charge 
decrease this efficiency (Gill and Ptashne,1988) . Thus, activation seems 
to rely on both the amount and position of the negative charge on the alpha 
helix. Such a structure has been identified in the N-terminal of the 
glucocorticoid receptor and, by domain swap experiments, has been shown to 
be able to activate transcription (Godowski et al. ,1988). This, together 
with the ability of yeast transcription factors to stimulate transcription 
in mammalian cells suggests that this may be a common mechanism of 
activation in mammalian cells.

Not all transcription factors possess this ability to form acidic 
activation domains ,and other types of activators have been demonstrated. 
Deletion analysis of Spl revealed four separate activating domains outside 
the zinc finger, two of which are rich in glutamine residues (Courey and 
Tjian; 1988), which are necessary for transcriptional activation. Similar 
sequences have also been identified in the Drosophila homeotic proteins 
Antenappedia and cut, and in the POU proteins oct-1 and oct-2 suggesting 
that this too may be a common activating domain between many proteins. 
Another type of domain, which has also been demonstrated to be important 
for activation is found in the CCAAT binding protein CTF/NF-1, AP-2 and c- 
jun is proline rich (Mermod et al.,1989) . Further activation domains are 
still being determined. One of the most recent is that of the oestrogen 
receptor which has been shown to possess two separate dissimilar activation 
domains that are able to synergise with each other (Tora et al., 1989). 
Perhaps because the interactions that these proteins are orchestrating are 
not as exact as those of the DNA binding, it is likely that the variation 
in the structural motifs involved with activation will be much wider than 
those involved with DNA binding.
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Activators bearing the same DNA binding domain, but with different 
activating regions, can differ markedly in their ability to activate 
transcription, again demonstrating that these two functions are totally 
separate. A given activator can activate a wide array of genes, and any two 
activators can work synergistically, possibly because both simultaneously 
act on a third protein. The model we have at present for transcriptional 
activation is mainly conjecture. Ptashne (1988) has postulated that the 
target protein of the activators continuously samples exposed activating 
regions of DNA bound activators, and, dependent on the number and strength 
of these interactions the target protein remains bound and transcription 
ensues. However, an overabundance of activators may lead to a repression 
of transcription through squelching. This may occur when over expression 
of activation proteins leads to them binding to other activators rather 
than DNA, thus preventing the second proteins from binding (Gill and 
Ptashne, 1988) . Squelching does not require DNA binding, as it is only the 
activating region that is involved. The stronger the activator, the greater 
the risk of squelching, so to prevent this risk, activation is achieved by 
the synergism of multiple weak interactions rather than one or two strong 
ones. In cases where there is the possibility of strong activation, for 
example, when transcription needs to be stimulated rapidly, the activation 
domains are exposed only transiently. This will be discussed in section 
1.3.3.4. In this model then synergism between activators becomes more 
important as it is a mechanism through which the cell gains more control 
over transcription.

1. 3 . 3.3 Mechanism of Repression
Transcription is a result of both positive and negative interactions. 

In general, repression is achieved through preventing positively acting 
proteins from interacting with either their DNA binding site or their 
target protein, although direct repression of the target protein may be 
possible (Levine and Manley,1989). Thus, repressors may bind to DNA and 
thereby prevent access to the same region of DNA by a positively acting 
factor. Such is one of the mechanisms proposed to explain the negative 
effects on transcription of the glucocorticoid receptor, a protein which 
is also able to activate transcription (Akerblum et al. ,1988). 
Alternatively, repressors may bind to DNA and prevent an adjacent activator 
interacting with the target by steric hinderance or quenching. Quenching
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occurs when the repressor and activator proteins bind to adjacent, non
overlapping DNA sequences, and protein-protein interactions betewen the 
repressor and activator prevent the activator from acting, without 
interfering with its binding. The yeast mating type protein a2 is thought 
to block the MCM1 mediated activation of a specific genes in this way 
(Keleher et al., 1988). A third mechanism of repression is that of 
squelching, which neither requires the activator or the repressor to bind 
to the DNA (Gill and Ptashne, 1988).

Recently, a repressor protein GCF, which negatively regulates
transcription from a variety of cellular promoters, was cloned. Its gene 
appears to encode a protein with similar structural properties to 
transcriptional activators. It contains an extremely basic amino-terminal 
region, responsible for DNA binding, and an acidic region at its carboxy- 
terminus which may interact with other regulatory proteins. Thus, it could 
repress transcription either through protein-protein interactions, or by 
competition for DNA binding sites with activator proteins (Kageyama and 
Pastan, 1989). Other more general mechanisms of repression will be 
discussed later.

1.3.3.4 Regulation of Transcription Factors
A relatively small number of gene regulatory proteins, of low 

abundance, control transcription in eukaryotes. Yet a large number of 
expression patterns are achieved with these few proteins and the potential 
exists for many more, as illustrated by the rapid changes that are 
orchestrated upon reception of certain inducible signals. This vast range 
of differential gene expression is due to a large extent to the control of 
the transcription factors and the multiple interactions between them.

Certain transcription factors are constitutively expressed but still 
bind to promoters and enhancers that are tissue -specific, developmentally 
regulated or inducible. They may help to provide a basal level of
transcription, or alternatively may assist in the creation of an
environment where overall transcription is highly responsive to the 
presence of inducible proteins bound to nearby sites. Other transcription 
factors are expressed only in specific cell types. For example mouse C/EBP, 
a protein important in regulating liver-specific genes, is present at high 
levels in liver cells, at low levels in fat and intestinal cells and is 
undetectable elsewhere (Xanthopoulos et al.,1989). Although restricted

46



expression of transcription factors may be a means of regulating certain 
'master' regulatory proteins, it leaves the cell with the problem of a 
cascade of transcriptional regulation of these genes and is probably 
limited in its use.

Many mammalian regulatory molecules pre-exist in the cell in an 
inactive form, which can then be rapidly stimulated to activate 
transcription. In this way a cell can control the expression of these 
important molecules at levels other than transcription. This inducibility 
can be mediated in response to a wide range of environmental stimuli and 
is similar to the primitive bacterial responses to changes in environmental 
conditions. Signal transduction through second messenger systems leads to 
widespread alterations in transcription. As most second messenger systems 
act at some point through protein kinases and as a lot of transcription 
factors are phosphoproteins, inducible transcription could conceivably be 
regulated through phosphorylation-dephosphorylation events. Indeed, 
evidence is accumulating that several transcription factors are regulated 
in this manner. The heat shock transcription factor (HSTF) in yeast, is 
activated by phosphorylation, upon exposure of cells to elevated 
temperatures (Sorger and Pelham, 1988). Heat shock in human cells may also 
involve phosphorylation although a direct link has not yet been proven 
(Sorger et al.,1987). Phosphorylation of the serum response factor (SRF), 
the protein that mediates growth-factor inducible regulation of the c-fos 
proto-oncogene, is responsible for its DNA-binding activity (Prywes et 
al.,1988).

CREB, the cAMP responsive element binding protein, is the best 
characterised phosphorylation-dependent transcription factor. It has been 
postulated that phosphorylation stimulates transcription through 
contributing excess negative charge to the acidic activation domain 
(Ptashne, 1988). Gonzalez and Montminy (1989) have shown this not to be the 
case for CREB, and instead suggest that phosphorylation by protein kinase 
A (PKA) may induce a conformational change in the protein to allow 
interaction with the transcriptional machinery. However, phosphorylation 
of different residues by protein kinase C induces dimer formation and 
shifts the equilibrium from relatively inactive monomers towards the more 
active dimers (Yamamoto et al.,1988). Increased binding of CREB to DNA by 
phosphorylation-induced dimerisation may increase the sensitivity of the 
gene to cAMP and may be one way through which cross-talk is achieved
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between different second messenger pathways. It has also been postulated 
that phosphorylation may mediate the effects of the adenovirus E1A protein 
on a diverse group of genes (Raychaudhuri et al.,1989).

Phosphorylation as a mechanism of control has certain advantages. It 
is a rapid and reversible modification and both protein kinases and 
phosphatases have the potential to be highly regulated. However, it is not 
the only post-translational modification known to regulate transcription. 
Glycosylation of Spl is important in its transcriptional activation, and 
as other transcription factors are glycosylated this too could be a 
extensive control modification (Jackson and Tjian,1988).

Protein-protein and protein-ligand interactions play a pivotal role 
in mediating rapidly inducible transcriptional activation. In this case the 
transcription factor is usually inactivated by combining with a factor in 
the cytoplasm and is released upon reception of the stimulus. The nuclear 
factor NF-/cB is induced by phorbol ester stimulation via protein kinase C. 
Inactive NF-/cB is found bound to a repressor in the cytoplasm.
Phosphorylation is thought to act on the repressor (I/cB) releasing NF-/cB, 
which undergoes translocation to the nucleus, where it can then mediate 
activation of specific genes (reviewed by Lenardo and Baltimore,1989) . 
Inactivation of strong transcription factors through interaction with other 
molecules, protects the cell's basal transcription from disruption by the 
possibility of squelching (see section 1.3.3.2). The glucocorticoid
receptor is similarly inactivated in the cytoplasm, in this case by complex 
formation with the heat shock protein, hsp 90. As a result of hormone 
binding to the receptor, the complex of the receptor and hsp90 dissociates, 
nuclear localisation signals within the receptor direct it to the nucleus, 
where it binds to and alters the transcription of those genes with the 
appropriate response elements (Picard et al.,1988).

The diversity of transcriptional control mediated through few cis- 
sequences is aided by the multitude of proteins that can bind to any one 
consensus sequence. Very often these proteins are related to each other by 
common immunological determinants or binding sites. It is difficult 
sometimes to differentiate between them as they are usually purified and 
therefore classified by their affinity for a particular sequence, and what 
was thought to be one protein often becomes a family. Cloning of the genes 
encoding these factors, or differentiating them on the basis of their
affinity for site mutations are two ways of distinguishing them. Several
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transcription factor families have been characterised. These include the 
octamer binding family - 10 potential members so far (Scholer et al. ,1989); 
the API family - consisting of c-jun, c-fos, jun-B, jun-D and fra-1 (Curran 
and Franza, 1988) ; the CCAAT box family - CTF/NF-1, NF-Y, CBP, CPI and CP2 
(Chodesh et al.,1988) ; and although they bind to similar but not identical 
sequences, the steroid/thyroid hormone receptor superfamily (Beato,1989). 
Family members often have shared homologies in their DNA binding domains, 
such as a leucine zipper in the API family or two zinc fingers in the 
steroid hormone family; but can differ markedly in other regions such as 
their activation domain or the ligand binding domain as in the steroid 
receptor family. The organism thereby gains great diversity in its control 
of transcription; the same DNA sequence in disparate cell types or 
environmental situations can exhibit completely differing patterns of 
expression by varying the availability and binding of its transcription 
factors (Schaffner, 1989). The range of transcription factors can be 
increased by mechanisms such as alternative splicing, whereby the same DNA 
binding domain is spliced to different control regions, according to a 
predetermined plan. In such cases two different proteins, generated by 
alternative splicing of one transcript have entirely differing effects. The 
c-erbA gene, which encodes the thyroid hormone (T3) receptor generates two 
alternate proteins by alternative splicing (Sap et al.,1986). The T3 
inducible receptor activates transcription of hormone inducible genes upon 
T3 binding. The second receptor has had its hormone binding domain spliced
out, so is not inducible by thyroid hormone ,but can still bind to the
hormone responsive genes and thereby repress transcription of T3 inducible 
genes (Koenig et al.,1989). Thus, opposing effects are mediated in this 
case by alternative splicing. Alternative splicing does not need to 
generate such diverse effects. Two alternate mRNAs of the ERA-1 gene, which 
respond to retinoic acid treatment in embryonal carcinoma (EC) cells,
differ in their possession of a homeobox so that one encoded protein will 
be able to bind to DNA and the other not (Larosa and Gudas,1988). The 
physiological relevance of this modification is not yet known.

Yet more transcriptional diversity is generated by dimer formation 
between the regulatory molecules. It is becoming increasingly clear that 
an important group of transcription factors are able to, or are compelled 
to bind to their recognition sequence as dimers. Often although proteins 
are able to bind as monomers, dimerisation will increase their
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transcriptional activation. The formation of both homo- and hetero-dimers 
in effect increases the number of complexes available to interact with the 
transcriptional apparatus. Both the glucocorticoid and oestrogen receptors 
bind to their consensus sequence as homodimers, this interaction necessary 
for activation (Kumar and Chambon, 1988; Tsai et al.,1988). The recent 
demonstration of heterodimer formation between the retinoic acid and 
thyroid hormone receptors, suggests that heterodimerism may occur between 
other members of the steroid hormone receptor superfamily, and contribute 
an additional layer of complexity to the control of gene expression by 
these hormones (Glass et al.,1989).

The most well characterised heterodimer must be that formed between 
the products of the proto-oncogenes c-fos and c-jun (Curran and Franza, 
1989) . Although Jun can form homodimers and bind to DNA by itself, it does 
so with a thirty fold-lower affinity than does its heterodimer with Fos. 
Fos cannot form homodimers due to differences in its leucine zipper. If 
the leucine zipper of Fos is replaced with that of Jun then DNA binding 
will result, illustrating the crucial role that dimer formation has in DNA 
binding and activation (Neuberg et al. ,1989) . Dimerisation allows different 
complexes with different binding affinities to form on the identical 
sequence, thus increasing the resources of the cells transcriptional 
control without actually increasing the number of proteins. Co-operative 
protein binding is also important in gene regulation as it increases the 
sensitivity of the transcriptional apparatus to changes in concentration 
of the regulatory proteins. Thus, a slight change in the concentration or 
activity of one of the transcription factors could trigger a complete 
alteration in binding of these proteins and their contribution towards 
transcriptional activation. In this way a concentration dependence on all 
or certain key factors is instituted, and slight variation in a factor 
would be amplified to modify gene expression. Such functional co- 
operativity has been demonstrated,but not yet to such a strong degree 
(Poellinger et al.,1989).

The higher eukaryote, with relatively few transcription factors at 
its disposal, manages to control gene expression from a myriad of different 
promoters, in a temporal, spatial and developmental manner. Although we now 
understand a lot about the structure and function of sequence-specific DNA 
binding proteins, relatively little is known about how all the information 
contributed by these proteins is integrated to activate transcription.
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1.3.4 Chromosome Structure and Gene Activation
All of the specific DNA-protein interactions previously discussed 

assume the accessibility of the sequences analyzed. However, control of 
this access imposes another level of gene regulation. For a gene to be 
transcribed the surrounding chromatin has to become 'potentially active'. 
This involves unfolding the chromatin so that the transcription factors and 
RNA polymerases can interact with the DNA. Examination of active chromatin 
under the electron microscope reveals that active chromatin can be 
visualised as a 'beads on a string' structure, which consists of DNA bound 
to nucleosomes but not packed tightly into the solenoid structure that is 
characteristic of interphase chromatin (see figure 1.9) (reviewed by 
Pederson et al.,1986). Active and inactive chromatin can be distinguished 
by chemical means. Approximately 10% of a cell's chromatin exhibits 
heightened sensitivity to cleavage by the enzyme DNase I, due to its 
decondensation from its tightly packaged form (Gross, 1988). These DNase 
sensitive regions correspond to regions of the genome that are potentially 
active, and decondensation has been shown to be necessary but not 
sufficient for transcription. Indeed, they are not dependent on the 
transcription process, as DNase I sensitivity is detectable prior to and 
following transcription of developmentally controlled genes such as the 
foetal globin genes (Miller et al.,1978).

Active chromatin is biochemically distinct in other ways. Histone HI, 
which is critical for packing nucleosomes into their solenoid structure, 
is depleted and instead two different proteins become associated with the 
chromatin. These proteins are very highly conserved between species and 
are characterised by their high mobility in gel electrophoresis. The 
association of HMG (high mobility group) 14 and 17 with the chromatin is 
essential for its heightened sensitivity to DNase I, as removing them 
reduces this sensitivity (Weisbrod, 1982; Weintraub, 1985). It is thought 
that their function may be to prevent the formation of the tightly folded 
solenoid structure, either by direct steric hinderance or displacement of 
histone HI. Acetylation of histones H3 and H4 and ubiquitination of histone 
H2A are two other histone modifications that are preferentially localised 
to active chromatin (Bond et al.,1988). These modifications may directly 
affect chromatin structure by altering the charge distribution on the 
histones, and thereby affect their interactions with the DNA or with each 
other (Mathis et al.,1980; Levinger and Varshavsky,1982). Some functional
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Figure 1.9 Chromosome structure

Schematic illustration of some of the many orders of chromatin packing, 
postulated to give rise to the highly condensed metaphase chromosome. 
The 30nm chromatin fiber is the solenoid structure, characteristic of 
inactive chromatin. Active chromatin loops out of this solenoid to form 
the 'beads on a string', allowing transcription by pol II. Promoter 
regions of genes, immediately prior to transcription, are nucleosome 
free, to allow complete interaction of regulatory proteins with the 
DNA. (From Molecular Biology of the Cell; Alberts et al.,1989)
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evidence of the effect of these modifications is provided by the activation 
of certain genes by sodium butyrate which increases histone acetylation 
(Reeves and Cserjesi,1979).

Particular sites within these regions of DNase sensitivity were found 
to be hypersensitive to DNase I digestion. These hypersensitive sites (HSS) 
are usually found towards the 5' end of transcriptionally active genes and 
are coincident with sites necessary for regulating transcription. Again, 
although these sites correlate with the potential for gene expression in 
a tissue specific manner, they are necessary but not sufficient for 
transcription. Their presence is suggestive of altered configuration of the 
DNA, and it has been shown that these sites are free of nucleosomes, 
enabling easy access of the transcriptional machinery to the DNA (McGhee 
et al.,1981). Nucleosome removal may result in increased supercoiling of 
the DNA, putting the region under torsional stress. It has been suggested 
that this supercoiling may result in stabilisation of an alternate form of 
DNA, Z DNA, which is coiled in a left handed rather than right handed 
helix (Pederson et al.,1986). However, the existence in vivo of Z DNA has 
never been proved and its physiological relevance is thus in doubt 
(Yisraeli et al.,1988). Experiments with pol II in vitro have shown that 
it cannot initiate transcription on DNA which is packaged into nucleosomes 
(Workman and Roeder, 1987), and therefore the existence of a nucleosome 
free site is probably essential for the onset of transcription.

The formation of these hypersensitive sites is yet another regulatory 
step in the control of transcription processes. Although we do not yet 
understand this mechanism, experiments with the glucocorticoid receptor 
have shown it to be able to induce hypersensitive site formation by 
nucleosome displacement on binding to the DNA (Richard-Foy and Hager, 1987). 
Once bound the changed DNA conformation allows other ubiquitous factors to 
bind and transcription can then proceed. Nucleosomal structure is 
maintained during transcription, forming the 'beads on the string'. Pol 
II is capable of reading through nucleosomes, although some loss of 
histones may result (Lorch et al.,1988). The moving pol II molecule causes 
supercoiling of the DNA, positive supercoiling preceding it and negative 
behind it. The creation of positive supercoiling makes the DNA helix more 
difficult to open up, but this additional tension may facilitate the 
unwrapping of the DNA to allow transcription by the polymerase.
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There are therefore at least three distinct forms of chromatin in the
cell. The bulk of inactive DNA is organised into the tightly packed
solenoid structure; active or potentially active genes are found in the
more open configuration of 'beads on a string', and short control regions
around the gene are nucleosome free to allow initiation of transcription.
The transition between these three states is poorly understood, but is
crucial to our understanding of the regulation of correct developmental-
stage and tissue-specific gene expression. What provides the stimulus for
the large scale unfolding (10 to 100 kb) of regions of the genome and how
is this structure maintained, once opened? Studies on the £-globin gene
have implicated sites 50 kb removed from the actual gene in control of its
transcription. These dominant control regions (DCRs) which also possess six
hypersensitive sites, are able to confer high level erythroid-specific
expression on the £-glob in gene when introduced together with the gene into

C*l.transgenic mice (Grosveld etyj,1987) or tissue culture cells (Blom van 
Assendelft et al., 1989). They are also able to confer this tissue- 
specificity on to a heterologous gene. The mechanism by which these 
dominant control regions work is not known, but it is possible that 
specific gene regulatory proteins bind to these sites and in some way open 
up the chromatin in between them, possibly propagating the change through 
the entire chromatin loop by superhelical tension. Until such regulatory 
proteins are characterised this will remain speculation.

1.3.5. DNA Methvlation
DNA methylation is a modification of the DNA itself that contributes 

to its structural alteration. Methylation is mediated by specific 
methylases that predominately recognise, and act on the cytosine residue 
in the dinucleotide CpG producing mCpG. Approximately 90% of 5- 
methylcytosine occurs in this dinucleotide (Bird, 1986). DNA methylation 
stably alters the local structure of genes making the chromatin resistant 
to digestion by DNase I and therefore structurally similar to inactive 
genes (Keshet et al.,1986). Indeed, there is a correlation between 
methylation and expression, most tissue-specific genes are fully methylated 
in the germ line, remain methylated throughout early development and in all 
non-expressing adult tissues, but are demethylated in expressing tissues 
(reviewed by Cedar,1988). Housekeeping genes, on the other hand, have 
associated unmethylated CpG-rich islands. This lack of methylation is
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thought to lead to an active chromatin state, and make the promoter 
constantly available to transcription factors, to ensure a constitutive 
level of transcription (reviewed by Bird,1986). Methylation is a stable and 
heritable modification and as such is a possible control mechanism for 
regulating gene expression. Methylation has been shown to repress 
transcription: unmethylated 7-globin is transcriptionally active upon
transfection into fibroblasts but methylation of the same construct renders 
it inactive (Busslinger et al., 1983). Methylated DNA introduced into cells 
is organised into an 'inactive chromatin configuration' (Buschasen et 
al.,1985; Keshet et al.,1986). Further studies on the 7-globin gene have 
pinpointed the exact sequences that, when methylated, render the gene 
transcriptionally inactive (Murray and Grosveld,1987). Not surprisingly, 
these sequences are in the region immediately surrounding the transcription 
start site and are therefore those where protein-DNA interactions are 
crucial. Methylation of the coding region alone was not sufficient for 
suppression of activity (Busslinger et al.,1983).

There are two possible ways that CpG methylation may interfere with 
transcription. The first is by preventing binding of essential 
transcription factors. Experiments on the tyrosine aminotransferase (TAT) 
gene support this explanation. In vitro binding studies on the TAT promoter 
revealed that the same factors are present and bind in the nuclei of both 
expressing and non-expressing cells. In vivo footprinting demonstrated that 
those interactions occur only in the liver where the gene is expressed. 
Genomic sequencing confirmed that the inactive gene is methylated at all 
CpG residues, whereas the active gene is unmodified (Becker et al.,1987), 
suggesting that the methylation prevented these factors binding. 
Methylation does not always disrupt protein-DNA interaction. Transcription 
factors whose recognition sites contain CpG have shown variable 
sensitivities to CpG methylation. Methylation abolishes binding to the cAMP 
responsive element in both HeLa and PC12 cells (Iguchi-Ariga and Schaffner,
1989) , and also of two HeLa cell factors which are known to stimulate 
transcription of certain adenovirus promoters (Kovesdi et al.,1987; Watt 
and Molley,1988). The transcription factor, Spl, on the other hand, binds 
equally to methylated and nonmethylated sites, and can stimulate 
transcription from a methylated binding site (Hoeller et al.,1988).

The second possibility is that repression is mediated by proteins 
that bind to methylated CpG. It has recently been demonstrated that there

55



a u c C6/H^
is specific^ protection of methylated CpGs in mammalian nuclei (Antequera 
et al., 1989) and a protein capable of mediating this effect has been 
characterised (Meehan et al.,1989). The existence of such a protein was 
indicated by the experiments of Buchausen et al (1985) , who showed that a 
transfected methylated gene was transcribed for 40 hours before suppression 
set in; suggesting that the suppression was an indirect effect of CpG 
methylation. Binding of this methyl CpG binding protein (MeCP) may 
interfere directly with the binding of transcription factors, or it may 
induce an inaccessible DNA conformation. Direct interference would not 
explain the time lag before suppression of transcription of Buchausen et 
al. (1985), and it is therefore likely that MeCP binding induces the DNAse 
I resistant chromatin structure, possibly by binding to and stabilising the 
solenoid structure, characteristic of inactive chromatin (Antequera et 
al.,1989) .

Alterations in methylation patterns, therefore, may alter chromatin 
structure and repress transcription. However, is methylation the direct 
cause of these effects? To examine this question Enver et al. (1988) 
investigated the switch from 7-globin to B-globin in foetal mouse-human 
hybrid cells. Their results suggested that methylation is acting as a 
secondary, rather than primary, gene-silencing system, serving to 'lock in' 
a pattern of inactivity established by some other mechanism. Other 
investigators, studying the inactivation of one X chromosome in mammalian 
females, have concluded similarly (Monk, 1986). Analysis of the X-linked 
housekeeping, hypoxanthine phosphoribosyltransferase (HPRT) gene in the 
mammalian embryo showed that its inactivation preceded its methylation by 
several days (Lock et al.,1987). A further indication of the secondary 
effect of methylation is provided by experiments with 5-azacytidine (5- 
azaC), a potent demethylating agent. Treatment of some cell types with 5- 
azaC results in the activation of certain genes; presumably by reversing 
the methyl-mediated state of repression. However, treatment of 10T1/2 
cells, embryonic mouse fibroblasts, with 5-AzaC leads to induction of 
specific defined mesodermal cell types. Calculations of the frequency of 
conversion suggested that alterations of only one or a few regulatory loci 
could lead to differentiation to the muscle phenotype (Konieczny and 
Emerson,1984). Thus, the 10T1/2 cells must already have a restricted 
lineage pre-determined, so that demethylation would then be secondary to 
specific gene recognition events, on the pathway to differentiation. 5-
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azaC, through demethylation, thus mimics the normal regulatory events in 
development.

In vivo regulated demethylation, leading to expression of specific 
genes, may be mediated by a specific block in the activity of maintenance 
methylases. These enzymes recognise a methylated CpG on one strand, after 
DNA replication, and proceed to methylate its counterpart on the opposite 
strand. After an additional round of replication, at the sites where the 
maintenance methylase has been prevented from acting one daughter helix 
will be completely unmethylated. The other daughter helix will still be 
methylated. Thus, once the methylation block is lifted one daughter cell 
can proceed down the differentiation pathway whilst maintaining the other 
daughter cell as an undifferentiated stem cell.

Methylation therefore, performs a central role in regulation of 
tissue-specific gene expression. The modification is stable, heritable and 
reversible. Methylation status correlates with expression, and methylation 
can directly repress transcription, possibly through causing an alteration 
in chromatin structure to a more inactive form. However, it is probably not 
directly responsible for inactivation of genes. The present evidence points 
to it as being used to reinforce and 'lock in' decisions made in other 
ways. In the activation of genes also, demethylation is likely not to be 
the primary instigator of derepression, although demethylation must occur 
before gene transcription. The ability of mCpG to alter chromatin structure 
presumably then stabilises the configuration that another process has 
determined. At present we have very little knowledge of the primary 
effector. It may be that dominant control regions, discovered in connection 
with the fi-globin gene cluster, are widespread, and are in control of the 
opening and closing of chromatin, perhaps through interaction with specific 
regulatory proteins. Such transactivation has not yet been shown and 
further proof must await the development of new in vitro systems with 
purified components.
1.3.6 Tissue-specific gene regulation

Different cell types in a higher eukaryote differ dramatically in 
both morphology and function as a result of cell differentiation. Yet the 
majority of proteins in these various cell types are shared, due to the 
abundance of proteins necessary to maintain the functions common to all 
cells; such as those involved in protein synthesis, maintenance of the 
cytoskeleton and the required metabolic proteins. A typical higher
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eukaryote synthesises 10A-105 proteins, but only a small number of protein 
differences suffice to create the variation in cell morphology and 
behaviour. This cell differentiation is dependent on changes in gene 
expression, with transcriptional control of paramount importance.

The primary determinent of tissue-specificity must be the opening 
of the chromatin to a transcriptionally active state around those genes 
necessary for the cell's characteristics. We do not yet understand the 
control of this activation, although methylation is involved. Alterations 
in the chromatin structure commit the cell to a particular lineage, 
probably long before it actually expresses any characteristics of that 
lineage. Although this commitment, if conditions dictate, is not 
irreversible, the changes once they have occurred are stable. Cells must 
be capable of maintaining their differentiated state, within the tissue, 
and therefore possess some sort of long term memory. The alterations in 
chromatin structure lead to increased accessibility of gene regulatory 
proteins to their binding sites on promoters and enhancers. Input from 
several different regulatory proteins usually determines the activity of 
a gene. Some proteins are found in any cell type. These ubiquitous factors 
contribute to basal level transcription, and have cell-specificity 
conferred on them either by post-translational modifications or distinct 
protein-protein interactions. The effect of a newly synthesised/activated 
transcription factor will depend on the proteins already there; this is the 
cell's "memory". Once "switched on" auto-stimulation of its own 
transcription is a mechanism through which developmentally activated 
transcription factors will be able to ensure permanent activation 
(Serfling, 1989).

It is becoming increasingly clear that negative regulatory factors 
play a major role in determination of cell-specificity. Although this was 
at first thought unlikely, due to the enormous load it would place on an 
organism; specifically "turning off" a gene in all tissues where it was not 
required, there is growing evidence of negative elements in the control of 
gene expression (Levine and Manley,1989).

The existence of MyoD, the gene which is able to control development 
of the muscle lineage (Davis et al.,1987), suggests the existence of 
certain "master" regulatory proteins, in the control of cell 
differentiation. These proteins, in many instances are likely to be related 
to the homeodomain-containing proteins of lower vertebrates, such as
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Drosophila. Indeed, Pit-1, which regulates prolactin gene expression, and 
through this determines the phenotype of one type of pituitary cell, is a 
POU domain protein (Ingraham et al.,1988). Thus, the tissue specificity of 
gene expression may be achieved by several regulators, which themselves are 
differentially co-ordinated, acting together. In such a combinatorial 
scheme, the stoichiometry and interaction of all components, or the nature 
of any one component may be critical. The overall understanding of this 
expression will also require elucidation of both positive and negative 
contributions to transcription. The combination of all these mechanisms 
confers on the organism the versatility to generate the many patterns of 
tissue-specific gene expression necessary in the development of a higher 
eukaryote.

