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ABSTRACT

Viral genes provide a useful model system for studies of transcriptional 

control in embryonic stem cells. The Moloney murine leukemia virus (Mo-MuLV) 

and its close relative Moloney murine sarcoma virus (Mo-MSV) are incapable of 

productively infecting embryonic stem cells. Since, the viral long terminal repeat 

(LTR) sequences are unable to direct transcription in embryonic stem cells but are 

highly active in differentiated derivatives, these viruses provide a useful probe for 

investigating transcriptional control in embryonic stem cells.

Barklis et aL (1986) identified the tRNA primer binding site (PBS) as a 

negative regulator of provirus expression. Prince and Rigby (1991) observed in 

transfection experiments that generation of an Spl binding site by introducing a 

point mutation at -166 (bp) with respect to the transcriptional start increased 

transcription 6-fold. Tsukiyama and Niwa (1992) analyzed an EC-specific 

repressor activity and identified a consensus sequence for the binding of this 

repressor protein. In this study, mutations in the negative regulatory element at 

the PBS, in the binding site for the EC-cell specific repressor and at the mutated 

Sp l binding site were analysed in retroviral transduction experiments in 

embryonal carcinoma and embryonic stem cells. I found that infection with the 

MSGAacZ vector is an effective permissive delivery system in the absence or 

presence of any mutation in EC and ES cells. Retroviruses with single, double and 

triple mutations in different combination of mutated repressor sites and a 

generated Spl site were produced using 4^Cre producer cells. Maximal expression 

was obtained when the virus carries two mutations (MSGZ.acZ,-166, B2) in which 

an Sp l binding site is generated and the B2 repressor site is blocked. The 

M SGlacZ (-166,B2) virus not only increased expression 4-fold in EC and 8-fold 

in ES cells but also expressed efficiently in the inner cell mass of the blastocyst 

stage embryo. Two repressor sites were identified in the primer binding site region 

and the other EC-specific repressor was found not to be effective. A new method 

of transfection, which increases transient transfection efficiency more than 122- 

fold in neuroblastoma cells was developed. A 4-fold increase in stable clones was 

also obtained when BAGZ.acZ,/7eo was transfected into M̂ Cre cells. New ionic 

substrates were developed to replace polybrene due to its toxicity and to increase 

the transduction efficiency of retroviruses in EC and ES cells.
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1.1. THE REGULATION OF GENE EXPRESSION IN EMBRYONIC STEM  

CELLS

Mammalian development is a regulated process whereby the structural and 

functional organization of the animal is progressively expressed. Development o f a 

fertilized egg into a multicellular animal requires control at the levels o f spatial 

organization and cellular differentiation. Studying transcriptional control in the early 

embryo itself is difficult due to the small size of the blastocyst, the diversity of cell types 

and asynchrony of early development. Working with cultured cells has a number of 

advantages because they are not only easy to manipulate in culture but can also be 

maintained in the differentiated or the undifferentiated state. Two different culture model 

systems are available. Embryonal carcinoma (EC) cells are transformed cell lines 

established from the malignant stem cells of teratocarcinomas and embryonic stem (ES) 

cells originate from the inner cell mass cells of the blastocyst which are totipotential 

cells. These cells provide an appropriate model system for the study of gene expression 

in early embryonic cells because they are capable of giving rise to further stem cells and 

to cells of a differentiated phenotype. The potential for differentiation of ES cell lines 

is similar to that of the inner cell mass cells of the embryo and thus they can participate 

in the normal development o f somatic cells as well as germ cell lineages after their 

introduction into early embryos (Evans and Kaufman, 1981; Stewart, 1982). Our 

understanding of embryonic development can be improved by studying the control of 

transcription in stem cells, as one of the most important points at which gene expression 

is controlled is at the level of messenger RNA (mRNA) transcription. The induction of 

differentiation, is accompanied by changes in the expression of cellular genes.

Viruses have historically been excellent probes for studying gene expression in 

mammalian cells, for example adenoviruses, unlike papovaviruses are able to replicate 

in EC cells (Impériale et al. , 1984) and adenoviral El A inducible promoters were found 

to be more active in F9 EC cell extracts than in HeLa cell extracts (La Thangue and 

Rigby, 1987). However viruses like Moloney Murine Leukaemia virus (Mo-MuLV) do 

integrate but do not express in EC and ES cells, for example preimplantation mouse 

embryos and ES cells are not permissive for the replication of Mo-MuLV (Jaenisch et 

aL, 1975; Savatier et at., 1990). Retroviruses efficiently integrate into the genome of 

EC cells (Teich et al. , 1977; Speers et al. , 1980) or of the early embryo (Jaenisch et al. ,
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1981), but expression is not detectable. This block is at the level of transcription 

(Stewart et a l ,  1982; Gautsch and Wilson, 1983; Niwa et a l ,  1983 ), although a 

secondary block like méthylation, subsequent to RNA transcription, also occurs (Gautsch 

and Wilson, 1983; Sorge et a l ,  1984). It is assumed that the changes in transcription 

factor activity during differentiation that affect viral expression will also be important 

for the differentiation process itself. The objective of this work was to learn about 

transcriptional control in early embryonic cells using retroviruses as probes and then to 

use this knowledge to design retroviral vectors that will work efficiently in early 

embryonic cells and perhaps in other cell types like haematopoietic stem cells.

1.2. EARLY MOUSE DEVELOPMENT

Vertebrate development stems from the division and differentiation o f a single 

cell, the fertilised egg, to form the large array of cell types making up the body plan of 

the adult, where most cells, with the exception of some cells in the immune system, 

possess the same genetic information. Developmental decisions are regulated by the 

selective expression of genes in different tissues, as the phenotype of a cell is determined 

by the proteins which are expressed in that cell.

The embryonic development o f the mouse begins when the egg of the female is 

fertilized by the spermatozoon from the male. Ovulation, which occurs every four days 

in response to a surge in the level of luteinizing hormone, causes eight to ten oocytes to 

be swept into the infundibulum of the oviduct over a period of two to three hours. Sperm 

are released into the reproductive tract and age for about one hour before penetrating the 

follicle and zona pellucida. Fusion of the sperm head and the egg membrane is due to 

the acrosomal reaction which releases hydrolytic enzymes which trigger fertilization. The 

fertilized egg undergoes cleavage during passage down the oviduct, and produces a solid 

ball o f cells, called the morula (Fig. 1.1). At the 8 - to 16- cell stage the morula 

undergoes compaction, i.e. the blastomeres flatten and become polarized, with the 

development of distinct apical and basal membranes and cytoplasmic domains. Up to the 

eight cell stage the cells remain equipotent, each capable of giving rise to a mouse 

(Kelly, 1977). Cells on the outer side of the morula embryo give rise to trophectoderm 

(TE), while cells on the inside give rise to the inner cell mass (ICM). The ICM will give 

rise to embryonic tissue and the trophectoderm will form the placenta. Later a fluid-
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Fig. 1.1. A. Summary of preimplantation mouse development (modified from Hogan 

e t a l ,  1986).

B. Summary of the lineages of tissues constituting the mouse conceptus 

(modified from Hogan et a l ,  1986).
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filled cavity, the blastocoel, develops within the embryo, now described as a blastocyst. 

The blastocoel cavity expands until the 64-cell stage, at which the ICM contains about 

20 cells. The blastocyst then hatches from the zona pellucida and undergoes implantation 

in the uterine epithelium.

Shortly before implantation, a layer of epithelial cells, the primitive endoderm 

appears on the surface of the ICM. The primitive endoderm cells colonize the 

extraembryonic visceral and parietal endoderm in the yolk-sac surrounding the embryo 

(Fig. 1.2). Injection chimaera experiments using lineage markers show that the primitive 

endoderm cells do not colonize foetal cells but only the extraembryonic parietal and 

visceral endoderm of the yolk sacs (Gardner, 1982; 1983). The residual core of ICM 

cells becomes organized into a layer known as the primitive ectoderm, embryonic 

ectoderm or epiblast. These cells give rise to all three germ layers, the ectoderm, 

endoderm and mesoderm, of the embryo proper and thus to the whole of the fetus. By 

5.5 d/7 C the egg cylinder has formed as a result o f the polar trophectoderm differentiating 

to form the ectoplacental cone and the extraembryonic ectoderm, pushing the primitive 

endoderm down into the blastocoel cavity in the process. The visceral endoderm 

surrounds the egg cylinder and the parietal endoderm is found on the blastocoel face of 

the mural TE. Between the fifth and tenth day after fertilization, the basic plan of the 

mouse is established, and growth and differentiation of the various organ systems 

occupies the remainder of the gestation period of 19-20 days.

1.3. EMBRYONIC CELLS.

The first mouse embryonic stem cell lines were isolated a decade ago (Evans and 

Kaufman, 1981; Martin, 1981) by culturing the inner cell mass cells of blastocyst stage 

embryos on fibroblast feeder cell layers. These cells were shown to have similar in vitro 

and in vivo growth and differentiation properties to embryonal carcinoma cells (Martin 

and Evans, 1975; Martin, 1980). Both ES (Evans and Kaufman, 1981; Martin, 1981) 

and EC cells can be induced, under appropriate conditions, to differentiate in vitro in a 

manner that resembles the behaviour o f embryos in vivo around the time of implantation. 

By changing the culture conditions, the cells can further differentiate into cells derived 

from all three germ layers. When injected subcutaneously into mice, ES and EC cells 

give rise to a variety of differentiated cell types (Martin, 1981; Evans and Kaufman,
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Fig. 1.2. Schematic representation of early post-implantation development of the 

mouse embryo (Adapted from Hogan et a l ,  1986).
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1981).

1.3.1. EMBRYONAL CARCINOMA CELLS

Embryonal carcinoma (EC) cells are transformed cell lines established from the 

malignant stem cells of teratocarcinomas and part of their phenotype will reflect 

malignant transformation. Teratomas are tumours which mostly occur in the gonads but 

also occur in other sites. A histological section shows a patchwork arrangement of 

differentiated tissues, commonly including derivatives of all three germ layers ( Martin, 

1980; Gardner, 1983). These arise by differentiation within the tumour of a 

developmentally pluripotent malignant cell population, the embryonal carcinoma (EC) 

cells. Once formed, the differentiated tissues are benign and the malignancy of the 

tumour is due entirely to its residual embryonal carcinoma content. If all the EC cells 

in a tumour differentiate, the result is a benign teratoma. Malignant tumours containing 

both EC cells and differentiated cells are designated teratocarcinomas and benign 

tumours are termed teratomas. The teratocarcinoma OTT6050 was produced by grafting 

a 6  day embryo to the testis of a histocompatible host, and then established by serial 

transplantation through 30-40 generations (Stevens, 1970). Subsequent in vitro culture 

of pieces of OTT6050 gave rise to a number of embryonal carcinoma (EC) cell lines 

with different characteristics. These lines include F9 cells (Bemstine et al. , 1973) and 

PCC4 (Jakob et a l , 1973) and PCC3 (Nicolas et a l , 1976) cells. PCC3 and PCC4 cells 

are defined as pluripotential - on transplantation to ectopic sites they give rise to cells 

with EC cell morphology and differentiated cells characteristic o f all three germ layers. 

Conversely, F9 cells are defined as nullipotential, producing tumours with EC cell 

morphology only.

1.3.2. EMBRYONIC STEM CELLS.

Blastocyst cells placed directly in culture with no intermediate transformation step 

are termed embryonic stem (ES) cells. ES cell lines, which have not been subject to 

selection during tumour growth, mirror normal embryonic cells more closely then EC 

cells. ES cells can efficiently contribute to all tissues of the embryo when used to 

generate injection or aggregation chimaeras with normal blastocysts (Bradley et a l ,

1984). The ES cell lines initially isolated were of male origin (Robertson et a l , 1983). 

However female ES cell lines can be derived not only from fertilized embryos, but also 

from parthenogenetically activated embryos (Kaufman et a l ,  1983).
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ES cell lines like CCE, ABl and D3 are derived from mouse strain 129 

(testicular origin) which have a high spontaneous incidence of teratomas. Commonly 

used ES cell lines include CCE (129/Sv; Robertson et aL, 1986), D3 (129/Sv; 

Doetschman et aL, 1985), B14 (129/Ola; Handyside et aL, 1989) and ABl (129/Sv; 

McMahon and Bradley, 1990) where substrain 129/SV carries the wild type alleles at 

the c and p  coat and eye colour loci and is agouti with black eyes and 129/Ola carries 

the mutant alleles and P  and is light yellow with pink eyes (Lyon & Searle, 1989). 

To maintain the undifferentiated phenotype, ES cells must either be grown on a layer of 

fibroblast feeder cells, or supplied with differentiation inhibiting activity (Smith et aL, 

1988), also known as leukaemia inhibitory factor (LIE; Williams et aL, 1988). It is also 

very important to plate out the cells within narrow limits of cell density and therefore 

they require frequent passaging. When LIE is added into ES cell medium, more than 

95 % of the ES cell colonies display a stem cell phenotype as indicated by the expression 

of the stem cell markers ECMA-7 and alkaline phosphatase. Withdrawal o f LIE leads 

to complete differentiation of ES cells (Pease et aL, 1990). Previous studies have shown 

that ES cells may participate in normal embryonic development when they are injected 

into the blastocyst. Recently Nagy et aL (1993) reported derivation of completely cell 

culture-derived mice from early-passage ES cells by ES cell tetraploid embryo 

aggregation.

Recently, Stewart et aL (1994) identified a novel source of pluripotent cells, 

remarkably similar to both ES and EC cells. These are EG cells, derived by culturing 

primordial germ cells isolated from postimplantation embryos, but it is not known 

whether they resemble ES and EC cells in their ability to contribute to the germ line. 

The derivation of such cell lines offers a new route to deriving totipotent cells.

1.3.3. DIFFERENTIATION OF EC / ES CELLS.

EC and ES cells can be differentiated in vitro, thereby providing model systems 

mimicking differentiation of the ICM. In EC cells, retinoic acid induced differentiation 

usually results in endoderm-like cells (Strickland and Mahdavi, 1978) although the 

differentiated cell type produced depends upon the EC cell line (McBumey et aL, 1983), 

the intracellular cyclic AMP content (Strickland et aL, 1980), the retinoic acid 

concentration (Edwards and McBurney et aL, 1983) and whether the cells are in 

monolayer or suspension aggregates (Hogan et aL, 1981). It is also possible to derive
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cells resembling adrenergic neurones from F9 cells by treatment with nerve growth 

factor (Liesi et al., 1983). F9 EC cells form primitive endoderm-like cells in the 

presence of 2M-trans retinoic acid and further addition of dibutyryl cyclic AMP induces 

formation of parietal endoderm-like cells (Strickland et a l., 1980) or if put in suspension 

culture the primitive endoderm-like cells aggregate to form clumps surrounded by 

visceral endoderm-like cells (Hogan et ah, 1981).

ES cells can be induced to differentiate in culture by plating in the absence of 

feeder cells or LIE. Differentiation can also be induced in some feeder-independent lines 

by very high or low cell density, and most lines will respond to retinoic acid. When ES 

cells are grown in the absence of feeders differentiation occurs to produce cells distinct 

from the starting cells and from those that differentiate in retinoic acid (Smith and 

Hooper, 1987). These have been identified as a mixture of endoderm and ill defined 

mesoderm-like cells (Mummery et al. , 1990). ES cells when placed in suspension culture 

will form embryoid bodies (EBs) that morphologically resemble the normal egg cylinder 

(Evans and Kaufman, 1981). After about seven days o f differentiation they began to 

develop cardiac muscles with intrinsic myogenic activity and a vascular system, showing 

the ES cells to be pluripotential.

Poirier et al. (1991) exploited this model system by using differential screening 

of CDNA libraries constructed from ES cells and from Ebs to isolate genes regulated 

during this differentiation process in vitro. They describe the isolation of the gene HI9, 

which is found to be activated in extraembryonic cell types at the time of implantation, 

suggesting that it may play a role at this stage of development, and is subsequently 

expressed in all o f the cells o f the mid-gestation embryo with the striking exception of 

most of those of the developing central and peripheral nervous systems. Poirier et al. 

(1992) also isolated a CDNA encoding L14, a lactose-binding, soluble lectin. It is 

initially synthesised in the trophectoderm of expanded blastocysts immediately prior to 

implantation, suggesting that it may be involved in the attachment o f the embryo to the 

uterine epithelium. These data suggest that genes expressed in ES cells are not expressed 

in ICM cells.

The different cell types are recognizable by their morphology and cell-surface 

antigens. Antibody against stage specific embryonic antigen 1 (anti-SSEA-1) is specific 

to undifferentiated cells (Solter and Knowles, 1978). Kimber et al. (1993) reported
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Ccirbohydrate antigen expression in murine ES cells and embryos. A mouse ES cell line 

E14 and early embryos were stained with a panel of 15 monoclonal antibodies 

recognizing sialylated or potentially sialylated carbohydrate determinants. Sialyl Le-x and 

sialyl Le-a were detected on the pre-implantation embryo from the 8 -cell stage, and 

sialyl Le-a weakly on undifferentiated ES cells. Changes in cell surface carbohydrates 

occured after induction of ES cell differentiation with retinoic acid and dibuturyl CAMP. 

Differentiation caused a shift in the mass spectrum to more complex gangliosides.

1.4. VIRAL REGULATION IN EMBRYONIC CELLS.

The activators and repressors of transcription present in a particular type of stem 

cell presumably play an important role in maintaining the stem cell phenotype. Since 

some viruses do not express in stem cells but do express in differentiated derivatives or 

vice versUy experiments using viruses have proved particularly useful in characterizing 

transcriptional regulation in embryonic stem cells.

Some viruses, for example Simian virus 40 (SV40), polyoma virus, and Moloney 

murine leukaemia virus (Mo-MuLV), are unable to efficiently express their genomes in 

undifferentiated EC cells (Swartzendruber and Lehman, 1975; Teich et aL, 1977; Segall 

and Khoury, 1979; Linnenbach and Croce, 1982), but in contrast d l3 \2  replicate in EC 

cells (Impériale et al., 1984). The induction of differentiation, which is accompanied by 

changes in the expression of cellular genes, results in the removal of the block to viral 

gene expression. It has been suggested that the lack of expression of the SV40 early 

proteins is due to post-transcriptional effects, at the level of the splicing of the early 

mRNAs (Segall et aL, 1980) but the majority of the evidence indicates that the defect 

is in transcription from the viral promoters. The polyoma mutants selected for the ability 

to grow on undifferentiated EC cells carry mutations in the region required for the 

efficient transcription of the early genes (Katinka et aL, 1981; Fujimura et aL, 1981).

Differentiation presumably requires alterations in the activities o f proteins that 

regulate the expression of cellular genes. The simplest interpreteration o f the viral data 

is that differentiation induces a protein (or proteins) required for efficient utilization of 

the viral promoters or that it leads to the disappearance of a factor (or factors) that 

represses these promoters.

Gorman et aL (1985a;b) used DNA-mediated gene transfer to analyze the
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function o f several viral promoters in EC cells. They showed that the SV40 early 

promoter works efficiently in an enhancer-independent fashion following transfection into 

undifferentiated cells. Strikingly, the promoter in the LTR of MSV does not function in 

such cells but when upstream sequences, including the enhancer, are deleted expression 

ensues. Replacement of the SV40 enhancer by that of MSV results in inactivation of that 

SV40 early promoter in these cells. They proposed that the undifferentiated cells contain 

a rruAis-acting regulatory factor (or factors) that reduces transcription by interacting with 

viral enhancers. Sleigh et al. (1987) reported that the polyoma virus enhancer region can 

compete for a negative regulator of transcription to allow a low level of SV40 enhancer 

activity and also showed that a repressor of transcription is active in both differentiated 

and undifferentiated cells. La Thangue and Rigby (1988a) have mimicked the SV40 

enhancer regulation in vitro in whole cell extracts of both F9 embryonal carcinoma cells 

and their differentiated derivatives. Experiments in which the two types of extract are 

mixed suggest that the differentiated cell type is dominant. This result supports the 

hypothesis that EC cells are deficient in activators of transcription.

The papovavirus polyoma replicates in most mouse cell types (Tooze, 1981) but 

fails to grow in EC cells because of a block at the level of early transcription (Amati,

1985). Mutant polyoma strains capable of growth in EC cell lines and other normally 

nonpermissive cells have been isolated, and the mutations are localized to the noncoding 

regulatory region (Amati, 1985). The simplest change conferring ability to grow in F9 

EC cells, seen in mutant F441 (Fujimura et aL, 1981), is a single-base substitution at 

position 5233 within the B enhancer element. The point mutation at position 5233 

relieves transcriptional inhibition mediated by the adenovirus El A gene product (Hen et 

a l., 1986) and creates a binding site for another factor (Kovesdi et a l., 1987), first called 

GTIIC (Xiao et ah, 1987) and subsequently renamed TEF-1 (Davidson et al., 1988). 

Both the mutation itself and duplication of the mutant sequence increase the level of 

reporter gene expression in F9 cells (Satake et al., 1988). The BF-H protein which is 

present in F9 EC cells but not in their differentiated products, function as positive 

transcriptional enhancers in F9 cells (Hirano and Iwakura, 1990). These observations 

suggest that the expression of polyomavirus (PyV) genes depends upon the availability 

of transcriptional regulatory factors in each individual cell line, and that the spectrum 

of mutants isolated in different cell lines reflects this. Recently Nothias et al. (1993)
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analyzed binding of transcription factors to the duplicated PEAl and PEA3 sites that are 

required for polyomavirus mutant expression in PCC4 EC cells.

Melin et al. (1991) exploited the difference in mutational spectrum between 

different EC cell lines to isolate polyoma mutants capable of lytic infection in all EC and 

ES cell lines. Mutant viruses able to replicate in the F9 EC cell line generally have point 

mutations in the enhancer. Recently Melin et al. (1993) reported that transcription 

enhancer factor-1 (TEF-1) DNA binding sites can specifically enhance gene expression 

during early mouse development. The embryo responsive (ER) enhancer configuration 

was characterized by a tandem duplication of the region containing a single point 

mutation that created a DNA binding site for TEF-1. ER enhancers stimulated the PyV 

promoter up to 350-fold in embryos. Co-transfection assays showed that an excess of 

the wild type polyoma virus regulatory region can titrate out a negative factor repressing 

transcription in F9 cells (Sassone-Corsi et al. y 1987).

The product of the adenovirus early gene E l A can act as both an activator and 

a repressor of transcription. The E l A gene product is required for expression of the 

other adenovirus early genes and can also activate some cellular genes (Berk, 1986). 

However, E l A can inhibit the SV40 and polyoma enhancers (Borrelli et al. y 1984), 

immunoglobulin heavy and k light chain gene enhancers (Hen et al. y 1985), muscle 

specific promoters and the insulin gene promoter (Stein and Ziff, 1987; Webster et al. y 

1988). E l A does not have a specific DNA binding site and therefore must both activate 

and repress transcription using indirect mechanisms. One possibility is that El A interacts 

with cellular proteins like activating transcription factors (ATFs) that are bound to 

adenovirus early promoters (Hai et al., 1989). Recently, Liu and Green (1994) reported 

that E la interacts not only with the ATF-2 but also with other DNA-binding domains of 

c-Jun and Spl. Their protein-fusion experiments demonstrate that these cellular 

transcription factors can mediate an El A response in vivo.

Adenoviruses, unlike papovavirus are able to replicate normally in embryonal 

carcinoma cells (Impériale et al. y 1984). It was found that the dl'lY l virus, an E l A 

mutant which permits only low level expression of the early gene E2 in HeLa cells, 

allows wild-type E2 expression levels in EC cells. They further noted that the E lA  

inducible gene hsp70 is also expressed at high levels in EC cells. E l A products can also 

activate chromosomal genes and serve to increase transcription from a variety of
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promoters in transient expression assays (Green et aL, 1983; Gaynor et aL, 1984). 

These data suggested that such cells contain a cellular activity that can substitute for viral 

E l A (Impériale et aL, 1984) and which is generally known as the ElA-like activity of 

EC cells.

Kovesdi et aL (1987) reported that the E2F factor is involved in adenovirus E2 

transcription, and that its activity is increased by El A. E l A inducible promoters were 

found to be more active in F9 EC extracts than in HeLa cell extracts in in vitro 

transcription reactions (La Thangue and Rigby, 1987). They also showed that the EC 

cell phenotype is dominant, supporting the hypothesis that an ElA-like positive activator 

of transcription is present in EC cells. La Thangue et aL (1990) identified activators of 

E2 transcription which are down regulated on differentiation of F9 EC cells. These 

factors are known as DRTFl and 2 (for differentiation regulated transcription factors) 

and may mediate the effects of the ElA-like activity to allow EC cell activation o f E2 

transcription.

E2F is a mammalian transcription factor that was initially detected as a cellular 

factor involved in activation of the adenovirus E2 promoter (Kovesdi et aL, 1986; 

Martin et aL, 1990a). Several lines of evidence implicate E2F as an important 

component of cell proliferation control. First, E2F binding sites are found in the 

promoters of genes responsive to proliferation signals and the level of E2F binding 

activity increases at a time when many of these genes are activated (Mudryj et aL, 1991; 

Nevins, 1992; Schwarz et aL, 1993). Second the tumour suppressor protein Rb, as well 

as the related pl30 and pl07 protein, complexes with E2F (Bagchi et aL, 1991; Bandara 

and La Thangue, 1991), resulting in an inhibition of E2F transcription activity (Hiebert 

et aL, 1992; Zamanian and La Thangue, 1992). Third, oncogenic products of the DNA 

tumour viruses can dissociate these E2F complexes (Bandara and La Thangue, 1991; 

Chellappan et aL, 1991). Recently Johnson et aL (1993) have reported that E2F is 

involved in cellular proliferation control. Specifically, they demonstrate that 

overexpression of the E2F 1 complementary DNA can activate DNA synthesis in cells 

that would otherwise growth-arrest with an efficiency that is similar to that achieved by 

the expression o f the adenovirus E la gene. Moreover, microinjection of the CDNA into 

quiescent cells can induce S-phase entry, whereas two E2F1 mutants, which are unable 

to transactivate the DHFR and TK promoters, are unable to induce S phase. Girling et
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al. (1993) reported the isolation of a CDNA encoding DRTF-1-polypeptide-1 (DP-1), 

a major sequence-specific binding protein that is present in DRTF-1/E2F, including Rb- 

and pl07-associated DRTF1/E2F. The DNA-binding domain of DP-1 contains a regional 

homology with E2F-1, and recognizes the same sequence. Bandara et al. (1993) reported 

that DP-1 and E2F-1 exist in a DNA binding complex in vivo and that they bind 

efficiently and preferentially as a heterodimer to the E2F site. Moreover, studies in yeast 

and Drosophila cells indicate that DP-1 and E2F-1 interact synergistically in E2F site- 

dependent transcriptional activation (La Thangue, 1994).

The murine type C retrovirus family includes murine leukaemia viruses (MLVs), 

sarcoma viruses, spleen focus-forming viruses (SFFVs) and mink cell focus-forming 

viruses (MCFVs). Retroviruses such as Moloney murine leukaemia virus (Mo-MuLV) 

and its close relative Moloney murine sarcoma virus (Mo-MSV) fail to grow in EC cells 

but will grow in cells that differentiate from them (Peries et al., 1977; Teich et al., 

1977). Nielsen et al. (1994) reported recognition sequences for basic helix-loop-helix 

proteins which may play an important role in transcriptional regulation of murine type-C 

retrovirus. E boxes, recognition sequences for basic helix-loop-helix (bHLH) 

transcription factors, are detected in the enhancer and promoter regions of several 

murine type C retroviruses. A number of mechanisms contribute to block growth in EC 

cells, namely (a) lack of enhancer function (Linney et al., 1984), both because of 

absence of activator proteins (Speck and Baltimore, 1987) and because of negative 

regulation (Gorman et al., 1985b); (b) the presence of a repressor of transcription which 

binds to the tRNA primer binding site downstream of the transcription start site (Barklis 

et a l ,  1986; Grez et a l ,  1990; Peterson et a l ,  1991); and (c) de novo méthylation 

(Stewart et a l ,  1982). Transcription of murine type C retroviruses is regulated by an 

array o f transcription factors, which bind to their corresponding regulatory cis elements 

in the U3 enhancer (Speck and Baltimore, 1987; Manley et a l ,  1989; Speck et a l ,  

1990; Manley et a l ,  1993).

1.5. RETROVIRUSES.

Viruses of the type we now call retroviruses were among the earliest known 

viruses, first discovered about 80 years ago as filterable agents that cause cancers in 

chickens (Rous, 1911). The discovery of reverse transcriptase (Baltimore, 1970; Temin
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and Mizutani,1970), provirus transmission in the germ line and the discovery of cellular 

progenitors of retroviral oncogenes (Stehelin et a/., 1976), showed the importance of 

these filterable agents. In recent years, the growth of the retroviral community has been 

further accelerated by several connections between retroviruses and human diseases: the 

discoveries of human retroviruses that cause adult T cell leukaemia / lymphoma (Poiesz 

et al. y 1980) and AIDS ( Barre-Sinoussi et aï. y 1983; Popovic et al.y 1983).

Retroviruses are widely distributed throughout the vertebrates. The main 

characteristic o f this group of viruses is the presence in all infectious virions of reverse 

transcriptase, which catalyses the formation of a complementary DNA strand from an 

RNA template.

1.5.1 RETROVIRUSES AS A GENETIC TOOL.

Retroviruses can be viewed from three perspectives: Firstly, they can be used as 

tools for genetic manipulations ranging from gene therapy to mutagenesis; secondly, they 

pose problems by their pathogenic potential in human and animal hosts, where they 

cause diseases such as AIDS and many forms of cancer, and finally they serve as models 

for the study of fundamental biological problems, including the transfer of genetic 

information, the regulation of gene expression, growth control, cell lineage and 

macromolecular assembly.

The major advantages of retroviral vectors are the high efficiency of gene transfer 

into replicating cells and the precise integration of the transferred genes into cellular 

DNA. The ability to transfer genes efficiently and stably to target cells, especially 

primary somatic cells, is not shared by other gene transfer techniques and is the major 

attraction of retroviral vectors for use in gene therapy.

1.5.2. CLASSIFICATION.

The feature that distinguishes retroviruses from other viruses is the replication 

of a single stranded RNA genome through a double stranded DNA intermediate (Varmus 

and Swanstrom, 1985). It is possible to organize the most commonly studied retroviruses 

into seven groups (Table 1.1). There is also a formal taxonomic framework for grouping 

retroviruses on the basis of endogenous or exogenous retroviral genomes:

1.5.2.2. ENDOGENOUS RETROVIRUSES. They are also termed retroviral genomic 

material or retrogens. Retrogens are normal cell constituents and inherited as Mendelian 

elements. These are sometimes rescued when the cell is stressed in some way. However,
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TABLE 1.1 Major group of retroviruses
(Adapted from Varmus, 1988).

Virus group Prototypes Other examples

Avian sarcoma and leukosis viruses RSV ALV (RAV-l,RAV-2)
Reticuloendotheliosis viruses SNV REV

CSV
Mammalian leukemia and sarcoma viruses Mo-MLV Mo-MSV

Ha-MSV
Fr-SFFV
FeLV
SSAV

Mammary tumour viruses MMTV
Primate type D viruses MPMV SRV-1

SMRV
Human T-cell leukemia-related viruses HTLV-1 HTLV-2

STLV
BLV

Immunodeficiency and lentiviruses HIV-1 HIV-2
Visna SIV

CAEV
EIAV

Ajbjbreviations:RSV,Raus sarcoma virus; ALV,avian leukosis virus; RAV,Rous- 
associated virus; SNV,spleen necrosis virus; REV,reticuloendotheliosis virus; 
CSV,chicken syncytial virus; Mo-MLV, Moloney murine leukemia virus; Mo- 
MSV, Moloney murine sarcoma virus; Ha, Harvey; Fr-SFFV, Friend spleen focus- 
forming virus; FeLV, feline leukemia virus; SSAV,simian sarcoma-associated 
virus; MMTV, mouse mammary tumor virus; MPMV,Mason-Pfizer monkey virus; SRV-1, 
siman retrovirus; SMRV, squirrel monkey retrovirus; HTLV, human T-cell 
leukemia virus; STLV, simian T-cell leukemia virus; BLV- bovine leukemia 
virus; HIV,human immunodeficiency virus; SIV, simian immunodeficiency virus; 
CAEV, caprine arthritis-encephalitis virus; ElAV, equine infectious anemia 
virus.
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the gene sequences often contain deletions and therefore remain unexpressed or give rise 

to incomplete particles.

i.5 .2 .2 . EXOGENOUS RETROVIRUSES. These viruses are divided into three 

subfamilies: (i) Oncovirinae are tumour inducing agents also called the RNA tumour 

virus group. These are further subdivided on morphological criteria into: (a) intracellular 

A particles; (b) B-type retroviruses which are similar to C-type viruses but with an 

eccentric core or nucleoid (mouse mammary tumour virus); (c) C-type retroviruses have 

spherical enveloped particles surrounded by knobs or spikes with a central core of RNA 

and protein (leukaemia viruses) and (d) D-type retroviruses have a central cylinderical 

core (associated with primate neoplasias), (ii) Lentiviranae are slow viruses. These are 

non oncogenic and cause chronic inflammatory disorders in the host (HIV 1, HIV 2 and 

visna). They also produce D-type particles and (iii) Spumavirinae induce a foamy cell 

vacuolization. These have been isolated from many species including man, and have no 

known pathogenic potential.

1.5.3 STRUCTURE.

Retroviruses are enveloped RNA viruses, 80-100 nm in diameter. The 

extracellular virus particle is composed of a genome (single stranded RNA) wrapped in 

a core of viral protein that is, in turn, surrounded by an envelope studded with viral 

glycoproteins and derived from the membrane of the previous host cell (Fig. 1.3. A). An 

infecting retrovirus also contains an organized collection of virus enzymes and RNA 

designed to direct the synthesis of a double stranded DNA copy of the RNA genome 

(reverse transcription) and the precise joining of that DNA to the host chromosome 

(integration). A simple retroviral provirus such as that of Mo-MuLV is shown with its 

full-length unspliced RNA in F ig .l.3 .B . Below this are the three genes gag, pol and env. 

The gag gene produces a precursor polyprotein (Pi** )̂, which is subsequently cleaved 

by the viral aspartyl proteinase (PR) to produce the matrix protein (MA), the structural 

protein of the core (CA) and the nucleocapsid protein (NC), that binds the full-length 

genomic RNA within the core. The gag-pol overlap region produce a gag-pol fusion 

protein (Pr«“® p°‘) which is also subsequently cleaved to produce more gag products but 

also the PR, reverse transcriptase (RT) and integrase (IN) from the pol coding sequence. 

The env gene is expressed by translation of sub-genomic spliced RNA containing just the 

env coding sequence. The primary translation product is also a precursor, that
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Fig. 1.3 (A) Schematic view of a C-type retrovirus particle. Two single strands of viral 

RNA and viral enzymes (reverse transcriptase, integrase and protease) are 

drawn within an icosehedral viral core, which is surrounded by an envelope 

that is derived from host membranes enriched with viral glycoprotein. 

Interaction of envelope glycoprotein with a host encoded cell surface receptor 

is shown at the bottom (modified from Varmus, 1988).

(B) A simple retrovirus as, e.g. murine leukaemia virus (MuLV), is shown 

with its full-length unspliced RNA. Below these are the three genes gag, pol 

and env (modified from Varmus, 1988).
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is cleaved to produce a transmembrane protein (TM), and a surface protein (SU). Both 

TM and SU are glycosylated.

1.5.4. LIFE CYCLE.

The retrovirus life cycle commences with the entry of extracellular particles into 

susceptible host cells, a process that requires the attachment of the virus to a host- 

encoded transmembrane receptor that converts the extracellular, enveloped particle into 

a simpler intracytoplasmic nucleoprotein complex, probably via receptor-mediated 

endocytosis. Subsequent early events in the life cycle include synthesis of a linear 

double-stranded DNA copy o f viral RNA within the nucleoprotein complex, migration 

of the DNA protein complex to the nucleus and covalent integration of viral DNA into 

host chromosomes, forming the provirus (Fig. 1.4).

The virally encoded reverse transcriptase produces viral DNA using the two RNA 

copies as templates, and makes two transfers of nascent DNA between the templates 

during the process. Negative strand DNA synthesis is primed from a tRNA^ molecule 

for Mo-MuLV which interacts with the primer binding site (PBS) which is purine rich. 

The plus strand is extended through U3,R and U5 by copying minus-strand DNA, and 

then to the end o f the PBS by copying the first 18 nt of tRNA (still linked to minus 

DNA), until the polymerase encounters the first modified base in the tRNA. The plus- 

strand strong-stop DNA contains precisely one copy of the LTR sequence plus 18 nt of 

PBS. The U3 and U5 sequences become duplicated during formation of the double 

stranded viral DNA copy to produce a long terminal repeat (LTR) sequence at each end 

of the genome.

Circular forms of retroviral DNA containing 1 or 2 copies o f the LTR have been 

observed in cells. However, it has been shown that linear Mo-MuLV DNA can be 

integrated directly into the host genome (Fujiwara and Mizuuchi, 1988). A nucleoprotein 

complex capable of integration in vitro has been isolated. It consists of viral DNA, 

capsid and the integration protein encoded by the 3' terminus of the viral po l gene 

(Bowerman et a l ,  1989). Brown et a l  (1989) analyzed the structure of the initial 

covalent product of an in vitro retroviral integration reaction and determined the 

structure o f the ends o f the unintegrated linear DNA molecules present in vivo in cells 

infected with Mo-MuLV. Their results lead to the following conclusions: (i) 

Circularization o f viral DNA plays no role in integration. The direct precursor to the
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Fig. 1.4. (A). An outline of steps in the retroviral life cycle.

(B). The cartoon of virus particles shows viral RNA and viral enzymes within 

a nucleocapsid that is enveloped by host-derived membranes studded with 

viral glycoproteins.
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integrated MuLV provirus is a linear molecule, (ii) The initial step in the integration 

reaction is probably a cleavage that removes the terminal 2 bases from each 3' end of 

the viral DNA. (iii) The resulting viral 3 ’ ends are joined to target DNA to form the 

initial recombination intermediate. Recently, Jones et al. (1994) reported that in the 

absence of recombination, one molecule of retroviral RNA is sufficient for viral DNA 

synthesis. Murphy and Goff (1992) suggested that a mutation at one end of Mo-MuLV 

DNA blocks cleavage of both ends by the viral integrase in vivo. The integration of 

retroviral DNA proceeds through two steps: trimming of the termini to expose new 3' 

OH ends, and the transfer of these ends to the phosphates of target DNA.

Completion of the life cycle occurs by transcription o f viral RNA under the 

control of enhancer and promoter sequences in U3. The RNA is a template for the 

translation of viral gene products, and is also the viral genome which combines with the 

viral proteins under control of the packaging signal ^ to form new retroviral particles. 

The particles bud off from the host cell and are ready to initiate new infections 

(Fig. 1.4). During the process of virus growth there may be a gain of thousands of virus 

particles per cell per day in a cell originally infected with single virus; this amplification 

occurs by transcription of a single provirus into many copies o f viral RNA per cell.

1.5.5. VIRUS RECEPTORS.

The virus envelope of Mo-MuLV is composed of two proteins, gp70 and pl5E, 

which are processed from a precursor envelope protein (Witte and Wirth, 1979). 

Sequence comparison and mutational analysis indicate that the transmembrane protein 

pl5E  carries a viral fusion factor at its amino-terminal end (Jones and Risser, 1993). 

The membrane surface glycoprotein gp70 carries the receptor binding domain at its 

amino-terminal end within the first 160 amino acids (Battini et al., 1992; Morgan et al., 

1993), while much of the carboxylic end of gp70 is thought to interact with pl5E (Witte 

and Wirth, 1979).

Ecotropic MuLV infects rodent cells only, while amphotropic MuLV infects a 

wide range of species. The C-terminal halves o f both the gp70 and pl5E sequences of 

these two subgroups are highly homologous, while the N-terminal half, carrying the 

receptor binding domain, has only short areas of homology. Similar to other enveloped 

viruses (McClure et al., 1990), MuLV is assumed to penetrate its host cell by a 

membrane fusion event. Amphotropic virus particles penetrate their target cells in a pH-
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independent mechanism by fusion with the cell’s outer membrane as described for Sendai 

virus, HIV and Simian immunodeficiency virus (Marsh and Helenius, 1989; Weiss et 

aL, 1989; McClure et aL, 1990 ). In contrast, ecotropic particles penetrate host cells in 

a pH-dependent mechanism by fusing with the endosomal membranes as described for 

influenza virus and vesicular stamatitis virus (Post and Pasternak, 1978; McClure et aL,

1990). The low pH environment in the endosome induces a conformational change in the 

envelope glycoprotein of these latter viruses which exposes and triggers the fusion (Post 

and Pasternak, 1978; Marsh and Helenius, 1989).

The entry of ecotropic and amphotropic MuLV into cells was investigated by 

Nussbaum et aL (1993) using viral vector particles carrying chimeric amphotropic- 

ecotropic envelope glycoproteins on their surface. Chimeras were made by joining, at 

or near the polyproline hinge, the N-terminal portion of the amphotropic gp70 onto the 

C-terminal portion of the ecotropic gp70 and pl5E (constructs AE2 and AE4) or vice 

versa. The transduction efficiency of the constructs was tested on target cells that either 

have only ecotropic receptors (CHO-2 and CHO-11 cells), only amphotropic receptors 

(mink lung fibroblasts and Cos 1 cells), or both types of receptor (NIH 3T3 cells). The 

assay made use of the fact that the mechanism for viral entry o f ecotropic viruses is pH - 

dependent while that of amphotropic viruses is pH-independent. Treatment of target cells 

with NH4 CI, which prevents the reduction of pH within endosomes, reduced the titres 

of viral particles bearing the C-terminal moiety from the ecotropic envelope but did not 

reduce the titres o f particles which had C-terminal moiety from the amphotropic 

envelope. In addition, in contrast to other low pH-dependent enveloped viruses, brief 

acid treatment did not allow surface-bound viruses to bypass the NH4 CI block. These 

results indicate that the pH dependence of viral entry is a property o f the sequences C 

terminal to the polyproline hinge.

NIH 3T3 cells express a cell surface protein which functions as a receptor for all 

members of the ecotropic class of murine leukaemia viruses (MuLVs). Susceptibility of 

rodent cells to infection by ecotropic MuLV is determined by binding of the virus 

envelope to a membrane receptor that has multiple membrane-spanning domains and the 

complementary DNA sequence encoding the cell-surface receptor for ecotropic host- 

range murine retroviruses (ecoR) shows that it contains 622 amino acids and 14 

hydrophobic potentially membrane spanning sequences (Albritton et aL, 1989). Cells
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infected by ecotropic MuLV synthesize envelope protein, gp70, which binds to this 

receptor, thereby preventing additional infections. The consequences of envelope-MuLV 

receptor binding for the infected host cell have not been directly determined, partly 

because of the cellular function of the MuLV receptor protein is unknown. Kim et al. 

(1991) reported transport of cationic amino acids by the mouse ecotropic retrovirus 

receptor. Wang el at. (1991) also reported that ecotropic murine receptor is a basic 

amino acid transporter.

Although all ecotropic viruses can use this receptor to enter target cells, some 

cells that are susceptible to infection by one ecotropic virus remain relatively resistant 

to infection by another. For example. Mus dunni tail fibroblast (MDTF) cells are 

efficiently infected by all ecotropic viruses with the notable exception of Mo-MuLV 

(Lander and Chattopadhyay, 1984) and Mo-MuLV based vectors (Eiden et al., 1993). 

MDTF cells that express the NIH 3T3-derived ecotropic receptor after transfection of 

its cDNA are susceptible to Mo-MuLV-based vectors and replication-competent Mo- 

MuLV infection. Substitution of isoleucine for valine at position 214 in the third 

extracellular region of the MDTF receptor molecule allows it to function as a Mo-MuLV 

receptor (Eiden et al., 1993).

The hamster cell lines CHO K1 and BHK-21 are resistant to MuLVs as a 

consequence of a glycosylation-dependent receptor-mediated block (Wang et al., 1991). 

Recently, Eiden et al. (1994) found that treating MDTF cells with tunicamycin, an 

inhibitor of N-linked glycosylation, also renders them susceptible to Mo-MuLV 

infection. Mo-MuLV-resistant human HOS cells, expressing this form of the receptor, 

are susceptible to Mo-MuLV infection. This study suggests that without a glycan moiety 

at position 229, the valine residue at 214 in the third extracellular region is no longer 

restrictive for Mo-MuLV infection. BHK-21 and CHO K1 hamster cells also express 

glycosylation inactivated forms of the ecotropic receptor. Sequence analysis of these 

receptors together with the analysis of MDTF receptor function suggests that a single 

asparagine-linked glycosylation site is responsible for glycosylation inactivation of these 

receptors.

Ragheb and Anderson (1994) reported that Mo-MuLV ecotropic envelope 

expression plasmids can be used to demonstrate that the synthesis of the retroviral 

envelope SU and TM polypeptides. By substituting a glycosyl-phosphatidylinositol (GPI)

46



membrane anchor for part or all of the retroviral envelope transmembrane protein and 

creating several deletion variants of the TM subunit, they analyzed the role of the TM 

protein in envelope function. They showed that a GPI-anchored envelope can be 

incorporated into virions and bind receptor. They found that the envelope cytoplasmic 

tail, while not required, influences the efficiency of retroviral transduction at some step 

after membrane fusion (possibly by interacting with core). The membrane-spanning 

domain of TM is involved in membrane fusion, and this function is distinct from its role 

as a membrane anchor. As few as eight amino acids of the putative membrane-spanning 

domain are sufficient to achieve membrane anchoring of envelope but not to mediate 

membrane fusion. In addition, the membrane-spanning domain may have some direct 

role in the incorporation of envelope into virions. Finally, the extracellular domain of 

TM, besides containing the putative fusion domain and interacting with SU, may 

influence the synthesis or stability and glycosylation of envelope, possibly by affecting 

oligomerization of the complex and proper intracellular transit.

1.6. CONTROL OF RETROVIRAL TRANSCRIPTION,

Most o f the transcription factors which were identified as regulators o f viral 

transcription were found to also act on cellular genes. Therefore, experiments on the 

control of viral gene expression were a useful starting point in the study of the control 

of transcription. Several viral transcriptional activators do not bind directly to DNA, 

including adenovirus E lA , herpes simplex VP16 and HIV-1 Tat. This observation 

initially led to the suggestion that these proteins function in a fundamentally different 

manner from that of cellular sequence-specific activators. However, it is now apparent 

that many, if  not all, o f these viral activators, like cellular activators, do indeed function 

at the promoter, and do so via interactions with sequence-specific DNA-binding proteins.

Viral transcriptional activators act through three mechanisms. Firstly activators 

that bind directly to DNA and then interact directly with a basic transcription factor. 

Evidence suggests that this mechanism may be used by bovine papillomavirus E2 

(McBride et al.y 1989; Li et al., 1991), herpes simplex ICP4 (Sacks et al., 1985) and 

pseudorabies virus IE (Ihara et al., 1983; Martin et al., 1990 a,b). Secondly, activators 

that are directed to the vicinity of a promoter by binding to a cellular sequence-specific 

DNA-binding protein. Thus, a complex of two or more proteins forms the complete
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transcriptional activator. The herpes simplex virus VP 16 protein uses this mechanism 

(Cress and Triezenberg, 1991). Thirdly, viral activators that require at least two 

additional proteins: a sequence-specific DNA-binding protein that directs the viral 

activator to the vicinity of the promoter, and an auxiliary transcription factor that 

interfaces the viral activator and the general transcription factors. These activators 

require a complex of at least three proteins to form the complete activator and are 

represented by the adenovirus E l A protein (Liu and Green 1990; Martin et ah, 1990a).

E boxes, recognition sequences for basic helix-loop-helix (bHLH) transcription 

factors, are detected in the enhancer and promoter regions of several murine type-C 

retroviruses (Celander and Haseltine, 1987; Golemis et ah, 1990; Comeliussen et ah,

1991). The E-box consensus sequence (NCANNTGN) overlaps a glucocorticoid response 

element (GRE) in the U3 region of murine type C retroviruses (Lenardo et ah, 1987; 

Nielsen et ah, 1992). GREs may facilitate transcriptional activation by steroid hormones 

(Miksicek et ah, 1986; Celander et ah, 1988). The GRE-overlapping E box has the 

conserved sequence ACAGATGG (Golemis et ah, 1990). Of 30-murine type C 

retrovirus sequences aligned by Golemis et ah (1990), only radiation leukaemia virus 

and Friend MuLV lack this particular E-box motif in their U3 regions. Introduction of 

mutations in the three Moloney MuLV U3 GREs, destroying the overlapping E boxes, 

increased the latency period of induction 2-fold (Speck et ah , 1990). In an SL3-3 MuLV 

U3 construct, mutation of the equivalent E boxes decreased transcription 2-fold in 

lymphoid cell lines (Comeliussen et ah, 1991). Besides the E box overlapping the GRE, 

other E-box elements can be identified in MuLV U3 regions. For example, an E box is 

located at the LVa site in Moloney MuLV (Speck et ah, 1990).

The human basic helix-loop-helix (bHLH) DNA-binding protein SEF2-1 has been 

cloned for binding to the E-box overlapping the GRE in the SL3-3 MuLV enhancer, and 

the murine bHLH proteins ALFl and ALF2 have been cDNA cloned for binding to the 

equivalent E boxes in the Akv MuLV enhancer (Comeliussen et ah, 1991; Nielsen et 

ah, 1992). Nielson et ah (1994) showed that ALFl, a member of the bHLH protein 

family of transcription factors, binds in vitro with differing affinities to distinct E-box 

sequences found in the U3 regulatory regions of Friend, Moloney, SL3-3 and AKV 

murine leukaemia viruses (MuLVs) as well as Friend spleen focus-forming virus 

(SFFV). In NIH 3T3 fibroblasts, ALFl overexpression elevated transcription from the

48



U3 region of Moloney MuLV and the complete LTR regions of Friend, SFFV, Akv 

MuLV and SL3-3 MuLV but neither from the U3 region nor from the complete LTR of 

friend MuLV. Introduction of mutations in the Akv MuLV E boxes showed the E-box 

CIS elements to be required for the function of ALFl as a transcription factor. ALFl and 

the glucocorticoid receptor, with overlapping DNA binding sequences, did not act 

synergistically with respect to transcriptional trans activation of expression from the Akv 

MLV promoter-enhancer region. They concluded that ALF-1 in vivo may be an 

important transcription regulator for Akv, SL3-3 and Moloney MuLVs as well as for 

Friend SFFV.

