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Abstract

The genomes of inbred strains of mice harbour multiple integrated endogenous retroviruses 

and many of these sequences are homologous to murine leukaemia virus (MLV). Gvl is a 

single locus that co-ordinately regulates the expression of proviral sequences, although its 

mode of action is unknown. Cloning and characterisation of this gene may therefore 

establish how these endogenous sequences are controlled.

A reliable quantitative nuclease protection assay has been established to type mice for their 

Gvl genotype. Use of this assay demonstrated that the segregation of a single gene is 

responsible for the proviral expression phenotypes observed, and that not all classes of 

provirus are responsive to G vl. Genome scanning studies using a series of microsatellite 

probes on pooled DNA samples allowed linkage to be excluded from 74% of the genome, 

but did not reveal a map position for G vl. Results from REVEAL-PCR identified two 

markers that showed linkage to the Gvl locus. Both were mapped by somatic cell and 

radiation hybrid panels to chromosome 13. Further microsatelhte markers were analysed 

around the region of interest and a detailed genetic map was established from a panel of over 

1000 backcross animals, placing Gvl in a 0.27 cM region approximately 37 cM from the 

centromeric end of the chromosome. Cloning the gene by a positional approach can now be 

considered.

As polytropic and modified polytropic MLVs differ in their responsiveness to G vl, LTR 

sequences polymorphic between the two classes may therefore be a target for the gene. 

Preliminary data from both gel-mobility assays and DNA footprinting show that there 

appear to be polytropic-specific binding sites in the LTR U3 region.
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CHAPTER 1: 

INTRODUCTION

The Gvl locus controls the expression of multiple endogenous murine leukaemia viruses 

(MLVs), although its mode of action remains unclear. The overall aim of this project was to 

clone Gvl and to establish how these proviral sequences are regulated by the host.

The introduction will recount initially some of the history and general background of 

retroviral biology. A description of endogenous retroviral elements will follow, with 

examples of their particular features which have led to their extensive study over the past 30 

years. Since Gvl is a gene involved in proviral expression, examples of transcriptional 

regulation from a variety of retroviruses will be examined, with particular emphasis on those 

in the mouse. An account of the history of Gvl will also be presented, discussing the early 

serological experiments, the more recent molecular studies, and the attempts to genetically 

map the gene. Finally, the proposed means to map and clone the gene in this study will be 

explained.
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1.1 - A brief history of retrovirology

The first descriptions of retroviruses were made at the beginning of this century, following 

the discovery of infectious agents that caused leukosis (Ellermann and Bang 1908) and 

sarcomas (Rous 1911) in chickens. In mammals, the first retroviruses were found in mice, 

associated with mammary carcinoma (Bittner, 1936) and spontaneous lymphoma (Gross 

1951). Studies also demonstrated that such tumors could be transmitted genetically 

(Muhlbock 1955) and that the leukaemogenic agents were expressed in radiation-induced 

cancers (Lieberman and Kaplan 1959). It was subsequently concluded that latent viruses 

capable of genetic inheritance were responsible for the induction of certain tumors (Lwoff 

1960).

Investigating the mechanism of Rous sarcoma tumor virus replication, it was shown that 

virion formation was sensitive to agents that prevented RNA synthesis (Temin 1963) and 

that inhibitors of DNA synthesis blocked infection and transformation (Duesberg and Vogt 

1969). It was therefore proposed that the genome was reverse transcribed by a virally 

encoded enzyme into a double-stranded DNA copy, which could then act as a template for 

the synthesis of viral RNA (Temin 1964). Although the proposed activity of this viral 

reverse transcriptase (RT) appeared to contradict one of the central dogmas of molecular 

biology, the enzyme was identified in retroviral particles in 1970 (Baltimore 1970; Temin 

and Mizutani 1970), confirming the replication strategy and leading to the name of these 

viruses. The mechanism of reverse transcription was subsequently elucidated, with the 

discovery of cellular tRNA species (Harada et al. 1975), the RNaseH activity of RT 

(Moelling et al. 1971), and the presence of terminal redundant genomic sequences (Coffin 

and Haseltine 1977). All these features were shown to be required for the synthesis of a 

complete double-stranded proviral copy of the viral genome (Gilboa et al. 1979).
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A second key feature of retroviral replication is integration of the viral DNA into the host 

genome. An enzyme with endonuclease activity was first isolated from Avian Sarcoma 

Leukaemia Virus (ASLV) virions (Grandgenett et al. 1978), although it was much later 

before the importance of this enzyme for integration was determined. The frequency of 

integration sites was first outlined in birds (Hughes et al. 1978) and mice (Steffen and 

Weinberg 1978), explaining the earlier observations in which retroviral genomes were 

present in uninfected cells (Rosenthal et al. 1971) and suggesting that latent proviral copies 

existed in the genome of most, if not all, species (Coffin 1982) (see section 1.6).

The replication strategy of retroviruses has been extensively studied, and underlies a number 

of their significant biological features, including their abilities to alter the structure and 

function of host sequences, and to cause a wide variety of disease states. Retroviral 

infections have been investigated in domestic animals, primates and more recently humans, 

with the discovery of the causative agents of both adult T-cell leukaemia, HTLV (Seiki et al. 

1983) and acquired immunodeficiency syndrome, HIV (Gallo 1988). However, the mouse 

has been one of the most powerful model organisms used to study retroviruses throughout 

the years, and much of the work described below has been carried out in this system.

1.2 - Retroviral Classification

The distinct morphology of retrovirus particles observed under an electron microscope was 

originally used for classification purposes (see section 1.3). Retroviruses were then sub

divided according to their oncogenic potential (oncoviruses), with lentiviruses and 

spumaviruses making up the remaining two classes. Sequence information revealing the 

relationship between retroviral genomes has become increasingly important, and has been 

used in combination with other characteristics to define the seven genera of infectious 

retroviruses currently recognised, as outlined briefly in Table 1 (Coffin 1996). Further sub-
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divisions can be made, according to the properties of the different proviral genomes. Simple 

retroviruses are those that only encode the genes required for particle formation, whereas 

those that include information for additional regulatory non-virion proteins are known as 

complex.

Simple retroviruses

Genus Examples Additional information

Avian leukosis viruses Rous sarcom a virus (RSV) Group further divided into ten 
groups according to host range

Murine leukaemia virus 
(MLV)-like viruses 

(mammalian C-type)

Feline leukaemia virus (FeLV) 
Gibbon leukaemia virus (GaLV) 
Endogenous exam ples in pig 
(PERVs) and human (HERVs)

Endogenous viruses widely 
distributed in mammals.

B-type viruses Mouse mammary tumor virus 
(MMTV)

Related but defective sequences 
widely distributed in mammals

D-type viruses
Mason-Pfizer monkey retrovirus 

(MPMV)
Simian retrovirus (SRV)

B- and D-type viruses are 
closely related

Complex retroviruses

Human T-cell leukaemia 
virus (HTLV)-like viruses

HTLV-1 and -2 in humans 
Simian T-cell leukaemia virus 

(STLV)
Virus associated with B-cell 

lymphoma in cattle (BLV)

G enom e encodes additional 
regulatory proteins

Lentiviruses
Human, simian and cat 

immunodefficiency virus 
(HIV-1 and -2, SIV and FIV)

G enom e encodes additional 
regulatory proteins

Spum aviruses Human and simian foamy viruses 
(HFV and SFV)

G enom e encodes additional 
regulatory proteins

Table 1: Retroviral classification
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1.3 - Virion structure

A typical extracellular retrovirus particle is 60 to 100 nm in diameter, comprising of a lipid 

envelope derived from the host cell membrane surrounding an inner matrix (MA) coat. 

Transmembrane (TM) and surface (SU) glycoproteins are inserted into the envelope, 

facilitating receptor binding. The core structure inside the MA protein contains the 

nucleocapsid protein (NC), the enzymes RT, integrase (IN) and protease (PR) and the 

genomic RNA composed of two identical single strands. The capsid (CA) protein 

surrounding the retroviral core was thought to be icosahedral, although recent unpublished 

evidence suggests otherwise. Features of the retrovirus genome include a 5' capping group, 

méthylation of certain adenine residues and a 3' polyadenylated (poly(A)) tail, all 

characteristic of eukaryotic mRNAs. Amongst the multiple tRNAa -found in a virion^ ^  

single molecule of small tRNA is associated per genome for the initiation of reverse 

transcription.

As mentioned above, retroviruses were initially classified based on the morphology of 

particles visualised by negative staining under an electron microscope. The characteristics 

and examples from each group are summarised in Table 2 (Bernhard 1958), along with 

those particles with a distinct morphology not assigned a letter name.

17



Group Description Exampies

A Immature cytoplasmic particles. 

Appear hollow, also lacking TM/SU. 

Intracisternal A-type repeat particles (lAPs)

Precursors to type-B and -D.

B Extracellular, electron d ense  eccentric core 

(RNA/NC/CA). Assembly in cytoplasm.

MMTV

C First visible at budding. Round, condensed  core. 

Assembly at cell membrane.

MLV, ALV, HIV

D Similar to B-type. Bar-shaped core. 

Assembly in cytoplasm.

MPMV

- Resem ble C-type. C one-shaped core HIV

- Central, spherical core HTLV, HFV

Table 2: Morphological classification of retroviruses



1.4 - The retroviral life cycle

Details of the various aspects of this topic can be found in reviews by Coffin (1996), Hunter 

(1997), Telenitsky (1997), Brown (1997), Rabson and Graves (1997) and Swanstrom 

(1997). A summary of the retroviral life cycle is shown in Figure 1.1, and the numbers in 

the diagram refer to the text. (1) Like all viruses, the retrovirus virion first binds the cell by 

a specific interaction between viral envelope proteins and a host-encoded receptor. All 

examples of retrovirus receptors identified to date appear to be transmembrane proteins, 

although they appear to differ in tissue distribution, structure and function (Miller 1996). 