1.4 AIM OF THE PROJECT
Regulation of calcitonin/a-CGRP gene expression has been well 

characterised at the post-transcriptional level. However, there are no 
known reports of the mechanisms through which its transcription is 
controlled. In the process of neoplastic transformation, in a wide range 
of neoplasms, control of its tissue-specificity is lost, and the 
calcitonin/a-CGRP gene becomes ectopically expressed. The mechanism of its 
ectopic expression is of particular interest as it may provide an insight 
into the processes governing transformation. This thesis describes the 
study of some aspects of transcriptional regulation of the calcitonin/a- 
CGRP gene. In particular it examines possible mechanisms through which the 
gene is ectopically expressed. Chapter 3 details the sequencing and 
analysis of the 5' flanking region of the calcitonin/a-CGRP gene. Chapter 
4 describes an investigation of the response of the gene to second 
messenger stimulation in the ectopic expressing cell line, BEN. Examination 
of the mechanism through which the gene is not expressed in HeLa cells is 
examined in Chapter 5, and chapter 6 contains an analysis of putative 
regulatory sequences in intron 2 of the gene. Finally, in chapter 7, the 
contribution of these mechanisms to the regulation of the calcitonin/a- 
CGRP gene, and its aberrant expression in specific neoplasms is discussed.
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Chapter 2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 BACTERIAL STRAINS

Escherichia coli K12 JM83 recA+ , DH5a recA+ and MC1061 recA+ were the gift 
of Dr.T.Lund (University College and Middlesex School of Medicine). 
Escherichia coli K12 TG2 recA" was the gift of Dr.L.Hall (University of 
Bristol).

2.1.2 DNA

The following were either purchased from the suppliers or were the gifts 
of the investigators listed:
pGEM plasmids - P & S Biochemicals, Liverpool, U.K.
Bacteriophage M13 mpl8 and mpl9 - New England Biolabs, Beverley, 
Masachussetts, U.S.A.
Plasmid pUC 12 - Pharmacia Fine Chemicals Ltd, Uppsala, Sweden. 
Sequencing primers SP6, T7 and Universal - Pharmacia Fine Chemicals Ltd., 
Uppsala, Sweden.
Plasmids BLCAT2 and BLCAT3 (Luckow and Schutz, 1987) - Dr.B.Luckow,
Institute fur Zell- und Tumourbiologie, Heidelberg, FRG.
Plasmids GCAT-C and GCAT-A (Frebourg and Brison, 1988) - Dr.O.Brison,
Institute Gustave Roussy, Viliejuif Cedex, France.
pBS-CIO - Dr.R.Haffner, Chester Beatty Laboratories, London.
Wild type A - Gibco/BRL, Paisley, Scotland.

2.1.3. CELL LINES

BEN cells were a gift from Dr.M Ellison (Institute of Cancer Research, 
Sutton) , and were maintained in Alpha Minimum Essential Media with 10%(v/v) 
foetal calf serum. NIH-82 cells were a gift from Dr.R.Souhami (ICRF Human 
Tumour Immunology group, UCL, London) and were maintained in RPMI 1640 
containing 10%(v/v) heat inactivated foetal calf serum. HL60 cells were a 
gift from Dr.D.Katz (Department of Histopathology, University College and
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Middlesex School of Medicine, London) and were maintained in RPMI 1640 
containing 0.01M Hepes, 5 X 10”5M fi-mercaptoehanol and 10%(v/v) heat 
inactivated foetal calf serum. Tera 2 (Clone 13) cells were a gift from 
Dr.C.Graham (Department of Zoology, Oxford University) and were grown on 
a layer of 0.1%(w/v) gelatin in Alpha Minimum Essential Media with the 
addition of 10%(v/v) foetal calf serum. F9 cells were a gift from 
Dr.P.Rigby (National Institute for Medical Research, Mill Hill, London) and 
were grown on a layer of l%(w/v) gelatin in Dulbecco's Modified Eagle 
Media containing 10%(v/v) foetal calf serum. HeLa cells were a gift from 
Dr.D.Kioussis (NIMR, Mill Hill, London) and were maintained in Dulbecco's 
Modified Eagle Media with 10%(v/v) foetal calf serum. All cells were 
incubated at 37°C in 5%(v/v) C02.

All tissue culture plastics, media and solutions were purchased from 
Gibco/BRL (Paisley, Scotland). Foetal Calf Serum was obtained both from 
Gibco/BRL and Imperial Laboratories Ltd. (Andover, Hampshire), and gelatin 
was brought from Sigma Chemical Company Ltd. (Poole, Dorset).

2.1.4 ENZYMES

Restriction Endonucleases were purchased from Gibco/BRL (Paisley, Scotland) , 
New England Biolabs (Beverley, Massachussetts, U.S.A.) or Boehringer
Corporation Ltd (BCL) (Lewes, Sussex). T4 DNA Ligase, SI nuclease, calf 
intestinal alkaline phosphatase (CAP), Deoxyribonuclease I (DNase I) , 
ribonuclease inhibitor (RNasin), proteinase K, SP6 polymerase and T7 
polymerase were all purchased from Boehringer Corporation Ltd (Lewes, 
Sussex) . Sequenase (modified T7 DNA Polymerase) was purchased together with 
its kit from Cambridge Bioscience (Cambridge). Mouse mammary tumour virus 
(MMTV) reverse transcriptase, T4 DNA polynucleotide Kinase and DNA 
polymerase Klenow fragment were all from Gibco/BRL (Paisley, Scotland). 
Chloramphenicol Acetyl Transferase (CAT), Ribonuclease A (RNase A) and 
Ribonuclease Tx (RNase Tx) were purchased from Sigma (Poole, Dorset).

2.1.5. RADIOCHEMICALS

All radiochemicals including [a-32P] dCTP, (800 and 3000 Ci/mmol) , [a-32P] 
CTP (3000 Ci/mmol),[dichloroacetyl -1,2-14C] chloramphenicol (60 mCi/mmol)
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, [-y-32p] ATP (500 Ci/mmol) and [a-35S]dATP (500 Ci/mmol) were purchased from 
New England Nuclear Inc., Boston, U.S.A.

2.1.6 BUFFERS.SOLUTIONS AND GROWTH MEDIA

The following solutions were used:-
SSC - 150mM sodium chloride, 15mM trisodium citrate.
TE - lOmM Tris-HCl, ImM EDTA pH 8.0
TEN - lOmM Tris-Hcl pH 8.0, ImM EDTA, lOOmM NaCl
TBE - lOOmM Tris, lOOmM Boric Acid, 2mM EDTA pH 8.35
TAE - 40mM Tris, ImM EDTA adjusted to pH8.0 with glacial acetic acid.
PBS - 135mM NaCl, 27mM KC1, lOmM Na2HPOA and 15 mM KH2POA in water.
MEA - 20mM MOPS, ImM EDTA, 5mM sodium acetate in water and adjusted

to pH 7.2 with NaOH 
L-Broth - l%(w/v) bactotryptone, 0.5%(w/v) bacto yeast extract, 0.5% sodium

chloride in water and adjusted to pH 7.2 with NaOH
T-Broth - 1.2%(w/v) bactotryptone, 2.4%(w/v) bacto yeast extract, 0.5%(v/v) 

glycerol, adjusted to pH 7.2 with a solution of 70mM K2HP04, 28mM 
KH^O* in water.

S.O.B. - 2%(w/v) bactotryptone, 0.5%(w/v) bacto yeast extract, lOmM NaCl, 
2.5mM KC1, lOmM MgCl2 and lOmM MgSOA in water adjusted to pH7.2 
with NaOH

2 x TY - 1.6%(w/v) bactotryptone, l%(w/v) bacto yeast extract and 
0.5%(w/v) NaCl in water.

L-agar - 1.5% technical Agar in L-Broth 
40% acrylamide solution

- 38%(w/v) acrylamide, 2%(w/v) N,N-methylene bisacrylamide in 
water.

Denhardts Solution (Denhardt, 1966)
- 0.2%(w/v) BSA, 0.2%(w/v) polyvinylpyrroloidone and 0.2%(w/v) 
Ficoll in water.

Agarose Gel Loading Buffer
- 0.25%(w/v) bromophenol blue, 25mM EDTA and 50%(v/v) glycerol. 

Polyacrylamide Gel Loading Buffer for fragment separation
- 0.25%(w/v) bromophenol blue, 0.25%(w/v) xylene cyanol, 25mM EDTA 
and 50%(v/v) glycerol.
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Formamide Loading Buffer
- 80%(v/v) deionised formamide, 50mM tris-borate pH8.3, ImM EDTA, 
0.25%(w/v) xylene cyanol and 0.25%(w/v) bromophenol blue.

2.1.7 OTHER MATERIALS

Hybond-N membranes were obtained from Amersham International pic. 
(Aylesbury, Buckinghamshire). Acrodisc filters (pore sizes 0.2/xm and 
0.45/zm) were from Gelman Sciences Ltd. (Northampton). PMA, forskolin, IMX 
and cyclohexiimide were all purchased from Sigma. All ribonucleotides and 
deoxyribonucleotides were from Pharmacia. Polaroid 667 film was obtained 
from Polaroid U.K. (St.Albans, Hertfordshire), and X-ray film either Kodak 
X-omat AR from Kodak Ltd.(Heme1 Hempstead, Hertfordshire) or Fuji RX from 
Fuji Photofilm Co. (London). Bacterial growth media were supplied by Difco 
Laboratories (West Molesey, Surrey). BCA Protein Assay Kit was purchased 
from Pierce (Rockford,Illinois, U.S.A.) All other chemicals, solvents and 
materials were purchased from standard suppliers.

2.2 METHODS

2.2.1 PROCEDURES

All solutions were prepared using deionised reverse osmosis water. 
Solutions and plastic ware were sterilised by autoclaving. Special care was 
taken when working with RNA so that all glassware was acid washed and baked 
at 180°C overnight, and separate stocks of tips and solutions were used. 
Most chemicals were used as supplied. Formamide was deionised before use 
by stirring with Amberlite MB3 for 2 hours at 4°C and then removing the 
amberlite by filtration. Phenol was melted at 68°C, 8-hydroxyquinoline was 
added to a concentration of 0.1%(w/v) and then the mixture was equilibrated 
with TE so that the pH of the aqueous phase was greater than 7.6. 
Phenol: chloroform consisted of phenol: chloroform: isoamylalcohol in a ratio 
of 25:24:1. Chloroform was also equilibrated in TE and used as a mixture 
of chloroform:isoamylalcohol in the ratio 24:1. All procedures involving
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the manipulation of bacterial strains and the transfection of tissue 
culture cells with recombinant vectors were performed under conditions of 
good microbiological practice.

2.2.2 DNA

2.2.2.1 Purification and concentration of DNA

DNA was purified according to standard procedures (Maniatis et al.,1982) 
by one of two methods. Organic extraction was performed with TE-saturated 
phenol:chloroform, after which the aqueous phase was extracted with TE- 
saturated chloroform and concentrated by ethanol precipitation with the 
addition of NaCl to 200mM, 2 volumes of ice-cold absolute ethanol and a 30 
minute incubation at -20°C. Alternatively, ammonium acetate was added to 
2M final concentration together with 2.5 volumes isopropanol and left at 
room temperature for 10 minutes. DNA was precipitated by centrifugation, 
washed in 70% ethanol and freeze dried before resuspension in an 
appropriate volume of water.

2.2.2.2 Preparation of Plasmid DNA

2.2.2.2.1 'Minipreps'
Small quantities of plasmid DNA were obtained from 10-20mls of bacteria 
grown to saturation density overnight, as described by Grosveld et al. 
(1981) . Bacteria were pelleted by centrifugation at 3000 rpm for 10 minutes 
in a Beckman JR3.2 rotor. The cells were resuspended in GTE (25mM Tris- 
HC1 pH8.0 containing 50mM glucose and lOmM EDTA) and lysed in freshly 
prepared 0.2M NaOH/l%(w/v) SDS. After addition of 3M potassium acetate 
pH4.8, the suspension was precipitated by centrifugation for 10 minutes in 
a microfuge. The supernatant was carefully removed and DNA was precipitated 
by addition of 0.6 volumes isopropanol and a further 5 minute 
centrifugation. The pellet was washed in 70% ethanol ,dried and taken up 
in 200 jul TE. RNase A/Tx, preboiled for 7 minutes was added to a 
concentration of 40u/ml and 200u/ml respectively and incubated for 30 
minutes at 37°C. Plasmid DNA was recovered by phenol: chloroform extraction 
and ethanol precipitation.
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2.2.2.2.2 Large scale preps
500ml L-Broth or T-Broth, with appropriate antibiotic selection was 
inoculated with a small culture of bacteria containing the recombinant 
plasmid, and incubated shaking overnight at 37°C. Large yields of plasmid 
DNA were obtained using one of two methods

a) Alkaline Lysis - Bacteria were pelleted by centrifugation at 4,200 rpm 
for 20 minutes in a Beckman JR3.2 rotor. The pellet was resuspended in 40 
ml lOmM EDTA pH8 before addition of 80 ml freshly prepared 0.2M NaOH, 
l%(w/v) SDS and 40ml 3M potassium acetate, swirling gently after each 
addition. After a 5 minute spin at 4,200 rpm the supernatant was passed 
through gauze and spun together with 0.6 volume isopropanol at 6,000 rpm 
for 10 minutes in a Sorvall GS3 rotor. The pellet was rinsed with 70% 
ethanol containing lOOmM Tris-HCl pH8 and dissolved in lOOmM Tris-HCl pH8, 
2mM EDTA to a final weight of 9g. lOg caesium chloride and 0.25 ml lOmg/ml 
ethidium bromide were added and the solution put into a Beckman polyallomer 
quick seal tube for ultracentrifugation. Tubes were centrifuged for 18 
hours at 55,000 rpm in a Beckman L8 ultracentrifuge before the lower 
plasmid band was removed from the caesium chloride gradient. The volume of 
the band was adjusted to 10 ml with the addition of lOOmM Tris-HCl pH8, 2raM 
EDTA and the nucleic acid precipitated with two volumes absolute ethanol 
and spinning for 20 minutes at 3000 rpm in the Beckman JR3.2 rotor. The 
pellet was washed, dried and taken up in 400 fi 1 H20, 50 /j1 20 x SSC and 
RNase k/T1 to give final concentrations of 40u/ml and 200u/ml respectively. 
After incubation at 37°C for one hour and two rounds of phenol:chloroform, 
chloroform extraction, the DNA was precipitated with ethanol, resuspended 
in 200 pi water and a sample diluted for spectrophotometric determination 
of its concentration at A260nm.

b) PEG Precipitation - Bacteria were pelleted by centrifugation at 7000 
rpm for 10 minutes in a Beckman JA 21 rotor and resuspended in 4 ml 50mM 
Tris-HCl pH8 containing 25%(w/v) sucrose. Freshly prepared lysozyme was 
added to a final concentration of lmg/ml and the cells were left to lyse 
for 15 minutes on ice. The suspension was made up to lOmM EDTA and after 
a further 15 minutes 0.5 volumes of 3 X Triton Buffer (3%(v/v) Triton X- 
100, 150mM Tris-HCl pH8, 375mM EDTA) was mixed gently in to the sample and 
left to stand on ice for 30 minutes. After the cell debris had been spun
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out at 18,000 rpm for one hour in a Sorvall SS34 rotor, the supernatant was 
carefully removed and made up to 0.5M with respect to NaCl. The nucleic 
acid was extracted with phenol:chloroform and chloroform before 
precipitation overnight at 4°C with 10%(w/v) PEG 6000. DNA was recovered 
by centrifugation at 12000 rpm for 20 minutes at 4°C in a Sorvall SS34 
rotor and the pellet resuspended in 0.1M Tris-HCl pH8. Treatment with 0.2 
mg/ml preboiled RNase A for 30 minutes was followed by reprecipitation with 
addition of an equivolume Buffer B (lOmM Tris-HCl pH8,lmM EDTA, 1M NaCl and 
20%(w/v) PEG 6000) and incubation on ice for at least an hour. DNA was 
pelleted in a microfuge for 10 minutes and resuspended in 0.5M NaCl,10mM 
Tris-HCl pH8. Organic extraction preceded another RNase step to remove 
final traces of RNA, and the DNA was then recovered by an additional 
phenol:chloroform/chloroform extraction and ethanol precipitation. The DNA 
was taken up in an appropriate volume of water and its concentration 
determined as before.

2.2.2.3 Restriction endonuclease digestion

Restrictions were performed either in 'core' buffer (50mM NaCl, lOmM. MgCl2, 
50mM Tris-HCl pH8) or in the buffer recommended by the manufacturer.

2.2.2.4 Separation of DNA fragments bv electrophoresis

DNA fragments were separated through non-denaturing agarose or 
polyacrylamide gels, or (for sequencing and SI mapping) through denaturing 
polyacrylamide/urea gels.

a) Agarose Gels - DNA fragments were separated on horizontal agarose slab 
gels (0.6 - 1.2%(w/v)) containing either Tris Borate(TBE) or Tris
Acetate(TAE) electrophoresis buffer and 0.5 /ig/ml ethidium bromide. Samples 
were loaded after addition of 10%(v/v) agarose gel loading buffer. DNA 
fragments were visualised with a short wavelength (254nm) ultraviolet(UV) 
transilluminator and photographed using Polaroid type 667 film with an 
orange filter.
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b) Polyacrylamide Gels - Non-denaturing gel electrophoresis was performed 
using 6%(w/v) polyacrylamide gels (Maxam and Gilbert,1980) in TBE buffer. 
The gels were formed between 20cm X 20cm glass plates, samples loaded in 
polyacrylamide gel loading buffer and gels run at 40mA. After staining in 
50 Mg/ml ethidium bromide the DNA fragments were visualised and 
photographed as before. SI mapping and DNA sequencing were analyzed by 
electrophoresis through 0.3mm thick 5 - 8%(w/v) polyacrylamide sequencing 
gels (Maxam and Gilbert,1980) containing 8. 3M (50%(w/v)) urea in TBE 
buffer. The gels were formed between 40cm x 20cm glass plates of which the 
inner surface of the smaller plate was siliconised. Gels were pre-run for 
30 minutes at 25mA before heat-denatured samples (75°C/2 minutes) were 
loaded and the run continued. After electrophoresis the gel was fixed in 
10%(v/v) methanol/10%(v/v) acetic acid for 15 minutes and then transferred 
to Whatman 3MM paper. The gels were dried for 15 minutes using a vacuum gel 
drier and then exposed to Fuji RX film at room temperature without 
intensifying screens for [a-35S]-dATP sequencing, or with Cronex 
intensifying screens at -70°C for SI mapping. Films were hand developed 
using Kodak developer and fixer.

2.2.2.5 Isolation of DNA fragments

Two methods were used to isolate DNA fragments to be used as hybridisation 
probes or to be ligated into plasmid vectors.
1) DNA fragments were separated by agarose gel electrophoresis and excised 
from the gel. The gel slice was chopped up and placed in the large well 
of an electroeluting chamber enclosed by dialysis tubing. Electroelution 
buffer (12mM Tris-HCl, 9mM boric acid, ImM EDTA) was carefully added to the 
apparatus and it was placed in the centre of an electrophoresis tank 
containing electroelution buffer but with the two halves partitioned off 
from each other such that no current would pass through, except through the 
chamber. Elution occurred at 150V for a minimum of 2 hours, until there was 
no DNA remaining in the gel slice. The current was reversed briefly for 5 
seconds and then the buffer removed from the chamber except for that in the 
smaller well. The buffer in this well together with the dialysis tubing 
enclosing it was transferred to an eppendorf tube, extracted twice with 
phenol:chloroform/chloroform and the DNA recovered by ethanol 
precipitation.
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2) DNA fragments were separated by electrophoresis through 6%(w/v) 
polyacrylamide gels. After staining, the fragment was excised and crushed 
in a siliconised centrifuge tube with a siliconised glass rod. The DNA was 
eluted overnight by shaking at 37°C in 400 /il elution buffer (500mM 
ammonium acetate, lOmM Magnesium acetate, ImM EDTA, 0.1% SDS). After 
incubation gel pieces were sedimented by centrifugation in a microfuge for 
5 minutes. The supernatant was retained and the DNA recovered by 
precipitation after addition of two volumes of ethanol.

2.2.2.6 32P-labelling of DNA

2.2.2.6.1 Oligolabelling of restriction fragments
DNA fragments were usually labelled in low melting point (LMP) agarose, 
according to the protocol of Feinberg and Vogelstein (1984). After 
separation of the digest on LMP agarose the required band was excised and 
placed in a pre-weighed eppendorf tube. 3ml water/g gel was added and the 
tube boiled for 7 minutes. The fragment was incubated at 37°C for 10 to 60 
minutes and then added to the reaction mixture consisting of oligolabelling 
buffer (Feinberg and Vogelstein; 1984)), 2 units Klenow fragment enzyme, 
2 /il 32P-dCTP, in a volume of 25 /il. The reaction was incubated either at 
37°C for one hour or at room temperature overnight. The labelled probe was 
separated from unincorporated nucleotide by increasing the volume of the 
reaction to 200 /il and spinning it through a G50 sephadex column in a 1ml 
syringe, at 2000 rpm for 10 minutes in a Beckman JR3.2 rotor. The specific 
activity of any labelled probe was determined by precipitation of an 
aliquot with 50 /il of lmg/ml BSA and 1ml 10%(w/v)TCA, filtration and 
determination of the radioactivity in the precipitates by liquid 
scintillation counting.

2 . 2.2.6.2 End-labelling
DNA fragments with 5' overhangs were end labelled by filling in with either 
Klenow fragment or MMTV reverse transcriptase.

a) Klenow - 100 ng DNA was mixed with Klenow buffer (50mM Tris-HCl 
pH7.3, lOmM MgCl2) , O.lmM of each of the three cold dNTPs, 2 /il [a-32P]-dCTP 
and 1 unit Klenow, in a total volume of 20 /il. The reaction was incubated 
at 37°C for 30 minutes.
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b) Reverse Transcriptase - lOOng DNA was added to MMTV reverse 
transcriptase buffer (as supplied by the manufacturer), O.lmM of each of 
dATP,dGTP and dTTP, 100 g/ml nuclease free BSA, [a-32P]-dCTP and one unit 
of reverse transcriptase in a total volume of 25 /il. Reactions were 
incubated at 37°C for one hour.

c) T4 Polynucleotide Kinase - DNA fragments with protruding 5'ends were 
labelled with T4 polynucleotide kinase and [7-32P]ATP by exchange kinasing, 
as described by Maniatis et al.(1982), in order to generate radiolabelled 
size markers.

2.2.2.7 Construction of recombinant plasmids

2 . 2.2.7.1 Preparation of vectors
After restriction endonuclease digestion of vectors an aliquot was run on 
an agarose gel to confirm that restriction had gone to completion. EDTA was
added to chelate all the magnesium ions in the buffer together with 20
units of calf intestinal alkaline phosphatase. The reaction was incubated 
at 37°C for a further 30 minutes before the DNA was purified by organic 
extraction and concentrated by ethanol precipitation.

2.2.2.7.2 Ligation of DNA fragments into plasmid vectors
DNA fragments were either gel purified as outlined in section 2.2.2.5, or 
were excised from a low melting point TAE agarose gel and ligated 'in 
gel':-

a) Gel purified fragments were ligated in a 5:1 molar ratio to their 
corresponding vector, in a volume of 5-10 /tl together with ligase buffer 
(5mM Tris-HCl pH7.8, ImM MgCl2, 2mM DTT and O.lmM ATP pH7) and 2 units T4 
DNA ligase. The ligations were incubated submerged at 15°C overnight.

b) 'In gel DNA fragments' were melted at 65°C, before addition of the 
fragment to a total volume of 100 /tl containing vector, ligase buffer and 
T4 DNA ligase as before. The reaction contained 50 - lOOng DNA comprising 
of an insert:vector molar ratio of 10:1 and an agarose concentration not 
greater than 0.2%(w/v) (Crouse et al.,1983). Ligations were incubated for
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a minimum of 5 hours at room temperature and were heated to 65°C for 5 
minutes before addition to the competent cells.

2.2.2.7.3 Preparation of Competent Cells
Competent cells were prepared using a modification of the calcium chloride/ 
rubidium chloride procedure of Maniatis et al.(1982). An overnight culture 
of E.coli grown in L-Broth + lOmM magnesium chloride was used to inoculate 
100ml L-Broth + lOmM magnesium chloride and grown to an A600nnl 0.3-0.4. 
Cells were left on ice for 10 minutes, harvested and resuspended in 0.5 
volume ice cold lOmM Mops pH7.0 containing lOmM rubidium chloride. Cells 
were spun immediately, resuspended in 0.5 volume lOmM Mops pH7.5 containing 
lOmM rubidium chloride, 50mM calcium chloride and left on ice for 30 
minutes. Cells were harvested, resuspended in 1/30 volume lOmM MOPS pH7.5 
containing lOmM rubidium chloride, 50mM calcium chloride and kept on ice 
before use.

2 . 2 . 2 . 7 .4 Transformation of plasmid DNA into E.coli competent cells
1/3 volume of the ligation was added to 200 /il competent cells on ice and 
left for 30 minutes. Cells were heat shocked at 44°C for 90 seconds and
returned to ice for 15 minutes. 800 /il S.O.B. was added and the cells
incubated at 37°C for 1 hour. Bacteria were harvested by a quick spin in 
the microfuge, the majority of the supernatant was poured away and the 
cells were resuspended in the remaining broth before spreading on to an L- 
agar plate with appropriate selection. Plates were incubated overnight at 
37°C.

2.2.2.7.5 Selection of recombinant plasmids
Generally fragments were ligated into the multiple cloning site of plasmids 
where the cloning site is inserted into the 5' end of the lac Z gene. 
Insertion of foregin DNA into this site destroys the a-complementation 
activity of the lac Z gene product. An intact lac Z gene product is
required to form a blue dye in the presence of X-gal. Consequently,
recombinant plasmids produce white colonies on plates containing X-gal. Lac 
z~ strains of E.coli were transformed in the presence of 40 /tg/ml X-gal 
(20mg/ml in dimethyl formamide) per plate. This selection process enabled 
rapid identification of bacteria containing chimaeric plasmids .
Many plasmids used did not have the advantage of this selectable marker and 
so drug resistant colonies had to be screened using an adaptation of the
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in situ hybridisation method of Grunstein and Hogness (1975). Putative 
recombinant colonies were replica plated onto fresh L-agar plates 
containing the appropriate antibiotic and onto Hybond-N filters placed onto 
L-agar plates, and allowed to grow overnight at 37°C. The filters were 
removed and successively placed on Whatman 3MM paper soaked in 0.5M NaOH 
and then 1M Tris-HCl pH 7.4 for 4 minutes each. Filters were washed in 0.5M 
Tris-HCl pH7.4/1.5M NaCl, wiped thoroughly with 2 x SSC, 0.1% (w/v) SDS, and 
rinsed in 2 x SSC. They were dried and then fixed by placing DNA side down 
on a UV transilluminator for 5 minutes. The membranes were pre-hybridised 
for at least 10 minutes in 0.9M NaCl, l%(w/v) SDS and 50 /ig/ml boiled, 
sonicated salmon sperm DNA at 65°C. Hybridisation in 0.9M NaCl, l%(w/v) 
SDS, 10%(w/v) dextran sulphate, 50 pg/ml boiled, sonicated salmon sperm DNA 
together with the boiled 32P-labelled DNA probe, was performed at 65°C for 
3 - 5  hours in a shaking water bath. Filters were washed initially at 2 x 
SSC, 0.1%(w/v) SDS at 65°C before being washed down to 0.1 x SSC, 0.1%(w/v) 
SDS at 65°C for 15 minutes. They were exposed to Fuji RX film for 30 
minutes before developing and identification of positive recombinants. DNA 
was isolated from these positives by the miniprep method (section 
2.2.2.2.1) and checked by restriction digests.

2.2.2.8 Southern Blotting

Southern blots were performed using a modification of the method described 
by Amersham for use with Hybond-N filter membranes. DNA was digested with 
restriction enzymes overnight, a test gel was run to confirm restriction, 
and the DNA separated by electrophoresis through TAE gels. Gels were 
denatured in 1.5M NaCl/0.5M NaOH for 30-60 minutes followed by 
neutralization in 0.5M Tris-HCl pH7.2/1.5M NaCl/lmM EDTA for 30-60 minutes 
and blotted onto Hybond-N membranes in 20 x SSC. After blotting the 
membrane was fixed, DNA side down on a UV trans illuminator for 5 minutes. 
The filter was prehybridised for 4 hours and hybridised overnight in the 
same solutions and conditions as for Grunstein-Hogness filters (section 
2.2.2.7.5), and washed down as required.
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2 .2 .2.9 DNA Sequencing

2.2.2.9.1 Preparation of templates
a) M13 single stranded templates - A modification of the protocol 
described by Amersham in their booklet 'M13 cloning and sequencing' was 
used. 100ml of 2 x TY medium was inoculated with 1ml of an overnight 
culture of E.coli TG2. 1.5ml aliquots were inoculated with a colourless M13 
plaque and incubated at 37°C for 5-6 hours. Cells were harvested by 
centrifugation in a microfuge for 5 minutes and the top 1ml of supernatant 
removed. Phage were precipitated by addition of 200 /xl 2.5M NaCl, 20%(w/v) 
PEG 6000 at room temperature for 15 minutes. Phage pellets were 
precipitated in a microfuge for 5 minutes. After removing all traces of PEG 
with a drawn out pasteur the phage pellet was resuspended in 100 /xl TE pH8. 
Viral particles were lysed by addition of an equal volume of TE-saturated 
phenol. After vortexing for 30 seconds tubes were left at room temperature 
for 10 minutes and re-vortexed. Aqueous supernatants were recovered after 
centrifugation and the DNA precipitated with ethanol three times. DNA 
pellets were finally washed, dried and resuspended in 50 /x 1 TE pH8.

b) Plasmid double-stranded templates - Plasmid DNA to be directly 
sequenced was prepared either by bulk preps (section 2.2.2.2.2) or by an 
adaptation of the CTAB (cetyl trimethyl ammonium bromide) miniprep (Del Sal 
et al. (1988)) . 15mls of L-broth with appropriate antibiotic selection were 
inoculated from a single colony and grown to saturation density overnight 
in a shaking 37°C incubator. Bacteria were pelleted by centrifugation at 
3000 rpm for 10 minutes in a Beckman JR3.2 rotor, resuspended in 2 ml STET 
buffer (8%(w/v) sucrose, 0.1%(v/v) Triton X-100, 50mM EDTA, 50mM Tris-HCl 
pH8) and left at room temperature for 5 minutes after the addition of 40 
/xl lysozyme (50 mg/ml). Samples were boiled for 2 minutes then microfuged 
for 10 minutes to pellet all cell debris. The supernatant was carefully 
removed to a fresh tube, 80 /il CTAB (0.5%(w/v) in 0.12M NaCl) was added, 
mixed well and then centrifuged for 5 minutes. The pellet was gently 
resuspended in 300 /xl 1.2M NaCl, and precipitated by addition of 2.5 
volumes ice-cold ethanol and centrifugation. After washing in 70%(v/v) 
ethanol and drying, the pellet was taken up in 200 /xl TE. The DNA was 
treated with RNase (20 /xl of 20 /xg/ml boiled RNase A) for 30 minutes at 
37°C before 3 rounds of phenol:chloroform, chloroform extraction and
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ammonium acetate precipitation. Washed and dried DNA was taken up in 50 /x 1 
TE.