1.7. EUKARYOTIC TRANSCRIPTIONAL REGULATION.

Studies on transcription initiation in prokaryotes have revealed a variety of 

regulatory mechanisms employing positively-acting and negatively-acting proteins. 

However, there is an abundance of new information about eukaryotic transcription 

factors, the genes they regulate, the sites at which many of them act, their presence or 

absence in different cell types, and their temporal and spatial formation and activity 

during development. Some of these factors are DNA-binding proteins and when bound 

they interact directly or indirectly with eukaryotic polymerases that have assembled at 

appropriate promoter binding sites. Both positive- and negative-acting factors abound; 

some factors have both activities. Some factors do not bind DNA directly but can 

influence the action of a bound factor.

Eukaryotes have three different types of RNA polymerase. RNA polymerase I 

transcribes the large ribosomal RNA precursor, RNA polymerase II transcribes protein 

coding genes into heterogenous nuclear RNA (hnRNA) and some small nuclear RNAs 

(SnRNA) and RNA polymerase III transcribes transfer RNA genes, 5S ribosomal RNA 

genes and other small cellular and viral RNAs. Many class II promoters have a sequence 

known as the TATA box about 25 to 30 bp 5' of the mRNA start site. Other promoters 

have a GC-rich region upstream of the start; these promoters tend to have heterogenous 

start sites. Matsui et al. (1980) identified four components required for the active and 

selective initiation of transcription at the adenovirus 2 major late promoter (MLP). The 

four activities, transcription factors (TF) IIA, IIB, IIC and IID were purified from a 

soluble extract o f human KB cells. TFIIG and TFIID preparations can functionally
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substitute TFIIA (Sumimoto et al., 1990). TFIIE and F independently interact with 

purified RNA polymerase II, and are required for the formation of rapid start complexes. 

TFIIF has been purified and exists as a heterodimer of 30 and 78kd polypeptides 

(Mermelstein et at., 1989). Cellular TBP from higher eukaryotes appears to be 

complexed with many different proteins (Pugh and Tjian, 1991; Timmers and Sharp, 

1991; Comai et at., 1992). Some of these proteins are termed TBP-associated factors 

(TAFs) and can require dénaturants such as urea or guanidine to dislodge them from 

TBP. Meistemst et at. (1991) reported a novel activity (USA) stimulated activator- 

dependent transcription in a reconstituted system in conjunction with natural TFIID, 

resulting in 10- to 50-fold levels of induction by regulatory factors. In class II 

promoters, TATA binding protein (TBP) assembles pol II and its essential initiation 

factors (TFIIA, TFIIB, TFIIE, TFIIF, TFIIH and TFIU) into a preinitiation complex 

(Buratowski et al., 1989; Sumimoto et al., 1990; Conaway et al., 1991).

1 .7.1. TRANSCRIPTION FACTORS.

Proteins which help in initiation, repression or activation of transcription are 

termed transcription factors (TF). These factors bind to their cognate recognition sites 

on DNA and then act, either positively or negatively, to influence the rate at which pol 

II initiates transcription at a promoter. Typically, promoters and enhancers bind 

numerous, different gene-specific transcription factors. Protein-protein interactions 

between the DNA-bound gene-specific transcription factors can have synergistic or 

antagonistic effects on transcription. Transcription factors have substantial diversity. 

Faisst and Meyer, (1992) have reviewed the transcription factors that have been 

described to date. These proteins generally have separate DNA-binding and transcription 

activation domains. The DNA-binding and activation regions of cellular transcriptional 

activators can be categorized on the basis of their amino acid sequences. DNA-binding 

regions include the homeodomain (Gehring 1987; Scott et al. 1989; Scott and Hyashi 

1990), which contains the helix-tum-helix motif (Otting et al., 1988; Schaffner, 1989), 

the POU homeodomain (Herr et al., 1988), the zinc finger domain (Brown et a l ,  1985; 

Miller et a l ,  1985), and the basic region plus leucine zipper domain (Landschulz et al. , 

1988; Vinson et al., 1989). Activation regions include the acidic (Gill and Ptashne, 

1987; Cress and Triezenberg, 1991), glutamine-rich and proline-rich activators (Coumey 

and Tjian, 1988).
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Many transcription activators are multidomain proteins composed of distinct 

polypeptide segments responsible for DNA binding, transcription activation or some 

other relevant regulatory function. Cellular activators have been shown to encode two 

essential functions that are typically located within separable domains of the protein 

(Brent and Ptashne, 1985; Struhl, 1987; Ptashne, 1988). First, a DNA-binding region 

binds directly to a specific DNA sequence and is responsible for directing the protein to 

the promoters it regulates. Second, an activation region, anchored to the promoter by the 

DNA-binding domain, somehow increases the level of transcription-most likely by 

establishing contact with a transcription factor (Ptashne, 1988; Lillie and Green, 1990). 

This contact may be direct or indirect. At least some TAFs function as transcriptional 

coactivators by providing a functional link between sequence-specific regulators (e.g., 

Spl, CTF, and NTFl) and TBP (Pugh and Tjian, 1990, 1991; Tanese et a l ,  1991). A 

recent interesting finding is that TBP is a component o f basal transcription factors for 

all three eukaryotic RNA polymerases (Lobo et a l ,  1991; Comai et a l ,  1992; Cormack 

and Struhl, 1992; Schultz et a l ,  1992; White et a l ,  1992; Rigby, 1993).

Recently, Hoey et a l  (1993) reported the isolation and characterization of the 

first gene encoding a TAF protein. The deduced amino acid sequence of TAFllO  

revealed the presence of several glutamine- and serine/threonine-rich regions reminiscent 

of the protein-protein interaction domains of the regulatory transcription factor Spl that 

are involved in transcription activation and multimerization. TAFllO specifically 

interacts with the glutamine-rich activation domains of Spl. Moreover, purified Spl 

selectively binds recombinant TAFllO in vitro. These findings suggests that TAFllO  

may function as a coactivator by serving as a site of protein-protein contact between 

activators like Spl and the TFIID complex. Human transcription factor Spl contains two 

glutamine activation domains that can function as potent activators (Coumey and Tjian, 

1988) and in protein-protein interactions as surfaces for the formation of homomultimers 

(Pascal and Tjian, 1991).

1.8. MOLONEY MURINE LEUKAEMIA VIRUS.

Mo-MuLV is a C-type retrovirus which was obtained by the passage o f a cell-free 

extract o f the Sarcoma 37 transplantable tumour in neonatal mice (Moloney, 1960). Its 

general pathology includes thymic leukaemia, disseminated lymphosarcoma or lymphatic
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leukaemia and hepatosplenomegaly. The Moloney murine sarcoma virus (Mo-MSV) is 

a replication defective derivative of Mo-MuLV in which part of the env open reading 

frame has been replaced with the mos oncogene. Mo-MSV was isolated from a sarcoma 

caused by injecting a BALB/C mouse with Mo-MuLV (Moloney, 1966). The basic 

structure of Mo-MuLV, a typical C-type retrovirus, is shown in Fig. 1.5, and the 

functions of each region o f the genome are summarized in Table 1.2.

1.8.1 TRANSCRIPTIONAL CONTROL OF MO-MuLV.

The sequences mediating Mo-MuLV and Mo-MSV transcription, and the factors 

acting at these sites have been investigated in a variety of cell types. Moloney murine 

leukaemia virus causes thymic leukaemias when injected into newborn mice. A major 

determinant o f the thymic disease specificity of Moloney virus maps genetically to the 

conserved viral core motif in the virus enhancer. In the U3 sequences Mo-MSV has two 

single bp additions and three single bp deletions with respect to Mo-MuLV (Hilberg et 

al., 1987). The 72 bp direct repeat sequences of the Mo-MSV LTR act as an enhancer 

of transcription.

The Mo-MSV enhancer sequences were shown by De Franco et al. (1985) to 

facilitate activation by the synthetic glucocorticoid hormone dexamethasone in transient 

transfection experiments. The Mo-MuLV U3 region also contains a thyroid hormone 

response element (TRE) facilitating activation of transcription by c-erbA protein (Sap et 

a l ,  1989).

Méthylation interference footprinting and the gel retardation technique defined 

transcription factor binding sites in the 72 bp direct repeats o f Mo-MuLV (Speck and 

Baltimore, 1987). Multiple proteins in WEHI231 (a murine B cell line) nuclear extracts 

were able to interact with the Mo-MuLV sequences. In order to distinguish between 

these proteins it was necessary to partially fractionate the extract by column 

chromatography. Six separate binding activities were revealed. Three of these bound to 

sites previously characterized:- (i) The GRE site occurring once in each 72bp repeat, (ii) 

The enhancer core motif with homology to that o f SV40 (Weiher et a l ,  1987) also 

occurring once in each repeat, (iii) Sites with homology to the consensus NF-1 binding 

site (Nagata et a l ,  1982) occurring twice in each repeat. The other three binding sites 

had not been previously been recognized and were designated LVa, b and c.

Gunther et al. (1990) found a binding site for the proto-oncoprotein ets-1 by in
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Fig. 1.5.structure of the Moloney murine leukaemia virus genome (Adapted from 

Weiss et ah, 1982; 1985). Details and functions of each regions like R, U3 etc. 

are given in table 1.2.
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TABLE 1.2. The functions of each region of the Mo-MuLV genome

R A 60 nucleotide sequence repeated at each end of the genome. Involved
in transfer of the nascent DNA strand during reverse transcription.

US A unique sequence of 60 nucleotides separating R and the primer binding 
site.

PBS(-) The 'primer binding site'. The binding site for tRNA**” which primes 
negative strand DNA synthesis.

p s i The packaging signal, required for packaging of genomic RNA into viral 
particles, and involved in dimerization of the two RNA molecules found 
in each particle.

gag One of the two major RNA species, a full length 35S RNA, is translated 
to produce the Pr65 gag gene product, the precursor to the internal 
structural proteins of the viral particle.

p o l The 35S RNA also produces the PrlSO gag-pol gene product. This is
cleaved to give the p o l gene product reverse transcriptase, the 
integration protein (IN), and the protease required for maturation of 
structural proteins (Yoshinaka et ai., 1985)

env The other transcription product, a 22S RNA derived by alternative
splicing, is translated to give Pr70 the env gene product, the surface 
glycoprotein on the viral envelope.

PBS(+) A purine rich region 5' of the initiation site of positive strand DNA 
synthesis, implicated as a primer binding site.

U3 A unique sequence separating R and PBS(+), which has two copies in the 
provirus. U3 contains the promoter and enhancer of viral transcription 
and includes two 75bp direct repeat sequences.

A2 0 0 A poly-A sequence of approximately 200 residues occurs at the 3' end 
of the genome. Addition of the poly-A tail is post-transcriptional.
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vitro techniques. Mutation of this site reduces expression from the LTR by 15-20 fold 

in cultured mouse thymocytes. A repeated sequence of 5' TGCCC 3' was found four 

times in U3 regions o f Mo-MSV but mutated at each of the four equivalent sites in Fr- 

MLV (Thiesen et ah, 1988). Sequential mutation of the sites showed that they confer 

T-cell specific transcription. Using in vitro protein binding and in vivo functional studies, 

Flanagan et al. (1989) identified novel regulatory sequences near the 5' end of murine 

leukaemia virus (MuLV) long terminal repeats (LTRs). In this upstream conserved 

region (UCR), gel retardation assays detected two overlapping binding sites for nuclear 

proteins. Three lines of evidence suggest a negative regulatory role for the UCR in viral 

transcription: (i) an inverse correlation was found between MuLV transcripts and nuclear 

proteins binding the UCR; (ii) in vivo treatment of mice with lipopolysaccharide 

resulted in an increase in the induction of viral transcripts and the disappearance of 

UCR-binding proteins; and (iii) in mouse L cells transfected with an MuLV LTR linked 

to the CAT gene, cotransfected UCR oligonucleotides increased CAT expression, 

presumably by competing for inhibitory fmw-acting factors.

Speck et al. (1990) suggested that the determinants of viral pathogenesis have 

been further localized to single protein-binding sites in the Mo-MuLV enhancer and the 

latent period of disease onset is increased by mutations in the LVb, core, NF-1 or two 

or more GRE sites. This result upon mutation of the GRE elements suggests that they 

are functionally significant, although Overhauser and Fan (1985) did not observe 

activation of transcription from Mo-MuLV by the synthetic glucocorticoid 

dexamethasone. This was an unexpected result as the Mo-MuLV GRE, are identical in 

sequence to those of Mo-MSV, which do mediate activation by dexamethasone. 

Mutations in the core and LVb sites can also change the disease-specificity o f Mo- 

MuLV, allowing the induction of erythroleukaemias rather than lymphomas. This type 

of enhancer-specific effect may be mediated in one of two ways:- (i) by high 

transcriptional activity producing high levels of a viral gene product involved in tumour 

formation, or (ii) a more active enhancer may have a greater probability o f activating 

proto-oncogenes. However, it was reported that following integration provirai flanking 

sequences frequently override the transcriptional control sequence of the virus (Paludan 

et al., 1989). Manley et al. (1993) have identified two factors, LVt and MCREF-1, that 

bind to the conserved LVb-core region of mammalian C-type retroviral enhancers. LVt
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requires sequences in the LVb site for binding, but not in the core site. MCREF-1 

binding requires sequences in both the LVb and core sites.

1.9. CONTROL OF C-TYPE RETROVIRUS EXPRESSION AT THE LEVEL OF 

SPLICING AND TRANSLATION.

Retrovirus RNA transcripts are subject to multiple pathways of RNA processing 

and transport. The primary, full-length transcript o f 7-10 kb functions as genomic RNA 

for progeny virions and mRNA for structural proteins and enzymes. Both of these 

functions require transport of an intact viral RNA to the cytoplasm. In addition, a 

fraction of the full-length transcripts is spliced in the nucleus to generate subgenomic 

mRNAs that encode other viral proteins. Thus, a balance between full-length RNA and 

spliced viral mRNAs is required for retroviruses.

Multiple c/5 -acting sequences have been shown to play a role in splice site 

selection in cellular pre-mRNAs (Krainer and Maniatis, 1988). These sequences include 

the 5* and 3' splice sites, the branchpoint sequence (BPS), and sequences within the 

flanking exons. Interaction of these cw-acting elements with small nuclear ribonuclear 

proteins (SnRNPs) and many protein splicing factors leads to the assembly of 

spliceosomes in which the splicing reaction takes place (Krainer and Maniatis, 1988; 

Steitz et a l ,  1988; Bindereif and Green, 1990). Retroviral transcripts are presumably 

processed by the same mechanisms as cellular pre-mRNAs. However, unlike most 

cellular pre-mRNAs, a portion of viral RNA transcripts escape splicing entirely. 

Balanced splicing of retroviral RNA is therefore a novel form of alternative splicing.

An understanding of the mechanisms involved in this splicing may reveal both 

general and novel features of the splice site selection process. Several models for 

maintaining the balance o f spliced and unspliced forms of retrovirus RNA have been 

proposed (Coffin 1985, Katz et a l ,  1988; Stoltzfus, 1989).They include (i) rapid and 

selective transport of a portion of the unspliced viral RNA from the nucleus, (ii) negative 

regulatory sequences that inhibit splicing in cis (Arrigo and Beemon 1988), (iii) 

regulation of RNA processing or transport by viral proteins in trans, and suboptimal ex 

acting signals involved in splice site selection (Katz and Skalka, 1990). These models, 

however, are not mutually exclusive and may operate in conjunction with one another.

A balance of full-length and spliced RNA is essential for retroviral replication.
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In the case of wild type avian sarcoma-leukosis virus (ASLV), the ratio of unspliced to 

spliced env pre-mRNA is maintained at 2:1. This relatively inefficient use o f the env 3' 

site appears to be an inherent property of the structural organization of the viral env pre- 

mRNA and its interaction with the cellular splicing machinery. Consistent with this 

model, virus-encoded proteins are not required for maintaining the normal balance of 

spliced ASLV RNA and the 5' splice site of the env pre-mRNA is not required for 

balanced env RNA splicing (Katz and Skalka, 1990).

Fu et al. (1991) reported that the efficiency of splicing at the env 3' site can be 

affected at different steps of the splicing reaction: (i). Splicosome assembly. Deletions 

in the exon downstream from the env 3' splice site severely inhibited spliceosome 

formation, (ii). Lariat formation. The A/G (-18) mutation removed the critical 

branchpoint nucleotide, (iii). Cleavage at 3* splice site and exon ligation. The T/C (-20) 

mutant accumulates relatively high levels of released exon I and the lariat-exon 2 

intermediate, but a relatively low level of splicing was observed.

Evidence for an active negative regulatory mechanism is provided by the 

identification of two negative elements located within the gag gene or in the intron of 

the pre-mRNA (Arrigo and Beemon, 1988; Stoltzfus and Fogarty, 1989). Negative 

elements may also play a role in incomplete splicing of influenza virus N Sl mRNA 

(Plotch and Krug, 1986; Agris et al., 1989). Nucleotide substitutions in the branch point 

sequence (bps) that virtually eliminate lariat formation do not block splicosome assembly 

but they do decrease the amount of spliceosomes detected at early times in the splicing 

reaction (Reed and Maniatis, 1988).

Exon sequences can have profound affects on splice site selection in a cis- 

competition assay (Reed and Maniatis, 1986). Base substitution, deletions, or insertions 

within flanking exons can dramatically affect the use o f adjacent 5' and 3' splice sites. 

Deletions in the exon downstream of the mutant env 3' splice site significantly decrease 

the level of splicing in vivo (Katz and Skalka, 1990) and in vitro (Fu et a l ,  1991). The 

most likely possibility is that the secondary or tertiary RNA structure in the flanking 

exon influences the efficiency by which the splicing apparatus recognizes the adjacent 

splice site.

The major structural components of virions, the proteins encoded by gag and env 

genes, are synthesized as polyproteins from different mRNAs in different cell
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compartments. However, the proteins ultimately assemble at the plasma membrane for 

the production of virus particles. The initiation of translation at the gag AUG is 

sometimes complicated by the presence of upstream initiation sites. The gag AUG is 

actually used to initiate synthesis of env protein. Mo-MuLV has the unusual property of 

specifying a glycosylated gag protein, found on the surface of infected cells and in virus 

particles, and presumably synthesized on membrane-bound polyribosomes (Edwards and 

Fan, 1979). The protein products of env are synthesized by the translation of spliced, 

subgenomic env mRNA on membrane-bound polyribosomes (Dickson et a l., 1982,1985). 

Complex N-linked glycosylation occurs at several sites on these proteins, and the 

proteins are subjected to at least two proteolytic cleavages.

1.10. NON-PERMISSIVENESS OF MO-MULV IN EMBRYONIC CELLS.

Cellular differentiation has been shown to play a decisive role both in de novo 

infection of cells with retroviruses and in expression of the integrated viral genome. 

Integration of the virus into the host genome is an essential and early step in the life 

cycle o f retroviruses, which may be followed by virus gene transcription and, in the case 

of transforming viruses, by cellular transformation. Thus three different levels o f tissue 

and/or differentiation-specific cell-virus interactions may be distinguished: first, tissue 

specificity o f infection with exogenous viruses; second, tissue specific expression of  

endogenous and exogenous viruses; and third, target cell-specific transformation by 

transforming viruses. When new-born mice are infected with Mo-MuLV, integration of 

provirai DNA occurs into the genome of lymphatic target cells only, thus defining 

organotropism of infection of Mo-MuLV (Jaenisch et al., 1975).

Mo-MuLV produces silent infections of preimplantation embryos, although 

provirus integration into the host genome does occur (Jaenisch et al., 1975). Nucleic 

acid hybridization experiments indicate the presence of provirai DNA in EC cells, but 

the absence of viral RNA suggests that the block to infection lies at the level of 

transcription. Differentiation of previously infected cells does not result in virus 

production, showing that the developmental stage at which infection occurs determines 

the outcome of the infection. Blastocysts and postimplantation embryos were infected 

with recombinant viruses and LTR mediated expression was only observed in mesoderm 

and definitive ectoderm (Savatier et al., 1990). Blastocysts and 8 th, 9th and 10th day
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post implantation embryos were infected in vitro with a Mo-MuLV based retroviral 

vector expressing the LacZ gene driven off an internal rat /S-actin promoter. jS- 

galactosidase positive cells were identified in all embryonic tissues including innner cell 

mass, epiblast, mesoderm, endoderm and definitive ectoderm. In contrast, embryos 

infected with a Mo-MuLV-based vector (BAGLacZ,neo) expressing ih&LacZ gene driven 

off the viral LTR showed /3-galactosidase positive cells only in mesoderm and definitive 

ectoderm. Bonnerot et al. (1991) confirmed that the mouse zygotic genome is activated 

at the 2-cell stage. At this stage, microinjected DNA can be expressed and transcription, 

analyzed qualitatively with LacZ reporter genes, especially genes driven by the -447, 

+563 region of Mo-MuLV are repressed and Spl sensitive promoters are active.

1.11. EMBRYONIC STEM CELL VIRUSES.

Retroviral host range mutants for EC cells were isolated by using a genetic 

approach. The first such mutant, selected for transformation of haematopoietic precursor 

cells, was the myeloproliferative sarcoma virus (MPSV; Ostertag et at., 1980). MPSV 

vectors are expressed in the EC cell line F9 but not in other EC cell lines (Franz et at. , 

1986; Seliger et at., 1986). Direct selection for expression in PCC4 cells generated a 

mutant of MPSV, the PCC4 cell-passaged myeloproliferative sarcoma virus (PCMV), 

which confers G418 resistance to NIH 3T3, F9 and PCC4 cells (Franz et al., 1986; 

Hilberg et a l ,  1987). Colicelli and Goff (1987) developed a replication-competent 

retroviral mutant which was a revertant of an integration defective Mo-MuLV mutant. 

The leader region of the dI5S7 rev contains multiple point mutations including five out 

of six mutations present in the leader region of PCMV but absent from Mo-MuLV (Grez 

et al., 1990). Embryonic stem cell viruses isolated and characterized by using this 

genetic approach are described in the following sections.

1.11.1. MYELOPROLIFERATIVE SARCOMA VIRUS (MPSV).

MPSV was isolated by Chirigos et al. (1968) on serial passage of a tumour 

induced in newborn mice by uncloned Mo-MSV with Mo-MuLV as a helper virus. The 

sequence o f MPSV is similar to Mo-MSV (Kollek et al., 1984; Stacey et al., 1984), 

consisting of sequences related to Mo-MuLV or to the mouse mos proto-oncogene which 

has replaced the pol and env genes of Mo-MuLV. The deletion renders the virus 

incompetent for replication and therefore it requires a helper virus such as Mo-MuLV.
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On comparison with Mo-MSV there were seven single bp deletions, two single bp 

mutations and two single bp additions in MPSV.

Weiher et al. (1987) compared the effects of the MPSV mutations with those of 

the B2 mutation o f primer binding site in both F9 and PCC4 EC cells. Gene expression 

of MPSV is about 100-fold higher in F9 cells then in PCC4 cells. If the MPSV upstream 

sequences are linked to the B2 downstream sequences, expression in both cell types is 

increased to the level attained by MPSV in F9 cells. These results suggest that the 

MPSV inactivity in PCC4 cells is not mediated by the enhancer sequences but by the 

PBS sequence. The MPSV PBS has in turn been reported to be less inhibitory to 

expression in F9 EC cells than the Mo-MuLV PBS (Feuer et al., 1989).

1.11.2. PCC4 CELL PASSAGED NEO^ MPSV.

An MPSV derivative encoding the neo resistance gene was used to demonstrate 

that its host range also includes embryo derived stem cells (ES cells) and F9 EC cells, 

but not PCC4 EC cells (Franz et a l ,  1986; Seliger et al., 1986). G418 resistance was 

found to be almost as efficient in F9 cells as in fibroblasts, but was about one thousand 

fold less efficient in PCC4 cells. The rare PCC4 cells which did express neomycin were 

induced by RA differentiation and then superinfected with Mo-MuLV to allow rescue 

of the virus. Two viruses were rescued and termed PCMV-5 and - 6  for PCC4 cell 

passaged Neo^ MPSV (PCMV); each virus transferred G418 resistance to both F9 and 

PCC4 cells. Two deletions (75bp-200bp) and eleven single bp changes in the LTR were 

found between MPSV and PCMV (Hilberg et a l., 1987). Only one point mutation unique 

to PCMV lies in the U3 region, at -345 bp. By replacing the U3 region o f MPSV with 

that of PCMV, this was found to be sufficient to allow infection of PCC4 EC cells 

(Hilberg et al., 1987). The increased PCMV host range is therefore a function of 

increased initiation of transcription facilitated by changes in the enhancer sequences.

1.11.3. MURINE EMBRYONIC STEM CELL VIRUS (MESV/MSCV).

Grez et al. (1990) developed a retroviral vector, the murine embryonic stem cell 

virus (MESV), that is active in EC and ES cells. MESV was derived from PCMV which 

is expressed in EC cells but not in ES cells. The enhancer region of PCMV was shown 

to be functional in both cell types, but sequences with the 5' untranslated region of the 

PCMV were found to restrict viral expression in ES cells. Replacement o f this region 

by related sequences obtained from the d1-587 rev (Colicelli and Goff, 1987) results in
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MESV, that confers G418 resistance to fibroblasts and ES cells. Expression of MESV 

in ES cells is medited by transcriptional regulatory elements within the 5' long terminal 

repeat o f the viral genome. Grez et al. (1991) reported that expression of MESV in 

stem cells relies on DNA sequence motifs within the enhancer region of the Mo-MuLV 

which were derived from the MESV LTR results in the activation of the Mo-MuLV LTR 

in ES cells. The enhancer regions of MESV and Mo-MuLV differ by seven point 

mutations including B2 mutation.

1.12. ENHANCER AS A SITE OF REPRESSION.

The transcriptional enhancer of the Mo-MuLV is comprised of a 75-bp direct 

repeat, each copy of which contains multiple binding sites for transcription factors. The 

occupancy of these sites determines the tissue specificity of expression and disease 

tropism of the virus. The identification of proteins that bind to this enhancer is therefore 

required in order to understand the molecular basis of this viral-host interaction. Murine 

EC cells do not normally express Mo-MuLV genes. Rare EC cell lines were isolated 

that expressed a provirai neomycin (neo) resistance gene. This expression was dependent 

on cellular enhancer or promoter sequences that flank the provirai integration site. Four 

such integration sites, designated as Mint (for Mo-MuLV integration and expression sites 

in EC cells), have been mapped on mouse chromosomes (Taketo et al., 1992). Minta, 

Mintb, Mintc and Mintd are unlinked and mapped on different chromosomes. These 

enhancer and promoter loci may represent a new set of genes in undifferentiated 

embryonic cells.

1.12.1. NEGATIVE REGULATORY ELEMENT IN PBS.

Selection for retrovirus expression in EC cells has identified mutations in Mo- 

MuLV located in the tRNA primer binding site (PBS) region which relieve the EC cell- 

specific repression. In the life cycle, the tRNA primer may interact with several viral 

proteins and with the viral genome at a number of stages including packaging, annealing, 

and reverse transcription. Barklis et al. (1986) identified the tRNA PBS as a negative 

regulator of provirus expression. This group selected for the few proviruses which give 

a productive infection of F9 EC cells. A single point mutation was found in one provirus 

within the PBS which conferred the ability to express in F9 EC cells. The mutant virus 

was named B2 and shown to produce provirai message in F9 cells. Taketo and Shaffer
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(1989) used a similar approach. They also isolated viruses with PBS mutations, but also 

found mutations in the splicing donor site could confer EC cell expression, suggesting 

a splicing deficiency in EC cells. PCMV-based vectors do not show expression in ES 

cells because the repressor binding site in the PBS region is still intact but replacement 

of this region with one from a similar virus which binds a different tRNA and has 

several nucleotide changes including the one present in the B2 mutant yielded a 

recombinant virus (ESCV), capable of LTR mediated expression o f the provirai genome 

in ES cells independent of the chromosomal site of integration (Grez et al., 1990).

The repressor binding site in the PBS region has been mapped and behaves like 

a negative enhancer in that it is insensitive to orientation or to precise position. Two 

protein factors have been shown to bind to this region, one specifically to the 

hemimethylated form (Peterson et al., 1991). They have found that exchanging the Mo- 

MuLV proline PBS for a glutamine one in a recombinant virus permits expression in EC 

cells. The repressor binding site between -147 to -174 does not require precise 

positioning downstream of the Mo-MuLV promoter and can function in either orientation 

and in an intron, indicating that the regulatory effect is probably at the DNA, rather than 

RNA level. They also showed that the RBS element can repress heterologous promoters 

from an upstream position. Their results indicate that the RBS acts as a silencer, that its 

inhibitory effect is mediated by a trans-acting factor, and that the mechanism of action 

is probably at the level of transcription. Recently Kempler et al. (1993) determined that 

silencing has been shown to depend on an element normally located in the provirai 5' 

noncoding region and occurs at the DNA level in the absence of retroviral proteins. 

Using fragments o f the RBS region, they have shown that the minimal size o f the 

silencer corresponds to Mo-MuLV nt 147-163 and overlaps with the retroviral primer 

binding site region by 17 of its 18 bp. Their data are consistent with the notion that a 

previously identified nuclear factor (binding factor A or also called as B2 protein) 

mediates RBS repression. Viral vectors using neomycin, /?-galactosidase, and luciferase 

reporters have been employed to show that RBS-mediated repression occurs in EC and 

ES cells but not in other tested cell types. Repression was observed to occur within 48hr 

of infection, prior to when global méthylation of proviruses has been reported to occur. 

Repression also occured after azacytidine treatment of EC cells, supporting the notion 

that the RBS functions independently of provirus méthylation. However, levels of
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méthylation in selected ceils were increased in the presence o f a WT RBS. Thus, the 

Mo-MuLV RBS acts directly to control repression which is coincident with provirus 

méthylation.

Mutagenesis studies have further defined the negative regulatory element (NRE) 

to an 18bp region spanning the tRNA PBS (Loh et al. , 1990). It is not only active in an 

inverted orientation but this region has been shown to interact with an EC cell specific 

protein which is a potential repressor of transcription. Nuclear extracts prepared from 

permissive, differentiated EC cell cultures showed reduced binding activity for the NRE. 

These results indicate the presence of a stem cell-specific repressor that extinguishes Mo- 

MuLV expression via the NRE at the tRNA PBS.

1.12.2. MO-MSV / Mo-MuLV LTR IS INACTIVE IN EMBRYONIC STEM 

CELLS.

Transcription from the Mo-MuLV long terminal repeat is inhibited in murine 

stem cells and induced during differentiation of these cells. As discussed before. Speck 

and Baltimore (1987) identified, by méthylation interference and gel retardation, six 

different activities from WEHI 231 cells which interact with the Mo-MuLV enhancer. 

They then compared the abundance of these activities in WEHI 231, NIH 3T3 cells 

(murine fibroblasts) and the stem cell lines, F9, PCC4 and MEL (murine erythroid 

leukaemia) cells. It was found that factors which bind to the enhancer core motif and the 

NF-I site are at lower concentration in the stem cells than in WEHI or NIH 3T3 cells. 

This result suggests that low transcription factor concentrations in stem cells contribute 

to the inactivity of the Mo-MuLV enhancer. Flamant et al. (1987) identified a 10 fold 

higher concentration of a factor EPBF, which binds in the vicinity of the CAAT box 

homology, postulated to be a repressor, which interacts with the distal signal between - 

59 and -87 bp.

Transcription activation by Spl depends on the binding affinity and the distance 

of the binding site to the start site of transcription (Coumey and Tjian, 1988). Specificity 

protein 1 (Spl) was first identified as a transcription factor present in human (HeLa) cell 

extracts, capable of specifically activating transcription from the SV40 early promoter 

in vitro (Dynan and Tjian, 1983a). It binds to the 21bp repeat sequences upstream of the 

SV40 early promoter which contain six copies of the consensus GGGCGG (Dynan and 

Tjian, 1983b). Deletion of the 21bp repeats reduces expression 10-fold in transient
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transfection experiments (Everett et al., 1983). Spl also activates transcription from a 

variety of other viral and cellular promoters which contain the GC box motif or closely 

related sequences. These include the herpes simplex virus thymidine kinase (tk) gene, 

the HSV immediate early 3 gene, the human immunedeficiency virus LTR, the human 

metallothionein 11̂  gene and the mouse dihydrofolate reductase gene (Kadonaga et al. ,

1986). Studies of Spl have helped establish the concept that transcription factors are 

remarkably modular proteins with multiple structurally distinct functional domains 

responsible for DNA recognition (Zn fingers) and transcriptional activation (glutamine- 

rich domains). Finally, in vitro studies in which the activity o f Spl has been examined 

in cell-free systems from diverse organisms have helped to reveal a new class of 

essential factors, termed co-activators, that greatly increase the possibilities for diverse 

patterns o f gene expression (Pugh and Tjian, 1990). There are 5000-100(X) Spl 

molecules in each Hela cell. The protein has been purified to homogeneity by 

oligonucleotide affinity chromatography (Kadonaga and Tjian, 1986). Jackson et al.

(1990) identified two major forms of the protein of 105kd and 95kd as determined by 

SDS-PAGE analysis. The higher molecular weight form is phosphorylated at several 

serine residues and can be converted to the lower molecular form by phosphatase 

treatment. Prince and Rigby (1991) showed that a mutation shared by MPSV and 

PCMV, at -166 bp, in the Mo-MSV LTR, which generates an Spl binding site, 

increases transcription by 6  fold in transfection studies in F9 EC cells. However, the - 

345 mutation in the LTR, which blocks the site for an EC-specific factor had no effect 

in F9 cells. Interestingly, the -166 and the -345 mutations do not show any affect in 

PCC4 cells (Prince, 1991). Upon further analysis Grez et al. (1991) showed that, of the 

differences in the enhancer region between MESV and Mo-MuLV, the mutation at 

residue -166 alone was sufficient to confer enhancer-mediated expression in ES cells.

The only mutation not shared with MPSV, at position -345, abolished the 

repression mediated by ELP/ECF-1 (Hilberg et a l ,  1987). Analysis o f the cDNA 

indicated that the ELP belongs to the nuclear receptor superfamily (Tsukiyama et al., 

1992). In addition, it was found that ELP is a mouse homologue of Drosophila FTZ-Fl, 

which is also a member of the nuclear receptor superfamily and positively regulates 

transcription of the fushi tarazu gene. The ELP and FTZ-Fl are unique in that they are 

highly conserved during evolution and that they are expressed in early embryonal cells.

65



Tsukiyama et al. (1992) analyzed six of the ELP binding fragments. AU of these 

contained the multiple binding sites ELP, which matched well with the consensus binding 

sequence for FTZ-Fl, YCAAGGYCR. Three fragments functioned as negative 

regulatory elements in response to ELP, when placed upstream to the promoter region 

of the Mo-MuLV in transfection experiments.

Isaka et al. (1992) suggested by using various constructs of the LTR that the 

region responsible for the repression was located in a fragment (-328 to -150) o f the 

LTR containing the 72bp repeat enhancer. Somatic cell hybridization experiments 

showed that the phenotype o f these mutant cell lines is dominant over that o f the parental 

cell line. Hoeben et al. (1991) reported that inactivation of the Mo-MuLV LTR in 

murine fibroblast cell lines is associated with méthylation and dependent on its 

chromosomal position. Their data showed that (i) inactivation of the Mo-MuLV LTR is 

a frequent event in murine fibroblast cell lines, (ii) inactivation is associated with de 

novo méthylation of cytidine residues, (iii) the frequency of inactivation of the provirus 

must be determined by its chromosomal position, (iv) the process of méthylation of 

sequences within the LTR is not necessarily the same as the transcription-repression 

mechanism that is operating in undifferentiated embryonal carcinoma cells. Flanagan et 

al. (1992) reported cloning of a negative transcription factor that binds to the upstream 

conserved region (UCR) o f Mo-MuLV. The UCR core sequence in the LTR, 

CGCCATTTT binds a ubiquitous nuclear factor and mediates negative regulation o f the 

Mo-MuLV promoter activity. The UCR binding protein decreases MuLV CAT activity 

by 15-fold in the transient transfection experiments in EC cells. Chen and Yoshimura 

(1994) identified a 93-bp region downstream in the long terminal repeat of Mo-MuLV 

type virus, which was able to induce transcription in activated T cells, suggesting that 

this region (DEN) can act as an enhancer element in different cell types with the ability 

to augment transcription in either orientation.

Considering the available facts, it appears that the block to Mo-MuLV infection 

of stem cells is mediated via a block of transcription due to the lack of positive factors, 

or to the presence o f repressors or to a combination o f both. The mechanisms blocking 

transcription of retroviruses in ES cells can sharpen our understanding of transcriptional 

control in stem cells.
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1.13. RETROVIRAL VECTORS.

Retroviruses used for gene transfer trials are retroviruses from which all viral 

genes have been removed or altered so that no viral proteins are made in cells infected 

with the vector. To distinguish this process from a normal virus infection where the 

virus continues to replicate and spread, the term transduction rather than infection is 

often used. Introduction of the DNA form of a retroviral vector into packaging cells 

results in the production of virions that carry vector RNA and can infect target cells, but 

no further virus spread occurs after infection (Fig. 1.6). Viral replication functions are 

provided by the use of retrovirus packaging cells that produce all o f the viral proteins 

but do not produce infectious virus. The strategies employed for making a retroviral 

vector depend upon a single important fact: the viral proteins in an infectious particle 

can be provided by genes that are not actually present in the particle. Two components 

are required to create viral vector particles that can infect and express their genes in 

desired target cells: ( 1 ) a producer cell, equipped with genes that produce the viral 

proteins from which the vector particle is assembled, and (2 ) a recombinant retroviral 

genome, which includes the desired (cellular) genes and the viral signals that ensure 

assembly into the vector. Because the vector genome does not carry its own viral genes, 

the infected target cell will make only the protein encoded by the delivered nonviral 

gene and cannot proceed to make further virus particles. As a consequence, the vector 

can be directed at critical target cells and will not spread from them to other, potentially 

irrelevant cells.

1.13.1. PACKAGING CELLS.

Packaging cell lines for retroviral vector systems have been modified to yield 

defective recombinant virus in the absence of wild-type virus. In the absence of wild- 

type virus, defective recombinant proviruses will not spread, and will therefore remain 

permanently within the initially infected host-cell. This unidirectional gene transfer 

allows the experimenter to control the number of infected cells by manipulation of the 

multiplicity of infection (Miller et a l ,  1986; Thompson et al., 1989; Turner and Cepko,

1987). Helper-free recombinant retroviruses also circumvent the problem of viral 

interference associated with the env gene product of helper viruses, permitting multiple 

infections of a single cell. Packaging lines are usually derived from fibroblasts and 

contain all o f the structural protein information that is necessary for production of
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Fig. 1.6. An outline of steps in the transduction cycle. Initially retroplasmid is

transfected to a producer cell which produces transduced virus which is later 

infected on target cells.
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retrovirus particles. They contain the viral gag, pol, and env genes as a result of the 

introduction o f these genes by prior transfection. However, these lines do not contain 

the packaging sequence Ÿ, on the viral RNA that encodes the structural proteins. Thus 

these lines make viral particles that do not contain the genes gag, po l or env.

The creation of helper-free packaging cell lines became possible with the 

discovery of a virus-specific nucleotide sequence required for the encapsidation of viral 

RNA into virions. This sequence, or ^site, was localized between the splice donor and 

the gag initiator codon of Mo-MuLV (Mann et al., 1983). Upon transfection of a 

provirai construct devoid of the Ÿsite into NIH 3T3 cells, the resultant cells, designated 

Ÿ2 cells, were shown to package none of the provirai mRNAs lacking the packaging 

signal, yet they were able to efficiently transmit gag, pol and e/tv-defective, ^site^ 

retroviral vector genomes (Mann et al., 1983). Thus prior to the introduction o f vector 

DNA into these lines, cellular RNAs are randomly encapsidated and budded as normal 

viral particles. When one wants to produce viral particles that contain the vector 

genome, the vector DNA is introduced via transfection/infection.

Danos and Mulligan (1988) designed retrovirus packaging cell lines in which 

complementary frameshift mutations were introduced in the retroviral genes encoding 

the packaging functions, in addition to the cw-acting alternations described (Mann et a l., 

1983; Miller and Buttimore, 1986). Since these mutations cannot be rescued upon 

recombination with a replication-defective vector genome, the generation of helper virus 

in the ^CRIP and ^CRE packaging lines now requires a complex and unlikely chain of 

events. One o f the mutated genomes would first have to regain a 3Ÿ LTR and a Ÿ  

sequence by a double recombination with a vector genome, to be able, in a subsequent 

round o f infection, to recombine with the complementary mutant genome and yield a 

wild-type genome. Alternatively, one could imagine a reversion of one o f the mutations 

and then a recombination event. The possibility of these outcomes is extremely low and 

Danos and Mulligan (1988) have shown that when a high-titer viral stock was 

pseudotyped several times, alternatively by using ŸCRIP or ŸCRE to increase the 

probability o f observing a reverse transcriptase-mediated recombination event, no 

transmissible functional helper genome was generated. They routinely obtained producer 

clones with titres o f 10̂  cfu/ml with 15 different constructs, containing 5' portion of the 

gag sequences as well as the enhancer deletions.
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Bodine et al. (1990) reported the production of a retrovirus vector with a titre of 

>  10̂ ° Cfu/ml of the culture medium. The method involved cocultivation of a retrovirus 

packaging cell line producing a retroviral vector with another packaging cell line having 

a different host range, so that the vector could ping-pong between the cell lines, resulting 

in an increase in vector copy number and thus an increase in the titer of vector 

produced. Unfortunately, this virus also contained replication-competent/ helper virus 

and was thus not appropriate for many purposes. Lynch and Miller (1991) also found 

that cocultivation of vector-producing cells with another packaging cell line having a 

different host range can result in up to a 10-fold increase in vector titer. However, 

helper virus was not detected after amplification of the LN vector, which was designed 

to reduce homologous overlap between vector sequences in the packaging cells (Miller 

and Rosman, 1989). Recently Landau and Littman (1992) made a new packaging system 

for production of Mo-MuLV vectors with variable tropism, in which virus is produced 

in COS-7 cells transiently transfected with simian virus 40 origin (SV40 on)-containing 

expression plasmids. They produced titers 30 to 40-fold higher than those produced by 

transient transfection of standard packaging cells. Wirth et al. (1994) developed a rapid 

procedure to screen for viral packaging cells producing elevated levels of virus. The 

procedure is based on the selection of overexpressing cells from a population of cells 

expressing the transferred retroviral vector. Cells expressing elevated levels of 

cotransferred DNA encoding a selective marker(s) and the gene of interest (retroviral 

vector) can survive the application of high selection pressure. By this method the 

efficiency o f virus production can generally be enhanced 1 0 - to 1 0 0 -fold and titres of 

up to 1 0 * were obtained.

1.13.2. VIRUS ENVELOPE PROTEIN.

As discussed in detail in section 1.5.5 (Virus receptor), the host range of 

recombinant virus budded from a producer cell line is a function of the env product 

encoded by its producer construct, in a manner analogous to the formation of 

pseudotypes of defective provirai genomes by wild-type helper virus.

The most common viral glycoprotein is of the ecotropic class which allows entry 

only into rat and mouse cells via the ecotropic receptor of these species. They do not 

allow infection of human cells and are thus considered safe for gene transfer
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experiments. The producer construct in Ÿ2 cells was based on a Mo-MuLV provirai 

clone bearing an ecotropic env gene (Jaenisch et a l ,  1981), hence it yields recombinant 

virus o f ecotropic host range, capable of infecting rodent cell exclusively. Some 

examples of this type of producer line are ^2, \^CRE, ^GP+E-8 6 .

The Env gene of the amphotropic class produces virus with a very broad host 

range, including mouse, human, chicken, dog, cat and mink. Examples are ÿ̂ am, PA12, 

PA317 and ÿCRIP. Xenotropic pseudotyped vectors have been shown to infect human 

haematopoietic progenitor cells at a higher efficiency than amphotropic controls (Eglitis 

et a l , 1985; 1988), suggesting that a producer cell line conferring xenotropic host range 

may prove useful in gene-tranfer experiments with cell types previously found to be 

refractory to gene transfer via retroviral vectors. ^Cre and ^Crip producer cell lines 

as discussed in section 1.13.1 are helper free producer lines and it was therefore decided 

to use these in this study.

1,14, AIMS OF THE PROJECT.

In this study viral genes were used as a useful model for studying the poorly 

understood transcriptional control systems of pluripotential embryonic stem and 

embryonal carcinoma cells. Therefore the aims of this project was to use retroviruses 

to study regulation of transcription in embryonic stem cells, and in the process to 

improve retroviral vectors for effectively expressing in ES cells. Fig 1.7 shows the 

binding sites for the various nuclear factors in the long terminal repeat of Mo-MSV and 

it also shows nucleotide comparison between the Kpn I - Bal I leader fragments of 

PCMV, Mo-MuLV, Mo-MSV and (fJ587-rev. It was decided to use incorporate three 

specific mutations in the Mo-MSV based MSGLccZ vector to study the transcriptional 

control in EC and ES cells (Table 1.3). Firstly, the mutation at -166 in the LTR of Mo- 

MSV / Mo-MuLV creates an Spl binding sites and transfection studies done earlier have 

shown an increase in retroviral activity by 3- to 6 -fold in EC cells (Grez et a l ,  1991; 

Prince and Rigby, 1991). Secondly, mutation at -345 blocks an EC-specific repressor site 

in the LTR of Mo-MuLV. Although this repressor has been recently cloned (Tsukiyama 

et a l ,  1992), transient transfection studies done in EC cells by Prince (1991) did not 

show any increase in the transcriptional activity, when this mutation was incorporated 

in Mo-MSV construct. Thirdly, mutation of the primer binding site blocks binding of a
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Fig.1.7. A. The binding sites for the various nuclear factors are underlined 
in the nucleotide sequence of the long terminal repeat of Mo-MSV.
LVa-Leukemic Virus factor a, LVb-Core, NF-Nuclear factor I. GRE- 
Glucocorticoid regulatory element, EC-R- embryonal carcinoma cell- 
specific repressor, ELP-embryonal LTR-binding repressor and GR- 
Glucocorticoid receptor.

B. Nucleotide sequence comparison between the Kpn I -  Bal I  leader 
fragments of PCMV, Mo-MuLV, Mo-MSV and dl587-rev. The boundriesd 
of the R and U5 region are indicated. The binding sites for the 
R and U5 region are indicated. The binding sites for the tRNA 
primer are indicated. The nucleotide numbering refers to the cap 
site as position +1. Position +160 contains the B2 mutation 
(Berwin and Barklis, 1993).
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-370 -345
AGAATAGAGAATTCAGATCAAGGTCAGGAACAGAGAGAGAACAGCTGAATATGGQCCAAACAGGATATCTGTGTGG

EC-R/ELP LVa NFl LVb CORE
-302
TAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGaacaqctqaattaqqqcaaacaaaatatctacaqt 

LVc NFl GRE
-224 -166
aagcagttcctgccccggctcagggccaagaacagatggTCCCCAGATGCGGTCÇAGÇÇCTCAGCAGTTICTAGA

Spl
—156
GAACCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAAATGACCCTGTGCCTTATTTGAACTAACCAATCAGT 

GR GR
-71 0
TCGCTTCTCGCTTCTGTTCGCGCGCGCTTCCGTCCCCGAGCTCAATAAAAGAGCCCACAACCCCTCACTCGGGGC 
GR GR
A. LTR of Mo-MSV

Kpn I R i U5_______
Mo-MuLV GGTACCCGTG TATCCAATAA ACCCTCTTGC AGTT-GCATC CGACTTGTGG TCTCGCTGTT
Mo-MSV  -..........................
PCMV ........... TCT..................... -...........C..............
dl587rev  A .T.C.......G........ T...T........ A.C.... A .......A.

+40
__________U5 1 PBSfProI

CCTTGGGAGG GTCTCCTCTG AGTGATTGAC TACCCGTCAG CGGGGGTCTT TCATTTGGGG GCTCGTCCGG 
     .

.................. A. .T........ G...AC.T-................... A. .T..CA...A
+100 PBS (Gin) +160

Bal I
GATCGGGAGA CCCCTGCCCA GGGACCACCG ACCCACCA-C CGGGAGGTAA GCTGGCCA
...TT....................................-T ..C...............
. . .TT....................................-.....................
.. .TT............. T C. .CG.....................

:
+200

B. Nucleotide sequence comparison between WT and mutant viruses.
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TABLE 1.3. MUTATIONS STUDIED IN THE Mo-MuLV OR Mo-MSV RETROVIRUSES

Activator/Repressor Mutation 
at Position

Effect of the 
mutation

Reference

Spl Binding Site LTR -166 6-fold increase* 
3-fold increase*

Prince and Rigby (1991) 
Grez et ai., (1991)

EC-specific repressor LTR -345 3-fold increase* 
No effect

Tsukiyama et ai., (1991) 
Prince (1991)

B2-repressor PBS -160 Expression in EC Kempler et al.,(1993) 
cells^.

Retroviral transduction experiments.

75



negatively regulatory element called the B2 repressor. Recently, Kempler et al. (1993) 

incorporated B2 mutation in the primer binding site of the ^kGLacZ.neo virus, which 

does not express in the EC and ES cells, but 'BkGLacZ,neo (B2) was found to express 

in F9 EC cells due to this single mutation.

Although approaches using transient transfection of CAT constructs have revealed 

effects of the promoter and enhancer sequences, a number of potential problems can be 

eliminated by doing retroviral infections / transductions rather then transient 

transfections. The main advantages of transductions over transfections are receptor- 

mediated higher efficiency of DNA introduction by viral infection with an average of one 

genome per cell. Furthermore, potential cooperation between control sequences 5' and 

3 ' o f the transcriptional start could be investigated by looking at the levels of 

transcription in the presence and absence of the B2 mutation (Barklis et at. , 1986) and 

use of provirus allows the investigation of transcriptional regulation in the presence of 

chromatin structure.

Thus considering the above points this project was initiated to use retroviruses to study 

transcription in stem cells and to improve retroviral vectors with the following 

objectives:

1. Construction and analysis o f a retrovirus capable o f transducing and expressing genes 

in embryonic stem cells.

2. Preparation o f stable ecotropic producer lines for virus transduction,

3. Analysis of the effect of the modified MSGLûcZ vector (Mo-MSV LTR) over 

MVGLacZ vector (MO-MuLV LTR) on virus infection capability in EC and ES cells.