(2) The core structure is then internalised, following fusion of the viral envelope and the 

cell membrane, although the details of this mechanism remain unclear. (3) Synthesis of 

viral DNA occurs within the core structure by the reverse transcriptase and ribonuclease H 

components of RT. Sequences at both the 3' and 5' ends of the RNA template are duplicated 

during this step, generating long terminal repeats (LTRs) at either end of the viral DNA. The 

linear double-stranded DNA molecule synthesised is transported to the nucleus^ (4) where 

integration into the host genome is mediated by the IN protein. This process always occurs 

at the site of short inverted repeats at the ends of the LTRs, although selection of the 

integration site in the cellular target appears to be a more random process. (5) Once the viral 

DNA is stably integrated into the host genome, it is known as a provirus. For completion of 

the viral life cycle, the provirus relies on cellular transcriptional machinery in combination 

with cis-acting sequences in the LTR (see section 1.7). The provirus is typically transcribed 

into a single RNA precursor, with one or more spliced sub-genomic mRNA species. (6 ) 

After the translation of both envelope and Gag proteins in the cytoplasm, (7) new virions 

are assembled and finally bud from the surface of the host cell. (8) Finally, proteolytic 

processing of Gag proteins occurs, creating a mature retrovirus particle.
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Adsorbtion

Reverse transcription

LTR LTR

Nuclear translocation

Integration

Transcription

Translation

Genomic RNA

Assembly

Budding

Cleavage

Mature virion

Figure 1.1: The retroviral life cycle. The numbers on the diagram refer to the text.
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1.5 - Genomic organisation of MLV

MLV will be used as an example to illustrate the organisation of a simple retrovirus genome 

and the transcription and translation events that occur. The MLV genome can be divided into 

coding and non-coding regions, with the sequences required for synthesis of DNA or RNA 

found towards the terminal ends. The genomic organisation of these retroviruses is shown 

in Figure 1.2. Comprehensive reviews of this subject can be found in Vogt (1997), Rabson 

and Graves (1997) and Swanstron (1997).

1.5.1 - Non-coding regions:

The MLV RNA genome has two short repeat regions (R) of 60 bp, which permit the 

transfer of DNA from the 5' to the 3' end of the genome during reverse transcription. The 

U5 (unique 5’) region (approximately 75 bp) also contains sequences vital for this process, 

and the longer (500 bp) U3 region incorporates signals recognised by cellular transcriptional 

control factors (see section 1.7). Both untranslated regions are duplicated during reverse 

transcription to form the LTRs. These structures are necessary for integration of the viral 

DNA into the host genome and its subsequent transcription. Other features include the 18 bp 

primer binding site (PBS) for initiation of reverse transcription by the tRNA molecule, and 

an unusually long leader sequence of over 475 bp. This contains a splice donor site for 

mRNA processing, and the packaging signal which specifies the incorporation of genomic 

RNA into virions. Finally, the polypurine tract (PPT), immediately preceding the U3 

region, acts as a primer for synthesis of the second viral DNA strand by evading RNaseH 

digestion during reverse transcription.

1.5.2 - Coding regions:

The genes found in all retroviruses are named gag (derived from group-specific antigen), 

pro (Protease), pal (Polymerase) and env (Envelope). A single primary poly(A) transcript is 

synthesised by cellular RNA polymerase II providing mRNA for the translation of Gag, Pro
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5 'LTR
MLV provirus

3 'LTR
\  PPT U3 R U5U3 R U5 PBS

ORFs

Frame 2 env

Frame 3 pro

mRNAs
Gerramic RNA 

gag  mRNA 5' cap 
gag-pro-pol mRNA

AAA 3‘

env mRNA 5' cap AAA 3'

Figure 1.2: Genetic organisation of MLV. The structure of a mammalian type-C MLV 
provirus is shown with the corresponding ORFs. Splice sites for the production of sub- 
genomic mRNA are also indicated on the diagram. Initiation and termination codons 
are shown, with the site of termination codon suppression at the gag-pro ORF junction 
highlighted as a curved arrow. The poly (A) tail of the mRNAs is represented by AAA 
3’.
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and Pol proteins, in addition to genomic RNA (see Figure 1.2). How the virus determines 

the fate of the full-length species not understood. In simple retroviruses such as MLV, a 

small proportion of the transcripts are spliced to encode only env mRNA, although more 

intricate splicing patterns occur in the complex viruses, generating up to a dozen or more 

sub-genomic species encoding additional regulatory proteins. Splicing takes place in the 

nucleus via a host-cell spliceosome complex, mediated by cis-acting elements in the pre- 

mRNA, before transport to the cytoplasm occurs.

Env mRNA encodes the 70 kDa surface glycoprotein (SU or gp70) and a smaller 15 kDa 

protein (TM or pl5E) that is non-glycosylated. An Env precursor polypeptide is initially 

anchored to the membrane of the rough endoplasmic reticulum (RER) by a hydrophobic 

segment at the C-terminus. Addition and modification of carbohydrate groups takes place, 

as the precursor is translocated through the membrane. Cleavage of the polyprotein by 

cellular proteases occurs within the Golgi apparatus in addition to oligomerisation, yielding 

the mature trimeric form of SU and TM found in virions. In the case of MLV, however, an 

additional proteolytic cleavage event occurs after budding which removes the cytoplasmic 

tail of TM and appears to play an important role in fusion of viral and cellular membranes. 

Env proteins are finally transported to the plasma membrane, although the mechanism by 

which they are included into the emerging virion is not understood. In a mature virion, SU 

is anchored to the envelope where it is able to initiate adsorbtion of the particle to a cell 

surface receptor. Because the Env protein recognises the viral receptors on the host cell 

surface, this molecule therefore defines the host range of MLVs (see section 1.8.1).

Unlike the translation of Env, protein products from MLV gag, pro and pal are synthesised 

on free polyribosomes from the full-length RNA. The process was initially thought to begin 

with ribosomal binding to the capping group upstream of the 5’ leader sequence, followed 

by movement along the RNA until the Gag initiation codon is reached. Recent evidence has 

suggested, however, that the mechanism of initiation is not so straightforward, due to the
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ORFs and secondary structure of the leader sequence and the presence of internal ribosome 

entry sites (1RES) within the MLV RNAs. A CUG initiation codon is situated upstream of 

the normal gag AUG (see Figure 1.2). Limited initiation at this site results in synthesis of a 

peptide containing a hydrophobic amino-terminal extension, thereby targeting Gag to the ER 

and anchoring it to the membrane. Such proteins are subsequently glycosylated, but are not 

incorporated into virions. This glycoGag protein has been implicated in the spread of 

pathogenic MLVs. In one study, the time taken to develop eurythroleukaemia was increased 

in an artificially synthesised glycoGag negative strain of F(Friend)-MLV compared to 

normal virus. In addition, in vivo pseudoreversions with a restored glyocoGag reading 

frame emerged, suggesting that expression of the protein is positively selected (Corbin et al. 

1994).

The requirement for Gag as a precursor to the structural proteins of a virion means that a 

higher level of expression is required compared to the enzymes encoded by the pro and pal 

genes. To achieve this, retroviruses contain a stop codon at the 3’ end of gag, which is 

bypassed approximately once out of every 20 translation events to allow the synthesis of 

Pro and Pol (see Figure 1.2). In MLV and other mammalian type-C retroviruses, 

termination suppression occurs, in which the misreading of the amber (UAG) stop codon 

leads to the insertion of a glutamine residue, allowing translation to continue in the identical 

reading frame to Gag. This mechanism is mediated by cis-acting sequences spanning the 

stop codon. One region is believed to form a complex RNA pseudoknot structure which 

may allow the suppresser tRNA to compete with termination factors. An alternative 

mechanism, frameshift suppression, is employed by other retroviruses, in which ribosomes 

occasionally slip backward one nucleotide, shifting translation from the Gag reading frame. 

In this situation, a 7 nucleotide region is required at the frameshifting site, as the last two 

codons of gag are read in the original reading frame and the two tRNAs of the new reading 

frame anneal to the adjacent (5’) nucleotides. Arrangement of the gag, pro and pol reading 

frames varies between viruses. For example, pro lies in the pol reading frame of HIV,
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whereas in HTLV-1, the gag and pol reading frames are distinct from pro as a consequence 

of two -1 frameshifts.

For assembly of the retroviral particle to take place at the cell membrane, the Gag, Gag-Pro- 

Pol and Env polyproteins must come together with genomic RNA and tRNA. The Gag 

protein is sufficient for directing budding at the membrane, although it is also required to 

control the size of the virion and assist in packaging. The mechanism by which Env 

glycoproteins are incorporated into the emerging virion is not well understood. Processing 

of the Gag and Gag-Pro-Pol precursors is intimately linked to assembly and budding, and 

four proteins are cleaved from the MLV Gag polyprotein; the MA protein, an acidic 

phosphoprotein (pl2) of unknown function, CA (or p30) and the small basic nucleoprotein 

NC (or plO) which is implicated in the binding and packaging of viral genomic RNA. PR, 

which is responsible for cleaving Gag and Pol polyproteins, is encoded by the pro region, 

whereas pol encodes both the RT and IN enzymes required in the early stages of retroviral 

infection. The final maturation step, in which an infectious particle is formed, also requires 

the viral PR.

1.6 - Endogenous retroviruses

The fate of a stably integrated provirus is determined by the type of cell that has been 

invaded. If a somatic cell is infected, any daughter cells will inherit one copy of the proviral 

sequence amongst the chromosomal DNA. However, if integration has occurred into a germ 

cell, any offspring will inherit the provirus as any other single, dominant, Mendehan locus 

(Coffin, 1982). If not unduly counter-selected, these elements can be fixed in the germline. 

These elements are known as endogenous retroviruses, and constitute up to one tenth of the 

total proportion (up to 10%) of the mammalian genome that is estimated to be derived from 

the activity of reverse transcriptase. The remaining 'retroelements' found in mammalian
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genomes (reviewed in Boeke and Stoye 1997), including retrotransposons and 

retrotranscripts such as short interspersed elements (SINEs) will not be discussed here. 

Similar elements such as the plant and mammalian pararetroviruses, prokaryotic retrons and 

retroplasmids will also not be included.

1.6.1 - Distribution:

Virtually all vertebrate species analysed to date contain endogenous retroviral genomes, 

although there is evidence that they have been introduced into the germ line at different times 

(Coffin 1992). Ancient pro viruses colonised the germ line prior to the divergence of modem 

species, and over time have accumulated numerous mutations rendering them unable bo 

produce infectious virions.

1.6.1.1 - Endogenous retroviral elements of the mouse:

The endogenous retroviral elements of the mouse have been the most extensively studied, 

and are divided into nine groups based on their genomic organisation and size. Firstly, the 

C-type MLV-like elements are present in 50 to 100 copies per genome and appear to be 

closely related to one another, although only a small proportion are replication competent. 