10 fj, 1 plasmid DNA prepared by either method was added to an equivolume of 
freshly prepared 0.4M NaOH and left at room temperature for 10 minutes. 
Denatured DNA was precipitated by addition of 0.1 volume 3M sodium acetate 
and 4 volumes ice-cold absolute ethanol and left at -70°C for 20 minutes. 
The DNA was recovered by centrifugation in a microfuge for 10 minutes, 
washed in 70% ethanol and air-dried. The pellet was resuspended in 35 /xl 
water.

2.2.2.9.2 Annealing and sequencing reactions
Annealing and sequencing reactions were performed exactly as detailed in 
the 'Sequenase' booklet provided by United States Biochemical Corporation 
for use with their 'Sequenase' kit. Sequencing reactions were based on a 
modification of the chain termination method originally described by Sanger 
et al.(1977), using the Sequenase enzyme (a genetic variant of the 
bacteriophage T7 DNA polymerase) (Tabor and Richardson,1987).

2.2.3 RNA

2.2.3.1 Large scale isolation of total RNA

Total RNA was isolated from tissue culture cells using the guanidinium/ 
caesium chloride method (Chirgwin et al.,1979) with modifications. Cells 
were lysed in 50mM Tris-HCl pH7.6 containing 4M guanidinium isothiocyanate, 
lOmM EDTA, 140mM E-mercaptoethanol and 2%(w/v) sodium lauryl sarcosine, 
and then further disrupted using a 'polytron' homogeniser. lg CsCl was 
added per 2. 5ml homogenate and the homogenate loaded onto a cushion of 5. 7M 
CsCl containing lOOmM EDTA pH7.5 and centrifuged at 30,000 rpm at 20°C for 
18 hours. The resulting pellet was resuspended in 400 /x 1 RNA dissolving 
buffer (lOmM Tris-HCl pH7.4, 5mM EDTA pH 7.5 and l%(w/v) SDS) and 
precipitated with 0.1 volume 3M sodium acetate and 2.2 volumes ice cold 
ethanol. After overnight incubation at -20°C, the RNA was pelleted by
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centrifugation in a Sorvall HB4 rotor at 11,000 rpm for 20 minutes at 2°C. 
The precipitated pellet was washed in ethanol, dried and resuspended in 
water before a sample was removed for spectrophotometric determination of 
its concentration at A26oiini The remainder was reprecipitated as before and 
then resuspended in an appropriate volume of water.

2.2.3.2 Small scale preparation of total RNA

A modification of the method of Wilkinson(1988) was used. 1 to 3 plates of 
cells (approximately 107 cells) were washed in PBS and then harvested into 
1 ml PBS in an eppendorf tube. Cells were spun at low speed in a microfuge 
for 3 minutes and the resulting cell pellet dissolved in 0.5 ml guanidinium 
lysis buffer (4M guanidinium isothiocyanate, 1M B-mercaptoethanol and 25mM 
sodium acetate pH5.2). To ensure complete disruption the resulting 
homogenate was passed through a syringe needle a few times, before being 
loaded carefully onto 220 /il CsCl cushion (5.7M CsCl in lOOmM EDTA). 
Samples were spun in a Beckman TLS 55 rotor at 55,000 rpm for 3 hours at 
18°C. The supernatant was carefully sucked off and the remaining pellet 
resuspended in 3 x 100 jil water and transferred to an eppendorf tube. RNA 
was precipitated at -20°C with 0.1 vol 3M sodium acetate pH5.2 and 2.5 
volumes ethanol, and recovered by centrifugation in a microfuge for 10 
minutes. RNA was quantified as before.

2.2.3.3 Northern Blotting

10-40 /ig RNA was denatured by dissolving in sample buffer (1 x MEA, 
50%(v/v) formamide, 2.5M formaldehyde) and heating to 60°C for 5 minutes 
before running on a denaturing 1.1%(w/v) MEA agarose gel containing 2.2M 
formaldehyde. The gel was soaked for 30 minutes in 20 x SSC, and then 
blotted overnight with 20 x SSC onto Hybond-N. The membrane was left to dry 
and then fixed by exposure for 5 minutes to a UV trans illuminator (RNA face 
down). Before hybridisation the filter was washed in 5 x SSC, 0.1%(w/v) SDS 
at 65°C for 1 hour, followed by pre-hybridisation for 1-2 hours (5 x SSC, 
7%(w/v) SDS, 10 x Denhardts solution, denatured 100 /ig/ml salmon sperm 
DNA.) Hybridisation of the oligolabelled probe (1-3 x 107 cpm/ml) in 5 x 
SSC, 7%(w/v) SDS, 10 x Denhardts solution, 10%(w/v) Dextran sulphate and
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100 g/ml denatured salmon sperm DNA was performed overnight in a 65°C 
shaking waterbath. The membrane was washed initially at room temperature 
in 1 x SSC, 0.1% SDS followed by a longer wash at 65°C in 0.1% SDS, 0.1 x 
SSC before being exposed to Fuji RX film between intensifying screens at - 
70°C.

2 . 2.3.4 RNase mapping

a) Riboprobe Synthesis and Purification - 1 /xg linearised template was 
transcribed in a reaction mix containing 20mM DTT, 1 unit//xl RNase 
inhibitor (RNasin), 0.5mM of each of the three cold ribonucleotides, 25 /xM 
cold CTP, transcription buffer (40mM Tris-HCl pH 7.5, 6mM MgCl2, 2mM 
spermidine for SP6 transcriptions plus lOmM NaCl for T7 transcriptions) , [a- 
32P] CTP and 15 units SP6 or T7 polymerase. The reaction was performed at 
37°C for 1 hour at which time an additional unit of RNAsin was added 
together with 2 units//xl Miles RNase-free DNase and the incubation 
prolonged for another 10 minutes. The probe was extracted with
phenol:chloroform and precipitated with ethanol, before washing, drying and 
being taken up in formamide loading buffer. The probe was heated to 75°C 
for 2 minutes before running on a 6% (w/v) denaturing polyacrylamide gel for
1.5 hours and then the gel was exposed directly to Fuji RX film for 15 
minutes to locate the position of the transcript on the gel. The slice of 
gel containing the probe was excised from the gel and eluted overnight, 
with shaking, at 37°C in 0.5M ammonium acetate, 0.1%(w/v) SDS and ImM EDTA. 
The eluant was recovered by ethanol precipitation and the transcript taken 
up in water for TCA precipitation and liquid scintillation counting.

b) Hybridisation and Digestion - 10 /xg of each RNA sample was co
precipitated with 1-5 x 105 cpm probe and then taken up directly in 30 /xl 
hybridisation buffer (80%(v/v) formamide, 40mM Pipes pH 6.7, 400mM NaCl, 
ImM EDTA) , heated to 85°C for 20 minutes and then incubated overnight at 
56°C. The next morning 300/xl RNase digestion buffer (lOmM Tris-HCl pH7.5, 
5mM EDTA,300mM NaCl, 20 /xg/ml RNase A, 1 /xg/ml RNase Tl) was added, and the 
reactions incubated at 30°C for 30 minutes before addition of 20 /xl 
10%(w/v) SDS, 50/xg/ml proteinase K and further incubation at 37°C for 20 
minutes. Samples were extracted with phenol:chloroform, ethanol 
precipitated, taken up in formamide loading buffer and heated to 90°C
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before running on a 6%(w/v) denaturing polyacrylamide gel. The gel was 
fixed, dried and exposed as for a sequencing gel (section 2.2.2.4).

2.2.3.5 Nuclear Run-offs

a) Preparation of nuclei - 1 plate of cells (approximately 107 cells) were 
washed in ice cold PBS scraped into 1 ml of PBS and transferred to an 
eppendorf tube. All further steps were carried out at 4°C. The cells were 
spun down in a microfuge at low speed (8000 rpm), resuspended in 0.5ml 
lysis buffer (lOmM Hepes pH7.9, lOmM NaCl, 3mMMgCl2, 0.05%(v/v) NP40), and 
left to lyse for 5 - 1 0  minutes. Lysis was checked under a microscope. The 
sample was underlayed with 0.5ml of lysis buffer containing 30%(w/v) 
sucrose and spun for 10 minutes at low speed. All liquid was carefully 
removed, the nuclei were again resuspended in 0.5ml lysis buffer, 
underlayed with the buffer plus sucrose and spun through it as before. 
This process was repeated a total of three times. The final pellet of 
purified, intact nuclei were resuspended in 0.1ml freezing buffer (50mM 
Hepes pH7.9, 40%(v/v) glycerol, 5mM MgCl2, 0.ImM EDTA) , snap frozen and 
stored at -70°C.

b) Transcription Reaction - An equal volume of 2 x transcription buffer 
was added to the nuclei. The transcription buffer consisted of 50mM Hepes 
pH7 . 9 , 120mMKCl, 20mM DTT, 30mM B-mercaptoethanol, 5mM magnesium acetate, 
2mM MnCl2, ImM EDTA, 8mM phosphoenolpyruvate, 8mM fructose phosphate, 0.6u 
pyruvate kinase, l%(v/v) Tween 80, 2mM PTP, ImM of each of ATP.GTP and UTP, 
10 /xM CTP, 25 units RNasin, 0.4mg/ml Heparin together with 3 /il [cc-32P]CTP. 
After one hour at room temperature, 80 ng tRNA, 6 /xg RNase-free DNase and 
VRC to 2mM was added and left for a further 30 minutes at room temperature. 
The reaction was then made up to lOmM Tris-HCl pH7.5, 5mM EDTA and l%(w/v) 
SDS, proteinase K (40 /xg) was added, and incubated at 37°C for 1 hour. The 
RNA was extracted with phenol: chloroform and ethanol precipitated overnight 
before being taken up in TE, and added to the hybridisation.

c) Hybridisation - lOfig DNA was boiled in 0.3M NaOH for 10 minutes, 
chilled on ice before ammonium acetate (pH 5.5) was added to a final 
concentration of 2M. Hybond-N membranes were wetted, rinsed briefly in 2 
x SSC and dried. 3 fig treated DNA was spotted onto each of the prepared
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membranes and fixed by exposure to UV light as before. Membranes were 
prehybridised overnight at 42°C in 4 x SSC, 50mM phosphate buffer pH6.4, 
1 x Denhardts solution, 0.2%(w/v) SDS, 50%(v/v) formamide and 250/xg/ml 
tRNA. The RNA was added and the filters left to hybridise for 72-96 hour 
at 42°C in a shaking waterbath. Membranes were washed in 2 x SSC, 0.1% SDS 
at 65°C for 30 minutes, rinsed several times in 2 x SSC at room 
temperature, incubated with 0.5mg DNase free RNase A in 2 x SSC at room 
temperature for 30 minutes and washed one final time in 2 X SSC,0.1% SDS 
at 65°C for 30 minutes before exposing to Fuji RX film between intensifying 
screens at -70°C.

2.2.4 CELL TRANSFECTION AND ANALYSIS

2.2.4.1 Transfection

Cells were transfected using the calcium phosphate technique originally 
described by Graham and Van der Eb (1973) as outlined in Gorman (1986) with 
slight modifications. Cells were plated out at between 7 x 105 to 3 x 106 
cells/dish. The following day half the medium was removed from the cells 
and they were returned to the incubator for 2 hours. 10/ig recombinant CAT 
plasmid DNA was added to 31^1 2M CaCl2 in a final volume of 250/xl. This 
solution was then added dropwise to an equal volume of 2 x HBS (1.64% (w/v) 
NaCl, 1.19%(w/v) Hepes, 0.04%(w/v) Na2P04, freshly adjusted to pH 7.12 with 
1M NaOH) . A fine precipitate was formed and this was then added immediately 
to the cells, one mixture for each plate of cells, and the cells quickly 
returned to the incubators so that the pH did not vary too much. The 
precipitate was left on overnight . The next day the media was removed, the 
cells glycerol shocked (15%(v/v) glycerol,1 x HBS), washed with serum-free 
media and fed with complete media.

2.2.4.2 Harvesting and extract preparation

After 48-72 hours the cells were harvested by washing once with PBS, 
scraping into 1ml TEN and transferring to an eppendorf tube. Cells were 
pelleted at low speed in a microfuge, resuspended in 100/il 0.25M Tris-HCl 
pH 7.8 and disrupted by three rounds of freeze-thawing in liquid nitrogen 
and a 37°C water bath. Cell debris was spun out at high speed in a
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microfuge for 5 minutes and the supernatant carefully removed to another 
tube. The protein content of this extract was determined with a Pierce BCA 
protein Reagent Kit exactly as described in their booklet.

2.2.4.3 CAT assays

Reactions consisted of 90/xl equalled amounts of cell extract plus 0.25M 
Tris-HCl pH7.5, 35/xl water, 1/zl [1AC] Chloramphenicol and 20fj,l 4mM acetyl 
CoA (freshly prepared) , and were incubated for between 30 and 120 minutes 
at 37°C before the addition of 1ml ethyl acetate stopped the reaction. The 
chloramphenicol was extracted by vortexing and spinning in a microfuge at 
high speed for 5 minutes. The top organic phase, containing all forms of 
chloramphenicol, was transferred to another tube and dried down under 
vacuum, resuspended in 20/xl ethyl acetate and spotted onto a TLC plate. The 
plates were subjected to ascending chromatography with a 95:5 mix of 
chloroform:methanol and air dried. The chromatography plates were exposed 
to Fuji RX X-ray film between intensifying screens at -70°C. The percentage 
of chloramphenicol converted to its acetate forms was established by 
cutting out the spots on the TLC plates and counting in a liquid 
scintillation counter.
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CHAPTER THREE SEQUENCING OF THE HUMAN CALCITONIN/a-CGRP PROMOTER

3.1 Sequencing
In order to study the regulation of expression of the human 

calcitonin/a-CGRP gene, it was necessary to isolate genomic clones of the 
gene. A cosmid library of the human T cell line HPB-ALL DNA, (Kioussis et 
al.,1987), was screened and three positive clones purified (Broad, 1987). 
One of these, cos CT1, contains all six exons of the gene together with 
1,800 bp of 5' upstream sequence (Broad et al.,1989). DNA fragments from 
subclones of CT1 were recloned into M13 mpl8 or mpl9. These templates were 
used for sequencing the 1,800 bp of upstream sequence according to the 
strategy outlined in figure 3.1. Sequence was determined on both strands 
and across all junctions. Where no convenient cloning site was available, 
specific oligonucleotides were synthesised and used as primers. The 
sequence data is shown in figure 3.3.

The promoter sequence from the Bam HI site (-150 relative to the CAP 
site), to exon 1 has previously been published (Jonas et al.,1985). The 
sequence shown here differs at five positions from that of Jonas et al. 
(1985); this may reflect naturally occurring polymorphisms. There is also 
a discrepancy of two nucleotides between Steenbergh et al. (1985) and Jonas 
et al (1985), as to the transcription start site. However as the former 
authors analyzed this by primer extension, and the latter by inference from 
that of the rat gene, the numbering system of Steenbergh et al. (1985) has 
been followed throughout.

3.2 Identification of putative cis-acting control sequences
The sequence obtained was analyzed using the Beckman Microgenie 

Software. Consensus sequences were found by constructing a special search 
programme and entering published recognition sequences. Analysis of the 
sequence of the 5' flanking region of the human calcitonin/a-CGRP gene, 
reveals several consensus sequences which may interact with transcription 
factors. These are highlighted in figure 3.3, and comprise a TATA box-like 
sequence, sequences which resemble the Spl consensus, consensus sequences 
which mediate the response to stimulation by second messengers, and an 
octamer motif (see table 3.1). These will all be discussed in turn.

81



Figure 3.1 Sequencing strategy

The figure illustrates the strategy used to sequence the 1.8 kb of 5' 
flanking region of the human calcitonin/a-CGRP gene, present in the 
genomic clone, cos CT1. The arrows represent the sequence obtained from 
individual M13 templates. The position of the oligonucleotides 
synthesised to be used as primers are denoted by black boxes.
To confirm the sequence around those sites used for subcloning the 
templates, double stranded sequencing was performed using the initial 
subclones of cos CT1 and the oligonucleotides made. Thus the sequence, 
from the end of the cosmid through exon 1, shown in figure 3.3, was 
confirmed on both strands and through all cloning sites.
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3.2.1 TATA Box
Centred at -26 is the sequence, AATAA, which is similar although 

not identical to the consensus 'TATA' box sequence (Breathnach and Chambon, 
1981) . This difference may indicate that another member of the TATA box 
binding family other than TFIID could bind to this site, or TFIID could 
bind with a different affinity (see section 1.3.1). Alternatively, the 
pre-initiation complex may not be dependent on TFIID or a related factor, 
but may initiate through another mechanism, as is thought to be the case 
for housekeeping genes.

3.2.2 SpI site
A single Spl recognition site 'CCGCCC', is found at -80. Spl was 

originally identified as a protein from HeLa cells that binds to multiple 
GGCGGG sequences (or its complementary sequence) in the SV40 enhancer and 
activates transcription from the SV40 early promoter (Dynan and Tjian, 
1983). Subsequently a variety of cellular and viral promoters were shown 
to be activated by Spl in vitro. The protein has been characterised, 
purified, its gene cloned and shown to encode zinc finger motifs, typical 
of a transcriptional activator protein (Briggs et al.,1986; Kadanoga et 
al., 1987). A larger decanucleotide binding consensus has been described 
(Kadanoga et al.,1986) after assessing 19 Spl responsive elements. As shown 
below, the surrounding sequence in the promoter differs by one nucleotide
from the consensus and agrees closely with two of the high affinity sites
of the SV40 enhancer (Dynan and Tjian, 1983).

5' G GGGCGG 000 3' consensus sequence
T AAT

-75 T GGGCGG AGG -82 inverted complementary
sequence of calcitonin/ 
a-CGRP promoter

5' T GGGCGG ACT 3' SV40 (III,V)

There does not appear to be a unifying theme amongst Spl responsive genes. 
Spl responsive promoters usually contain multiple GC box recognition sites, 
although a single site appears to be sufficient for Spl stimulation of 
transcription (Kadanoga et al.,1986). The positioning of the recognition 
sequence agrees with other promoters, in that the consensus closest to the
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TABLE 3.1 Putative regulatory sequences found in the 5f flanking region
of the human calcitonin/a-CGRP gene

All sequences are discussed and referenced in the text. They are numbered 
relative to the transcription start site. The number shown representing the 
position of the nucleotide most distal to the transcription start site.

CLASS SEQUENCE POSITION

TATA Box AATAA -29

Spl CCGCCC -81
CCGCCC -1243
GGCGGG -1432
CCGCCC -1575

OCTAMER ATGCAAAT -167
(reverse octamer) ATTTCCAT -186

cAMP responsive elements ATGACCTCA -176
(CRE / ATF) ATGACGTCA -259

TTGACGTCA -1342

ENKCRE-2 (CRE/API) TGACGCAA -109

Phorbol ester API GTGATGGA -909
responsive CTCAGGCA -918
elements CTGCCTCA -1608

AP4 GCAGCTGTGCA -935
AP5 CTGCGGGATGTG -1361

CTGGGGACTGAG -1705

?>4



Figure 3.2 Sequence immediately upstream of the calcitonin/a-CGRP 
transcription start site

The templates shown were sequenced with the enzyme Sequenase, by the 
dideoxy method. They span the region immediately upstream of the 
transcription start site, and sequencing them revealed several 
consensus sequences which may interact with transcription factors. The 
sequencing ladders shown include some such sites, which are marked. The 
sequence from template Z1 displays the reverse complement of the 
sequence of the coding strand, as it is in the reverse orientation. The 
ATF/CRE shown is that found at -259 bp relative to the transcription 
start site.
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Figure 3.3 SEQUENCE OF THE HUMAN CALCITONIN/a-CGRP PROMOTER

The sequence shown extends from the 5' insert-vector boundary of cos CT1, 
to nucleotide +183 relative to the transcription start site. The sequence 
is numbered relative to the transcription start site, the numbers referring 
to the nucleotide at the beginning of each line, and to the most distal 
nucleotide to the start site, when referring to another feature. Exon 1 is 
shown in bold; it has two different 3' ends depending on whether the 
upstream (major) 5' splice site at +108, or downstream (minor) 5' splice 
site at +132, is used in intron 1 splicing (Riley et al. ,1986). Consensus 
sequences which are putative transcription factor binding sites are 
emphasised and underlined. When the consensus sequence differs by more than 
one nucleotide from the recognised consensus, then the sequence is denoted 
with a question mark. Restriction enzyme sites used for sub-cloning, both 
for sequencing and subsequent experimentation, are marked. Twelve Msp I 
sites present in this region are underlined. The enzymes Msp I and Hpa 
II, recognise and cut the same recognition site CCGG. However, Hpa II is 
sensitive to methylation and if this site is methylated then it will not 
cut. For subcloning, and for in vitro manipulations when the DNA will not 
be methylated the two enzymes are interchangeable.
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-1832
GATCAATTAAGGGCATCTTAGAAGTTAGGCGTTCCCGCTGCCTCCTTTGAGCACGGAGGCCACCAACCCCTA

-1760 -1705
GGGGGAAGAGATGTAGCGCGAGGCAGGGGTGTCGTGCTAAGAAATTTCGACGCTTCTGGGGACTGAGGACAA

AP-5?

-1688
AGGTGCGGACACGACCCCGGGGTACCTGGAGTTCCGTGACTCGCGCCACGGACGGCACACCTAGGGGCTAAT

Kpn I

-1616 -1608 -1575
TTCTGCTCTGCCTCAAAGAACCTCAAGCTAGAGTCCTTGCCTCCGCCCACAGCCCCGGGATGCCGCTGCTGC 

API Spl

-1544
GCTCACCGCACAGGCAGCGCCCGGACCGGCTGCAGCAGATCGCGCGCTGCGCGTTCCACCGGGAGATGGTGG

Pst I

-1472 -1432
AGACGCTGAAAAGCTTCTTTCTTGCCACTCTGGACGCTGTGGGCGGCAAGCGCCTTAGTCCCTACCTCTGCT 

Hind III Spl

-1400 -1361 -1341
GAGCTGAACGCTCAGGCACAGTGGAACTGAAACCCGGTTCTGCGGGATGTGAGAGCTGTTGAGGTCACGCGT

AP-5? ATF/CRE

-1328
AATTGGGTGTGATGGAGGGCGCCTGTTCGTGATGTGTGCAGGTTTGATGCAAGCAGGTCATCGTCGTGCGAG

Nar I

-1256 -1243
TGTGTGGATGCGACCGCCCGAGAGACTCGGAGGCAGGCTTGGGACACGTTTGAGTGAACACCTCAGGATACT

Spl

-1184
CTTCTGGCCAGTATCTGTTTTTTAGTGTCTGTGATTCAGAGTGGGCACATGTTGGGAGACAGTAATGGGTTT

-1112
GGGTGTGTGTAAATGAGTGTGACCGGAAGCGAGTGTGAGCTTGATCTAGGCAGGGACCACACAGCACTGTCA

-1040
CACCTGCCTGCTCTTTAGTAGAGGACTGAAGTGCGGGGGTGGGGGTACGGGGCCGGAATAGAATGTCTCTGG

-968 -935 -917 -908
GACATCTTGGCAAACAGCAGCCGGAAGCAAAGGGGCAGCTGTGCAAACGGCTCAGGCAGGTGATGGATGGCA

AP4 API? API?
Pvu II

-896
GGGTAGGAAGGGGGAGGTCCAGAGGTCTGGATGGAGGCTTCCGCATCTGTACCTTGCAACTCACCCCTCAGG



-824
CCCAGCAGGTCATCGGCCCCCTCCTCACACATGTAATGGATCTGAAGAGTACCCCGGGACAGTCCGGGGAGA

-752
TGGAGATTCGGAAAGTATCCATGGAGATCTTACAGAATCCCCTATGCGGACCAGGAAACTCTTGTAGATCCC

Bgl II

-680
TGCCTATCTGAGGCCCAGGCGCTGGGCTGTTTCTCACAATATTCCTTCAAGATGAGATTGTGGTCCCCATTT

-608
CAAAGATGAGTACACTGAGCCTCTGTGAAGTTACTTGCCCATGATCACACAACCAGGAATTGGGCCAACTGT

-536
AATTGAACTCCTGTCTAACAAAGTTCTTGCTCCCAGCTCCGTCTCTTGTTTCCCACGAGCCCTGGCCCTCTG

-464
TGGGTAATACCAGCTACTGGAGTCAGATTTCTTGGGCCCAGAACCCACCCTTAGGGGCATTAACCTTTAAAA

-392
TCTCACTTGGCAGGGTCTGGATCAGAGTTGGAAGAGTCCCTACAATCCTGGACCCTTTCCGCCAAATCGTGAA

-320 -259
ACCAGGGGTGGAGTGGGGCGAGGGTTCAAAACCAGGCCGGACTGAGAGGTGAAATTCACCATGACGTCAAAC

Msp I CRE/ATF

-248
TGCCCTCAAATTCCCGCTCACTTTAAGGGCGTTACTTGTTGGTGCCCCCACCATCCCCCACCATTTCCATCA

-176 -167 -109
ATGACCTCAATGCAAATACAAGTGGGACGGTCCTGCTGGATCCTCCAGGTTCTGGAAGCATGAGGGTGACGC 
CRE/ATF OCTAMER Bam HI ENKCRE

-2
-104 -81
AACCCAGGGGCAAAGGACCCCTCCGCCCATTGGTTGCTGTGCACTGGCGGAACTTTCCCGACCCACAGCGGC

Spl

-29 +1
GGGAATAAGAGCAGTCGCTGGCGCTGGGAGGCATCAGAGACACTGCCCAGCCCAAGTGTCGCCGCCGCTTCC 

’TATA'
BOX EXON 1

+108
ACAGGGCTCTGGCTGGACGCCGCCGCCGCCGCTGCCACCGCCTCTGATCCAAGCCACCTCCCGCCAGGTGAG

+132 +183
CCCCGAGATTCTGGCTCAGGTATATGTCTCTCCCTCCCTCTCCCTCCATTCGTCATTTTCTCACTCCCTTTC
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RNA initiation site is typically located 40 to 70 nucleotides upstream of 
it. Spl sequences are often found near binding sites for other 
transcription factors, which suggests that these factors act in conjunction 
with each other to modulate transcription (Kadanoga et al.,1987). In this 
promoter, the position of the Spl site, together with the ubiquitous 
existence of Spl itself, suggests that binding of Spl may contribute to 
basal level transcription of the calcitonin/a-CGRP gene, through 
interaction with other possibly tissue-specific or inducible factors.

3.2.3 Sequences which mediate the response to second messengers 
Within the 5' flanking sequence of the calcitonin/a-CGRP gene there are 
potentially seven binding sites for AP proteins, and four for members of 
the ATF family (see table 3.1; figure 3.4), transcription factors which 
have been demonstrated to mediate the transcriptional response to second 
messengers through the protein kinase A (PKA) and protein kinase C (PKC 
pathway. As the gene has been demonstrated to be inducible by both phorbol 
esters and cAMP (DeBustros et al.,1985; 1986) these sites may be putative 
control sequences for this induction.

Various proteins have been demonstrated to mediate the response to 
phorbol esters and these are all termed Activator Proteins (AP) (Chiu et 
al.,1987). Seven potential binding sites exist for AP proteins in the 
calcitonin/a-CGRP promoter, and these are all marked in figure 3.3. An AP4 
site is found, centred at -930. AP4 usually acts in synergism with API in 
all promoters characterised to date (Mermod et al. ,1988) , and there are two 
potential API sites slightly downstream of this site (at -909 and -918). 
These differ by two nucleotides from the consensus, but it is possible that 
either a variant dimer could bind to either site or that binding of AP4 to 
its recognition sequence synergises with the binding of API making it 
easier to bind, despite its lower affinity. The motif at -108 (see below) 
contains an AP-1 consensus, and a fourth AP-1 consensus is situated at - 
1608. Two potential AP-5 recognition sequences are found distal to the 
transcription start site, positioned at -1361 and -1705. AP2 mediates the 
response to both cAMP and phorbol esters. However, there are no AP2 
recognition sequences within this promoter and so it is unlikely that AP2 
contributes to calcitonin/a-CGRP transcription.

The sequence centred at -108, TCACGCA, is the inverse complement of 
a sequence situated in the preproenkephalin promoter, E^KCRE-2, that has
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Figure 3.4 CONSENSUS SEQUENCES

110 GGGGCTGGCGTAGGGCCTGCGTCAGCTGCA -80 Human
Preproenkephalin 

ENKCRE1 ENKCRE2 Hyman et al.(1987)

TGA(C/G)TCA API consensus

91

-1622

TTTGCCCCTGGGTTGCGTCACCCTCA -117 Human
Calcitonin/a-CGRP

CTAATTTCTGCTCTGCCTCAAAGAAC -1596 Human
Calc i tonin/a-CGRP

91 ATGGCCGTCATACTGTGACGTCTTTCAGA -63 Human VIP
Tsukada et al. (1987)

CRE ATF

59

-56

GCGCCTCCTTGGCTGACGTCAGAGAGA - 3 2

AGAGGGGCTTTGACGTCAGCCTGG

CRE/ATF

-32

Rat Somatostatin 
Montminy et al. (1986)

Rat
Tyrosine hydroxylase 
Lewis et al.(1987)

-158 GTATTTGCATTGAGGTCATTGATG -182 Human
Calc itonin/a-CGRP

*
-1338 TGAGAGCTGTTGAGGTCACGCGTA -1329 Human

Calc itonin/a-CGRP

-270 AAATTCACCATGACGTCAAACTGC -246 Human
Calcitonin/a-CGRP

Sequence homologies between the human calcitonin/a-CGRP promoter and 
consensus sequences that have been shown to have functional 
significance in other promoters. CRE - cAMP responsive element, 
originally defined in the somatostatin promoter (Montminy et al. ,1986). 
ATF - activating transcription factor recognition sequence, defined in 
E1A inducible promoters (Lee et al.,1987a). API - activating protein 1, 
element which confers phorbol ester inducibility on promoters (Lee et 
al. , 1987). ENKCRE-1 andENKCRE-2, preproenkephalin CREs, important for 
basal and inducible transcription from this promoter (Comb et 
al.,1988). Bases marked * are those that differ from the consensus.
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been shown to be responsible for mediating the response of the 
preproenkephalin gene to cAMP. A similar element has been found in other 
neurotransmitter genes, such as VIP and somatostatin (see figure 3.4), and 
also in the c-fos gene. A common trans-acting factor has been shown to bind 
to each of these elements (Hyman et al.,1988). The observation that the 
sequence from each gene has the ability to compete for binding of the same 
factor, suggests that this factor may play a role in transcriptional 
coregulation of neuronally expressed genes. As CGRP is often co-localised 
with other neuroregulatory molecules this may be one mechanism through 
which it is achieved. In the preproenkephalin gene, ENKCRE-2 has been shown 
to be essential for both basal and regulated transcription (Comb et 
al.,1988). It contains both the minimal element necessary for cAMP 
induction, the cAMP responsive element (CRE) ; and an API consensus, which 
may mediate the response to phorbol esters.