4. Analysis of the effect of the Spl (-166) site on virus transduction capability in 

embryonal carcinoma and embryonic stem cells.

5. Analysis of the effect of the mutated EC-specific repressor site (-345) on virus 

infection capability in EC and ES cells.

6 . Investigation of the effect of the mutated negative regulatory element (also called as 

B2 repressor) in the primer binding site on virus infection capability in EC and ES cells.

7. Analysis of the effect of the double mutation (-166,-345 or -166,B2 or -345, B2) on 

virus infection capability in EC and ES cells.

8 . Analysis of the effect of the triple mutation (-166,-345 and B2) on virus infection 

capability in EC and ES cells.
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9. Analysis of the effect of the infection of modified virus MSGLûcZ-166,B2 on morula 

and blastocyst stage embryos.

10. Screening and analysis of the new chemical substrates like polycation exchangers to 

increase viral transduction on the target cells.

11. Analysis of new probable sites o f repression in the primer binding site region.
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CHAPTER TWO 

M A T E R Ï A T .  S A N D  M E T H O D S
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2.1 . SAFETY PRECAUTIONS

A laboratory coat and latex gloves were worn while doing experimental work. 

Hazardous and corrosive chemicals were handled in a fume cupboard. A respiratory 

mask was worn when handling toxic substances, e.g. acrylamide. work was carried 

out in a room designated for that purpose. A radioactive monitor was used constantly, 

and personal exposure monitored using a finger badge. Biohazardous waste was disposed 

of by autoclaving.

2.2. STERILIZATION

Deionized distilled water was used for the preparation of all solutions. 

Plasticwares such as microcentrifuge tubes and pipetman tips were sterilized by 

autoclaving at 121°C, 15 pounds/inch^ for 30 min. Solutions were sterilized in the same 

way where possible or filter sterilized through a 0.45/zm Nalgene disposable filter. For 

RNA work, solutions were treated with 0.1%(v/v) DEPC prior to autoclaving, and 

glassware was baked for 24 hrs. DEPC (0.1%,v/v) treated, sterile distilled water was 

used for making solutions for RNA work.

2.3. NUCLEIC ACID AND PROTEIN CONCENTRATION ASSAYS

A spectrophotometer (Uvicon 860) was used to determine the concentration of 

nucleic acids according to the following relationships (Sambrook et al., 1989):- 

1^260 =  50 /xg/ml double stranded DNA.

IA 2 6 0  =  40 /ig/ml RNA.

IA 2 6 0  =  20 /xg/ml oligonucleotides.

Pure preparations of DNA and RNA were assumed to have an A2 6 0 /A 2 8 0  o f 1.8 and 2.0, 

respectively. Silica microcuvettes were used for absorbance readings.

Protein concentrations were measured using the Bio-Rad protein concentration 

assay (Bradford, 1976). Samples were added to a 1/5 dilution of the assay, the A5 9 5  

measured in disposable cuvettes and compared to BSA standards (Bio-Rad) at various 

known concentrations.
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2 .4 . DEOXYRIBONUCLEIC ACID PURIFICATION

The contaminating proteins were removed from DNA solutions by 

phenol/chloroform extraction. Phenol was equilibrated with lOmM Tris.HCl (pH 7.5) 

and stored at -70°C or at 4°C in the dark. Chloroform used in extractions was a 24:1 

mixture with the anti-foaming reagent isoamyl alcohol. The solution was extracted with 

an equal volume of phenol: chloroform: isoamyl alcohol in the ratio 25: 24: 1, vortexed 

and microcentrifuged at 14,000 rpm. The upper aqueous phase was re-extracted with 

chloroform, vortexed and microcentrifuged once again. 1/10 volume of 3M sodium 

acetate (pH 5.2) and 2 volumes 96% (v/v) ethanol were added to the aqueous phase, and 

precipitation carried out on solid CO2  for 15 min. The precipitate was washed with 1ml 

70% (v/v) ethanol and air-dried. Finally the pellet / precipitate was resuspended in dHjO 

and the absorbance read at 260 and 280 nm.

2.5. SYNTHETIC OLIGODEOXYRIBONUCLEOTIDES

Synthetic oligodeoxyribonucleotides were provided by the oligonucleotide facility 

of the Institute. Synthetic oligonucleotides were prepared by Ms. J. Mistry using an 

Applied Biosystems AB 101 automatic synthesizer. The following  

oligodeoxyribonucleotides were prepared and used (Single base pair variations are 

emboldened):

EC-R WT (-345):- MSV enhancer sequence -363 to -333, with respect to the 

transcriptional start site (Dhar et al., 1980).

5' AG A ACT TCA GAT CAA GGT CAG GAA CAG AG A 3'

3' T TCA AGT CTA GTT CCA GTC CTT GTC TCT TC 5'

EC-R mut (-345):- PCMV enhancer sequence at equivalent position to MSV enhancer 

sequence -363 to -333 (Hilberg et a l , 1987).

5' AGA AGT TCA GAT CAA GGT TAG GAA CAG AGA 3*

3' T TCA AGT CTA GTT CCA ATG CTT GTC TCT TC 5'

SP l WT:- PCMV enhancer sequence from -176 to -157 (Hilberg et a/., 1987).

5' GAT GCG GTC CCG CCC TCA GC 3'

3' CTA CGC CAG GGC GGG AGT CG 5'
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S P l mut:- MSV enhancer sequence from -176 to -157 (Dhar et al., 1980).

5' GAT GCG GTC CAG CCC TCA GC 3'

3 ’ CTA CGC CAG GTC GGG AGT CG 5 ’

P element:- Adenovirus E4 gene sequence from -58 to -39 (Galibert et al., 1979).

5' GAT CTA ACC GTT ACG TCA TTT TTT 3'

3' AT TGG CAA TGC AGT AAA AAA GAT C 5'

RBS WT: The 5' untranslated region of Mo-MuLV from -166 to -147 containing a 

negative regulatory element (Barklis et ah, 1986).

5 ’ GGG GGC TCG TCC GGG ATC GG 3’

3' CCC CCG AGC AGG CCC TAG CC 5'

RBS mutB:- A mutation called B2 at nucleotide position -160 within the negative 

regulatory element in the 5' untranslated leader sequence is capable of directing efficient 

transcription in PCC4 cells (Barklis et ah, 1986; Weiher et ah, 1987).

5 ’ GGG GGC TCG TCC GAG ATC GG 3'

3' CCC CCG AGC AGG CTC TAG CC 5*

RBS mut A:- In the present study a new mutation called A was introduced at position - 

148 in the PBS WT sequence (Barklis et ah, 1986).

5' GCG GGC TCG TCC GGG ATC GG 3'

3' CGC CCG AGC ACC CCC TAC CC 5'

RBS mutR:- In the present study a new mutation called R was introduced at position - 

154 in the the PBS WT sequence (Barklis et ah, 1986).

5 ’ GGG GGC TAG TCC GGG ATC GG 3'

3 ’ CCC CCG ATC AGG CCC TAG CC 5'

The Trityl group at the 3' end of oligodeoxyribonucleotides was removed by heat 

deprotection in 35% (v/v) ammonia at 55 °C for 6-12 hrs. Oligonucleotides were 

precipitated by addition of 0.6 ml absolute ethanol to an eppendorf tube containing 0.36 

ml of oligonucleotide solution in ammonia and 0.04 ml of 3M sodium acetate. Equimolar 

concentrations of complementary single stranded (ss) oligonucleotides were annealed 

together to make double stranded oligonucleotides (ds) by heating to 90°C and cooling 

over approximately 4 hrs. Oligonucleotides were stored at -20®C.

81



2 .6 . CELL CULTURE

Cells were maintained at 37°C, 5% (v/v) CO2 , 90% humidity on Nunclon tissue 

culture plasticware (Gibco-BRL). All cell lines were tested for mycoplasma 

contamination. Cells were stored as frozen stocks at 1 x 10̂  cells/ml in medium 

containing 10% (v/v) DMSO (Sigma) in cryotubes under liquid nitrogen. Cells were 

thawed at 37°C and immediately diluted with appropriate medium before pelleting by 

centrifugation in an MSE benchtop centrifuge for 5 min at 1,500 rpm, then resuspended, 

counted and plated out.

NIH 3T3 fibroblast and F9 embryonal carcinoma cells (Bemstine et al., 1973) 

were grown in Dulbecco’s modification of Eagle’s medium (Dulbecco and Freeman, 

1959; Smith et aL, 1960) with 3.75 g/L of sodium bicarbonate (DMEM; Flow Labs) 

supplemented with 10% (v/v) foetal calf serum (FCS; Imperial Lab), 500 U/ml penicillin 

(Sigma), lOOjug/ml streptomycin sulphate (Sigma) and 1% (w/v) L-Glutamine (Gibco). 

A B l, CCE and D3 embryonic stem (ES) cells were grown in DMEM with 20% (v/v) 

new bom calf serum (NBCS), IX non-essential amino acids (lOOX; Gibco BRL), O.IM 

jS-mercaptoethanol and antibiotics and glutamine as above. Initially ES cells were grown 

on mitomycin treated primary fibroblast feeder layers; however, ES cells were 

subsequently maintained in the presence of murine leukaemia inhibitory factor ( 1 : 1 0 0  

dilution; Gibco BRL) in dishes pre-coated with 0.1% (w/v) gelatin in PBSA.

Ecotropic ÿ'CRE producers and their retroviral clones were maintained in DMEM 

with 10% new bom calf semm (NBCS) instead of FCS. Similarly amphotropic producer 

line MFGLacZ ÿ'CRIP (Gift from R.C.Mulligan, MIT) and ecotropic cell line BAG ^2 

(Gift from J.Price, NIMR) were grown in the same medium.

Subconfluent cultures were passaged by washing with 10ml PBS, and trypsinizing 

with 1ml Trypsin-versene (For 1 litre:- NaCl 8 g, KCl 0.2g, K2 HPO4  1.15g, KH2 PO4  

0.2g, EDTA O.lg, Trypsin 1.25g, Phenol red O.Olg in distilled water (pH 7.5) stored 

at -20°C) for 2 min at room temperature. Once the monolayer had detached from the 

dish the reaction was stopped by the addition of medium. Cells were then harvested by 

centrifugation for 5 min at 1,500 rpm in an MSE benchtop centrifuge.
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2.7 . PREPARATION OF PLASMID DNA

Cultures (500 ml) o f plasmid transformed E. coli (DH5a; Bethesda Research 

Laboratories, 1986) were grown overnight at 37°C in baffled 2 litre flasks, with constant 

shaking at 150 rpm, in Brain Heart Infusion (BHI) Medium (37g/L; DIFCO) 

supplemented with ampicillin (20 /xg/ml) for plasmid selection. Cells were harvested by 

centrifugation for 20 min at 5500 rpm, 4°C in a Sorvall RC5-C centrifuge in a GSA 

rotor. The pellet was resuspended in 40 ml of 50 mM glucose, IM Tris-HCl (pH 8.0), 

lOmM EDTA (pH 8.0), 5 mg/ml lysozyme, and incubated on ice for 10 min. 80 ml of 

0.2 N NaOH, 1 % (w/v) SDS were added, mixed gently by inversion and the mixture 

incubated on ice for 10 min. 40ml of 3M potassium acetate (pH 4.8) were then added 

to neutralize the mixture and incubation continued for a further 10 min on ice. The 

mixture was then centrifuged at 10,000 rpm for 15 min at 4°C in the GSA rotor and the 

supernatant filtered through muslin. 0.6 volumes of propan-2-ol (BDH) were added and 

plasmid DNA precipitated for 20 min at room temperature. The precipitate was collected 

by centrifugation at 10,000 rpm for 15min at 4°C in the GSA rotor. The pellet was 

resuspended in 9ml of TB (lOmM Tris-HCl, pH8.0, ImM EDTA ) and neutralized by 

the addition of 1ml of IM Tris base. 10.2g of caesium chloride (FSA LAB supplies) 

were dissolved in the solution and EtBr added to a final concentration of 1 mg/ml. The 

density o f the solution was determined by weighing and adjusted, if  necessary to 1.55 

mg/ml. The solution was then transferred to a Beckman Ti 70.1 polyallomer quick-seal 

tube and centrifuged for 24 hrs at 47,500 rpm at 20°C in a Ti 70.1 rotor in a Beckman 

L8-70M ultracentrifuge. Supercoiled plasmid DNA was collected using a syringe and 

19G needle by side-puncture of the tube under long wave UV illumination. The EtBr 

was removed by repeated extractions with dH2 0  saturated butan-l-ol, and the CsCl 

removed by extensive dialysis against 2 X 1  litre of TE at 4°C. The DNA was then 

ethanol precipitated and redissolved in distilled water. Plasmid preparations were stored 

at 4°C.
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2 .8 . RETROVIRAL VECTORS

2.8 .1 . MFGLacZ

MVGLacZ consists of wild type Mo-MuLV LTR sequences, the primer binding sites, 

gag sequences, 3' splice site, LacZ as a marker gene and pBR322 backbone ( Table 2.1; 

Ohashi et al., 1992; Podrazik et al., 1992; Jaffee et al., 1993).

2 .8 .2 . MSGLflcZ AND ITS MUTANTS

MSGLacZ and its mutant derivatives were made by Dr.V.Prince, a former member of 

our group. The Nhel to Xbal fragment from -409 to -152, with respect to the 

transcriptional start, of the 3' LTR of MFGLacZ was replaced with the corresponding 

sequences from pMSVcar, pMSWcat (-166), pMSVcar (-345) or pMSVcar (-166,-345). 

The B2 mutation was also introduced into MFGLacZ by site directed mutagenesis (BIO

RAD kit). Thus, the following constructs were made :

MSG (-166), MSG (-345), MSG (-166,-345), MSG (-166,B2), MSG (-345,B2), MSG 

(-166,-345,B2), MSG (B2) and MFG (B2) (Table 2.1; Prince, 1991).

The Spl site was generated by mutating a single base A to C at -166 in the LTR, the 

repressor site was destroyed by the change of single base C to T at -345 in the LTR 

(Fig 2.1 A) and finally the B2 site was destroyed by the change of single base from G 

to A in the Mo-MSV primer binding site (Fig.2.1.B).

2 .8 .3 . BAGLacZ.Neo

BAGLacZ,Neo consists of a Mo-MuLV LTR sequences, primer binding site, j8 - 

galactosidase marker gene and a neomycin drug selection gene (Table 2.1; Price, 1987; 

Price et al., 1987).

2 .8 .4 . B\GB2LacZ.Neo

BAGB2LacZ,Neo contains the B2 mutation in the primer binding site, a j8 - 

galactosidase marker gene and a neomycin drug selection gene (Table 2.1; Peterson et 

al., 1991; Berwin and Barklis, 1993.).
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TABLE 2.1 Retroviral Vectors

BAGLacZ, Neo

BAGLacZ,neo (B2)

MFGLacZ

MFGLacZ (B2)

MSGLacZ

MSGLacZ (B2)

MSGLacZ (-166)

MSGLacZ (-345)

MSGLacZ (-52,-166)

MSGLacZ (-52,-345)

hlSGLacZ (-166,-345)

It consists of the Neomycin resistance and LacZ 
genes, Mo-MSV LTR sequences, primer binding 
sites and pBR 322 backbone (Price,1987).
It is same as BAGLacZ,neo, except thet it consists of 
B2 mutation in PBS region (Berwin and Barklis, 1993).
MFGLacZ was kind gift of Prof.R.C.Muligan. It 
consists of Mo-MuLV LTR sequences, primer binding 
sites, LacZ as a marker gene (Ohashi et ai., 1992).
It is same as MFGLacZ, except that it contains the 
B2 mutation by site directed mutagenesis in its 5' 
untranslated region (Prince,1991).
The 3' LTR of MFGLacZ was replaced with the 
corresponding sequences from pMSVcat containing Mo- 
MSV Sequences (Prince,1991)
It is same as MSGLacZ, except that it contains the 
B2 mutation by site directed mutagenesis in its 5' 
untranslated region (Prince,1991).
The 3' LTR of MSGLacZ was replaced with the 
corresponding sequences from pMSV (-166) containing 
the mutation at -166 (Prince,1991).
The 3' LTR of MSGLacZ was replaced with the 
corresponding sequences from pMSV (-345) containing 
the mutation at -345 (Prince,1991).
The 3' LTR of KSGLacZ was replaced with the 
corresponding sequences from pMSV (-166,B2) containing 
mutation at -166 site in LTR; and B2 mutation in its 
5'untranslated region (Prince,1991)
The 3' LTR of MSGLacZ was replaced with the 
corresponding sequences from pMSV (-345,-B2) 
containing mutation at -345 site in LTR; B2 mutation 
in its 5'untranslated region (Prince,1991).
The 3' LTR of KSGLacZ was replaced with the 
corresponding sequences from pMSV (-166,345) 
containing mutation at -166 and -345 (Prince,1991).

MSGLacZ (-166,-345,52) It is same as MSGLacZ (-166, 345) except that it also
has B2 mutation in 5'untranslated region (Prince, 1991).
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Fig. 2.1 A. Long terminal repeat of Mo-MSV showing regions which depicts
-166 mutation leading to generation of Spl site and -345 mutation 
which blocks repressor site.

B. B2 mutation in sequence of Mo-MSV and MO-MuLV 5' untranslated 
sequence. Mo-MSV has 4bp difference to/in tRNA PBS
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-370 -345
AGAATAGA0AATTCA6ATCAAG6TCA6GAACAGA6AGA6ACAGCTGAATATGG6CCAAACA6GATATCTGTGT60

T
-302
TAAGCAGTTCCIGCCCCGGCTCAGGGCCAAGAACAGATGGaacagctgaattggggcaaacaggatatctgcggt 

-224 -166
aagcagttcctgccccggctcagggccaagaacagatggTCCCCAGATGCGGTCCAOCCCTCAGCAGTTTCTAGA

C
-156
GAACCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAAATGACCCTGTGCCTTATTTGAACTAACCAATCAGT

-71 0
TCGCTTCTCGCTTCTGTTCGCGCGCGCTTCCGTCCCCGAGCTCAATAAAAGAGCCCACAACCCCTCACTCGGGGC

A. LTR of Mo-MSV

-B2 Mutation 
A

Mo-MuLVITGACTACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGGAGACCCCTGCCCAGGG

Mo-MSV ................................................ TT.

ACCACCGACCCACCACCGGGAGGTAAGCTGGCCAGCAAC 
...............T..C...................

B. 5' untranslated region of Mo-MSV and Mo-MuLV.
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2 .9 . RESTRICTION ENDONUCLEASE DIGESTIONS

Restriction enzyme digestions were carried out according to manufacturer’s 

instructions. Diagnostic digestions used l^g of plasmid DNA and 4 units o f enzyme for 

every fig of DNA in a final volume of 25^1 of IX restriction enzyme buffer. Reactions 

were incubated for a minimum of 2 hr at 37°C. lOX restriction enzyme buffer contains 

O.IM Tris-HCl (pH 7.5), O.IM MgClg, lOmM DTT, Img/ml BSA (Sigma) and a 

variable amount o f salt where medium, high or very high salt concentration was 0.5M, 

IM or 1.5M NaCl.

Preparative digestions used up to 150 fig of plasmid DNA and 1-2 units of 

enzyme /  fig o f DNA in a final volume of 250-400 ^1. Reactions were incubated for 6-12 

hrs at 37°C and ethanol precipitated after extraction with phenol/chloroform. 5X agarose 

gel loading buffer which contains 0.25% (w/v) Bromophenol blue (BDH), 0.25% (w/v) 

Xylene cyanol (BDH) and 25% (w/v) Ficoll 400 (Sigma) was used to load DNA samples 

on to the gel. DNA fragments were separated by electrophoresis through horizontal 0.6  

or 0.8 % (w/v) agarose gels at 1 to 5 V in TBE buffer (90mM Tris-Borate, 2mM 

EDTA, pH 8.0). Fragments of less than Ikb were generally analyzed on 1.4-2 % (w/v) 

gels, larger fragments on 0.6-1.4 % gels. The fragments of interest were purified by 

electrophoresis through a low gelling temperature (LGT; Seaplaque) preparative gel. 

Gels were calibrated by the use of marker DNA fragments obtained from lambda DNA, 

bluescript or pBR 322 plasmids. DNA bands were visualized by U.V. illumination (254 

nm) after staining with ethidium bromide (0.5 figlml).

2.10. SUBCLONING

2.10.1. PREPARATION OF DHSa COMPETENT CELLS

The DH5a strain of E.coli was used to prepare the competent cells. A primary 

culture was made by inoculating 50^1 of an overnight culture of DH5a into 25ml BHI 

medium (DIFCO) and grown at 37°C with shaking at 250 rpm until absorbance (OD5 5 0 ) 

reached 0.3-0.45. This primary culture was used to inoculate 2 x 260 ml BHI medium 

in 1 litre baffled flasks under similar conditions until absorbance reached 0.4-0.6. Cells 

were pelleted in a Sorvall RT6000B centrifuge, at 3000 rpm for 15 min at 0°C. The
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supernatant was drained, and the pellet was resuspended in 100ml of lOmM calcium 

chloride (BDH), lOOmM rubidium chloride (Sigma), 50mM manganese chloride 

(Sigma), 30mM potassium acetate (BDH) and 15% (v/v) glycerol (FSA Laboratory 

Supplies), mixed by inversion and repelleted as before. The cells were resuspended in 

10ml 75 mM calcium chloride, lOmM rubidium chloride, 9mM MOPS-HCl (pH 7.0; 

Sigma), 15% (v/v) glycerol and aliquoted to chilled 1ml tubes and stored at -70°C. 

These cells were used for routine transformations.

2.10.2. DEPHOSPHORYLATION OF DNA

In the vector restriction fragment 5' phosphate groups were removed by using 

calf intestinal alkaline phosphatase (CIP; Boehringer Mannheim). Dephosphorylation of 

0.2-1/ig of purified DNA restriction fragment was performed in a 50/il volume of lOmM 

MgClz (Sigma). The sample received two serial incubations with 0.01 units of CIP at 

37®C for 30 min each. The DNA was then phenol/chloroform extracted, precipitated and 

resuspended in dHzO.

2.10.3. LIGATION

DNA in LGT agarose was used generally to perform ligations. The agarose was 

melted at 65°C for 5-10 min then placed at 37°C for 5 min. A 5:1 molar ratio of insert 

DNA : dephosphorylated DNA at 100 /xg/ml was incubated with 10 units o f T4 DNA 

ligase (New England Biolabs) in lOmM MgCl2  (BDH), 15mM DTT (Sigma), 6 6 mM 

Tris-HCl (pH 7.6), 0.2mM BSA (Sigma) and ImM ATP (Pharmacia) for ligations of 

fragments with overhangs or O.lmM ATP for blunt-end ligations at 14°C overnight.

2.10.4. BACTERIAL TRANSFORMATION

The competent E.coli DH5a cells were thawed on ice and transformation were 

performed (Hanahan, 1983). Ligations were cooled to room temperature after heat 

treatment at 65°C for 10 min. 5/xl of reaction mixture were added to 100/xl o f competent 

cells. The cells were incubated on ice for 20 min, heat-shocked at 42°C for 2 min, 

chilled on ice for 2 min and then 800/xl of BHI media were added and the mixture 

incubated at 37°C for 60 min with shaking at 200rpm. The cells were then collected by 

microcentrifugation at 8000 rpm for 30 sec, and 100/xl of BHI medium was added. The 

cells were then plated out on L-agar plates supplemented with an appropriate antibiotic
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for plasmid selection and incubated at 37°C overnight. Plates were stored at 4°C. 

Where appropriate jg-galactosidase was assayed by the addition o f 125/xl 4% (w/v) X-gal 

(5-bromo-4-chloro-3-indolyl-j8-D-galactoside; Sigma) in dimethyl formamide (DMF, 

Sigma) and 100/xl of 2.4% (w/v) IPTG (Pharmacia) to the mixture. The cells were plated 

out in the same way.

2.10.5. IDENTIFICATION OF POSITIVE CLONES

Ten colonies were picked at random and transferred to 10 ml of BHI medium 

supplemented with an appropriate antibiotic for plasmid selection in a sterile dispososable 

universal tube (Sterilin). Where presence of an insert in the vector disrupted the LacZ 

gene, this was assayed using X-gal as a substrate and IPTG as an inducer of the gene. 

Colonies expressing jS-galactosidase metabolize X-gal to produce a blue reaction product, 

blue colonies therefore do not contain an insert and only white colonies were analyzed. 

Cultures were incubated overnight at 37°C with rotation at 150 rpm. The cells were 

pelleted at 3000 rpm for 5 min, resuspended in 250/xl of 24mM Tris-HCl (pH 8.0), 

lOmM EDTA (pH 8.0) and then transferred to a microcentrifuge tube. 400/xl o f 0.2M  

NaOH (BDH), 1% (w/v) SDS (BDH) were added to the suspension and mixed gently 

by inversion. The mixture was neutralized with 300ml of 3M potassium acetate (pH 

4.8), mixed by inversion and microcentrifuged for 10 min at 14.000 rpm. 40/xg of 

RNAse (DNAse free; Sigma) were added to the supernatant and incubated at room 

temperature for 30 min. The DNA was then phenol/chloroform extracted and 

precipitated. The recovered plasmid was analyzed by restriction endonuclease digestion 

or by plasmid sequencing.

2.11. DNA SEQUENCING

Sequenase enzyme (U.S. Biochemical Corporation) was used to perform dideoxy 

sequencing in accordance with the manufacturer’s instructions.

2.11.1. DENATURATION

3/xg of plasmid DNA to be sequenced was alkali denatured in 20/xl of 200mM 

NaOH for 20 min at 6 8 °C. The mixture was then precipitated with 4/xl o f 2M sodium

90



acetate (pH 4.5) and 100/̂ 1 o f absolute ethanol at -80°C for 15 min. The DNA pellet was 

collected by centrifugation.

2.11.2. LABELLING AND TERMINATION REACTIONS

To the DNA pellet the following reagents were added: 10.4/xl dHgO, 1/xl 

oligonucleotide primer (50ng//xl) and 2/xl Sequenase buffer ( 200mM Tris-HCl, pH 4.5; 

100 mM MgClz: 250 mM NaCl), 1/xl 100 mM DTT, 0.4/xl o f labelling mix (7.5/xM 

dOTP, 7.5/xM dCTP, 7.5/xM dTTP), 0.5/xl [a-^^S]dATP (Amersham) and 0.25/xl of 

Sequenase enzyme. After 5-10 min at room temperature, 3 .5/xl of each reaction mix 

were added to 2.5/xl of the 4 termination mixes (ddO mix: 80 /xM each of dGTP, dATP, 

dCTP, dTTP, 8 /xM ddOTP, 50mM NaCl; ddA mix: as ddO mix except ddGTP which 

was replaced by ddATP; similarly ddT and ddC mix were same as ddG mix except that 

ddGTP was replaced by ddTTP and ddCTP). Tubes were incubated at 37°C for 5-10 

min. Then 4/xl of loading buffer {95% (v/v) deionized formamide, 20 mM EDTA, 

0.05% (w/v) xylene cyanol, 0.05% (w/v) bromophenol blue} were added and samples 

were heated at 75°C -80°C for 2 min and chilled on ice.

2 .11.3. SEQUENCING GEL ELECTROPHORESIS

Sequencing gels were cast between glass plates of 38cm by 20cm, one of which 

was siliconized with "repelcote" (BDH), with 0.4mM spacers and a "sharks tooth" 

comb. 400/xl of 10% (w/v) ammonium persulphate (BDH) and 40/xl TEMED (Sigma) 

were added to 40 ml of 7% (w/v) acrylamide (BDH), 7M urea (Sigma), 0.3% (w/v) bis- 

acrylamide (BDH) and IX TBE (90 mM Tris base [BDH], 90mM boric acid [BDH], 

2mM EDTA [pH 8.0; B.Mannheim]). The solutions were mixed and the gel was gel cast 

immediately. Electrophoresis was performed in IX TBE at 40 W constant power for 3-4 

hrs. Gels were fixed in 10% (v/v) acetic acid (FSA Laboratory Supplies), 10% (v/v) 

methanol (Hayman Ltd.) for 20 min at room temperature, then transferred to Whatman 

3MM paper, overlaid with Saran wrap and dried under vacuum at 80°C. Once the gel 

was dry it was exposed to Kodak X-ray (XAR-5) film at room temperature.
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2.12. RADIOACTIVE LABELING

2.12.1 . 5 ' END LABELING

T4 polynucleotide kinase (BRL) was used to label the 5' ends of oligonucleotides. 

2(X)ng of oligodeoxyribonucleotide were labelled with 10 units of T4 polynucleotide 

kinase in, 50mM Tris-HCl (pH 7.6), 5mM DTT, lOOmM MgCl2 , O.lmM spermidine 

(Sigma) and O.lmM EDTA with 100/xCi [7 -̂ P̂] dATP (Amersham) for 45 min at 37°C. 

A second aliquot of enzyme was then added and the reaction continued for a further 45 

min before phenol/chloroform extraction and ethanol precipitation. The precipitate was 

washed several times with 70% (v/v) ethanol to remove unincorporated ^̂ P. The pellet 

was dissolved in 1 0 0 /xl of distilled water and incorporated ^̂ P was measured by 

scintillation counting.

2.12.2. 3' END LABELING

DNA polymerase I {Klenow fragment} (Pharmacia) was used to label the 3 'ends 

of restriction fragments. 250ng of restriction fragment were incubated with 30/xCi o f [a- 

^̂ P] dNTP (Amersham) and 3 units of enzyme in 25/xl Klenow buffer ( lOX: 0.5M Tris- 

HCl, pH 7.2, O.IM MgSO^ and ImM DTT) for 25 min at 30°C. Enzyme was 

inactivated by heating at 65°C for 10 min. The dNTP was chosen to be complementary 

to the first nucleotide of the 5' overhang. The reaction was then extracted with 

phenol/chloroform and ethanol precipitated. The precipitate was washed at least twice 

with 70% (v/v) ethanol to remove unincorporated ^̂ P. The pellet was dissolved in 100/xl 

of distilled water and incorporated ^̂ P was measured by scintillation counting.

2.13. SCINTILLATION COUNTING

The measurement of percentage incorporation of ^̂ P was done by TCA 

precipitation and scintillation counting. 1/xl of labelled probe was added to 0.5ml salmon 

sperm DNA (Sigma) at 500/xg/ml in 20mM EDTA and 5ml ice-cold 10% (w/v) TCA 

(Sigma). After incubation on ice for 15 min the mixture was filtered through a Whatman 

GF/C filter paper disk. The disk was washed with 4 x 5ml 10% (w/v) TCA then with 

96% (v/v) ethanol, air-dried and transferred to a scintillation vial. 5ml of Econofluor 

scintillant (NEN) were added and ^̂ P incorporation was determined by scintillation
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counting in a Beckman LS 6000IC scintillation counter, using the built in automated 

program one for isotope measurement.

2.14. TRANSFECTION

Transfections were performed by the calcium phosphate method (Graham and van 

der Eb, 1973; Parker and Stark, 1979) with slight modifications. Supercoiled plasmid 

DNA for transfection was purified twice by CsCl/BtBr isopycnic density gradient 

centrifugation. DNA was precipitated by mixing 15^g o f retroviral vector and 2fig of 

ipSWlneo (containing the neomycin resistance gene for G418 selection) in 3/xl of 3M 

Sodium acetate and 100 /xl ethanol and then keeping it at -20°C overnight or for 30 min 

at -70°C. The mixture was centrifuged at 8000 rpm in a microcentrifge to obtain the 

DNA pellet.

1 X 10̂  ÿCRE (packaging cells) were transfected 12 hrs after plating out as a 

single cell suspension in 90mm diameter dishes in DME medium. To a tube containing 

the dry DNA pellet prepared earlier was added 500 /xl of HBS buffer (137mM NaCl, 

5mM KCl, 0.7mM NazHPO^, 21 mM HEPES.pH 7.1). 3 1/xl of 2M CaClg were added 

drop by drop to the DNA-HBS containing tube with gentle shaking. The tube was tapped 

for about 30 seconds. A faint precipitate was obtained after the tube was incubated for 

45 min.

The medium was removed from the cells and the DNA-HBS-CaCl2  precipitate 

was pipetted over the surface of the monolayer; the plates were incubated for 30 min at 

room temperature with occasional redistribution of the solution from the edges of the 

dish over the entire surface of the dish about every 1 0  min. 1 0 ml of medium were added 

and the cells were incubated at 37°C. After 18-24 hrs the cells were trypsinized and 

frozen to process them for drug selection or scraped for protein extract preparation or 

stained for /3- galactosidase assay.

2.15. G418 SULPHATE DRUG SELECTION

A cryotube containing transfected producer cells (^CRE) was thawed, the cells 

were resuspended in 10 ml of medium and then plated on 90mm plates at 10%, 20%
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and 80% density. After 12 hrs the medium was changed to selective medium containing 

DME and 450/xg/ml drug (G418). Selection medium was changed every two days. 

After a total of 8-10 days, colonies were visible. Isolated colonies were picked after 12- 

14 days. These colonies were transferred to a well of a 12 well dish (Fig.2.2). After 2-4 

days the cells were trypsinized and plated again in a well of a 3.5cm ( 6  well) dish. The 

process was repeated again in a 10 cm dish. Producer clones thus obtained were 

analyzed for /8 -galactosidase activity by staining and protein estimation. High titre 

(estimated by jS-gal activity) producers were frozen under liquid nitrogen.

2.16. RETROVIRAL INFECTION / TRANSDUCTION

2.16.1. PREPARATION OF VIRAL INOCULUM

10̂  producer cells (^CRE) were plated in a 175mm^ flask so that they became 

confluent in 24 hr. Once the cells were closely packed, the medium was removed and 

replaced. It was harvested after 48 hrs and replaced with fresh medium. The supernatant 

was filtered through a 0.45 /xm sterile disposable filter and stored on ice. Although it 

is believed that the supernatant can be stored at -80 °C and can be frozen and thawed 

four times, I found that once the supernatant was frozen its titre decreased drastically. 

Polybrene (lO/xg/ml) was added to the supernatant which was stored on ice till further 

used in infections.

2.16.2. TRANSDUCTION

Cells were plated 4 or 18 hrs before infection. Usually 10̂  (NIH 3T3), or 10® 

(EC/ES) cells were plated in a 90 mm dish. A good titre was obtained when the cells 

had room to divide once or twice just before the infections were done. Medium was 

removed from the cells and 1  ml of virus stock was spread over a monolayer of target 

cells. 2 ml of medium were added and the cells were incubated at 37°C for 4-6 hr. The 

medium was changed to remove the polybrene and the cells incubated further for at least 

two days. After 48 hr, cells were scraped to prepare the protein extract and another set 

was trypsinized for genomic DNA analysis and a third set was stained for /?- 

galactosidase analysis.
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Fig.2.2. G418-sulphate drug selection and expansion of producers.

PSV2 w€ 0  and retroviral plasmid were co-transfected on ^Cre producer cell line. 

After 48h cells were treated with 500jug/ml G418-sulphate and single resistant 

clones were picked, expanded and screened for /^-galactosidase activity for 

positive clones.
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2.17. ig-GALACTOSIPASE ASSAY

The production of jS-galactosidase enzyme by transfected or infected tissue culture 

cells was assayed by the following methods.

2.17.1. ^-GALACTOSIDASE STAINING

Detection of )3-gal activity in situ within cells in culture or in organs from 

transgenic animals can be performed using a histochemical stain. The substrate, 5- 

bromo-4-chloro-3-indolyl-j3-D-galactoside (X-Gal), is hydrolysed by /8 -galactosidase to 

generate galactose and soluble indoxyl molecules, which in turn are oxidized to insoluble 

indigo. The deep blue colour generated by the hydrolysis of X-gal by jS-galactosidase 

facilitates subcellular localization of the )3-gal activity.

A monolayer of cells was washed twice in PBS* (PBS with 2mM M gC y. The 

cells were fixed in 0.75% (v/v) glutaraldehyde (Sigma) in PBS for 15 min at room 

temperature, and then washed with PBS* for 5 min. To each 10 cm plate 4.5 ml o f 1/40 

volume o f X-Gal (40mg/ml) in staining solution (5mM K3 Fe(CN)g, 5mM 

K4 Fe(CN)g.3 H2 0 , 0.01% (w/v) Sodium deoxycholate, 0.02% (v/v) Nonidet P40 and 

2mM MgCl2  in PBS) were added. The plates were incubated at 37°C in the dark for 12- 

18hr or overnight, washed in PBS*, and blue cells counted under a microscope.

2.17.2. CELL EXTRACT PREPARATION

The cells were washed with PBS and scraped into 1ml PBS and pelleted by 

centrifuging at 8500 rpm in a microcentrifuge. The pellet was resuspended in 100/d 

0.25M Tris-HCl (pH 7.8) and vortexed vigorously for 2-3 min. The cells were disrupted 

by 3-4 cycles of freezing in dry ice-ethanol and thawing at 37°C. The extract was 

centrifuged at 12,000rpm for 5 min at 4°C and the supernatant was frozen at -20®C.

2.17.3. SPECTROPHOTOMETRIC ANALYSIS

A simple and rapid assay to detect j5-galactosidase activity relies on the 

conversion of 0-nitrophenyl-|8-D-galactoside (ONPG), to yield galactose and the 

chromophore 0-nitrophenol, which can be detected by measuring absorbance at 420nm.

30/d of cell extract were mixed with 3/d of lOOX Mg solution (O.IM MgCl2 , 

4.5M jS-Mercaptoethanol), 660/d of ImM ONPG, 201/d of O.IM Sodium phosphate
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(pH7.8). The solution was incubated at 37°C for 30 min or overnight till yellow colour 

was visible. The reaction was stopped by the addition of 700/il of IM Na2 C0 ). 

Absorbance was measured at 420 nm. Duplicate tubes containing 1, 5, 10, 25, 50 and 

100 ng o f standard /3-galactosidase were also analyzed. Normally, a lysate of mock- 

transfected cells was included as a negative control and purified jS-galactosidase as a 

positive control. Units of )3-galactosidase activity were also calculated where required 

by the method of Norton and Coffin (1985) with slight modification. In this assay cell 

extract prepared by the freeze-thaw method were used.

jS-gal (Unit) =  (Absorbance at 420 nm x 380) / minutes 

where 380 is a constant such that 1 Unit is equivalent to 1 nanomole of ONPG 

hydrolysed per minute.

2.17.4. FLUOROMETRIC ANALYSIS

A simple and sensitive assay to detect jS-galactosidase activity in cell extracts 

relies on the conversion of 4-methylumbelliferyl-j8-D-galactoside (MUG), a non- 

fluorescent galactoside analogue, to the highly fluorescent molecule 4- 

methylumbelliferone. The MUG product was measured using a fluorometer (excitation 

at 365nm, and fluorescence emission read at 470nm).

For each sample 5ml tubes were prepared containing 1/xl, 10/xl and 25/xl of 

lysate. Duplicate tubes containing 1, 5, 10, 25, 50, 100, 200, 250, 500, 750 and 1000 

pg of standard jS-galactosidase were also prepared. 1ml of 5% (v/v) of MUG (0.5mM 

MUG in N,N- Dimethylformamide) in PM-2 (33mM NaH2 P 0 4 , 6 6 mM Na2 HP0 4 , 

O.lmM MnCl2 , 2mM MgCl2  and 40mM jS-Mercaptoethanol) was added. Tubes were 

incubated at 37°C for 2 hours. The reaction was stopped by the addition of 2ml o f IM 

Glycine-NaOH, pH 10.3 to each tube. Fluorescence was estimated at an excitation 

setting o f 365nm and an emission setting of 470nm.

2.17.5. TITRE ESTIMATION

LacZ expression was assessed by staining the infected cells with X-Gal, 48 hr 

after infection. This method is direct in that it should yield the same titre as G418- 

resistant CFU/ml when comparing titres for a vector such as BAG, which encodes both 

LacZ and neo (Price et al., 1987).
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Titre is calculated as :

Titre (CFU/ml) =  (# of X-Gal^ cells or colonies) / vol. virus (ml)

2.18. RNA EXTRACTION FROM VIRAL STOCKS

Viral stocks were placed in 2ml eppendorf tubes and 100/tl o f lOX Protease 

solution (5mg/mlProteinase K, Img/ml tRNA, 25mM EDTA and 5% {w/v} SDS) were 

added. Samples were mixed and placed at 37°C for 60 min. The samples were extracted 

once with 1ml of phenol and once with 1ml of chloroform. The aqueous layer was 

adjusted to 0.3M sodium acetate and divided equally into two 2ml eppendorf tubes. 2.5 

volume o f ethanol were added to each tube,and the contents were mixed and stored 

overnight at -70°C. The tubes were thawed and spun for 30 min at high speed in a 

microfuge. RNA pellets were drained and dried.

2.19. RNA SLOT BLOTS

The RNA pellet was resuspended in 20/d of 2mM EDTA. 40/d o f formamide: 

formaldehyde (3:1) mix were added to each sample. The sample was heated at 50°C for 

20 min and 120 /xl of filtered 15xSSC were then added. The samples were then applied 

to a Hybond-N membrane using a slot blot apparatus and washed twice with lOxSSC. 

The membrane was removed from the apparatus and baked for 2hrs at 80°C.

2.20. TOTAL RIBONUCLEIC ACID ISOLATION

Methods for RNA isolation require pure reagents and care in preparation is taken 

to avoid RNA degradation. The chemical diethylpyrocarbonate (DEPC) binds to RNase, 

irreversibly inactivating it, and is the most convenient means of producing RNase-free 

solutions. The hot phenol method was used to isolate RNA from tissue culture cells. The 

DNA is removed because it was soluble at 60°C at acid pH (4.5-5.2). Cells were grown 

to confluency in 90-mm tissue culture plates at 37°C. Medium was discarded and cells 

were washed twice with PBS solution. 2 ml of lysis solution (10 mM sodium acetate, 

pH 4.5; 1% {w/v} SDS) were added and cells were scraped and added to a tube 

containing 2ml of phenol (saturated with lOmM sodium acetate, pH 4.5). The slurry was 

mixed and kept on ice for 5 min. The solution was extracted with vigorous shaking at 

65 °C for 3 min and cooled for 30 sec in ethanol-dry ice. Samples were centrifuged for
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10 min at 5000 rpm. The aqueous layer was separated and re-extracted with acid phenol. 

300/xl of 3M sodium acetate (pH 5.2) and 7 ml of ethanol were added to the extracted 

aqueous layer. The sample was incubated for 10 min in ethanol-dry ice and then 

centrifuged for 3 0 min at 5000 rpm for 30 min. The pellet was resuspended in 300fcl of 

0.3 M Sodium acetate (pH 5.2); 900/^1 ethanol were added and the solution was 

incubated in ethamol-dry ice for 10 min. RNA was pelleted by centrifuging for 10 min 

at 8000 rpm. The RNA pellet was resuspended in 20^1 DEPC water and absorbance 

measured at 260 nm. A confluent petri dish gave around 200-300 ^g of RNA.

2.21. NORTHERN BLOTS

The protocol below is a slightly modified version of the standard techniques 

mentioned in detail in many procedures (Sambrook et a/., 1989; Krumlauf, 1991)

2.21.1. LABELING AND PREPARATION OF RADIOACTIVE PROBE

2.21.1.1. Random hexadeoxvribonucleotide primer synthesis method

A vector construct containing the cloned sequence was cleaved to produce 

unambiguous fragments and the desired fragment was isolated in low melting agarose. 

50ng DNA fragment in low melting agarose were incubated at 70°C for 3 min and then 

incubated for 10 min at 37°C. The reaction mix was set up as follows to 50/il final 

volume made up with water: 2/xi of 10 mg/ml ESA (Sigma), 50ng of DNA fragment, 

5/zlof [or ^^P-dCTP], 2U Klenow fragment and 10/d of 5X oligo labelling buffer or OLE 

( 100/d 5X OLE consists of 20/d of solution A {18/d jS-mercaptoethanol, 5/d each of 

0. IM dATP, dTTP, dGTP in 0. IM TE buffer and 1000/d of 1.25M Tris-HCl, pH 8.0, 

0 .125M M g C y , 50/d of 2M HEPES (pH 6 . 6 ) and 30/d of 6 mer random oligo primer). 

The reaction mixture was incubated overnight at 30°C. The unincorporated nucleotides 

were removed using a 050  column. Incorporated nucleotides were measured by 

analysing 1/xl of labelled DNA by scintillation counting.

2.21.1.2. Ribovrohe method

The "pA" plasmid (kind gift from David Cox) containing LacZ in between T3 

and T7 promoters was linearized with Hindlll restriction endonuclease. The components 

of transcription were mixed as follows: 2/d of 200ng//d of linearized template DNA, 2/d 

of 5X transcription buffer ( 200mM Tris-HCl, pH 7.5, 30mM MgCl2 , and lOmM 

spermidine), 0.5/tl o f XTPs (lOmM soln of each of rOTP, rCTP and rATP), 0.5/d of
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0.75M DTT, 0.2/xl RNA guard (B.Mannheim) and 5fd of rUTP 800Ci/mmol]. 

The reaction mixture was incubated for 30 min at 37°C with 12 units of bacteriophage 

RNA polymerase. Ifil o f RNAse-free DNAse (1 mg/ml) and 0.2/zl of RNA guard were 

added and the reaction was further incubated for 15 min at 37®C. 100/il o f DEPC treated 

water and 2/xl of tRNA (lOmg/ml) were added and the mixture was extracted with equal 

amounts of phenol and then chloroform. The aqueous layer was mixed with 200/il o f 5M 

ammonium acetate, 800^1 ethanol and incubated on dry ice/methanol mix for 25 min. 

RNA pellet was resuspended in 100/xl of DEPC treated water after centrifugation in a 

microcentrifuge for 30 min. Incorporated nucleotides were measured by scintillation 

counting.

2 .21.2. GEL ELECTROPHORESIS

Gel box, casting tray, .and combs were cleaned with mild detergent and rinsed 

with sterile distilled water. The gel was cast in a fumehood, since the formaldehyde 

vapours given off during the pouring and setting of the gel are irritating to the eyes. 

2.89g agarose were dissolved in 156 ml DEPC treated sterile water, boiled and then kept 

in a 60°C water bath. 10 ml of 20X MOPS stock and 34 ml of 37% (v/v) formaldehyde 

were added to the sample which was swirled gently and then the gel was poured 

immediately onto the casting tray. RNA samples were placed in a 1.5 ml-microfuge tube 

with a dye-denaturing cocktail: 1/xl 20X MOPS, lOjul 100% (v/v) formamide, 3.5/xl 37% 

(v/v) formaldehyde, 2/xl dye, and 5/xl RNA in TE. Samples were heated to denature the 

RNA at 60°C for 10-15 min in a water bath, cooled on ice and loaded on to the gel 

immediately. The gel was run for 8-9 hrs at 55-60 V in IX MOPS buffer. 

Electrophoresis was stopped and mol. wt. marker lanes were cut and rinsed twice for 

20 min each time with distilled water and 0.1 M ammonium acetate. Then the gel slice 

was incubated for 30 min in 0.1 M ammonium acetate with 0.5 /xg/ml ethidium bromide 

and destained twice with 0.1 M ammonium acetate for 20 min. A picture was taken on 

a standard UV transilluminator setup at 254 nm.

2.21.3. GEL TRANSFER

The gel was soaked in 50mM NaOH, O.IM NaCl for 20 min with gentle shaking 

and then neutralized by incubating in O.IM Tris-HCl (pH 7.6) for 20 min followed by 

2X SSC for 20 min. Capillary transfer was used to transfer the RNA from the gel in the 

usual manner. Sheets of 3MM Whatman paper were soaked in 20X SSC and placed on
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a glass plate over a reservoir of 20X SSC. The ends were immersed in the reservoir to 

act as a wick for the SSC buffer. The gel was placed on the wet 3MM with the comb 

side down. The gel was surrounded with parafilm on the exposed areas of the 3MM 

wick. Genescreen nylon membrane was immersed in water and then transferred to 2X 

SSC for 10 min. The wet membrane was placed on the surface o f the gel.Trapped air 

bubbles were avoided. Three layers of 3MM were placed on the membrane. Several 

inches of paper towels were placed on the 3MM filter papers and covered with a glass 

plate and a lead weight. After overnight transfer, the position of the lanes and orientation 

of the gel is marked on the membrane. The membrane was removed and immersed in 

6 X SSC for 2 min.

2.21.4. U .V . CROSSLINKING

A large piece of ClingFilm™ plastic wrap was placed on the bench top and 5-6 

ml of 6 X SSC was pipetted onto the middle of plastic. The membrane was removed from 

6 X SSC and placed on the plastic film such that the side that was in contact with the gel 

during transfer was facing down. Excess plastic was folded over to enclose the 

membrane. The membrane was placed under a UV source which delivered 600/iW/cm^ 

at a wavelength of 254 nm.

2.21.5. HYBRIDISATION

A HYBAID oven was warmed for Ih together with a washed HYBAID bottle 

at 55°C. The mesh and the membrane were immersed in 2X SSC. It was insured that 

the membrane overlayed on a mesh, and they were rolled together in a tight roll. The 

roll was transferred to the bottle and 15 ml of 2X SSC were added. The bottle was 

placed on a flat surface and the mesh-membrane roll was slowly unwound in the opposite 

direction. 2X SSC was discarded and 7.5 ml of pre-hybridisation fluid [2ml o f 20X 

SSPE, 0.4ml of lOOX Denhardt solution (0.05% (w/v) BSA; 0.05% (w/v) polyvinyl 

pyrrolidone; 0.05% Ficoll 400), 0.35 ml o f (w/v) 10% SDS, 4.0 ml of deionized 

formamide, 250/cg of sheared denatured salmon sperm DNA and 1.2 ml of DEPC 

treated sterile distilled water] were added. The bottle was placed on the HYBAID 

rôtisserie with rotation speed limit at 7 and the temperature was maintained at 55 °C for 

3hrs. Pre-hybridisation fluid was replaced with the hybridisation fluid which was same, 

except that instead of 1.2 ml of water, it had radioactive ^^P-labelled 1 X 10̂  cpm/ml of
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probe adjusted with the water volume of 1.2 ml. The bottle was placed in the rôtisserie 

for hybridisation for 12 hrs at 55°C.

2.21.6. WASHING

The filter was washed twice with 100 ml of 2X SSC for 15 min each in the 

rôtisserie maintained at 65°C. The membrane was then washed with 50 ml of 0.1% 

(w/v) SDS and O.IX SSC for 30 min. The final wash was with 50 ml of O.IX SSC for 

10 min. The membrane was wrapped in Saran̂ *̂  wrap and placed in a cassette with an 

intensifying screen at -70°C.