The classification of these proviruses according to their host range and stmctural features is 

discussed in detail below (see section 1.8.1). Approximately 5 to 10 copies of B-type 

MMTV provimses are also present (Tomonari et al. 1993). Members of both the MLV and 

MMTV families are able to encode infectious virus. Approximately 1000 to 2000 LAP 

proviruses are present per genome equivalent in mice. lAPs are also replication competent, 

but the large number of intracellular particles produced do not bud from the cell surface 

(Kuff and Lueders 1988). Most full-length lAPs appear to lack intact env genes, although a 

sub-set of lAP-related pro viruses, termed lAP-Es, have been identified that do encode an 

Env-like protein (Fennelly et al. 1996).
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The remaining six families of endogenous retroviral elements contain significant deleted 

regions compared to a full-length pro virus, yet are known to have maintained flanking 

LTRs. Virus-like 30S (VL30) elements contain MLV encapsidation sequences and can be 

efficiently packaged and transmitted within MLV virions (Torrent et al. 1994). VL30 copy 

number varies considerably amongst different strains of mice from a few to several hundred 

(Courtney et al. 1982). The murine retrovirus-related sequences (MuRRSs) and glutamate 

tRNA primer-binding sites elements (GLNs) were first recognised by analysing proviral 

sequences that had arisen from the recombination of other endogenous retroviral elements. 

There are considerably more copies of MuRRSs in the mouse genome than endogenous 

MLVs, suggesting that they represent a distinct group of elements (Wirth et al. 1983). It has 

also been shown that the characteristic insert in the LTR of the polytropic class of MLV (see 

section 1.8) is derived from the MuRRS LTR (Schmidt et al. 1984; Schmidt et al. 1985). 

Similarly, GLN elements were discovered using a VL30 LTR sequence as a probe (Itin and 

Keshet 1986). The size of both these elements varies from predominantly intact pro viruses 

to solo LTRs present in up to 1000 copies per cell (Keshet et al. 1991). These particular 

structures are thought to have arisen from the homologous recombination of two LTRs from 

a single provirus (Copeland et al. 1983). Approximately half that number of murine repeated 

virus on the Y chromosome (MuRVY) elements are found in mice. Some homology to 

LTR, gag, pol and env sequences of C-type retroviruses has been shown (Fennelly et al. 

1996). In addition, up to 200 early transposon (ETn) elements are found in the mouse 

genome. They are characterised by unusual LTR structures and no obvious homology to 

retrovirus genes (Sonigo et al. 1987). Finally, the most recent murine endogenous element 

to be described is the MERV-L structure, which is the homologue of the HERV-Ls. The 

predicted gag gene shares 43% identity with the retroviral Fvl restriction gene ORE product 

and it has been estimated that up to 150 copies are present in the genome of inbred 

laboratory mouse strains, with approximately 1000 solo LTRs (Benit et al. 1999).
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1.6.1.2 - Endogenous retroviral elements of other species:

CHICKEN: The endogenous ALV Rous-associated virus (RAV-0) is closely related to its 

exogenous counterpart, and differences in expression and pathogenicity are thought to relate 

to small sequence polymorphisms in the U3 region of the LTR (Tsichlis and Coffin 1980). 

Three other families of endogenous elements have also been isolated, including avian 

retrotransposon from chicken genome (ART-CH) structures, which are analogous to the 

murine VL30 elements (Nikiforov and Gudkov 1994).

HUMAN: Despite the lack of replication competent elements, over 20 families of human 

endogenous retroviruses (HERVs) have been identified. Each is classified by the amino acid 

specified by the HERV PBS tRNA (Larsson et al. 1989) and pol sequence homology to 

either MLV (class I), MMTV (class II) or most recently described, HFV (class III) 

(Cordonnier et al. 1995). Proviral probes from other species were used to isolate the first 

HERV elements to be described. For example, HERV-E was cloned by screening a genomic 

library with an MLV-related African green monkey probe (Martin et al. 1981). Sequencing 

studies have revealed numerous mutations and deletions in the majority of these elements, 

implying considerable antiquity, and preventing the production of infectious virions in 

humans. By contrast, few sequence polymorphism appear to exist amongst the HERV-K 

proviruses that have been cloned, suggesting that they are more recent in origin. 

(Barbulescu et al. 1999).

CAT: The genome of domestic cats and some close relatives contains up to 20 copies of 

endogenous FeLV proviruses, although none of these have been shown to be infectious 

(Stewart et al. 1986). A second group of elements, the RDI 14 class, has sequence 

homology to an infectious retrovirus in baboons (BaEV), suggesting that some cross

species transmission has occurred. Further evidence for this came from the discovery of a 

new endogenous type-C retrovirus in cats, FcEV {Felis catus endogenous retrovirus), with 

env gene homology to the murine Fv4 resistance gene. Phylogenetic analysis suggested that
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RDI 14 is a new recombinant between FcEV and the env gene of BaEV (Van der Kuyl et al. 

1999).

PIG: The interest in pig endogenous retroviruses (PERVs) has recently increased with the 

potential use of pig organs for xenotransplantation (Stoye and Coffin 1995). Three classes 

(A to C) have been isolated (Takeuchi et al. 1998), and investigations are continuing to 

determine whether PER Vs could be transmitted to humans under such circumstances 

(Paradis et al. 1999).

Endogenous retroviruses have also been characterised in other species such as sheep, 

hamster, and squirrel monkey. The only two classes of vertebrate not thought to contain 

proviral sequences homologous to infectious retroviruses are the lampreys and hagfish 

(Hemiou et al. 1998).

1.6.2 - General properties of endogenous retroviruses:

Despite being closely related, endogenous retroviruses cannot be considered simply as 

germline copies of exogenous infectious viruses. To maintain their presence in the germline, 

proviruses appear to demonstrate a number of general features and adaptations.

Endogenous proviruses are predominantly transcriptionally silent, as a result of host- 

directed méthylation in combination with other mechanisms (see section 1.7.2.2) and are 

often found to be defective due to deletions or point mutations acquired over time. Those 

that are replication competent may also be unable to re-infect the host due to a lack of 

functional viral receptors, a phenomenon known as xenotropism. With a few exceptions 

(see below), endogenous retroviruses are not generally thought to be pathogenic. If the 

reproductive potential of the host was compromised by any pathogenic effects, the 

endogenous provirus responsible would be counter-selected and would ultimately disappear 

from the germline, although this event could occur in alternative situations (Coffin 1982).
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1.6.3 - Effects on the host:

Adaptations to endogenous retroviruses may also extend to those that are beneficial to the 

host. For example, expression of Env proteins may reduce the pathogenic effects of a 

related exogenous virus by inducing immunological tolerance. In the case of endogenous 

MMTV, the superantigens encoded by single copies of the endogenous MMTV sag 

(superantigen) gene cause subsets of T-helper cells to be deleted soon after birth, thus 

reducing the efficiency of any subsequent infections of exogenous MMTVs carrying the 

same sag genes (Palmer 1991).

Resistance to retroviral infection can also be achieved by preventing receptor binding. The 

Fv4 gene is though to have been generated by deletion of the 5’ LTR, gag and pol genes of 

an ancient retrovirus (Gardner et al. 1991). Cells carrying the Fv4 allele for resistance 

express a novel SU-derived glycoprotein on their surface. This suggested that cellular 

receptors were blocked by this SU protein, preventing infection with a new virus particle, in 

a mechanism analogous to superinfection resistance (Best et al. 1997). Fvl prevents 

replication by exogenous retroviruses, and positional cloning revealed that the gene was 

derived from the CA region of an ancient HERV-L element (Best et al. 1996). Although the 

mechanism of resistance to MLVs is unclear, it is known that Fvl acts between virion entry 

and formation of an integrated pro virus.

The only conclusive examples of the pathologic effects of endogenous proviruses have been 

demonstrated in mice. Early experiments by Gross on the low-leukaemic C3H strain 

showed that leukaemia could be induced by infection of new-born mice with cell-free 

extracts obtained from AKR mice (Gross 1950). It was later discovered that a retrovirus 

was expressed in thymic lymphomas, although the virological events leading to disease are 

complex. The original AKR-derived ecotropic provirus must first recombine with both LTR 

and env donor sequences to alter the enhancer capabilities and host range. The new virus, 

(now an mink cell focus forming (MCE) virus) must then integrate adjacent to a proto
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oncogene before the target T-cell is transformed into a tumor cell (Stoye et al. 1991a). 

Endogenous MMTV elements are also known to be involved in the formation of mammary 

carcinomas in mice. Proviral insertion events close to the Wntl and Fgf3 genes (formally 

known as inti and int2, respectively), commonly activated in exogenous tumors, have been 

discovered in GR mice, demonstrating that MMTV does not require multiple recombination 

events to cause oncogenesis (Gray et al. 1986).

Several examples of mutations caused by proviral insertion events have been described, 

including hairless {hr) (Stoye et al. 1988) and dilute {d) (Jenkins et al. 1981) in mice. The 

relationship between the provirus and the mutation was confirmed in both cases by 

demonstrating that revertants had lost the endogenous sequence. The effects of proviral 

insertion have been mirrored by the artificial introduction of exogenous proviruses into the 

germline. In one case, insertional inactivation of the a -1-collagen gene occurred, causing 

death of a embryo homozygous for the pro virus (Barker et al. 1991).

Apart from the effects discussed above, the sheer number and variety of endogenous 

retroviral-like elements suggests that they have played an important part in shaping 

vertebrate genomes throughout evolution.

1.7 - Control of retroviral transcription

Transcription can only occur in retroviruses from the integrated proviral template. This stage 

of the replication cycle relies almost entirely on host-cell machinery for gene expression, and 

proviruses therefore contain binding sites for a wide variety of transcription factors within 

their LTRs. Cis-acting elements only regulate the genes that are in close proximity to their 

own position in the genome, whereas diffusable signals that are not restricted to their own
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chromosomal environment are said to act in trans. Additional transcriptional activators are 

encoded by complex retroviruses, which may also influence the expression of host cell 

genes. Examples of each will be outlined below, with particular emphasis on the factors that 

control the expression of endogenous MLVs.

1.7.1 - General features of retroviral transcriptional control:

The transcription of retroviruses is carried out by RNA polymerase II and is directed by 

both core and regulatory cis-acting control elements. The TFUD (transcription factor HD) 

multiprotein complex initiates transcription by binding to the core TATA box element that is 

found in most promoters. RNA polymerase II binding follows and transcription 

commences, with retention of much of the complex for subsequent rounds of RNA 

synthesis (Tjian and Maniatis 1994). This basal machinery can be modulated by regulatory 

control elements which are located up to 10 kb from the transcription start site in cellular 

genes, although this distance is restricted to I kb in retroviral LTRs.