The consensus centred at -255 is identical to that found in the rat 
somatostatin gene, and used to isolate CREB (CRE Binding protein). It 
contains a perfect palindrome, and two copies of the core CRE, CGTCA. The 
sequence at -176, differs by one nucleotide from the larger consensus CRE, 
but an identical sequence is found at -1341, suggesting that a different 
member of the family may interact with this sequence. The -176 consensus 
is immediately adjacent to a perfect octamer motif. This motif does not 
mediate a response to second messengers, but is inseparable from the CRE 
in this promoter. This sequence, ATGCAAAT, is found in a large number of 
seemingly unrelated promoters. It is necessary and sufficient for lymphoid- 
specific expression of the immunoglobulin genes (Dreyfus et al.,1987); yet 
the same motif is required for ubiquitous expression of snRNA and the H2B 
genes (Tanaka et al.,1988). The discovery of two separate proteins which 
bind to this motif, with different tissue distributions helped to explain 
this apparent paradox (Clerc et al.,1988; Sturm et al.,1988). Other octamer 
binding proteins are rapidly being characterised and cloned, and there are 
members that are both developmental stage and tissue specific (Scholer et 
al., 1989; Schaffner, 1989). Thus the activity of this element in any cell 
type is completely dependent on the proteins present that are able to 
interact with it. The relevance of this motif to calcitonin/a-CGRP 
transcription is unknown. Interestingly, the octamer motif, with one base 
change, is repeated immediately 5' to the CRE at -176 so that the sequence 
has imperfect dyad symmetry.
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OCT CRE OCT
-186 C C ATTTC C AT C AATGAC CTC AATG C AAATAC -158

It is improbable that three proteins would be able to bind to the DNA in 
such close proximity, due to steric hindrance. Therefore one or more of 
these elements may act negatively, to prevent the other factor(s) from 
contacting the DNA.

CREs containing the 5-base pair core sequence, CGTCA, have been 
mapped by deletion analysis in the human VIP (Tsukada et al.,1987), rat 
somatostatin (Montminy et al.,1986), rat tyrosine hydroxylase (TH) (Lewis 
et al.,1987), and human glycoprotein hormone alpha subunit (Delegeane et 
al.,1987) genes, as well as in the human preproenkephalin gene (Comb et 
al., 1986). Factors that interact with some of the CREs involved in 
transcriptional activation by cAMP have been identified. ATF (activating 
transcription factor) was originally determined to be a binding affinity 
involved in transcriptional activation of the adenoviral early genes by the 
adenovirus E1A protein (Lee et al.,1987b). Two proteins, 43kd and 47kd, 
were found to be the major constituents of this binding, when isolated on 
a DNA oligo affinity column (Hurst and Jones, 1987). Montminy and 
Bilezikijan (1987) separately characterised a 43kd protein which they 
called CREB - CRE binding protein, by affinity for the rat somatostatin 
CRE. CREB is now thought to be ATF-43, and is one of a family of related 
proteins with identical or similar binding affinity for the CRE (Hai et 
al.,1989). By studying two structurally related promoters, E4 and VIP, Lee 
et al. (1989) demonstrated that the requirements for Ela- and cAMP-inducible 
transcription do not necessarily correspond, and are dependent on sequences 
outside the core motif. Their finding was supported by Deutsch et al.(1988) 
who report that the transcriptional activities of both CREs and TREs 
(phorbol ester responsive element) are markedly influenced by the 
composition of the flanking bases.

Sequences that mediate the activation of genes by cAMP and phorbol 
esters are very similar, differing in their consensus by only a single 
base (Deutsch et al.,1988). Moreover, although the transcription factors 
that confer the respective response to these signals although distinct, are 
immunologically related (Hai et al.,1988). As both signalling molecules 
transmit their effect through protein kinases, phorbol esters by 
stimulation of protein kinase C and cAMP through protein kinase A, it is
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probable that both effectors act through phosphorylation of specific 
transcriptional activators, or proteins which themselves will stimulate 
these activators. Indeed, CREB has recently been shown to be activated by 
specific phosphorylation of one of its serine residues, an event which was 
not able to occur in a kinase A deficient cell line (Gonzalez and Montminy, 
1989). No such direct evidence of activation through phosphorylation has 
yet been shown for the API proteins. However, API genes are 
transcriptionally activated by phorbol ester stimulation (Angel et 
al.,1987) .

The API proteins have been well characterised. API was initially 
described as a factor in HeLa cell extracts that specifically recognises 
the enhancer elements of SV40 and the human metallothionein IIA (hMTIIA) 
gene (Lee et al., 1987). The API consensus was shown to confer elevated 
transcription in the presence of phorbol esters to heterologous promoters 
(Angel et al.,1987). Very rapid progress then demonstrated that two 
components of the API binding activity were the two proto-oncogenes c- jun 
and c-fos, which bound to the DNA as a heterodimer, interacting with each 
other through their leucine zipper (see section 1.3.3.1.2) (reviewed by 
Curran and Franza, 1988). The existence of a third component of this 
complex has been postulated. This factor does not directly contact the DNA, 
but is involved in protein-protein interactions, and has so far eluded all 
attempts at characterisation. The kinetics of activation of these proteins 
are very rapid, they accumulate within a few minutes of growth factor (or 
phorbol ester) stimulation and then rapidly become inactive again. Other 
members of the API family have now been isolated and characterised. It 
appears that there are at least 10 separate proteins that can participate 
in complex formation to activate transcription. These include fra-1, fra- 
2 and fos-B, and jun-B and jun-D (Cohen et al.,1989; Nakabeppu et 
al. ,1988) . All Jun related proteins can form hetero- and homodimers, while 
all Fos related proteins are restricted to forming heterodimers with a Jun- 
related protein. Within these guidelines any combination of dimer formation 
is possible. Each protein and each dimer will respond differently to the 
varied environmental stimuli that influence it (Chiu et al.,1989). At any 
one time point different combinations of proteins will be present in the 
nucleus, due to their varied kinetics of activation. As each dimer will 
have both a distinct binding affinity and transcriptional activation 
potential, the cell therefore possesses a whole repertoire of proteins with
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which to co-ordinate both rapid responses to growth factor stimulation, and 
longer term regulation of cellular phenotype. CREB too, binds as a dimer 
(Yamamoto et al.,1988), and although this is usually a homodimer, 
dimerisation with ATF-47 is thought to be possible. These proteins, encoded 
for by the immediate early genes in cell stimulation, determine not only 
the transcriptional response to hormonal and growth factor stimulation, but 
also to all types of cell communication, including differentiation inducing 
agents, neurotransmitters and depolarising agents. Thus, they co-ordinate 
the cell's response to a vast array of signals, and dependent on the sets 
of genes that they themselves act upon, are able to induce a wide 
assortment of responses.

These proteins have been designated nuclear ’third' messengers, as 
they are responsible for the effects of second messengers on gene 
transcription. They are therefore under very strict control, as the ability 
to respond to mitogenic signals also bestows enormous potential for damage 
through uncontrolled cell growth. It is therefore not surprising that the 
two major components of API are potential oncoproteins, and it is likely 
that the remainder will also be encoded for by proto-oncogenes.

Although separate motifs and proteins mediate the effects of cAMP and 
phorbol esters on the transcriptional machinery, cross talk between these 
pathways is possible and does occur. This can be directed at several 
different levels. ATF proteins are capable of binding to the API consensus, 
but with a five to ten fold lower affinity than to the CRE (Curran and 
Franza, 1988). The API motif has been shown to mediate responses to both 
phorbol esters and cAMP in certain promoter contexts (Deutsch et al.,1988). 
API activity is modestly induced by cAMP in mouse S49 cells, an effect 
which is substantially greater in the presence of ElA proteins (Muller et 
al.,1989). Cross talk, under certain conditions may occur in either 
direction. Activation of the proenkephalin CRE by TPA (a phorbol ester) has 
been demonstrated, but this effect only occurs in the presence of a 
phosphodiesterase inhibitor (Comb et al.,1986). However, API can bind to 
the VIP CRE and stimulation of this CRE, without phosphodiesterase 
inhibitors has been demonstrated (J.S.Fink, personal communication). 
Further, both pathways can converge on a single protein. CREB dimerisation 
is induced by protein kinase C, and activation of transcription by protein 
kinase A (Yamamoto et al.,1987; Gonzalez and Montminy, 1989). 
Phosphorylation by protein kinase A does not affect DNA binding but induces
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transcriptional activation potentially by allosteric change in CREB. 
Protein kinase C activity, by stimulating dimerisation and therefore 
increased DNA binding, makes the promoter more sensitive to protein kinase 
A activity. In addition to CGTCA containing sequences, cAMP and phorbol 
ester induction of transcription may be conferred by a dissimilar sequence. 
The transcription factor, AP2, which interacts with the motif, CCGCCCGCG, 
is activated independently by the two separate second messenger pathways 
(Imagawa et al. ,1987).

3.2.4 Conclusion
Many homologies exist between the calcitonin/a-CGRP promoter, and 

transcription factor consensus motifs. Whether all or indeed any of these 
homologies have functional significance cannot be determined by examination 
of the sequence alone. The context within which a consensus sequence is 
found is important in determining the role it plays. Although a sequence 
may be identical in its consensus, it may not be functionally equivalent, 
and this well illustrates the dangers of assigning function by sequence 
alone. Functional assays of transcriptional activation are necessary to 
determine the exact role of any particular motif. Nevertheless, sequence 
comparison may indicate a possible function, and thus has some significance 
in directing us to potential regions of interest. The next chapter will 
start to examine these ideas through experimentation.

3.3 A CpG Island is found in the 5' flanking region of the human
calcitonin/a-CGRP gene

Analysis of the 5' regulatory region of the calcitonin/a-CGRP gene 
reveals that the region is rich in G+C content, with increased frequency 
of the relatively uncommon dinucleotide CpG. Examination of the restriction 
map indicates an enrichment of sites for enzymes containing CpG within 
their recognition sequence. In particular there are 12 Hpa II sites in the 
1,800 bp region immediately 5' to the transcription start site. This data 
is suggestive of a CpG island.

The dinucleotide CpG is under-represented in human genomic DNA; it 
is present at less than one quarter of the frequency predicted from the 
base composition (Swartz et al.,1962), except for short stretches of DNA, 
defined as CpG islands. These islands have a high G+C content, a frequency
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of CpG dinucleotides close to the expected frequency, and appear as CpG 
clusters within the CpG-depleted bulk DNA (Bird, 1986). Thus, they are not 
in fact 'CpG rich' , rather it is bulk inter-island DNA that is 'CpG poor' . 
One other feature of these islands is that they are unmethylated in all 
tissues, in contrast to the majority of vertebrate DNA that is highly 
methylated, except where associated with an expressing gene (Cedar, 1988).

It now seems likely that this contrast between island and inter
island DNA is a consequence of cytosine methylation. Vertebrate DNA is 
highly methylated at cytosine in CpG dinucleotide pairs. Cytosine is prone 
to deamination, and when methylated gives rise to thymine which, in E.coli, 
can escape the DNA repair mechanisms of the cell (Bird, 1987).There is now 
much evidence that this happens at methylated sequences within the 
vertebrate genome and has given rise to a general deficiency of CpG 
(reviewed by Gardiner-Garden and Frommer, 1987). For example, the extent 
of CpG deficiency correlates well with the overall level of CpG 
methylation in different animal genomes, and is inversely correlated with 
an excess of the expected products of mutation: TpG and CpA (Bird, 1980). 
Thus, CpG is rare in inter-island DNA because of accelerated mutation due 
to methylation; CpG islands, on the other hand, have not lost CpG because 
they are not methylated.

CpG islands account for about 1% of the genome, occurring as discrete 
dispersed sequences, usually 1 to 2 kb long. Altogether it is thought that 
there are approximately 30,000 such islands in the haploid genome of 
mammals, spaced on average at one per 100 kb. One important feature of 
these islands is that they are usually associated with genes, situated 
towards the 5' region of the gene. Indeed, hunting for CpG islands is now 
used as a method of finding transcriptionally active regions of the genome 
(Lavia et al., 1987). All housekeeping genes which have so far been 
analyzed, possess a CpG island at their 5' end (Gardiner-Garden and 
Frommer, 1987). Many tissue-specific genes also possess islands.

Figure 3.5 presents an analysis of 3.85kb of the calcitonin/a-CGRP 
gene; from the 5' insert boundary of cos CT1 (-1.85kb relative to the 
transcription start site) to +2.0kb. GpC dinucleotides are distributed 
through out this sequence, as would be expected from such a G+C rich 
region. The CpG dinucleotides, on the other hand, although present at a 
higher than expected frequency throughout this region, are clustered in two 
discrete groups. Gardiner-Garden and Frommer (1987), defined a CpG island
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Figure 3.5 CpG rich region in the human calcitonin/a-CGRP gene

An analysis of 3.85 kb of genomic DNA is shown. The positions of CpG 
and GpC dinucleotides, and of Hpa II sites are marked. Below this is 
shown a graphical representation of G + C frequency and CpG frequency 
(per 200bp in 50bp steps) ; the dotted line at 40% G + C shows the 
average base composition of mammalian genomic DNA. Below this is 
plotted the observed over expected (0/E) frequency of CpG (per 200bp in 
50bp steps); the dotted line at 0.25 shows the average 0/E CpG for 
genomic DNA. The two CpG-rich regions revealed by graphical analysis 
are marked at the top of the figure, one encompassing exon 1 and the 
other extending from the vector-insert boundary to around -1.2 kb.
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as possessing both an average percentage G+C greater than 50%, and an 
observed/expected CpG ratio of greater than 0.6; when calculated as

obs/exp CpG = _____Number of CpG _________  x N
Number of C x Number of G

where N is the total number of nucleotides in the sequence being analyzed. 
According to this definition the upstream region ( -1.25kb to -1.85kb) and 
the subregion around exon 1 (0 to +0.55kb) fulfil these criteria, whereas 
the region in between them drops down to that expected for inter-island 
DNA. This can also be seen in table 3.2. The other requirement, that the 
island DNA be unmethylated in all tissues, irrespective of the expression 
status, is also fulfilled (Broad et al. , 1989). These results therefore 
confirm that the CpG-rich region at the 5' end of the calcitonin/a-CGRP 
gene is a CpG island.

The existence of this CpG island, has implications for the expression 
of the gene. Unmethylated DNA, particularly around those sequences involved 
in transcriptional control, is thought to be available for interaction with 
transcription factors (see section 1.3.5). These interactions may occur 
either through the existence of a permissive chromatin structure, or by 
non-masking of the DNA by proteins such as MeCP. Thus, tissue-specific 
genes that possess islands have the additional problem of restricting their 
expression, as they are continuously available to transcription factors. 
One possibility is that these genes are silenced by efficient trans-acting 
repressors in non-expressing tissues. Evidence of such an event has been 
reported for control of the liver-specific retinol binding protein 
(Colantuoni et ai.,1987). The gene is associated with island-like 
sequences, yet retains tissue-specific expression when transfected into 
hepatic or non-hepatic cells. However, when a small region of the promoter 
is deleted it is expressed in inappropriate cell types. The implication is 
that a repressor binds to the promoter in non-expressing tissues, but when 
the repressor-binding site is deleted, constitutive expression results. No 
other tissue-specific gene has been demonstrated to be controlled in this 
manner, and it remains to be seen whether this will be a widespread 
mechanism of control.

Alternatively, the alteration in chromatin structure may not be 
dramatic enough to affect gene expression. Although the immediate DNA is 
unmethylated, it is not known the extent that this may have on the wider
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TABLE 3.2 COMPOSITION OF CpG ISLAND

Definition of a 
CpG-rich region 
(Gardiner-Garden 
and Frommer,1987)

Upstream region 
-1.25kb to -1.85kb

Around exon one 
0 to +0.55kb

Between these 
subregions 
-0.4kb to -0.76kb

Average Average
% G + C obs/exp CpG

> 50 > 0.6

59 0.76

61 0.66

48 0.25
(genomic average)
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chromatin structure. Certain sequences much further away may still control 
the opening of the chromatin, and a localised unmethylated sequence may 
not influence this.

A third option is that transcription may not proceed, or will occur 
only at an almost undetectable level, without the presence of certain 
tissue-specific factors. In this case transcription is controlled by the 
presence or absence of specific proteins, and the presence of ubiquitous 
factors is insufficient to permit a reasonable level of transcription. The 
gene would therefore be expressed in all tissues at an undetectable level, 
and 'tissue-specific' expression would not be a 'turning on' of
transcription, but a 'turning up'. Evidence exists to support this also. 
It was recently reported that transcripts from several tissue-specific 
genes were detected, with a new highly sensitive method, in a variety of 
cell types (Sarkar and Sommer, 1989). This illegitimate transcription may 
apply to all tissue-specific genes and not only to those containing CpG 
islands. Although the calcitonin/a-CGRP gene is expressed in a tissue- 
specific manner, the fact that it encodes two distinct proteins means that 
it is more broadly expressed than other tissue-specific genes; particularly 
as CGRP is so widely distributed. It may therefore also be expressed at 
undetectable levels in all tissues, with tissue-specific factors raising
RNA production to detectable levels in specific cell types. There may well
be different factors controlling expression in cells which produce
calcitonin to those cells producing CGRP, which supplement the post- 
transcriptional control that decides splice commitment. In this way the 
different cell types would increase gene expression in a manner specific 
to that particular cell type. Whether tissue specific calcitonin/a-CGRP 
expression is controlled by a repressor binding in non-expressing tissues; 
the presence in only certain cell types of the factors necessary for 
transcription; or an additional level of chromatin structure control, is 
unknown. Nevertheless, the presence of a CpG island, will effect 
transcription in one of the above ways.

Two features of this island are notable. First, the position of the 
island extending far upstream, and not very far into the gene is unusual. 
Most CpG islands extend further downstream into the transcribed portion of 
the gene than upstream into the untranscribed 5' flanking DNA. 
Additionally, almost all the CpG islands associated with protein coding 
genes extend past the translation start site, even when the first exon is
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untranslated (Gardiner-Garden and Frommer, 1987). This is clearly not the 
case with this gene, as the first exon is completely untranslated and the 
island does not reach the second exon. The other unusual feature is the 
division of the island into two distinct subregions. These are potentially 
two separate islands. Indeed the CpG-rich subregion encompassing exon 1 of 
the calcitonin/a-CGRP gene is typical for a CpG island associated with a 
tissue-specific gene in that it is approximately lkb in length, and extends 
into the first intron of the gene.

3.4 Evidence for a second transcript originating from the same region as
the calcitonin/a-CGRP gene
The upstream CpG-rich subregion extends further upstream than the 

sequence in the cosmid. If these two subregions are taken as two separate 
islands, then it is possible that the upstream island is associated with 
a second gene extending away from the calcitonin/a-CGRP gene and inverted 
with respect to it. There are published examples of divergent transcripts 
originating from a bidirectional promoter in a CpG island (Williams et 
al.,1988; Lavia et al. ,1987).

Various approaches were taken to examine the possibility of the 
existence of a second gene. First, the sequence was examined for possible 
regulatory signals. Significantly several putative cis-acting consensus 
sequences are located in this region and may form the basis for a promoter 
for the gene. However, no TATA box can be seen. Secondly, a search through 
the EMBL data base with the upstream region was undertaken. There was no 
significant homology with any recorded gene sequence. Thirdly, both 
Northern Blotting and RNase mapping were attempted with a probe from this 
region (shown in figure 3.6) in a variety of tissues that both do and do 
not express the calcitonin/a-CGRP gene. However no transcript could be 
detected. It is possible that such transcripts could initiate upstream from 
the sequence in the cosmid, and would therefore not be detectable. 
Alternatively, as we do not know the pattern of expression of this putative 
gene, the gene may be expressed in an untested tissue, and was not 
therefore detectable. Finally, to assess whether this region has been 
conserved across the species, a Zoo Blot was performed. This is shown in 
figure 3.6. It can be seen that the sequence is conserved across a variety 
of species, suggesting a possible functional role. These studies are 
therefore inconclusive, and will only be resolved when more upstream
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sequence is cloned. However, if such a transcript does not exist, the 
presence of so many consensus sequences close together may indicate an 
enhancer for the calcitonin/a-CGRP gene.

3.5 Summary
Sequencing the calcitonin/a-CGRP 5'flanking sequence has revealed 

several points of interest. Sequence homology with known functional 
transcription factor binding sites indicates a possible role for many 
sequences within the promoter. The existence of a CpG island implies 
possible regulatory mechanisms in the control of calcitonin/a-CGRP 
expression, and its structure suggests an additional transcript originating 
from this region.
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Figure 3.6 A Zoo Blot to show the conservation of the upstream region 
of the human calcitonin/a-CGRP gene across many species

Bgl II digests of 5/ig DNA from various species were run on a 0.8% TAE 
agarose gel, blotted overnight and hybridised with the probe shown in 
(B). The final wash of the blot was in 0.1 x SSC, 0.1% SDS at 65°C for 
2 hours. The lanes are marked as follows: -

a) & o) human
b) cow
c) cat
d) mouse
e) dog
f) bongo (an ungulate)
g) rabbit
h) chicken
i) marmoset (an old world monkey)
j) horse
k) sheep
1) rat
m) aotus monkey (a new world monkey)
n) Pig

There are bands hybridising in the lanes with DNA from the cow, bongo, 
marmoset, aotus monkey, as well as in the human, demonstrating 
conservation of this region through several species.
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CHAPTER FOUR REGULATION OF THE CALCITONIN/a-CGRP GENE BY SIGNAL
TRANSDUCTION MOLECULES

4.1 Introduction
A principal aim of this thesis is to understand the mechanisms 

regulating transcription of the human calcitonin/a-CGRP gene, and how these 
contribute to the ectopic expression of this gene in certain neoplasms. 
Sequencing of the 5' regulatory region of the calcitonin/a-CGRP gene 
revealed many potential cis-acting control sequences, in particular those 
with which transcription factors that mediate the response to cell 
signalling molecules interact. It is perhaps not surprising that the gene 
has so many of these putative regulatory sequences, as it encodes two 
separate proteins, both of which are themselves part of the body's 
communication network. As such, the proteins and therefore to some extent 
the gene, have to be able to respond sometimes rapidly, and sometimes over 
prolonged time periods, to incoming signals, and adapt their 
expression/secretion accordingly. However, this ability also therefore 
imposes the potential for abuse, as the mechanisms that so finely regulate 
growth and differentiation in the normal body are subverted in neoplastic 
transformation.

The mechanisms of maintenance of the mature cell phenotype are not, 
as yet, well understood; but they seem to depend, in part of on a balance 
of growth and differentiation events controlled by cellular processes. 
Some growth and differentiation factors in the extra-cellular environment 
interact with cell surface receptors, to activate cellular signal 
transduction pathways. In turn, these latter events influence differential 
patterns of activation and repression of functions that modulate cell 
phenotype, including the nuclear transcription factors that regulate the 
expression of genes in a given cell. Other factors, members of the 
steroid/thyroid hormone superfamily, interact directly with cytoplasmic 
receptors, which when activated by their corresponding ligand are 
themselves capable of directly influencing transcription. An abnormality 
that occurs at any point in these pathways, could result in abnormal growth 
or impaired maturation of involved cells.

Three of the major signal transduction pathways are depicted in 
figure 4.1. The first pathway to be elucidated is that utilised by many 
peptide hormones, such as epinephrine or ACTH. These hormones, by binding
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Figure 4.1 Signal transduction within the mammalian cell

Three of the major pathways for signal transduction from cell 
membrane receptors to the nucleus are portrayed schematically. In the 
protein kinase A (PKA) pathway (#1), for example B-adrenergic 
receptors, binding of a ligand (LI) to its cell membrane receptor (Rl) 
results in activation of adenylate cyclase (AC) through a G protein 
(G). Forskolin directly activates adenylate cyclase. This enzyme 
activity converts ATP to cAMP, increasing intracellular cAMP levels, 
which in turn activates PKA. PKA phosphorylates specific proteins, some 
of which result in changes in gene expression. Some of these changes 
are dependent on identified nuclear transcription factors CREB and AP- 
2 .

In the protein Kinase C (PKC) pathway (#2), ligand binding to a 
receptor, for example thrombin-thrombin receptor interaction, possibly 
through a G protein, activates phospholipase C (PC), which catalyses 
the breakdown of phoshoinositide biphosphate (PIP2) to inositol 
triphosphate (IP3) and diacylglycerol (DAG). IP3 then induces the 
release of Ca2+ from intracellular stores, increasing the intracellular 
Ca2+ concentration which in turn leads to stimulation of Ca2+ dependent 
protein kinases (Ca2+K). The other product, DAG, activates PKC in the 
presence of Ca2+, which phosphorylates a variety of substrates, most of 
which we do not know. Activation of PKC, either through this pathway, 
or through the more powerful, artificial stimulator, PMA, results in 
changes in gene expression; some of which are dependent on the nuclear 
transcription factors c-jun, AP-2 and SRF (serum responsive factor). 
Interaction of other ligands (for example Epidermal Growth Factor) with 
their receptors, results in activation of tyrosine kinases (TyrK), 
which also phosphorylate cellular substrates, although on tyrosine 
residues. This may also have an effect on transcription, although 
precise details are not known.

Dashed lines indicate that there is evidence for cross
communication between these pathways; arrows show the direction of 
action of the pathways, thick arrows indicate activation, and upward 
arrows, steps activated in each pathway.



MEMBRANE

FORSKOLIN

P M A

m m m

wm
fcli CELLIwfe.,.

Y?y?y?y

S yS y  < y  < 
$ * $ * $ $ > ’ 

vKxix

l

3
Phosphorylation of effector substrates

NUCLEUS SRF
CREB AP-2 c-jun lc-fos

\ \ /
" n DNA

GENE T R A N S C R IP T IO N

105



to their specific receptor at the cell surface, cause activation of the 
membrane bound enzyme, adenylate cyclase, through a GTP-binding regulatory 
protein (Gs) . Adenylate cyclase rapidly converts ATP to cAMP, thus raising 
intracellular levels of cAMP. The rise is transient as cAMP levels are 
strictly controlled, being rapidly broken down by phosphodiesterases. cAMP 
stimulates the activity of the enzyme protein kinase A, by causing an 
aliosteric change in the protein. It is this enzyme which is the major 
effector of cAMP in the cell. By phosphorylating a variety of substrates 
a cascade of regulation is established, the substrates acted upon 
determining the exact effects of this molecule. One potential protein 
kinase A (PKA) substrate, CREB, has been discussed in the preceding 
chapter.

The second pathway that transduces extracellular signals through to 
the nucleus, also involves factors binding to a cell surface receptor and 
activating a membrane bound enzyme, probably through a G protein. In this 
case the activated enzyme is phosphoinositide-specific phospholipase C, 
which catalyses the breakdown of phosphatidyl-inositol biphosphate (PIP2) 
to inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 causes Ca2+ 
release from the calcium-sequestering compartment and DAG stimulates 
protein kinase C (PKC) activation. Ca2+ ions activate the calmodulin 
dependent protein kinases as well as contributing to the activation of PKC. 
For this system also, by acting through several steps, strong amplification 
of the original signal and a wide diversity of effects is achieved.

It is probable that neoplastic transformation causes perturbation at 
some point in either or both these pathways. Strong evidence for this came 
from the finding that the cellular receptor for one class of tumour 
promoters, the phorbol esters, was in fact PKC (Blumberg, 1988). The 
endogenous analogue of these phorbol esters therefore, is DAG, although it 
is not such a strong activator of PKC. Phorbol esters, and therefore also 
PKC can have a wide range of effects on the cell. These include induction 
or inhibition of differentiation; the partial mimicry in normal cells of 
the transformed phenotype; stimulation of secretory responses in a variety 
of cell types; modulation of many membrane activities and involvement in 
gene expression and cell proliferation (Blumberg, 1988). Many of these 
responses are contradictory, PKC can sometimes have completely opposite 
effects in two different cell types. This apparent paradox is explained by 
the heterogeneity of PKC; it is not one enzyme but a family of related

106



isozymes, differing in cellular distribution, activity and presumably also 
substrate specificity (Kikkawa et al. ,1989). However, there is very little
evidence at present that assigns different functional roles to the
different sub-types, and confirmation must await further characterisation 
of these enzymes.

PKC has a dual action, providing both positive forward control as 
well as negative feedback control over various steps of the cell signalling 
pathways. It can decrease the intracellular Ca2+ concentration, and inhibit 
the receptor mediated hydrolysis of PIP2, thereby blocking the activation 
of the pathway (Kikkawa and Nishizuka, 1986). It is also involved in cross 
talk with other pathways. For example it can phosphorylate the EGF 
receptor, blocking its induced tyrosine phosphorylation (Schlessinger, 
1986). Interestingly, although phorbol esters mimic all the above effects 
of PKC initially, they are not rapidly degraded by the cell, as is DAG. 
Prolonged exposure to these agents causes down regulation of PKC in the
cell, so that eventually the phorbol esters will block the activity of PKC,
through depletion of the enzyme (Kikkawa et al.,1989). This may in itself 
have mitogenic effects, by preventing the negative feedback controls with 
which PKC is involved. The effects of phorbol esters will not be consistent 
on the differing subtypes of PKC. It must therefore be remembered that the 
effects of phorbol esters will vary both with the cell type and the time 
for which the cell is exposed to them.

The effects of phorbol esters on transcription have been discussed 
in chapter 3. They stimulate transcription through increasing RNA levels 
of the API transcription factor family, as well as activating, through an 
as yet undisclosed mechanism, other factors. They may also have an 
inhibitory effect on the transcription of other genes. At present there is 
a big 'black box' in the cell, between PKC, and indeed also PKA, and the 
observed effects of these molecules. Very few substrates of these enzymes 
have been characterised, and our knowledge of their precise effects is 
therefore sadly lacking.

Both phorbol esters and cAMP have been shown to directly stimulate 
calcitonin/a-CGRP expression in TT cells, a human cell line derived from 
medullary carcinoma of the thyroid. In these cells both agents induce 
differentiation of the cells to a more mature phenotype, increasing 
calcitonin/a-CGRP gene transcription, and reducing cell growth (deBustros 
et al.,1985; 1986). Expression of the gene in MCT and therefore TT cells
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may be described as eutopic, that is the gene is being expressed in its 
normal cell type. The 5' flanking region of the human calcitonin/a-CGRP 
gene contains many sequences which may be able to mediate the response of 
the gene to phorbol esters and cAMP. As these second messenger pathways are 
often activated in tumori genes is, they may be involved in inducing or 
enhancing transcription of the gene in ectopically expressing cells. It is 
therefore of interest to ask whether phorbol esters and cAMP will have a 
similar effect in cells which ectopically express the calcitonin/a-CGRP 
gene, as they do in cells which eutopically express it.