2.22. SI NUCLEASE PROTECTION ASSAY

The SI protection assay allows the precise definition of the beginning and end of 

gene transcripts as well as the position of intron/exon boundaries in a gene. 0.1 - l.Ojug 

labelled DNA probe and 25-100/ig total RNA were combined. 0.1 volume 3M sodium 

acetate (pH 5.4) and 2.5 volume of absolute ethanol were added to the DNA-RNA mix 

which was stored at 0°C for 30 min. Nucleic acids were precipitated by centrifuging for 

15 min in a microfuge. The supernatant was removed and the pellet was washed with 

0.5 ml of 70% (v/v) ethanol/DEPC water. The DNA-RNA pellet was mixed with 30^1 

of hybridisation mix (5X: 2M NaCl; 0.2M PIPES, pH 6.5; 5mM EDTA), and 40/xl of 

paraffin oil were added on top of the aqueous layer. Nucleic acids were denatured by 

incubating the mix at 90°C for 10 min. Then the reaction mix was incubated at 55°C 

for 12-16 hrs. To each sample 270/xl of ice cold SI buffer containing 60/xl of 5X SI mix 

(150mM sodium acetate, pH 4.5; 15mM ZnSO ;̂ 2M NaCl), 0.5/ri of SI nuclease 

(400u//xl;BCL) and 210^1 of DEPC treated water were added and incubated at 37°C for 

2hrs. 10/xg of carrier tRNA and 6 /ri of 0.25M EDTA were added. Diethyl ether/ oilaway 

(BIO 101) was used to extract the paraffin oil in the reaction mixture. 500/xl of ethanol 

were added and the mix was incubated at -20°C for 1 hr. The RNA pellet was retrieved 

by centrifuging for 15 min in a microcentrifuge and dissolved in 5-10/ri of denaturing 

loading buffer containing 50% (v/v) glycerol and 0.2% (w/v) bromocresol green. 

Samples were denatured for 5 min at 90°C and then loaded on a 8 M urea- 

polyacrylamide gel which was electrophoresed for 2 hrs at 35 watts and 

autoradiographed.
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2.23. GENOMIC DNA EXTRACTION FROM CELLS

Cells were trypsinized, pelleted, resuspended in 750/xl of Buffer-A (lOmM Tris- 

HCl pH 8.0, lOmM EDTA and lOOmM NaCl) and transferred to eppendorf tubes. An 

equal volume of Buffer-B (Buffer-A with 2% (w/v) SDS) was added to each sample. The 

samples were adjusted with Proteinase-K to a final concentration of lOO^g/ml and 

incubated for 3 hrs at 37®C with occasional shaking. An equal volume of phenol was 

added and the samples were rocked for 15 min. The tubes were spun in a microfuge and 

the aqueous layer was transferred to a fresh eppendorf tube. The samples were extracted 

with phenol : chloroform and then with chloroform, adjusted to 0.3M with NaAcO and 

an equal volume of isopropanol was added. The tubes were rocked gently until the DNA 

precipitated. DNA was spooled out using a heat-sealed pasteur pipette, dipped in 70% 

(v/v) ethanol, absolute ethanol, dried and transferred to 200/il TE buffer. The tubes were 

incubated overnight at 37°C to dissolve the DNA. lOpl in 1ml buffer was sufficient to 

estimate concentration and purity by 260/280 absorbance.

2.24. SOUTHERN BLOTS

lOjLtg genomic DNA were cleaved overnight at 37°C with an appropriate enzyme 

in a 50/a1 volume. The reaction was stopped with the addition o f 0.1 vol o f lOX gel 

loading buffer (0.1%  {w/v} bromophenol blue, lOX TPE [0.8M Tris-phosphate; 0.02M  

EDTA; pH 7.4] 50% {v/v} glycerol, 0.1% {w/v}sodium dodecyl sulfate). The DNA 

digest was fractionated by electrophoresis through a 0.8% (w/v) agarose gel ( l l x  14x 

0.6 cm) in IX TPE (80mM Tris-HCl phosphate, 2mM EDTA, pH 7.4). The gel was run 

at very low voltage (0.7V/cm in IX TPE) overnight. Size standards were run on the 

outside lanes. The gel was stained for 10 min in ethidium bromide (l^g/m l) and 

photographed using Polaroid™ type 665 P/N film under long wave (302 nm) UV light. 

The gel was depurinated by soaking it in 0.25N HCl for 10 min and then rinsed with 

distilled water to remove excess acid. It was soaked further in lOmM Tris-HCl (pH 8.0) 

until it was transferred to the capillary blotting apparatus as described in section 2.21.3., 

except that Bio-Trace RP positively charge-modified nylon membrane was used as a 

transfer membrane and 0.4 M NaOH buffer was used as a running alkaline buffer. 

Prehybridisations and hybridisations were done exactly as in the northern protocol 

(2.21.5.) except that hybridisation temperature were maintained at 42°C or 49°C when
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random prime (DNA) or ribo-probes were used. Washings and autoradiography were 

also done as described previously (2 .2 1 . 6 .)

2.25. WHOLE CELL EXTRACT PREPARATION

Whole-cell extracts were prepared according to the method of Manley et al. 

(1980). 70-100 (140mm diameter) plates of sub-confluent cells were harvested in chilled 

PBS using a sterile cell-scraper. The cells were pelleted by centrifugation at 15(X) rpm 

for 5 min at 4®C in a Sorvall RT6000B centrifuge and resuspended in 4 packed-cell 

volumes of lOmM Tris-HCl (pH 7.9), ImM EDTA, 0.1 mM PMSF (Sigma) and 5mM 

DTT. All subsequent steps were carried out at 4®C. The cells were lysed with 8  strokes 

of a Dounce homogenizer after being stored on ice for 20 min. 4 packed cell volumes 

of 50mM Tris-HCl (pH 7.9), 2mM DTT, lOmM MgClg, 25% (w/v) sucrose (BDH), 

50% (v/v) glycerol were added and the mixture gently stirred. 1 packed-cell volume of 

a saturated solution of ammonium sulphate (BDH; pH 7.9) was added dropwise to the 

mixture and gently stirred for 30 min. The cell debris was pelleted by centrifugation at 

40,000rpm for 2 hr at 4 °C in an SW40 rotor using a Beckman L8-70M centrifuge. 

0.33g/ml of solid ammonium sulphate were added to the supernatant and dissolved by 

stirring for 20 min. 0.33 /xl/ml of IM NaOH were then added and stirring continued for 

a further 30 min. The extract was pelleted at 28,000rpm for 45 min at 4°C in an SW28 

rotor using a Beckman L8-70M centrifuge, and then resuspended in a minimum volume 

of Manley dialysis buffer (20mM Hepes-HCl (pH 7.9), 12.5mM MgCl2 , l(X)mM KCl, 

O.lmM EDTA, 2mM DTT, 17% (v/v) glycerol). Dialysis against 2 x 1(X)0 volumes of 

Manley buffer was performed for 16 hrs, and then insolubles were removed by 

centrifugation at 3000 rpm for 30 min in a Sorvall RT6000B centrifuge. The extract was 

aliquoted into 1 ml volumes and stored in liquid nitrogen (long term), or lOOpl volumes 

and stored at -70°C. The Bio-rad protein concentration assay was used to determine 

concentration of each extract and Bovine serum albumin was used as a standard in the 

assay.

2.26. CELL DIFFERENTIATION ( IN VITRO )

F9 embryonal carcinoma cells were differentiated to parietal endoderm-like cells 

(Strickland et a/., 1980). Cells were plated out at a density o f Ix 10̂  per plate in
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medium supplemented with 10'̂  K\\-trans Retinoic acid (Stock solution: lOmM in 

ethanol). After 48hr the cells were passaged in same manner and after 60 h 

differentiation was judged to be complete by. loss o f the SSEA-1 antigen and microscopic 

examination of morphology. The same method was followed for differentiating PCC4 

cells.

2.27. ELECTROPHORETIC MOBILITY SHIFT ASSAY

Gel retardation assays (Fried and Crothers, 1981; Gamer and Revzin, 1981) were 

performed in 20/zl volumes. 8-15/zg o f whole cell extract were incubated with l-2^g 

sonicated salmon sperm DNA as a non-specific competitor DNA and specific competitor 

for 15 min at 30°C. Ing of [ ^̂ P] labelled probe was then added and incubation 

continued for a further 15 min. The reactions were chilled on ice and 20/xl total volume 

loaded onto a prerun non-denaturing gel and electrophoresed in IX TAE (40mM Tris 

base, 20mM acetic acid, ImM EDTA, pH 8.0) circulating buffer at 150 V for 90 min 

at 4°C. Non-denaturing gels were prepared by adding 400/zl o f 10% (w/v) ammonium 

persulphate and 40 /xl o f TEMED to 40 ml of 4% (w/v) acrylamide, 0.3% (w/v) bis- 

acrylamide in 1 x TAE and cast between clean glass plates of 19.5 cm x 16 cm with 1.5 

mm spacers. Gels were prerun for at least 3 hr at 4°C or until the current stabilized. 

After electrophoresis gels were dried and exposed to Fuji X-ray film with intensifying 

screens at -70°C. In the retardation assay where antibodies were used to retard 

complexes, antibody or preimmune serum were added to the reaction before or after 

addition of the probe.

2.28. EMBRYO INFECTIONS

Morula / blastocyst stage embryos were isolated on the 2nd / 4th day o f gestation 

essentially as described by Hogan et al. (1986) and stripped of the zona pellucida with 

acidified Tyrode’s solution (Sigma). These cells were then cultured for two days in 

medium containing the retrovirus or by co-cultivation with producer cells producing 

infectious virus. These cells infected by either method, were incubated at 37®C in 

embryo / producer cell media and after 48 hrs they were stained for jg-galactosidase 

activity.
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2.29. POLYCATIONIC SUBSTRATE SCREENING

New polycationic substrates were screened to identify an increase, if  any, in the 

viral infection level. These substrates which included sodium iodide (Sigma), polylysine 

(Sigma), lipofectoamine (Gibco-BRL), DEAE-dextran (Sigma), dextran (Sigma), histone 

(Sigma), were added to the target cell medium at concentrations ranging from lOjug/ml 

to 1 0 0 /ig/ml and then the cytotoxicity and infectivity of retroviruses were studied. F9 

EC, NIH 3T3 and N2A cells were used as the target cells and MSGLûcZ-166,B2, 

^AGLacZ.Neo and BAGlacZ,AeoB2 as the viruses.

2.30. IMMUNOCYTOCHEMISTRY.

Blastocyst and embryonic stem cells were stained for the presence of the stage- 

specific antigen (SSEA-1) using an monoclonal antibody MC 480 (Solter and Knowles, 

1978). Cells were grown on glass slides and washed twice with 10ml PBS and then with 

10 ml 4% (v/v) formaldehyde (Sigma) in PBS for 10 min at room temperature. The cells 

were then rendered permeable by incubation with 10 ml 0.1 % (v/v) Triton XlOO (Sigma) 

in PBS for 15 min at room temperature. After two 10 ml washes in PBS, anti-SSEA-1 

antibody was added as 10 ml of a 1:200 dilution of ascites fluid in PBS, 1% (v/v) PCS, 

and then mixture was centrifuged for 10 min at 8000 rpm/min and incubated for 30 min 

at 37°C. Control reactions with no antibody were also performed. Unbound antibody 

was removed with 4 washes of PBS, 1% (v/v) PCS. Second antibody (fluorosceinated 

anti mouse IgG; Sigma) was added as 10ml of a 1:100 dilution o f ascites fluid in PBS, 

1 % (v/v) PCS, and then mixture was centrifuged for 10 min at 8000 rpm/min and it was 

incubated with cells for 30 min at the room temperature. Unbound antibody was washed 

away with 4 washes of PBS. Slide was mounted with citifluor (Sigma) and covered with 

a coverslip and observed under fluorescence microscope with fluorescene filter.

2.31. LUCIFERASE ASSAY.

Bioluminescence is the light produced in certain organisms as a result of 

luciferase or photoprotein - mediated oxidation reactions (Bronstein et al., 1994). The 

luciferase enzyme catalyzes bioluminescence in the firefly by oxidizing D(-)luciferin in 

the presence of ATP, and O2 . The reaction produces oxyluciferin, CO2  and a

photon. The level of light emitted during the reaction is measured with a luminometer.
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The luciferase assay system was used to study the transfection efficiency of the 

pLuciferase control plasmid (pGL2 control vector) in different cell lines (Promega). 20/xl 

of cell extract was mixed with 100^1 of Luciferase assay reagent (20mM Tricine, 

l.OTmM (MgC0 3 ) 4  Mg(0 H)2 .5 H2 0 , 2.67mM MgSO^, O.lmM EDTA, 33.3mM DTT, 

270/xM Coenzyme A, 470/aM luciferin and 530/xM ATP; pH 7.8). The test tube 

containing this reaction was placed in a luminometer and light produced for 1 0  sec was 

analyzed.

2.32. PHOSPHORIMAGING AND WORD PROCESSING.

Gels / blots were exposed to a phosphor screen and incubated in darkness at room 

temperature for 12-24 hrs and then the screen was scanned with a Molecular Dynamics 

phosphorimager™ and data thus obtained were quantitated to obtain copy number etc. 

using the Image Quant^^ program running on a IBM personal computer. Word 

processing was done with Word perfect version 5.1 on an IBM computer and Toshiba 

TIOOOLE computer. Figures and graphs were made with Cricket graph program on a 

Mackintosh MS2 micro-computer or SigmaPlot program using IBM computer.
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CHAPTER 3

T H K  nKVFJ.OPIVIENT OF RETROVIRUSES CAPABT.E OF BKTNG 

EXPRESSED IN EMBRYONIC STEM CKT.LS.
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3.1. INTRODUCTION.

The discovery of a filterable tumorigenic agent originally isolated from chickens 

bearing specific sarcomas (Rous, 1911) was the first clue of the viruses now known as 

retroviruses. The finding that many naturally occurring retroviruses were able to convey 

non-viral genetic material suggested that the retroviruses may be used as genetic vectors. 

The advantages of retroviral vectors over other mechanisms of delivery of DNA to cells 

include the potential of infecting a significant proportion of the cells in the target 

population. However, retroviruses such as Moloney murine leukaemia virus (Mo-MuLV) 

and the closely related Moloney murine sarcoma virus (Mo-MSV) fail to grow in 

embryonal carcinoma cells but will grow in cells that differentiate from them (Peries et. 

al. 1977; Teich et. al. 1977; Asche et. al. 1984; Berwin and Barklis,1993). Most murine 

derived retroviral vectors described to date are replication defective and are propagated 

through the use of wild-type virus free packaging cell lines which provide all o f the 

functions in trans necessary for the encapsidation of a recombinant genome. The virus 

generated is able to efficiently infect cells and stably integrate the viral genome yet is 

unable to spread to adjacent uninfected cells (Mulligan, 1983; Miller, 1992).

It is known that wild-type Mo-MuLV does not express in EC and ES cells. 

Various mutant viruses have been isolated by Ostertag, Barklis and others which do 

express in these cells. The mutations carried in these viruses, and the transcription factor 

binding sites that they affect, have been detailed in the introduction. The objective o f this 

work was to find out which of these mutations are important, in a quantitative sense, and 

thus to define the combination of effective mutations, without any ineffective ones, that 

would give the virus best able to act as a vector in early embryonic cells.

Prince (1991) showed that the Spl binding site at -166 in the LTR region has a 

6-fold effect in a transient transfection assay. She also characterised a protein that had 

all of the properties expected of the putative repressor that binds to the -345 site but was 

unable to find any effect of this mutation in transfection assays (Prince, 1991). It was 

possible that the effect of mutation could only be seen in an infection. She made 

constructs carrying the various mutations thought to be important (-166, -345, B2),
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individually and in combination, in the context of wild type Mo-MuLV but did not have 

time to generate producers and do transduction studies.

I used her constructs to make the producers and test out the roles of the various 

mutations in a number of different cell types. At about this time, R.C. Mulligan (MIT) 

told us that in his laboratory they had developed a new vector, MFGLocZ, which was 

particularly tractable because it reproducibly gave high titres. As I was trying to achieve 

infection into "non-permissive" cells, this high titre would be extremely valuable. It was 

therefore decided to transfer all of Prince’s mutations into the MFGLûcZ background and 

make the producers. Having made all the producers, I found that wild type MFGLacZ 

works quite well in EC and ES cells. It is still markedly less efficient in these cells than 

it is in NIH 3T3 cells and so it was possible to evaluate the effects of the various 

mutations. Moreover, this unexpected observation raised a very interesting and important 

question. Why it is that MFGLûcZ expresses in these cells, whereas all other Mo-MuLV- 

based vectors do not ? To answer this question and to evaluate the effects of the various 

mutations, it was decided to develop MFGLûcZ -based retroviruses which are capable 

of being expressed in ES cells and compare them with a virus which does not express 

in EC cells.

3.2. RETROVIRAL VECTORS.

MFGLacZ is a simplified retroviral vector obtained from Dr.R.Mulligan’s 

laboratory which was used in this study, since it was found to be very efficient in 

haematopoietic cells (Ohashi et al., 1992; Vieillard et al., 1994). This vector was 

derived from Moloney murine leukaemia virus in which the polymerase {pot) and 

envelope {env) gene sequences were deleted to render it replication defective. Sequences 

in the gag gene between 621-1040 have been utilized to increase the packaging efficiency 

of the unspliced transcript (Ohashi et al., 1992). It consists of Mo-MuLV LTR 

sequences, the primer binding site, splicing sites, a mutated translation initiation site, 

LacZ as a marker gene and a pBR322 backbone (Fig.3.1). The promoter within the Mo- 

MuLV LTR has a limited ability to function in certain cell types, such as embryonal 

carcinoma cells (Linney et al. , 1984; Gorman et al. , 1985b). The BAGLacZ,neo vector

111



Fig. 3.1 Basic structure of MFGLacZ vector. It is a 11 kb vector consisting o f Mo- 

MuLV LTR sequences, LacZ as a marker gene, 419bp from gag region (621- 

1040), 375bp from po l region (5401-5776) containing splice acceptor site, cellular 

sequences and pBR322 backbone (Ohasi et a l ,  1992).
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was obtained from Dr.J.Price's laboratory and was used as the negative control in my 

experiments since it is non-permissive in EC and BS cells; it has wild-type Mo-Mo- 

MuLV LTRs and primer binding site, LacZ as a marker gene and neo as a drug selection 

gene (Price, 1987). Apart from lacking a selectable marker MFGLacZ differs from 

BAGLacZ,«ca in four ways. Firstly it has 419bp from Gag region (621-1040) and 375bp 

from pol region (5401-5776); secondly, its Mo-MuLV sequence extends from the site 

of origin o f the 5 'LTR to -1035 bp, which has been shown to increase the packaging 

efficiency of unspliced transcript (Ohashi et a l ,  1992); and thirdly it has a mutated 

translation initiation site.

The MSGLacZ construct was the same as the MFGLacZ vector except that its 3' 

LTR had Mo-MSV sequence which was obtained from pMSVcar constructs (Methods). 

MSGLacZ mutants with the -166, -345 and -166,-345 mutations had their 3'LTR from 

mutated pMSVcar constructs. The B2 mutation was introduced by site directed 

mutagenesis (Bio-Rad Kit) in to the 5 'untranslated region of MFGLacZ (-B2) (Prince 

1991). This vector was further used to obtain vectors with double (-166,-345 or -166,- 

345) and triple (-166, -345, B2) mutations (Prince, 1991). BAGLacZ,ncc (B2) is a 7630 

bp proviral clone of the BAGLacZ,ncc vector and has a mutant tRNA pro  primer 

binding sequence (PBS), where the second G of the sequence GGGATC has mutated 

to an A residue, creating the sequence GAGATC; this mutation occurs at position 160 

of M-MuLV viral genome, and was originally referred to as the B2 mutation (Berwin 

and Barklis, 1993). Fig.3.2. shows the basic structure and permissiveness of MFGLacZ, 

MSGLacZ, BAGLacZ,«ca and their mutants. It was decided to use MFGLacZ and 

MSGLacZ and their mutants to study expression in the EC and ES cells. BAGLacZ,wca 

and its mutant BAGLacZ,/icc (B2) were used as the negative and positive controls for 

retroviral expression in the target cells.

3.3. TRANSFECTION OF THE RETROVIRAL VECTORS AND ISOLATION OF 

VECTOR PRODUCER CELL LINES.

In order to isolate cell lines which produced the various recombinant 

retroviruses, "P-Cre producer cells were transfected with a mixture of retroviral vectors
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Fig.3.2 (A).Schematic structure of BAGLucZ,/ieo , MFGLurZ and MSGLacZ 

viruses.

(B).Comparison of viruses containing mutations in the long terminal repeat 

or a primer binding site.
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B.
Vector Permissiveness 

(in EC/ES ceils)
Size (kb) 
(approx.)

Mutations* 
(in PBS/3'LTR) LTR

BAG -ve 12 - Mo-MuLV

BAG (B2) +ve 12 B2 Mo-MuLV

MFG -kve 11 - Mo-MuLV

MFG (B2) -Hve 11 8 2 Mo-MuLV

M SG -Hve 11 - Mo-MSV

M SG (166) -f-ve 11 166 Mo-MSV

MSG (345) -Hve 11 34 5 Mo-MSV

M SG (B2) -Hve 11 8 2 Mo-MSV

M SG (166.B 2) -hve 11 1 6 6 ,8 2 Mo-MSV

M SG (3 4 5 ,8 2 ) -t-ve 11 3 4 5 ,8 2 Mo-MSV
M SG (166 ,345) -hve 11 1 6 6 ,345 Mo-MSV

MSG (1 6 6 ,3 4 5 ,8 2 ) -t-ve 11 1 6 6 ,3 4 5 ,8 2 Mo-MSV

* B2 mutation Is in PBS region and -166, -345 mutation is in 3'LTR.



and pSV2 «eo construct in triplicates, using ^SWlneo alone as a negative control. 

V Syineo  carries the neomycin drug resistance gene so that resistant clones can be 

selected and then further screened for j8 -galactosidase positive clones.

The first set of plates were expanded for the G418 selection o f the resistant 

clones; however, the second and third sets were processed for jS-galactosidase activity 

by staining and spectrophotometric analysis to analyze the transfection efficiency. The 

protein extracts analyzed had high activity in all transfected ŸCre producer cell lines 

except for the negative control. Staining for jS-galactosidase activity also revealed similar 

results with 10-30% blue cells (Table 3.1); as expected no staining was observed in cells 

transfected with pSV2/zco alone. These results confirmed that the transfections of the 

retroviral vectors were successful by the jS-Galactosidase staining and by quantitative 

analysis (Jain and Magarath, 1991) were activity levels ranged from 6-19 ng obtained 

from extracts analyzed by MUG analysis (see Methods). Fig. 3.3 shows a standard curve 

where E.Coli jS-galactosidase (B.Mannheim) was used as the standard.

G418 Sulphate (450/xg/ml; GIBCO) was used for the selection of resistant 

clones. From the first batch o f transfections, which were transfected with MSG, 

MSG(B2), MSG(-166,-345) and MSG(-166,-345, B2), thirty clones were isolated. 12 

clones were amplified successfully for MSG and MSG(B2); for, MSG(-166,-345) and 

MSG(-166,-345, B2), 10 and 16 clones survived the selection conditions. Clones with 

high jS-gal staining and at least 550ng jS-gal activity per analysis were finally selected to 

be labelled as putative high titre clones. Thereby 3 clones for MSG, 2 clones for 

MSG(B2), 3 clones for MSG(-166, -345) and 9 clones for MSG(-166,-345,B2) were 

obtained (Table 3 .2 .A.).

In a second batch of transfections with MFG, MFG(B2), MSG(-345), MSG(- 

345,B2), MSG(-166), MSG(-166,B2) and pSWlneo. 36 clones were picked and isolated. 

This time 30 clones survived successfully. However, subsequent jS-gal analysis by 

staining and spectrophotometric assay revealed only 5 positive for MFG, 12 for 

MFG(B2), 4 each for MSG(-345) and (-345,B2), 14 for MSG(-166) and 10 for MSG(- 

166,B2) (Table 3.2.B.). From pSW2neo transfected cells 30 clones were also isolated but 

by screening no clone was found to be positive for jS-gal expression. In a third set of
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TABLE 3.1 TRANSFECTIONS OF RETROVIRAL-VECTORS INTO %RE 
PRODUCERS.

VECTOR STAINING*
(/3-Gal)

ENZYME ASSAY 
(î -Gal/lOpig extract protein)^

MSGLacZ +++ 7 ng
MSGLacZ B2 ++++. 13 ng
MSGLacZ -166,-345 +++ 8 ng
MSGLacZ -166,-345,32 +++ 7 ng
MSGLacZ -166 ++ 6 ng
MSGLacZ -166,32 +++ 8 ng
MSGLacZ -345 ++++ 14 ng
MSGLacZ -345,32 +++ 8 ng
MFGLacZ +++ 19 ng
MFGLacZ 32 +++ 14 ng
PSV2 neo - nil
BAGLacZ,neo 32 ++++ 14 ng
+ 10/ug extract were used for the MUG fluorometric analysis. Values 
signify equivalent amount of jS-Galactosidase activity, where 
E.coli /3-Galactosidase was used as the standard.
Cells were stained for jj-galactosidase activity. ++ signifies 
20% of cells were stained blue and ++++ signify 30-40% cells 
were stained blue.
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Fig.3.3 Standard curve for jS-galactosidase enzyme assay. E.coli jg-galactosidase was 

used as the standard to measure enzyme activity analyzed by MUG fluorometric 

method. Fluorescence was measured with Excitation at 365nm and Emission at 

470 nm.
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TABLE 3.2. 6418 SELECTION AND CLONE EXPANSION.

VECTOR CLONES
PICKED^ AMPLIFIED NEGATIVE POSITIVE*

HIGH
TITRE*

A.
MSGLacZ 30 12 8 4 3
MSGLacZ B2 30 12 5 7 2
mSGLacZ -166,-345 30 10 4 6 3
MSGLacZ -166,-345,32 30 16 5 11 9
B.
HSGLacZ -166 36 30 9 21 14
MSGLacZ -166,32 36 30 12 18 10
MSGLacZ -345 36 30 16 14 4
MSGLacZ -345,32 36 30 4 26 4
MF GLacZ 36 30 8 22 5
MFGLacZ 32 36 30 4 26 12
PSV2 neo 36 30 30 0 nil
C.
BAGLacZ,neo 32 20 20 - 20 14

Clones were isolated from the transfected producer cells 
treated with the G418 sulphate (450/ig/ml) .
* Positive clone and high titre producer were identified by the jS- 
galactosidase activity (ng j8-galactosidase/ jug extract protein)
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transfections with BAGB2LacZ,neo only 20 clones were picked and isolated. All of them 

were found to be positive for /3-galactosidase production (Table 3.2.C .). Overall one 

clone was picked from each transfected construct and designated as the high titre 

producer for it (Table 3.3). /8 -Galactosidase activity analyzed by the ONPG 

spectrophotometric method was found to be saturated and yellow colour was obtained 

very rapidly even with 1-5/xl of the extract, signifying high enzyme activity. Therefore, 

it was decided to use the MUG fluorometric assay, which is highly sensitive and gives 

stable values for /3-galactosidase activity (Methods; Table 3.3.). A BAGLacZ,neo Ÿ2 

producer line was used as a negative control. Plate 3.1 (A,B and C) shows stained 

producer cell lines for MSGLacZ, BAGB2LacZ,neo and BAGLacZ,neo and Plate 3.1 

(D) shows stained 3T3 fibroblast cells which were infected with a one ml of the 

MSGLacZ (-166,B2) retrovirus.

Thus, MSGLacZ, MFGLacZand their mutant vectors were transfected into ^Cre 

cells to obtain high titre cell lines to produce recombinant retroviruses to study their 

expression in the embryonal carcinoma and embryonic stem cells.

3.4. RETROVIRAL INFECTIONS OF TARGET CELLS.

To study retroviral expression in embryonic cells, it was decided to use 

recombinant retroviruses produced from MSGLacZ, MFGLacZ, BAGLacZ,oca and their 

mutants. These recombinant retroviruses were infected into D3, ABl and CCE 

embryonic stem cells and F9 embryonal carcinoma cells.

Lynch and Miller (1991) suggested that the number of colonies was directly 

proportional to the amount of virus added at each cell density, but more important, the 

apparent titre of the vector was almost directly proportional to the initial plating density 

of the target cells. Miller et al. (1990) also concluded that gene transfer by retrovirus 

vectors occurs only in cells that are actively replicating at the time of infection.

In an initial optimization of experiments, I observed that maximum jS- 

galactosidase activity on infection was obtained when there are more cells to become 

infected, thus cells are plated at such a density that they become confluent within 1  or 

2 cell division and then infected with the retroviruses. Furthermore, ES cells tend to
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TABLE 3.3. HIGH TITRE PRODUCERS (SELECTED ON G418)

VECTOR PRODUCER 
(ŸCre cells)

P - GALACTOSIDASE 
ASSAY STAINING* 

(ng g-gal)'

MSGLacZ M2 5 3.0 5+
MSGLacZ B2 BM35 3.2 6+
HSGLacZ “166,“345 65M21 2.8 6+
HSGLacZ “166,“345,B2 B65M24 2.0 5+
MSGLacZ “166 6MN10 2.8 6+
HSGLacZ “166,B2 6BA6 3.6 6+
MSGLacZ “345 5MN2 2.8 6+
MSGLacZ “345,B2 5BMB2 2.9 5+
KFGLacZ MZA7 2.0 5+
MFGLacZ B2 MZBB2 3.0 6+
BAGLacZ,neo B2 BB2 3.0 6+

* Emboldened values show the ng j3-galactosidase/0.05/ig extract 
protein equivalent of the fluorescent values, obtained by the 
MUG fluorometric method.
5+ and 6+ staining signifies 80% to 95% cells stained for jS- 
galactosidase activity.
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PLATE 3.1. iff-GALACTOSIDASE STAINING OF THE PRODUCER 
LINE AND THE INFECTED TARGET CELLS

(20 X MAG)
A. ^JKGLacZ,neo 4^2

B. BAG^acZ,/7eo,B2 M̂ CRE

M SG^acZ-166,B2 M̂ CRE

D. MSGAacZ-166,B2 RETROVIRUS WAS INFECTED ON THE 3T3 FIBROBLASTS
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differentiate very fast, so to avoid this murine leukaemia inhibitory factor (LIF) was 

used which is a well known differentiation inhibition factor, and DMEM medium was 

changed daily to maintain ES cells in the proliferating state.

Cells were infected IShrs after being plated, in duplicate, and incubated at 37°C. 

Individual blue cells were counted in each plate and thus titre (cfu/ml) was estimated. 

Titres are given in Table 3 .4 .(A). Titre values were approximately 10-fold and 100-fold 

less in F9 EC cells and ES cells for MSGlJcZ and MFOLacZ (Table 3 .4 .A). After 

obtaining results from these experiments, it was decided to repeat the infections three 

times in NIH 3T3 fibroblasts, F9 EC and D3 ES cells only (Table 3.4.B). Experiments 

done in parallel for different cell lines and viruses are depicted as experiment number

(1) to (4). jS-galactosidase enzyme assays were also done in parallel where target cells 

were infected with one ml o f virus. Details o f the effect o f each mutation will be 

discussed later.

However, for an accurate analysis of the affect of each mutation on the 

expression levels of Mo-MSV or Mo-MuLV vectors, infection ratios for the retroviral 

vector between NIH 3T3 and EC/ES cell lines were calculated. Titres obtained in NIH 

3T3 fibroblasts were divided by the titre obtained in EC and ES cells in each individual 

experiment in which cells were infected with a particular retrovirus. For example, if  

wild type MSV has a ratio o f 100 and a mutated vector shows a positive effect (i.e. 

increase in expression efficiency) then it is likely to see that ratio decrease to 10. So in 

numerical terms, if  an infection ratio of 1 0 0  reduces to 1 0 , then it can be assumed that 

a 1 0 -fold decrease in the infection ratio suggests a 1 0 -fold induction in the level of 

expression in the non-permissive cell type.

Another way to analyze the affect o f the mutations in a particular vector in an 

individual cell line is to adjust the initial volume of virus being infected. This can be 

achieved in two ways. Firstly, by quantitating the virus titre before doing the infection 

and taking virus volumes which are equal and adjusted in such a way that an equal 

number o f infectious viral particles are used in the infection. This method was found to 

be practically unsuitable, as the supernatants had to be tested for titre by doing RNA 

slot-blots which consumes time, and therefore the supernatants had to be frozen, thus

125



TABLE 3.4.A TITRE (CFU/ML) OF RETROVIRUSES INFECTED INTO TARGET 
CELLS (Experiment-ONE)

VIRUS NIH 3T3 D3(ES) ABl(ES) CCE(ES) F9' (EC)

MSGLacZ 6 . 3 X 10^ 6 . 2 X 10^ 3 . 0  X 10 ’ 7 . 8  X 10’ 2 . 5 X 10^

MSGLacZ B2 8 . 7 X 10^ 2 . 9 X 10^ 9 . 7  X 10’ 3 . 8  X 10^ 4 . 9 X lO'*

MSGLacZ —166 1 . 1 X 10^ 3 . 3 X 10^ 2 . 3  X lO'* 4 . 7  X lO'* 1 . 6 X 10’

MSGjLac2i - 3 4 5 8 . 2 X 10^ 1 . 9 X 10^ 9 . 0  X 10’ 2 . 1  X 10^ 8 . 1 X 10^

MSGLacZ - 1 6 6
B2

2 . 4 X 10^ 2 . 0 X 10^ 1 . 2  X l o ’ 2 . 5  X 10’ 5 . 3 X l o ’

MSGLacZ —345
B2

1 . 8 X 10^ 1 . 8 X 10^ 5 . 7  X 10’ 1 . 7  X 10^ 2 . 7 X 10^

MSGLac^ —166
- 3 4 5

1 . 5 X 10^ 3 . 9 X 10^ 1 . 8  X 10^ 6 . 0  X 10^ 9 . 7 X 10*

MSGLacZ
- 3 4 5

- 1 6 6
;,B2

7 . 3 X 10^ 6 . 3 X 10^ 2.2 X 10’ 5 . 3  X lO’ 1 . 9 X 10*

MFGLacZ 8 . 4 X 10^ 7 . 4 X 10^ 3 . 6  X l o ’ 1 . 1  X 10^ 4 . 0  :X 10*

MFGLacZ B2 2 . 8 X 10^ 2 . 0 X 10^ 7 . 6  X 10% 2 . 3  X 10’ 4 . 5 X 10’

MFGLacZ^CRIP 
BAGLacZ, neo'̂ 2

1 . 5

2 . 5

X

X

10^

IQi
2 . 4  X 

nil
10 ’ 1 . 0  X 10’ 

nil
2 . 7  X 10’ 

nil.
7 . 5 X 10’ 

nil
BAGLâcZfneo

B2
1 . 4 X IQ: 0 . 9 X 10 ’ N .D . N .D . 1 . 2 X 10’
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Table 3.4.B TITRE AND ENZYME ASSAY OF MSGLacZ, MVGLacZ.^\GLacZ.neo AND THEIR MUTANT VIRUSES INFECTED INTO THE TARGET CELLS. 
A. /3-GALACTOSIDASE TITRES (cfu/ml).
Virus MSGLacZ MFGLacZ BAGLacZ,nca BAGLacZ,nco MSGLacZ MFGLacZ MSGLacZ MSGLacZ MSGLacZ MSGLacZ MSGLacZ MSGLacZ

(B2) (B2) (B2) (-166) (-345) (-166,-345) (-166,B2) (-345,82) (-166,-345,82)

3T3
(1) 6.3x 10* 8.4x 10* 2.5x 10* 1.4x 10* 8.7x 10* 2.8x 10* l.lx  10® 8.2x 10* 1.5x 10® 2.4x 10® l.Sx 10* 7.3x 10*
(2) 7.2x 10* 1.4x 10® 2.2x 10* 0.7x 10* 4.9x 10* 3.3x 10* 3.6x 10* 4.0x 10* l.Sx 10® 3 Ox 10® 3.3x 10* 1.3x 10*
(3) 8.9x 10* 1.4x 10® 3.5x 10* 0.6x 10* 6.5x 10* 2.9x 10* 3.5x 10* 5.5x 10* 1.4x 10® 3.3x 10® 3.Sx 10* 2.2x 10*
(4) 7.5x 10* 1.6x 10® 3.4x 10* 1.2x 10* 5.5x 10* 3.8x 10* 3.7x 10* 2.5x 10* 1.4x 10® 3.7x 10® 4.7x 10* 2.9x 10*

F9 EC
(1) 2.5x 10* 25 4.0x 10* 21 no blue cells 1.2x 10* 117 4.9x 10* 18 4.5x10* 6 1.6x 10* 7 8.1X 10* 10 9.7x 10* 16 5.3x10* 5 2.7x10* 7 1.9x10* 4
(2) 4.5x 10* 16 1.6x10* 9 no blue cells 0.7x 10* 100 l.lx  10* 5 7.7x10* 4 6.3x10* 6 l.lx  10* 36 l.Sx 10* 10 7.2x10* 4 6.5x10* 5 2.0x10* 7
(3) 6.5x 10* 14 8.2x 10* 17 no blue cells 0.7x10* 86 l.Ox 10* 7 7.0x10* 4 5.0x 10* 7 1.2x 10* 46 1.4x 10* 10 7.4x10* 5 8.8x10* 4 2.6x10* 9
(4) 3.9x 10* 19 1.7x 10* 9 no blue cells 0.8x 10* 150 8.6x 10* 6 6.0x 10* 6 3.9x 10* 9 8.8x 10* 28 l.Ox 10* 14 7.0x10* 5 8.5x 10* 6 2.5x 10* 12

D3 ES
(1) 6.2x 10* 102 7.4x 10* 114 no blue cells 0.9x 10* 156 2.9x 10* 30 2.0x 10* 14 3.3x 10* 33 1.9x 10* 43 3.9x 10* 39 2.0x 10* 12 1.8x10* 10 6.3x 10* 12
(2) 9.3x 10* 77 1.4x 10*100 no blue cells 0.6x 10* 117 3.1x 10* 16 1.2x 10*28 6.2x 10* 58 4.2x 10* 95 l.lx  10* 136 3.0x 10* 10 2.7x 10* 12 4.4x 10* 30
(3) l.Ox 10* 89 1.9x10* 74 no blue cells O.Sx 10* 120 2.7x 10* 24 1.6x 10* 18 6.6x 10* 53 4.8x 10* 115 1.4x 10*100 3.0x 10* 11 3.0x 10* 12 S.Ox 10* 44
(4) 1.2x 10* 63 1.9x10* 84 no blue cells 0.8x 10* 150 3.6x 10* 15 1.8x 10*21 8.6x 10* 43 6.6x 10* 38 l.Sx 10* 93 3.7x 10* 10 3.3x 10* 14 S.Sx 10* 53

B. /3-GALACTOSIDASE ENZYME ASSAY* (ng /3-galactosidase protein/ lOO^g extract protein).

Virus MSGLacZ MYGLacZ ^\GLacZ,neo BAGLacZ,neo MSGLncZ MFGLncZ MSGLacZ MSGLacZ MSGLacZ MSGlLocZ MSGZncZ M&GLacZ
(B2) (82) (82) (-166) (-345) (-166,-345) (-166,82) (-345,82) (-166,-345,82)

3T3 (1) 540 2500.0 155.0 275.0 300.0 22.0 144.0 155.0 360.0 2300.0 175.0 64.0
(2) 740 2300.0 145.0 225.0 520.0 18.0 150.0 190.0 500.0 2900.0 145.0 58.0

Mean 640.0 2400.0 150.0 250.0 410.0 20.0 147.0 173.0 430.0 2600.0 160.0 61.0

F9 EC(1) 2.2 7.0 nil 1.4 3.0 0.11 1.3 0.7 1.54 54.0 1.9 0.8
(2) 2.5 6.8 nil 1.2 3.3 0.09 1.5 0.9 2.0 58.0 1.7 0.6

Mean 2.4 267 6.9 348 nil 1.3 192 3.2 128 0.1 200 1.4 105 0.8 216 1.77 243 56.0 46 1.8 89 0.7 87

D3 ES(1) 0.18 0.7 nil 0.12 0.16 0.01 0.11 0.04 0.10 4.6 0.2 0.042
(2) 0.16 0.5 nil 0.08 0.20 0.01 0.13 0.08 0.14 8.0 0.1 0.038

Mean 0.17 3765 0.6 4000 nil 0.1 2500 0.18 2278 0.01 2000 0.12 1225 0.06 2883 0.12 3583 6.3 412 0.151067 0.04 1525

Emboldened value is the infection ratio.
* Assay values are mean values of two different experiments.
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decreasing the titre. A second method, which is more reliable, can be used after 

infecting NIH 3T3 fibroblast cells and target cells. The difference between the lowest 

titre virus and the other viruses can be calculated. Then this fold difference can be used 

to adjust with other target cells. For example, if  3x10^ is the lowest titre in NIH 3T3 for 

MFG virus and MSG virus's titre is 6x10*, then difference obtained is 2-fold. Thus the 

titre o f MSG virus in the target EC/ES cell can be divided by 2. In a similar way, the 

titre values o f all the viruses can be calculated by dividing fold differences obtained in 

the lowest titre values of MFG virus obtained in NIH 3T3 cells and other viruses. Thus 

adjusted titre values can again be calculated to arrive at a percentage value which can 

give an idea of the affect of an individual mutation when compared with wild type virus 

in each EC and ES cell line.

Infection ratios were therefore calculated to analyze the affect o f individual 

mutations in the different cell lines. Relative infection (%) gives an idea of how each 

mutant virus fares in each EC and ES cell line. However, fold differences calculated by 

both methods arrive at similar values, so it was decided to use the infection ratios as the 

effective method to compare the efficiency o f the individual recombinant retrovirus on 

each target cell line.

Recombinant viruses thus obtained from the producer lines MSGLûcZ, 

MFGLûcZ, BAGLacZ,neo and their mutants were infected into F9 EC and D3, ABl and 

CCE ES cells. However, the effects of the individual mutation will be discussed in 

subsequent chapters.

3.5. MO-MSV VECTOR (MSGLûcZ) IS AS EFFICIENT AS THE Mo-MuLV 

VECTOR (MFGLacZ).

It was decided to compare the transduction efficiency o f MSG vector which has 

the 3'LTR of Mo-MSV with the MFG vector, which contains Mo-MuLV LTR to 

determine whether differences in the LTR will effect expression o f these viruses in stem 

cells. Infection ratios obtained between NIH 3T3 and EC or ES cell lines were found to 

be low in F9 EC cells, while the ratio was quite high in ES cells (Table 3 .5 .A). 

MSGLacZ and MFGLacZ had approximately the same ratios in the range of 21-25, in
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Table 3.5. TITRE AND ENZYME ASSAY OF MSGLacZ AND HFGLacZ 
VIRUSES INFECTED INTO TARGET CELLS.

A. g-GALACTOSIDASE TITRES (cfu/ml).
Virus MSGLacZ MFGLacZ
3T3 (1 ) 6 . 3 X 10^ 8 . 4 x 10^
F9 EC (1 ) 2 . Sx 10^ 25 4 .  Ox 10^ 21
D3 ES (1 ) 6 . 2 X 10^ 102 7 . 4 x 10^ 114
ABl ES (1 ) 3 . 0 X 10^ 210 3 . 6 X 10^ 233
CCE ES (1 ) 7 . 8 X 10^ 81 l . l x 10^ 76

B. g-GALACTOSIDASE TITRES (cfu/ml).
Virus MSGLacZ MFGLacZ
3T3 (1 ) 6 .  3x 10^ 8 . 4 x 10^

(2) 7 . 2 X 10^ 1 . 4 x 10^
(3) 8 . 9 x 10^ 1 . 4 x 10^
(4) 7 .  Sx 10^ 1 .  6x 10*

F9 EC (1 ) 2 .  Sx 10^ 25 4 . 0 X lO'^ 21
(2 ) 4 .  Sx 10^ 16 1 .  6x 10^ 9
(3) 6 .  Sx 10^ 14 8 . 2 x 10^ 17
(4) 3 . 9 X 10^ 19 1 .  7x 10* 9

D3 ES (1 ) 6 . 2 X 10^ 102 7 . 4 x 10* 114
(2 ) 9 . 3 X 10^ 77 1 .  4x lO'* 100
(3) l . O x 10^ 89 1 . 9 x 10^ 74
(4) 1 .2 X 10^ 63 1 . 9x 10^ 84

C. /9-GALACTOSIDASE enzyme assay (ng p-Galactosidase/ lOOpg extract 
protein).

Virus MSGLacZ MFGLacZ
3T3 (1) S40.0 2S00.0

(2) 740.0 2300.0
Mean 640.0 2400.0

F9 EC (1) 2.2 7.0
(2) 2.S 6.8

Mean 2.4 267 6.9 348

D3 ES (1) 0.18 0.7
(2) 0.16 O.S

Mean 0.17 3765 0.6 4000

(Emboldened value is the infection ratio) .
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F9 EC cells. In ES cells, which were infected after being plated for IShrs with 

MFGLûcZ and MSGLacZ had more or less the same ratio, in the range of 76-81 in 

CCE and 102-114 in D3, except that ABl had a much higher ratio (210-233). Overall 

it appears that there is no significant difference between MFGLacZ and MSGLûcZ 

viruses.

In subsequent infections done after 18 hrs of plating NIH 3T3, F9 EC and D3 

ES cells, consistent infection ratio values were obtained (Table 3.5.B; Fig.3.4). In F9 

EC cells average values obtained for MSGLacZ and MFGLacZ were found to be 14 and 

12 respectively where infection ratios ranged between 14-25. In D3 ES cells mean values 

were at least 6 -fold more in comparison to F9 EC cells, averaging between 83 and 93, 

where the highest and lowest ratios were 114 and 63 with both types o f viruses.

jS-galactosidase values (Table 3.5.C) obtained from cell extracts prepared from 

infected cells gave different results to the infection ratios obtained from j8 -galactosidase 

titers. Infection ratios obtained in the enzyme assay were found to be 10-fold more when 

compared to the titre values. The jS-galactosidase titre count all blue cells, whereas the 

enzyme assays measure actual expression and can be informative about high levels at 

which the blue staining assay is saturated. Infection ratios obtained from F9 EC cells 

infected with MPGLacZ and MSGLûcZ were similar, where ratios were 267 and 348. 

And in D3 ES cells infection ratio obtained with these viruses were identical (3765 and 

4000). Table 3 .5 .D shows representative raw data obtained for MSGLacZ by MUG 

fluorescent assay. 0.5/tl of 3T3 fibroblasts, 30/xl o f F9 EC and 50^1 of D3 extract was 

analyzed from extracts prepared from two separate experiments. Same amount o f mock 

extracts were also used to subtract fluorescent background. From fluorescent values 

appropriate amount o f j8 -galactosidase values were calculated. Finally, mean values of 

ng g-galactosidase protein / 100/xg of extract proteins were obtained. Table 3.5.E. shows 

calculation of primary data o f jS-galactosidase values which were obtained by counting 

blue cells. Target cells were infected with the 100/xl of viral supernatant in duplicate in 

four different experiments. Mean values from duplicate experiments were multiplied to 

obtain cfu/ml.

I did not find any significant differences between the MFGLûcZ and MSGLacZ
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Fig.3.4 MSGLacZ vim s is as efficient as the MFGLacZ virus when infected into 

EC and ES cells. Infection ratios (3T3 /  EC or ES) were obtained from /8 - 

galactosidase titres with 'MSGLacZ and MFGLacZ viruses, infected on target 

cells (3T3, F9 EC and D3 ES cells). Mean and S.D (Standard Deviation) values 

were calculated from four individual sets o f experiments.
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TABLE 3.5.D i3-GALACT0SIDASE VALUES OBTAINED BY MUG FLUORESCENT 
ASSAY.

Virus; MSGLacZ.
Assay; HUG Fluorometric assay
Cell Extract; Freeze-thaw method.
Unit; Ng /3-galactosidase protein/ 100/ig extract.
Cell line Amt.Extract^ Fluorescence Minus Cntl' pg ng/ioopg

3T3 0.5/xg 720 700 2700 540.0
0.5/ig 980 960 3700 740.0

640.0
F9 EC 30/xg 423 211 650 2.2

30/ng 463 251 750 2.5
2.4

D3 ES so^g 209 46 90 0.18
50/ig 201 38 80 0.16

0.17

Cell extracts were prepared from two different experiments and 
duplicate samples were analyzed for MUG fluorescent assay.
Minus Control signifies that Fluorescent values obtained from 

infected cell extracts were subtracted from values obtained from 
same amount of mock extract (Non-infected extract).
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TABLE 3.5.B. TITRES OBTAINED BY COUNTING fl-GAIACTOSIDASE POSITIVE 
CELLS.
Virus; MSGLacZ
Infection Volume: 100/il of viral supernatant 
Target cells; 3T3 fibroblasts, F9 EC and D3 ES

cells.

cell line Count*(cnt) 
(1/32 grid)

Cnt/plate Cnt/ml Titre
(Cfu/ml)

I.R.'

3T3 (1 ) 1 8 9 8 , 2 0 1 7 ( 1 9 5 7 . 5 ) 6 2 6 4 0 6 2 6 4 0 0 6 . 3 x 10^
(2) 2 0 9 1 , 240 2 ( 2 2 4 6 . 5 ) 7 1 8 8 8 7 1 8 8 8 0 7 . 2 X 10^ -

(3) 2 7 5 2 , 2 7 8 6 ( 2 7 6 9 . 0 ) 8 8 6 0 8 8 8 6 0 8 0 8 . 9 x 10^ -

(4 ) 2 3 7 0 , 2 3 3 4 ( 2 3 5 2 . 0 ) 7 5 2 6 4 7 5 2 6 4 0 7 . 5 x 10^

F9 EC (1) 8 6 , 68 ( 7 7 . 0 ) 246 4 2 4 6 4 0 2 .  5x 10^ 25
(2) 1 5 5 , 126 ( 1 4 0 . 5 ) 4 4 9 6 4 4 9 6 0 4 .  5x 10^ 16
(3) 2 1 7 , 192 ( 2 0 4 . 5 ) 6544 6 5 4 4 0 6 . 5 x 10^ 14
(4 ) 1 3 0 , 114 ( 1 2 2 . 0 ) 3 9 0 4 3 9 0 4 0 3 . 9 x 10* 19

D3 ES (1) 2 0 , 19 ( 1 9 . 5 ) 624 6 2 4 0 6 . 2 x 10^ 102
(2) 3 5 , 23 ( 2 9 . 0 ) 928 9 2 8 0 9 . 3 x 10^ 77
(3) 3 4 , 31 ( 3 2 . 5 ) 1 0 4 0 1 0 4 0 0 l.Ox 10* 89
(4) 3 5 , 41 ( 3 8 . 0 ) 1 2 1 6 1 2 1 6 0 1 . 2 x 10* 63

Cells counts were performed twice on each plate of a different 
set of experiments with the help of 1/32 grid.