Promoter elements are those that lie in close proximity to the basal transcription initiation 

complex (Tjian and Maniatis 1994). These regulatory proteins function as transcriptional 

activators or repressors by initially binding to short sequence-specific regions of up to 20 bp 

in length. The DNA-binding domains appear to be shared amongst multiple proteins, 

allowing them to be classified by structural motifs (Pabo and Sauer 1992). Their functional 

role in transcriptional activation is also beginning to be understood. Recruiting other 

transcription factors or components of the initiation complex directly to the promoter appears 

to be important, although there is much recent evidence that by remodelhng chromatin 

structure, regulatory factors can promote RNA polymerase elongation (Felsenfeld 1992). 

Chromosomal regions no longer carrying nucleosomes are hypersensitive to nucleases and 

are thought to allow access for RNA polymerase II, although the transcriptional machinery 

does not appear to be hindered by the presence of hi stone multimers (Felsenfeld et al.
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1996). The identification and characterisation of transcription factors is essential towards 

generating an understanding of virus-host interactions.

By comparing the LTRs of different retroviruses, it is apparent that they share many of the 

same recognition sequences (Golemis et al. 1990). Although the arrangement of these 

binding regions may be different, they can also be identified in normal cellular genes. 

Transcription of a provirus is initiated at the capping site, and most of these sequences are 

consequently situated upstream, within the U3 region. The sequence divergence of this 

region amongst a group of viruses therefore reflects the cell-specific variations in expression 

required in different cell types for pathogenesis or latency.

1.7.2 - Transcriptional control elements of the MLVs:

The LTR U3 region of Moloney murine leukaemia virus (Mo-MLV) and related MLVs is 

divided into promoter and enhancer sections, and multiple transcription factor binding sites 

have been characterised in each (Rabson and Graves 1997). The partial sequence of a Mo- 

MLV and two non-ecotropic MLV U3 regions is shown in Figure 1.3, with the relative 

position of selected positive and negative elements indicated on the diagram. The promoter 

contains the TATA element and a positive cis-acting regulatory sequence upstream for the 

CCAAT/enhancer-binding protein, C/EBP (Graves, 1986). The Mo-MLV 75 bp direct 

repeat (DR) is the site of a large proportion of the binding sites in the enhancer region, and 

was originally discovered by homology to a similar element in the simian virus 40 (SV40) 

enhancer. Small sequence variations in this region have been shown to confer the level and 

specificity of viral expression, and viruses containing only one copy of the repeated region 

are less capable of inducing thymic lymphomas in mice (Holland et al. 1989). Indeed, 

enhancer duplication appears to be an essential step in the process of leukaemogenic virus 

formation in AKR mice (Stoye et al. 1991a). The non-ecotropic (see section 1.8) LTRs 

contain one copy of a sequence similar to the Mo-MLV DR, although a much smaller distal 

imperfect DR of 14 bp is also present (see Figure 1.3). A small
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proportion of the recognition sequences also appear to overlap in the examples of Mo-MLV 

and MLV shown, assisting competition or co-operation between enhancer elements. The 

binding proteins shown in Figure 1.3 will be described briefly.

1.7.2.1 - Positive-acting elements of the enhancer region:

N F l: Two potential binding sites for nuclear factor-1 (NF-1) are found in the Mo-MLV 

DR, with one in the non-ecotropic LTRs. The position of these sites in Mo-MLV were 

confirmed by DNasel protection experiments using purified NF-1 derived from HeLa cells 

(Reisman 1990). The consensus binding sequence is highly conserved amongst MLVs.

Ets: There are over 20 members of the Ets family of transcription factors known, although 

it is unclear which of those expressed in cell types susceptible to MLV infection bind to the 

enhancer. Two binding sites are found in the Mo-MLV DR, named LVb and LVc (Gunther 

and Graves 1994).

CBF: Heterodimeric core binding factor (CBF) binding sites are found in both U3 regions 

as shown. The a-subunit of CBF interacts directly with DNA, whereas the stability of the 

complex is conferred by the P-subunit (Wang et al. 1993). More recent studies have shown 

that CBF and Ets co-operate to form a high-affinity DNA-binding complex when both 

binding sites are present (Wotton et al. 1994).

MCREF-1: The 18 bp Mammalian C-type retroviral enhancer factor-1 (MCREF-1) binding 

sites are well conserved in a large number of C-type viruses, and overlap with the CBF, 

NF-1 and LVb recognition sequences in the Mo-MLV LTR (Sun et al. 1993).

GRE: Three hormone-dependent glucocorticoid receptor (GRE) binding sites are situated in 

the U3 region of Mo-MLV (DeFranco and Yamamoto 1986) (see section 1.7.3).
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bHLH: Basic helix-loop-helix (bHLH) transcriptional activator proteins bind to the sites 

homologous to the E-box motif, which is found in the regulatory regions of many tissue- 

specific mammalian genes, including those in Drosophila (Nielsen et al. 1992; Nielsen et al. 

1994).

The relative effect each enhancer element has on transcriptional activation has been studied 

by systematically mutating single base-pairs in the region required for protein-DNA complex 

formation. The effect on Mo-MLV proviral expression was analysed in transient assays with 

reporter plasmid constructs in different cell types. For example, it was demonstrated that 

transcription was reduced specifically in lymphoid cell lines when the CBF motif was 

mutated, yet the effect was ubiquitous when the GRE binding site was affected 

(Speck et al. 1990a). More recently, it has been shown that there is a correlation between 

CBF affinity and the latent period of T-cell leukaemia (Lewis et al. 1999). A similar 

conclusion was drawn from core site mutations in SL3-3 MLV (Amtoft et al. 1997), 

although secondary mutations accumulated in vivo that were able to restore a certain amount 

of transcriptional activity (Ethelberg et al. 1997).

1.7.2.2 - Negative-acting elements:

Despite the presence of multiple positive elements, proviruses are often transcriptionally 

silent. In the early mouse embryo, a lack of positive regulatory proteins or the presence of 

negative-acting elements have been proposed to account for this. The first model is 

supported by the reported absence of CBF and NF-1-type factors in mouse embryonal 

carcinoma cells (Speck and Baltimore 1987). In addition, three negative-acting elements 

have been characterised in MLVs to date. Two bind upstream of the 75 bp DR, and the third 

maps to the PBS. The most distal of the U3 elements, the binding site for the upstream 

conserved region binding protein (UCRBP) (Flanagan et al. 1989) was present in over 90% 

of the 35 mammalian type-C retrovirus isolates described in one study (Golemis et al. 

1990). The UCBRP has been shown to down-regulate MLV promoter activity, and the
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Figure 1.3: Alignment of MLV U3 regions showing transcriptional control 
elements. A representative modified polytropic MLV U3/R LTR sequence (top) MX33 
clone from Stoye and Coffin 1987 aligned to a polytropic sequence (middle) MX40 clone 
from (Stoye et al. 1988). Dots indicate sequence identity and dashes show bases added to 
satisfy the alignment. The binding sites for nuclear factors are shown in black boxes 
(Tomonaga and Coffin 1999). A single copy of a Mo-MLV U3 75 bp DR is also aligned 
(shown in red) demonstrating the common binding sequences (Speck et al. 1990a). 
Locations of other features are indicated, including conserved restriction sites (underlined), 
TATA and CCAAT-like boxes (underlined in green) and the imperfect 14 bp DR (in blue).
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protein has been isolated in humans as well as mice (Flanagan et al. 1992). The second 

factor, a cellular embryonic LTR-binding protein (ELP), is a mouse homologue of the 

Drosophila positive-acting FTZ-Fl protein, which binds to a 9 bp motif located 12 bp 

upstream of the Mo-MLV DRs. Transient assays revealed that LTR repression activity was 

less significant than the UCBRP and restricted to embryonic cells (Tsukiyama et al. 1992). 

The third Mo-MLV negative-acting protein is a stem cell factor that binds to the proline 

PBS. The repressor binding site (RBS) overlaps the PBS for 17 of its 18 bp, suggesting the 

functions of both elements are somehow linked (Yamauchi et al. 1995).

Infection of embryonal carcinoma cells with Mo-MLV leads to integration of proviral DNA 

at normal levels, although replication is apparently blocked. This repression can be overcome 

when proviral integration has occured adjacent to active cellular promoters (Peckham et al. 

1989). Alternatively, expression may be enhanced by the addition of a positive-acting 

element, such as those found in certain natural variants (Prince and Rigby 1991). Such 

variants have also been observed in which the U3 region (Hilberg et al. 1987) or PBS RBS 

(Barklis et al. 1986) has been altered, leading to an increase in proviral transcriptional levels

Méthylation is also thought to play an important role in the repression of proviral 

expression. This conclusion stems from studies of Mo-MLV activity in embryos, where the 

unexpressed viral DNA is hypermethylated (Jahner et al. 1982). By determining the 

méthylation state of multiple sites in Mo-MLV proviruses during mouse development, it was 

also shown that activation of the virus correlated with déméthylation of specific enhancer 

sequences but not the corresponding flanking regions (Jahner and Jaenisch 1985). This 

suggests that subsequent activation can only occur once déméthylation has taken place. Since 

those experiments were carried out, some doubt has been cast on the significance of 

méthylation in transcriptional regulation. None of the published studies have demonstrated 

that the méthylation pattern observed in a non-expressing tissue can prevent transcription in
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a cell type normally capable of transcribing the gene of interest (Walsh and Bestor 1999). 

Nevertheless, it has been proposed that sex-specific méthylation patterns can mediate the 

expression of imprinted genes and is involved in the transcriptional silencing of endogenous 

retroviral-like elements. For example, lAP transcriptional levels are elevated 100-fold in 

mouse embryos deficient in DNA methyltransferase-1 (Dnmt-1), and méthylation of these 

sequences appears to continue throughout the déméthylation events that occur in the pre

implantation embryo (Walsh et al. 1998). This observation was consistent with the presence 

of a sex-specific nuclear form of Dnmt-1 in normal embryos (Mertineit et al. 1998) and 

suggested that méthylation could play a role in limiting the spread of such elements in the 

germline.

1.7.3 - The role of cell signalling in retroviral expression:

The physiological or developmental state of the host cell can also influence retroviral gene 

expression due to fluctuations in the levels of signalling molecules such as hormones and 

ubiquitous transcription factors. One well-studied example is the induction of MMTV by 

glucocorticoid hormones. On binding of the hormone, the glucocorticoid receptor is 

transported to the nucleus and binds to GRE sites in the LTR (see above). It is proposed that 

this event causes changes in chromatin structure to occur, exposing the NF-1 binding site to 

NF-1, which in turn stimulates transcriptional activation (Archer et al. 1992). The ability of 

glucocorticoids and progesterone to stimulate viral transcription is critical for milk-bome 

MMTV transmission to subsequent generations, since virus production dramatically 

increases during pregnancy and lactation as a result of such stimulation (Truss 1992).