4.2 Screening of human cell lines for expression of the calcitonin/
q-CGRP gene

In order to initiate these studies, it was first necessary to 
establish which transformed cell lines expressed the calcitonin/a-CGRP 
gene, to decide which of them were suitable to be studied. RNA was isolated 
from a variety of human cell lines, and mapped with a calcitonin specific 
riboprobe, by the RNase mapping technique. RNA from a medullary carcinoma 
of the thyroid was included as a positive control. It can be seen in figure
4.2 that calcitonin specific RNA is only present in BEN cells, together 
with MCT where it is vastly over expressed.

BEN cells, derived from a poorly differentiated squamous bronchial 
carcinoma, have been well characterised (Ellison et al. ,1975). They have 
been shown to secrete large molecular weight heterogenic precursors of 
calcitonin, with little biological activity (Lumsden et al.,1980). Indeed, 
the patient from whom the carcinoma was taken, was suffering from acute 
hypercalcaemia of malignancy, a disease with the opposite effects of those 
expected from high circulating levels of calcitonin (Ellison et al.,1975). 
Riley et al.(1986) sequenced a calcitonin cDNA clone isolated from a BEN 
cell library. They showed that its sequence was the same as that published 
from a eutopic source, suggesting that BEN cells produce a normal 
polyprotein, but lack the enzymes necessary to correctly process it. This 
indicates therefore that this cell line ectopically expresses the 
calcitonin/a-CGRP gene, and would therefore be a good candidate cell line 
in which to investigate the control of calcitonin/a-CGRP transcription.

Perhaps surprisingly, HL60 cells, a promyelocytic leukaemic cell line 
(Collins et al.,1911), were not found to be expressing the gene. There is 
a published report of these cells secreting immunoreactive calcitonin,
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Figure 4.2 Investigation of the expression of the calcitonin/a-CGRP 
gene in different cell lines bv RNase mapping

A) The templates usedl to synthesise the riboprobes for RNase mapping 
are shown. PI is the template used to make the calcitonin-specific 
probe, and P2 that usied to produce the CGRP-specif ic probe. The 
templates shown were linearised with Eco RI, and transcribed with SP6 
RNA polymerase to generate the probes shown by arrows. The region that 
will be protected in RNase mapping are depicted by the shaded box.

11 RNase maps
10/ig of total RNA was mapped as described in section 2. 2. 3.4 with 

2 x 105 cpm probe hybridised to each sample of RNA. The lanes are marked 
as follows:-
t) tRNA (negative control)
PI calcitonin specific probe
P2 CGRP specific probe
a) BEN
b) NCI-H69
c) UCH10
d) MCT
e) HL60
f) HeLa
g ) NCI-H82
Figure B1 shows the mapping of lung carcinoma cell line RNA - BEN, NCI- 
H69, UCH 10 together with RNA from Medullary Carcinoma of the Thyroid 
tissue with the calcitonin-specific probe, PI. The photograph shows 
that calcitonin RNA is present in BEN cells and at vast excess in MCT. 
Figure B2 is an overexposure of a separate RNase map, which maps BEN, 
HeLa, HL60 and NCI-H82 RNAs with both calcitonin and CGRP specific 
probes. It can be seen that calcitonin and CGRP transcripts are only 
present in BEN cell RNA, and in no other RNA is either transcript 
detectable.
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detected by radioimmunoassay (Oscier et al. ,1983) . It may be that continual 
cell culture has changed the cell phenotype, so that the cells either do 
not express the gene any longer, or express it at such low levels that it 
is undetectable with our techniques. Whatever the reason, the cells are no 
longer a model of ectopic expression of the calcitonin/a-CGRP gene. The 
other cells screened and found to be negative, were two small cell lung 
carcinoma cell lines, NCI-H69 and UCH 10, both defined as "classic" SCLCs 
(Carney et al. ,1985) . A second RNase map, using both a calcitonin and CGRP 
specific probe, confirmed that BEN cells express the calcitonin/a-CGRP 
gene. Figure 4.2 shows that BEN cells produce both calcitonin and CGRP 
specific RNA, although calcitonin is very much the predominant species. 
This autoradiograph had to be overexposed to make visible the signal from 
the CGRP specific RNA. This figure also shows that NCI-H69, a variant SCLC, 
and HeLa cells, do not express the gene, and confirms that this is true for 
HL60 cells. It was therefore decided to study the mechanism of expression 
of the calcitonin/a-CGRP gene in BEN cells as a model of ectopic 
expression.

4. 3 The effect of cellular effectors on the calcltonin/a-CGRP gene in BEN
cells
In order to observe whether the calcitonin/a-CGRP gene is affected 

by activation of either PKC or PKA, BEN cells were treated with stimulators 
of these pathways. Phorbol-12-myristate-13-acetate (PMA) has been shown to 
be the biologically most active phorbol ester, and was therefore the 
stimulator of PKC chosen (Blumberg, 1988). Forskolin, which activates 
adenylate cyclase directly, and causes a marked increase in intracellular 
cAMP levels (Seamon and Daly, 1981), was employed to stimulate activity of 
the cAMP pathway.

4.3.1 RNA Levels
Figure 4.3 shows the effects on calcitonin specific RNA levels of 

treatment with 10"7M PMA or 10"6M forskolin over 24 hours. It can be seen 
that both agents are able to stimulate RNA levels, although with differing 
kinetics. A visible response (1.8 fold stimulation) to PMA can be seen 
after 9 hours, which increases to over a two fold stimulation after 24 
hours. The effect of PMA on the calcitonin/a-CGRP gene in BEN cells has 
previously been examined. Murray et al.(1988) demonstrated a 70% increase
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Figure 4.3 The effect of cellular effectors on calcitonin RNA levels 
in BEN cells

A) 3 x 106 BEN cells/60mm petri dish were plated out and incubated
in medium containing 10% FCS. Two days later the cells were treated 
with either 10-7M PMA or 10"6M forskolin. After the times indicated, the 
cells were harvested and total RNA was isolated; three plates were 
pooled for each point. 5/ig total RNA was mapped as described (section 
2.2.3.4), with 4 x 105 cpm calcitonin-specific probe (PI, see figure 
4.2) hybridised to each sample. The markers, PAT 153 digested with Hinf 
I, were end-labelled by exchange kinasing, with 7-ATP and T4 
polynucleotide kinase (see section 2.2.2.6.2).

B) The autoradiograph pictured above was analysed with a BioRad 
densitometer (model 620). The graph shows the densitometric readings, 
represented relative to the average of the untreated RNA mapped at 
times 0 and 24 hours.
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in cytoplasmic calcitonin specific RNA levels, after 18 hour treatment 
with 10_7M PMA in BEN cells. This is compatible with our findings.

Forskolin, on the other hand, only elicits a detectable response 
after 24 hours, although the magnitude of the response is greater (2.5 fold 
stimulation) than that seen with PMA. This suggests that the forskolin 
effect may not be a direct response, but may rely on the stimulation of 
transcription and translation of a second factor, which then acts on the 
calcitonin/a-CGRP gene to increase its RNA levels. Treatment of the cells 
with cycloheximide together with forskolin, should be able to show whether 
the response to forskolin is dependent on new protein synthesis. The 
response of TT cells to forskolin and phorbol esters also suggests that 
they act by independent pathways (deBustros et al.,1986).

4.3.2 Nuclear run-ons
An increase in RNA levels does not directly demonstrate an increase 

in transcription. RNA levels may be affected by many steps, most of which 
can be regulated independently. A transcriptional effect can be 
demonstrated by the nuclear run-on assay. It relies on the fact that 
although transcription occurs in the nucleus, the pool of precursor 
ribonucleotides from which nascent RNA is synthesised is found in the 
cytoplasm. When nuclei are rapidly isolated from cells, those genes which 
are being actively transcribed will have pol II molecules 'sitting' on 
them; the higher the rate of transcription of a particular gene, the more 
molecules interacting with it. However, the enzyme will not be able to 
continue transcription as it no longer has available precursors. The nuclei 
are then incubated in vitro with labelled ribonucleotide, and pol II will 
continue transcription of those genes to which it was already bound, 
producing labelled transcripts. The label incorporated into any particular 
transcript is detected by hybridisation to its corresponding DNA. Hence, 
the rate of transcription can be determined for any specific gene by this 
technique, and comparisons can be made between the transcription rate of 
the same gene under different conditions.

This assay was employed to investigate whether the effects of PMA and 
forskolin on calcitonin specific RNA were a reflection of changes in the 
rate of transcription of this gene. Figure 4.4 shows the results of this 
experiment. Cells were treated for 3, 6 and 24 hours with PMA, forskolin 
or ethanol or DMSO (the solvents of the effectors). The nuclei were then
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Figure 4.4 The effect of cellular effectors on the transcription of 
the calcitonin/a-CGRP gene in BEN cells as analysed bv 
nuclear run-ons

BEN cells were plated out at a density of 3 x 106 cells/60mm petri dish. 
They were incubated at 37°C, 5% C02 in medium plus 10% FCS. Two days 
after passaging, either (A) 10”7M PMA or (B) 10"6M forskolin was added 
to each plate. The cells were harvested and the nuclei isolated at the 
times shown. Cells were also treated for 24 hours before harvesting and 
analysis, with identical results. Nuclei, after incubation with 
labelled ribonucleotides (see section 2.2.3.5), were hybridised to DNA 
immobilised on the membrane, Hybond N, as follows: -

1) pGEM 1
2) pGEM CT - the calcitonin-specific probe subcloned in pGEM 1
3) pGEM CGRP - the CGRP-specific probe subcloned into pGEM 1 
C,) H4 - the histone H4 gene
iy ) 123 - a 600 bp unidentified clone used as a positive control (Kemp 

et al.,1986).

Transcription is not detectable for any of the genes except 123.
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isolated and assayed as described in section 2. 2. 3. 5. It can be seen that 
transcription of the calcitonin/a-CGRP gene is not detectable in BEN cells, 
under any conditions, presumably because their rate of transcription is too 
low. The positive control, a cDNA termed 123, is transcribed at a high rate 
in all situations (Kemp et al.,1986), and no other transcript probed for 
is visible. There have been published reports of nuclear run-ons detecting 
transcription of the calcitonin/a-CGRP gene in the TT cell line and in rat 
parathyroid-thyroid tissue (deBustros et al.,1986; Naveh-Many and Silver, 
1988) . There is very little known about the rate of transcription of genes 
which are ectopically expressed in comparison to their transcription rates 
in eutopically expressing tissues. It may be that in BEN cells, the 
calcitonin/a-CGRP gene is only transcribed at a low rate, but that the RNA 
is very stable, due perhaps to some other effect of neoplastic 
transformation on these cells. These results were therefore inconclusive. 
Both phorbol esters and forskolin increase RNA levels of calcitonin/a-CGRP 
in BEN cells, but whether this effect is due to increased transcription 
remains unknown.

4.3.3 Cell Morphology
Interestingly, the application of PMA to BEN cells caused a marked 

alteration in the morphology of these cells. Figure 4.5 shows this change 
after 24 hours of treatment. The effect occurs much more rapidly than this, 
and is usually noticeable within 3 hours. BEN cells exhibit distinct 
heterogeneity in shape and size. They normally grow attached to the flask, 
although not in a distinct monolayer; they form foci and grow in a 
monolayer away from these foci, but at the centre they grow on top of each 
other. After treatment with PMA the cells become smaller, more rounded and 
less attached to the substrate or the layer of cells beneath them. 
Forskolin treatment did not have such a marked effect.

PMA treatment can have completely opposing effects on cells, 
inhibiting or promoting differentiation, dependent on the cell type 
(Blumberg, 1988). It is assumed that these effects are mediated by co
ordinate sets of activated or repressed genes, those receptive to 
alterations determined by the exact type and state of the cell. The 
previous studies on the alteration of calcitonin/a-CGRP expression by PMA 
in TT cells, recorded a more differentiated phenotype of the cells 
resulting (deBustros et al.,1985). This change in morphology was
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Figure 4.5 The effect of cellular effectors on the morphology of BEN 
cells

BEN cells were plated out at 3 x 106 cells/ 60mm petri dish and 
incubated at 37°C. Two days later they were treated with either (B) 2.5 
x 10-5M forskolin plus 0.5mM IMX (3-isobutyl-1-methylxanthine, a 
phospodiesterase inhibitor (Seamon and Daly, 1981)); or (C) 10"7M PMA, 
for 24 hours before photography. To the untreated cells (A) were added 
either 25fil ethanol or 10/il DMSO, the solvents of forskolin and PMA 
respectively. There was no morphological difference between the two 
sets of untreated cells. Cells were viewed at x 40 magnification on the 
Nikon Diaphot-TMD microscope, and photographed with a Nikon FE-2 camera 
on Kodak ektachrome 50 film.
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accompanied not only by increases in the levels of RNA and rate of 
transcription of the calcitonin/a-CGRP gene, but also by enhanced 
calcitonin secretion, reduced DNA synthesis and reduction in c-myc RNA. The 
authors suggest that inhuman medullary thyroid carcinoma cells in culture, 
phorbol esters induce a programmed pattern of events resulting in 
differentiation of these cells. Interestingly, the changes in morphology 
of TT and BEN cells upon phorbol ester treatment are very similar. However, 
whereas TT cells (eutopically expressing thyroid cells), which express 
and secrete more calcitonin and CGRP are exhibiting a more differentiated 
phenotype; increased calcitonin/a-CGRP levels in BEN cells (ectopically 
expressing lung cells), signifies the exact opposite. Therefore, it appears 
that phorbol esters, by promoting the phenotype of thyroid cells in lung 
cells, reinforce the ectopic expression, pushing BEN cells further back 
along the dedifferentiation pathway or further along the incorrect 
differentiation pathway.

Although no direct proof existed to show that the calcitonin/a-CGRP 
gene was transcriptionally regulated by PMA and forskolin in BEN cells, 
circumstantial evidence suggested that this was the case. The existence of 
so many putative cis-acting control sequences in the 5' regulatory region 
of the calcitonin/a-CGRP gene that mediate the response to these agents, 
together with the direct demonstration that this gene was transcriptionally 
activated by them in TT cells, suggested that the increased RNA levels in 
BEN cells after PMA and forskolin treatment was the result of a 
transcriptional response. In order to investigate this and to delineate 
those sequences which mediate this effect, it was decided to make CAT 
constructs with the promoter region of the calcitonin/a-CGRP gene, and to 
transfect these into BEN cells.

4.4 CAT Assays
The development of techniques which enabled mammalian cells to take 

up and express exogenously added DNA has proved to be one of the most 
powerful advances in the analysis of eukaryotic gene expression. One result 
of these techniques has been the ability to identify and characterise 
transcription control signals for individual genes, by introduction of 
cloned copies of the gene into cells, and analysis of their expression upon 
deletion and mutation of certain regions. However, if analysis is by
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examination of RNA levels, it is necessary to mark the gene in some way 
to distinguish it in some way from its endogenous counterpart. An easier 
and simpler method was pioneered by Gorman et al. (1982) , which utilises the 
bacterial antibiotic resistance gene, chloramphenicol acetyl transferase 
(CAT) , as a reporter gene to monitor expression. The gene product is a 
prokaryotic enzyme and no endogenous activity exists in mammalian cells. 
Additionally, rapid, simple and sensitive assays for CAT activity have been 
available since the investigations of bacterial resistance by Shaw (1975) .

Promoter function is usually measured by construction of a series of 
deletion constructs, fusing various regions of the promoter to the CAT gene 
in a eukaryotic expression vector. These plasmid vectors usually have three 
additional components (Gorman, 1986): a prokaryotic replication origin and 
antibiotic resistance gene, for selection and propagation of the DNA within 
a bacterial host; eukaryotic elements which control initiation of 
transcription, which are usually added according to the exact experiment; 
sequences involved in the processing of transcripts, including splicing and 
polyadenylation sequences to ensure efficient expression in mammalian 
cells. The strength of the promoter is reflected in the resulting activity 
of the CAT enzyme. Although this is an indirect measure, quantifying 
protein product as opposed to RNA levels; the availability of a simple, 
reproducible assay for the protein has resulted in the use of CAT assays 
as standard procedure.

There are basically two types of experiments using mammalian gene 
transfer techniques - transient and stable expression. Transient expression 
allows examination of the transfected gene products from a few until 80 
hours after transfection. The level of transient expression in a 
transfected culture is determined in large part by the number of cells 
which take up the transfected gene and by the number of copies of that gene 
then expressed by the host cell. The plasmid vectors are taken into the 
nucleus, but do not become integrated into the host cell chromatin in the 
course of the experiment (Gorman, 1986). This approach enables rapid 
characterisation of the effects of the different constructs on CAT activity 
and was the method employed to investigate calcitonin/a-CGRP transcription 
in BEN cells in this thesis. In a small fraction of the cells the exogenous 
DNA becomes randomly linked to the cellular genome and is then stably 
maintained. Stable expression studies take much longer to establish as 
recombinant cells have to be selected for by a co-transfected selectable
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marker gene product, a process which requires several weeks. Also, the 
integrated DNA is frequently expressed inefficiently and may become 
methylated and transcriptionally inactive (Cullen, 1987) . Therefore, stable 
expression studies are only undertaken when long term studies on one or a 
few constructs are needed.

Many techniques have been developed for introducing foreign DNA into 
mammalian cells. These include DEAE Dextran, calcium phosphate 
precipitation, liposome fusion, electroporation and scrape loading. The 
establishment of a transfection protocol for transfecting BEN cells is 
described in Appendix B. One interesting result from these initial 
experiments was the demonstration that the SV40 early promoter is not able 
to direct transcription in BEN cells. This may be due to the aberrant 
expression of a repressor protein in these cells. If this were the case, 
it would be similar to the repressor which is expressed in embryonal 
carcinoma cells (Gorman et al.,1985). Indeed, BEN cells have been shown to 
express another embryonic marker, carcinoembryonic antigen (CEA) (Ellison 
et al.,1975; Benchimol et al.,1989). The significance of this observation 
is unknown.

Appendix A details the setting up and standardising of the assay for 
CAT activity. Concurrent with these procedures was the construction of 
chimaeric CAT vectors, regions of the calcitonin/a-CGRP promoter were fused 
to the CAT gene in a eukaryotic expression vector.

4.4.1 Construction of recombinant CAT vectors
Two cloning steps were necessary to construct the original 

calcitonin/a-CGRP-CAT vectors. pGC12, a sub-clone of the original cos CT1 
was digested with Sfa N1, which cuts eight bases into exon 1, filled in and 
digested again with Xba 1 to generate a 750 bp fragment. This was cloned 
into the Xba 1/ Hinc II digested polylinker of pUC 12 to make pAJS2. 
Originally this fragment and deletions of it were then cloned into a 
modified pSV2CAT to generate the pCALCAT series of vectors. However, there 
then appeared a published report of CAT vectors with polylinkers (Freborg 
and Brison, 1988). As pSV2CAT has very few cloning sites, and further CAT 
plasmids were planned, which were all to be in the same parent vector,it 
was decided to reclone the original CALCAT vectors into the new vectors, 
Gcat-a and Gcat-c, to ease further cloning.
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Figure 4.6 Construction of CAT constructs with the 5* flanking region
of the human calcitonin/q-CGRP gene

The three parent vectors pGC22, Gcat-c and pAJS2, used to make the 
calgcat series of vectors are shown. Gcat-c, and Gcat-a which is the 
same vector with its polylinker reversed, were obtained from Drs. 
Frebourg and Brison (1988). pAJS2 was created by ligating a 730bp Sfa 
Nl/ Xba I fragment from pGC12, a subclone of cos CT1, to Hinc II/Xba I 
digested pUC 12, after blunt-ending of the Sfa NI end. This fragment 
extends from the Bgl II site of the genomic clone, to the Sfa Nl site 
eight bases inside exon one. pGC22 is a subclone of cos CT1 in pGEM 1, 
whose 3. 7kb insert extends from an Eco R1 site in the cosmid vector, to 
the Bam HI site 140bp upstream of the transcription start site of the 
calcitonin/a-CGRP gene. The relevant restriction enzyme sites are 
marked.

Calgcat 2 was produced by ligation of a 750 bp Xba I/Hind III 
fragment from pAJS2 to Xba I/Hinc II cut Gcat-c. Calgcat 1 was 
constructed by the exchange of a 600bp Kpn I/Bam HI fragment from 
calgcat 2 for a 1530 bp fragment with identical ends from pGC22, 
another subclone of cos CT1. A 290 bp Msp I/Hind III fragment of pAJS2 
cloned into Acc I/Hind III digested Gcat-c generated Calgcat 3. Calgcat 
4 was constructed from a 140bp Bam Hl/Pst I fragment of pAJS2, ligated 
to a Bam Hl/Pst I cut Gcat-c.
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Calgcat 2 was produced by ligation of a 750 bp Xba I/Hind III 
fragment from pAJS2 into Xba I/Hinc II cut Gcat-c. Calgcat 1 was 
constructed by the exchange of 600bp Kpn I/Bam HI fragment from calgcat 2 
for a 1500 bp fragment with identical ends from pGC22, another subclone of 
cos CT1. A 295 bp Hpa II/Hind III fragment of pAJS2 cloned into Acc I/Hind 
III digested Gcat-c generated Calgcat 3. Calgcat 4 was constructed from a 
150bp Bam Hl/Pst I fragment of pAJS2, ligated into a Bam Hl/Pst I cut Gcat- 
c. These sub-clonings are all detailed in figure 4.6. A map of the 
resulting plasmids is shown in figure 4.7.

4.4.2 Basal levels of CAT activity in BEN cells
The four calgcat plasmids were introduced into BEN cells by calcium 

phosphate transfection, performed as detailed in appendix B. The results 
of this experiment are shown in figure 4.8. Calgcat 4, containing only 150 
bp upstream sequence of the calcitonin/a-CGRP gene, possesses the TATA box, 
one Spl binding site and the ATF recognition sequence, ENKCRE-2. This 
construct has little activity and all other values are calculated relative 
to it. It is perhaps surprising that there is such low activity directed 
by this plasmid, but perhaps it indicates that other proteins are required 
which bind to sequences further away from the CAP site than are present in 
this plasmid. Ubiquitous Spl would then contribute to the activation 
potential generated by these more powerful proteins, but by itself is 
unable to achieve much. The lack of activity may also signify that the 
common trans-acting factor which interacts with other neurotransmitter 
genes, may not be present in BEN cells.

Calgcat 2 and calgcat 3 have very similar activity, 4-5 fold less 
than calgcat 1 and 6-7 times greater than calgcat 4. Although calgcat 2 has 
less activity than calgcat 3 this difference is not significant. There are 
no recognisable consensus sites in the sequence between calgcat 2 and 
calgcat 3. The 6 fold greater activity than calgcat 4 is presumably due to 
proteins binding to the larger sequence and stimulating transcription. 
Although there are potential binding sites for transcription factors in 
this region, including an octamer motif and two CREs, it is not possible 
to attribute a function to any of them. Calgcat 1 has the highest activity, 
over 30 fold greater than calgcat 4. There is a lOOObp difference between 
calgcat 2 and calgcat 1 that contains many putative recognition sequences 
which may be responsible for the increased transcription, although again
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Figure 4.7 The position of the calgcat vectors relative to the
potential recognition sites for trans-acting factors

Promoter fragments in calgcat 1,2,3 and 4 are shown relative to the 
putative regulatory sequences in the 5' flanking region of the human 
calcitonin/a-CGRP gene, as discussed in chapter 3. All fragments are 
cloned in to the CAT vector, Gcat-c (see figure 4.6). The 1.67kb insert 
in calgcat 1 extends from the Kpn I site to 8bp inside exon 1, where it 
is fused to the polylinker of Gcat-c, and then the CAT gene. The 3f 
ends of all the inserts in the four calgcat vectors are constructed in 
the same way. The 750bp insert of calgcat 2 extends from the Bgl II 
site into exon 1. The 290bp insert of calgcat 3 extends from the Msp I 
site into exon 1 and the 140bp insert of calgcat 4 extends from the Bam 
HI site to the same place.
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Figure 4.8 Expression of the calgcat vectors in BEN cells

A) 3 x 106 BEN cells/60mm petri dish were plated out on day 1 and 
incubated in medium containing 10% FCS at 37°C, 5% C02 . After 24 hours,
1.5 ml medium was removed from each plate and the cells replaced in 
the incubator. At least one hour later, calcium phosphate precipitate 
was added to each plate containing 10/xg plasmid. The cells were quickly 
returned to the incubator, and the precipitate left on overnight. The 
next morning the precipitate was removed, the cells glycerol shocked 
for 2 minutes, washed and fresh medium was added. They were returned to 
the incubator, harvested 36 hours later, and the extracts assayed for 
CAT activity. An autoradiograph is shown of the CAT activity generated 
by transfection of calgcat 1, 2, 3 and 4 into BEN cells.

B) Bar graph presenting the data from the experiment presented in 
(A). Data are the average of two separate transfections performed in 
triplicate. Results are determined by liquid scintillation counting of 
the TLC plates, and calculated as the percentage conversion of 
chloramphenicol to its products, relative to that generated by calgcat 
4.
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it is not possible to attribute functional, importance to any of them. The 
large increases between all thsse CAT vectors suggests that there is strong 
synergism acting between some or all of tthe transcription factors which 
interact with the 5'regulatory region of ithe calcitonin/a-CGRP gene.

4.4.3 The effect of cellular effectors on the calgcat vectors in BEN cells
To further investigate whether the (effects of PMA and forskolin on 

calcitonin/a-CGRP RNA levels in BEN cells were transcriptional, calgcat 1- 
4 were transiently transfected into BEN cells. The CAT activity resulting 
after 24 hour treatment with either PMA or forskolin is depicted in figure 
4.9. Calgcat 4 is stimulated 2 fold by both forskolin and phorbol ester. 
This slight stimulation is probably caused by interaction of an inducible 
factor with the CRE/ENKCRE-2 present in the vector. Calgcat 3 is also 
stimulated 2 fold by both PMA and forskolin. As there are a total of three 
potential CREs in this plasmid, it may be through these that the effect is 
mediated. Calgcat 2 is stimulated to a greater extent, by treatment with 
these agents. It shows a four fold stimulation to forskolin and a three 
fold rise after PMA treatment. As there are no recognisable consensus 
sequences in the difference between calgcat 2 and calgcat 3, it suggests 
either that non-inducible proteins that bind to this region contribute to 
the stimulation in a synergistic manner; or that there are inducible 
proteins that will bind in this region, but that neither they nor their 
recognition sequence have yet been characterised.

Calgcat 1 exhibits strong stimulation after treatment with PMA; a 
six fold induction, as compared to only two fold with forskolin. This 
suggests that there is a sequence or sequences which mediate this response 
in the 1000 bp upstream of calgcat 3. However, there are a number of 
candidate sequences, as there exists three potential API sites, one AP4 and 
one AP5 consensus and one CRE in this region. It is impossible to determine 
which, or how many factors interact and through which sequences. The two 
fold induction is similar to that observed with the majority of calgcat 
constructs and suggests that the forskolin inducibility of the gene is 
probably determined by sequences acting further downstream.

These experiments demonstrate that the increase in RNA levels of the 
calcitonin/a-CGRP gene in BEN cells in response to PMA and forskolin is at 
least partly due to an increase in promoter activity. However, the 
forskolin and phorbol ester induction resulting from CAT assays, differs
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Figure 4.9 The effect of cellular effectors on the expression of the 
calgcat vectors in BEN cells

A) BEN cells were plated out and transfected as described in figure 
4.8. On day 3, 4 hours after the cells were fed with fresh medium, PMA
(P) (10“7M in DMSO) or forskolin (F) (2.5 x 10"5M in ethanol) with IMX
(0.5mM in 1:1 methanol:M ammonium solution) were added to the cells. 
Untreated cells (U) either had equivalent amounts of DMSO or ethanol 
and methanol: ammonium solution added to them to ensure that the
solvents did not have an independent effect on the expression of the
CAT vectors. Cells were harvested 24 hours later, lysed and the extract 
assayed for CAT activity. The autoradiograph shown presents a 
representative sample of the results.

B) CAT activity was quantitated as described previously (see figure 
4.8) and calculated relative to the activity of untreated calgcat 4. 
Data are the average of two separate transfections performed in 
triplicate.
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somewhat from those observed in the RNA levels. After 24 hours the 
calcitonin RNA in cells treated with forskolin was more induced that in 
cells treated with PMA. As CAT assays measure protein levels, there may be 
an element of time difference involved, although that is unlikely. It is 
probable that there is differential effect of RNA stability between the two 
assay systems, as only promoter strength is evaluated in CAT assays, and 
the RNA produced from the CAT vector is prokaryotic and totally different 
from calcitonin RNA. Thus the stability of the two RNAs is not comparable. 
It may also be that as we only have 1800 bp of 5' upstream sequence, some 
of the sequences responsible for the forskolin or PMA response stimulation 
are not present in this region; being situated further upstream, or in the 
introns. The differences in PMA and forskolin stimulation of the 
constructs, particularly of calgcat 1, confirm the suggestion that the two 
pathways, through PKA and PKC act to increase transcription of the 
calcitonin/a-CGRP gene via independent mechanisms.

The strong stimulation by PMA of calgcat 1 in BEN cells suggests that 
this may be a mechanism which contributes to ectopic expression of the 
calcitonin/a-CGRP gene. A number of oncoproteins act through the protein 
kinase C pathway (Herrlich and Ponta, 1989). It may be that factors present 
in this cell together with over stimulation of the PKC pathway induces 
higher expression of this gene. However, it is unlikely that this is the 
primary cause of ectopic expression; as these pathways a m  stimulated 
through proto-oncogene activation in many tumours, but only a small 
percentage of these express the calcitonin/a-CGRP gene. It is more 
probable that overactivation of the PKC pathway, promotes the expression 
of the calcitonin/a-CGRP gene that has been 'switched on' by some other 
change. This would be analogous to one of the secondary steps in the multi- 
step development of the neoplastic phenotype.
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Chapter 5 COMPARISON OF THE REGULATION OF THE CALCITONIN/a-CGRP 
GENE IN BEN AND HELA CELLS

To gain further insight into the mechanism of ectopic expression of 
the human calcitonin/a-CGRP gene, the mechanism by which the gene is not 
transcribed in certain cell types was investigated. HeLa cells, which had 
been shown by RNase mapping (figure 4.2) not to express the gene, were 
chosen as the model of a non-expressing cell line. The HeLa cell line was 
established in 1952 from a cervical carcinoma and has been extensively 
characterised. There are now many sub-types of HeLa cells, the diversity 
generated by prolonged culture. The HeLa cells in our laboratory have been 
karyotyped and shown to possess characteristic HeLa cell chromosomal 
abnormalities. The cells have rapid growth characteristics, are easy to 
manipulate, and were therefore the natural choice for a non-expressing cell 
line. In the course of establishing transfections, the original 
calcitonin/a-CGRP promoter-CAT construct, pCALCAT 1, containing 750bp of 
5' flanking sequence, was transfected into HeLa cells and shown to direct 
significant activity. Although this result was a little surprising, it 
provided a way to investigate the regulation of the calcitonin/a-CGRP gene 
in cells which do not express the endogenous gene, and, through a 
comparison with the results from similar experiments in BEN cells, to gain 
insight into the mechanism of ectopic expression.