 ̂Infection ratios were calculated after dividing titre values of 
3T3 fibroblasts by titre values of EC/ES cells of same set of 
experiments.
(Values in the bracket are the Mean values).
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infection ratios in EC and ES cells by analysing /8 -galactosidase activity quantitatively 

and staining. Therefore, it was decided to use MSGLûcZ or Mo-MSV based retrovirus 

produced from an ecotropic producer cell line for the subsequent analysis o f viruses 

which are capable o f expressing more efficiently in stem cells.

3.6. M SGLacZ  VIRUS IS EXPRESSED MORE EFFICIENTLY THAN THE  

MUTANT BAG VIRUS (BAGLacZ,neo,B2).

BAGLacZ.neo and BAiGLacZ,neo (B2) were also infected into NIH 3T3, F9 EC, 

D3 ES, ABl ES and CCE ES cells to compare their expression with MSGLacZ (Table 

3.6; Fig.3.5). No blue cells were observed in cultures of EC and ES cells infected with 

BAGLacZ,neo virus. By contrast, BkGLacZ,neo (B2) was found to be able to express 

in EC and ES cells. The ability of BAGLacZfneo (B2) to express in these cells 

presumably reflects the mutation at primer binding site which blocks the binding o f the 

B2 repressor, and therefore these viruses are able to express in EC and ES cells. 

Infection ratios obtained in F9 EC and D3 ES cells were quite high ( 8 6  and 156) in 

comparison to MSGLûcZ retrovirus (25 and 102). However, the average infection ratio 

of BAGLacZ,neo (B2) virus in F9 EC and D3 ES cells was more or less the same, i.e. 

113 and 136, but the mean infection ratios of MFGLûcZ were more variable; for 

example, 19 in F9 EC and 83 in D3 ES cells. MSGLacZ virus is expressed more 

efficiently than BKGLacZ.neo (B2) by 6 -fold in EC and 2-fold in ES cells.

jg-galactosidase enzyme assays were done with extracts prepared from infected 

target cells to measure actual expression (Table 3.6.C). Infection ratios o f enzyme levels 

in F9 EC were 267 with MSGLacZ and 192 with BAGLacZ,neo (B2). No activity was 

obtained with the extracts infected with BAGLacZ,neo virus. Similarly in D3 ES cells, 

infection ratios were 3765 and 2500 with MSGLacZ and BAGLacZ,aca (B2) virus. These 

data however differ from titre count, in which all blue cells are counted, whereas in 

enzyme assay actual expression is analyzed and can distinguish very high levels at which 

the blue staining is saturated. However, these analyses reveal that MSGLacZ is as good 

as regular Moloney vector with B2 mutation, as there is not much difference in enzyme 

values obtained from cells infected with MSGLacZ and BAGLacZ,neo (B2).
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Table 3.6 TITRE AKD ENZYME ASSAY OF KSGLacZ, BUGLacZ^Neo AND BAS 
LacZ.neo (B2> VIRUSES INFECTED INTO TARGET CELLS,

A. g-GALACT08IDA8E TITRES (cfu/ml).
Virus HBGLacZ BAGLacE,Neo BAG B2LacZ,neo

3T3 (1 ) 6 . 3 x 10^ 2 . 5 X  10^ 1 . 4 x 10'
F9 EC (1 ) 2 . 5 x 10^ 25 no blue cells 1 . 2 x 10' 117
D3 ES (1 ) 6 . 2 X 10^ 102 no blue cells 0 . 9 x 10' 156
ABl ES (1 ) 3 . Ox 10^ 210 no blue cells N.D.
CCE ES (1 ) 7 . 8 x 10^ 81 no blue cells N.D.

B. g-GALACTOSIDASE TITRES (cfu/ml).
Virus NSGLacE BAGLacZ,Neo BAG B2LacZ,neo
3T3 (1 ) 6 . 3 x 10^ 2 . 5 x  10^ 1 .  4x 10'

(2) 7 . 2 X 10^ 2 . 2 x  10^ 0 . 7 x 10'
(3) 8 . 9 X 10^ 3 . 5 X  10^ 0 . 6 X 10'
(4) 7 .  5x 10^ 3 . 4 X  10^ 1 . 2 X lo'

F9 EC (1) 2 .  5 x 10^ 25 no blue cells 1 . 2 x 10' 117
(2) 4 .  5x 10^ 16 no blue cells 0 . 7 x 10' 100
(3) 6 .  5x 10^ 14 no blue cells 0 . 7 x 10' 86
(4) 3 . 9 x 10^ 19 no blue cells 0 . 8 x 10' 150

D3 ES (1 ) 6 . 2 x 10^ 102 no blue cells 0 . 9 x 10' 156
(2) 9 . 3 x 10^ 77 no blue cells 0 .  6x 10' 117
(3) l . O x lO'̂ 89 no blue cells 0 . 5 x 10' 120
(4) 1 . 2x 10^ 63 no blue cells 0 . 8 x lo' 150

C. g-GALACTOSIDASE ENZYME ASSAY (ng jS-Galactosidase/ 100/ig extract 
protein).

Virus MSGLacE BAGLacZ,Neo BAG B2LacZ,neo
3T3 (1) 540 155.0 275.0

(2) 740 145.0 225.0
Mean 640.0 150.0 250.0

F9 EC (1) 2.2 nil 1.4
(2) 2.5 nil 1.2

Mean 2.4 267 nil 1.3 192

D3 ES (1) 0.18 nil 0.12
(2) 0.16 nil 0.08

Mean 0.17 3765 nil 0.1 2500

(Emboldened value is the infection ratio). N.D.-Not Determined
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Fig.3.5. MSGLacZ virus is expressed 6-foId more efficiently than the mutant 

BAGLacZ,/zco (B2) virus in F9 EC cells. Infection ratios (3T3 / EC or ES) 

were obtained from iS-galactosidase titres with M&GLacZ and 'BkGLacZ,neo (B2) 

viruses, infected on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D  

(Standard Deviation) values were calculated from four individual sets of  

experiments.
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To determine whether integration of BAGLacZ,neo is different from 

BAGLacZ.neo (B2) virus, Southern analysis was performed (Table 3.7). Southern 

analysis done with genomic DNA obtained from cells infected with BAGLacZ,neo and 

BAGLacZ,neo (B2) viruses showed that genome/cell (copy number) was less in F9 EC 

(0.35 and 0.24) and D3 ES cells (0.25 and 0.14) then in 3T3 fibroblasts (1.3 and 0.85). 

Percentage integration which signifies integration pattern in the target cell line, was 

found to be identical in F9 EC cells (27 to 28 %) and D3 ES cells (16 and 19%) in 

comparison to 3T3 fibroblasts.

Finally calculation o f enzyme produced per provirus analysis shows that 

variations in expression o f the retroviruses are not due to variations in integration 

efficiency. In 3T3 fibroblasts infected with BAGLacZ,neo enzyme per provirus was 115 

but with the addition of B2 mutation in BAGLacZ^neo (B2) it increases by 2.6-fold to 

294. This was due to the B2 mutation, which showed increase in enzyme levels of  

BAGLacZ,neo (B2) infected into 3T3 fibroblasts. With BAGLacZ,neo (B2) virus, 

enzyme per provirus was found to be 5 and 0.7 in F9 EC and D3 ES cells. Since 

enzyme activity was not obtained with BAGLacZ,neo virus in F9 EC and D3 ES cells, 

it was not possible to calculate enzyme per provirus values.

The overall conclusion is that MSGLacZ expressed more efficiently than the 

BAGLacZ,neo (B2) virus which was the mutant o f BAGLacZ,neo virus as obtained by 

jS-galactosidase and titre assay.

3 .7 . DISCUSSION.

The virus particle contains two RNA strands forming a complex with viral 

enzymes {pol products) and host tRNA molecules with a core structure of gag proteins. 

Retroviral packaging cell lines produce replication defective recombinant retroviruses. 

The viral gag, pol and env gene products are stably expressed in these cell lines and can 

complement a defective construct which has the cw-acting region required for packaging 

(Ÿ). The ŸCre packaging cell line was co-transfected with pSWlneo and MFGLûcZ / 

MSGLacZ vector and their derivatives to yield cell lines, which produced recombinant 

viruses with ecotropic host range (murine and rodent cells). Ÿ-Cre producer cells were
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TABLE 3.7 ENZYME PER PROVIRÜS FOR BliGLacZ,neo AND BfiGLacZ.neo 
(B2) VIRUSES INFECTED INTO EMBRYONIC CELL.

VIRUS 3T3 FIBROBLASTS F9 EC D3 ES

(I) PROVIRUS PER CELL (COPY NUMBER)
BAGLacZ,/ieo 1.3 0.35 27* 0.25 19*

hKGLacZ,neo (B2) 0.85 0.24 28* 0.14 16*

(II) ENZYME PER PROVIRUS.*

BKGLacZ,neo 150/1.3 115 -/0.35 -/0.25
hKGLacZ,neo (B2) 250/.85 294 1.3/0.24 5 0.1/0.14 0.7

Percentage values of copy number, where 3T3 values were treated 
as 100%.
* #-galactosidase activity is divided by copy number to derive a 
enzyme per provirus values which are emboldened (Enzyme units are 
the ng /3-galactosidase activity/ lOO/xg extract protein) .
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co-transfected with a mixture o f retroviral vectors and pSWlneo plasmid. G418-resistant 

clones which were obtained with MSGLûcZ, MFGLacZ and their mutants were 

expanded. High titre producer lines were identified and analyzed. Recombinant viruses 

thus obtained from the producer lines MSGLacZ^ MFGLacZ^ BAGLacZ,neo and their 

mutants were used to infect F9 EC and D3, ABl and CCE ES cells.

3.7.1. Infection of MSGLflcZ. MFGLacZ. BAGLacZ.neo and their mutants into EC and 

ES cells.

The infection of cells with replication defective retrovirus is initiated when the 

env proteins which surround the viral capsid bind to the cellular receptor for the virus, 

and the retroviral particle enters the target cell, probably via a process o f receptor- 

mediated endocytosis (Varmus, 1988). The viral RNA is copied into DNA by the 

process o f reverse transcription which is catalyzed by the reverse transcriptase enzyme 

after shedding of the capsid. With the help of a pol product, integrase protein, the 

double stranded linear DNA molecule is inserted in the target cell’s genome. The DNA 

copy of the genome has two identical repeats at either end known as the LTRs, which 

consists of a U3-R-U5 cassette and represents the intact regulatory region, including all 

the transcriptional sequences necessary to allow expression o f the viral DNA genome. 

The integration event can be investigated by southern hybridization analysis o f the 

genomic DNA isolated from the infected target cells. The presence of the intact 

integrated vector genome will confirm that the infection event was completed.

Retroviral genomic RNA is transcribed from an integrated provirus flanked by 

identical LTRs of the form U3-R-U5. Promoter and enhancer elements are present in 

U3, the U3-R boundary is defined by the start o f transcription and the R-U5 boundary 

corresponds to the site at which the primary transcript is cleaved and polyadenylated. 

The mRNA for retroviral env protein is produced by splicing the genomic RNA. 

Recombinant retroviruses with simple design consist o f a single intron, flanked by the 

splice donor and acceptor sites that will generate the spliced mRNA. A consequence of  

using this single precursor RNA is that the spliced and unspliced viral mRNAs share a 

common 5' end. The spliced subgenomic RNAs also use the same 5' splice donor site. 

This is located in the leader, upstream of gag, so that open reading frame supplies its
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own translation initiation codon. The exact position o f intron/exon boundaries in the 

retroviral mRNAs can be defined by the SI nuclease protection procedure. Alternatively, 

more structural information about the transcript under study can be obtained by the 

RNase protection assay, which due to the use o f a uniformly labelled probe, gives 

increased sensitivity compared to end-labelled DNA probes. Furthermore the sensitivity 

obtained using RNA probes is further enhanced by virtue o f the greater stability o f 

RNA/RNA hybrids in comparison to DNA/RNA hybrids. Northern analysis can also be 

used to provide information on the relative number, size and abundance of RNAs 

derived from a gene, which cannot be obtained by the alternative methods.

A single RNA species is transcribed for retroviral proviruses. In addition to its 

role as the genomic RNA, this transcript is also the mRNA for gag and gag-pol, and is 

the splicing substrate from which mRNAs for all other viral proteins are produced.

MFGLacZy MSGLacZ and their derivatives contains /3-galactosidase, which was 

used as the expression marker to determine retroviral titre. Recombinant retroviral titre 

(cfu/ml) is a measure of infectious enveloped retroviral particles. There are number of 

techniques by which it is possible to measure titres. For an accurate determination of 

titre even when very low, viral transfer of a selectable marker gene to NIH 3T3 or other 

receptive cells can be quantitated. Alternatively, titre may be determined by counting the 

number o f cells expressing the transferred gene. In this study titre was determined by 

counting the number of cells expressing the integrated /8 -galactosidase gene.

Infection data was obtained on the assumption that the number of blue cells 

accurately reflected the number of expressing cells, whereas the expression data derived 

from enzyme assays measured the actual level o f expression. This later form of data may 

be informative about high levels of jS-galactosidase activity at which the blue staining is 

saturated. Infection ratios calculated for infection and expression data, highlighted effect 

of an individual mutation and normalizes the difference in titre and expression values 

between different cell lines. The effect of each mutation will be analyzed and discussed 

in the subsequent chapters. However Table 3.4 (B) gives an general idea about the 

statistical aspects of titre and enzyme assay obtained in this thesis. jS-galactosidase titres 

(cfu/ml) were found to be variable in same type o f cells with one virus for example, 3T3
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fibroblasts infected with the MSGLacZ, variation was found to be less than 5%. Similar 

results were also obtained with the infected F9 EC and D3 ES cells. 10- to 100-fold 

differences were however found between titres o f different cell population i.e. 3T3-F9, 

3T3-D3 etc. In the jS-galactosidase enzyme assay, variations were found between 5-10% 

in one type of cells like 3T3 infected with MSGLacZ. However, distribution between 

different cell populations infected with one virus, for example MSGLacZ were more 

variable as 200- to 1000- fold differences between 3T3-F9, 3T3-D3 cell populations.

The Mo-MuLV enhancer and promoter are both virtually inactive in embryonal 

carcinoma cells (Linney et al., 1984). This inactivity may be due to repression by the 

enhancer sequences as studies on the closely related Mo-MSV LTR suggest that the 

promoter does have weak activity in EC cells once the enhancer is removed. 

Experiments described in this thesis with BAGLacZ,/ico support the findings o f others 

which demonstrate that Mo-MuLV LTRs are inactive in EC cells. Data obtained with 

the BAGLacZ,nco virus reaffirmed the inactivity of Mo-MuLV LTRs in EC cells; these 

experiments also showed that such inactivity can be abrogated by the B2 mutation in the 

PBS. However, the BkGLacZ,neo (B2) virus, which has a mutant tRNA binding 

sequence referred to as the B2 mutation (Berwin and Barklis,1993), expresses in EC and 

ES cells. The minor sequences difference between the MFGLacZ or MSGLacZ viruses 

do not influence the relative efficiency with which either is expressed in EC or ES cells. 

Similarly, Mo-MSV and Mo-MuLV sequences have only four basepair differences in 

their 5 ' untranslated sequence, which may explain the similarities in their expression 

profiles.

3.7.2. Position effects or DNA silencing.

The site of virus integration can have profound effects on the transcription of 

integrated proviruses (Barklis et a l ,  1986). During the course o f the studies presented 

in this thesis, some attempt was made to examine the integration o f specific vectors 

using southern blot analysis. However, as many o f the vectors used lacked selectable 

markers this approach was not so successful. In order to address this question fully it 

would be necessary to isolate a number of integration sites for different vectors and ask 

whether the nature o f site was influenced by vector design. Clearly, integration sites
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must influence the capacity of a given vector to express at some level although none of 

the data presented in this chapter allows the extent o f this influence to be addressed. 

However, experiments by others suggest that although the site o f integration can be an 

important factor in determining if a vector is expressed, it is by no means the key 

determinant.

Studies by Grez et al. (1990) suggested that expression of certain vectors (MESV) 

in ES cells can be primarily attributed to viral sequences and that levels o f expression 

are not significantly influenced by the site o f integration. PCMV-based vectors do not 

show expression in ES cells because the repressor binding site in the PBS region is still 

intact but replacement with one from a similar virus which binds a different tRNA and 

has several nucleotide changes including the one present in the B2 mutant yielded a 

recombinant virus (ESCV), capable of LTR mediated expression o f the proviral genome 

in ES cells independent of the chromosomal site of integration.

In this study, southern analysis was done in parallel with infection and expression 

experiments, but unfortunately I was able to obtain data only for high titre viruses. In 

these cases 1 0 - to 1 0 0 - fold differences in enzyme per provirus was obtained between 

3T3 fibroblasts, F9 EC and D3 ES cells infected with MSGLacZ, MFGLacZ and their 

mutants. Since MFGLacZ and MSGLacZ based vectors did not have selectable marker 

it was not possible to assay a G418-selected population o f infected NIH 3T3, F9 EC and 

D3 ES cells.

By infecting EC cells with a recombinant transducing virus containing the 

selectable neo marker, it may be possible to isolate undifferentiated EC cell clones that 

stably express from the Mo-MuLV LTR. Firstly, by using positively selectable marker 

genes such as neo, it is possible to isolate rare transductant EC clones. Secondly, it is 

easier to identify clonal lines that contain single copy integrates; this will allow to study 

more precisely the regulation of expression o f the integrated genes.

In retrospect, it would have been advantageous to have infected M SGZ^Z in EC 

cells and isolate stable clones to investigate key issues like RNA stability, integration 

variations etc. This could have provided an insight into whether all cells which are 

positive on a southern are also positive in jg-galactosidase expression. Retroviruses such

144



as Mo-MuLV and its close relative Mo-MSV do integrate in EC cells but do not express 

(Peries et aL, 1977).

McLachlin et al. (1993) reported a series o f reciprocal, double-gene vectors to 

compare the dual expression o f jS-galactosidase 08-gal) and neomycin phosphotransferase 

{neo^ in a retroviral delivery system. The first gene o f the pair was driven by the viral 

LTR promoter and the internal gene was regulated by either the SV40 virus early 

promoter or the cytomegalovirus (CMV) major late promoter. Clones of vector producer 

cells were isolated by G418 selection or by fluorescence-activated cell sorting for /8 - 

galactosidase expression. In general, vectors using the SV40 promoter performed better 

than those with the CMV promoter, regardless o f whether gene was regulated by the 

LTR or the internal promoter. Southern analysis of clones indicated that loss of jS-gal 

gene function was related to significant rearrangements and deletions in vector structure. 

It was found that the arrangement of genes within the vector was important, as when 

lacZ preceded neo'', gene expression and vector stability were markedly enhanced 

relative to vectors containing these genes in the inverse order. Also in most cases, 0418*  ̂

and /8 -galactosidase titres correlated closely. Such analysis would also have addressed 

issues like variation in expression between different integrations of the same vector and 

whether the position effects are the same in different types of cell. The mechanisms 

responsible for differences in stability o f reporter genes in retroviral vectors are not 

clear, but may be related to the recognized effect o f position on gene expression from 

LTR-driven and internally promoted transcription units. It is known that relative 

promoter strengths and gene expression can vary at least several-fold in such double

gene vectors as a function o f selective pressure on one of the component genes 

(Bmerman and Temin, 1984). However, it would generally be accepted that position 

effects affect all constructs equally (Xu et aL, 1989).

Xu et al. (1989) examined the combined effect of position and promoter on 

expression of two genes in retroviral vectors. No generalized conclusions were reached 

about the possible effect o f gene order on expression and long terminal stability for 

preferred vector structures. Clones expressing luciferase varied in their initial luciferase 

expression by one to two orders of magnitude, there was no correlation between initial
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gene expression and vector stability of long term expression. In the case of 

galactosidase, the lower sensitivity o f the enzymatic assay was responsible for a rather 

more uniform distribution of starting enzyme levels. Several clones of infected cells were 

examined at intervals to determine if loss o f gene expression was uniform throughout the 

culture or limited to subsets of cells. There was a gradual increase in the percentage o f  

cells completely devoid o f transgene enzyme activity and an accompanying decrease in 

cells containing an apparently high level of activity. However it is difficult to conclude 

if  this phenomenon reflects variations in the time of transgene loss or shut down in 

clonal cells or to a growth advantage of enzyme-negative cells.

The large scale repression mechanisms by which whole regions o f DNA become 

refractory to transcription is often referred to as transcriptional silencing or position 

effects, since it was first observed that gene expression can vary depending on 

chromosomal location. Silencing probably results from the folding of nucleosomal DNA 

into a form of especially compacted chromatin that obscures the DNA from the 

transcription machinery.

The introduction of virus and recombinant expression vectors into embryos and 

EC cells have shown that gene regulation in the developing embryo is a complicated 

process. The chromosomal integration site (Jaenisch et aL, 1981), degree of méthylation 

(Stewart et aL, 1982) and tissue-specific transcriptional signals (Linney et aL, 1984) 

have all been correlated with gene expression, acting singly or in concert. G418-resistant 

transductants remained non-permissive for additional virus expression, suggesting that 

a cw-acting mechanism for expression was involved. The relatively low frequency of  

expression could thus represent the fraction of integration sites which are permissive for 

expression.

The selection for retrovirus expression in EC cells may yield integration sites in 

the EC genome that are permissive for retrovirus expression (Sorge et aL, 1984; Taketo 

et aL, 1985; Barklis et aL, 1986; Bhat et aL, 1988). However the number of EC cell 

chromosomal sites permitting retrovirus expression is very small. Barklis et al. (1986) 

isolated three proviral preintegration sites found to permit virus expression. Viral 

activation required the presence o f EC cell DNA flanking the 5' LTR, the mechanism
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however was unclear.

Bhat et al. (1988) cloned a chromosomal loci from the mouse genome which 

were specifically active in embryonal carcinoma stem cells by functional selection. All 

the neo^ cell lines retained pluripotency and expressed the neo gene. When the cells 

were induced to differentiate, most o f the cell lines continued to express the neo gene. 

Two cloned fragments isolated from the integration site contain regulatory DNA  

elements that are specifically active in the embryonal carcinoma stem cells.

Peckham et al. (1989) reported that three expressed proviruses were inserted into 

transcriptionally active regions of the EC cell genome. Two o f the three, integrated into 

the first introns of cellular transcription units in close proximity to active cellular 

promoters. In all cases, virus activation appears to involve production o f viral transcripts 

that are initiated in the 5 '-flanking region, transcribed through the viral LTR, and 

subsequently spliced from a cellular donor to a viral acceptor.

Kempler et al. (1993) found that the silencer in the PBS region, referred to as 

the repressor binding site (RBS) has a diminished effect on distant-versus proximal 

promoters. Berwin and Barklis (1993) reported that the RBS effect is not due to 

differences in where the wild-type and mutant viruses integrate, nor is it integration site 

dependent.

Loh et al. (1990) found that the negative regulatory element (NRE) maps 

precisely to the tRNA PBS and also suggest that sequences flanking the PBS may 

influence repression in EC cells but are not directly involved in NRE function. The 

initial restriction, identified in the transient expression assays, is orientation independent 

but position dependent; restriction was observed with the NRE downstream but not 

upstream of the Mo-MuLV LTR. The second mechanism occurs with either time or 

integration o f the template into the chromosome. It is independent o f the position o f the 

NRE; it silences expression from recombinants that have the restrictive element in the 

upstream configuration. The mapping data present by Loh et al. (1990) ishows that if the 

two mechanisms are operative, they are mediated by the same DNA element or DNA- 

factor complex. One candidate for the second mechanism is DNA méthylation. Others 

have proposed a two-step mechanism of retroviral inactivation involving méthylation in
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mouse EC cells (Gautsch and Wilson, 1983; Niwa et aL, 1983).

Endogenous retroviruses are stable genetic elements, and they can serve as 

models to study the regulation of normal cellular genes. In the first successful attempts, 

the BALB/Mo strain was derived, which transmits the exogenous Mo-MuLV as a 

Mendelian gene (Jaenisch, 1976). The viral genome was shown to be integrated on 

chromosome 6 , and this new genetic locus was named Mov-7(Breindl et aL, 1979). New  

substrains of mice, each carrying the Mo-MuLV genome at a different chromosomal 

position were obtained (Jahner and Jaenisch, 1980). The Mo-MuLV was inserted into 

the germ line o f mice by exposing embryos to virus at different stages o f embryogenesis 

and thereby nine substrains of mice were obtained, each carrying the Mo-MuLV genome 

in its germ line at a different chromosomal position (Jaenisch et aL, 1981). The different 

patterns o f virus activation in the different sub-strains are due to the chromosomal 

position at which virus integration took place rather than to a major change in the viral 

genome itself.

The mechanism by which chromosomal regions flanking an inserted gene 

influence its expression is not known. Evidence that chromosomal regions distant from 

the structural gene is accumulating, as well as the structural gene itself, are in an active 

conformation during expression in a given tissue. Noncoding genetic regions surrounding 

the human genes are undermethylated in tissues that express globin sequences (van der 

Ploegh and Flavell, 1980). Similarly, the chromatin structure regions surrounding the 

chicken genes are in a DNAse I-sensitive conformation in erythroid cells but not in other 

tissues (Stalder et aL, 1980). The effect of deletions on regulation o f distant genes 

(Fritsch et aL, 1979) or the differential infectivity of DNA of integrated retroviral 

genomes (O’Rear et aL, 1980) has also been explained by cis acting control mechanisms.

Jahner et aL (1982) have shown that retroviral DNA become de novo methylated 

on integration into the genome o f pre-implantation embryos as assayed in organs o f the 

adult derived from the infected embryo. This was observed after exposure o f the 

embryos to infectious virus as well as after microinjection of cloned viral DNA with 

flanking mouse sequences. In contrast, virus introduced into post-implantation embryos 

replicated efficiently in most o f all embryonal cells and the integrated proviral genomes
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remained largely unmethylated when assayed in the adult animal. The difference in de 

novo méthylation was also reflected in the transfection assay: DNA from animals 

exposed to virus at the pre-implantation stage was not infectious, in contrast to DNA 

from animals exposed to virus at mid-gestation. Thus these results suggest that an 

efficient de novo méthylation activity may be characteristic of cells of the pre

implantation stage and may be absent or less effective in cells o f later embryos. This 

activity correlates with non-permissivity to virus expression.

On the basis o f these studies, it is possible to identify a number o f interacting 

variables that can exert important influences on proviral integration. These include vector 

design, the existence o f internal transcription units, the nature o f the reporter and 

selectable genes, the nature o f the internal promoter and the target cell, and the presence 

and absence of selection procedure. One important but still uncontrollable additional 

factor, that o f the nature of the integration site and of flanking cellular sequences. It may 

become subject to manipulation by the eventual development for driving site-specific 

integration of a transduced transgene into a selected site, either a site known to allow 

continued stable transgene expression or the normal genomic locus for a particular 

marker (Doetschman et al., 1987; Folger et al., 1982).

3.7.3 Transcriptional control o f LTR expression in EC and ES cells.

Regulation of transcription depends on additional (usually upstream) promoter and 

enhancer elements that are responsive to cellular or viral factors. In addition to the 

presence of positive regulatory elements to activate transcription, cw-acting negative 

regulatory elements have been identified within genes that function by repressing 

expression. The enhancer region of Mo-MuLV contains a complex cluster of binding 

sites for nuclear factors (Golemis et al., 1990). EC and BS cells contain a restricted set 

of transcription factors which account for the basal level of transcription observed for 

the viral LTR in these cells (Speck and Baltimore, 1987). The lack of ubiquitous 

transcription factors, which are essential for retroviral expression, may explain the 

deficit o f enhancer-induced retroviral transcripts in EC lines. Alternatively, the absence 

o f coactivators of transcription, which connect the enhancer-bound transcriptional 

activators with the basal transcription apparatus, could also explain the lack o f LTR-
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mediated expression in ES cells.

Grez et al. (1991) suggest that the Mo-MuLV enhancer is inactive in ES cells 

because of the failure to assemble into a functional transcription complex. Retroviral 

transcription in ES cells is restricted once binding sites for activators are provided in a 

functional context. Transcriptional activation by Spl depends on the binding affinity and 

the distance o f the binding site to the start site o f transcription (Courey and Tjian, 1988). 

The binding site within the MESV LTR can be classiAed as of moderate affinity 

according to nucleotide sequence homology to the SV40 binding site VI (Kadonaga et 

a l ,  1986). In this chapter viruses were obtained from producer cells transfected with 

yiSGLacZ  and MFGLacZ based vectors. Mutant viruses derived from MFGLacZ and 

MSGLûcZ were made by incorporating the mutation at position -345bp in LTR which 

blocks the binding of EC-specific repressor, at position -166bp in LTR which generates 

consensus binding site for activator protein, Spl and at binding site for B2 repressor 

protein in PBS region. These viruses were infected into 3T3 fibroblasts, F9 EC and D3 

ES cells.

MSGLûcZ was found to express more efficiently than the ^kGLacZ,neo (B2) 

virus in the EC and ES cells. Although MSGLûcZ and BkGLacZ,neo have Mo-MSV 

sequences, MSGLacZ differs in three ways other than lacking a selectable marker. Its 

5' sequences contains 419bp from gag region which has been shown to increase the 

packaging efficiency o f unspliced transcript, whereas in 'BkGLacZ,neo these sequences 

are not present. Secondly, it has a mutated translation initiation site. Finally, it consists 

of 375bp sequences from pol region. These three changes in the basic structure of 

MSGLocZ presumably makes this virus more efficient than the 'BkGLacZ.neo (B2) virus. 

Mougal et al. (1993) did conformational analysis o f the 5* leader and the gag initiation 

site o f Mo-MuLV RNA and noted that dimerization induces allosteric rearrangements 

around the gag initiation region and that the U5-PBS subdomain can fold in stable and 

helical structure E-forms. MSGLûcZ with modifications for gene therapy purposes was 

found to express very efficiently in endothelial cells (Podrazik et al., 1992), 

haematopoietic stem cells (Ohashi et al., 1992; Vieillard et. al., 1994), primary tumour 

expiants (Jaffee et al., 1993) and prostate cancer cells (Sanda et al., 1994). In this study
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MSGLûcZ, MVGLacZ viruses and their mutants were found to express very efficiently 

in F9 EC and ES cells (D3, CCE and A Bl).

Morgan et al. (1993) determined the functional and host range-determining 

regions o f the murine ecotropic and amphotropic retrovirus envelope proteins. In this 

study the MFGLûcZ retroviruses were produced from ecotropic producers. Lynch and 

Miller (1991) increased the titre of retroviral vectors by cocultivation o f retrovirus 

packaging cells that produce a vector with packaging cells having a different host range. 

They also suggested that the number of colonies was directly proportional to the amount 

o f virus added at each cell density, but more important, the apparent titre o f the vector 

was almost directly proportional to the initial plating density o f the target cells.

Recombinant viruses which were developed from MSGLûcZ, MFGLûcZ , 

BAGLacZ^neo and their mutants were found to be capable o f expressing in the 

pluripotential EC and ES cells. Viruses developed with different mutations will be 

analyzed and discussed in the subsequent chapters.

151



CHAPTER 4

SINGLE POINT MUTATIONS IN THE LONG TERMINAL REPEAT 

OR THE PRIMER BINDING SITE IMPROVE EXPRESSION 

OF Mo-MSV RETROVIRUSES IN EMBRYONIC CELLS.
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4.1. INTRODUCTION.

The Moloney murine sarcoma virus (Mo-MSV) was chosen as a probe to 

investigate transcriptional control in embryonic stem cells. This choice was influenced 

by the fact that many dj-acting sequence elements responsible for transcription in 

differentiated cell types had previously been investigated and mutations have been 

characterized which relieve the block to transcription in a variety o f undifferentiated cell 

types (Laimins et al., 1984; Barldlis et a l ,  1986; Prince and Rigby, 1991). Since 

embryonal carcinoma cells (F9 and PCC4) are simple to grow and can be differentiated 

in vitro to perform biochemical experiments, these cells were used for the retardation 

and transduction experiments.

The electrophoretic mobility shift assay (Fried and Crothers,1981) is a sensitive 

technique which detects protein-DNA complexes by virtue o f their retarded migration, 

with respect to free DNA, through a non-denaturing acrylamide gel. The probes used 

in gel-retardation experiments were synthetic oligonucleotides representing wild-type Mo- 

MSV sequences or the corresponding sequences from the mutant viruses PCMV and 

MPSV. Whole cell extracts (Manley et a l ,  1980) were made from PCC4 and F9 EC 

cells and their differentiated derivatives, and from fibroblast and neuroblastoma cell lines 

for use in these assays. The transduction experiments were done with single point 

mutations at positions -166 and -345 in the LTR, and the B2 mutation in the PBS region 

of the MSGLûcZ viruses infected into 3T3 fibroblasts, F9 EC cells and ES cells (D3, 

ABl and CCE).

4.2. MUTATION OF THE PRIMER BINDING SITE BLOCKS BINDING OF THE 

B2 REPRESSOR TO Mo-MSV AND Mo-MuLV VECTORS.

The reverse transcription of the retroviral genome is initiated from the 3' end of 

a tRNA molecule annealed at the 18-nucleotide (nt) primer binding site (PBS) near the 

5' end o f the genome. The tRNA primer may interact with several viral proteins and 

with the viral genome at a number of stages including packaging, annealing and reverse 

transcription (Lund et a l ,  1993). Peterson et a l  (1991) generated a retrovirus (PBSQ) 

which contains five single-base pair changes in the PBS from the wild type Mo-MuLV
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sequence (including the B2 mutation) and is expressed in EC cells.

4.2.1. THE B2 MUTATION DECREASES THE INFECTION RATIO IN EC AND ES 

CELLS IN Mo-MuLV BASED RETROVIRUS (MVGLacZ V

The Mo-MuLV based retroviral vector (MFGLocZ ) was mutated at the binding 

site o f the B2 repressor in the primer binding site region. This mutated virus produced 

as described in Chapter 3 was used to infect cells. Mutation o f the negative regulatory 

element (B2) decreases the infection ratios in the experiment where infections are done 

after 18hr o f plating target cells.

In EC cells, where infection ratios were already low, they decreased from 21 to 

6  (Table 4.1. A). Infection ratio in F9 EC cells decreased from 21 in MFGLacZ to 6  in 

lAFGLacZ (B2) virus. Similarly in ES cells infection ratios with MFGLacZ were 114 

in D3, 233 in ABl and 76 in CCE which decreased with mutated MFGLacZ (B2) virus 

to 14 in D3, 37 in ABl and 12 in CCE cells. These data illuminate the importance of 

a B2 mutation which blocks an negative regulatory element in the primer binding site 

which strongly interferes in expression of Mo-MuLV type viruses in EC and ES cells.

Mean infection ratios were obtained after obtaining more transduction titres where 

infections were done after 18 hrs of plating the target cells. The MFGLocZ and 

MFGLacZ (B2) in F9 embryonal carcinoma cells revealed at least a 2-fold increase in 

expression in F9 EC cells, where infection ratios decreased from 14 to 5 for the mutated 

virus (Table 4.1.B; Fig.4.1). MFGLacZ (B2) was found to be at least 5-fold more 

efficient in D3 embryonic stem cells, where mean infection ratios decreased from 93 to 

20.

jS-galactosidase enzyme assays were done to measure actual expression, with the 

extracts obtained from target cells infected with MFGLacZ and MFGLacZ (B2) viruses 

(Table 4.1.C). Infection ratios obtained in quantitative estimation were found to be 

higher when compared to the infection ratios obtained from titre values. As j3- 

galactosidase titres count all blue cells i.e. any blue cell which is above a certain 

threshold whereas jS-galactosidase enzyme assay gives quantitative result at which blue 

staining is saturated. However identical effect of mutation can be seen in both type of 

analysis. A 2-fold decrease in infection ratio was obtained with MSGLacZ (B2) virus.
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Table 4.1. TITRE AND ENZYME ASSAY OP KFGLacZ AND KFGLacZ,B2 
VIRUSES INFECTED INTO TARGET CELLS.

A. /7-GALACTOSIDASE TITRE (cfu/ml) .
Virus MFGLacZ MFGLacZ (B2)
3T3 (1) 8.4x 10̂ 2.8X 10*
F9 EC (1) 4. Ox 10* 21 4.5X 10̂ 6
D3 ES (1) 7.4X IQ: 114 2. Ox 10̂ 14
ABl ES (1) 3.6X IQ: 233 7.6X 10̂ 37
CCE ES (1) l.lx 10̂ 76 2.3X 10̂ 12

B. g-6ALACT0SIDASE TITRES (cfu/ml).
Virus MFGLacZ MFGLacZ, (B2)
3T3 (1) 8. 4x 10̂ 2.8x 10®

(2) 1.4x 10̂ 3.3x 10®
(3) 1.4x 10® 2.9x 10®
(4) 1.6x 10® 3.8x 10®

F9 EC (1) 4. Ox 10® 21 4.5x 10® 6
(2) 1. 6x 10̂ 9 l.lx 10® 4
(3) 1. 5x 10® 17 7. Ox 10® 4
(4) 1.7x 10® 9 6. Ox 10® 6

D3 ES (1) 7.4X 10® 114 2. Ox 10® 14
(2) 1.4x 10® 100 1.2x 10® 28
(3) 1.9x 10® 74 1.6x 10® 18
(4) 1.9X 10® 84 1.8x 10® 21

c. j)-GALACTOSlDASE ENZYME ASSAY (ng /?-Galactosidase/ lOOpg extract 
protein).

Virus MFGLacZ MFGLacZ (B2)

3T3 (1) 2500.0 22.0
(2) 2300.0 18.0

Mean 2400.0 20.0

F9 EC (1) 1.0 0.11
(2) 6.8 0.09

Mean 6.9 (348) 0.1 (200)

D3 ES (1) 0.7 0.01
(2) 0.5 0.01

Mean 0.6 (4000) 0.01 (2000)

(Emboldened value is the infection ratio)

155



Fig.4.1 The B2 mutation decreases infection ratio by 2-fold in EC and 5-fold in ES 

cells infected with Mo-MuLV based retrovirus (MFGLacZ). Infection ratios 

(3T3/EC or ES) were obtained from jg-galactosidase titres with MFGLacZ and 

MFGLacZ (B2) viruses, infected on target cells (3T3, F9 EC and D3 ES cells). 

Mean and S.D. values were calculated from four individual sets o f experiments.
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where ratios decreased from 571 to 200 in F9 EC and 4000 to 2000 in D3 ES cells. 

These results support those obtained with titre values. Thus the B2 mutation seems to 

be very important to dislodge the binding of the B2 repressor complex from the primer 

binding site.

4 .2 .2 . B2 MUTATION DECREASES INFECTION RATIO IN EC AND ES CELLS 

WITH Mo-MSV BASED RETROVIRUS (MFGLacZ 1.

Results similar to those for the Mo-MuLV vector (MFGLûcZ) were obtained in 

the Mo-MSV QASGLacZ) vectors in terms of the efficiency of incorporating B2 mutation 

in the PBS region (Table 4.2. A). For F9 EC cells, the infection ratio decreased from 25 

to 18. In ES cells the results were similar to those for EC cells, in terms o f fold 

decrease. In infections done after plating stem cells for 18hrs, a 2-3 fold decrease was 

obtained. The infection ratios dropped to 23 in CCE, 30 in D3, and 90 in ABl with 

MSGLocZ (B2) virus from 102 in D3, 210 in ABl and 81 in CCE cells.

The experiments where target cells were plated for 18hr and infected with 

retroviruses were done three more times (Table 4.2.B; Fig.4.2). MFGLacZ (B2) was 

found to be 2-fold more efficient than the MFGLacZ in F9 EC cells where values 

between 14-25 dropped to 5-18. In D3 embryonic stem cells mean infection ratios 

decreased from 83 to 21; an almost 4-fold increase in the expression levels due to the 

B2 mutation.

j3-galactosidase enzyme assays were done to measure actual expression. Infection 

ratios were decreased by 2-fold in F9 EC when MSGLûcZ (B2) was infected into target 

cells, where infection ratio values decreased from 267 to 128 in F9 EC and 3765 to 2278 

in D3 ES cells. Fold decreases obtained with the titre assay and enzyme assay were 

found to be similar in EC cells but actual infection ratios were found to be much higher 

when analyzed by enzyme assay. This is mainly due to measurement o f actual expression 

by enzyme assay whereas titre calculation counts each blue cell.

The B2 mutation in the both type of retroviruses containing either Mo-MSV or 

Mo-MuLV LTRs increased expression 2-fold in EC cells and 2- to 5-fold in ES cells, 

indicating that Mo-MSV and Mo-MuLV are not different in the transduction experiments 

in spite o f the differences in their basic structure as discussed in last chapter.
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Table 4.2. TITRE AND ENZYME ASSAY OF HBGLacZ AND KBGLacZ B2 
VIRUSES INFECTED INTO TARGET CELLS.

A. /J-6ALACT0SIDASE TITRE (c£u/ml) .
Virus HBGLacZ HBGLacZ (B2)
3T3 (1) 6 .3 X 10^ 8 . 7 X 10-
F9 EC (1) 2 . 5 x 10^ 25 4 . 9 X  10* 18
D3 ES (1) 6 . 2 x 10^ 102 2 . 9 X  10* 30
ABl ES (1) 3 .  Ox 10^ 210 9 . 7 X  10' 90
CCE ES (1) 7 . 8 x 10^ 81 3 . 8 X  10^ 23

B. f-GALACTOSIDASB TITRE (cfu/ml).
Virus HBGLacZ HBGLacZ (B2)
3T3 (1) 6 .3 X 10^ 8 . 7 X  10'

(2 ) 7 . 2 X 10^ 4 . 9 X  10'
(3) 8 . 9 x 10' 6 . 5 X  10'
(4) 7 . 5 X 10' 5 . 5 X  10'

F9 EC (1) 2 .5 X 10^ 25 4 . 9 X  10< 18
(2) 4 . 5 X lO'̂ 16 l . l x  10' 5
(3) 6 .5 X 10^ 14 l . O x  10' 7
(4) 3 .9 X 10^ 19 8 . 6 x  10< 6

D3 ES (1) 6 . 2 x 10' 102 2 . 9 X  10* 30
(2) 9 . 3 x 10' 77 3 . 1 X  10* 16
(3) I.OX 10^ 89 2 . 7 X  10< 24
(4) 1 .2 X 10^ 63 3 . 6 x  10* 15

C. j3-GALACT0SIDASE ENZYME ASSAY (ng #-Galactosidase/ 100/ig extract
protein) •

Virus HBGLacZ MSGI«acZ (B2)
3T3 (1) 5 4 0 . 0 3 0 0 . 0

(2) 7 4 0 . 0 5 2 0 . 0
Mean 640,0 410,0

F9 EC (1) 2 . 2 3 . 0
(2) 2 . 5 3 . 3

Mean 2,4 267 3.2 128

D3 ES (1) 0 . 1 8 0 . 1 6
(2) 0 . 1 6 0 . 2 0

Mean 0,17 3765 0,18 2278

(Emboldened value is the infection ratio)
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Fig.4.2 The B2 mutation decreases infection ratio by 2-fold in EC and 4-fold in ES 

cells infected with Mo-MSV based retrovirus (MSGLacZ ). Infection ratios 

(3T3 /  EC or ES) were obtained from /3-galactosidase titres with MSGLacZ and 

MSGLocZ (B2) viruses, infected on target cells (3T3, F9 EC and D3 ES cells). 

Mean and S.D. values were calculated from four individual sets o f experiments.
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4.3. GENERATION OF AN SPl PROTEIN BINDING SITE IN THE 

RETROVIRAL LONG TERMINAL REPEAT.

One point mutation (A to C) shared by PCMV and MPSV, at *166 with respect 

to the transcriptional start site, creates a consensus binding site (GGGCGG) for the well- 

characterized mammalian transcription factor Spl. Spl was first identified as a 

transcription factor present in human (HeLa) cell extracts, capable of activating 

transcription from the SV40 early promoter in vitro (Dynan and Tjian, 1983a). There are 

two major forms of Sp l, o f approximately 95 and 105 kDa, each comprising several 

subspecies bearing various numbers of terminal V-acetylglucosamine residues (Jackson 

and Tjian, 1988). Prince and Rigby (1991) showed that introduction o f the single point 

mutation at -166 into the Mo-MSV LTR, creating a consensus Spl binding site, 

increases expression in transfected F9 EC cells six-fold.

4.3.1. THREE BANDS ARE IDENTIFIED BY THE SPl WT SEQUENCE.

Synthetic oligonucleotide, corresponding to the PCMV sequences from -176 to -

157, were used in gel retardation experiments. The PCMV sequence, which includes a 

consensus Spl binding site, is termed Spl WT. The Spl WT sequence was labelled and 

whole cell extracts obtained from F9 EC, F9 PE, PCC4, PCC4-D, PCC3, SV3T3 C138, 

3T3 A31 and N2A cells were screened (Fig.4.3). The A and B complexes were very 

close in mobility. All complexes were found to be present in all cell types. All bands 

were found to be present in all cell types. PCC4 extracts showed more activity (lane 4) 

then any other.

4.3.2. COMPETITION EXPERIMENTS PROVE THAT THREE BANDS ARE THE 

SPECIFIC ACTIVITY WHICH BINDS TO THE SPl WT SEQUENCE.

The labelled PCMV sequence was used in competition experiments with PCC4 

extracts (Fig.4.4). Spl wt (PCMV) and Spl mut (MSV) sequences were used for the 

competition studies. In PCC4 EC extracts 3 bands were observed (lane 10) and upon 

competition with increasing amounts of PCMV (lane 7 to 9) and MSV sequences (lane 

4 to 6 ) all three bands were competed suggesting that the mutated Spl site found in the 

MSV sequence has a lower affinity towards the A band as at lOOng competition (lane 

5) some amount of the activity is still visible. However, when the P element sequence
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Fig.4.3 Three bands are identified by the Sp l wild-type sequence.

2ng of radiolabeled wild type Spl (PCMV, nt -176 to -157 with respect to 

transcriptional start) sequence was used to probe 8 /ig o f various whole cell 

extracts obtained from F9 EC cells, F9 PE cells, PCC4 cells, PCC4-D cells, 

PCC3 cells, SV3T3 C138 cells, 3T3 A31 cells, N2A cells and JM cells. In each 

reaction 1/xg o f sonicated salmon sperm DNA were used as a non-specific 

competitor.
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Fig.4.4 Three bands are the specific activity which bind to the Sp l wild-type 

sequence in PCC4 whole cell extracts. 2ng of radiolabelled wild type Spl 

(PCMV, nt -176 to -157 with respect to transcriptional start) sequence was used 

to probe 8 /zg o f whole cell extracts obtained from PCC4 EC cells. The 

unlabelled mutant Spl and PI oligonucleotide (100 to 400 ngs) was used as 

competitors as indicated. In each reaction 1/ig o f sonicated salmon sperm DNA 

were used as a non-specific competitor.
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from the adenovirus E4 gene was used as a non-specific competitor all bands were not 

only not competed but also became sharper (lane 1 to 3). Therefore these results suggest 

that the PCMV sequence from -176 to -157 has higher affinity for all o f the bands than 

the equivalent Mo-MSV sequence.

4 .3 .3 . BAND A IS THE ACTIVE SPI COMPLEX RECOGNIZED BY THE ANTI-SPl 

ANTIBODIES.

Spl WT probe was labelled and used for gel retardation experiments with PCC4 

whole cell extracts (Fig.4.5). A polyclonal anti-Spl antibody 2892-B (a kind gift from 

S.P.Jackson, Wellcome/CRC Institute, Cambridge), raised against human Spl protein, 

was added to the gel retardation reactions. The three bands observed in the lane 10 

remain undisturbed when 1  and 2 /xl of preimmune serum from the same rabbit were 

added to the reactions, before (lanes 2 and 3 ) or after (lanes 6  and 7) addition o f the 

probe. However, when 1 and 2/xl anti-Spl antibody and PCC4 cell extract were 

incubated together before (lanes 4 and 5) or after (lanes 8  and 9) addition of the probe 

then a novel retarded band A' of slower mobility than the other complexes was obtained 

(lanes 4 ,5,8 and 9). On the addition o f the antibody, the concentration o f band A' 

increased as the concentration of the A band decreased. Addition o f antibody or pre

immune serum before or after addition of the PCMV probe did not make any difference 

to the formation of a ternary band A'. These results suggest that antibody and DNA  

binding require different regions of the protein. This experiment confirms that the A 

band in PCC4 cells is immunologically related to human Spl protein from HeLa cells.

4.3 .4 . GENERATION OF THE SPI CONSENSUS SITE IN MSGLacZ INCREASES 

EXPRESSION IN EC AND ES CELLS.

Mutation at the -166 site in the LTR generates an Spl binding site. In F9 EC 

cells a 3.5-fold increase in expression was obtained; infection ratios decreased from 25 

to 7 with MSGLacZ (-166) virus (Table.4.3.A). In infections done after 18 hrs of plating 

stem cells, a 3-4 fold decrease in the infection ratio was obtained, where infection ratios 

dropped from 81 to 23 in CCE, 210 to 48 in ABl and 102 to 33 D3 stem cells.

Further experiments carried out with the mutated virus (MSGLacZ, -166) 

infected after 18 hr o f plating target cells showed an increase o f at least 3-fold in EC and
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Fig.4.5 Band A is the active S p l complex recognized by the anti-Spl antibody. 