Other examples of cellular factors influencing retroviral expression have been observed in 

humans. Replication of HIV is stimulated by cytokines such as interleukin-1 (IL-1) and 

tumor necrosis factor a  (TNFa) and mediated by the NF-kB transcription factor. Two NF- 

kB binding sites are conserved in all HIV-1 isolates, and are also found in HTV-2 and the 

related SIVs. A complex cytoplasmic signal transduction cascade in active lymphocytes
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results in free NF-kB dimers that translocate to the nucleus (Rabson and Graves 1997). 

There is also evidence that both NF-kB subunits interact with the virally-encoded product of 

the tat gene (see section 1.7.4) to stimulate the synthesis of proviral RNA (Liu et al. 1992). 

This mechanism has implications for the pathogenesis of HIV, since latent provirus 

expression is mediated by the activation state of infected immune cells

In summary, variations in the integration site, binding site or the availability of certain 

factors under specific physiological conditions are able to influence the expression of 

endogenous retroviruses by positive- and negative-acting regulatory elements in the LTR.

1.7.4 - Trans acting elements in complex retroviruses:

In the examples of simple retroviruses discussed above, the provirus' role in the activation 

of transcription is passive. Consequently, the virus relies entirely on cis-acting host-cell 

factors. By contrast, the genomes of complex retroviruses encode trans-acting proteins that 

function in combination with cellular transcription factors to regulate proviral expression. 

Examples of such activators found in HTLV, HIV and HFV are outlined below.

HIV-1: Tat (an acronym for transcriptional trans-activator) is a small protein of 

approximately 90 amino acids, translated from a spliced HIV mRNA. A powerful activator 

of expression. Tat is essential for HIV replication. Its target, the Tat-responsive region of 

the LTR (TAR) is situated at the 5' end of all HIV-1 RNAs and the interaction with Tat 

occurs at a specific bulge in the stem-loop structure of TAR RNA (Sharp and Marciniak 

1989). Several mechanisms for trans-activation have been proposed, based on the proximity 

of TAR to the transcription initiation site and the possible recruitment of basal transcription 

factors. For example, evidence suggests that Tat targets host cell kinases (Tat-associated 

kinases, or TAKs) that enhance the processivity of RNA polymerase II by phosphorylation 

of a specific carboxy-terminal domain (Jones 1997).
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HTLV: The trans-activator of HTLV-1, Tax, appears to act as an accessory transcription 

factor. The three Tax-responsive elements (TREs) situated in the HTLV-1 LTR are made up 

of an imperfectly repeated 21 bp element. Regulation of Tax-mediated transcription has been 

shown to occur via phosphorylation of two adjacent serine residues in the carboxy-terminus 

of the Tax protein (Bex, et al. 1999). Three cyclic AMP response elements (CREs) are the 

target for Tax, and transcription is dependent on the number and relative position of the 

TREs. It is suggested, therefore, that the function of Tax is to assist in the binding of host 

cell proteins to the viral promoter (Goren et al. 1999). Tax can also regulate the transcription 

of a number of cellular genes important in the regulation of T-lymphocytes (see section 

1.7.7).

HFV and SFV: The viral trans-acting factors of primate spumaviruses are encoded by the 

region between env and the LTR, and are referred to as Bel-1 for HFV and Taf for SIV. 

Both proteins are now collectively known as the transcriptional transactivator, Tas. In 

contrast to Tax, Bel-1 binds to DNA directly (He et al. 1996) and multiple Bel-1 response 

elements are situated in the U3 region. Expression of this gene is mediated by an intragenic 

promoter in the env region, which is itself trans-activated by Bel-1. The activation of this 

target site occurs earlier in the HFV life cycle than the LTR, and this may be explained by 

experiments which demonstrate that Bel-1 binding occurs with a higher affinity to the 

internal promoter than U3 elements (Kang et al. 1998).

The presence of such retroviral trans-activators has been implicated in the maintenance of the 

latent phase of retroviral infection. For example, if low levels of trans-activator expression 

occur from latent pro viruses; in the presence of the correct cellular factors, the positive 

feedback loop would result in the induction of more trans-activator proteins and 

consequently high-level expression of retroviral sequences (Cullen and Greene 1989).
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1.7.5 - Other viral promoters:

It is now known that some retroviruses contain alternative promoters outside of the LTR. 

For example, two different additional start sites have been identified in MMTVs, which 

mediate the expression of the sag gene; one in the U3 region upstream of the U3/R border, 

and the other towards the 5' end of env. The tissue-specific expression of Sag in both B- 

and T-cells appears to be controlled by these intragenic promoters (Miller et al. 1992).

In addition to the Tas promoter of spumaviruses, cis-acting transcription enhancers outside 

of the LTR have also been described. For example, in some ASLVs, a gag element 

containing three binding sites for the C/EBP has been isolated (Arrigo et al. 1987), and 

point mutations introduced into this region significantly reduce virus production (Ryden et 

al. 1993). It is unclear, however, whether the gag enhancer acts at the transcriptional level. 

Intragenic regulatory sequences have also been described in MLV (Loh et al. 1988) although 

the significance of such factors for virus replication is not understood.

1.7.6 - 5' vs 3' LTR:

During the process of proviral DNA synthesis, identical LTRs are formed. Both therefore 

contain identical cis-acting signals, although experiments that examined the insertional 

activation of proto-oncogenes demonstrated activation by the 3' LTR only occurred when 

the 5' LTR was deleted (Payne et al. 1981). This phenomenon, known as promoter 

occlusion, may be the consequence of transcriptional machinery transversing the 3' U3 

region and preventing the assembly of transcription factor complexes (Cullen et al. 1984).

1.7.7 - Retroviral enhancers and disease:

Diseases caused by the activation of cellular oncogenes rely on high levels of viral 

transcription for the insertion events which ultimately lead to the expression of transforming 

genes. In the case of Mo-MLV, as with many retroviruses, the tissue-specific activity of 

transcriptional enhancers effects the pathology of the disease. Small changes in the binding
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sites for NFl, Ets, CBF or GREs ail increase the latency period and can even alter the 

disease specificity of the virus, from lymphoid to eurythroid (Speck et al. 1990a and b). The 

importance of the LTR for disease induction is also demonstrated by reciprocal exchanges of 

the U3 regions between Mo-MLV and Friend murine leukaemia chimeric viruses, which 

demonstrate the disease specificity of the LTR donor (Morrison et al. 1995). In a more 

recent study of viruses that cause cytopathic foci on mink cells (MCF viruses), a short 

sequence was inserted between the two copies of the enhancer region present in the LTR. 

The resultant virus was less leukaemogenic than an undisrupted example, suggesting that 

the stereospecific arrangement of the enhancer region is important for pathogenicity 

(DiFronzo and Holland 1999).

MMTV typically causes breast carcinomas in mice, and transformation is dependent on a 

number of mammary gland-specific positive-acting elements in the LTR. In addition to the 

role of steroid hormones, further positive-acting elements are required for tissue-specific 

expression of MMTV genes. It has been shown that insertional activation of a proto

oncogene in the mammary gland is not hormone dependent. MMTVs therefore rely on 

multiple cellular proteins that bind to the mammary-restricted enhancer, situated towards the 

5’ end of the LTR, for proto-oncogene expression and subsequent tumorigenesis. 

(Lefebvre, 1991; Mink et al. 1992). The identity of the proteins required for mammary- 

specific gene expression are not known.

As mentioned above, the latency of complex retroviruses is an important feature of their 

pathogenesis. HTLV-1-induced leukaemogenesis is also mediated by Tax activation of 

cellular genes. Induction of NF-kB serves to increase the transcription of cytokine and 

cytokine receptor genes such as IL-2 (Ruben et al. 1988), which in turn enhances T-cell 

proliferation and ultimately leads to lymphoma development. In addition, the inhibition of 

proteins involved in DNA repair by Tax, such as human DNA polymerase (3, may enhance 

the genetic changes responsible for oncogenesis (Uittenbogaard et al. 1994). Finally, in
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another model, the HIV trans-activator, Tat, can be released from infected cells and 

efficiently taken up by uninfected cells (Ensoli et al. 1993). This unusual property of Tat has 

been implicated in the origin of Karposi's sarcoma, a disease common amongst AIDS 

patients (Ensoli et al. 1990).

In conclusion, retroviruses rely on a wide-range of host-cell transcription factors for their 

various pathogenic mechanisms. These include ubiquitously expressed proteins, those that 

are tissue-specific or ligand-dependent or transcriptional activators that are encoded by the 

more complex viruses. Numerous factors act in concert to determine the site and efficiency 

of replication, and the complexity and subtlety of these interactions between the virus and 

the host are only just beginning to be understood.

1.8 - Murine C-type retroviruses

Before introducing Gvl, it is important to consider the target for the gene, the endogenous 

MLVs, in more detail. The classification, mapping and characteristics of these elements will 

therefore be presented.

1.8.1 - Host range:

Endogenous MLV-related proviruses are classified according to the structures of their env 

genes (Coffin, 1996). Viruses isolated from inbred strains of mice are separated into two 

main groups, ecotropic and non-ecotropic. The ecotropic class can only infect mouse (and 

rat) cells and can be transmitted vertically or horizontally. Consequently, both endogenous 

and exogenous examples have been described. The integration site of individual proviruses 

allow them to be identified based on the size of a particular junction fragment by Southern 

blotting techniques. In mice, this method was first used to identify and map specific 

ecotropic MLVs {Emv loci). These pro viruses are only present in low copy numbers, with
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zero to ten copies present per haploid mouse genome (Jenkins et al. 1982). The first 

endogenous ecotropic retrovirus sequenced was AKV MLV, that was imphcated in the high 

incidence of thymic leukaemias in AKR mice (Herr 1984).

The non-ecotropic viruses are sub-divided into the xenotropic, poly tropic, modified 

polytropic and amphotropic groups. The xenotropic class can only replicate in non-mouse 

cells, due to incompatible receptors, which differ from those used by ecotropic viruses. 

Consequently, endogenous xenotropic viruses do not cause disease in inbred mice and can 

only be genetically transmitted. The second non-ecotropic group are typified by the MCF 

retroviruses (Hartley et al. 1977). These viruses are replication competent as a result of 

recombination between endogenous ecotropic and non-ecotropic viruses. They contain an 

altered env gene relative to ecotropic viruses which encodes the ability to infect both mouse 

and non-mouse cells (Khan 1984; Stoye et al. 1991a). The viruses are therefore known as 

dual tropic or more commonly, poly tropic. Structural analysis of a number of polytropic 

proviral sequences revealed that a third non-ecotropic class, the modified polytropic viruses, 

could be classified based on a characteristic env deletion (Stoye and Coffin 1987).