5.1 Basal level expression of calcitonin/a-CGRP-CAT vectors in HeLa cells
Figure 5.1 shows the resultant CAT activity after transfection of the 

plasmids calgcat 1-4 (see figure 4.7) into HeLa cells, relative to the 
activity of calgcat 4. The most striking feature of these results is that 
the activity of calgcat 1, the largest CAT construct with 1.67 kb of 
upstream sequence, is less than half that produced by calgcat 2, which has 
almost 1 kb less of upstream sequence. Calgcat 3 generates a slightly lower 
CAT activity than calgcat 2, but still 15 fold greater than calgcat 4, 
which exhibits minimal activity. These results suggest that there is a 
sequence between -1.67kb and -0.73kb upstream of the transcription start 
site that mediates repression of this gene, possibly through interaction 
with a trans-acting factor.

Figure 5.2 represents the activities of calgcat 1-3 relative to that 
exhibited by calgcat 4 in both HeLa and BEN cells. Care must be taken not
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Figure 5.1 Expression of the calgcat vectors in HeLa cells

A) 7 x 105 HeLa cells /100 mm petri dish were plated out on day 1
and incubated as described (section 2.1.3). They were transfected on 
day 2 with 10/ig plasmid DNA, and glycerol shocked for 30 seconds the 
next morning. 36 hours later the cells were harvested and their extract 
assayed for CAT activity. The autoradiograph shown represents the CAT 
activity generated by each of the plasmids, calgcat 1,2,3 and 4.

B1 Bar graph presenting the data of the experiment described in (A) . 
CAT activity was quantitated as described previously (see figure 4.8), 
and calculated relative to the activity of calgcat 4. Data is the 
average of two transfections performed in triplicate.
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Figure 5.2 Comparison of the activity of the calgcat vectors in BEN 
and HeLa cells

Data are from the experiments described in figures 4.8 and 5.1. CAT 
activity is expressed relative to that of calgcat 4 for each cell line.
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to compare absolute activity levels across cell lines. Transfection 
efficiencies show enormous variation between cell lines, and even 
standardising against a highly expressed vector, such as RSVCAT, is not 
possible as there may well be variation in the relative strength of 
transcription driven by this promoter. Emphasising this point, it was found 
that SV2CAT activity is repressed in BEN cells (see figure B5) . Therefore, 
the only comparison that is valid is that between different constructs 
within one cell line.

Figure 5.2 demonstrates that not only is there no repression acting 
on calgcat 1 in BEN cells, but that the same 940 bp which is responsible 
for the repression in HeLa cells, also contains elements which strongly 
enhance the expression of calgcat 1 in BEN cells.

5 . 2 Co-transfection with the repressor region
The hypothesis emerging from the results portrayed in figure 5.1 is 

that there is a cis-acting element situated between -0.73 and -1.67 kb 
upstream of the transcription start site of the calcitonin/a-CGRP gene, 
which, possibly by binding a trans-acting factor, mediates the repression 
of this gene in HeLa cells. Repression is not always mediated by a trans
acting factor. The c-myc gene is regulated by a 'silencer' element, which 
is able to act in either orientation to inhibit transcriptional activity 
without binding a regulatory protein (Linzer, 1986). It was therefore 
necessary to establish whether the repression is mediated by a trans-acting 
factor, or is an effect of the sequence alone. This was tested by 
competition for the putative repressor protein, by co-transfecting calgcat 
1 with increasing amounts of the region shown to mediate the repression. 
When presented with an excess of the sequence with which it interacts, the 
limited amount of factor should be competed out of binding to the same 
sequence in calgcat4-Hence the repression will be lifted and the CAT 
activity directed by calgcat 1 will increase.

The 940 bp fragment between -0.73 and -1.67, was subcloned from 
calgcat 1 into pGemBlue 4 to form pAJS7. Increasing amounts of pAJS7 were 
cotransfected with a constant amount of calgcat 1 into HeLa cells, and the 
CAT activity assayed after 72 hours. The total amount of DNA added in each 
precipitate was kept constant with the addition of the necessary amount of 
the parent vector, pGemBlue 4. Figure 5.3 shows the results of this 
experiment. It can be seen that increasing amounts of pAJS7 were able to
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Figure 5.3 Co-transfection of increasing amounts of the negative
element with calgcat 1 in HeLa cells

A) 7 x 105 Hela cells were plated out as described before (figure 
5.1). Cells were transfected overnight from day 2 to day 3. Each plate 
was transfected with 25/ig plasmid DNA, which consisted of 5/ig calgcat
I or calgcat 2 and varying amounts of pAJS7 and pGemBlue 4 (pGB4) , as 
indicated below. pAJS 7 was produced by ligation of a 940bp Eco RI/Bgl
II fragment of calgcat 1 into Eco RI/Bam HI digested pGemBlue 4. Cells 
were harvested and their extract assayed on day 5, 48 hours after the 
precipitate was removed and the cells glycerol shocked. A 
representative autoradiograph from this experiment is shown. Lanes are 
marked as follows:-

A 5/ig calgcat 2 20/ig pGB4 -
B 5/ig calgcat 1 20/ig pGB4 -
C 5/ig calgcat 1 15/ig pGB4 5/ig pAJS7
D 5/ig calgcat 1 10/ig pGB4 10/ig pAJS7
E 5/ig calgcat 1 5/ig pGB4 15/ig pAJS7
F 5/ig calgcat 1 - 20/ig pAJS7
G - 10/ig pGB4 15/ig pAJS7

B) Graph representing the data generated in the above experiment. 
Data has been left as the % conversion of chloramphenicol to its 
acetylated products. Cells transfected with 5/tg calgcat 2 and 20/ig 
pGemBlue 4 produce an activity of 9.9% conversion of chloramphenicol to 
its products. This is marked by the dotted line.
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titrate out the repression and restore levels of CAT activity generated 
by calgcat 1 to those exhibited by calgcat 2. The ability of this 940 bp 
fragment to relieve the repression, strongly suggests that the repression 
is caused by a trans-acting factor.

pAJS7 is smaller than calgcat 1 (the ratio is 1:1.7). Thus, the molar 
ratios of the two plasmids is not the same as the ratio of DNA added. The 
repression is blocked when the ratio of DNA co-transfected is 1:4 (calgcat 
l:pAJS 7), which is equivalent to a molar ratio of 1:7. Hence, a seven
fold excess of the 940 bp fragment is able to compete out the repressor 
binding. The demonstration that co-transfection with pAJS7 derepresses 
calgcat 1 - directed CAT activity, reinforces the hypothesis that the 
calcitonin/a-CGRP gene in HeLa cells is repressed through interaction with 
a repressor protein, which binds between -0.73kb and -1.67kb upstream of 
the transcription start site.

5.3 Stimulation of the calgcat plasmids with cellular effectors in HeTa
cells.
The experiments presented in Chapter 4 showed that the 5' regulatory 

region of the calcitonin/a-CGRP gene was able to mediate transcriptional 
stimulation by both forskolin and phorbol esters in BEN cells, but 
suggested that although this stimulation may promote the ectopic expression 
of the gene, it probably was not the primary cause. In this chapter it has 
been established that one potential causative factor in ectopic expression 
of the calcitonin/a-CGRP gene in BEN cells is the absence of a repressor 
protein. It was therefore of interest to see whether the presence of a 
repressor in HeLa cells would affect the stimulation of this promoter by 
forskolin and phorbol esters.

The calgcat series were transfected into HeLa cells and the cells 
were treated with either PMA (10"7M) or forskolin (10“6M) for 24 hours 
before harvesting. Figure 5.4 shows the effect of this treatment on the 
CAT activity generated by these plasmids. Forskolin elicited a maximal two 
fold stimulation of calgcat 1 and 4, with a slightly lower 1.5 fold 
stimulation of calgcat 2 and 3. The response to forskolin is similar, 
although slightly lower than that in BEN cells. It presumably occurs 
through similar sequences, although the exact mechanism will depend on the 
cell-specific factors available.
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Figure 5.4 The effect of cellular effectors on the expression of the
calgcat vectors in HeLa cells

A) HeLa cells were plated out and transfected as described in figure 
5.1. Four hours after removal of the calcium phosphate precipitate and 
glycerol shocking, cells were treated with reagents as described in 
figure 4.9. 24 hours later the cells were harvested and their extract 
assayed for CAT activity. The autoradiograph is representative of the 
results obtained with 
(U) untreated cells 
(F) forskolin treated cells 
(P) PMA treated cells.

B) CAT activity was quantitated as described previously (see figure
4.8) and is expressed relative of the activity of calgcat 4 in 
untreated cells. Data are the average of two separate transfections 
performed in triplicate.
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There was no significant stimulation with any of the CAT vectors 
after treatment with PMA. This result again indicates that phorbol ester 
and cAMP induction of the calcitonin/a-CGRP gene operate independently of 
each other.Interestingly, PMA, but not forskolin, altered the HeLa cell 
morphology, so that the cells began to extend axons, and took on a neuronal 
appearance. This is shown in figure 5.5. This change not only showed that 
the PMA used was biologically active, but reemphasises the variety of 
responses that phorbol esters can induce, dependent on the cell type.

Figure 5.6 is a comparison of the effects of forskolin and PMA on the 
CAT activity directed by the calgcat series in HeLa and BEN cells. Each 
activity is expressed relative to the activity of calgcat 4 in untreated 
cells of the corresponding cell line. The most striking feature is the 
complete absence of any stimulation by PMA of CAT activity directed by the 
calgcat plasmids in HeLa cells as compared to the massive PMA stimulation 
of calgcat 1 in BEN cells. That PMA can affect the behaviour of HeLa cells 
is shown both by the alteration in HeLa cell morphology upon addition of 
PMA to the cells, and the fact that most of the AP family of factors were 
originally characterised as binding activities in HeLa cell extracts (Chiu 
et al. , 1987). Thus, the lack of stimulation is not due to the lack of 
activity of PMA in these cells, and may be an effect of the repressor 
protein.

5.4 Further definition of the negative element
Previous experiments (in section 5.1) have defined a repressor 

binding site as situated between -0.73 and -1.67 kb upstream of the 
transcription start site of the calcitonin/a-CGRP gene. This is a large 
region and further studies on the repressor would be aided by localisation 
of its binding site. With this aim three additional calgcat plasmids were 
constructed to span the region between calgcat 1 and 2. Maps of these are 
shown in figure 5.7.

The calgcat plasmids 1,2, 5, 6 and 8 were transfected into HeLa cells, 
and their CAT activity assayed after 72 hours. These results are shown in 
figure 5.8, and are expressed relative to the CAT activity generated by 
calgcat 2. Calgcat 8, containing 935 bp of upstream sequence, has a quarter 
of the activity of calgcat 2, suggesting that repression is operating. 
However, calgcat 6, which is 537 bp longer than calgcat 8, has much higher 
activity; 67% greater than calgcat 2 and seven fold greater than calgcat
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Figure 5.5 The effect of cellular effectors on the morphology of HeLa
cells

A) HeLa cells were plated out at 7 x 105 cells/lOOmm petri dish and 
grown for two days before treatment as described in figure 4.5: -
A) untreated cells
B) PMA treated cells
C) forskolin treated cells
After 24 hours they were photographed as described (figure 4.5).
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Figure 5.6 Comparison of the effect of cellular effectors on the
expression of the calgcat vectors in HeLa and BEN cells

Data are a comparison of the experiments presented in figures 4.9 (BEN 
cells) and 5.4 (HeLa cells). CAT activity is expressed relative to the 
activity of calgcat 4 in untreated cells of the corresponding cell 
line.
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Figure 5.7 Map of additional calgcat constructs

The three new calgcat vectors were all constructed from digests of 
calgcat 1. Calgcat 5 was made by ligation of a 1.53 kb Pst I fragment, 
to Pst I digested Gcat-c. A 1.47kb Hind III/Pst I fragment from calgcat 
1 was ligated to Hind III/Pst I digested Gcat-a to generate calgcat 6. 
Calgcat 8 was produced by ligation of a 0.94 kb Pvu II/ Pst I fragment 
to Sma I/Pst I digested Gcat-c.
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8. This indicates that the repression mediated by the 200 bp between 
calgcat 2 and 8 is not that responsible for the repression of the 
calcitonin/a-CGRP gene in HeLa cells. It also shows that there is a strong 
enhancer in the 537bp between calgcat 6 and 8. The high CAT activity 
produced by calgcat 6 is almost completely absent in calgcat 5, which is 
only 53 bp longer. Calgcat 5 has only 7% of the activity of calgcat 6, 
and only 13% of that of calgcat 2. This, then, is the potential repressor 
binding site. Examination of the sequence of this 53 bp (see figure 5.11) 
reveals no recognisable consensus sequence, or region of dyad symmetry.

5.5 Comparison of the effect of the calcitonin/a-CGRP negative element
in BEN and HeLa cells
The prediction from all the previous work is that the calgcat 

constructs, 5,6, and 8, expressed in BEN cells should not show any 
repression. Figure 5.9 shows the results of this experiment. The CAT 
activities are expressed relative to that of calgcat 2. In general the 
results agree with the prediction. There is no repression of calgcat 5, in 
fact it directs higher CAT activity than that of calgcat 6. This suggests 
that when the repressor is absent, positive trans-acting factors are able 
to interact with this 53bp region and stimulate transcription. Calgcat 8 
is strongly repressed in BEN cells as well as in HeLas (see figure 5.10). 
Neither this repression, nor the strong activating region between calgcat 
8 and 6, appear to be cell-specific.

5.6 The effect of the negative element on a heterologous promoter in HeLa
cells
To determine whether the repressor would repress transcription from 

a heterologous promoter, the 53bp Pst I/Hind III fragment was sub-cloned 
upstream of the Herpes Simplex Virus Thymidine Kinase (HSV-tk) promoter in 
the vector Bleat 2 (Luckow and Schutz, 1987), as shown if) figure 5.11. This 
construct, Rcat 1, was introduced into HeLa cells, extracts made 72 hours 
later, and its CAT activity determined in comparison to the CAT activity 
directed by the parent vector, Bleat 2. Figure 5.11 (B) shows that 
transcription was not repressed from the HSV tk promoter by the addition 
of this 53 bp sequence. HeLa cells transfected with Rcat 1 exhibited 6% 
more CAT activity than those transfected with Bleat 2. This is not
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Figure 5.8 Expression of the additional calgcat vectors in HeLa cells

A) Autoradiograph of the CAT assay of HeLa cells transfected with 
the calgcat vectors. Cells were plated out and transfected as described 
in figure 5.1. They were harvested and assayed for CAT activity, 72 
hours after transfection.

B1 Bar graph representing the data generated in the above 
experiment. The results are the average of two transfections performed 
in triplicate. The data was collected as described in figure 4.8, and 
the CAT activity is expressed relative to that of calgcat 2.
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Figure 5.9 Expression of the additional calgcat vectors in BEN cells

A) Autoradiograph of the CAT assay of extracts of BEN cells 
transfected with the additional calgcat vectors. Cells were plated out 
and transfected as described in figure 4.8. They were harvested and 
assayed for CAT activity 72 hours after transfection.

B) Bar graph representing the results portrayed in the 
autoradiograph in (A). Data were obtained as described in figure 4.8 
and the CAT activity is expressed relative to that of calgcat 2.
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Figure 5.10 Comparison of the activity of calgcat 1.5.6.8 and 2 in 
HeLa and BEN cells

The graphs compare the results presented in figures 5.8 and 5.9. CAT 
activity is expressed relative to that of calgcat 2 in each cell line.
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Figure 5.11 The effect of the negative element on a heterologous
promoter in HeLa cells

A) Construction of Rcat 1. The 53 bp Pst I/Hind III fragment from 
calgcat 5 was ligated to Pst I/Hind III digested Bleat 2 to produce 
Rcat 1. The plasmid was sequenced to ensure that only one copy of the 
fragment was present.

B) Autoradiograph of the CAT activity generated upon transfection of 
Rcat 1 and Bleat 2 into HeLa cells. Cells were plated out and 
transfected as described in figure 5.1. 72 hours after transfection 
they were harvested and their extract assayed for CAT activity. 
Quantitation of the data, as described (figure 4.8), shows that Rcat 1 
produces 6% more CAT activity than the parent vector Bleat 2.
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significant. Thus, the putative 53bp repressor binding site is unable to 
repress transcription from a heterologous promoter.
5.7 Discussion
5.7.1 Effect of the CpG island

The presence of a CpG island at the 5' end of the calcitonin/a-CGRP 
gene has implications for regulation of its expression. The theory of CpG 
islands, as outlined in chapter 3, states that these regions are 
unmethylated in all tissues leading to a more open chromosome structure 
with easy access of transcription factors to the DNA. Thus, if this region 
is a true CpG island, then repression of its expression in non-expressing 
cells may not be mediated by localised chromatin structure, but may be 
dependent on direct repression by negatively acting proteins. Such a case 
has been demonstrated for the gene encoding the retinol-binding protein 
(see section 3.3), where binding of a repressor to a region of the 5' 
regulatory region of this gene was shown to silence expression of the gene 
in non-expressing cells. Repression of the CAT activity of calgcat 5 
relative to that of calgcat 6 (figure 5.8) in HeLa cells suggests that a 
similar mechanism is operating with the calcitonin/a-CGRP gene in these 
cells. Binding of a repressor protein to a sequence between -1.51kb and - 
1.46kb upstream of the transcription start site, is able to repress 
transcription from the calcitonin/a-CGRP promoter in HeLa cells.

Repression of promoter activity by a sequence upstream of the 
transcription start site explains why these CAT constructs are expressed 
in HeLa cells, when the endogenous gene is not. However, the expression of 
these constructs also highlights the limitations of the transfection 
technique. This system only allows examination of the availability of 
factors, their ability to recognise and bind to the sequence under study 
and to interact with other trans-acting factors that do the same. Thus, 
although this system is more related to the in vivo situation than in vitro 
binding studies, it cannot detect any influence that chromosome structure 
or methylation may have on the expression of the gene in question. It is 
therefore possible that, despite the presence of the CpG island, more 
generalised chromatin structure or methylation changes may aid in the 
repression. This is also suggested by the fact that calgcat 1, despite 
being repressed, still directs significant expression of the CAT gene. 
Thus, the repression mediated by the 5 3bp, may not be the full explanation 
for the absence of calcitonin/a-CGRP expression in HeLa cells.
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Alternatively, it may be that there is an additional negative cis-acting 
sequence, further upstream than the sequence in the cosmid, which acts in 
synergy with the element in calgcat 1 to completely repress transcription 
directed from this promoter in non-expressing cells. A third possibility 
to explain why there is still some activity from calgcat 1 and calgcat 5, 
is that the repressor is sufficient to repress transcription of the 
endogenous gene, but that the amount of calgcat 1 or calgcat 5 transfected 
had already titrated out the repressor, allowing some expression from these 
plasmids.
5.7.2 Do positive and negative factors both bind to sequences in the 53bp?

The 53bp fragment, shown to mediate the repression of calgcat 5 and
1 in HeLa cells, may not only contain the binding site for the putative 
repressor protein, but may also contain binding sites for positively acting 
transcription factors. This is suggested by the greater activity of calgcat 
5 relative to calgcat 6 in BEN cells (figure 5.9). It is possible that 
these elements are identical, such that repressor binding prevents the 
interaction of positive trans-acting factors with the calcitonin/a-CGRP 
promoter. However, the repressor must also have an effect on those factors 
which affect calgcat 6 expression, as it does not merely prevent additional 
stimulation, but drastically reduces the strength of CAT activity exhibited 
(figure 5.8).

Titration out of the repression with pAJS7 required only a seven
fold excess of the negative element. This is not a large excess and 
suggests that the repressor may be strictly limiting. However, if part of 
the mechanism of repression is the prevention of binding of positive trans
acting factors, then it may be that the repressor is not completely 
competed out with a seven-fold excess, but that the increase in CAT 
activity is partly due to stimulation at the few sites to which the 
positively acting factors have been given access. This explanation would 
rely on the positive factors being present in HeLa cells.
5.7.3 Effect of the repressor on second messenger stimulation

PMA treatment is unable to stimulate the promoter activity of the 
calcitonin/a-CGRP gene in HeLa cells. However, the lack of stimulation is 
not due to the lack of activity of PMA in these cells (see figure 5.5). It 
is more probable that the repressor present in HeLa cells which binds to 
a sequence in calgcat 1, will prevent interaction of the phorbol ester- 
inducible factors with the DNA, or other proteins, and thereby block
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stimulation of transcription by them. An alternative explanation is that 
HeLa cells may lack the cell-specific factors that are able, or necessary, 
to enhance the effect of some phorbol ester inducible proteins on the 
calcitonin/a-CGRP promoter, so that PMA is unable to stimulate 
transcription from the calgcat constructs. This may be the reason that PMA 
is unable to elicit a response from any of the three smallest calgcat 
constructs, as no repression has been shown to operate on them.
5.7.4 A model to explain ectopic expression

These results suggest a model which begins to explain ectopic 
expression. In BEN cells, neoplastic transformation inactivates the 
repressor protein that usually acts to repress calcitonin/a-CGRP gene 
expression in lung cells. This assumes that in a normal epithelial lung 
cell, such as that which gave rise to the tumour from which BEN cells were 
derived, the repressor is present and active. This needs to be 
investigated. The derepression of calcitonin/a-CGRP promoter activity, may 
act together with certain positively acting factors that are either 
normally present in lung cells, or have also been 'switched on' by the 
transformation process, to induce calcitonin/a-CGRP expression. Once the 
gene is expressed, its transcription may be increased further by 
stimulation of second messenger pathways, particularly that operating 
through PKC, which are often altered through activation of proto - oncogenes, 
in tumorigenesis. Thus, secondary 'hits' in the multi-hit model of cancer 
progression, will reinforce and promote the primary change. HeLa cells, 
although transformed, still possess the repressor of calcitonin/a-CGRP 
transcription. This prevents the gene from responding to phorbol ester 
stimulation, so that the gene is not ectopically expressed in every 
transformed cell. To investigate whether this model can be applied 
generally to explain the ectopic expression of the calcitonin/a-CGRP gene, 
further cell lines need to be examined to ascertain whether there is a 
general correlation, between possession and activity of the repressor, and 
non-expression of the calcitonin/a-CGRP gene.

Derepression of ectopically expressed genes, is one of the theories 
promoted to explain ectopic expression. The demonstration that there is an 
upstream sequence in the calcitonin/a-CGRP gene which is used to repress 
expression of the gene in HeLa cells, but not in the ectopically expressing 
BEN cell line, provides an explanation for the mechanism of ectopic 
calcitonin/a-CGRP expression, and supports this theory.
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5.7.5 The inability of the 53bp fragment to mediate repression of the HSV
tk promoter
The inability of the 53bp fragment to mediate repression of 

transcription from a heterologous promoter gives us some perspective on the 
mechanism of repression. Several types of negatively acting elements have 
now been characterised (for review see Levine and Manley, 1989). Some 
negative elements have enhancer-like properties in that they can repress 
transcription in a position and orientation independent manner, as well as 
possession of the ability to affect heterologous promoters (Muglia and 
Rothman-Denes,1986; Saffer and Thurston, 1989). They are thought to act in 
a similar way to enhancers, through binding of a repressor protein, looping 
out of the intervening DNA and interaction with proteins complexing at the 
promoter. The inability of the negative element of the calcitonin/a-CGRP 
gene to influence transcription in this manner, suggests some other 
mechanism of repression.

The human £-interferon gene is negatively regulated through repressor 
binding to a negative element. When the gene is induced in response to 
viral infection, the repressor proteins dissociate, allowing another factor 
to bind to an adjacent region and activate transcription (Zinn and 
Maniatis, 1986). Although this mechanism is designed to allow rapid
induction of the £-interferon gene, it could be the prototype of a more 
widely found negative regulation of transcription. Alternatively, 
repression may be part of a complex system designed to finely regulate 
tissue-specific gene expression. A recent report of experiments on the 
mouse albumin enhancer demonstrate three regions of importance (Herbst et 
al.,1989). Region II is a cell-specific enhancer which is repressed by 
proteins interacting with region III, the negative element. Region I 
containing binding sites for a cell-specific protein, allows region II to 
operate even in the presence of region III. Thus, several elements, 
spanning 2 kb and interacting with a number of proteins, are required to 
retain correct liver-specific expression of the albumin gene.

The inability of the calcitonin/a-CGRP negative element to repress 
transcription from a heterologous promoter, suggests that it does not 
operate through a general mechanism of repression, but may rely on 
interaction with proteins which bind to adjacent sequences to mediate its 
effect. Repressor binding to the 53bp may prevent interaction of positively 
acting factors, with the same or adjacent sequence, as for the fi-interferon
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gene. The higher CAT activity of calgcat 5 relative to calgcat 6 in BEN 
cells, suggests that positively acting factors do interact with the 53bp 
fragment in BEN cells, in the absence of an active repressor. In this case 
it is highly improbable that such an element would repress transcription 
from a heterologous promoter. The exact mechanism of transcriptional 
repression cannot be elucidated from the data presented here.
5.7.6 Future Experiments

Certain experiments are necessary to confirm the hypothesis that the 
results in this chapter have suggested. The most immediate one is to 
demonstrate, either through gel retardation assays or footprinting, the 
binding of a cell type specific factor to the 53bp in HeLa cell extracts. 
The indication that positively acting factors can also interact with this 
sequence in BEN cells, suggests that proteins from BEN cell extracts will 
also bind to this fragment. It is therefore hoped that these factors will 
have different mobilities, or binding affinities, so that they will be able 
to be distinguished. Other expression studies could be performed to define 
more closely the mechanism of repression. Transfection of calgcat 1 with 
the 53bp deleted, into both HeLa and BEN cells, should reveal whether this 
sequence is only used for binding of a negatively acting factor, or whether 
positive acting factors can also interact with it in cells not possessing 
the repressor. Transfection of the calgcat constructs into cells which 
eutopically express the gene, such as the TT cell line should show whether 
the pattern of expression in BEN cells mimics that of eutopically 
expressing cells, or whether BEN cells regulate the calcitonin/a-CGRP gene 
in a unique fashion.

To progress further it will be necessary to fully define the 
repressor binding site, through in vitro binding studies. Once the binding 
site is known, attempts may then be made to isolate and characterise the 
repressor itself, either through protein purification culminating in DNA 
oligoaffinity chromatography, or direct cloning using the binding site as 
a probe to screen a A gtll expression library. The definitive experiment 
that would prove the hypothesis, must await the cloning of the gene 
encoding the repressor protein. Once this has been characterised, 
transfection of this gene under the control of a strong promoter into BEN 
cells, should switch off transcription of the endogenous calcitonin/a-CGRP 
gene. A first step may be co-transfection of the repressor gene with 
calgcat 5 into BEN cells, to examine whether this would cause repression
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of calgcat 5. These experiments will not only confirm the hypothesis 
proposed here, but will advance our knowledge of the mechanism through 
which ectopic expression of the calcitonin/ a-CGRP gene occurs.

5.8 Conclusion
The experiments described here have established the existence of a 

phenomenon which may help to explain ectopic expression of the 
calcitonin/a-CGRP gene. Expression of the calcitonin/a-CGRP gene is 
repressed in HeLa cells probably due to the binding of a repressor protein 
between -1.51 kb and -1.46kb upstream of the transcription start site. The 
gene is unresponsive to PMA stimulation in HeLa cells, possibly through 
action of the repressor. The potential binding site of the repressor was 
unable to mediate repression of transcription from a heterologous promoter, 
suggesting that it does not act in an enhancer-like manner. The repression 
is absent from BEN cells, thereby providing a possible explanation for 
ectopic expression in these cells. However, the same region with which the 
repressor interacts in HeLa cells, enhanced transcription in BEN cells, 
suggesting that the binding of the repressor may interfere with the 
interaction of positively acting factors. Confirmation of this theory must 
await more detailed studies.
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CHAPTER SIX INVESTIGATION INTO THE ROLE OF INTRON SEQUENCES IN THE
TRANSCRIPTIONAL REGULATION OF THE CALCITONIN/ct-CGRP GENE

6.1 Introduction

The results of the previous chapters have shown that ectopic 
expression of the calcitonin/a-CGRP gene in BEN cells may result from the 
absence of a repressor protein that is present in the non-expressing HeLa 
cell line. However, this is unlikely to be the only cause of ectopic 
expression. As previously discussed, transfection of CAT vectors and 
subsequent analysis of the activity of the CAT protein expressed, can only 
examine transcriptional regulation in terms of the presence and activity 
of available transcription factors in the cells investigated. Studies in 
our laboratory (Broad et al.,1989) and others (Baylin et al.,1986) have 
demonstrated that methylation of certain sequences within the calcitonin/a- 
CGRP gene may contribute to the expression of the gene, particularly in 
transformed cells.

In the course of examination of the methylation status of the CpG 
island present at the 5' end of the calcitonin/a-CGRP gene, it was observed 
that although all 12 Hpa II sites upstream of exon 1 were unmethylated in 
all cells investigated, there were 4 Hpa II sites in intron 2 that 
exhibited variable methylation with expression; being undermethylated in 
expressing tissues (see figure 6.1) (Broad et al.,1989). These findings are 
in agreement with those published by Baylin et al. (1986; 1987), who
examined methylation in a variety of cells and tissues. However, the latter 
authors, in these and subsequent studies (deBustros et al.,1988; Silverman 
et al. ,1989) , also found strong evidence of hypermethylation of various Hpa 
II sites, including those upstream of exon 1, in a range of neoplasms. In 
the majority of small cell lung carcinomas (SCLC) , lymphoid tumours, acute 
myeloid leukaemias and colonic neoplasms investigated, the calcitonin/a- 
CGRP gene was heavily methylated both at its 5' end and in intron 2. This 
result is sqprising in the light of our results. However, in the two cell 
types where these authors found expression of the calcitonin/a-CGRP gene, 
(TT and DMS 53 cells), the same region was hypomethylated. Thus, these 
findings suggest that the region, particularly that surrounding the 4 Hpa 
II sites in the second intron, may have regulatory properties.
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Figure 6.1 Methylation status of Msp I sites in the calcitonin/a-CGRP 
gene

A map of the region from the cosmid-vector boundary of cos CT1 (-1.84 
kb) to the centre of intron 3 is shown. All the Msp I sites within the 
sequenced region are on this map and are numbered 1-19. The enzymes Msp 
I and Hpa II, recognise and cut the same recognition site CCGG. 
However, Hpa II is sensitive to methylation and if this site is 
methylated then it will not cut. For subcloning, and for in vitro 
manipulations when the DNA will not be methylated the two enzymes are 
interchangeable. However, genomic DNA digests with these enzymes will 
be able to distinguish between methylated and unmethylated DNA. Open 
circles show unmethylated sites, partially filled circles partially 
methylated sites and completely filled circles, completely methylated 
sites in the cells analysed. Site 19 was not detected in any of the 
genomic DNA samples and was presumed to be polymorphic. Sites 14 - 17 
exhibit a different pattern of methylation in liver and lymphocyte as 
compared to BEN and MCT. This is indicated by the divergence in the 
downstream region of the map. The upper pattern is seen in BEN, the 
lower pattern in liver and lymphocytes and a combination of the two is 
seen in MCT. (Reproduced from Broad et al.,1989).
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6.2 Construction of ciecat vectors
In order to investigate the potential regulatory role of this region, 

fragments from the region spanning intron 1 and intron 2 were subcloned 
upstream of the HSV tk promoter in the CAT expression vector Bleat 2 (see 
figure 5.11) (Luckow and Schutz, 1987) and introduced into HeLa and BEN 
cells.