2ng o f radiolabelled wild type Spl (PCMV, nt -176 to -157 with respect to 

transcriptional start) sequence was used to probe 8 /xg of whole cell extracts 

obtained from PCC4 EC cells. 1 and 2/xl of polyclonal Spl antibody 2892-E and 

pre-immune serum was used to identify specific Spl complex. In each reaction 

1/xg o f sonicated salmon sperm DNA were used as a non-specific competitor.
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Table 4.3 TITRE AND ENZYME ASSAY OF HBGLacZ AND MSGLacg.-166
VIRUSES INFECTED INTO TARGET CELLS,

A. g-GALACTOSIDASE TITRE (cfu/ml).
Virus MSGLacZ MSGLacZ (-1SS)
3T3 (1) 6.3X 10̂ l.lx 10̂
F9 EC (1) 2. 5x 10̂ 25 1.6x 10' 7
D3 ES (1) 6.2x 10̂ 102 3.3x 10̂ 33
ABl ES (1) 3.0X 10̂ 210 2.3x 10̂ 48
CCE ES (1) 7.8X 10̂ 81 4.7x 10̂ 23

B. g-GALACTOSIDASE TITRE (cfu/ml).
Virus HSGLacZ MSGLacZ (-1SS)
3T3 (1) 6.3x 10̂ l.lx 10*̂

(2) 7.2x 10̂ 3. 6x 10'
(3) 8.9x 10' 3.5x 10'
(4) 7.5x 10' 3.7x 10'

F9 EC (1) 2.5x 10̂ 25 1. 6x 10' 7
(2) 4. 5x 10̂ 16 6.3x 10̂ 6
(3) 6. 5x 10̂ 14 5. Ox 10̂ 7
(4) 3.9X 10̂ 19 3.9X 10̂ 9

D3 ES (1) 6.2X 10̂ 102 3.3X 10̂ 33
(2) 9.3x 10̂ 77 6.2x 10' 58
(3) l.Ox 10̂ 89 6. Sx 10' 53
(4) 1.2x 10̂ 63 8. Sx 10' 43

C. )3-GALACT0SIDASE ENZYME ASSAY (ng /3-Galactosidase/ lOO/xg extract 
protein).

Virus MSGLacZ MSGLacZ ( '-ISS)
3T3 (1) 540.0 144.0

(2) 740.0 150.0
Mean 640.0 147.0

F9 EC (1) 2.2 1.3
(2) 2.5 1.5

Mean 2.4 267 1.4 105

D3 ES (1) 0.18 0.11
(2) O.IS 0.13

Mean 0.17 3765 0.12 1225
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2-fold in the ES cells (Table 4.3.B; Fig.4.6). In F9 EC cells, the mean infection ratio 

dropped from 19 to 7 (Table.4.3.B). Similarly,in D3 ES cells the mean infection ratio 

decreased from 83 to 47, where infection ratios ranged between 6 6  to 102 with 

MSGLacZ and 33 to 58 with the MSGLacZ (-166) retrovirus.

/3-galactosidase enzyme assay was done to measure actual expression with the 

extracts obtained from infected cells (Table 4.3.C). As enzyme assay differ from the titre 

count, therefore higher infection ratios were obtained with this assay. A 3-fold increase 

in the enzyme levels with MSGLacZ (-166) where infection ratios decreased from 267 

to 105 in F9 EC and 3765 to 1225 in D3 ES cells.

Southern analysis was done to elucidate effect of this mutation on integration 

(Table 4.3.D ). Fig.4.7.A  shows a characteristic southern analysis done with the help o f  

phosphoimager. ^MSGLacZ (40pg) was used as one copy number to quantitate proviral 

copy / genome in infected cells. Fig.4.7.B. shows higher magnification which are needed 

to be analyzed for quantitation. It gives one example of target cells infected with 

MSGLûcZ (-166). Provirus per genome obtained with MSGLacZ (-166) were 0.86 in 

3T3 fibroblasts, 0.41 in F9 EC and 0.21 in D3 ES cells. These values were quite similar 

in comparison to BAGLacZ,ncc. However, enzyme per provirus levels showed 171 for 

3T3 fibroblasts, 3 for F9 EC and 0.6 for D3 ES cells. The levels of 3T3 were 1.5-fold 

higher with MSGLacZ(-166) in comparison to the values obtained with BAGLacZ,fzco 

virus.

These data obtained with enzyme assay and titre count suggests that MSGLacZ 

(-166) was found to be 2- to 3- fold better then the MSGLacZ virus in EC and ES cells.

4.4. A MUTATION AT -345 IN THE Mo-MSV LTR BLOCKS BINDING OF THE 

PUTATIVE EC-CELL SPECIFIC REPRESSOR.

Oligonucleotides equivalent to the Mo-MSV LTR sequences were used to study 

the effect o f the -345 mutation which inactivates the site for a putative EC cell-specific 

repressor. The sequence around the -345 mutation, unique to PCMV, shows no obvious 

homology to any known transcription factor binding site. It has been postulated that the 

inactivity o f the Mo-MSV LTR in EC cells is due to the presence o f a repressor of
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Fig.4.6 Generation of the Sp l consensus site in MSGLacZ increases expression by

3- fold in EC and 2-foId in ES cells. Infection ratios (3T3 / EC or ES) were 

obtained from /9-galactosidase titres with MSGLacZ and MSGLacZ (-166) viruses, 

infected on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D . values 

were calculated from four individual sets o f experiments.
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TABLE 4.3.D. ENZYME PER PROVIRÜS FOR B liG L a c Z .n e o AND HSGLacZ
(-166) VIRUSES INFECTED INTO EMBRYONIC CELL.

VIRUS 3T3 FIBROBLASTS F9 EC D3 ES

(I) PROVIRUS PER CELL (COPY NUMBER)
BkGLacZ,neo 1.3 0.35 27* 0.25 19*

MSGLacZ (-166) 0.86 0.41 48 0.21 24
(II) ENZYME PER PROVIRUS.'
BAGLacZ,neo 150/1.3 115 -/0.35 -/0.25

MSGLacZ (-166) 147/.86 171 1.4/0.41 3 0.12/0.21 0.6

Percentage values of copy number, where 3T3 values were treated 
as 100%.
' jS-galactosidase activity is divided by copy number to derive a 
enzyme per provirus values which are emboldened (Enzyme units are 
the ng /ff-galactosidase activity/ lOOfig extract protein).
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Fig.4.7 Southern analysis of genomic DNA obtained from target cells infected with 

recombinant retroviruses.

A. Digested retroviral vector and genomic DNA obtained from infected cell lines 

was analyzed by Phosphor-imager.

B. 2X Magnification o f lanes 7 to 14 in section A was obtained by ImageQuant 

software to analyze individual bands for copy number analysis.
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transcription (Gorman et al., 1985a; 1985b). Tsukiyama et al. (1989) reported the 

presence o f an EC cell-specific protein binding to the Mo-MuLV LTR in the -345 bp 

region. This protein, termed the embryonic LTR-binding protein (ELP), is presumably 

identical to the EC-R protein. With nuclear extracts Tsukiyama et al. (1989) were able 

to pinpoint the binding site which corresponded to the Mo-MSV sequences from -345 

to -351. Prince (1991) although identified the protein in mobility shift assays but 

reported no effect o f this mutation in transient transfection experiments.

4 .4 .1 . MUTATION OF THE SITE FOR BINDING OF THE EC-R COMPLEX IN THE 

MSGLflcZ RETROVIRUS DOES NOT PREVENT REPRESSION .

The mutated binding site for the EC-R complex was incorporated into the 

MSGLûcZ retroviral LTR to make the mutated virus MSGLûcZ (-345). Infections done 

18 hr after plating cells (Table 4.4. A) showed a decrease in the infection ratio o f at least

2-3 fold. Infection ratios decreased from 25 to 10 in F9 EC cells, 102 to 43 in D3 ES 

cells, 210 to 91 in ABl ES cells and 81 to 39 in CCE cells. However, when more 

experiments were done then 2-fold increase in the infection ratio was obtained in F9 EC 

cells, where mean infection ratio increased from 19 to 30 with the mutated virus (Table

4.4.B; Fig.4 . 8 ). In D3 ES cells there was no effect of the mutation as infection mean 

ratios remained almost similar (83 and 73) with the both types o f viruses (MSGLûcZ and 

MSGLûcZ -345).

The enzyme analysis to quantitate actual jS-galactosidase expression, which 

revealed no significant effect of this mutation (Table 4 .4 .C); the infection ratios were 

indistinguishable from those with MSGLûcZ, ranging between 216-267 in F9 EC and 

2883-3765 in D3 ES cells. Subsequently, southern analysis was also done to identify 

effect o f this mutation on integration (Table 4.4.D). Provirus per genome was found to 

be identical to BAGLacZ,neo virus, where 0.6 copy/genome in 3T3, 0.2 copy/genome 

and 0.14 copy/genome in D3 ES cells were obtained. Enzyme per provirus with 

MSGLacZ (-345) was found to be 2.5-fold higher then the BAGLacZ,neo virus in 3T3 

fibroblasts. In F9 EC and D3 ES cells 4 and 0.4 enzyme per provirus were obtained.

These results obtained with enzyme assay and titre assay revealed no significant 

effect o f the mutation at -345, to block the binding site o f EC-specific repressor. These
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Table 4.4 TITRE AND ENZYME ASSAY OF H SG LacZ AND K S G L a c Z ,- 3 4 5
VIRUSES INFECTED INTO TARGET CELLS.

A. g-GALACTOSIDASE TITRE (cfu/ml).
Virus HBGLacZ HSGLacZ (-345)
3T3 (1 ) 6 . 3 X 10^ 8 . 2 x 10^
F9 EC (1) 2 . 5 X 10* 25 8 .  IX 10* 10
D3 ES (1 ) 6 . 2 X 10^ 102 1 .9X 10* 43
ABl ES (1 ) 3 .  Ox 10^ 210 9 .  Ox 10^ 91
CCE ES (1 ) 7 .  Sx 10^ 81 2 .1 X 10* 39

B. iS-GALACTOSIDASE TITRE (cfu/ml)
Virus HSGLacZ HSGLacZ (-345)
3T3 (1 ) 6 . 3 X 10^ 8 .  2x 10^

(2) 7 . 2 X 10^ 4 .  Ox 10^
(3) 8 . 9 X 10^ 5 . 5 X 10^
(4) 7 . 5 X 10^ 2 . 5 x 10^

F9 EC (1 ) 2 . 5 x 10* 25 8 . 1 X 10* 10
(2 ) 4 . 5 x 10* 16 l . l x 10* 36
(3) 6 . 5 x 10* 14 1 . 2 x 10* 46
(4) 3 . 9 X 10* 19 8 . 8 x 10^ 28

D3 ES (1 ) 6 .  2x 10^ 102 1 . 9 x 10* 43
(2 ) 9 . 3 X 10^ 77 4 .  2x 10^ 95
(3) 1 .  Ox 10* 89 4 .  8x 10^ 115
(4 ) 1 . 2 x 10* 63 6 .  6x 10^ 38

C. j?-GALACTOSlDASE ENZYME ASSAY (ng g-Galactosidase/ 100/ig extract 
protein).

Virus HSGLacZ MSGLacZ (-345)
3T3 (1) 540.0 155.0

(2) 740.0 190.0
Mean 640.0 173.0

F9 EC (1) 2.2 0.7
(2) 2.5 0.9

Mean 2.4 267 0.8 216

D3 ES (1) 0.18 0.04
(2) 0.16 0.08

Mean 0.17 3765 0.06 2883

(Emboldened value is the infection ratio).
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Fig.4 . 8  Mutated site for blocking the binding of the EC-R complex in the M SGLacZ  

(-345) retrovirus has no effect in ES cells. Infection ratios (3T3/EC or ES) 

were obtained from jS-galactosidase titres with MSGLncZ and MSGLacZ (-345) 

viruses, infected on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D. 

values were calculated from four individual sets of experiments.
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TABLE 4.4.D. ENZYME PER PROVIROS FOR BAGLacE,neo AND H SGLacZ
(-345) VIRUSES INFECTED INTO EMBRYONIC CELL.

VIRUS 3T3 FIBROBLASTS F9 EC D3 ES

(I) PROVIRUS PER CELL (COPY NUMBER)
BkGLacZ,neo 1.3 0.35 27* 0.25 19*
MSGLacZ (-345) 0.6 0.2 33 0.14 23
(II) ENZYME PER PROVIRUS.'
BAGLacZ^neo 150/1.3 115 -/0.35 -/0.25
KSGLacZ (-345) 173/.6 288 0.8/0.2 4 0.06/0.14 0.4

* Percentage values of copy number, where 3T3 values were treated 
as 100%.
* /S-galactosidase activity is divided by copy number to derive a 
enzyme per provirus values which are emboldened (Enzyme units are 
the ng /3-galactosidase activity/ 100/ig extract protein).
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result was quite discouraging as an increase in the expression levels was expected instead 

of a decrease. It can only suggest that data obtained in this study do not support an 

important role for this factor during infection. Or alternatively this mutated repressor 

site was incomplete as repressor protein might be having some affinity towards the 

complex A via protein-protein interactions and therefore can still influence repression 

in the retroviral LTR.

4.5 . DISCUSSION.

Mo-MuLV and its close derivative Mo-MSV are incapable o f productively 

infecting early embryonic stem cells. The data presented in this chapter confirm the 

importance of two single point mutations, at the binding site for Spl protein in the LTR 

and at the binding site for a repressor in the primer binding site. However, a third 

mutation, which destroys the binding site for a EC-R specific repressor, questions the 

functioning of this repressor.

4.5.1 Effect of the infection o f MSGZ^cZ viruses on integration profile in the target 

cells.

The quantitative appraisal o f the number of proviral copies integrated within the 

genomes of stably transfected or infected cells is performed using the strategy known as 

southern blotting. Size-fractionated DNA is first transferred from a gel matrix to a solid 

support under conditions that prevent self annealing. The DNA molecules are then 

immobilized (covalently linked to the support) and processed for hybridization to a 

radiolabelled probe that has a nucleotide sequence complementary to that o f the target 

sequence to be detected. The blot is washed extensively to remove unreacted probe 

molecules, and the hybrids formed between the probe and target sequences are revealed 

by autoradiography. The relative intensity of each autoradiographic signal will reflect 

the amount of hybridized material present, which can be quantified by phosphoimager 

or scanning laser densitometry.

In this study, southern blots under alkaline conditions were performed in parallel 

with experiments to obtain jS-galactosidase titre and enzyme assay data. The restriction 

enzyme Sacl was used to digest genomic DNA isolated from cells infected with the
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various retroviral constructs. It produces size fragments o f unit length and it cuts 3 times 

in proviral sequences o f MSGLûcZ and its derivatives. It digests once in the 5' LTR (at 

810 bp), 3' LTR ( at 5919 bp) and the lacZ ( at 4233 bp) to produce two major 

fragments of 3.4 and 1.7 kb. The 1.7 kb fragment which contains the sequences between 

LacZ  and 3' LTR were found to be appropriate for hybridization with a radiolabelled 

riboprobe. The pA' plasmid (a generous gift from David Cox), a derivative o f Bluescript 

(KS) containing LacZ sequences (2661 to 3024), was used to make a riboprobe which 

would detect the 1.7 kb proviral fragment. This plasmid was linearized downstream of  

the probe fragment with HindHi and transcribed in vitro with labelled nucleotides to 

obtain a 363 bp riboprobe containing LacZ sequences complementary to the target 

sequences.

Hybrids formed between the probe (Ix 10  ̂ cpm/ml) and target sequences were 

quantified using a phosphoimager. 40pg and 60pg of plasmid (MSGLûcZ) digested with 

Sacl was used as the standard for a 1 and 1.5 copy / diploid estimation. Bands obtained 

were very low in intensity due to the fact that only a relatively small fraction o f the 

target cells incorporated the vector. However, copy number analysis were done with the 

digested genomic DNA obtained from each infected cell line with the viruses studied in 

this thesis. It was also difficult to obtain southern data with genomic DNA obtained from 

the cells infected with viruses with low titre. However, by analysing the southern blots 

using a phosphoimager, it was possible to quantitate bands with the intensity.

I would like to discuss primary data for F ig.4.3. in which bands o f low intensity 

were obtained. In lanes 1 to 3 the intensity o f bands were 30102, 28821 and 29920 with 

60pgs o f the pMSGLacZ, where mean value was 29614 with 2% variation. Similarly 

with 40pgs o f pMSGLacZ, which was used as the standard for one provirus /  genome, 

intensity o f bands was found to be 19892, 18543 and 16542 (lane 4 to 6 ), where mean 

values o f 18326 and accuracy was 9% variation. These data suggest that the 

phosphoimager is capable of yielding accurate data, as same data when analyzed 

different times gave similar reproducible values.

Genomic DNA isolated from 3T3 cells infected with MSGLacZ (-166) was 

analyzed by southern analysis giving 0.86 copy / genome. In lanes 7 to 9, the intensity
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of bands was 18693, 11068 and 17520 with mean value o f 15760 and 26% variation. 

Lane 8  contained a lower intensity in band when compared to the lane 7 and 9. This may 

be due to experimental error while loading of genomic DNA or reduction in the 

hybridization signal as other two points in lane 7 and 9 were similar. However despite 

this possible source o f error, the fact that the experiment was performed using triplicates 

meant that such variation had only a minimal impact on the estimation o f jS-galactosidase 

activity/provirus. That is if  the mean value o f 0.86 provirus per genome is considered 

then the j8 -galactosidase enzyme/ provirus (147+.4/ 0.86)is 171. If however the value 

o f 0 . 6  proviral copy per genome is taken (from the lower intensity band), then the 

enzyme/proviral ratio (147+^4/0.6) is 245 i.e. 1.4-fold higher. Variation in the 

galactosidase expression is 3% and therefore it does not effect the values of 

enzyme/provirus values and infection ratios calculations for the j8 -galactosidase titres and 

the enzyme expression data.

Values of 0 .4 2  and 0.21 proviral copies per genome were obtained in F9 EC and 

D3 ES cells respectively, when infected with the MSGLûcZ (-166) virus with variation 

between 5-12%. The intensity o f band was found to be 6852 and 8175 (lane 10 and 11) 

with F9 EC; 3703 and 3994 (Lane 12 and 13) with D3 ES cells. Mean values were 7514 

and 3849 with F9 EC and D3 ES cells respectively. This data shows that the low 

intensity values obtained with the phosphoimager were accurate to large extent.

However, to increase the hybridization signal in the southern analysis following 

points should be considered: (1). Covalent binding o f DNA fragments can be increased 

by using a charged modified nylon matrix which seems to be efficient in the presence 

o f 0.4 N  NaOH. (2). The relative intensities o f the autoradiographic bands reflects the 

number o f copies in the cell’s genome. To facilitate their quantification, individual blots 

may be calibrated by running samples of genomic DNA from the non-infected cell line 

supplemented with increasing amounts of the foreign gene sequence, which translate to 

0, 1, 5, 10, 25 and 50 copies/diploid genome. The calibration can be verified by 

stripping the blot and probing for a resident single copy gene. (3). At least 3 points 

should be used to study genomic DNA for copy number/genome analysis. (4). Two 

enzymic analyses should be used to obtain the copy number. The standards should be
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cleaved with the same restriction enzymes used to digest the samples of genomic DNA 

infected with different retroviruses under study. (5). Intensity of band is found to be low 

with transient infections so to avoid this, where possible stable clones should be obtained 

to analyze integration sites. (6 ). Retroviruses with low titres values should be discarded 

and new retroviral clones with high titre should be isolated to obtain data for provirus 

per genome. (7). Immobilization of DNA by ultraviolet irradiation can also be used to 

enhance the hybridization signal obtained with positively charged nylon membranes. ( 8 ). 

Nylon membrane have a tendency to give increased levels of background hybridization, 

especially with RNA probes. It might be possible to overcome this problem by 

increasing amount of blocking reagents in the prehybridization and hybridization steps. 

(9). The radio-labelled DNA probe from the LacZ  sequences can be used for 

hybridization with the target sequences.

4.5.2. Effect of the single mutation in Mo-MSV based retroviruses.

Mo-MuLV provirus contains at least two cw-acting negative regulatory elements 

(Feuer et a l ,  1989), one in the LTR U3 region (Gorman et a l ,  1985b) and one in the 

vicinity o f the primer binding site (PBS) (Barklis et a l ,  1986; Peterson et a l ,  1991). 

These elements inhibit virus expression specifically in undifferentiated cells. The PBS 

region, which binds a cellular tRNA to prime first-strand synthesis during reverse 

transcription, appears to have a second function in mediating stem cell transcriptional 

repression. The smallest sequence change to abolish the RBS effect is the B2 mutation 

(Barklis et a l ,  1986), a single base pair change (G to A) at M-MuLV nucleotide (nt) 

160. RBS WT sequence shows affinity for four different bands with the slowest moving 

B complex being designated the B2 negative regulatory element (Peterson et a l ,  1991). 

Not surprisingly, when this mutation was incorporated into the PBS site of MSGLacZ 

(Mo-MSV) and MFGLacZ (Mo-MuLV) based retroviruses an increase in the expression 

level was observed. A 2-fold increase was obtained with the titre count and enzyme 

assay in both types o f viruses when infected on the F9 EC cells. Furthermore, mutated 

viruses were expressed more efficiently in D3 ES cells where 2- to 4-fold and 2- to 5- 

fold increases in expression were observed in MSGZ^acZ (B2) and MFGLacZ (B2) 

respectively. As discussed in the last chapter, incorporation o f the B2 mutation in
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BAGLacZ,neo virus makes it permissive in EC and BS cells.

The myeloproliferative sarcoma virus (MPSV), a derivative of Mo-MSV, has 

several point mutations in the LTR and is transcribed more efficiently in F9 EC cells. 

One o f these mutations, at -166 with respect to the transcriptional start, creates a 

consensus binding site for the well-characterized mammalian transcription factor Spl. 

The PCMV sequence (Spl WT) has an affinity for four bands but by antibody supershift 

and competition experiments the A complex was confirmed to be the Spl protein. It was 

also observed that the corresponding sequence from MSV, which varies by a single base 

change at -166 from the Spl binding site, had a lower affinity for the protein when 

compared to the WT sequence. When a single base mutation was made to incorporate 

the Spl consensus site into the Mo-MSV based MSGLacZ retrovirus to make MSGLacZ 

(-166), then at least a 2 -fold increase in the expression level was obtained with j8 - 

galactosidase titre count and enzyme assay in both cell types, i.e. embryonic stem and 

embryonal carcinoma cells. Transduction values were found to be less when compared 

to the transient experiment where a 6 -fold increase was obtained in F9 EC cells (Prince 

and Rigby, 1991). Studies done by Grez et al. (1991) confirm our results as they found

3-fold increase with the mutation at -166 bp to generate an Spl binding site.

PCMV has only one point mutation in the U3 region which is not shared with 

MPSV, at -345 bp with respect to the transcriptional start. Tsukiyama and Niwa (1992) 

suggested that the embryonal LTR binding protein may function as a negative 

transcription factor for a variety of cellular sequences, in addition to suppressing 

expression o f Moloney leukaemia virus in early embryonal cells. The binding of both 

ELP and EC-R is blocked by mutation at -345 bp. Strangely, when this mutation was 

incorporated in to the LTR of Mo-MSV virus for transduction experiments, MSGLacZ 

(-345) showed no significant effect in the F9 EC and D3 ES cells as analyzed by jS- 

galactosidase titre and enzyme assays. This suggests that this single point mutation was 

not enough to block this repressor or this mutation develops another putative site for new 

putative repressor. Prince (1991) showed in the transient transfection experiments that - 

345 in pMSV (-345)caf constructs showed no effect in F9 or PCC4 cells. Transfections 

experiments have shown that the wild-type sequence around -345 represses transcription
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in PCC4 EC cells by threefold when eight tandem copies were used (Tsukiyama et al., 

1989). This paper further suggests that it is a weak repressor.

The -345 mutation does not occur in MPSV, and is therefore not a necessary 

requirement for efficient transcription in F9 EC cells. However, decrease in the 

expressional level which is not significant in transduction experiment, strongly suggests 

that it is an activator or it might be an repressor and an activator in different cell types. 

Analysis o f the cDNA indicated that EC-R or ELP belongs to the nuclear receptor family 

(Tsukiyama et al., 1992) and is also a mouse homologue of Drosophila FTZ-Fl, which 

positively regulates transcription of Jushi tarazu gene. Recently Tsukiyama et al. (1992) 

isolated sixteen genomic fragments and analyzed six o f the ELP binding fragments. All 

of these contained multiple binding sites for ELP, which matched well with the 

consensus binding sequence for FTZ-Fl, YCAAGGYCR. I believe that their data 

strongly suggests that the mutation at * position in YCAAGGY*R in the consensus site 

as it exists in MSGLacZ (-345) and PCMV sequence is not sufficient to block binding 

of EC-Specific repressor or ELP.
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CHAPTERS

EFFECT OF COMBINATIONS OF POINT MUTATIONS ON 

RETROVIRAL EXPRESSION IN STEM CELLS.
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5.1 . INTRODUCTION.

In the last chapter, an Spl binding site and two repressor binding sites were 

studied by mutation, the mobilty shift assay and viral transduction into EC and ES cells. 

In this chapter double and triple mutations in the various combinations were analyzed. 

Viruses with the -166 and the -345 mutation in the LTR, the -166 mutation in the LTR 

and a B2 mutation in the PBS, the -345 mutation in the LTR and a B2 mutation in the 

PBS and finally the -166 and the -345 mutation in the LTR and a B2 mutation in the 

PBS were produced and infected into F9 EC and D3, CCE and ABl ES cells.

5 .2 . GENERATION OF AN SPl BINDING SITE AND INACTIVATION OF A 

PUTATIVE EC CELL-SPECm C REPRESSOR SITE IN THE LONG TERMINAL 

REPEAT OF THE MSG VIRUS HAS NO SIGNIFICANT EFFECT ON THE 

EXPRESSION IN EC AND ES CELLS.

Mutations at -166 and -345 were introduced into the LTR of MSGLacZ (-166,- 

345), which was infected into F9 EC and D3, ABl and CCE ES cells (Table 5 .1 .A).

Infections done after plating cells for 18 hrs showed that MSGLacZ (-166,-345) 

decreases the infection ratio by 1.5-fold in F9 EC cells, where values decreased from 

25 to 16, and 3-fold in ES cells (D3,AB1 and CCE) where infection ratios decreased 

from 102 to 39 in D3, 210 to 83 in ABl and 81 to 25 in CCE ES cells. Further 

experiments, in which infections were done 18hr after plating target cells (Table 5.1; 

Fig.5.1), showed only a 1.5-fold increase in the expression in F9 EC cells. However, 

there was no difference in the transduction efficiency in WT and mutant viruses, where 

mean infection ratio in mutant (MSGLacZ -166, -345) virus was more (92) than in the 

WT virus (83). The decrease obtained in the F9 EC cells was not significant (1.5) and 

no effect in the D3 ES cells suggests that the repressive effect o f the EC-specific 

repressor has not been nullified and it even neutralizes positive effect of the Spl-binding 

site as seen in last chapter.

jS-galactosidase enzyme assay analysis were done to measure quantitative 

expression with the extracts obtained from infected target cells (Table 5.1.C ). Identical 

infection ratios from enzyme values were obtained with MSGLacZ and MSGLacZ (-166,
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Table 5.1. TITRE AND ENZYME ASSAY OF MSGĴ aĉ  AND MSGLacZ(-166. 
-345) VIRUSES INFECTED INTO TARGET CELL.

A. g-GALACT08IDA6E TITRE (cfu/ml).
Virus HSGLacZ HSGLacZ (-166,-345)
3T3 (1 ) 6 . 3 X  10* 1 . 5 X  10*
F9 EC (1) 2 . 5 X  10^ 25 9 . 7 X  10^ 16
D3 ES (1) 6 . 2 X  10* 102 3 . 9 x  10^ 39
ABl ES (1 ) 3 .  Ox 10* 210 1 . 8 X  10^ 83
CCE ES (1) 7 . 8 X  10* 81 6 . Ox 10^ 25

B. g-GALACTOSIDASE TITRE (cfu/ml).
Virus HSGLacZ HSGLacZ (-166,-345)
3T3 (1) 6 . 3 X  10* 1 . 5 X  10*

(2) 7 . 2 X  10* 1 . 5 X  10*
(3) 8 . 9 X  10* 1 . 4 X  10*
(4) 7 . 5 x  10* 1 . 4 X  10*

F9 EC (1) 2 . 5 x  10^ 25 9 . 7 X  10^ 16
(2) 4 . 5 x  10^ 16 1 . 5 X  10* 10
(3) 6 . 5 x  10^ 14 1 . 4 X  10* 10
(4) 3 . 9 x  lO'* 19 l . O x  10* 14

D3 ES (1 ) 6 . 2 x  10* 102 3 . 9 X  10* 39
(2 ) 9 . 3 x  10* 77 l . l x  10* 136
(3) l . O x  10^ 89 1 . 4 X  10* 100
(4) 1 . 2 X  10^ 63 1 . 5 X  10* 93

C. /3-GALACTOSlDASE ENZYME ASSAY (ng 0-Galactosidase/ 100/xg extract 
protein)*.

V ir u s MSGLacZ MSGLacZ ( - 1 6 6 , - 3 4 5 )

3T3 (1 ) 5 4 0 . 0 3 6 0 . 0
(2 ) 7 4 0 . 0 5 0 0 . 0

Mean 640.0 430.0
F9 EC (1 ) 2 . 2 1 . 5 4

(2 ) 2 . 5 2 . 0
Mean 2 . 4  267 1 . 7 7  243

D3 ES (1) 0 . 1 8 0 . 1 0
(2 ) 0 . 1 6 0 . 1 4

Mean 0.17 3765 0.12 3583

(titre) of MSGLacZ (-166) and MSGLacZ (-345) were 7 and 30 in F9 
EC; 47 and 73 in D3 ES cells. Infection ratio (assay) of VLSGLacZ 
(-166) and KSGLacZ (-345) were 105 and 216 in F9 EC; 1225 and 2883 
in D3 ES cells}.
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Fig.5.1 The MSGLacZ (-166, -345) retrovirus has no significant effect on the

expression in EC and ES cells. Infection ratios (3T3 / EC or ES) were obtained 

from jS-galactosidase titres with MSGLacZ and yiSGLacZ  (166,-345) viruses, 

infected on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D. values 

were calculated from four individual sets o f experiments.
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-345) virus which were 243 and 267 for F9 EC; and 3583 and 3765 for D3 ES cells.

These results obtained with the enzyme and titre assay suggests no effect o f point 

mutations in MSGLacZ (-166,-345) virus on its expression into F9 EC and D3 ES cells.

5.3. GENERATION OF AN SPl BINDING SITE IN THE LTR AND BLOCKING 

OF THE B2-REPRESS0R SITE INCREASES EXPRESSION IN EC AND ES 

CELLS.

A Spl site was generated in the long terminal repeat and the B2-repressor binding 

site was blocked in the primer binding site (PBS) region of MSGLjcZ (-166,B2) virus, 

which was used to infect F9 EC and D3, ABl and CCE ES cells. Cells were stained for 

/3-galactosidase activity to determine the titre of the virus on target cells as shown in 

Plate 5.1 to 5.5, where cells were infected with M SG I^Z (-166,B2) and BkGLacZ,neo. 

j8-galactosidase expression was observed by X-gal staining for MSGLûcZ (166,B 2) and 

BkGLacZ.neo infected NIH 3T3 fibroblasts (Plate 5.1). MSGLacZ (-166,B2) expression 

was observed in F9 EC (Plate 5.2), D3 ES (Plate 5.3), ABl ES (Plate 5.4) and CCE ES 

(Plate 5.5) cells. BkGLacZ.neo failed to express in the EC and ES cell lines. This 

observation confirms the studies by done others that wild-type Mo-MuLV virus 

(BAGLacZ,/ica ) is non-permissive in EC and ES cells (Price et al., 1987; Savatier et 

al., 1990).

When MSGLacZ and MSGLacZ (-166,B2) viruses were infected 18 hrs after 

plating o f the target cells, a 5-fold decrease was observed in F9 EC cells, where 

infection ratios decreased from 25 to 5 (Table 5 .2 .A). Similarly an 8- to 10-fold 

decrease was observed in ES cells, where infection ratios decreased from 102 to 12 in 

D3 ES cells, 210 to 20 in ABl ES cells and 81 to 10 in CCE ES cells. Further 

experiments were done to substantiate these results (Table 5.2.B; Fig.5.2). Mean 

infection ratios decreased 4-fold in F9 EC cells with MSGLacZ (-166,B2), where values 

decreased from 19 to 5. Similarly, in ES cells, infection ratios decreased from 83 to 11, 

signifying an 8-fold increase in the expression of the MSGLacZ (-166,B2) virus. Increase 

o f a 4-fold expression in the F9 EC and a 8-foId in the D3 ES cells represents the 

maximum decrease obtained in infection ratios in this study with the two mutations in
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PLATE 5.1. INFECTED NIH 3T3 FIBROBLASTS STAINED FOR 
THE /?-GALACTOSIDASE ACTIVITY.

A.MSGZ.acZ-166,B2 RETROVIRAL INFECTION (10X MAG.).

B.BAG^acZ,/?eo RETROVIRAL INFECTION (20X MAG.).
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PLATE 5.2. INFECTED F9 EC CELLS STAINED FOR THE
/9-GALACTOSIDASE ACTIVITY.

(20X MAG.).

A. MSGLacZ-166,B2 RETROVIRAL INFECTION.

B.BAG^acZneo RETROVIRAL INFECTION.
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PLATE 5.3. INFECTED D3 ES CELLS STAINED FOR THE
/Î-GALACTOSIDASE ACTIVITY.
(20X MAG).

AMSGLacZ -166,82 RETROVIRAL INFECTION.

- . 'V

B.BAGLacZ,neo RETROVIRAL INFECTION.
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PLATE. 5.4. INFECTED ABl ES CELLS STAINED FOR THE
/?-GALACTOSIDASE ACTIVITY.
(20X MAG.).

A. MSGAacZ -16G,B2 RETROVIRAL INFECTION.

B.BlKGLacZ.neo RETROVIRAL INFECTION.
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PLATE.5.5. INFECTED CCE ES CELLS STAINED FOR
yff-GALACTOSIDASE ACTIVITY.

(20X MAG.).

A. MSGZ.acZ -166.B2 RETROVIRAL INFECTION,

B.BAGiacZ,neo RETROVIRAL INFECTION.

198



Table 5.2 TITRE AND ENZYME ASSAY OF MSGLacZ AND H SG LacZ, (-166.B2)
VIRUSES INFECTED INTO TARGET CELL.

A. /3-6ALACTOSIDASE TITRE (cfu/ml) .
Virus KSGLacZ MSGLacE (-166,B2)
3T3 (1) 6. 3x 10̂ 2.4x 10®
F9 EC (1) 2.5X 10̂ 25 5.3x 10̂  5
D3 ES (1) 6.2X 10̂ 102 2. Ox 10® 12
ABl ES (1) 3. Ox 10̂ 210 1.2x 10® 20
CCE ES (1) 7.8X 10̂ 81 2.5x 10® 10

B. jS-GALACTOSIDASE TITRE (cfu/ml).
Virus KSGLacZ KSGLacZ (-166,B2)
3T3 (1) 6.3X 10̂ 2.4x 10®

(2) 7.2X 10̂ 3. Ox 10®
(3) 8.9X 10̂ 3.3x 10®
(4) 7.5X 10̂ 3.7x 10®

F9 EC (1) 2.5x 10̂ 25 5. 3x 10® 5
(2) 4.5X 10̂ 16 7.2x 10® 4
(3) 6. 5x 10̂ 14 7. 4x 10® 5
(4) 3.9x 10̂ 19 7. Ox 10® 5

D3 ES (1) 6.2X 10̂ 102 2. Ox 10® 12
(2) 9.3X 10̂ 77 3. Ox 10® 10
(3) l.Ox 10̂ 89 3. Ox 10® 11
(4) 1. 2x 10̂ 63 3.7x 10® 10

C. /3-GALACTOSIDASE enzyme ASSAY (ng ̂ -Galactosidase/ 100/ig extract 
protein).

Virus MSGLacZ KSGLacZ (-166,B2)

3T3 (1) 540.0 2300.0
(2) 740.0 2900.0

Mean 640.0 2600.0
F9 EC (1) 2.2 54.0

(2) 2.5 58.0
Mean 2.4 267 56.0

D3 ES (1) 0.18 4.6
(2) 0.16 8.0

Mean 0.17 3765 6.3

46

412

{Emboldened value is the infection ratio.Mean infection ratio 
(titre) of MSGLacZ (-166) and MSGLacZ (B2) were 7 and 9 in F9 EC; 
47 and 21 in D3 ES cells. Infection ratio (assay) of MSGLacZ (- 
166) and MSGLacZ (B2) were 105 and 128 in F9 EC; 1225 and 2278 in 
D3 ES cells}.
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Fig.5.2 The MSGLacZ (-166, B2) retrovirus increases expression by 4-fold in EC 

and 8 -fold in ES cells. Infection ratios (3T3 / EC or ES) were obtained from 

galactosidase titres with MSGLûcZ and MSGLncZ (166, B2) viruses, infected 

on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D. values were 

calculated from four individual sets o f experiments.
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MSGLacZ virus.

/3-galactosidase enzyme assays were done to quantitate actual expression levels 

(Table 5.2.C) in infected cell extracts, showed a 6 -fold decrease in infection ratio from 

267 to 46 in F9 EC cells and 9-fold decrease from 3765 to 412 in D3 ES cells with 

MSGLûcZ (-166,B2). Southern analysis done with the genomic DNA infected with 

MSGLûcZ (-166, B2) showed 2.5 copies per genome in 3T3 EC cells, 1.1 copy per 

genome in F9 EC cells and 0.75 copy per genome in D3 ES cells (Table 5.2.D). 

Enzyme per provirus values were found to be 9-fold higher in 3T3 fibroblasts when 

compared to BkGLacZ.neo virus, which were 1040 in MSGLocZ (-166,B2) and 150 in 

BkGLacZ^neo virus. Levels of enzyme per provirus were also found to be high in range 

of 51 in F9 EC and 8.4 in D3 ES cells.

These data obtained with /3-galactosidase titre count and enzyme assay showed 

4- to 6 - fold increase in EC and 8 - to 9- fold increase in the expression with MSGLûcZ 

(-166,B2) in F9 EC and D3 ES ceUs.

5.4. MUTATION OF THE PUTATIVE EC CELI^SPECIFIC REPRESSOR SITE 

IN THE LTR AND THE B2-REPRESSOR SITE IN THE PBS INCREASES 

EXPRESSION IN EC AND ES CELLS.

The putative EC cell-specific repressor site in the long terminal repeat and the 

B2 repressor binding site in the primer binding site (PBS) region were mutated in the 

MSGLûcZ (-345, B2) virus, which was infected into F9 EC and D3, A Bl, CCE ES 

cells.

When target cells were infected after 18 hrs of incubation, a 4-fold decrease was 

observed in F9 EC cells, where infection ratio decreased from 25 to 7 (Table 5 .3 .A). 

However, a 6 - to 10-fold decrease was observed in ES cells, where infection ratios 

decreased from 102 to 10 in D3 ES cells, 210 to 32 in ABl ES cells and 81 to 11 in 

CCE ES cells. Further experiments were done to consolidate these results (Table 5.3.B; 

Fig.5.3). Mean infection ratios decreased 3.5-fold in F9 EC cells with MSGLûcZ (- 

345,B2), where values decreased from 19 to 5.5. Similarly in the ES cells, the infection 

ratios decreased from 83 to 12, signifying a 7-fold increase in the expression of the
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TABLE 5.2.D. ENZYME PER PROVIRUS FOR B A G L a c Z .n e o AND KBGLacZ
(-166.B2) VIRUSES INFECTED INTO EMBRYONIC CELL.

VIRUS 3T3 FIBROBLASTS F9 EC D3 ES

(I) PROVIRUS PER CELL (COPY NUMBER)
BAGLacZ,neo 1.3 0.35 27" 0.25 19*
KSGLacZ (-166,B2) 2.5 1.1 44 0.75 30*

(II) ENZYME PER PROVIRUS.'
BkGLacZ,neo 150/1.3 115 -/0.35 -/0.25
KSGLacZ (-166,B2) 2600/2.5 1040 56.0/1.1 51 6.3/0.75 8.4

* Percentage values of copy number, where 3T3 values were treated 
as 100%.
 ̂0-galactosidase activity is divided by copy number to derive a 
enzyme per provirus values which are emboldened (Enzyme units are 
the ng ^-galactosidase activity/ 100/xg extract protein) .
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Table 5.3 TITRE AND ENZYME ASSAY OF KSG LacZ AND K SG LacZ (-345.B2)
VIRUSES INFECTED INTO TARGET CELL.

A. P-GALACTOSIDASE TITRE (cfu/ml).
Virus HSGLacS KSGLacZ (-345,82)
3T3 (1) 6 . 3 x 10^ 1 . 8 x 10^
F9 EC (1) 2 . 5 X 10^ 25 2 . 7 x 10^ 7
D3 ES (1) 6 . 2 X 10^ 102 1 . 8 x 10^ 10
ABl ES (1) 3 .  Ox 10^ 210 5 . 7 X 10^ 32
CCE ES (1) 7 . 8 X 10^ 81 1 . 7 X 10^ 11

B. j3-GALACT0SIDASE TITRE (cfu/ml) .

Virus KSGLacZ KSGLacZ (-345,82)
3T3 (1) 6 . 3 X 10^ 1 .8 X 10^

(2) 7 . 2 X 10^ 3 .3 X 10^
(3) 8 . 9 X 10^ 3 .5 X 10'
(4) 7 . 5 X 10^ 4 .  7x 10'

F9 EC (1) 2 . 5 x 10^ 25 2 . 7 x lO'^ 7
(2) 4 . 5x 10^ 16 6 .  5x 10^ 5
(3) 6 .  5X lO'* 14 8 . 8 x 10^ 4
(4) 3 .9 X 10^ 19 8 . 5 x 10^ 6

D3 ES (1 ) 6 . 2 X 10^ 102 1 . 8 x 10^ 10
(2) 9 . 3 X 10^ 77 2 . 7 x 10^ 12
(3) l . O x lO'* 89 3 .  Ox 10< 12
(4) 1 . 2 X 10^ 63 3 . 3 x 10* 14

C. ^-GALACTOSIDASE ENZYME ASSAY (ng /3-Galactosidase/ 100/ig extract 
protein).

Virus KSGLacZ KSGLacZ (-345,82)
3T3 (1) 540.0 175.0

(2) 740.0 145.0
Mean 640.0 160.0

F9 EC (1) 2.2 1.9
(2) 2.5 1.7

Mean 2.4 267 1.8 89

D3 ES (1) 0.18 0.2
(2) 0.16 0.1

Mean 0.17 3765 0.15 1067

{Emboldened value is the infection ratio. Mean infection ratio 
(titre) of KSGLacZ (-345) and KSGLacZ (B2) were 30 and 9 in F9 EC; 
73 and 21 in D3 ES cells. Infection ratio (assay) of MSGLacZ (- 
345) and KSGLacZ (B2) were 216 and 128 in F9 EC; 2883 and 2278 in 
D3 ES cells}.
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Fig.5.3 The MSGLacZ (-345, B2) retrovirus increases expression by 3-fold in EC 

and 7-fold in ES cells. Infection ratios (3T3 / EC or ES) were obtained from 

^-galactosidase titres with MSGLûcZ and MSGLncZ (-345, B2) viruses, infected 

on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D. values were 

calculated from four individual sets of experiments.
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MSGLûcZ (-345,B2) virus. The increase of 3.5-fold in expression in F9 EC and 7-fold 

in D3 BS cells represents a decrease almost equivalent to the MSGLûcZ (-166,62) virus 

in Section 5 .3 ., signifying importance of a 62 mutation in P6 S which was able to 

neutralize effect of the EC-specific repressor. Enzyme assay (jS-galactosidase) was done 

to measure actual expression in extracts from cells infected with MSGZxzcZ (-345,62).

3-fold decrease in infection ratio in F9 EC cells (267 to 89) and 4-fold decrease was 

obtained in D3 ES cells (3765 to 1067).

These data obtained with jS-galactosidase enzyme assay and titre count suggest 

increases of 3-fold in F9 EC and 4- to 7- fold in D3 ES cells infected with M SG I^Z  

(-345,62) virus.

5.5. GENERATION OF AN SPl PROTEIN BINDING SITE AND MUTATION OF 

THE EC-SPECIFIC REPRESSOR SITE IN THE LTR AND THE B2-REPRESSOR 

SITE IN THE PBS INCREASES EXPRESSION IN EC AND ES CELLS.

The MSGLûcZ (-166,-345,62) virus was developed with the combination of all 

three mutations, when compared to the wild type virus (MSGLacZ). It was infected in 

one EC (F9) and three ES cell lines (D3,CCE and A61).

When MSGLûcZand MSGLûcZ (-166,-345,62) were infected 18 hrs after plating 

of the target cells, a 6 -fold decrease was observed in F9 EC cells, where infection ratio 

decreased from 25 to 4 (Table 5 .4 .A). However, a 6 - to 9-fold decrease was observed 

in ES cells, where infection ratios decreased from 102 to 12 in D3 ES cells, 210 to 33 

in A61 ES cells and 81 to 14 in CCE ES cells. Further experiments were done to 

consolidate these results (Table 5.4.6; Fig.5.4). Mean infection ratios decreased 2.3-fold 

in F9 EC cells with MSGLûcZ (-166,-345,62), where values decreased from 19 to 8 . 

Similarly in the ES cells, infection ratios decreased from 83 to 35, signifying 2-fold 

increase in the expression with the MSGLûcZ (-166,-345,62) virus.

jg-galactosidase enzyme values were done to quantitate expression in cell extracts 

obtained from cells infected with MSGLûcZ (-166,-345,62) virus showed a 2- to 3-fold 

decrease; the infection ratio decreased from 267 to 87 in F9 EC cells and 3765 to 1525 

in D3 ES cells. A 2- to 3-fold increase in expression with the triple mutation virus
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Table 5.4 TITRE AND ENZYME ASSAY OF K SG LacZ AND K SG LacZ (-166.
-345.B2) VIRUSES INFECTED INTO TARGET CELLS.

A. /̂ -GALACTOSIDASE TITRE <cfu/ml) .
Virus KBGLacZ KBGLacZ (-166,-345,B2)
3T3 (1) 6.3X 10̂ 7. 3x 10̂
F9 EC (1) 2.5X 10̂ 25 1. 9x lO'* 4
D3 ES (1) 6.2X 10̂ 102 6. 3x 10̂ 12
ABl ES (1) 3. Ox 10̂ 210 2.2x 10̂ 33
CCE ES (1) 7.8X 10̂ 81 5. 3x 10̂ 14

B. /5-GALACTOSIDASE titre (Cfu/ml) .
Virus MSGLacZ MSGLacZ (-166,-345,B2)

3T3 (1) 6. 3x 10̂ 7.3X lO'*
(2) 7.2x 10̂ 1. 3x 10̂
(3) 8.9x 10̂ 2.2x 10̂
(4) 7.5x 10̂ 2.9X 10̂

F9 EC (1) 2. 5x 10̂ 25 1.9x 10̂ 4
(2) 4. 5x 10̂ 16 2. Ox 10̂ 7
(3) 6. 5x 10̂ 14 2.6x 10̂ 9
(4) 3.9x 10̂ 19 2. 5x 10̂ 12

D3 ES (1) 6.2X 10̂ 102 6.3X 10̂ 12
(2) 9.3x 10̂ 77 4. 4x 10̂ 30
(3) l.Ox 10̂ 89 5. Ox 10̂ 44
(4) 1.2x 10̂ 63 5.5X 10̂ 53

C. ^-GALACTOSIDASE ENZYME ASSAY (ng ̂ -Galactosidase/ lOO/ig extract 
protein).

Virus KBGLacZ KBGLacZ (-166,-345,B2)
3T3 (1) 540.0 64.0

(2) 740.0 58.0
Mean 640,0 61.0

F9 EC (1) 2.2 0.8
(2) 2.5 0.6

Mean 2.4 267 0.7 87
D3 ES (1) 0.18 0.042

(2) 0.16 0.038
Mean 0.17 3765 0.04 1525

# ^  .  # — — t  ^  » m #

(titre) of MSGLacZ (-166), MSGLacZ (-345) and MSGLacZ (B2) were 
7, 30 and 9 in F9 EC; 47, 73 and 21 in D3 ES cells. Infection 
ratio (assay) of MSGLacZ (-166), MSGLacZ (-345) and MSGLacZ (B2) 
were 105, 216 and 128 in F9 EC; 1225, 2883 and 2278 in D3 ES 
cells}.
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Fig.5 .4 .The MSGLacZ (-166,-345, B2) retrovirus increases expression by 2-fold in 

EC and ES cells. Infection ratios (3T3 / EC or ES) were obtained from /8 - 

galactosidase titres with MSGLacZ and MSGLacZ (-166,-345, B2) viruses, 

infected on target cells (3T3, F9 EC and D3 ES cells). Mean and S.D. values 

were calculated from four individual sets of experiments.
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MSGLûcZ (-166,-345,B2) was much less then its double mutation derivatives (MSGLacZ 

-166,B2 and MSGLacZ -345,B2). It might be possible that since it was a low titre virus 

(x 1 0 )̂, therefore it was not able to infect appropriately or its expression was very low. 

Adverse effect of EC-specific repressor could be a another possibility in achieving a low 

titre values in EC and ES cells.

These results obtained with j8 -galactosidase titre count and enzyme assay revealed 

2- to 3- fold increase in expression of MSGLacZ (-166, -345, B2) virus in EC and ES 

cells.

5 .6 . DISCUSSION

The multiple point mutations incorporated into the MSGLacZ virus were infected 

and analyzed in EC and ES cells. The MSGLacZ (-166,-345) containing a blocked site 

for a EC-specific repressor and a generated site for Spl had no significant effect on the 

expression of this Mo-MSV based virus in EC and ES cells. This result suggests that the 

repressive effect o f the EC-repressor has not been neutralized and it also nullifies the 

positive effect o f generating the Spl binding site in the long terminal repeat of the Mo- 

MSV. It is also possible that mutation at -345 generates a new binding site for a new 

repressor of transcription, which may be the most plausible explanation of neutralizing 

positive effect of Spl as obtained with MSGLacZ (-166) in last chapter and other studies 

(Grez et. a l ,  1991; Prince and Rigby, 1991).

Generation of an Spl binding site in the LTR and blocking of the B2-repressor 

site in the PBS o f MSGLacZ (-166,B2) virus increases expression by 4- to 6 - fold in EC 

and 8 - to 9- fold in the ES cells. This virus exhibited maximum increase in the 

expression levels in this study. This increase was more than the increase obtained with 

MSGLacZ (-B2), which was 2-fold in EC and 4-fold in ES cells; and MSGLacZ (-166) 

which showed increase of 2-fold in both types of cells in the last chapter (4).