Amphotropic retroviruses are the final group of non-ecotropic viruses, which can also infect 

both mouse and non-mouse cells. No endogenous examples have been identified in inbred 

strains of mice. However, exogenous examples were isolated from California wild mice, a 

group of animals known to produce infectious amphotropic virus as a result of horizontal or 

congenital infection (O'Neill et al. 1987).

1.8.2 - LTR structure:

No infectious non-recombinant polytropic or modified polytropic proviruses have been 

isolated to date. This may reflect a combination of mutations and deletions in the coding 

sequences that render them replication incompetent, although it may also be caused by their 

LTR structures. Two studies simultaneously described the sequence of the U3-R regions of
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proviral clones isolated from BALB/c mice that contained a 190 bp insert compared to the 

LTRs of xenotropic viruses (Khan and Martin 1983; Ou et al. 1983). It was shown that 

these longer LTR structures represented the endogenous polytropic and modified polytropic 

class of MLVs based on their corresponding env sequences (Stoye and Coffin 1987; Ch'ang 

1989).

The U3 regions of both classes of provirus contain the TATA and CCAAT-like boxes found 

in ecotropic and xenotropic LTRs which are necessary for transcription (see section 1.7.1). 

However, one of the two 75 bp DRs found in Mo-MLVs is missing and a unique 14 bp DR 

is found towards the 5' end of U3 (see Figure 1.3). The 190 bp insert is bound by imperfect 

6 bp repeats, which is a structure characteristic of transposable elements and alluded to the 

origin of this sequence (Khan and Martin 1983). Evidence was soon presented, however, 

that the insert resulted from recombination between the MuRRS group of elements and 

endogenous non-ecotropic LTRs (Schmidt et al. 1985). Two further deletions, of 5 and 39 

bp, were observed in the U3 region of polytropic pro viruses compared to clones derived 

from the modified polytropic class (Stoye and Coffin 1987). The significance of these 

regions to this study will be discussed later.

1.8.3 - Origins:

Based on Southern blot analysis using type-specific probes from four different viral env 

genes, it was shown that xenotropic and MCF viruses were more widely distributed in wild 

mice than the ecotropic class, suggesting that non-ecotropic viruses were integrated into the 

Mus germline at an earlier date (Kozak and O'Neill 1987). This is consistent with the 

hypothesis that endogenous ecotropic viruses found in inbred strains of mice resulted from 

recombination between the env gene of non-ecotropic virus and another unknown virus that 

is not endogenous to the germline (Stoye and Coffin 1987). The sequence variation of the 

env gene observed amongst ecotropic isolates also suggests that such a recombination event 

has occurred several times (Kozak and O'Neill 1987).
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The evolutionary relationships of the endogenous MLVs were examined by comparison of 

the gp70 amino acid sequence. The members of the non-ecotropic class were closely related, 

as expected, although the ecotropic viruses showed only 58% sequence identity to the 

others. The evolutionary tree suggests that insertion of the 190 bp element into U3 

presumably occurred sometime after the divergence of xenotropic and polytropic viruses, 

and that modified polytropic and polytropic viruses diverged before the generation of inbred 

strains (Stoye and Coffin 1987).

1.8.4 - Genetic mapping of endogenous MLVs:

Oligonucleotide hybridisation probes were designed in the env region to determine the 

relative distribution of the different classes of non-ecotropic endogenous proviruses in the 

commonly used inbred strains of mice. DNA from the relevant animals was digested with a 

restriction enzyme such as PvuII, and each provirus yielded a unique probe-reactive virus- 

host junction fragment, depending on the closest PvuII site in the flanking sequence (Stoye 

and Coffin 1988). Significant differences in proviral content between strains were observed 

using this technique, yet only a small proportion of individual proviruses were unique to a 

given strain. It was also estimated that between 40 and 80 copies of non-ecotropic proviral 

sequences were present per genome (Stoye and Coffin 1988). The relative structures of 

these four classes of endogenous MLV are shown in Figure 1.4. Using class-specific 

oligonucleotide probes, xenotropic pro viruses (Xmvs) were mapped by the segregation of 

junction fragments in recombinant inbred (RI) mouse strains (Frankel et al. 1989a), 

followed by the polytropic pro viruses (Pmvs) (Frankel et al. 1989b) and finally the 

modified polytropic pro viruses (Mpmvs) (Frankel et al. 1990). Over 160 individual loci 

have been now been mapped (Frankel et al. 1992). LTR probes have also been used more 

recently to map proviral loci. The fact that pro viruses contain duplicated LTRs meant that the 

hybridisation patterns were more complex than those with env probes. However, it could be 

concluded that less than 10% of the MLV sequences present in the genome are represented 

by solo LTRs (Frankel and Coffin 1994).
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Figure 1.4: Structures of endogenous MLVs. Features indicated are the restriction 
sites for EcoRI (E), BamHI (B), and Hindlll (H). The relative sizes of the LTRs with the 
150 bp and 190 bp inserts in poly tropic and modified polytropic pro viruses (shaded) are 
shown; the positions of the probes specific for ecotropic (pEco), xenotropic (js6/10), 
polytropic (js5) and modified polytropic (js4) sequences are indicated. Redrawn from Stoye 
and Coffin (1988).
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From these studies it was concluded that members of individual strains contain an identical 

complement of endogenous proviruses and that few were unique to one particular strain, 

implying that modem inbred strains of mice are derived from a small pool of animals. These 

proviruses also appear to be evenly distributed across the mouse genome, apart from four 

xenotropic loci tightly linked to the retroviral restriction locus, Fvl (Stoye et al. 1995).

1.8.5 - Acquisition and loss of endogenous MLVs:

Few examples of proviral movement have been documented, suggesting that these elements 

are stable in the mouse genome. Germhne movement of proviruses has been most 

extensively studied in the 17 substrains of the AKR mouse that have been identified. Of the 

few ecotropic proviruses expressed, only one pro virus (Em vll) was found in all the strains 

analysed, suggesting that Em vll existed in the original AKR stock. (Buckler et al. 1982). It 

has since been calculated that AKR mice gain one ecotropic pro virus for every 50 to 100 

generations. Even higher frequencies of acquisition have been observed in SWR/J-RF/J 

hybrid mice, where as many as 10 ecotropic proviral integration sites were observed in a 

single animal from some Utters and three-quarters of the progeny obtained new proviruses 

(Jenkins and Copeland 1985). Acquisition of non-ecotropic pro viruses appears to be 

occurring approximately 50-times more slowly, based on the data from all the RI strains 

analysed to date (Frankel et al. 1990).

Analysis of ecotropic proviral acquisition in mice demonstrated that reverse transcription and 

infection stages are required for the addition of novel pro viruses. Ovaries from mice with no 

endogenous ecotropic pro viruses were transplanted into female hosts that carried two Emvs. 

The mice were crossed with virus-negative males, and novel proviruses were detected in 

progeny derived from the donor (virus negative) ovary. These proviruses were therefore 

derived from infection, since none could possibly have been inherited (Lock et al. 1988). In 

addition, intracellular retrotransposition may account for the insertion of new pro viruses.

48



which has been shown by in vitro studies using constructs derived from lAPs (Heidmann 

and Heidmann 1991).

The loss of proviral sequences has also been observed, although all of the examples 

documented to date resulted from homologous recombination between two LTRs. In the 

case of the d mutant in mice, loss of an ecotropic provirus causes reversion of the mutant 

phenotype, leaving behind a characteristic solo LTR (Copeland et al. 1983). An estimate of 

the excision rate was made based on the number of d  mutants observed in the inbred mouse 

population, of one event per 5 million meiosis (Seperack et al. 1995).

In summary, the organisation, distribution and movement of endogenous MLVs have been 

studied in detail over the last 20 years. Their structure is relatively homogeneous, and their 

apparent stability in the genome means they are suitable molecular markers for evolutionary 

studies of the mouse. The challenge is now to understand more about the mechanisms of 

endogenous proviral expression and how this may relate to disease in both mouse and 

human.

1.9 - Early Gvl  studies

Before any molecular biological techniques were available to study the activity of 

endogenous MLVs, experiments relied on serological analysis to characterise the various 

antigens produced by leukaemia virus infection and by endogenous pro viruses. Gross viral 

antigens were first described in the 1960s, and were of particular interest at that time due to 

their widespread distribution amongst naturally occurring leukaemias (Old et al. 1965). It 

was the detailed analysis of one particular MLV-deiived antigen, which lead to the 

definition of two mouse genes, Gvl and Gv2.

49



1.9.1 - MLV antigens of inbred mouse strains:

It became increasingly obvious from experiments in the 1960's that the genetic determinants 

of MLVs were present in all mouse cells. MLV-related antigens were also detected in tissues 

of inbred strains, although considerable variation in the quantity and composition of these 

viral proteins was observed. Certain strains, such as AKR and C58 have a high incidence of 

spontaneous leukaemias, and MLV-associated antigens were isolated from various tissues 

throughout the lives of these mice. Other strains, such as C57BL/6 and BALB/c, show 

little or no sign of overt infection until later life, but MLV antigens and virions could still be 

isolated (Parks et al. 1973; McChntock et al. 1977). In contrast, the 129 strain is unusual 

amongst the common inbred strains in that no infectious virions have been isolated (Levy 

1975), despite the presence of multiple endogenous xenotropic-related MLV sequences 

(Chattopadhyay et al. 1980) which are responsible for the antigens that have been detected 

(see below).

To examine the strain-specific synthesis of viral antigens further, radioimmunoassays that 

measured the concentration of the two MLV proteins CA and SU were carried out. The 

expression of both proteins did not appear to be co-ordinately linked and high levels were 

observed in the strains with a high incidence of leukaemia, as expected. More striking, 

however, was the significant level of expression in the spleens of 129 mice (Strand et al. 

1974). The 129 strain has therefore been used to model antigen accumulation resulting from 

the expression of endogenous retroviruses without confounding effects due to transcription 

of novel pro viruses resulting from in vivo virus replication. To understand how the 

synthesis of these proteins is controlled by the host, the Gj^ antigen in 129 mice has been 

studied in detail.