Figure 6.2 details the construction of the "ciecat" series of 
vectors. Originally only the two largest constructs (1 and 2) were made and 
transfected into BEN and HeLa cells (see figures 6.3 and 6.4). However the 
CAT activity generated by their expression was not significantly different 
from the parent vector Bleat 2, and so it was decided to divide up the 
region into a series of smaller fragments to see if any possible effects 
were being masked by the large size of ciecat 1 and 2. Eleven CAT vectors 
were produced in total, covering the region from the Hpa II sites 13 to 18. 
Hpa II sites 15,16 and 17 are located in the Alu repeat found in intron 2. 
Alu repeats are conserved sequences in the mammalian genome, which are 
members of a family of dispersed repeats (Schmid and Jelinek, 1982). They 
are often transcribed by pol II, when part of a larger transcription unit, 
as in the calcitonin/a-CGRP gene. All vectors were sequenced before use to 
ensure that they contained the correct sequence.

6.3 Expression of the ciecat vectors in BEN and HeLa cells

Figures 6.3 and 6.4 show the results of transfecting the ciecat 
series of vectors into HeLa and BEN cells, and figure 6.5 compares the two 
results. It can be seen that most of the plasmids do not direct a 
noticeably different level of CAT activity from the parent vector, Bleat 
2 in either cell line. However, the last four vectors in the series provide 
more interesting results. Ciecat 11, a 575bp fragment extending from the 
Msp I site (17) at the 3' end of the Alu repeat to the Msp I site (18) in 
exon 3, produces the highest level of CAT activity; stimulating expression 
over eleven-fold greater than Bleat 2 in BEN cells and over four-fold 
greater in HeLa cells. Ciecat 13, a 239bp Msp I fragment spanning sites 14 
to 15 at the beginning of intron 2 also has high CAT activity, producing 
the same stimulation as ciecat 11 in HeLa cells (four-fold stimulation over 
Bleat 2), and slightly less than ciecat 11 in BEN cells - over seven-fold
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Figure 6.2 Construction of the ciecat series of vectors
All fragments were cloned into the polylinker of Bleat 2, upstream of 
the HSV tk promoter and the CAT coding sequence. The ciecat plasmids 
were constructed as detailed below: -
Ciecat 1 1049bp Msp I fragment from pGC12 (a subclone of cos CT1)

was ligated to Acc I digested Bleat 2

Ciecat 2 1857bp Bam HI fragment from pGC7 (a subclone of cos CT1)
was ligated to Bam HI digested Bleat 2

Ciecat 3 330bp Sph I fragment from ciecat 2 was ligated to Sph I
digested Bleat 2

Ciecat 6 330bp Pst I fragment from ciecat 1 was ligated to Pst I
cut pGemBlue 4 to form pAJS6. A 340bp Bam HI/Hind III

fragment of pAJS6 was then ligated to Bam HI/Hind III

digested Bleat 2

Ciecat 7 228bp Taq I/Bam HI fragment from ciecat 1 was ligated to
Acc I/Bam HI digested Bleat 2

Ciecat 9 388bp Sph I fragment from ciecat 1 was ligated to Sph I
digessted Bleat 2

Ciecat 10 490bp Taq I/Bam HI fragment from ciecat 2 was ligated to
Acc I/Bam HI digested Bleat 2

Ciecat 11 575bp Msp I fragment from ciecat 2 was ligated to Acc I
digested Bleat 2

Ciecat 13 239bp Msp I fragment from ciecat 2 was ligated to Acc I
digested Bleat 2

Ciecat 16 135bp Msp I fragment from ciecat 2 was ligated to Acc I
digested Bleat 2

Ciecat 17 900bp Nar I/Bam HI fragment from ciecat 2 was ligated to
Bam HI/Acc I digested Bleat 2 

The orientation of each fragment in the vector is marked.
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Figure 6.3 Expression of the ciecat plasmids in BEN cells

A*) 2 x 106 BEN cells/60mm petri dish were plated out on day 1. The
next day 1.5 ml medium was removed from the cells and they were 
returned to the incubator for at least an hour to re-equilibrate. 
10/xg plasmid DNA was then added to the cells. The precipitate was left 
on overnight and the cells washed, glycerol shocked for 2 minutes and 
replenished with fresh medium the next morning. After a further 72 
hours the cells were harvested and their extract assayed for CAT 
activity. The autoradiograph shows the resulting CAT activity from this 
experiment.

B1 Bar graph of the results in the autograph. Data were quantitated 
as described in figure 4.8 and CAT activity expressed relative to 
that of the parent vector Bleat 2. (Bleat 2 = 1 )
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p-tfrin-ft 6.4 Expression of the ciecat plasmids in HeLa cells

7 x 105 HeLa cells/lOOmm petri dish were plated out and incubated 
as described (see figure 5.1). The cells were transfected with 10^g 
plasmid DNA, and glycerol shocked as before (figure 5.1). 72 hours
after the precipitate was removed, the cells were harvested and their 
extract assayed for CAT activity. The autoradiograph shows the 
resulting CAT activity from this experiment.

JB). Bar graph of the results in the autograph. Data were quantitated 
as described in figure 4.8 and CAT activity expressed relative to that 
of the parent vector Bleat 2. (Bleat 2 = 1)
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Figure 6.5 Comparison of the activity of the ciecat vectors in HeLa
and BEN cells

The graphs are the results of the experiments described in figures 6.3 
and 6.6. Data are expressed relative to the CAT activity generated by 
Bleat 2 in each cell line.
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stimulation as opposed to over eleven-fold. Interestingly, ciecat 16 which 
contains a 135bp Msp I fragment lying between those in ciecat 11 and ciecat 
13, produces the lowest CAT activity of any of the ciecat vectors, and 
represses transcription in comparison to Bleat 2 in both HeLa and BEN 
cells. This fragment is composed entirely of sequences comprising the Alu 
repeat. Ciecat 17 directed CAT activity is proportionally higher in HeLa 
than BEN cells. It directs CAT activity three fold that of Bleat 2 in HeLa 
cells but does not stimulate basal levels in BEN cells. Ciecat 17 comprises 
sequences present in ciecat 11 and 16, and presumably is both positively 
and negatively regulated by sequences within it. In this case, the activity 
of ciecat 17 would depend on the ability of those sequences in ciecat 16 
to repress the positively acting factors interacting with other regions in 
a cell-specific manner. This would suggest that the repression is less 
powerful in HeLa cells, as the final activity of ciecat 17 is higher. In 
BEN cells, on the other hand, there is no stimulation of ciecat 17 in 
comparison to Bleat 2 and so it appears that sequences in ciecat 16 are
more powerful repressors in this cell type.

Ciecat 1 and 2, the original plasmids, and ciecat 3, have very 
similar CAT activity to Bleat 2 in both cell lines. Ciecat 6,7 and 9 appear 
to repress transcription a little in either cell line, although the effect 
is not very distinct. Ciecat 9, which shows the strongest repression, 
represses transcription of Bleat 2 by about 50 % in both HeLa and BEN 
cells. However, all sequences present in ciecat 9 are also present in 
either ciecat 7 or 10, and as neither of these two plasmids is repressed 
to the same extent it would appear not to be a significant result. The CAT 
activity of ciecat 10 in HeLa cells seems also to be anomalous. In BEN
cells this plasmid directs CAT activity similar to Bleat 2, but in HeLa
cells its CAT activity is three fold greater than Bleat 2. This is unlikely 
to be a cell-specific effect as the sequences present in ciecat 10 are also 
present in ciecat 3 and 9. As neither of these two plasmids is stimulated 
to any extent it seems probable that this may be explained as an 
experimental artifact.

6.4 Discussion
These results suggest that there are sequences within intron two that 

do possess regulatory properties. However, there are several problems 
associated with the system used. First, by dividing up the region into

157



Figure 6.6 Sequence of introns one and two in the calcitonin/o:-CGRP 
gene

The sequence of the calcitonin/a-CGRP from the beginning of exon 1 to 
the Bam HI site in intron 3 is shown. Exon sequences are highlighted. 
All restriction enzyme sites used for cloning of the ciecat vectors are 
marked. The sequence is numbered relative to the transcription start 
site, the numbers referring to the nucleotides at the end of each line. 
The Alu repeat situated in intron 2 is positioned between nucleotides 
1410 and 1647. The boundaries of the Alu sequence are the imperfect 
direct repeats marked by solid arrows. The repeat, inverted relative to 
the orientation of the gene, has a homology of 89% to the consensus of 
Kariya et al. (1987). The Msp I sites shown are numbered according to 
the system in figure 6.1, to illustrate the position of those whose 
methylation varies.
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ATC&GAGAGAGTGCGCAGGGC^GTGTCGGCGGGGCTIGGACAGGGGTGTGGGTGGAGGG

ggggggggggggtgggacgggctgtgatggaaggg&gctggggggaggtgag c c c CGAGA

TTCTGGCTCAGGTATATGTCTCTCCCTCCCTCTCCCTCCATTCGTCATTTTCTCACTCCC

TTTCCTCCTCTCCCTCTCTCTCCGTTAGTCTCTTCATCAGATAGTCTCTGTTAGTCCGCG

ATTTATACCAGCTCGTGCCCTAGGTTGGATCGGACAGTCTCAATCCCCCGGCTCGCTCTT
Msp 1(13)

CCTGCTCGGCTGCGGACTCCAGTCTTACTCTCTCGCACTGCACACAGGCTTAGGCCAGTC

TCGGGACACTCAGGCTCCCCAGGGACCGCGCACAGAGCCTGAGGCAAGAGAAACTTTCCG

CAGACGGTGCGATCAGGGACGGCGTCTGGAGCCCAGCAGTCCCAGGGAAATTGGTTCAGA

ACCTGGAACAGAGCGGATGGGTGGCAAATAGGCACGACGACTGAGGGACAAGCAGCCCTA

AACTGCAAGCCCCAGTCACAGGCTCTGGGAGCAAAGAGAGAAAGTCTTGGGTCCCAATTT

AAGAGTAAAACTTGGTTCCTGCAGGGGACTGAGGTGCCAGCAGGCGGAGCTTAGGCTGAG
Pst I

CACTAAAATTGATTCTTTTATTTCTCAGATTCCAATTGCAGAGATAATCTCTGTGGATAG

ATCCCACCCCTCCCACCAAGGTGTATGCAAAAGCCCCAGAAGAGGAGGACAGCTCTGGGT

TTCCTTATGGGATCAGCTTCTGTGACAGGGGCCTGGGAGCATGTCCTCCACAGAGACCTG

GCTAACAGGTTTATATGTATCTGTGTGGCTTTGGGGAGAAGGGTAGGACTGAGACCTCCC

CCACTCAGCTCTCCCTCTAGGATCGCTCCTCCAGCTCTATCAGACTGTGCATGCTACAGG
Sph I

C C C ACTGAAC CTC C C AGAAGTC C ACTGTG CTGATGAGGAAAC AAAAAAGAAG AGAAATAT

AATGACCAGTCTGAAGCCACAAAGCCAGAGCGTTAGAAGCAAGACAGAAAACCAGGATAG

GAGCCAAGGTCTGTGGGCTCCTAGAACTTCGAACTGGCGCAGGTGGTTTATCTCATTCTT
Taq I

GGGTTGGAGAGAGGTGTGATGGGGTTGGMAAGTTGTGGGGGTTCGTGGGTGTGAGGATG 

TTGGTGGTGTTGGAGGGAGGGAGGGTGGATGGAGGAGGATTGAGGTAAGACAGCCTGAAG

EXON I
120

240

360

480

600

720

840

960

1080

mm i i



CCAGAAGGACACTGGTATCAGACAATTCCATGCCTCTTAAGTGTGGTGTACTGAATGCTT 1320

AAAAACCGACAGGGGGCCGGGGTAAGGTATGTACTCATGCACATATATAATTTTTTGATA 
Msp 1(14)

TAAAAATGTGTGGTACACAATTTATAAGTAGTGATAAATATTTAGACAATATTCTTCATT

ATAATTTTTTTGAGACAGAGTCTCACTCTGTCATCCATGCTGGAGTGCAATGGCACCGTG

TCGGCTCACTGCAACTTCCATCTCCTGGGTTCAAGCAATTCTCCTGCCTCAGCCTCCCAA

GTAGCCGGGATTACAGGCGCCCACCACCATGCCCGGCTAATTTTTGTATTTTTAGTAGAG 
Msp 1(15) Nar I Msp 1(16)

ATAGGGTTTCACCATGTTGGCCAGGCTGGTCTCAAACTCCTGACCTCAGGTGATCCACCT

GCCTCAGCCTCCCAAAGTGCTGAGATTACAGCCGTGAGCCACCGCGCCCGGCCTATTATA
Msp 1(17)

AATTTTATATAG C C C ACTGAGTCTCACAAAATG CTTTTGTTGCTTTTAGC CAAACTTTTG 

TATGTGTAGCCATCCTATTTATCCTATTCAGCCATGATTTGAAAAATGAATTGCATCCTA 

TTCTGTTAAATAGTTTGCCACTAAATTTGTTATTGTTAAATCTGGTATTTTACCTGTTGA 

TCTATTCTCACCCACATATAAATCTATTAAACTGAAACTATTTTCAGGTTCAGCACTAAC 

TGTAAGTTTTTGCATTTAATTTTTAATAATGGCTGCACTCAGCTTGCAAAATTCTTGAAA 

ATTTAAC CATTAGCTTT CACAAG C CTATACAAACTGG CTCCAG CACAC CACTGTTTAG AG 

GCCACACCAGTGCCTGGGTCCTGAGGAGGACACTGGCCTTGTGCCCTGTCCCCTAGGACT 

CCCGCTGGCCACATCCTCAGGGGAAGAAGCAAAGACCAGGAAGCCTGGCTGCTTATCCTG 

GGGAGGGGCAGGCAGGGGCTCACAGCCTGCACTGAGTTTGCTTCCCCTCCACAGGTGTGG

Msp 1(18)

GeGTGGACTGGTGGAGGAeTATGTGGAGATGAAGGGCAGimGGTGeAGGAGeAGCAAGA
(aAGAGAGQGCTCGAGGTGAGGCTCCCCAAGCGCTCAGCACAGGGCCTCCTCTCCCCGCAGC

ATACACAGGAAGGTGGATCC 
Bam HI

1440

1560

1680

1800

1920

2040

2160

2280 

mm m
2400

2481
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several different fragments and examining the properties of each 
individually, possible interactions between regions and factors that bind 
to them will be disrupted. Moreover, all the Msp I sites wlpse methylation 
status changes, were used for cloning and were therefore altered, so that 
the importance of these sequences in regulation was not investigated. 
However, examination of larger regions together did not provide useful 
information and so this was the only course available.

Another problem associated with analysis of expression of a 
heterologous promoter is that possible regulatory interactions between 
these regions and the calcitonin/a-CGRP promoter are overlooked. Thus, some 
of the sequences that do not regulate the HSV tk promoter may affect the 
calcitonin/a-CGRP promoter, and so the analysis presented here may not be 
completely representative of those sequences that have regulatory 
properties. In addition, this system only allows examination of enhancer
like properties, that is sequences that either through some direct 
mechanism, or through binding of a trans-acting factor, can regulate a 
heterologous promoter in a position and orientation independent fashion. 
Future work should therefore directly examine the effect of these sequences 
on the calcitonin/a-CGRP promoter, possibly through sub-cloning upstream 
or downstream of calgcat 2, and investigation of the CAT activity generated 
in relation to the parent vector in BEN and HeLa cells.

A third problem results from the use of the HSV tk promoter as the 
heterologous promoter. Bleat 2 was originally designed to investigate 
enhancer-like sequences, that is those sequences that would stimulate
activity. Therefore, dependent on the cell type, the basal level of Bleat 
2 directed CAT activity, is quite low. It was generally found to be much
lower in BEN cells than HeLa cells, and this presents difficulties in
examination of negative elements. It is for this reason that the potential 
repressor effects of ciecat 9 and 16 are uncertain. If the basal level was 
much higher then potential negative effects would be easier to detect. Sub- 
cloning of potential repressor sequences upstream of a more powerful 
promoter, such as the RSV LTR, may help confirm these results.
Nevertheless, the very low CAT activity of ciecat 16 (which is composed 
entirely of sequences in the Alu repeat), in between two very strong 
stimulatory sequences (see figure 6.2), does suggest that this is a real 
result. It is interesting in the light of a report that another Alu repeat 
from an African green monkey genome has been found to have a repressor
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effect on cellular, £-glob in and SV40 promoters in monkey kidney fibroblast 
cells, CV-1 and COS cells (Saffer and Thurston, 1989). These authors have 
localised the repressor (or reducer as they have called it), to a 38bp 
sequence, contained within the Alu repeat. Comparison of this reducer to 
sequences within the calcitonin/a-CGRP Alu repeat only reveal a 39% 
homology. However, this is a cross-species comparison and it is still 
possible that their finding may have some relevance to control of the 
calcitonin/a-CGRP gene transcription.

The fourth problem associated with this system is perhaps its major 
limitation. As discussed in the introduction, this region was originally 
examined for potential regulatory properties because of its variable 
methylation status. Yet, the effects of methylation and chromatin structure 
can not be investigated with the system that we chose. All the constructs 
used were unmethylated and therefore available for interaction with the 
factors present in the cell line. Unfortunately the methylation status of 
the calcitonin/a-CGRP gene in HeLa cells has not been examined, but in 
theory, and in particular in the light of the evidence showing 
hypermethylation of the calcitonin/a-CGRP gene in so many other tumour cell 
lines, it should be methylated. Thus, although in transfection of the 
ciecat constructs into HeLa cells, some stimulation was seen, it may be 
that these same regions when methylated are unable to elicit the same 
effects. It would be interesting to methylate some of the more active 
ciecat constructs in vitro and examine whether this would repress their 
activity in HeLa cells. This experiment, by transfection also into BEN 
cells, may reveal whether changes in the methylation status of intron 2 
contribute to ectopic expression of the calcitonin/a-CGRP gene.

Methylation studies in our laboratory, which compared Hpa II and Msp 
I digested DNA by Southern blotting, have shown a correlation between 
methylation and expression of the calcitonin/a-CGRP gene (Broad et 
al.,1989). However, these studies are quite difficult because the 4 Msp I 
sites involved are all contained within 390bp. Therefore individual changes 
in the methylation of these sites may be missed. Indeed, Baylin et al. 
(1986; 1987) have mapped these four sites as one. Moreover, examination 
of Hpa II digests can only examine those CpG dinucleotides present within 
the recognition sequence "CCGG". Genomic sequencing would enable 
examination of the methylation status of all CpG dinucleotides in this 
region and provide a more detailed analysis. Msp I site 18 is unmethylated
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in all tissues suggesting that the methylation changes are quite localised, 
although examination of other CpG dinucleotides are needed to confirm 
this.

DNase hypersensitivity studies would give further insight into the 
chromatin structure of this region. The existence of a CpG island at the 
5' end of the calcitonin/a-CGRP gene, does not necessarily dictate open 
chromatin structure for the whole gene. The one published report of changes 
in chromatin structure in the calcitonin/a-CGRP gene (deBustros et 
al. , 1988), correlates an open chromatin structure at the 5' end of the 
calcitonin/a-CGRP gene with expression of the gene. These authors also show 
that cells containing highly methylated copies of the calcitonin/a-CGRP 
gene show a 'closed' chromatin structure around the gene. It must be 
remembered that these studies are on tumour cells, and therefore do not 
relate to the normal state of the CpG island. It is interesting to note 
that the integrity of the CpG island can be disrupted in neoplasms. The 
mechanism of maintaining it unmethylated is not known but it is clear that 
this also can be perturbed during tumorigenesis.

There seem to be at least two distinct pathways a tumour cell can 
follow in relation to this region of chromosome 11 where the calcitonin/a- 
CGRP gene is localised. DeBustros et al.(1988) have reported 
hypermethylation of four separate loci on the short arm of chromosome 11 
in a variety of tumour-derived cell lines which co-exists with widespread 
genomic hypomethylation. The presence of two suspected tumour suppressor 
genes in this region would suggest that they may become inactivated through 
hypermethylation in these tumours. It is difficult to correlate our 
findings with these reports. The most plausible explanation is to 
completely separate the two results, such that in some tumours where the 
calcitonin/a-CGRP gene is not expressed, hypermethylation further inhibits 
expression of the gene, together with other genes on this region of the 
chromosome. Development of these neoplasms may well be connected with 
inhibition of the local tumour suppressor genes. However, in other 
neoplasms which do express the calcitonin/a-CGRP gene, hypermethylation is 
not involved, but hypomethylation is. The mechanism and enzymatic effectors 
of methylation and demethylation are not well characterised, but it is 
clear that they are intrinsically connected with the development of the 
neoplastic phenotype and expression of the calcitonin/a-CGRP gene.
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These studies indicate that demethylation of CpG dinucleotides within 
intron 2 contributes to the expression of the calcitonin/a-CGRP gene, and 
that it may be involved in the activation and maintenance of the ectopic 
expression of the gene in certain neoplasms. Experiments presented in this 
chapter show that there are sequences within the region exhibiting variable 
methylation, which possess regulatory properties, and can stimulate 
expression of a heterologous promoter in BEN cells. Ectopic expression of 
the calcitonin/a-CGRP gene in BEN cells, may be activated or stimulated by 
demethylation of intron 2 sequences, which would then allow interaction of 
transcription factors with this region to stimulate expression. The 
interaction of trans-acting factors with this region in different cell 
types would be dictated by the methylation status of the region.

Many questions remain unanswered. Are there transcription factors 
that can interact with this region? Examination of the sequence (see figure 
6.6) does not reveal any recognisable consensus sequences, but this may 
imply simply that they have not yet been characterised. In vitro binding 
studies are necessary to detect any putative proteins that may interact. 
The exact methylation status of the region in a much wider range of cell 
types, both expressing and non-expressing, is needed to confirm the 
correlation of demethylation with expression. Investigation of the 
interaction of these regulatory sequences with the upstream sequence of the 
calcitonin/a-CGRP gene is required to see the functional relevance of this 
observation to calcitonin/a-CGRP expression.
6.5 Conclusion

Experiments in this chapter have indicated the existence of a 
possible enhancer in the second intron of the calcitonin/a-CGRP gene. 
These results have opened up a new avenue of research in the 
transcriptional regulation of the calcitonin/a-CGRP gene. It is possible 
that this enhancer may be important in the gene's regulation in non
neoplastic situations, possibly possessing some sequences that mediate the 
response to a variety of cellular stimuli.
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Chapter 7 DISCUSSION

Experiments presented in this thesis have suggested possible 
mechanisms by which the calcitonin/a-CGRP gene is ectopically expressed in 
the bronchial carcinoma cell line, BEN. Certain observations can be made 
with regard to current theories on ectopic expression of endocrine genes. 
One of the first theories to be expounded was that endocrine genes are 
ectopically expressed from tumours that are derived from a clonal expansion 
of APUD cells. There are endocrine cells in the lung, for example the 
Kulchitsky (K) cells, which have been reported to express the calcitonin/a- 
CGRP gene, and may be described as APUD cells (Wada et al.,1988). K cells 
have been proposed to be the cells of origin for SCLC, although this theory 
has been widely disputed (Gazdar et al. , 1985). The BEN cell line was 
derived from a poorly differentiated squamous lung carcinoma (Ellison et 
al.,1975), one of the four major histological types of primary lung 
carcinoma of epithelial origin: large cell, small cell, squamous and
adenocarcinoma (World Health Organisation, 1982). The nature of the tumour 
from which BEN cells are derived, and the fact that BEN cells secrete 
unprocessed biologically inactive hormone, make it most unlikely that BEN 
cells are a clonal expansion of an APUD cell in the lung. Thus, although 
this theory may explain ectopic expression in some cases, it does not 
explain the ectopic expression of the calcitonin/a-CGRP gene in BEN cells.

The second explanation for ectopic expression, that of gene 
derepression, does seem to be related to the ectopic expression of the 
calcitonin/a-CGRP gene in BEN cells. Results presented in Chapter 5 show 
that in HeLa cells, a cell line which does not express the calcitonin/a- 
CGRP gene, repression of the gene may be achieved by binding of a trans
acting factor, to sequences approximately 1.5 kb upstream of the 
transcription start site of the gene. The absence of this negatively acting 
factor in BEN cells results in derepression of the calcitonin/a-CGRP gene. 
The putative repressor binding site is situated in the middle of a CpG 
island at the 5' end of the calcitonin/a-CGRP gene. The island has been 
shown to be unmethylated in all normal tissues, but is methylated in 
certain neoplasms. The theory of CpG islands argues that their unmethylated 
status not only allows binding of transcription factors to the DNA without 
interference from methyl groups, but also leads to an open chromatin

165



structure so that the same factors can gain access more easily to the DNA. 
If the calcitonin/a-CGRP gene has a more open chromatin structure in all 
tissues, there must exist mechanisms other than chromatin structure to 
curtail expression of the gene in non-expressing tissues. The demonstration 
of repression of promoter activity in HeLa cells provides such a mechanism. 
Furthermore, repression through a trans-acting factor, renders the gene in 
question more susceptible to inappropriate expression, as repression is not 
determined by localised chromatin structure. It is interesting that the 
gene encoding the endocrine protein ACTH, that is also widely expressed 
ectopically, has the sequence requirements of a CpG island at its 5' end 
(Gardiner-Garden and Frommer, 1987), although it is not known if the ACTH 
gene is unmethylated in all tissues. This suggests that the presence of a 
CpG island in tissue-specific genes, such as the calcitonin/a-CGRP and ACTH 
genes, may predispose them to ectopic expression in certain neoplasms.

Derepression of genes is also thought to be connected to the 
generalised hypomethylation of DNA in tumours. Although there have been 
some reports of hypermethylation of the chromosomal locus of the 
calcitonin/a-CGRP gene in certain neoplasms, expression of the gene was not 
studied in these neoplasms (Baylin et al.,1986; DeBustros et al. ,1988). 
Hypomethylation of intron 2 sequences has been correlated with expression 
of the gene (DeBustros et al. , 1988), but it is not known whether 
hypomethylation is directly responsible for derepression in these cases. 
The demonstration, in this thesis, that sequences in intron 2 are able both 
to stimulate and repress transcription from a heterologous promoter, 
suggests that this region may contribute to the transcriptional regulation 
of the calcitonin/a-CGRP gene. However, in normal development, methylation 
changes are not thought to be the primary factor in determining expression, 
but demethylation is thought to occur after, or perhaps as a result of, the 
determining event (Enver et al.,1988). Thus, demethylation of intron 2 
sequences could be a secondary step in activation of the calcitonin/a-CGRP 
in neoplasia.

The calcitonin/a-CGRP gene is expressed ectopically in a wide range 
of neoplasms. Furthermore, in certain tumour types, such as those of the 
lung, a high percentage of these tumours ectopically express the gene. This 
is also observed for other ectopically expressed endocrine genes. The 
frequency with which this has been reported, suggests that in the 
development of certain cell lineages, events occur which predispose these
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cells for ectopic expression. Tissue-specific genes may have many levels 
of control to keep them repressed in tissues which do not express them. If, 
in certain cell lineages, one or more of these 'controls' is not 
operational, then it may only be necessary for a second 'control' to be 
lifted through neoplastic changes, and the gene would then be expressed.

This predisposition may be the result of the absence of a repressor 
protein, such as that discussed in Chapter 5, that prevents expression of 
one, or maybe many endocrine genes. If the repressor protein acts on more 
than one endocrine gene, then its "switching off" in neoplasia, or its 
absence through differentiation, would explain why a substantial number of 
non-endocrine tumours produce more than one hormone. Alternatively, the 
predisposition may be the result of changes in the methylation status of 
intron 2, such as those seen to correlate with expression in both 
eutopically (TT cells) and ectopically (BEN and DMS 53, lung carcinoma 
cells) expressing cell lines. It is possible that methylation of sequences 
in the second intron prevents the interaction of important trans-acting 
factors. We do not understand the mechanism of demethylation, either in 
normal development or in the development of neoplasia, but it is possible 
that in certain cell lineages this region of the chromosome would be 
unmethylated. If this were the case then sequences in this region could 
participate in stimulating expression of the calcitonin/a-CGRP gene.

A more fundamental predisposition would be the existence of 'open' 
chromatin structure through the whole region of 10 - 100 kb. In the
development of the mature phenotype, certain regions of DNA, which are 
actively being transcribed, are opened and maintained open. These regions 
often contain more non-transcribed than transcribed genes, but there is 
very little difference in the chromatin structure of these genes (Lois et 
al.,1990). It is therefore plausible that, in the development of some of 
the mature cellular phenotypes, the calcitonin/a-CGRP gene is present on 
a region of 'open' chromatin. This would then explain why, this gene is 
frequently expressed ectopically, in certain classes of neoplasm, but 
not in others. The existence of a second gene, positioned very close to the 
calcitonin/a-CGRP gene, has been postulated in Chapter 3. It is possible 
that expression of this gene, in certain tissues, causes opening of the 
chromatin; thereby predisposing these tissues to ectopic expression of the 
calcitonin/a-CGRP gene when a second change occurs during neoplastic 
trans formation.
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Stimulation of the PKC and PKA pathways can increase the 
transcription of the calcitonin/a-GGRP gene in both eutopically and 
ectopically expressing cells. It is possible that stimulation of the PKC 
pathway in particular, will promote the expression of the gene which has 
already been activated by some other mechanism. In this way stimulation of 
the PKC pathway would promote the effects of changes that have already 
taken place. It is therefore interesting that the calgcat plasmids are not 
stimulated by phorbol esters in HeLa cells. This suggests that there is 
a block to stimulation of the calcftonin/a-CGRP gene expression by means 
of this pathway in these cells, possibly through binding of the putative 
repressor. In contrast, the lifting of the repression in BEN cells, then 
permits stimulation of calcitonin/a-CGRP gene expression by PKC.

The third theory of ectopic hormone production is that it occurs 
through dedifferentiation of the tumour. This is connected with 
derepression, in that genes not required for the maintenance of the mature 
cellular phenotype are repressed in terminally differentiated cells. Thus 
during neoplastic development, derepression of genes alters the cell's 
differentiated state, resulting in a less mature phenotype, or 'switching' 
the cell on to another differentiation pathway altogether. BEN cells appear 
not only to have taken on characteristics of an inappropriate 
differentiation pathway, expressing more than one endocrine gene, but also 
appear to have become less mature, since they also express carcinoembryonic 
antigen, an oncofoetal antigen. Stimulation with phorbol esters increases 
transcription of the calcitonin/a-CGRP gene, pushing it further along the 
'wrong' differentiation pathway. Once the gene has been activated, by 
"switching off" of the repressor, by changes in methylation status, by a 
combination of both mechanisms or perhaps by a third unobserved mechanism, 
then other oncogenic changes, such as the activation of oncogenes which act 
on the PKC pathway, could promote these initial changes.