The MSGLacZ (-345,B2) containing blocked sites for the EC-specific repressor 

of the LTR and the B2 repressor of the PBS increased expression by 3-fold in EC and

4- to 7-fold in ES cells. The increase obtained with MSGLacZ (-345,B2) virus was less 

than the MSGLacZ (-166,B2) virus but more than the MSGLacZ (-345,-166) virus. This
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again shows that the that -345 mutation is invalid mutation and binding site of EC- 

specific repressor has not been blocked completely.

The virus containing triple mutations or MSGLacZ (-166,-345,B2) had an site 

for the binding of Spl protein and blocked sites for the EC-specific repressor in the LTR 

and a B2-repressor of a primer binding re^on. This virus was able to increase 

expression in EC and ES cells by 2-fold only. There was one disadvantage with this 

virus as it was low-titre virus therefore it was not able to express very well in the EC 

and ES cells, as in the initial experiments it yielded 6  to 10-fold increases in the 

expression. However it was still better then the MSGLacZ (-166,-345) virus, in which 

no increase in expression was observed.

Finally I would like to summarize results obtained with recombinant viruses 

generated and analyzed in this study (Table.5.5). With the exception of ^KGLacZ.neo 

virus, which was not able to express in F9 EC and D3 ES cells, all other viruses like 

MSGLûcZ, MFGlacZ and their derivatives and mutant BKGLacZ,neo (B2) virus were 

able to express efficiently in these cells. In F9 EC cells, analysis by titre and enzyme 

assay revealed maximal increase in expression by 4- to 6 - fold with MSGLacZ (-166, 

B2). Similarly MSGLûcZ (-166, B2) also fared better then the other viruses in expression 

profile in D3 ES cells, where 8 - to 9- fold increase in expression was obtained.
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TABLE 5.5. SUMMARY OF EXPRESSION PROFILE OF KSGLacZ, KFGLacZ AND 
THEIR MUTANTS INFECTED INTO EC AND ES CELLS.

RETROVIRUS EXPRESSION 
(EC/ES CELLS)

/3-6ALACTOSIDASE ANALYSIS 
TITRE COUNT+ ENZYME ASSAY+
F9 EC D3 ES F9 EC D3 E

KSGLacZ + 1 1 1 1
KSGLacZ (B2) + 2 4 2 2
KSGLacZ (-166) + 3 2 3 3
KSGLacZ (-345) + -* 1 1 1
KSGLacZ (-166,-345) + 1.5 1 1 1
KSGLacZ (-166,62) + 4 8 6 9
KSGLacZ (-345,B2) + 3 7 3 4
KSGLacZ (-166,-345,62) + 2 2 3 2
MFGLacZ + 1 1 1 1
KFGLacZ (62) + 2 5 2 2
BAGLacZ,neo* - - - - -

Fold increase was obtained by comparing infection ratios of 
mutant viruses with the MSGLacZ virus. Units for the jS- 
galactosidase titres are cfu/ml and enzyme activity are the ng 
0-galactosidase protein/ 100/xg extract protein.
Infection ratios increased by 2-fold instead of decreasing, 
thereby giving -ve values i.e. MSGLacZ was found to be better 
then the KSGLacZ (-345) virus in F9 EC cells.

 ̂BAGLacZ,neo was not able to express in EC/ES cells, therefore it 
was not possible to give fold increases for comparison.
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CHAPTER 6

IISK OF THK MSG^aeZ (-166.B2) RETROVIRUS TO 

INFECT MORULA STAGE EMBRYOS.
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6.1. INTRODUCTION.

Since cell-lineage plays a crucial role in determining cell phenotype, knowledge 

about the genealogical relationships of cells is a prerequisite to understanding the 

mechanisms that underlie their developmental choices. In mammals, lineage studies have 

relied largely on the use of chimeric animals, which are produced by combining cells 

of genotypically different embryos (Le Douarin and McLaren, 1984). Dyes has also been 

injected into the cytoplasm of individual EC cells and remain detectable through many 

cell divisions (Kimmel and Warga, 1986). They followed the labeled progeny cells 

uniquely in three-dimensional images, acquired from the embryo over several days. In 

both o f these methods, however, cells are marked at pregastrula stages of development, 

and it is therefore early lineages that are most amenable to study. A novel approach to 

this problem is suggested by the recent development of recombinant retroviral vectors 

in which exogenous genes replace portions of a retroviral genome. If the exogenous gene 

encodes a protein that can be detected within single cells, the individual clonal 

descendants of the infected cell can be histochemically or immunohistochemically 

labelled. By infecting embryos and analysing labelled clones at appropriate stages, it 

should be possible to derive the lineage relationships of the labelled cells.

Sanes et al. (1986) reported that following injection of a recombinant Mo-MuLV 

virus in to mid-gestation mouse embryos, clones of LûcZ-positive cells were detected in 

skin, skull, meninges, brain, visceral yolk sac and amnion. In each tissue, they noted 

that several cell-types have a pluripotential ancestor and that cell fate is progressively 

restricted as development proceeds. Savatier et al. (1990) examined permissiveness to 

Moloney Murine Leukaemia Virus (Mo-MuLV) expression during preimplantation and 

early postimplantation development of the mouse embryo. Embryos infected with a Mo- 

MuLV-based vector expressing the LacZ gene from the viral LTR showed /3- 

galactosidase positive cells only in mesoderm and definitive ectoderm. Fields-Berry et 

al. (1992) used recombinant retroviruses encoding the histochemically detectable enzyme 

j8 -galactosidase (BAG vector) and assayable enzyme, placental alkaline phosphatase 

(DAP vector) have been used to investigate lineage in the vertebrate nervous system. 

Coinfection of rodent retina with DAP and BAG retrovirus allowed an examination of
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the clonal nature of redial arrays of labeled retinal cells that previously had been 

described as products of a single infected progenitor.

Price et al. (1987) used a retroviral vector BhGLacZ,neo to mark cells o f the 

nervous system by injecting virus into the rat retina. The retina has a variety of neuronal 

and glial cell types in an ordered morphology that permits the identiAcation of labeled 

cells and there are several cell types that are dividing at birth. Their data illuminated the 

utility of retrovirus vectors for the introduction o f genes into neural cell precursors. 

Interpretation of lineage relationships is limited to cells that express the jg-galactosidase 

marker. Since unlabelled neighbouring cells fail to express the viral gene products due 

to non-permissiveness of Mo-MSV or Mo-MuLV retrovirus in EC and ES cells, 

undermines interpreteration of their data. It is very important that retroviral vector 

should not only be able to infect but also express in totipotential stem cell, thereby in 

real sense embryos at early stage can be infected and expression of jg-galactosidase can 

be traced into any types of cells. Since MSGLûcZ (-166,B2) was able to express 

efficiently in stem cells therefore it was decided to use this virus in this chapter, to infect 

morula stage embryos to observe whether this virus can express in inner cell mass, 

thereby raising a possibility of expressing in all types of cells.

6.2. MSGLacZ (-166,B2) CAN BE USED TO EXPRESS AN EXOGENOUS GENE 

IN A BLASTOCYST STAGE EMBRYO.

It was decided to infect MSGLacZ (-166,B2) in to morula stage embryos for three 

reasons: (i) This combination of mutations had the maximum effect on the infection 

ratio, with ratios decreased to 4.5 in F9 EC cells and 11 in D3 ES cells, as discussed 

in Section 5 .3 ., (ii) It had highest titres on F9 EC and D3 ES cells in comparison with 

the other viruses analyzed in this study and (iii) it expresses in ES cells more efficiently 

then the other viruses.

6.3. INFECTIONS OF MORULAE WITH RECOMBINANT RETROVIRUSES.

Embryos at the morula stage were isolated and infected with the MSGLacZ (- 

166,B2) and BAGLocZ,/ica viruses by culturing them in the medium containing the
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respective producer lines for the viruses. /8 -galactosidase-positive cells were identified 

by the X-gal staining. Morula embryos were infected with MSGLacZ (-166, B2) and 

'QkGLacZ,neo in dishes containing producer cells for these viruses for 48 hrs, to allow 

infected cells to divide, a pre-requisite for viral integration and expression. 0- 

galactosidase positive cells were identified by the X-gal staining between 24 and 48hrs 

after infection.

The frequencies o f positive cells in blastocysts are given in Table 6.1. Infections 

with BAGLacZ,neo yielded no ^-galactosidase staining in any o f 100 embryos; however, 

with MSGLûcZ (-166, B2) 35 embryos showed blue cells, of which 25 embryos had j3- 

galactosidase staining in the inner cell mass and 1 0  embryos had staining in trophoblast 

as well as in the inner cell mass. Plate 6 .1 shows blue cells in the blastocyst. A few blue 

cells were observed in the inner cell mass in Plate 6.1 A and B, but in Plate 6 . l.C  large 

number of positive cells can be observed in the inner cell mass. Since it was difficult to 

prove that staining was present in the inner cell mass, it was decided that in the 

subsequent experiments embryos obtained after infections should be grown in a DMEM 

(ES) cell medium (Methods) for further 48 hrs, to form a blastocyst outgrowth so that 

it would be easier to identify stained inner cell mass and trophoblast cells.

6.4. FREQUENCY OF INFECTIONS ON THE BLASTOCYST OUTGROWTH.

MSGLacZ (166,B2) and BAGLacZ.neo were infected into morula stage embryos 

for 48 hrs in dishes containing the respective retroviral producers and then transferred 

to a multi-well glass slide (Nunc) containing DMEM (ES) cell medium for 48 hrs. 

During this time, they formed a trophoblast outgrowth and the inner cell mass 

differentiated into epiblast and primitive endoderm. Embryos infected with 

BAGLacZ,neo did not show any /5-galactosidase staining. In identical conditions, 200 

embryos, stained in four different experiments at different times, showed positive ff- 

galactosidase staining in 6 6  embryos (Table 6.1.B). 6 6  embryos showed blue cells in the 

inner cell mass and in only 1 2  embryos was positive staining also observed in the 

trophoblast. Plates 6.2. and 6.3. show jg-galactosidase-positive cells in the inner cell 

mass and very few cells in the trophoblast. Similarly, a large number of blue cells can
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TABLE 6,1,INFECTIONS IN THE BLASTOCYST STAGE EMBRYO.

VIRUS TOTAL NUMBER OF NUMBER OF POSITIVE EMBRYOS
EMBRYOS INFECTED INNER CELL MASS TROPHOBLAST

A. FREQUENCIES OF POSITIVE CELLS IN BLASTOCYST.

MSGLacZ (-166,32) 100 25 10

BAGLacZ,neo 100

B. FREQUENCIES OF POSITIVE CELLS IN BLASTOCYST OUTGROWTHS.

MSGLacZ (-166,32) 200 66 12

BAGLacZ,neo 100

(Positive cells were identified by ^-galactosidase staining).
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PLATE 6.1 BLASTOCYST STAINED FOR THE /ff-GALACTOSIDASE
ACTIVITY.

(20X MAG.).
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PLATE 6 .2  BLASTOCYST STAINED FOR THE ^^-GALACTOSIDASE
ACTIVITY.

(10X MAG.).

A.

B.

C.
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PLATE 6 .3 . BLASTOCYST STAINED FOR THEyff-GALACTOSIDASE
ACTIVITY.

A.10X MAG.

B.10X MAG.

#
C. 20X MAG



be observed in the two different magnifications (Plate 6.4 and 6.5). 33% positive 

infections were obtained with MSGLacZ (-166,32) but not a single embryo was found 

to be infected with the BKGLacZ,neo, suggesting that MSGLacZ (-166,32) is able to 

express in the embryo due to its extra sequences in the gag region, generation of a Spl 

binding site and blocking of the 32-repressor o f the primer binding site. BkGLacZ,neo 

was not able to express in embryos, EC or ES cells as discussed in the studies done 

earlier (Price et al., 1987; Savatier et al., 1990).

6.5. IMMUNOSTAINING OF STEM CELLS CONFIRMS RETROVIRAL 

INFECTION OF THE INNER CELL MASS OF THE EMBRYO.

In the previous sections positive infection of blastocysts and blastocyst outgrowths 

was observed but it was decided to confirm these infections by the immunostaining. A 

monoclonal antibody derived by fusion o f mouse myeloma cells with spleen cells from 

a mouse immunized with teratocarcinoma cells was used (Solter and Knowles, 1978). 

This antibody, which reacts with EC cells o f mouse and human origin and with some 

preimplantation stage mouse embryos, defines an embryonic stage-specific antigen. This 

stage-specific antigen (SSEA-1) is first detected on blastomeres of 8 -cell stage embryos 

(Solter and Knowles, 1978).

The MSGLacZ (-166,32) virus was infected into morula stage embryos for 48 hrs 

in a dish containing the retroviral producer cells and then transferred to a multi-well 

glass slide (Nunc) containing ES cell media for 48 hrs. During this time, they formed 

a trophoblast outgrowth and the inner cell mass differentiated into epiblast and primitive 

endoderm as discussed in previous section. Elastocysts on glass slides were stained 

between 24-48 hrs after infection. Plates 6.5 and 6 . 6  (A) show that the blastocyst 

outgrowths had blue stained cells in the inner cell mass. These cells were processed for 

antibody staining (Methods) and observed under the microscope for fluorescent staining. 

Plate 6 . 6  (3) shows the green fluorescence in the inner cell mass cells only and also 

covers surrounded areas near the /8 -galactosidase stained cells. Stained cells for the )3- 

galactosidase shows blackened areas in the fluorescent inner cell mass cells.

To identify whether the stained producer cells o f MSGLûcZ (-166,32) are also
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PLATE 6.4. BLASTOCYST STAINED FOR THE yff-GALACTOSIDASE
ACTIVITY.

A. 20X MAG,

B. 32X MAG.

2 23



PLATE 6.5. BLASTOCYST STAINED FOR THE jg-GALACTOSIDASE
ACTIVITY.

A. 20X MAG.

B. 32X MAG.
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PLATE 6 .6 .BLASTOCYST STAINED FOR THE iff-GALACTOSIDASE
ACTIVITY IN THE INNER CELL MASS OF THE EMBRYO.

A.)5-GALACT0SIDASE STAINING IN THE INNER CELL MASS OF THE 
BLASTOCYST (20X MAG.).

B.STEM CELL SPECIFIC IMMUNOSTAINING IN THE INNER CELL MASS OF THE 
^-GALACTOSIDASE STAINED EMBRYO(20X MAG).

2 25



identified by this SSEA-1 antibody, it was decided to stain for /8 -galactosidase activity 

in the producer cells lying on a non-infected blastocyst outgrowth. Plate 6 .7 .(A) shows 

some blue (jS-galactosidase positive) producer cells (MSGLûcZ,-166,B2) laying over the 

blastocyst outgrowth. However, Plate 6.7 (B) shows that the SSEA-1 antibody does not 

recognize the blue producer cells lying on the edges o f the blastocyst outgrowth. This 

observation is remarkably different when compared to Plate 6 . 6  (B), where blue inner 

cell mass cells were illuminated and recognized by fluorescence. Immunostaining reveals 

that lASGLacZ (-166,B2) infection occurs in the inner cell mass o f the blastocyst 

outgrowths.

6.6. DISCUSSION

Early-cleavage-stage embryos and blastocysts are not permissive to Mo-MuLV 

expression (Jaenisch et al., 1975,1981). For three main reasons, it was decided to infect 

MSGLacZ (-116,B2) into morula stage embryos: (i) It showed the maximum decrease 

in the infection ratios, (ii) It had the highest transduction titre values in EC and ES cells 

and (iii) it expresses in embryonic stem cells very efficiently.

Savatier et al. (1990) concluded that permissiveness to transcriptional activity o f  

the LTR is acquired immediately upon differentiation of epiblast during gastrulation of 

the embryo. Blastocysts and 8 th, 9th and 10th day post-implantation embryos were 

infected in vitro with a Mo-MuLV-based retroviral vector expressing the LacZ gene 

driven off an internal rat jS-actin promoter, jg-galactosidase positive cells were identified 

in all embryonic tissues including inner cell mass, epiblast, mesoderm, endoderm and 

definitive ectoderm. In contrast, embryos infected with a Mo-MuLV-based vector 

expressing the LacZ gene driven off the viral LTR showed jS-galactosidase-positive cell 

only in mesoderm and definitive ectoderm.

The morulae stage embryos expressed the jS-galactosidase activity with the 

MSGLûcZ (-166,B2) but not with the BPiGLacZ,neo. Immunostaining in the blastocyst 

outgrowth consolidated our finding that jS-galactosidase expression was occurring in the 

inner cell mass or epiblast of the blastocyst. It is tempting to speculate that due to the 

efficiency of the two mutations and the gag sequences in the MSGLacZ (-166,B2) virus.
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PLATE 6 .7 .BLASTOCYST AND mSGLacZ -166.B2 'PCRE RETROVIRAL
PRODUCER CELLS STAINED TO DISTINGUISH BETWEEN FIBROBLAST 
AND STEM CELL MORPHOLOGY BY THE IMMUNOSTAINING.

A. /ff-GALACTOSIDASE POSITIVE PRODUCER CELLS (10X MAG).

B. yff-GALACTOSIDASE POSITIVE PRODUCER CELLS NOT IDENTIFIED BY STEM 
CELL SPECIFIC ANTIBODY (10X MAG.).

227



has been able to express in the undifferentiated state of the inner cell mass and o f the 

epiblast. This is a definitive proof that absence of a binding site for B2-protein, a 

negative regulatory factor and a presence of a site for Spl binding protein can remove 

the repression of LTR activity to considerable extent.

Price et al. (1987) described a retrovirus BkGLacZ,neo as a cell-lineage marking 

system applicable to the vertebrate nervous system. In the rat retina, they injected virus 

in vivo and histochemically identified clones o f marked neural cells. They also analyzed 

infected cultures of rat cerebral cortex and identified the clonal relationships of 

morphologically different neural cell types. They had one limitation that BkGLacZ,neo 

does not express in EC and ES cells. In this study, MSGLacZ (-166,B2) was able to 

express efficiently in inner cell mass. It can be used as a marker in stem cells and the 

j3-galactosidase positive cells can be traced at later stages of development without a 

restriction o f non-permissiveness in stem cells. Preimplantation (4-8 cells) mouse 

embryos can be exposed to infectious virus for a short time or cultured up to the morula 

or blastocyst stage. They can be reimplanted into uteri of foster mothers to allow further 

development and cell lineages can be traced and marked. Bone marrow cells injected into 

y-  ray-irradiated recipient animals can reconstitute the haematopoietic system, and cell 

lineages can be tracked in the recipient animal. Bone marrow cells infected with 

retroviruses were shown to participate in the reconstitution of the haematopoietic system 

of the animal (Williams et al., 1984; Ohashi et al., 1992; Vieillard et al., 1994). For 

genetic studies, the use o f retroviruses to generate insertion mutations in transgenic mice 

has the advantage over DNA microinjection that the provirus integrates into the host 

genome without causing sequence rearrangements.
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CHAPTER 7

ANALYSES OF SPLICING OF RETROVIRAL VECTOR TRANSCRIPTS AND 

mENTIFICATION OF A NEW REPRESSOR SITE IN THE PRIMER 

BINDING REGION.
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7.1. INTRODUCTION.

MSGLûcZ and its various derivatives have been used to express a reporter gene 

in a variety of cell types in culture as well as the cells of the developing mouse embryo. 

It seemed important to try to identify the reason why the MSGLûcZ virus is so efficient 

in EC and ES cells, whereas conventional retroviral vectors, for example BkGLacZ,neOj 

are non-functional. All retroviruses use apparently conventional 5' and 3' splice sites to 

produce env mRNAs (Bishop and Varmus, 1982, 1985). It was decided to investigate 

the splicing of this virus, since it has intact splice acceptor and donor sites which are not 

present in many vectors. Finally, I wanted to study the possible existence of a new 

repressor site in the primer binding region and the possible role o f the B2 protein in the 

cell cycle.

7.2. Sl-NUCLEASE PROTECTION ASSAY TO STUDY THE SPLICING OF MSG 

RETROVIRAL mRNAs.

To answer the question why MSGLacZ and MFGLacZ work in EC and ES cells 

while BAGLacZ,nco does not, it was decided to investigate the splicing o f MSGLacZ, 

since it has intact splice acceptor and donor sites.

The Mo-MuLV sequences incorporated in MFGLacZ are shown in Fig.7.1. The 

5' gag region (621-1040) has been joined to sequences from the 3' pol region (5401- 

5776) containing the splice acceptor (SA) site. The SD site contains CAGGTA (bp-1049 

to 1052) and SA contains CTCTCTCCAA (1981 to 1990). This virus also has some 

extra sequences, as depicted in the figure. The SI nuclease experiments were done with 

a 290 bp fragment from the BAGLacZ,/zco (B2) vector and 1158 and 1015 bp fragments 

from the MSGLacZ (166,B2) vector (Fig.7.2).

The 290bp fragment from BkGLacZ.neo (B2) is just after the SD site and is 

present in the BAGLacZ,«ca and MSGLacZ (-166,B2) vectors. The SA site is not present 

in the BAGLacZ,aca vector so it was assumed that a protected fragment will be obtained 

from BAGLacZ,nca virus infected cells. Similarly, it was postulated that if splicing 

occurs with the MSGLacZ (-166,B2) virus involving the Splice Acceptor site a protected
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Fig.7 .1 .The wild-type Mo-MuLV sequences were incorporated in MFGLacZ . The 

MFG vector consists o f the wild-type Mo-MuLV sequences containing LTRs, 

gag and po l sequences with a splice acceptor site. The LacZ sequences were 

incorporated in pMFG (pSOM29) to make MFGLacZ (Mulligan P.C.).
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Fig.7.2 Fragments obtained from MFGLacZ (-166,B2) and BAGLacZ,aca (B2) for 

SI Nuclease protection assay. A 290bp fragment (Spel - BamHI) from 

BAGLacZ,nco (B2), 1149bp fragment (Spel - Ncol) and 1015bp fragment (Saul - 

Saul) from MSGLacZ (-166,B2) were isolated after restriction enzyme digestion 

and used for SI-Nuclease protection assay.
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fragment would not be obtained in cells infected with this virus. Fragments (1127 and 

1015 bp) obtained from the MSGLacZ (-166,62) vector contain the SA site and either 

include/exclude LacZ sequences (Fig.7.2.II). It was expected to observed spliced 

fragments if splicing was present in MSGLacZ (-166,62) infected cells and no protected 

fragment was expected with B\GLacZ,neo  infected cells. Predicted protected spliced and 

unspliced RNA species are depicted in Fig.7.3. Fig.7.3(A) shows generalized figure to 

show spliced mRNA from the proviral transcript. Due to 3' labelling o f RNA species, 

it was unfortunate to not to see protected species, when probe 6  and C were used 

(F ig.7.3.6).

No protected fragment was obtained with RNA samples from uninfected cells 

when probe A (290 bp) or 6  (1015) was used (lanes 10 to 13; Fig.7.4). However, a 

290bp protected fragment was obtained with RNA (3T3 and F9 EC) from cells infected 

with BAGLacZ,neo (lane 8  and 9) and also with MSGLacZ (-166,62) infected 3T3 and 

F9 EC RNA (lane 6  and 7) suggesting that not all RNA is spliced has occured in these 

cells. A protected band of 1015 bp was also obtained with RNA from 3T3 and F9 EC 

infected with MSGLûcZ (-166,62) virus (lane 4 and 5) but not with the cells infected 

with BAGLacZ,neo (lane 2 and 3). A faint band could also be seen in lane 5 in the 

original which has been lost during reproduction of the autoradiograph. The bands 

obtained with the larger fragment were weak but confirm the presence o f unspliced 

genomic RNA in cells infected with MSGLacZ (-166,62) virus.

It was decided to analyze a ŸCre producer line o f MSGLacZ (-166,62) to 

confirm the above results with the previous probes (A and 6 ) and a new probe C which 

contains some LacZ sequences (Fig.7.5). Uninfected RNA did not show any protected 

fragment with any of the three probes (11 to 13). Probe A showed a protected fragment 

in the Ÿ MSGLûcZ (-166,62) producer line and the 3T3 RNA infected with 

BAGLacZ.neo and MSGLacZ (-166,62) (lane 3 to 5). A band o f 1015 bp was protected 

with the 6  probe in RNA from the Ÿ MSGLacZ (-166,62) producer line and 3T3 RNA 

infected with MSGLûcZ (-166,62) virus (lane 7 and 8 ). Lane 6  shows a feeble band 

which might be partially or undegraded probe. Probe C was also protected by RNA from 

MSGLacZ (-166,62) infected 3T3 cells and its producer line (lane 8  and 9). This
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Fig.7.3 Sl-nuclease analysis.
(A). Spliced mRNA obtained from the primary transcript o f integrated proviral

copy.

(B). Probes used in the Sl-neclease experiments.
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Fig.7.4 SI nuclease protection analysis of total RNA isolated from cells infected 

with MSGLacZ (-166,B2) and BAGLacZ,nco virus. 50/xg o f total RNA 

isolated from uninfected F9 EC cells and 3T3 fibroblasts and cells infected with 

MSGLacZ (-166,B2) and BKGLacZ.neo virus were analyzed by SI nuclease 

protection using a radio-labelled 290bp and 1015bp fragment.
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Fig.7.5 SI nuclease protection analysis of total RNA isolated from cells infected 

with MSGLacZ (-166,B2) and BAGLacZ,nco virus and MSGLacZ (-166,B2) 

producers. 50/zg of total RNA isolated from uninfected 3T3 fibroblasts and cells 

infected with lASGLadZ (-1 6 6 ,B2) and BAGLacZ,/ico virus and producer cells 

QASGLacZ -166,B2) were analyzed by SI nuclease protection using a radio

labelled 290bp,1015bp and 1149bp fragment.
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protection assay also confirmed the presence o f unspliced vector RNA in both producers 

and target cells. It is possible, and indeed likely, that fraction of RNA species are 

spliced or that the splice sites are not stable enough to produce a spliced product. 

However these results suggest that not all the RNA is spliced with MSGLacZ virus and 

its mutant versions.

7.3. REGULATION OF B2 PROTEIN IS ASSOCIATED WITH TIME OF 

PLATING.

Viruses carrying a mutation which abolishes binding of a B2 repressor gave 

interesting results in the transduction experiments presented in the earlier chapters. It 

was decided to determine the optimal interval between plating cells and exposing them 

to virus. It was noted that virus carrying the B2 mutation gave higher titres relative to 

their wild type counterparts when these viruses were infected into target cells after 

plating them for 4 hr or 18 hr (Table 7.1).

Large differences in the fold increases o f the infection ratios of MSGLacZ and 

MSGLacZ (B2) viruses in target cells were observed (Table 7.1). In D3 ES cells, 14-fold 

increase was obtained in the cells infected after 4 hr of plating, whereas in second set 

of experiments increase was only 3-fold, where cells were infected after 18 hrs of 

plating. Similar results were obtained in ABl (14- and 2- fold increase), CCE (6 - and 

4- fold increase) and F9 EC (4 and 1-fold) cells in both sets o f experiments. These 

results suggest that B2 repressor protein may be regulated on plating gradient as 

expression o f mutated virus was found to be prominent when infected after 4 hrs of 

plating target cells.

MSGLacZ and MSGLacZ (-166,B2) were infected into serum starved 3T3, F9 EC 

and N2A cells every 4 hrs for 24 hrs. N2A were chosen because there was no B2 

repressor protein seen by the electrophoretic mobility shift assay in Chapter 4. Infection 

ratios were analyzed (Fig.7.6 and 7.7). Maximum infection titres were obtained where 

target cells were plated for 16hrs and then infected with MSGLacZ virus (Fig.7.6.A). 

Similarly with MSGLacZ (-166,B2) virus maximum titres were obtained after plating 

cells for at least 20-22 hrs (Fig.7.7.A).
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TABLE 7.1. TITRE OF RETROVIRUSES INFECTED INTO TARGET CELLS.

VIRUS NIH 3T3 D3(ES) ABl(ES) CCE(ES) F9 (EC)

A. Cells infected after plating for 4hrs (cfu/ml).
MSGLacZ 5.9 x 10̂ 8.7 X 10̂  

(68)
5.9 X 10̂  1.3 X 10̂  

(100) (45)
8.0 X 10̂

(7)
MSGLacZ B2 5.8 x 10̂ 1.1 X 10̂  

(5)
8.1 X 10̂  8.3 X 10̂  

(7) (7)
3.0 X 10̂  

(2)
Fold increase
(Infection ratios)

14 14 6 4

B. Cells infected after plating for iBhrs (cfu/ml).
MSGLacZ 6.3 x 10̂ 6.2 X 10̂  

(102)
3.0 X 10̂  7.8 X 10̂  

(210) (81)
2.5 X 10̂  

(25)
MSGLacZ 32 8.7 x 10̂ 2.9 X 10̂  

(30)
9.7 X 10̂  3.8 X 10̂  

(90) (23)
4.9 X 10̂  

(18)
Fold increase
(Infection ratios)

3 2 4 1

Emboldened values in brackets are the infection ratios.
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Fig.7.6 Target cells (NIH 3T3, F9 EC and N2A) were infected with MSGLacZ

virus after every 4hrs for 24hrs. (A). /3-galactosidase titres were counted and 

normalized infection percentage were calculated with highest titre values treated 

as 100%. (B). Infection ratios (3T3/F9 EC or N2A) were calculated from titre 

values.
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Fig.7.7 Target cells (NIH 3T3, F9 EC and N2A) were infected with MSGLacZ

(-166,B2) virus after every 4hrs for 24hrs. (A). jS-galactosidase titres were 

counted and normalized infection percentage were calculated with highest titre 

values treated as 100%. (B). Infection ratios (3T3/F9 EC or N2A) were 

calculated from titre values.
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With MSGLacZ infection ratios peaked at 4-8 hr after the plating o f F9 EC cells 

and dropped to minimum levels between 16-21 hrs (Fig.7.6.B). Since the B2 protein is 

not present in N2A cells infection ratios were constant. However with the mutated virus 

MSGLacZ (-166,B2) infection ratios dropped from 180 to 25 in this experiment 

(Fig.7.7). Infection ratios also stabilized between 5-20 and the lowest ratio thus obtained 

was at 4hrs which had the highest ratio in the earlier experiment with the unmutated 

virus. This result suggests that B2-repressor might be regulated on time of plating o f  

cells.

7 .4 . FOUR BANDS PRESENT IN A PRIMER BINDING SITE REGION.

Four bands were observed with a WT-RBS sequence (Chapter 4). It was decided 

to mutate putative sites o f the two bands as a decrease in the infection ratio was obtained 

when mutated viruses were used to infect F9 EC cells (Kempler et. al., (1993); Table 

7.2).

A PCC4 cell extract showed four bands B,A,R and C in lane 1 (Fig.7 . 8 ). Binding 

o f the B-complex was not observed with the mB probe carrying a mutation in the B2 

repressor site. Similarly mutations in the mA and mR probes prevented formation of the 

A and R complexes (lanes 3 and 4). The PCC4-D cell extracts gave the, A, R and C 

complexes observed with WT virus (lane 5). The A band was of slower mobility and 

it still showed affinity to the mutated mA probe (lane 7). Complex R did not bind to the 

mR probe (lane 8 ). However neuroblastoma (N2A) cells showed none o f the four bands 

(lane 9 to 12).

Competition experiments were done to establish whether the bands were specific 

(Fig.7.9). The bands were competed with WT-RBS (lane 3 and 4) but not by the non

specific probe (lane 5). The mutB probe was not able to compete out all bands (lane 8  

and 9). However, mA and mR probes competed out the specific bands (lane 13,14,18 

and 19). Non-specific probe (PI element) was unable to compete the bands (lane 10, 15 

and 2 0 ).

Bands A and R were competed out with the specific probe only. Band B is a 

specific complex (Kempler et. al., 1993) but it was difficult to compete it with the
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TABLE 7.2. DATA FROM KEMPLER et. al.. 1993 SHOWING 
INFECTION RATIO OF MUTATED VIRUSES.

VIRUS MUTATION 3T3/F9 COMPLEX

ISLE WT GCrGGG CTCGT CCGGG AT 4120

ISLE T GCGGG CTCGT CCGGG AT 19 A

ISLE OF GGGGG CTAGT CCGGG AT 34 R

ISLE B2 GGGGG CTCGT CCGAG AT 101± 40 B2
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Fig.7 . 8  Bands B, A, R and C are the specific complexes.

A 2ng of radiolabeled wild type RBS, mut A, mutR and mutC oligonucleotides 

were used to probe Sjug of whole cell extracts obtained from PCC4, PCC4-D 

and N2A cells. In each reaction I fig of sonicated salmon sperm DNA were used 

as a non-specific competitor.
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Fig.7.9 Bands B, A, R and C are the specific and individual repressor 

complexes. 2ng of radiolabeled wild type RBS, mutA, mutR and mutC 

oligonucleotides were used to probe 8 /ig of whole cell extracts obtained from 

PCC4, PCC4-D and N2A cells. Unlabelled WT RBS, mutA, mutR and mutC 

oligonucleotides as specific competitors and PI as non-specific competitor were 

used for competition of the complexes. In each reaction 1/tg of sonicated salmon 

sperm DNA were used as a non-specific competitor.
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probes and labelled mutated probe mB still binds the B2 protein. However, transduction 

experiments were quite convincing which increased retroviral expression with/without 

the help of the other mutations in the LTR. Table 7.2 describes results obtained by 

Kempler et. al. (1993). Their results show that mutation in Isle T and isle OF (referred 

to as A and R complexes in this study) gave a decrease in the infection ratio from 4120 

to 19 and 34, which was better than the B2 mutation in the B2 Isle which had a ratio of 

101. In this section, however, complexes A and R were identified as independent 

complexes and data shown by Kempler et. at. (1993) proves them to be repressors of 

a Primer binding site.

7.5. DISCUSSION.

7.5.1. Analysis of splicing of the MSGLacZ vector transcripts.

The SI protection procedure allows the precise definition of the position of 

intron/exon boundaries as well as the beginning and end of gene transcripts. In a 

standard procedure, a end-labelled probe is hybridized to the total cytoplasmic or 

poly A"̂  RNA. Subsequent treatment of the RNA-DNA hybrid with SI nuclease, which 

shows a high specificity for the single-stranded RNA or DNA, removes those single

stranded sequences that lie outside the RNA-DNA hybrid. The size of DNA fragment 

protected from nuclease digestion by the mRNA is then determined by polyacrylamide 

gel electrophoresis.

In this chapter the SI nuclease procedure was used to analyze the structure of 

transcripts originating from various viral vectors present in producer and target cells. 

Three DNA probes were used which were Probe A (290bp), Probe B (lOlSbp) and 

Probe C (1149bp). Probe A was isolated from BAGLacZ,neo plasmid; Probe B and 

probe C were isolated from MSGLacZ (-166,B2) plasmid. Total RNA was isolated from 

infected and non-infected 3T3 fibroblasts, F9 EC cells and ŸCre producer (MSGLûcZ, 

-166,B2) cells. These probes were 3' radio-labelled by the Klenow fragment of DNA 

polymerase I and were used to detect the unspliced RNA species.

The S 1 protection assay revealed the presence of unspliced vector RNA species 

in MSGLacZ (-166, B2) infected 3T3 fibroblast and F9 EC cells. Unspliced viral/vector
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RNA was also observed in MSGLocZ (-166, B2) producer cells and 3T3 fibroblasts and 

F9 EC cells infected with 'QkQLacZ.neo. These result show that a significant amount 

of mRNA derived from the vectors tested gave complete protection in both 3T3 and EC 

cells. This suggests that differences in the titres o f the various vectors cannot be directly 

related to the ability o f a given vector to express its reporter gene from an unspliced 

message. Unfortunately the SI analysis which was performed does not address the level 

of spliced vector message in the various cell types. Due to time constraints I was unable 

to do further experiments with probes which could have revealed the relative amounts 

of spliced vector derived mRNAs. Sizes o f fragments were according to the predictions 

as they are the intact probes isolated from the agarose gels and then radio-labelled and 

used for the SI-nuclease protection assay. I should have included a 0.25-1.5 kb ladder 

marker lane in the SI-nuclease gels to confirm accuracy of the intact vector RNA. 

However, a 290bp probe without digestion co-migrates with the digested protected probe 

in Fig.7.5. In conclusion, due to the nature of the probes used in the SI-nuclease 

experiments, data concerning the amount o f protected vector mRNA was only obtained.

To define if splicing exists in MSGLacZ infected target cells or to answer the 

question why MSGLacZ is more efficient then the BkGLacZ,neo viruses, it would be 

necessary to do some more well-defined experiments: (1) Probes labelled at the 5' end 

by polynucleotide kinase should be used to detect the 5' start of the transcript or the end 

of an exon at an intron/exon junction. (2). The restriction enzyme sites used for isolating 

a probe should be chosen such that the protected fragment is at least 1 0 % shorter in 

length than the full-length probe and can be easily distinguished from it in 

polyacrylamide gels. This is necessary because probes are normally in excess o f the 

RNA transcripts and when double-stranded DNA probes are used, a certain proportion 

of a probe renaturation occurs and is seen as a full-length probe band. Even single 

stranded probes are usually contaminated with a small amount o f the complementary 

strand that will protect full-length probe from SI-nuclease attack. (3). For determining 

the 5' end of a transcript or exon, restriction sites should be selected that will yield a 

probe that can be 5' end-labelled in the strand complementary to the mRNA and spans 

the intra/exon boundary. (4). To avoid a lengthy run on the strand separation gel, a
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protected probe fragment of no longer than the 250-500 bases should be planned. (5). 

Since 938bp exist between SD (1052) and SA (1990) site, so probes for 3' labelling 

should be obtained between Smal (873) and Saul (1506) sites and for 5' labelling the 

existing probes B and C would be ideal as 531bp and 286 bp protected fragments would 

be obtained. It may be possible to isolate a fragment between Smal (873) and Ncol 

(2276) which is 1.4 kb and incorporates sequences between SD and SA sites also. 

Spliced fragment is be expected to be 286bp (SA site-AcoI) protection with 5' labelled 

probe and 179bp (5mûI-SD site) protected RNA species with the 3' labelled probe. (6 ). 

Although it is simple to isolate double-stranded DNA fragments that can be used as 

probes, it is not always easy or possible to establish conditions that suppress formation 

of DNA-DNA hybrids and yet allow annealing o f DNA to RNA to proceed efficiently. 

This possibility can be avoided if single stranded probes (either DNA or RNA) are used 

in the hybridization mixture. Annealing can then be carried out under standard conditions 

because a complementary strand is not present to compete with the hybridization o f the 

mRNA to the probe. (7). The SI nuclease analysis of the structure of eukaryotic RNAs 

is not free of artifacts, for example small mismatches in DNA-RNA heteroduplexes are 

resistant to the nuclease action (Berk and Sharp, 1977), a single molecule o f DNA 

frequently can be protected from the action o f nuclease by simultaneous hybridization 

of two different RNA molecules (Lopata et al. , 1985) etc. These problems can be solved 

by using a range of SI-nuclease concentrations and by performing the digestions at 

different temperatures (Sisodia et a l ,  1987).

Alternatively, the issue o f splicing would be more appropriately addressed using 

RNAse protection analysis. This could be done by isolating a series o f overlapping 

probes o f less than 500 bases in length covering the region between the R region and the 

beginning of the reporter gene. Because o f the higher specific activity o f uniformly 

labelled RNA probes, this approach would be more likely to detect low abundance 

spliced mRNAs which could contribute to the expression o f particular vectors in the 

different cell types. In addition, because the label is incorporated throughout the length 

o f the probe, protection is more likely to detect cryptic splicing events occur within the 

sequences spanned by the probe. This may be important as there is some evidence that
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cryptic splicing events may be crucial in the expression of certain vectors in particular 

cell types.

7.5.2. Association o f B2 repressor with the time o f plating and identification of new 

repressor sites in the primer binding site region.

Transduction experiments on F9 EC, 3T3 fibroblasts and N2A with MSGLocZ 

and MSGLûcZ (-166,62), using target cells which had to be plated for different time 

revealed the possibility o f time o f plating association. Results indicate strongly that the 

B2-repressor might be associated with a time o f plating associated process.

The results obtained by Kempler et. al. (1993) show that mutation in Isle T and 

isle OF (referred as A and R complex in this study ) showed decrease in the infection 

ratio from 4120 to 19 and 34, which was better than the 62 mutation. In this chapter 

complex A and R were identified as the independent complexes and data shown by 

Kempler et. al. (1993) proves them to be repressors o f a Primer binding site. Mutations 

at all three sites which bind these complexes may overcome complete repressive activity 

of Mo-MuLV and Mo-MSV retroviruses.
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CHAPTER 8

DEVELOPMENT OF NEW CHEMTCAT. FACn.TTATORS TO 

INCREASE RETROVTRAL TRANSDIJCTTON AND 

TRANSFECTION EFFICIENCY.
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8.1 . INTRODUCTION.

Transcription o f exogenous genes in mammalian cells has proved invaluable in 

a wide variety of applications. The principal uses o f mammalian cells for expressing 

foreign genes can be summarized as follows: gene therapy, large scale production of  

proteins from cloned cDNAs, expression cloning o f cDNAs, analysis o f transcriptional 

regulatory sequences, o f mechanisms involved in RNA processing and in the intracellular 

sorting and post translational processing of secreted polypeptides.

DNA is very rarely introduced into cells as a genomic fragment. DNA is usually 

inserted into an suitable plasmid which contains appropriate sequences which will 

increase the efficiency o f expression from the exogenous gene, amplify the DNA copy 

number within the cell, improve the stability of the transcript and allow selection o f cells 

in which the exogenous DNA has stably integrated into the genome.

The DNA can be taken up directly by the cell which is called transfection, 

introduced as a viral particle to the cell, transduction or infection, or microinjected 

directly into the cell. The choice of gene transfer technique depends on the cell line and 

experimental design. DNA transfection techniques yield low efficiency transfer in a cell 

population. However, retroviral transduction can lead to a higher efficiency o f gene 

transfer and integration, with the efficiency of retroviral infection being limited only by 

the titre produced by the helper-free packaging cell-line (Mulligan 1983; Miller et al.,

1990).

Calcium phosphate-mediated transfection (Graham and van der Eb,1973) is one 

of the oldest, and is still the most common transfection method. In this method DNA is 

mixed directly with CaCl2  and phosphate buffer which forms a fine calcium phosphate 

precipitate, which binds to the plasma membrane and is taken into the cell by 

endocytosis. Some other methods used are DEAE-dextran mediated transfection 

(McCutchan and Pagano, 1968); electroporation (Potter et al., 1984); liposome 

technology (Schaffer-Ridder et a l ,  1982) and lipofection (Feigner et al., 1987). Virus 

mediated transfer methods use SV40 vectors. Vaccinia virus. Adenovirus and 

retroviruses. Retroviral mediated transduction has a very high efficiency (60-l(X)%). 

Polybrene, a polycationic exchanger, increases viral infection by at least 5-6 fold;
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however, it is toxic to cells. Considering all the available transfection methods my 

objective was to devise a method where not only transfection efficiency is improved but 

as little as 100 ngs o f DNA would give at least transient expression. Secondly having 

worked on retroviral transduction I wanted to improve the infection capability of 

retroviruses by using substrates other than polybrene.

8.2. HISTOFECTION- A NEW TRANSFECTION METHOD.

A number o f transfection methods have been developed for the stable or transient 

expression o f heterologous genes in cultured cell types. These include the use o f carrier 

molecules or viruses. I have developed a new method which uses histone with a calcium 

phosphate precipitate and is termed as Histofection.

8.2.1. EFFECT OF HISTONE WITH THE CALCIUM PHOSPHATE METHOD.

Calcium phosphate-mediated transfection (Graham and van der Eb, 1973) involves 

mixing DNA directly with CaClj and phosphate buffer to form a fine calcium phosphate 

precipitate containing the DNA which is then placed on the cell monolayer. The 

precipitate binds to the plasma membrane and it is taken into the cell by endocytosis. In 

this new method Histone IIA (Sigma) was added to the CaPO  ̂ precipitate and mixed 

slowly and then spread on the plate of monolayer cells. Neuroblastoma cells were used 

due to their good transfection efficiency. A luciferase control plasmid (6fig) and CMV 

/3-galactosidase plasmid (6 /xg) were used for the transfection and quantified by the 

Luciferase assay and a MUG jS-galactosidase fluorescent assay.

Assay values obtained with normal calcium phosphate method were considered 

as the control values and treated as the starting scale ( 1 ) to measure increases in the 

transfection efficiency (Table 8.1.). There was no visible effect on morphology of 

Neuroblastoma cells. There was no transfection when histone was either mixed with 

phosphate buffer or when DNA was mixed with the calcium chloride. However, when 

increasing amounts o f Histone (lO^xg/ml to lOO/xg/ml) were added after formation o f the 

phosphate particles, then a 14 to 150 fold increase in /3-Galactosidase activity and a 13 

to 122 fold increase in Luciferase activity was obtained. When 40/zg/ml Histone were 

added before/after formation of the precipitate then 23-fold or 85-fold increases in /3-
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TABLE 8.1. EFFECT OP A HISTONE ON THE TRANSFECTION EFFICIENCY.

REPORTER : pGL2 Luciferase control plasmid (6pg) .
pCKV̂  P-Galactosidase plasmid (6pg) .

CELL LINE : Neuroblastoma cells (N2A).
(Values signify fold-increases when compared to CaPÔ  method).

METHOD* ^-GALACTOSIDASE ASSAY LUCIFERASE ASSAY

CaPO, 1 1
+HIST 10 14 13
+HIST 20 24 23
+HIST 30 91 41
+HIST 40 85 74
+HIST 60 100 63
+HIST 80 130 122
+HIST 100 150 77
+HIST 40+ 23 45
HIST 40" NIL NIL
+DEAE Dextran 40 0.3 1
The CaP0 4 method (HBS buffer + DNA + CaCl2) and a histone type 
IIA (/Lig/ml of a medium) were used.
Histone was added before addition of the CaClg.
Histone was added with the DNA only.
(Units for 0-galactosidase activity are the ng g-galactosidase/ 
pg extract protein, and for luciferase activity are the relative 
luciferase activity (RLA) / /xg extract protein. RLA is is the 
total luminescence (light intensity) in a 10 seconds 
measurement).
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galactosidase and 45-fold or 74-fold increases in luciferase activity were obtained. 

Therefore, it was observed that the addition o f Histone after formation of the calcium 

phosphate precipitate can increase transfection efficiency 120-150 fold, where the control 

was the traditional phosphate method.

Similarly titration of the histone in the calcium precipitate was analyzed in other 

cell lines with lower amounts o f the Luciferase control plasmid (4/xg) and 4/tg of the 

Bluescript plasmid (Table 8.2.). Upon doing an analysis with increasing amounts of 

histone (10/ig/ml to lCX)^g/ml), increases o f 22 to 69 fold in N2A, 11 to 20 fold in 3T3 

fibroblasts, 2-11 fold in C2 Myoblasts and 2 fold in F9 EC cells were obtained. 

However, changes in morphology were observed in the F9 EC cells only, where the 

cells formed circular colonies like embryoid bodies instead o f a confluent monolayer, 

resulting in a decrease o f cell number by almost 20 -30 fold. However, after removing 

the histone-calcium phosphate precipitate the cells regained their original shape. There 

was no effect morphologically on the D3 embryonic stem cells. I was unable to transfect 

K562 leukaemia suspension cells inspite of being able to make them stick successfully 

on the gelatinized plates. Plate 8.1 and 8.2 shows histofection done in Neuroblastoma 

and 3T3 fibroblast cells.

8.2.2. HISTOFECTION: CALCIUM NITRATE AND HISTONE MAKE A GOOD 

COMBINATION TO BOOST THE TRANSFECTION EFFICIENCY.

After observing a substantial increase in the transfection efficiency with histone 

and calcium phosphate precipitate, I analyzed many other combinations without any 

success with barium, potassium, magnesium and sodium salts, chosen since these 

elements are closely related to calcium in the periodic table. However I found that 

calcium nitrate was useful for increasing the transfection efficiency.

Table 8.3. A. shows the primary data for histofection performed on different cell 

lines. Luciferase values were obtained from duplicate sets of two different experiments. 

Luciferase values were divided by protein concentration (jig/ixl) obtained from same 

batch o f cell extracts with a protein assay kit (BIO-RAD). Mean values were thus 

obtained, which were used to calculate fold increases. Table 8.3.B. shows that when 

calcium chloride was replaced with calcium nitrate for the formation of the calcium
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TABLE 8.2. EFFECT OF A HISTONE ON THE TRANSFECTION EFFICIENCY 
ON DIFFERENT CELL LINES.

REPORTER : pGL2 Luciferase control plasmid (4pg) .
pBluescript (4pg).

ASSAY : Luciferase assay

(Values signify fold-increases when compared to CaPÔ  method).
METHOD* N2A 3T3 C2H F9 EC** D3 E8+ K562

CaPO, 1 1 1 1 NIL NIL
+HI8T 10 22 11 2 2 NIL NIL
+HI8T 25 26 12 3 1 NIL NIL
+HI8T 50 36 20 11 1 NIL NIL
+HI8T 75 54 8 5 1 NIL NIL
+HI8T 80 69 5 4 1 NIL NIL
+HI8T 100 28 14 1 1 NIL NIL

The CaPO, method (HBS buffer + DNA + CaCl2) was used and a 
histone type IIA concentration in ^g/ml of a medium.
D3 cells were stained for ^-galactosidase activity which 
showed few blue cells which were not sufficient for 
quantitation here.
F9 EC cells showed changes in the morphology and therefore 
cell population decreased to large extent at the initial stage.
(Units for luciferase activity are the relative luciferase 
activity (RLA)/ /ig extract protein. RLA is is the total 
luminescence (light intensity) in a 10 seconds 
measurement).
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PLATE 8.1 . TRANSIENT TRANSFECTION DONE ON 
NEUROBLASTOMA CELLS

(10X MAG.)

A. CaPO, METHOD

C. + HISTONE (20//g/ml) __

* ' * *  . t * *’

!fV %
D. + HISTONE (40//g/ml) 

“V  ' v  - ’

•'I*.

+ HISTONE (80;/g/ml)

(20X MAG.)

B. CaPO. METHOD

E. + HISTONE (40//g/mI)

^  ^  t J

■ r# : :X4 
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%
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PLATE 8.2. TRANSIENT TRANSFECTION DONE ON
3T3 FIBROBLASTS.

(10X MAG)

A. CALCIUM PHOSPHATE METHOD.

B. + HISTONE {20/yg/ml).

K

+ HISTONE (40/yg/ml).

-
if K

- Æ

+ HISTONE {80//g/ml).

V m*
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TABLE 8.3.A. PRIMARY DATA OF HISTOFECTION; A NEW METHOD OF 
TRANSFECTION.