1.9.2 - The Gix system:

Four antigens of Gross MLV were originally reported, recognised by complement fixation, 

immunodiffusion, virus neutralisation, immunoelectronmicroscopy and by using a

50



cytotoxicity test (for summary, see Stockert et al. 1971). The latter technique, in which cells 

in suspension are killed on incubation with antibody and complement, was carried out by 

immunising C57BL/6 mice with an AKR spontaneous Gross virus leukaemia. It was shown 

that the antisera was typing for a Gross cellular antigen that was present in lymphoid tissue 

from mice with a high incidence of spontaneous leukaemia, whereas low incidence strains 

were antigen negative. In addition, the antigen was serologically distinct from those induced 

by Moloney, Friend or Rancher viruses. The obvious relationship with Gross MLV meant 

the antigen was named G (Gross) cell surface antigen (GCSA) (Old et al. 1965). To 

investigate the Gross antigenic system further, thymus cells from C58 mice naturally 

infected with leukaemia virus were inoculated into newborn rats. Animals inoculated over a 

6 month period developed antibodies that were cytotoxic for the mouse cells used to induce 

the disease, but not for spontaneous rat leukaemias or normal rat tissue cells (Geeiing et al. 

1966).

Among the antibodies discovered in the rat antiserum against the mouse syngenic 

leukaemias, was one that was strongly cytotoxic for thymocytes of certain mouse strains 

and not others. This new MLV cell-surface antigen was named Gj^ after Ludwik Gross and 

the linkage group of one of the two genes believed to be required for its expression (see 

below) (Stockert et al. 1971). Each strain was classified into one of four groups according 

to a relative quantitative estimation of the Gj^ antigen, whether the representation on 

thymocytes was deemed to be high, intermediate, low or not detected. The strain 

distribution of the Gj  ̂ antigenic phenotypes observed did not correlate with the expression 

of GCSA. For example, 129 mice from several sub-strains were all Gj^+'GCSA-, although 

the lymphoid tissues of certain mice with a G^y-:GCSA- phenotype began to express both 

antigens in later life. It was even possible to induce G^ in newborn rats by inoculation with 

virus-producing thymocytes from GCSA+ mouse strains susceptible to spontaneous 

leukaemias such as AKR or C58, suggesting that phenotypic conversion could result from 

productive infection (Stockert et al. 1971). GCSA was therefore serologically distinct from
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Gjx, although it was not known at that time how each antigen related to an MLV structural 

component.

To determine the genetic basis of antigen expression on thymocytes, crosses between 

the prototype G^+ strain 129 and the prototype Gj^- strain C57BL/6 were established 

(Stockert et al. 1971). It was first noted that FI animals (129 x C57BL/6) showed 50% 

expression of G^ compared to 129 mice in quantitative cytotoxic assays. From a large 

backcross population, derived from (129 x C57BL/6) x 129 matings, half the animals 

demonstrated Ĝ  ̂ expression levels equivalent to that of the 129 strain, with the remainder 

all showing levels corresponding to the FI animals. No other subclasses of these two 

categories were observed. These data suggested that the segregation of a single, semi

dominant gene was responsible for G^ expression. However, in the reciprocal backcross, 

(129 X C57BL/6) x C57BL/6, a 3 to 1 ratio of Ĝ -̂ to G^+ phenotypes was seen. This was 

consistent with the segregation of two genes, one semi-dominant and one fully, or co

dominant. It was concluded that the expression of Gj^ on normal lymphoid cells requires 

positive alleles at two unlinked chromosomal genes. The loci were subsequently named Gvl 

(Gv for Gross virus) and Gv2 (Stockert et al. 1972). Linkage tests also indicated that the 

semi-dominant Gvl gene segregated with the H-2 locus, placing it in linkage group IX 

(Stockert et al. 1971).

Gjx has been described in spleen and other lymphatic tissue, as well as the thymus, sperm 

and in seminal vesicle fluid. In GCSA- strains, however, the thymus is the only lymphoid 

tissue that expresses Gj^ (Obata et al. 1975; Obata et al. 1976). Since Ĝ  ̂ is expressed on 

thymocytes, it was considered to be a valuable marker for T-cell differentiation in addition to 

being a useful model for MLV antigen accumulation. To therefore study the properties of 

this antigen in more detail, a congenic 129 Gj^- strain was established by backcrossing from 

C57BL/6 Gjx“ mice for ten generations (Stockert et al. 1975). Animals were selected for the 

absence of Ĝ  ̂at each stage using the quantitative cytotoxic assay discussed above, so that
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the resulting strain only differed from the normal 129 Gjx+ mice at the semi-dominant Gv7 

locus; the animals were consequently genetically identical at the Gv2 locus and at all other 

loci tested (Stockert et al. 1976). A C57BL/6 0^4- congenic strain was also created using a 

similar method, by serial backcrossing from 129 Gjx+ mice (Stockert et al. 1975). 

Unfortunately for this study, a search for both congenic strains proved unproductive (J. 

Stoye, pers. comm.).

1.9.3 - The link between Gjx and gp70;

Based on the phenotypic conversion of Gj^- tissues by productive infection with MLV, there 

was strong evidence that the antigen represented partial expression of a MLV genome. This 

was confirmed in the mid-1970s, when is was shown in several studies that Gj^ was 

associated with the expression of the SU envelope glycoprotein of MLV.

The antisera used in the original cytotoxic assay for G^ identifies several structural MLV- 

related proteins, including gp70, gp45 and p30; all named based on their estimated 

molecular mass (Obata et al. 1975). Immunoprécipitation experiments using the rat aniserum 

compared the cell surface components of iodinated 129 thymocytes to its partner congenic 

strain by SDS-PAGE. The only protein that could be used to distinguish between the two 

strains had a molecular mass identical to that of the MLV SU glycoprotein and could also be 

precipitated with anti-SU antiserum prepared against Raucher MLV (Tung et al. 1975a). A 

related serological study also showed that Ĝ  ̂antigen found in mouse serum correlated with 

the presence or absence of MLV SU and that it could be removed from Gjx+ serum by 

precipitation with antiserum to the glycoprotein (Obata et al. 1975).

Further studies of the congenic 129 Gj^- strain revealed that the Gj^- phenotype was not 

simply due to a complete absence of viral antigens. Although 129 G^ -̂ mice were originally 

described as lacking SU altogether (Strand et al. 1974), low but detectable levels of this 

antigen and p30 were subsequently reported (Lemer et al. 1976). Thymic expression of SU
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was also observed in mouse strains that did not express Gj^, such as C57BL/6 (Tung et al. 

1975b). It is therefore not possible that a single retroviral genome responsible for the Gjx+ 

phenotype has been lost in G^- mice. More than one retroviral structural gene also appears 

to be affected simultaneously in this phenotype. A serological study showed that the 

expression of SU in mice was restricted to certain anatomical sites and cell types. Reduced 

levels of the serologically distinct proteins were observed by immunofluorescence and 

radioimmunoassays in the congenic 129 Gj^- strain compared to normal 129 mice as 

expected, although there was considerable variation in the relative amounts of SU in 

different tissues (Lemer et al. 1976). Expression of a non-ecotropic MLV-related antigen, 

G(erld), derived from a distinct SU molecule, is also reduced in the 129 G^ -̂ mouse (Obata 

et al. 1981). Further proof of the relationship between MLV and G^ came from a study in 

which the Gj^ antigen was induced in vitro by infection of permissive cells with purified 

Gjx+ ecotropic vims (O'Donnell and Stockert 1976). It was concluded that Gj^ was a 

constituent of SU. Gjx+ mice therefore express SU proteins with both Gj^+ and Gj^- 

phenotypes, whereas only the latter type are present in those animals which are classified as 

Gjx-. Around that time it was discovered that GCSA was in fact related to p30 and Gag, 

which occur as proteins on the surface of infected cells (Tung et al. 1976; Snyder et al. 

1977). This explained earlier immunoelectron microscopy studies using GCSA antibodies in 

which the cell surface but not the viral envelope was labelled (Aoki et al. 1970).

To investigate the differences between Gĵ H- and Gj^- SU molecules at a molecular level, 

envelope genes from two related ecotropic MLVs derived from BALB/c mice were analysed 

by RNase T1 oligonucleotide mapping (Faller and Hopkins 1978). Although this method 

was estimated to sample only 10% of the viral genome, the data revealed that the sequences 

were identical apart from one region which correlated with the Gj^ phenotype. A single 

nucleotide polymorphism changes the asparagine in the G^- oligonucleotide sequence to an 

aspartate encoded by Gj^+ vimses (Donis-Keller et al. 1980). The Asparagine-Leucine- 

Threonine amino acid triplet was a known glycosylation signal (Pless and Lennarz 1977)

54



and it was therefore concluded that its presence in the SU molecules of G^- viruses would 

result in an additional oligosaccharide chain compared to those derived from Gjx+ proviral 

sequences. This was confirmed in a study of envelope protein precursors by electrophoretic 

mobility and glycopeptide profiles. The experiments showed that the Gjx+ proteins 

contained six oligosaccharide chains, whereas the SU products from G^- viruses contained 

seven (  ^.osAcr et al. 1980). In addition, the PAGE mobility of labelled SU from cells 

infected with the Gj^- virus revealed a size difference of approximately 4000 daltons 

compared to those infected with G^+ virus, correlating with previous estimates for the size 

of a single N-linked oligosaccharide chain. This observation was consistent with earlier 

work which demonstrated that many G^- strains express a structural variant of SU (Tung et 

al. 1975b). It was therefore proposed that the antigenic determinant of Gj^ is blocked in 

mice expressing the Gj^- form of SU when this site is glycosylated. Once the complete 

sequence of MLV-related proviruses became available, it became apparent that this 

glycosylation signal is situated towards the 3' end of SU (Van Beveran et al. 1982).

In addition, structural comparisons between such SU molecules expressed in a number of 

different mouse tissues were carried out (Elder et al. 1977). Viral SU proteins were purified 

by immunoprécipitation, then radioiodonated, digested with trypsin and analysed by two- 

dimensional thin-layer chromatography. The experiments showed that the SU molecules 

could be divided into groups according to their characteristic tryptic peptide profile and that 

this reflected the class of virus that encoded the protein. More significantly for this study, it 

was also shown that SU molecules found at different anatomical sites in the 129 Gjx+ mice, 

reduced in the congenic strain, have distinct tryptic peptide maps. The thymocyte-derived 

SU protein resembled that of xenotropic virus from NZB mice, whereas the product purified 

from seminal fluid was comparable to the ecotropic class (Elder et al. 1977). This suggested 

that multiple proviral genes were affected in 129 Gj^- animals.
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Since the congenic strain is genotypically identical to the 129 strain except for the Gvl 

locus, the expression levels of these multiple proviruses is presumably under control of the 

gene or one that is very tightly linked to it. The various studies discussed above were 

predominantly based on serological and biochemical techniques. To therefore examine the 

genetic regulation of proviral sequences by Gvl in more detail, nucleic acid hybridisation 

analyses were carried out.