BEN cells have also been shown to possess a calcitonin receptor and 
a calcitonin-responsive adenylate cyclase (Findlay et al. ,1980). It is not 
known whether expression of the receptor protein is ectopic. However, the 
expression of both the hormone and receptor gene could enable autocrine 
stimulation of the PKA pathway, and through this the calcitonin/a-CGRP gene 
itself. Thus, once the calcitonin/a-CGRP gene has been activated, its 
expression can be stimulated further, propagating the original change.
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Conclusion
From the experiments contained in this thesis, an idea of the 

mechanism of ectopic expression of the calcitonin/a-CGRP gene can be 
obtained. In all normal tissues the 5' regulatory region of the 
calcitonin/a-CGRP gene, containing a CpG island, is hypomethylated. This 
suggests that chromatin structure is not the primary regulator of tissue- 
specificity of the calcitonin/a-CGRP gene, and therefore not the primary 
cause of its ectopic expression. In one cell type where this gene is not 
expressed, HeLa cells, there is a repressor which interacts with 5' 
sequences to repress calcitonin/a-CGRP promoter activity. It is reasonable 
to generalise this finding to other non-expressing cell types. Of course 
this needs to be examined. In BEN cells, which ectopically express the 
calcitonin/a-CGRP gene, this repressor is not active. It is thought that 
BEN cells are not derived from APUD cells; that is, that the normal cell 
from which the tumour developed, from which BEN cells were taken, was not 
an endocrine cell. Therefore it is probable that BEN cells derive from a 
cell type where the repressor would be present and active. Implied in this 
hypothesis is the absence of the repressor in cells which eutopically 
express the calcitonin/a-CGRP gene. This also needs to be examined. Absence 
of repressor activity suggests that the loss of this activity could be the 
initial event in ectopic expression of the calcitonin/a-CGRP gene. This may 
occur by a mutation in the coding region of the repressor gene, by a 
mutation in its regulatory sequences, or by a mutation in a gene encoding 
a second, accessory protein with which the repressor interacts. Such an 
accessory protein could be an enzyme which acts on the repressor, for 
example a kinase, or a protein which assists in the action of the repressor 
through protein-protein interaction. Alternatively, as there is chromosome 
loss in many tumours, the gene encoding the repressor or a second protein 
may be lost altogether.

Once the repressor is inactivated, allowing expression of the 
calcitonin/a-CGRP gene, its expression is further enhanced by stimulation 
of the second messenger pathways that are often altered in tumorigenesis, 
such as those affected by phorbol esters and forskolin. Stimulation of the 
PKC pathway cannot be the primary event inducing expression, as stimulation 
of the same pathway in HeLa cells did not increase transcription of the 
calgcat constructs. Other putative regulatory sequences have been located 
in the second intron, a region which exhibits differential methylation in
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expressing and non-expressing tissues. It is possible that methylation 
changes to this region, by regulating access of transcription factors to 
it, contribute to the ectopic expression of the calcitonin/a-CGRP gene. The 
role of such changes in activating expression was not able to be 
investigated through transient transfection of unmethylated constructs, and 
remains to be assessed.

Ectopic expression of the calcitonin/a-CGRP gene is a model system 
which reflects the changes that occur in the development of the neoplastic 
phenotype. Its activation in cancer seems to be a 'side-effeet' of the 
neoplastic process. Investigation of the mechanism of its ectopic 
expression therefore provides an insight into the whole arena of abnormal 
gene regulation in malignancy.
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APPENDIX A STANDARDISING CAT ASSAYS

Many of the experiments described in this study involve the assay 
of chloramphenicol acetyl transferase (CAT) activity, which is taken to 
reflect the rate of transcription. Two types of CAT assay were employed, 
using either labelled chloramphenicol or labelled acetyl-coenzyme A 
respectively. In both types, CAT activity is determined by the measurement 
of the rate of formation of acetylated derivatives of chloramphenicol, the 
reaction driven by the bacterial enzyme, chloramphenicol acetyl 
transferase. There is no endogenous CAT activity in mammalian cells and 
therefore any activity must be attributable to that transcribed and 
translated from the transfected plasmid. The two assay methods vary 
considerably in their length, complexity, reagents and sensitivities. In 
order to compare the methods, and to ensure that each experiment was 
carried out within the limits of linearity for that assay, the following 
studies were carried out with CAT enzyme purchased from the Sigma Chemical 
Company (Poole, Dorset).
CAT Assay #1
The most widespread method for assaying CAT activity is that described by 
Gorman et al.(1982). Section 2.2.4 contains a detailed description of this 
method. Lysed cell extract is incubated with [14C]- chloramphenicol and 
cold acetyl coA for a predetermined time. The reaction is stopped by 
addition of ethyl acetate, which extracts all forms of chloramphenicol at 
the same time as completely inactivating ̂ ny protein present. The ethyl 
acetate is. removed, dried down under vacuum, and then resuspended in a 
small volume of ethyl acetate for spotting on to a thin layer 
chromatography plate (T.L.C.). The products, [14C]-chloramphenicol mono-, 
di- and tri-acetate, are separated from each other and from the labelled 
substrate by ascending thin layer chromatography. Results can be visualised 
by exposure to X-ray film, and quantified by excision of the spots from 
the T.L.C. plate and liquid scintillation counting.

Figure Al shows the result of incubation for 30 minutes at 37°C of 
increasing amounts of CAT enzyme in the reaction. It can be seen from this 
figure and the graph beneath that the assay is sensitive to enzyme amounts 
as low as 0.0005 units. The autoradiograph that is shown here has only been 
exposed overnight, and a longer exposure (not shown) of the same plate was 
easily visible at this low activity. However, the increased sensitivity at
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lower values results in linearity only being maintained up to an enzyme 
activity of 0.1 units, or 90% conversion of chloramphenicol to its 
acetylated derivatives.

To investigate the range of linearity with time, certain amounts of 
enzyme were incubated in the same conditions, and a proportion removed at 
defined time intervals for analysis. These results are shown in figure A2. 
They show that linearity is only maintained up to 60 minutes at enzyme 
activities of up to 0.005 units, and only up to 30 minutes with enzyme 
units of up to 0.05 units. This is‘ presumably due to exhaustion of the 
acetyl coA substrate; 0.5mM final concentration was used in these 
experiments. Therefore, if the sensitivity of the assay is to be extended 
through increasing the incubation time, then additional acetyl coA should 
also be added.

Thus, for the conditions of this assay, the amount of conversion 
obtained was proportional to the length of time of the incubation, for a 
time limit of 30 minutes and an enzyme activity of up to 0.1 units or 90% 
conversion. Under genuine assay conditions, where the amount of 
chloramphenicol conversion exceeded 80%, the extract was re-assayed, using 
diluted extract so that the rate of conversion was within the limits of 
linearity. A comparison was then achieved by multiplying the value by the 
dilution factor. The validity of this comparison required that the lowered 
protein concentrations used in the new assay did not affect the activity 
of the CAT enzyme, and hence the rate of conversion that resulted. This 
variable was tested by assaying the same quantity of CAT enzyme at 
different protein concentrations. The results of this experiment are shown 
in figure A3, and reveal that amounts of cytoplasmic protein between 60/xg 
and 300/ig did not effect CAT activity. Under no circumstances in the study 
did the amount of protein used in a CAT assay vary outside these margins. 
Thus, the limits of proportionality under the assay conditions employed 
have been determined, and all future experiments were kept within these 
limits to enable valid comparisons to be made.
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Figure Al CAT Activity Standard Determination bv the Thin Laver
Chromatography Assay

A) Autoradiograph of representative standard CAT assay 
Overnight exposure of a TLC assay. Serial dilutions of CAT enzyme were 
prepared and incubated with 0.5mM acetyl coA and 0.5/xCi [1AC]-
chloramphenicol in 0.25M Tris, pH 7.8 (see section 2.2.5) for 30 
minutes at 37°C. Reactions were stopped by addition of 1ml ethyl 
acetate, extracted, dried, spotted and separated as described. The 
spots are labelled as follows:-

A) chloramphenicol
B) chloramphenicol mono-acetate
C) chloramphenicol di-acetate
D) chloramphenicol tri-acetate

B)Standard CAT Assay Graph
The graph is a representation of the data in the autoradiograph. After 
exposure, the TLC plate was divided up and each spot counted in a 
liquid scintillation counter. CAT activity was calculated as the 
percentage of chloramphenicol converted to its products, 
chloramphenicol mono-, di- and tri-acetate. The expansion of the graph 
demonstrates that under these assay conditions, the activity is 
limiting at 0.1 units enzyme or 90% conversion.
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Figure A2 Activity of CAT enzvme vith Increasing time of incubation
as assayed vith the TLC method

A) Autoradio graph of the varation of CAT enzyme activity with time 
Overnight exposure of a TLC assay. Serial dilutions of enzyme were 
incubated with 0.5mM acetyl coA, 0.5/jCi [14C]-chloramphenicol in 0.25M 
Tris-HCl pH7.8 at 37°C. At various time points aliquots were removed and 
extracted with ethyl acetate. Samples were processed as previously 
described and separated by ascending TLC.

B) Graph of the variation of CAT activity with increasing time 
Graphical representation of the data in the autoradiograph. After 
exposure the TLC plate was divided up and each spot counted by liquid 
scintillation counting. CAT activity was calculated as the percentage 
chloramphenicol converted to its acetylated derivatives, as described 
previously. The assay is linear for 60 minutes with 0.005 units enzyme, 
but only for 30 minutes with 0.05 units enzyme. It can be seen from 
figure Al that 0.5 units is outside the linear range for this assay, 
even at 30 minutes. This graph also emphasises that the assay is most 
sensitive to enzyme activities between 0.005 and 0.05 units.
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Figure A3 Determination of the effect on CAT activity of increasing 
protein concentration

A) Autoradiograph representing the effect of protein
concentration on CAT activity 

Overnight exposure of TLC assay. Varying amounts of HeLa cell extract, 
of known protein concentration, were incubated with 0.5mM acetyl coA, 
0.5/iCi [1AC]-chloramphenicol and 0.01 units CAT enzyme in 0.25M Tris- 
HC1 pH7.8 for 30 minutes at 37°C. Reactions were stopped and processed 
as described previously.

B)Graph of the effect of increasing amounts of protein on CAT activity 
Graphical representation of the data in thê  autoradiograph. Data was 
calculated as previously described (see figure A1)C The graph 
demonstrates that increasing amounts of protein in the reaction have no 
effect on the activity of the CAT enzyme.
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CAT Assay #2
The previous assay, although sensitive and reliable is also long and 
laborious, involving many steps and a few days between harvesting cells and 
discovering the results of the transfection. A new rapid method was 
published (Neumann et al. , 1987), which enables rapid assaying of CAT 
activity in a one vial procedure. The method is based on that of Sleigh 
(1986), utilising 1AC acetyl coA as labelled substrate and does not require 
any extractions or TLC autoradiography. It relies on the direct diffusion 
of the labelled enzymatic reaction product, acetylchloramphenicol, into 
water-immiscible liquid scintillant. The quantity of 1AC 
acetylchloramphenicol produced is measured directly by counting the samples 
at selected intervals. It therefore enables immediate assessment of CAT 
activity with quantitative data, making possible direct comparison of 
promoter expression in various transfected samples.
Method

In a 7ml scintillation vial 50/xl of cell extract or CAT enzyme in 
lOOmM Tris pH7.8 was added to 200/xl 1.25mM chloramphenicol in lOOmM Tris 
pH7.8. The cell extract was heated to 70°C for 15 minutes before addition, 
to destroy any potential interfering acylases. The reaction was initiated 
by addition of 10/il 1AC acetyl coA (NEC-313, NEN, Boston; O.l̂ xCi, O.lmM 
final concentration acetyl coA), incubated and readings taken at the 
desired time points, as described in the figure legends.
Results

Figure A4 shows the results of increasing amounts of CAT enzyme after 
155 minutes of incubation at room temperature. It can be seen that the 
reaction is only sensitive to enzyme activities of 0.01 units and higher, 
but is linear until 1.0 units CAT enzyme. In an effort to make the assay 
more sensitive, a second variety of 1AC-acetyl coA (NEC-313L) was used. 
NEC-313L is sold specifically for CAT assays and does not require the 
addition of any cold acetyl coA. In addition, the temperature of the 
incubation was raised to 37°C and the incubation time lengthened to 3 
hours. The results of this are shown in figure A5. The sensitivity of the 
assay is greatly improved, detecting down to 0.006 units CAT enzyme. 
However, this is achieved by the loss of the wider range of linearity, the 
upper limit of linearity being reduced from 1.0 unit to 0.1 units. The 
assay is linear for time periods of up to 2 hours for this range of enzyme 
activity. However, although this procedure is much quicker, more versatile
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Figure A4 Standard CAT Assay Graphs Obtained with the Diffusion
Method

A) Increasing amounts of CAT enzyme were incubated with ImM 
chloramphenicol and 0.1/iCi [1AC]-acetyl coA (O.lmM final concentration) 
in lOOmM Tris-HCl pH7.8; overlayed with 5ml Econofluor, at room 
temperature for 155 minutes. Readings were taken in a liquid 
scintillation counter.

B) Enlargement of (A) , demonstrating that the assay is within the 
linear range up to 1.0 units CAT enzyme. However, it is only sensitive 
to enzyme activity of 0.01 units and above.
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Figure A5 Standard CAT Assay Graphs vith an improved Diffusion Assay

A1 Increasing amounts of CAT enzyme yere added to ImM 
chloramphenicol, 0.1/iCi [1AC]-acetyl coA (4mCi/mmol; O.lmM final
concentration) in lOOmM Tris-HCl pH7.8; overlayed with 5ml Econofluor, 
and incubated for varying times at 37°C. They were counted in a liquid 
scintillation counter at defined time points and replaced at 37°C. The 
graph illustrates that the assay is now linear between enzyme 
activities of 0.006 units and 0.096 units at time points up to 120 
minutes.

B) Replotting of the axes of (A) , illustrates the effect of time on 
increasing CAT activities. At 60 minutes all enzyme activities measured 
were within the linear range, but by 120 minutes this only applied to 
activities up to 0.096 units, and at 180 minutes only up to 0.048 
units. This demonstrates the versitility of this assay. Incubation 
lengths may be varied according to the activity of the extracts tested, 
to keep readings within the linear range.
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and less intricate, yielding almost immediate results, it is more 
susceptible to day to day variation than the TLC method. The background, 
due to the nature of the assay is much higher, reducing its sensitivity, 
and there is no internal control as there is in the TLC method: the result 
is dependant on the amount of radioactivity put into the reaction, and is 
not a proportion of products to substrates. Additionally, it is thought 
that the sensitivity was decreased further by the scintillation counter; 
the model in the laboratory is quite old, and all samples are jolted quite 
considerably when moved through the machine before counting.

Comparison of the two CAT assays
A comparison of the two assay methods, TLC and diffusion, reveal that 

although the range of linearity does not vary significantly between the 
two procedures; TLC is linear for 0.0995 units and diffusion for 0.095 
units; the TLC method is more sensitive with lower activities of enzyme, 
detecting down to 0.0005 units compared to 0.005 units for the diffusion 
method. This ten fold difference can be very significant in assaying CAT 
activity from cells not expressing high levels of CAT enzyme. As the 
extract can be diluted down if it exceeds the higher limit of 
proportionality, it was decided to use the TLC method for all CAT assays 
in the bulk of this study. Only when a quick guide was needed, such as in 
establishing transfection efficiencies (see appendix B) , was the diffusion 
method used. At all other times, despite its relative complexities and 
length the TLC CAT assay was employed, and the readings taken within the 
limits of proportionality defined above.

180



APPENDIX B

SETTING UP 

TRANSFECTIONS

181



APPENDIX B SETTING UP TRANSFECTIONS

Electroporat ion
A number of methods exist for the introduction of DNA into eukaryotic 

cells. No single procedure is ideal in all cases, the method of choice 
being determined by the target cell (Cullen, 1987). As there are no 
published reports of transfection of BEN cells, the cell line that would 
be the major subject of experimentation, there was no guide as to which 
transfection method would be successful. At the time that these experiments 
were planned, electroporation was a relatively new technique, and 
electroporators had just become commercially available. Electroporation had 
been proposed as a simple, reproducible and highly efficient procedure, 
that was applicable to a wider range of cell types than any other method 
(Chu et al. , 1987; Tatsuka et al., 1988). As it was hoped to expand the 
experiments described in this thesis to transfect other cell types, 
particularly those growing in suspension such as SCLC cells, it was decided 
to establish transfection of BEN cells through electroporation.

Electroporation involves the exposure of cells to a pulsed electric 
field. It is generally believed that the electric field generates pores in 
the membrane which allow the entry of extra-cellular molecules into the 
cytoplasm of the cell; either through diffusion (Neumann et al.,1982), or 
potentially in the case of DNA, by virtue of its electrophoretic mobility 
in the imposed electric field (Winterbourne et al.,1988). Successful 
electroporation occurs at values where the effects caused by the electrical 
breakdown in the membrane are reversible, and after a short time, the 
original membrane resistance and impermeability are restored. As these 
values vary for each cell type, it is necessary to optimise the various 
parameters to achieve maximum transfection. Parameters which have been 
reported to exert an effect over the efficiency of transfection include 
capacitance (charge stored); field strength (voltage to which capacitor is 
charged divided by the interelectrode distance); resistance of the 
electroporation medium (largely determined by its ionic strength); density 
of cells in solution; growth rate and growth phase of the population of 
cells; trypsinisation; DNA - concentration and form; and the temperature 
at which the cells are incubated and electroporated (Chu et al.,1987; 
Winterbourne et al.,1988; Tatsuka et al.,1988). Thus, considerable effort 
must be expended to find the best values for each cell line.
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Method
Large quantities of cells were required for each experiment. 

Approximately 108 cells were used each time. Cells were routinely harvested 
two days after the last passage; washed in versene, trypsinised, and 
resuspended in media containing 10% FCS to inactivate the trypsin. Cells 
were pelleted at low speed, washed once in ice cold 1 X HBS (21mM Hepes, 
pH 7.05; 137mM NaCl; 5mM KC1; 0.7mM Na2HP0A and 6mM glucose), and counted 
with a haemocytometer, before resuspension in 1 X HBS at the required 
density. They were left on ice for a-minimum of 10 minutes, until they were 
required. All experiments presented here were performed with the Bio-Rad 
"Gene Pulser".

0.5ml cells were pipetted into sterile cuvettes, supplied with the 
machine. DNA was added, as detailed for individual experiments, and each 
sample was pulsed, according to the instructions supplied with the machine. 
The cuvettes were returned to ice for a further 10 minutes before a sample 
was removed for viability staining and counting and an aliquot plated out 
onto petri dishes. Media plus 10% FCS was added to the dishes and the 
cells were then returned to the incubator (37°C, 5% C02). After 48 - 72 
hours, cells were harvested and assayed for CAT activity as detailed in 
section 2.2.5. The sample removed for staining was mixed with the dye, 
erythrosin B, which stains non viable cells red. Each sample was mixed with 
0.4%(w/v) erythrosin B, and counted between 3 to 5 minutes after its 
addition.
Results

Electroporation is most efficient when the charge and field strength 
are strong enough to kill most of the cells, while allowing a minority to 
become transiently permeable to the surrounding medium, before resealing 
and recovering. As these values vary for each cell type it is necessary 
to adjust the parameters to optimise the transfection efficiency.

In the initial experiment BEN cells were exposed to a range of 
voltages and capacitances, and the resulting cell solution stained for 
viability. Figure B1 shows these results. It can be seen that by 400V for 
all capacitances the overwhelming majority of cells were dead, and this is 
probably too high a percentage to allow efficient transfection. At the 
other end of the scale, there were probably too few cells killed with 100V 
at all capacitances to cause any cells to be made permeable. Although the 
viability of cells after exposure to different field strengths may vary,
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Figure B1 Graph of BEN cell viability after electroporation

0.5 ml BEN cells, two days after passaging, were suspended in HBS at a 
density of 6.3 x 106cells/ml and electroporated with the values as 
shown. Cell viability was determined by exclusion of the dye erythrosin 
B, 10 minutes after electroporation. Cells were kept on ice for 10 
minutes before and 10 minutes after elec.troporation.
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there is only limited correlation between cell viability and transfection 
efficiency, so cell staining experiments alone are of little value.

The next experiment therefore used the majority of the values in the 
previous experiment, but additionally tried transfecting both BEN and HeLa 
cells with the plasmid pSV2CAT. This plasmid has the SV40 early 
transcription region driving expression of the bacterial enzyme gene 
chloramphenicol acetyl transferase, and is expressed strongly in most cell 
types (Gorman et al.,1982). There have been previous published reports of 
successful HeLa transfection by electroporation, as well as by other 
methods (Chu et al.,1987). The results for BEN cells are shown in figure 
B2, and for HeLa cells in figure B3. Although cell viability was reduced 
by the application of higher field strengths, there was no detectable CAT 
activity in any of the samples of BEN cells transfected. This experiment 
was repeated, with similar results. In figure B3 it can be seen that 
successful electroporation was achieved with HeLa cells, and that the 
highest degree of transfection was obtained when between 50 and 70 % of 
cells were killed. There have been some reports of greater transfection 
efficiencies with a substantially higher DNA concentration. However, figure 
B3(c) shows that increasing the amount of carrier DNA did not improve 
transfection, and 250#ig DNA proved toxic to the cells.

Having established that electroporation was possible with the 
apparatus, further attempts to achieve this with BEN cells were tried. One 
possible source of lack of CAT activity was the vector itself. Although the 
SV40 promoter and enhancer are active in the vast majority of cells, there 
have been reports of its repression in other cell types, in particular in 
undifferentiated embryonal carcinoma cells (Gorman et al.,1985). Therefore 
it could not be definitely established that it would be active in BEN 
cells. On the other hand the calcitonin/a-CGRP promoter is known to be able 
to direct transcription in these cells as the gene is expressed. The first 
calcitonin promoter-CAT chimeric construct, pCALCAT 1, consisting of 750bp 
5' flanking region of the calcitonin/a-CGRP gene fused to the CAT coding 
region, had been shown to direct some activity in HeLa cells. It was 
therefore decided to try transfecting this construct into BEN cells. 
Another variation tried was to use cells 2,3 and 4 days after passaging to 
see if this made any difference to their ability to be transfected. A third 
variation was to use more cells; 107 cells/ml instead of the usual 6 x 106 
cells/ml. The final alteration was to plate the increased number of cells
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Figure B2 Graph of BEN cell viability after electroporation with DNA

0.5 ml BEN cells, two days after passaging were suspended in HBS at a 
density of 6 x 106 cells/ml. 10/xg pSV2CAT was added to each cuvette and 
the cells electroporated as described. After a further 10 minute 
incubation on ice, an aliquot was removed and stained to determine cell 
viability and the remaining cells were plated out and incubated for 72 
hours. They were harvested and assayed for CAT activity by the 
diffusion assay method. There was no CAT activity detectable above 
background for any of the samples, despite the large variability in 
cell viability.



ce
lls

 
ki

lle
d

Capacitance

voltage

186



Figure B3 Electroporation of HeLa cells

Al 0.5ml HeLa cells at a density of 1 x 107cells/ml in HBS were 
electroporated together with 10/ig pSV2CAT at the values marked. An 
aliquot was removed for viability staining, and 0.2 ml was plated out. 
After 72 hours incubation cells were harvested and assayed for CAT 
activity by the diffusion assay method. The most efficient transfection 
was acheived when 51% cells were killed, with a capacitance of 500/iFD 
and a voltage of 280 volts, equivalent to ' a field strength of 700 
volts/cm (d = 0.4cm).

B) A further attempt to establish the best value for transfection of 
HeLa cells. Cells suspended at 8 x 106cells/ml were electroporated and 
assayed as described above. The highest transfection was acheived when 
68% cells were killed, with a capacitance of 500 /xFD and a field 
strength of 800 V/cm.

C) The effect of DNA concentration on transfection efficiency. HeLa
cell:?; at a density of 8 x 106 cells/ml, were electroporated as 
described, at 500/tFD and 700 volts/cm. 10/ig pSV2CAT was added to the 
cells together with the desired amount of salmon sperm DNA. Cells were 
assayed as described for (A).
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out in a smaller area. It had been noted in growing BEN cells, that they 
exhibited density dependent growth; that is they would not grow unless 
there was a certain density of viable cells growing. It was assumed that 
they must survive by a kind of autocrine stimulation of their own growth. 
It was also noted that they are very serum sensitive, requiring much more 
careful testing of serum than the other cell lines grown in the laboratory. 
Therefore, one possible reason for failure to transfect, was that at the 
field strengths necessary to achieve successful transfection, the 
percentage of cells left alive would be insufficient to support growth of 
the cells afterwards. It was hoped that using more cells and plating them 
out in a smaller area would overcome this problem.

Figure B4 shows the results of this experiment. It can be seen that 
despite all these alterations in experimental protocol there was no 
significant CAT activity over the control in any sample. It was therefore 
decided that electroporation would not be a successful method of 
transfection of BEN cells and a different method should be attempted.

Calcium phosphate precipitation
Transfection of cells by calcium phosphate precipitation is a 

relatively simple and well established procedure, which had already been 
successfully used in the laboratory. It was therefore the natural choice 
for the next method of attempting transfection of BEN cells. The technique, 
first described by Graham and van der Eb (1973), relies on a fine 
precipitate forming between DNA mixed with calcium chloride and a buffered 
solution containing phosphate ions, which is readily taken up by mammalian 
cells in culture. The mechanism of uptake is not understood, but the method 
is thought to result in a transformation frequency of 10~A (Cullen, 1987), 
of the most easily transfected cell lines. However, the procedure is very 
sensitive to deviations from the ideal and wide variations in transfection 
efficiency may result.

The method used was exactly as described by Gorman (1986), with 
extreme care taken to ensure that the pH of the HBS was exactly pH 7.12. 
If the pH of the buffer varied then the precipitate formed would be coarse 
and uneven, and a low efficiency of transfection would ensue. All plasmids 
used were prepared by PEG precipitation, as described in section 2. 2. 2.2.2. 
This was found to give the least deviation in proportion of supercoiled to 
nicked and linear plasmid in each preparation. Each preparation was RNase
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Figure B4 Electroporation of BEN cells with pCALCAT 1

0.5 ml BEN cells, resuspended in HBS at a density of 1 x 107 cells/ml 
were electroporated with 10/ig pCALCAT 1, at the values shown. Cells 
were stained and assayed as described in figure B3, the only difference 
being that 0.4 ml cells, after electroporation were plated out in 
smaller petri dishes - 60 x 15mm dishes instead of the usual 100 x 15mm 
dishes. Cells were prepared and electroporated on three separate days, 
at two, three and four days after their last passage. No CAT activity 
above background levels was detectable in any of the samples.
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treated at least twice, and run on an agarose gel to ensure that there was 
no RNA contamination, as this has been reported to affect transfection 
efficiency.

As it still had not been established whether pSV2CAT would be 
expressed in BEN cells, a second plasmid that has a broader range of 
expression, was obtained. This plasmid, pRSVCAT, places the coding regions 
of the CAT gene under the transcriptional control of the Rous Sarcoma Virus 
Long Terminal Repeat (RSV LTR) . The level of CAT synthesis directed by this 
construct after transfection into a variety of mammalian cells was several 
times higher than that directed by pSV2CAT (Gorman et al. ,1982). 
Transfection of pRSVCAT into BEN cells by calcium phosphate precipitation 
resulted in high level CAT expression. Figure B5(a) shows the results of 
the preliminary experiment which established this. Variations in the length 
of glycerol shock, a procedure which involves briefly exposing the cells 
to a solution of 15% glycerol in HBS, greatly increased the levels of CAT 
expression. Figure B5(b) represents data from a further investigation of 
this phenomenon. It can be seen that a glycerol shock of two minutes leads 
to the maximal levels of CAT expression, and this procedure was therefore 
adopted for the rest of the experiments. Once successful transfection of 
BEN cells had been established, the plasmid pSV2CAT was transfected in to 
ascertain whether it was indeed active in BEN cells or not. Interestingly, 
it is not active in BEN cells (see figure B5(c)); the levels at which it 
is expressed are barely above control levels. It is presumably repressed 
in BEN cells, although the manner in which this is achieved is completely 
unknown.
Conclusion

Electroporation of BEN cells was not successful. Both plasmids which 
were transfected by this method, pSV2CAT and pCALCAT 1, were not expressed. 
However, BEN cells were successfully transfected with the calcium phosphate 
precipitation method. Expression of pRSVCAT and pCALCAT 1 was demonstrated, 
but pSV2CAT was not expressed. pSV2CAT was expressed in HeLa cells which 
were transfected by both electroporation and calcium phosphate 
precipitation. Therefore, in all future experiments both BEN and HeLa cells 
were transfected with calcium phosphate precipitation. BEN cells were 
glycerol shocked for 2 minutes, after the precipitate was removed, as 
determined in figure B5, and HeLa cells for 30 seconds as previously 
reported (Gorman, 1986).
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Figure B5 Calcium phosphate transfection of BEN cells

Al 3 x 106 cells were plated out per 100 x 15 mm petri dish on day 
1 of the experiment. On day 3 half (5ml) medium was removed from each 
plate 3 hours before the calcium phosphate precipitate was added, 
containing 10/jg pRSVCAT together with 10/xg herring testes DNA. This was 
left overnight (18 hours) before removal, addition of glycerol shock 
solution (15% glycerol in 1 x HBS) for the time shown in the graph, 
washing with serum free media, and replacement with fresh media. Cells 
were harvested on day 5, lysed by three cycles of freeze-thawing, and 
the extract assayed for CAT activity by the diffusion assay method.

B1 3 x 106cells were plated out per 60 x 15 mm petri dish on day 1. 
On day 4, 1.5ml medium was removed 3 hours before the calcium phosphate 
precipitate was added as described above. The next morning cells were 
glycerol shocked for varying lengths of time as above. They were 
harvested and assayed for CAT activity on day 5. 120 seconds appears to 
be the optimum time length to glycerol shock BEN cells and in all 
future experiments this was the time employed.

C) The relative transfection efficiencies of the plasmids pRSVCAT 
and pSV2CAT in BEN cells. Cells were transfected as described in (B), 
with 10/ig plasmid and 10/ig carrier herring testes DNA. The only 
difference was that they were transfected overnight from day 2 to day 
3, glycerol shocked for 2 minutes and harvested on day 5. It can be 
seen that pSV2CAT seems to be repressed in BEN cells.
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