REPORTER : pGL2 Luciferase control plasmid (4pg).
pBluescript (4pg).

ASSAY : Luciferase assay.
CELL LINE: Neuroblastoma cells.

METHOD* Lucif. value' Prot.conc. RLA/P Mean Fold inc.
(RLA) + (P; ng/pl)

N2A CELLS:
CaCl/ (1) 437 4.0 109 113 1

(2) 521 4.5 116
+H40 (1) 11840 5.8 2041 2050 18

(2) 11938 5.8 2058
+H80 (1) 30828 5.8 5315 4794 42

(2) 24782 5.8 4273

caNo, (1) 10629 4.8 2214 3381 30
(2) 27289 6.0 4548

+H40 (1) 267637 5.8 46144 45433 402
(2) 237029 5.3 44722

+H80 (1) 272955 6.7 40739 34533 305
(2) 169959 6.0 28327

CaClXXTT)** (1) 508 3.3 154 164 1
(2) 522 3.0 174

+H80 (1) 19980 4.8 4280 4163 37
(2) 16993 4.2 4046

Calcium chloride /calcium nitrate were used to form calcium
phosphate precipitate and Histone type II A was added in
appropriate concentration (Mg/ml).
**The Calcium phosphate kit was obtained from the FIVE PRIME TO 
THREE PRIME INC.

* Values were obtained from two different experiments.
Units for luciferase activity are the relative luciferase 
activity (RLA) / jug extract protein. RLA is is the total 
luminescence (light intensity) in a 10 seconds 
measurement.

266



TABLE 8.3.B. HISTOFECTION! A NEW METHOD OF TRANSFECTION,

REPORTER : pGL2 Luciferase control plasmid (4pg) .
pBluescript (4pg).

ASSAY ; Luciferase assay,
(Values signify fold-increases when compared to CaPÔ  method) .
METHOD* N2A 3T3 F9 EC
CaCl/ 1 1 1
+H40 18 4 1.4
+H80 42 3 1.4
CaNOj 30 4 2.4
+H40 402 26 2.0
+H80 305 15 3.0
CaCl; (JCJT)** 1 1 1.0
+H80 37 4 3.0
Calcium chloride /calcium nitrate were used to form calcium
phosphate precipitate and Histone type II A was added in
appropriate concentration (/xg/ml) .

"The Calcium phosphate kit was obtained from the FIVE PRIME TO
THREE PRIME INC.

(Units for luciferase activity are the relative luciferase 
activity (RLA)/ /ig extract protein. RLA is is the total 
luminescence (light intensity) in a 10 seconds 
measurement).
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phosphate precipitate gives a 30-fold increase in the transfection efficiency in N2A, 4- 

fold in 3T3 fibroblast and 2.4-fold in F9 EC cells. Subsequently, when histone was 

added to the calcium nitrate facilitated phosphate precipitate then the transfection 

efficiency increased 305 to 402- fold in neuroblastoma cells (N2A), 15-to 26-fold in the 

fibroblasts (3T3) and 3-fold in the F9 EC cells. Calcium phosphate precipitate was also 

prepared from a commercially available Kit (FIVE PRIME TO THREE PRIME INC.) 

to act as a control for the precipitate formed from my reagents. Values obtained from 

my calcium chloride and the kit's reagents were similar and when histone was added 

then similar increases in the transfection values i.e. 42/37 in N2A, 3/4 in 3T3 and 2/3 

fold in F9 cells were obtained (Table 8.3.).

Having achieved an increase in the transfection efficiency, I decided assess the 

minimal amount of the luciferase control plasmid needed to achieve good transfection 

(Table 8.4.). With 1 ng o f DNA, a 2-fold increase was obtained with the addition of 

histone. However, with 50ng to SOOng of DNA the increase with histone was up to 9- 

fold. With 1/ig of DNA a substantial increase o f up to 18-64 fold was obtained.

Cells were stained for jS-galactosidase activity to ascertain whether more cells 

were transfected or each transfected cell expressed more efficiently. When cells were 

counted after transfection was done by the calcium chloride method then upon addition 

of histone a 6 - 8  fold increase was obtained (Table 8.5.). However, when calcium 

chloride was replaced with nitrate, a 5-fold increase was observed and upon histone 

addition a 22-33 fold increase in blue cells was obtained.

Lastly, I wanted to verify if other types o f histones also help in increasing 

transfection efficiency (Table.8 .6 .). Classification o f histones is based on the relative 

amounts of lysine and arginine. Histone type IIA is moderately rich in lysine, histone 

type III-SS is lysine-rich and histone type V-S is also a lysine rich sub-group. Although 

other histones increased the transfection efficiency, but histone H3A seem to be better 

with the chloride method. However, with the nitrate method H2A and H3A increased 

efficiency 305- and 240- fold in N2A, 15- and 23-fold in 3T3 and 3- and 6 - fold in F9 

embryonal carcinoma cells. Strangely H5 did not fare well in these experiments, where 

it was able to increase efficiency to 2-14 fold by chloride method and 2-194 fold by
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TABLE 8.4. HISTOFECTION; EFFECT OF THE TRANSFECTION EFFICIENCY 
OF THE NANOGRAM AMOUNT OF THE PLASMID DNA.

REPORTER : pGL2 Luciferase control plasmid,

ASSAY 2 Luciferase assay.

CELL LINE : Neuroblastoma (N2A).

DNA AHT CALCIUM CHLORIDE
(NGS) W/0 HISTONE W HISTONE*

CALCIUM NITRATE 
W/0 HISTONE W HISTONE*

1 7 12 (2) 6 (1.0) 12 (2.0)
50 17 65 (4) 60 (4.0) 145 (9.0)
100 60 147 (3) 85 (1.4) 140 (2.3)
250 201 605 (3) 226 (1.1) 960 (5.0)
500 234 1839 (8) 1099 (5.0) 4541 (2.5)
1000 233 3823 (18) 8822(38.0) 14846(64.0)

The emboldened values in a bracket shows fold increase when
compared to the standard calcium chloride (w/o histone) method 
Histone type IIA was used (80/ig/ml) .
(Units for luciferase activity are the relative luciferase 
activity (RLA)/ /xg extract protein. RLA is is the total 
luminescence (light intensity) emitted in a 10 seconds 
measurement).
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TABLE 8.5. HISTOFECTION! A MEASURE OF THE TRANSFECTION EFFICIENCY 
BY COUNTING THE BLUE CELLS.

REPORTER : pCMV g-Gai plasmid (10 ng) 
ASSAY : ^-Galactosidase staining.
CELL LINE : Neuroblastoma cells (N2A).

METHOD MEAN COUNT* (FOLD INCREASE)

CALCIUM CHLORIDE 12
+ HISTONE 40 70 (6)
+ HISTONE 80 92 (8)

CALCIUM NITRATE 60 (5)
+ HISTONE 40 267 (22)
+ HISTONE 80 360 (33)

Cells were counted at least six times at the random sites in a 
6 cm plate by using a lOX lens with the builtin grid. 
(Appropriate amount (/xg/ml) of Histone type IIA was used with 
calcium chloride/nitrate method).
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TABLE 8.6. HISTOFECTION; EFFECT OF THE DIFFERENT TYPES OF 
HISTONES ON THE TRANSFECTION EFFICIENCY.

REPORTER : pGL2 Luciferase control plasmid,(4 pg)•
pBluescript plasmid. (4 ̂ 9)•

ASSAY : Luciferase assay.
(Values signify fold-increases when compared to CaPÔ  method)

HISTONE TYPE+ N2A 3T3 F9 EC

CALCIUM CHLORIDE METHOD
H IIA 42 3 1.4
H IIIA 81 4 3.4
H IIA & IIIA" 63 9 1.2
H VA 14 2 1.2
CALCIUM NITRATE METHOD
H IIA 305 15 3.0
H IIIA 240 23 6.0
H IIA & IIIA* 281 7 4.0
H VA 194 6 1.4

Histone concentration used in the transfection was 80/xg/inl of 
the medium used. Values depicted in the table are the fold 
increases, when compared to the calcium chloride method (w/o 
Histone).
40/ig/ml of each type of Histone was used for the transfection.
(Units for luciferase activity are the relative luciferase 
activity (RLA)/ pq extract protein. RLA is is the total 
luminescence (light intensity) in a 10 seconds 
measurement).
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nitrate method in various cell lines.

8.3. HISTOFECTION INCREASES G418-CLONE SELECTION BY 4-FOLD.

The BAGLacZyUeo vector (12^g) was transfected on ŸCre producer cells. 

^KGLacZyneo contains g-galactosidase as the marker gene and neomycin as the gene for 

selection o f clones. Transfections were done in duplicates with and without histone 

(80/xg/ml) with calcium chloride / nitrate method. After 48hr of transfections, cells from 

each plate were split into 20 plates (10 cm) with 10 ml o f DMEM medium containing 

500/xg/ml o f G418 sulphate. Medium containing G418 sulphate was changed on the 

plates every 72 hrs. After three weeks G418 resistant clones were counted in a duplicate 

sets o f experiment.

With the control CaCl2  method 740 clones were obtained; with addition of 

Histone (80/ig/ml) clones increased by 3-fold to 2120. However with the new method 

using CaNO) a 3.4-fold increase was observed where clones increased to 2540; with 

addition of Histone (80/xg/ml) clones increased slightly to 2820, thereby showing 4-fold 

increase in the transfection efficiency.

This result illuminate the finding observed before that there is a increase in the 

transfection efficiency as an increase in the number o f selected clones was observed.

8.4. ANALYSIS OF THE NEW POLYCATIONIC SUBSTRATES 

FOR RETROVIRAL TRANSDUCTION.

Retroviral transduction efficiency reflects the success o f several events, including 

binding, fusion, reverse transcription, integration and expression. However, different 

vectors are packaged with different efficiencies and the expression o f transgenes and 

activity of the heterologous internal promoter elements may vary widely, dependent upon 

poorly understood and often ill-defined features o f the recombinant proviral structure. 

DEAE-Dextran enhanced effect o f focus forming titre o f MSV (Duc-Nguyen, 1968). 

Polybrene (Hexadimethrine bromide; Sigma) which is a polycationic exchanger, is often 

used to increase retroviral transduction but it is toxic to most cells. I decided to screen 

other available cationic exchangers and found Lipofectamine^ (Gibco), histone (Sigma)
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and DEAE Dextran (Sigma) very useful for increasing viral transduction capabilities. 

Here I used three viruses, MSGLûcZ(-166,B2), BkGLacZ,neo and BAGB2LûcZ,W€0.

Considering recent papers which reveal that cell-surface receptor for ecotropic 

murine retroviruses is a basic amino-acid transporter (Kim et al., 1991; Wang et al.,

1991). When histone type IIA (5/xg/ml), which is rich in lysine residues was mixed with 

the retroviruses, a 6-8 fold increase in 3T3 Bbroblasts, a 2-3 fold increase in N2A and 

a 12-15 fold increase in C2M cells was obtained but with increased histone 

concentrations there was no substantial increase (Table 8.7).

LIPOFECTAMINE™ Reagent (Gibco BRL) is a 3:1 (w/w) liposome formulation 

o f the polycationic lipid 2,3 -dioleyloxy-N- [2-(Spermine carboxamide) ethyl] -N,N- 

dimethyl 1 propananimium trifluroacetate (DOSPA) and the neutral lipid dioleoyl 

phosphatidylethanolamine (DOPE) in membrane filtered water. When viruses were 

mixed with Lipofectamine (1-15/xl/ml) a 3-10 fold increase in 3T3 fibroblasts, a 2-3 fold 

increase in N2A and a 4-16 fold increase in C2M cells were achieved (Table 8.8).

Polybrene, a well known polycationic exchanger was used as a control; it 

increased infection in 3T3 by 6 fold, in N2A by 2-4 fold and in C2M by 6-9 fold (Table 

8.9.). However upon increasing the polybrene concentration, infection decreased 

proportionally. The best results, however, were obtained with DEAE-dextran (10- 

l(X)/xg/ml) which showed transduction increase 5-17 fold in 3T3 fibroblasts, 2-7 fold in 

N2A and 7-30 fold in C2 myoblasts (Table 8.10.).

Toxicity o f the polybrene was identified by calculating protein concentrations 

obtained from the cell extracts prepared from the transduced cell lines (Table 8.11.). 

Without addition of the chemical substrates protein concentration was found to be 

7/xg//il. With the addition of histone and DEAE-dextran values thus obtained were 

between 6-8. However when Lipofectamine was added along with the virus in serum free 

media then protein concentration was found to be low i.e .3-5 ^g//il which was mainly 

due to slow growth o f cells due to absence of serum. And finally with increasing amount 

o f polybrene, protein concentration decreased drastically from 7/xg to 0.5/xg/^l which 

confirms that the polybrene is toxic to cells and therefore for gene therapy purposes it 

can be harmful to the germ line or therapy experiments. However in this study I found
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TABLE 8.7 TRANSDUCTION; EFFECT OF A HISTONE ON THE RETROVIRAL 
INFECTION.

Assay: MUG Assay (jS-galactosidase) .
(Values depict fold increases when compared to transduction done 
without use of chemical substrate).
A. 3T3 Fibroblasts.
HISTONE C/ig/ml) HSGLacZ 

(-166,B2)
BAGLacZ,neo BAGLacZ,neo

(B2)

H ( 5) 8 5 6
H ( 10) 4 5 6
H ( 15) 5 5 5
H ( 50) 3 3 2
H (100) 3 2 2

B. Neuroblastoma (N2A).
HISTONE (pg/ml) MSGLacZ 

(-166,B2)
BAGLacZ,neo

(B2)

H ( 5) 2 3
H ( 10) 2 3
H ( 15) 1 3
H ( 50) 1 2
H (100) 1 3

C. C2 Myoblasts.
HISTONE (pg/ml) KBGLacZ 

(-166,B2)
BAGLac^,neo 

(B2)

H ( 5) 12 15
H ( 10) 6 3
H ( 15) 6 3
H ( 50) 4 2
H (100) 3 2
(Units for the /3-galactosidase activity are the ng j3-galactosidase
protein//Lig extract protein).
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TABLE 8.8 TRANSDUCTION! EFFECT OF LIPOFECTAMINE ON THE 
RETROVIRAL INFECTION.

Assay; MUG Assay (|8-galactosidase) .
(Values depict fold increases when compared to transduction done
without use of chemical 
A. 3T3 Fibroblasts.

substrate).

Lipof ectamine 
(Ml/ml)

KBGLacZ 
(-166,B2)

BAGLacZ,neo BKGLacZ,neo
(B2)

L ( 1) 8 4 6
L ( 2) 8 2 5
L ( 5) 8 3 5
L (10) 7 6 5
L (15) 10 7 9

B. Neuroblastoma (N2A).

Lipofectamine 
(Ml/ml) (

KSGLacZ 
-166,B2)

BhGLacZ,neo
(B2)

L (1) 3 2
L (2) 2 3
L (5) 3 3

C. C2 Myoblasts•

Lipofectamine 
(M/ml) (

HSGLacZ 
-166,B2)

BAGLacZ,neo
(B2)

L ( 1) 8 5
L ( 2) 10 6
L ( 5) 14 8
L (10) 16 7
L (15) 11 4
(U nits fo r  the jS -galactosidase a c t iv i t y  are th e ng 0 -g a la c to s id a se
protein/jug e x tr a c t p r o te in ) .
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TABLE 8.9 TRANSDUCTION; EFFECT OF THE POLYBRENE ON THE 
RETROVIRAL INFECTION.

Assay: MUG Assay (/3-galactosidase) .
(Values depict fold increases when compared to transduction done 
without use of chemical substrate).
A. 3T3 Fibroblasts.

Polybrene
(pg/ml)

KBGLacZ 
(-166,B2)

BAGLacZ,neo BAGLac2,neo
(B2)

P (10) 6 6 6
P (20) 6 6 6
P (30) 3 4 4
P (40) -ve -ve -ve

B. Neuroblastoma (N2A) .

Polybrene
(Mg/ml)

KSGLacZ 
(-166,B2)

BAGLacZ,neo
(B2)

P (10) 2 4
P (20) 1 2
P (30) 1 1
P (40) -ve -ve

C. C2 Myoblasts.

Polybrene 
(pg/ml) (

KSGLacZ 
-166,B2)

BAGLacZ,neo
(B2)

P (10) 9 6
P (20) 6 6
P (30) 4 3
P (40) -ve -ve

Negative values signify decrease in the jS-galactosidase activity 
due to a decrease in the cell number and the protein extracts 
mainly because of polybrene toxicity.
(Units for the #-galactosidase activity are the ng jS-galactosidase 
protein/jLig extract protein).
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TABLE 8.10 TRANSDUCTION; EFFECT OF DEAE-DEXTRAN ON THE 
RETROVIRAL INFECTION.

Assay: MUG Assay (/S-galactosidase) .
(Values depict fold increases when compared to transduction done 
without use of chemical substrate).
A. 3T3 Fibroblasts.
DEAE-DEXTHAM
(Mg/Bl)

MSGLacX 
(-166,B2)

BhGLacZ,neo BhGLacZ,neo
(B2)

D ( 10) 9 6 5

D ( 20) 8 4 6
D ( 30) 12 5 7

D ( 40) 17 6 14

D ( 50) 13 10 14

D (100) 5 6 7

B. Neuroblastoma (N2A) .
DEAE-DEXTRAN
(pg/ml)

MSGLacX 
(-166,B2)

BAGLacX,Jieo
(B2)

D ( 10) 2 5

D ( 20) 3 5

D ( 30) 7 7

D ( 40) 4 6
D ( 50) 4 6
D (100) 3 4

C. C2 Myoblasts.
DEAE-DEXTRAN

(M g/m l)
MSGLacX 
(-166,B2)

BhGLacZ,neo
(B2)

D ( 10) 7 7

D ( 20) 7 6
D ( 30) 9 7

D ( 40) 30 20

(Units for the jS-galactosidase activity are the ng /3-galactosidase
protein/^g extract protein).
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TABLE 8.11 TRANSDUCTION: EFFECT OF THE CHEMICAL SUBSTRATES ON
3T3 FIBROBLASTS (CELL EXTRACT PROTEIN
CONCENTRATION**) .

SUBSTRATE MSGLacX BAGLacZ,neo
(-166,B2) (B2)

NO SUBSTRATE 7 7
HISTONE 
H ( 5) 8 7
H ( 10) 6 6
H ( 15) 6 7
H ( 50) 7 7
H (100) 6 6
POLYBRENE 
P (10) 7 7
P (20) 4 6
P (30) 2 3
P (40) 0.5 0.8
DEAE-DEXTRAN 
D ( 10) 6 8
D ( 20) 8 7
D ( 30) 8 6
D ( 40) 6 6
D ( 50) 6 6
LIPOFECTAMINE* 
L (1) 3 5
L (5) 4 4
L (10) 3 4
L (15) 3 5

Lipofectamine-retroviral infection was done in the cells grown 
in serum-free medium for 18 hrs.
BIO-RAD KIT was used to measure protein concentration (/xg/̂ l).
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at least three different substrates which can be used in place of polybrene.

Plate 8.3 shows infections done with MSGLûcZ (-166,B2) virus in 3T3 fibroblasts 

using polybrene, Lipofectamine, histone and DEAE-Dextran.

8.5.DISCUSSION.

Transfection o f eukaryotic cells has become an important technique for the study 

o f cellular genes and for development o f gene therapy. Advances in gene therapy 

depend in large part upon the development o f delivery systems capable o f introducing 

DNA into the target cell. A number of methods have been developed for the stable or 

transient expression o f heterologous genes in cultured cell types. These include the use 

of carrier molecules, liposomes or chemical precipitates to viruses. In spite of extensive 

progress, these techniques suffer from variable transfection efficiency and cellular 

toxicity. These concerns have prompted the search for nonviral DNA transfection 

conditions for many cell types. Although improved efficiency can be variably attained 

by the promoter enhancer elements utilized in the plasmid DNA constructs, there 

remains a need for improved transfection efficiency in these newer nonviral transfection 

systems (Feigner et a l., 1987). Recently Philip et al. (1994) showed that AAV plasmid 

DNA complexed with liposomes showed levels o f expression several fold higher then 

those o f complexes with standard plasmids.

In this study I was able to modify the calcium phosphate method by replacing 

the traditional calcium chloride with calcium nitrate. This increased the transfection 

efficiency at least 30-fold in neuroblastoma cells, 4-fold in 3T3 fibroblasts and 2- fold 

in F9 EC cells. However when I used histone in conjunction with the calcium phosphate 

precipitate transfection efficiency increased up to 122- to 150-fold with calcium chloride 

salt in N2A, however these values increased to 402-fold when calcium nitrate was used. 

Transfection done with the BAGLacZ,neo vector, showed 3-4 fold increase with CaCl2

4-Histone and CaNO^ without / with Histone. Histones are small chromosomal proteins 

(M.Wt. 12,000-20,000), attached to DNA of cell nuclei by ionic linkages. These ionic 

linkages may be effective in ionic interaction with CaPO^-DNA complexes. Conceivably, 

through a yet undefined mechanism and due to affinity o f histones for smooth passage
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PLATE.8.3.EFFECT OF THE NEW SUBSTRATES ON THE 
RETROVIRAL TRANSDUCTION.

VIRUS : MSGAacZ -166,B2.
TARGET CELL:3T3 Fibroblasts.

(10X MAG.). (20X MAG.).
A.INFECTION WITHOUT SUBSTRATE. B. INFECTION WITH POLYBRENE.

C.INFECTION WITH LIPOFECTAMINE.

□.INFECTION WITH HISTONE.

E.INFECTION WITH DEAE-DEXTRAN.
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through cell membrane, it gains facilitated entry through cell membrane along with the 

CaPO^-DNA complex.

Retroviral transduction efficiency depends on several events, including binding, 

fusion, reverse transcription, integration, and expression. Similar to other enveloped 

viruses (McClure et a l ,  1990), MuLV is assumed to penetrate its host cell by a 

membrane fusion event. The ecotrophic particles penetrate host cells in a pH-dependent 

mechanism by fusing the endosomal membranes as described for influenza virus, 

vesicular stomatitis virus, and Semliki Forest virus (Post and Pasternak, 1978 ; Marsh 

and Helenius, 1989 ; McClure et a l ,  1990; Nussbaum et a l ,  1993 ). Polybrene was the 

only polycationic exchanger which is used to help in attaching retrovirus to the target 

cell. Since I found polybrene to be quite toxic to cell and therefore not recommendable 

for the gene therapy purposes. I decided to develop / identify new substrates to fulfil this 

task.

After screening many polycationic salts, I was able to find Histone and 

LIPOFECTOAMINE to be new and novel substrates for facilitating viral entry to the 

target cells. All these substrates fared better (8 to 17-fold) to than the polybrene (6) in 

transduction experiments in the 3T3 fibroblasts. Although any o f these new substrates 

can be used for the transduction experiments, DEAE-dextran was found to be efficient 

substrate which increases transduction efficiency o f retroviruses by 17-fold in the 3T3 

fibroblasts, 7-fold in Neuroblastoma cells (N2A) and 30-fold in myoblasts (C2M). 

Initially Duc-Nguyen (1968) reported enhancement by Diethylaminoethyl-Dextran 

(DEAE-Dextran) by the focus forming titer of a murine sarcoma virus (MSV) in rat and 

mouse cells. A maximal enhancing effect was obtained with secondary rat and mouse 

cells pre-exposed to 25/xg of DEAE-Dextran per ml. He suggests that the surface of 

DEAE-Dextran treated cells exhibited an increased affinity for inoculated virus particles. 

Sanes et al. (1986) reported that when concentrated Mo-MuLV virus infected into 

embryos, they obtained similar positive results with polybrene (Img/ml) and DEAE- 

dextran (1 mg/ml). These increase in the transduction efficiency with histone, 

lipofectamine and DEAE-dextran can be used in enhancement o f retroviral infection in 

haematopoietic stem cells, gene therapy, gene trapping and cell lineage studies.
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CHAPTER 9  

GENERAL DISCUSSION
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9.1. DISCUSSION

Problems related to transcriptional specificity are central to the understanding of 

development. The specification o f cell fate during embryogenesis is determined by the 

complex interactions o f classes o f transcriptional regulators organized in networks. 

Embryonal cell lines are widely used to study gene regulation during mouse 

embryogenesis. Microinjection or electroporation are the only available methods that 

have been used successfully to introduce DNA into cells o f the embryo, and thus proper 

developmental regulation of microinjected genes has been obtained. Retroviral vectors 

are a potential alternative to these transfer methods. However, the use of retroviral 

vectors in embryonal carcinoma and embryonic stem cells has been impaired by the lack 

of retrovirus mediated expression in these cells (Teich et a l ,  1977; Stewart et al., 

1985). De novo méthylation, lack o f enhancer function, presence o f negative rmnj-acting 

factors, and involvement o f intragenic sequences have all been proposed to explain the 

block of retroviral expression in stem cells (Stewart et a l., 1982; Gorman et al., 1985 

a,b; Loh et al., 1987 and Feuer et al., 1989). Mo-MuLV and its close derivative Mo- 

MSV are incapable of productively infecting early embryonic stem cells.

In addition to obtaining retroviral vectors which transduce efficiently in the 

embryonic stem cells, the main objective o f this study was to improve our understanding 

of transcription in stem cells. The data presented in this thesis illuminate the importance 

of three mutations in relation to expression o f Mo-MuLV and Mo-MSV. Mutation at the 

-166 site o f the LTR generates an Spl site, that at the -345 site in the LTR blocks the 

binding o f a embryonal carcinoma cell specific repressor, and most importantly the most 

effective mutation identified was at the negative regulatory element in the primer binding 

site. Secondly, it compares the infectivity ratios giving insight into the expression pattern 

of virus either having a vector with Mo-MuLV LTR or Mo-MSV LTR. Thirdly, in this 

study one embryonal carcinoma cell line F9 and three embryonic stem cell lines namely 

D3, ABl and CCE are used as target cell lines to study affect of these mutations on
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expression and finally, extent o f permissiveness possible for Mo-MuLV and Mo-MSV 

vectors in these target cells.

The data presented in this study supports the finding of others which demonstrate 

that Mo-MSV and Mo-MuLV LTRs which have only four base pair difference in their 

5* untranslated region are inactive in EC cells (Linney et al., 1984; Price et al., 1987). 

The BAGLacZ,neo virus which contains Mo-MuLVs LTR was found to be inactive in 

EC and ES cells. However, BAGLacZ,neo (B2) which has a mutation called B2 in the 

primer binding site (Berwin and Barklis, 1993), expressed efficiently in EC and ES cells. 

Similarly, MSGLacZ and MFGLûcZ which contains Mo-MSV LTRs and Mo-MuLV 

LTRs were found to express more efficiently in EC and ES cells, than the BAGLacZ,neo 

(B2) virus.

The MSGLacZ differs with BAGLacZ,neo in several ways: Firstly, its 5' 

sequences contain 419bp from gag region (621-1040) which has been shown to increase 

the packaging efficiency o f unspliced transcript whereas in BAGLacZ,neo it extends to 

623bp only, secondly it has a mutated ATG env site, thirdly it consists o f 375bp from 

pol region (5401-5776) containing splice acceptor site, fourthly it has two linker 

sequences to attach these sequences to the vector which are 5' CCC CAT ATG GCC 3' 

and 5' CCA TGG CGC GGA TCC G 3'. These non-viral sequences may contain 

activator sites and finally it did not have selectable marker gene (neo). These changes 

in the basic structure o f MSGLacZ presumably makes this virus more efficient than the 

BAGLacZ,neo (B2) virus. The MFGLacZ with modifications for gene therapy purposes 

was found to express very efficiently in the endothelial cells (Podrazik et al., 1992), 

haematopoietic stem cells (Ohashi et al., 1992; Vieillard et al., 1994), primary tumour 

expiants (Jaffee et al., 1993) and prostate cancer cells (Sanda et al., 1994) .

Lynch and Miller (1991) increased the titre o f retroviral vector by cocultivation 

of retrovirus packaging cells that produce a vector with packaging cells having a 

different host range. In this study the MFGLûcZ retrovirus were produced from 

ecotropic cell line. Miller et al. (1990) reported that gene transfer by retrovirus vector
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occurs only in cells that are actively replicating at the time o f infection. Lynch and 

Miller (1991) suggested that the number of colonies was directly proportional to the 

amount o f virus added to each cell density and the titre of the vector was directly 

proportional to the initial plating density of the target cells. In this study, timing of 

plating o f the target cells was found to be important factor in increasing retroviral titers. 

Therefore infections were done 18hrs after plating embryonal carcinoma and embryonic 

stem cells.

The -166 mutation corresponds to a point mutation which have overcome the F9 

embryonic carcinoma cell block to efficient viral transcription. The myeloproliferative 

sarcoma virus (MPSV), a derivative of Mo-MSV, has several point mutations in the 

LTR and is transcribed more efficiently to allow productive infection in F9 EC cells.. 

One o f the mutations, at -166 with respect to the transcriptional start site, creates a 

consensus binding site for the well-characterized mammalian transcription factor Spl. 

In electrophoretic mobility shift assay, although PCMV (Spl wild-type) sequence was 

found to bind four complexes, but by competition experiment and Spl antibody shift 

assay, band A was found to be Spl protein. It was however observed in competition 

experiment that the corresponding sequence from Mo-MSV had lower affinity towards 

Spl protein. The creation of consensus Spl binding site, by introduction o f the -166 

point mutation to the LTR, increased transcription by 6-fold in F9 embryonal carcinoma 

cells and 2-fold in differentiated cells (Prince, 1991).

In this study, when -166 mutation was incorporated in MSGLûcZ virus and 

infected into F9 EC cells, a 3-fold increase was obtained. In D3 embryonic stem cells 

2- to 3-fold increase was obtained. Darrow et al. (1990) found that mutation o f the 

consensus Spl binding sites in the t-PA promoter decreases its in vitro transcript levels 

in F9 embryonic carcinoma cell extract. It is most likely that the Mo-MSV 

transcriptional activation on addition o f an Spl binding site is a function o f the murine 

Spl like protein. The -166 mutation did not allow increased transcription in PCC4 

embryonic carcinoma cells (Prince, 1991). The reason might be requirement o f a non
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DNA binding co-activator protein for Spl function which is absent in PCC4 cells. The 

transfection studies done by Grez et a l ,  (1991) also confirms our transduction results 

as they found 3-fold increase with the mutation at -166 bp to generate an Spl binding 

site. They also reported that 20- to 30- fold increase in CAT activity, when a tetramer 

of MESV sequence (-159 to -170) in front of the Tk promoter was used, but only 3- to

5- fold increase was obtained when tetramer of corresponding sequences from Mo- 

MuLV were used. Pugh and Tjian (1990) have reported a non DNA-binding coactivator 

protein for Sp l. The coactivator is believed to act as an adaptor molecule, allowing Spl 

to interact with the general transcription machinery.

The -345 mutation corresponds to a point mutation unique to PCMV which is not 

shared by MPSV, but has overcome the PCC4 EC cells block to efficient transcription.. 

Tsukiyama and Niwa (1992) also suggested that the embryonal LTR binding protein 

(ELP) may function as a negative transcription factor for a variety o f cellular sequences, 

in addition to suppressing expression o f Moloney murine leukaemia virus in early 

embryonal cells. ELP and EC-R share a mutation at -345 to inactivate binding o f this 

repressor. Strangely when this mutation was incorporated in the MSGLacZ (-345) virus, 

it showed decrease in infection ratio on F9 EC cells and no effect on the D3 ES cells by 

jS-galactosidase titre assay. Since enzyme assay measures actual expression in target cells 

but it showed no effect o f this mutation on expression o f MSGLûcZ virus containing 

mutated site for binding o f ELP/EC-R. It highlights the fact that repressor site does not 

get blocked completely or mutation has not been carried for the right complex. 

Tsukiyama et al. (1990) found that the presence of eight tandem copies o f the EC-R 

binding site, placed at the -345 site in the Mo-MuLV LTR, reduced transcription 3-fold 

for transient transfection o f PCC4 cells. But this -345 point mutation was not found to 

affect transcription from the Mo-MSV LTR in F9 or PCC4 embryonal carcinoma cells 

(Prince, 1991). The -345 mutation does not occur in MPSV, and is therefore not a 

necessary requirement for efficient transcription in F9 EC cells.

Tsukiyama et al. (1991) reported after analysis o f the cDNA that ELP belongs
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to the nuclear receptor superfamily. They also found that ELP is a mouse homologue of 

Drosophila FTZ-Fl, which is also a member of the nuclear receptor superfamily and 

positively regulate transcription o f the Jushi tarazu gene. Recently Tsukiyama and Niwa 

(1992) analyzed six o f the ELP binding genomic fragments. All of these contained the 

multiple binding sites for ELP, which matched well with the consensus binding sequence 

for FTZ-Fl, YCAAGGYCR. Among these, three fragments functioned as negative 

regulatory elements in response to ELP, when placed upstream to the promoter region 

o f the Moloney murine leukaemia virus. However on close analysis it was observed that 

mutation at * position in the consensus sequence YCAAGGY*R does not block binding 

of EC-R or ELP as 2-fold repression was still observed. Secondly FTZ-Fl activates 

expression of the fushi tarazu gene, while the ELP site o f Mo-MuLV and the genomic 

sequences cloned indicate that ELP functions as a repressor of transcription. This cause 

o f the discrepancy remains to be clarified. Data obtained in this study supports the idea 

strongly that either the mutation to block binding of this repressor is incomplete or it is 

an activator and due to mutation its showing decrease in expression in EC cells.

The Mo-MuLV provirus contains at least two cw-acting negative regulatory 

elements (Feuer et al., 1989), one in the LTR U3 region (Gorman et al., 1985b) and 

one in the vicinity o f the primer binding site (PBS) (Barklis et a l., 1986; Peterson et al., 

1991). These elements inhibit virus expression specifically in undifferentiated cells. The 

PBS region, which binds a cellular tRNA to primer first-strand synthesis during reverse 

transcription, appears to have a second function in mediating stem cell transcriptional 

repression. Mutations in the negative regulatory element (NRE), which lies in the 5 ’ 

untranslated leader sequence, decrease the binding efficiency of an embryonal carcinoma 

cell specific repressor o f transcription (Loh et al., 1990). These mutations include B2 

(Barklis et al. , 1986) which allows efficient transcription in the absence o f any other 

mutations. MPSV also has mutations in the vicinity o f the NRE, which are required in 

addition to the mutation 5' o f the transcriptional start for efficient transcription (Weiher 

et al., 1987). Presumably the MPSV mutations in the NRE decrease but do not abolish
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repressor binding. In support o f this hypothesis Weiher et al. (1987) showed further that 

addition of the B2 mutation to MPSV increases the efficiency with which it is transcribed 

in embryonal carcinoma cells. The NRE represses transcription to such a level that the 

presence o f a functional Spl binding site in the promoter cannot over-ride its affect and 

allows a productive infection to occur. This was proved by replacing U3 region o f Mo- 

MuLV (containing the enhancer and promoter sequences) with MPSV, which also was 

incapable o f productively infecting embryonal carcinoma cells (Weiher et al. , 1987). In 

this study it can be positively seen, that due to B2 mutation expression increases by 2- 

fold in F9 EC and 2- to 4-fold in ES cells. Its affect being much higher when virus is 

infected within 4 hrs o f being plated. The B2 mutation was even affective in Mo-MuLV 

(MFGLûcZ, B2) showing 2-fold induction in EC cells and 2- to 5-fold in ES cells.

The MSGLacZ (-166,345) virus containing a blocked site for a EC-specific 

repressor and a generated site for the well known transcription factor Spl had no 

significant effect on the expression o f this Mo-MSV based virus on EC and ES cells. 

This results suggests that the repressive effect o f the EC-repressor has not been 

neutralized and it also nullifies the positive effect of generating Spl binding site in the 

LTR of the Mo-MSV. It is also possible that mutation at -345 generates a new binding 

site for a new repressor o f transcription, which may be the most plausible explanation 

of neutralizing positive effect o f Spl as obtained with MSGLacZ (-166) and other 

transfection studies (Grez et a l., 1991; Prince and Rigby, 1991).

The MSGLacZ (-166, B2) virus containing a site generated for binding o f Spl 

protein and a blocked site for B2 repressor protein, increased expression by 4-to 6- fold 

in EC and 8-to 9-fold in the D3 ES cells as analyzed by )3-galactosidase titre and enzyme 

assay. This virus exhibited maximum increase in the expression of virus in EC and ES 

cells. The MSGLacZ (-345, B2) containing blocked sites for the EC-specific repressor 

of LTR and B2 repressor o f PBS increased expression by 3-fold in EC and 4- to 7-fold 

in ES cells. This increase obtained with MSGLacZ (-345, B2) virus was less than the 

MSGLacZ (-166,B2) virus, but it was found to be more than the MSGLacZ (-345,-166)
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virus. It illuminate that -345 mutation is incomplete mutation and binding site o f EC- 

specific repressor has been consolidated instead of being weakened site for the repressor 

or that it is not a repressor.

The MSGLacZ (-166,-345,82) consisted of a site for the binding o f Spl protein 

and blocked sites for the EC-specific repressor in the LTR and a B2 repressor o f a 

primer binding region. This virus was able to increase expression in EC and ES cells by 

2- to 3- fold only. There was one disadvantage with this virus as it was low-titre virus 

therefore it was not able to express very well in the EC and ES cells, however it was 

still better then the MSGLacZ (-166,-345) virus, in which no increase in expression was 

observed.

The early-cleavage-stage embryos and blastocysts are not permissive to M o- 

MuLV expression (Jaenisch et a/., 1975, 1981). Price et al. (1987) used BAGLocZ,/zca 

virus to mark cells o f the nervous system by injecting virus into the rat retina. Since 

BAGLocZ,nca does not express in EC and ES cells, therefore early stem cells fail to 

express the viral gene products, which undermines interpretation o f their data. Therefore 

it was necessary to obtain a retrovirus which can infect and get expressed in all types 

of cells. Therefore considering these points, it was decided to infect MSGLacZ (-166,B2) 

on the Morulae stage embryos: (i) It had highest transduction titres values in the EC and 

ES cells, (ii) It showed maximum decrease in the infection ratios and (iii) it expresses 

in the ES cells very efficiently. The BKGLacZ,neo did not express, when infected on the 

blastocyst but MSGLacZ (-166,B2) expressed very efficiently in the blastocyst. The g- 

galactosidase expression was confined to inner cell mass o f the blastocyst, which was 

confirmed by immunostaining. 30% of morulae stage embryos infected with MSGLacZ 

(-166, B2) were found to be positively stained for the jg-galactosidase activity. Thus this 

recombinant virus can be used as a stem cell marker. Single cells in 4 to 8 cell stage 

embryo can be infected and jO-galactosidase positive cells can be traced at later stages 

of development. Since MSGLacZ (166,B2) was found to be very efficient in embryonic 

stem cells therefore it can be used to infect bone marrow cells and thus can play an
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important role in the reconstitution of the haematopoietic system of the animal (Williams 

e t a l ,  1984).

Since all retroviruses use apparently conventional 5' and 3' sites to produce env 

mRNAs (Bishop and Varmus, 1982), it was decided to elucidate the possibility of 

splicing in MFGLacZ and its derivatives. The MSGLûcZ and MFGLûcZ had splice donor 

(SD) site, 419bp from the gag region (621-1040) and 375bp from po l region (5401-5776) 

containing the splice acceptor (SA) site. The SI protection data in this study was 

incomplete, as data concerning the amount of protected vector mRNA was only obtained. 

Similarly ŸCre producer cells o f MSGLacZ (166,B 2) did not exhibit splicing. It might 

be possible that splicing was present only in a fraction o f RNA species and therefore it 

was difficult to analyze by this protection assay, however it will be necessary to do 

RNase protection assay or some more well-defined experiments with 5' labelled probes 

in SI-nuclease experiments.

When cells were infected into cells 4hrs after plating, with viruses containing / 

not containing B2 mutation, then infection ratios were found to be quite low. 

Transduction experiments were done on F9 EC, 3T3 fibroblasts and N2A with 

MSGLacZ and MSGLûcZ (-166, B2) at different time on plated cells to reveal the 

possibility o f plating-gradient association. N2A cells were selected for transductions 

because these cells did not have B2 repressor protein. The transduction experiments with 

MSGLacZ revealed peak values o f infection ratios at 4-8 hrs o f plating 3T3 and F9 EC 

cells and dropped to a minimum levels between 16-21 hrs, suggesting maximum activity 

o f B2 repressor at 4-8 hrs and decreases on between 16-21 hrs. Since B2 protein was not 

present in N2A cells, therefore infection ratios remained constant and at lower values. 

However with the mutated virus MSGLacZ (-166, B2), infection ratios dropped to 25 

from 180 with MSGLacZ virus and also stabilized between 5-20. The lowest ratio was 

obtained with M SG I^Z  (-166, B2) around 4 hrs which had the highest ratio in the 

earlier experiment with the MSGLacZ virus. This result strongly suggests that B2 

repressor might be regulated with the plating-gradient associated processes.
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The wild type RBS sequence showed affinity towards 4 complexes (band B, A, 

R and C). Kempler et al, (1993) showed decrease in the infection ratios when they 

infected mutated viruses with single base pair mutations in the PBS region. From this 

data it was postulated that two complexes in the wild type RBS sequence could be 

blocked if  viral mutations were studied by the electrophoretic mobility shift assay. It was 

observed in this study that mutR and mutA were able to block binding of complex A and 

R. These bands were also competed out specifically with these probes. However results 

obtained by Kempler et al. (1993) showed that the transduction experiments done on the 

F9 EC cells with recombinant retroviruses (Isle T and Isle OF, referred as the mutations 

which inactivate binding o f complex A and R complexes in this study), showed decrease 

in the infection from 4120 to 19 and 34. This confirms that these mutations block 

specific complexes A and R. It illuminates that there are three repressors (B2, A and R) 

which bind to RBS sequence, which confirm their repressive activity by transduction 

experiments and specificity by electrophoretic mobility shift assays. Mutations at all 

three sites which bind these complexes may overcome repression o f Mo-MuLV and Mo- 

MSV retroviruses in EC and ES cells.

Retroviral mediated transduction have a very good efficiency of gene transfer in 

different cell lines. Retroviral transduction efficiency depends on several events, 

including binding, fusion, reverse transcription, integration and expression. Similar to 

other enveloped viruses (McClure et al., 1990), Mo-MuLV is assumed to penetrate its 

host cell by a membrane fusion event. Polybrene a polycationic exchanger, is used to 

help in attaching retrovirus to the target cell increases viral infection by at least 5- to 6- 

fold. Since polybrene was found to be toxic to cells, it was decided to screen other ionic 

substrates. Although Duc-Nguyen (1968) reported enhancement by DEAE-Dextran of 

the focus forming titre o f a murine sarcoma virus, but DEAE-dextran was not used much 

in transduction experiments. A maximal enhancing effect was obtained with secondary 

rat and mouse cells pre-exposed to 25/xg of DEAE-dextran per ml. Sanes et al. (1986) 

also reported that when concentrated Mo-MuLV virus was infected into embryos, they
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obtained similar positive results with polybrene (1 mg/ml) and DEAE-Dextran (1 mg/ml). 

Unfortunately they have not discussed data about the efficiency of either substrates. 

Thereby it was decided to analyze effectiveness o f new substrates like Histone and 

Lipofectamine and compare the efficiency of DEAE-dextran and polybrene in facilitating 

viral entry to the target cells. These substrates increased retroviral titres by 8- to 17- 

fold, which were more efficient and non-toxic to the cells transduced. Although any of 

these new substrates can be used for the transduction experiments, DEAE-dextran was 

found to be most efficient, which increased transduction efficiency of retroviruses by 17- 

fold in the 3T3 fibroblasts, 7-fold in neuroblastoma cells (N2A) and 30-fold in C2 

myoblasts. These results can be used to increase the transduction efficiency in 

haematopoietic stem cells, gene therapy and cell lineages studies.

Transcription of exogenous genes in mammalian cells has proved invaluable in 

a variety o f applications. Calcium phosphate-mediated transfection (Graham and van der 

EB, 1973) is one of the oldest and still most common method o f transfection. It was 

decided to increase the transfection efficiency by developing new method or modifying 

existing methods. In calcium phosphate method when CaCl2  was replaced with the 

CaNOg, it was able to increase transfection efficiency 4-fold in 3T3 fibroblasts, 30-fold 

in neuroblastoma cells and 2-fold in F9 EC cells. Recently Tarkka et al. (1994) 

reported involvement of specific protein structures in the nucleotide recognition by 

histone (HI). Histone HI binds the nucleosome externally, interacting through its basic 

amino- and/or carboxy-terminal extensions with A+T-rich DNA in the nucleosome 

region. It was decided to use histone in transfection procedure. Histone when used with 

DNA-calcium phosphate precipitate then transfection efficiency increased to 122-to 150- 

fold with CaCl; salt and 402- fold with CaNO) salt in neuroblastoma cells. Stable 

transfections performed with BkGLacZ.neo vector in ŸCre producer cells, also 

increased selected clones by 3- fold with histone and calcium chloride, 3-fold with 

calcium nitrate and 4-fold with the histone and calcium nitrate salt precipitates. Histones 

therefore seem to have high affinity towards the calcium phosphate precipitates and may
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be helping plasmid-histone complex to have facilitated entry into the cell 

membranes/nucleus. This method can be very useful for transfection related studies, 

gene therapy purposes and to study weak cellular promoters.

9.2 PROSPECTS FOR FUTURE STUDY

The experiments and results reported in this study, highlight increase in the 

expression in EC and ES cells due to the presence o f binding site for Spl protein and 

blocking o f the binding site for B2 repressor protein in MSGLacZ virus.

It will be interesting to study role o f EC-specific repressor, as it did not increase 

expression in the EC and ES cells. Tsukiyama and Niwa (1992) analyzed six o f the ELP 

binding genomic fragments, which contained the multiple binding sites for ELP, which 

matched well with the consensus binding sequence for FTZ-Fl, YCAAGGYCR. It was 

observed that mutation at position * in the consensus sequence YCAAGGYCR does not 

block binding o f EC-R or ELP as 2-fold repression was still observed. Moreover FTZ- 

F l activates expression o f the fushi tarazu gene, while the ELP site o f Mo-MuLV and 

the genomic sequences cloned indicate that ELP functions as a repressor o f transcription. 

This cause of the discrepancy remains to be clarified. Data obtained in this study 

supports the idea strongly that either the mutation to block binding of this repressor is 

incomplete or it is an activator and due to mutation its showing decrease in expression 

in EC cells. It will be necessary to do electrophoretic mobility shift assay with mutated 

fragments to analyze whether new mutations are creating site for new repressor and it 

is necessary to mutate core site CAAGG which is conserved in different genomic 

sequences to block the binding of EC-R / ELP completely.

Secondly, Kempler et al. (1993) showed that transduction experiments done on 

the F9 EC cells with recombinant retroviruses (Isle T and Isle OF, referred as mutation 

in A and R complexes in this study), showed decrease in the infection from 4120 to 19 

and 34. These confirms that mutations block specific complexes A and R found in this 

study. It illuminate that there are three repressors (B2, A and R) which bind to RBS
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sequence, which confirm their repressive activity by transduction experiments and 

specificity by EMSA. It is probable that if  these three mutations to block binding of 

these repressors, were to be incorporated in the primer binding site o f M&GLacZ virus, 

then it may overcome the repression o f Mo-MuLV and Mo-MSV retroviruses in EC and 

ES cells.

Thirdly, MSGLacZ (-166,32) was able to express in blastocyst stage embryos. 

This virus can be used for cell lineage studies. It can be infected in 2- or 4-cell stage 

embryos or can be injected in one o f the 2-cell or 4-cell stages and transduction/ 

permissivity could be traced by jS-galactosidase expression in the later stages. It can also 

be used for gene trapping and genetic studies.

Fourthly, MFGLocZ with modifications was found to express efficiently in 

endothelial cells (Podrazik et al., 1992), haematopoietic stem cells (Ohashi et a l ,  1992, 

Vieillard et a l ,  1994), primary tumour expiants (Jaffee et a l ,  1993), prostate cancer 

cells (Sanda et a l ,  1994). However MSGLacZ (-166, 32) was found to express more 

efficiently then the MFGLocZ, therefore it can be an ideal retroviral vector for the gene 

therapy and to study control o f transcription in embryonic stem cells. Cellular 

promoters can be incorporated into MSGLacZ (-166, 32) and expression of these 

promoters can be studied specifically.

Fifthly, splicing mechanism of MSGLacZ is still to be elucidated to answer the 

question that why MFGLocZ and MSGLacZ viruses work so efficiently in EC and ES 

cells and other viruses like 3AGLacZ,/icc do not. It will be worthwhile to do SI 

nuclease reactions after labelling 5 'end or by using fragments nearer to the SD site. 

Alternatively PCR or RNase protection assay can be used to elucidate splicing 

mechanism in infected RNA species.

Finally, histofection a new transfection method and new substrates like histone, 

Lipofectamine* identified for transductions in this study will be o f tremendous potential 

to study gene-transfer in different cell systems.
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9.3 CONCLUSION

In conclusion, the original aims of the project have been at least partially fulfilled 

and it has been shown that: (1). A previously identified activator o f transcription Spl 

protein is both present and functions effectively and increases retroviral expression in 

EC and ES cells, (2). Mutation at a binding site in the LTR for blocking the binding o f  

the EC-specific repressor (EC-R) did not have any effect on retroviral expression in EC 

and ES cells, (3) Mutation at a binding site in the primer binding site region, blocks 

binding o f the B2 repressor and increases retroviral expression in EC and ES cells, (4) 

MSGLacZ (-166,B2) was found to be most effective retrovirus in this study, containing 

Spl binding site in the LTR and a blocked site for the B2 repressor in the PBS region, 

increased retroviral expression 4-fold in EC and 8-fold in ES cells, (5). MSGLacZ (- 

166,B2) was able to infect and express in the inner cell mass o f early stage embryos, 

(6). Two more repressor sites exist in the primer binding site region, (7). A new method 

o f transfection called histofection increases the transfection efficiency by 200 to 400-fold, 

when compared to calcium phosphate method and (8). New ionic substrates like 

lipofectamine and histone increases the retroviral infection 7- to 30-fold in different cell 

lines.

Most important conclusion from this report is that these mutations individually 

or collectively do unlock mystery of non-permissiveness to some extent, o f Moloney 

murine sarcoma virus in embryonic stem cells with new vector modified from MFGLûcZ 

vector. The approach taken to investigate the control of transcription in pluripotential 

embryonic stem cells by using a virus as an system was found to be an effective one. 

It also illuminate possibilities to improve retroviral vector used in this study.
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