1.9.4 - Regulation of MLV expression by G v li

Initial molecular experiments confirmed that an identical complement of proviruses were 

present in 129 and 129 Gj^- mice, showing that the differences in SU and p30 expression 

observed in earlier experiments was not due to an absence of retroviral structural genes. 

Southern blots using a Mo-MLY env and gag-pol probes showed that proviral sequences in 

the germ line and in somatic tissue were indistinguishable in 129 Gj^- and normal 129 DNA 

samples. This suggested that no proviral rearrangements or exogenous viral infection events 

could account for the lower levels of structural expression in 129 G^- mice (Levy et al. 

1982). Similar probes were then used in northern blots to examine the relative levels of 

proviral expression in poly (A) RNA from the two strains. Low but detectable levels of env- 

related RNA in G^- tissues supported the conclusion that absence of a specific proviral 

structural gene was not the cause of the G^ -̂ phenotype. The pattern of bands also 

demonstrated that a reduced steady state level of retroviral RNA is present in these mice 

compared to Gvl+ animals, and that the expression of endogenous MLV structural genes is 

also considerably lower. The expression of viral RNA appeared to be tissue-specific, with 

quantitative and qualitative differences observed in northern blots using a MLV probe 

spanning the sequence of a full-length proviral transcript. The most striking differences in 

expression between the 129 Ĝ -̂k and 129 G^- strains were detected in RNA purified from 

the spleen and thymus, although transcription was barely detected in G^-i- brain tissue 

(Levy et al. 1982).
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In the same study, the relative transcription rates were analysed by labelling purified nuclei 

from 129 Gjx+ and 129 G^- liver and brain tissue and hybridising to a Mo-MLV gag-pol 

DNA probe. The low levels of expression observed in brain from Gjx+ and Gj^- mice on 

northern blots were detected using this method, and it was calculated that the transcription 

rate was reduced by over 80% in tissue from Gj^- compared to Gjx+ mice (Levy et al. 

1982). It was therefore concluded that more than one MLV transcriptional unit was being 

controlled by the Gvl locus. Considering the abundance and genomic organisation of 

endogenous retroviral sequences in the mouse genome, a trans-acting factor would be 

required to mediate the expression of these multiple pro viruses.

This hypothesis was examined in more detail in a later study by the same research group, in 

which proviral RNA was analysed on northern blots and by nuclease protection (Levy et al. 

1985). To isolate probes for these experiments, a cDNA library derived from various 129 

Gfx+ tissues was screened using Mo-MLV proviral fragments. The clones isolated therefore 

represented transcriptionally active endogenous retroviruses. Poly(A) RNA from several 

tissues was hybridised to a pol-env clone on northern blots. As in the previous study, a 

reduced steady-state level of RNA was observed in G^- tissues compared to those from 129 

mice and a number of distinct RNA species were regulated in a tissue-specific manner (Levy 

et al. 1982). The cDNA-derived non-ecotropic probe increased the sensitivity of the 

hybridisation, allowing quantitative estimates of the proviral expression levels to be 

calculated. For example, a 10-fold reduction in retroviral RNA in Gj^- thymus was 

observed, with other RNA species displaying independent responses to transcriptional 

regulation.

To demonstrate that Gvl acts on multiple proviral sequences, SI nuclease protection was 

carried out on poly (A) RNA purified from a range of 129 G^x+ and 129 G^- tissues using 

cDNA probes spanning the U3 region of the 3' LTR. This probe was chosen due to the 

heterogeneity of this region in different viral isolates (see above), thus increasing the chance
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of generating protected products derived from multiple proviruses (for details of the 

methodology and interpretation of results, see sections 2.14 and 3.2). In all tissues tested, 

more than one protected product was resolved. The full-length fragments, which 

presumably reflected protection of the entire probe with an identical proviral sequence, 

displayed only slightly reduced intensities in G^- tissues when the relative amounts of input 

RNA was taken into account. However, the remaining fragments represented the expression 

of proviral sequences with structures different to that of the probe. One such band was 

noticeably absent in Gj^- thymus tissue, and this was shown to be derived from a distinct 

pro virus, sequenced from a U3 cDNA clone. A second protected product was also under

represented in Gjx" tissue compared to RNA from Gj^+ mice and the origin of this fragment 

was provisionally accounted for by the U3 sequences available. Finally, a fragment only 50 

nt shorter than the full-length product was protected, which showed a reduction in intensity 

in G,x- liver, spleen and thymus but could not be explained by known U3 sequence 

polymorphisms. It was subsequently concluded that the expression of more than one 

distinct U3 structure is controlled in a tissue-specific manner by Gvl (Levy et al. 1985).

Further nuclease protection experiments using probes specific for gag, pol and env 

sequences were carried out to search for structural heterogeneity that would account for the 

various transcripts observed by northern blotting. It was demonstrated that these RNA 

species were derived from independent proviruses based on the presence of almost total env 

deletions that accounted for the protected products observed (Levy et al. 1985). These 

coding regions, along with those lacking the env deletions, were also under-represented in 

Gjx- RNA compared to samples purified from Gj^+ mice. More recent experiments have 

characterised these Gvi-responsive sequences further. Four distinct non-ecotropic retroviral 

loci were isolated from a 129 Gjx+ library, which contained these characteristic env 

deletions and additional identical short gag deletions (Policastro et al. 1989).
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One protected product, however, was unique to RNA purified from G^- epididymus (Levy 

et al. 1985). Derived from an env pl5E probe, this band was though to originate from a 

transcript detected on RNA blots that appeared to be unresponsive to G vl. It is therefore 

possible that the provirus responsible for this protected product was contributed by the 

C57BL/6 strain during the generation of congenic 129 Gj^- animals (Stockert et al. 1971) 

and may be genetically tightly linked to G vl. This single locus was not detected on the 

Southern blots used to compare proviral content of the 129 and 129 G^ -̂ strains (Levy et al. 

1982).

It is possible that Gvl only controls the expression of a subset of all the MLV-related 

pro viruses. To therefore isolate those affected sequences from the remaining endogenous 

viruses in the mouse genome, méthylation analysis was carried out. It has been shown that 

transcriptionally active proviruses are often partially unmethylated compared to latent 

integrated sequences (Hoffmann et al. 1982; section 1.7.2.2). Genomic DNA from Gjx+ 

and Gjx" tissues was digested with the méthylation sensitive enzyme Smal and Southern 

blots were probed with a pol-env probe. A number of distinct proviral fragments unique to 

G^+ tissues were observed, which potentially corresponded to active Gvi-responsive 

proviral sequences (Levy et al. 1985).

The conclusion from the work of Levy et al. was that retroviral gene expression in the 

congenic 129 Gj^+ and 129 Gj^- strains is mediated at the transcriptional level (Levy et al. 

1982) and that Gvl encodes a trans-acting factor that co-ordinately regulates the expression 

of MLV-related proviruses in mice (Levy et al. 1985). The regulatory role that Gv2 plays in 

Gjx expression remains unclear.

1.9.5 - Mapping of Gvl  and Gv2:

Attempts have been made to genetically map both Gvl and Gv2, yet these studies have 

yielded contradictory results. From the original genetic crosses, Gvl was placed in linkage
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group IX (Stockert et al. 1971), corresponding to chromosome 17, based on a distance of 

36 units from the H-2 locus. In retrospect, the chromosome 17 assignment is likely to be 

spurious due to the recombination frequency observed. Doubt was also cast over the Gvl 

map position, when it was discovered that no genetic association between the Gvl and the 

H-2 loci was observed in crosses with the AKR strain. The results from these experiments 

signified linkage with glucose-6-phosphate dehydrogenase-1 (Gpdl) at a distance of 19 

units, placing Gvl on chromosome 4 (Ikeda et al. 1973). An explanation for this 

discrepancy was sought by further detailed genetic analysis of both sets of Gvl mapping 

data. The possibility that the overall genetic background might influence the associations 

between Gvl and Gpdl or H2 was discounted by analysing fifth generation 129 x (129 x 

BALB/c) backcross mice selected for heterozygosity at each stage. The associations between 

Gvl and H-2 or Gpdl were still intact, suggesting that they must be attributed to the 

property of the H-2 or Gpdl chromosomal regions, also known as quasi-linkage (Stockert 

et al. 1976). The association between Gvl and Gpdl was lost in backcross progeny 

homozygous for the retroviral restriction gene, Fvl. As Fvl maps in close proximity to 

Gpdl, linkage to Gvl is likely to be an artefact of Fvl heterozygosity. Indeed, previous 

segregation data showed no association of the Gpdl and phenotypes in crosses 

involving AKR and C57L mice (Ikeda et al. 1976). Fvl segregation will influence the 

spread of AKR ecotropic viruses, causing the apparent linkage to be observed; the presence 

of the antigen may simply reflect the vims titre.

Gv2 was reported to be situated in linkage group 1, or chromosome 7, based on a three- 

point cross showing linkage to the (3-chain of haemoglobin {Hbb) at a distance of 

approximately 34 units (Stockert et al. 1972). Unfortunately, a strain with the genotype 

Gvl-\- / Gv2- was not available, so the mapping was carried out in a (C57BL/6 x 129)F1 x 

C57BL/6 backcross in which Gvl is also segregating. Consequently, only 25% of the 

animals (87 out of 345 tested) were Gjx+; only these animals were informative for mapping 

Gv2.
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A gene controlling the enhancement of serum gp-70 production by lipopolysaccharide (LPS) 

injection has been identified. Designated Sgp2 (originally named Sgp-2), the gene was 

identified in genetic crosses of 129 and C57BL/6 mice, chosen so that the possible 

contribution of the Gj  ̂loci could be determined. Quantitative analysis of serum gp70 levels 

analysed using a radioimmunoassay demonstrated that (129 x C57BL/6)F1 progeny had 

higher basal levels of the protein and were responsive to LPS, whereas C57BL/6 mice were 

consistently unresponsive and expressed lower levels of gp70. Similar results were obtained 

when 129 and congenic 129 G^- animals were compared (Maruyama et al. 1983). With one 

exception, all the progeny analysed from (129 Gj^+ x C57BL/6)F1 x 129 G^+ and (129 

Gjx+ X 129 Gix-)F1 X 129 Gĵ - backcrosses were responsive to LPS. It was therefore 

concluded that the 129 strain contributed a single dominant gene that controlled this 

phenomenon, although it could not be the Gvl locus. Linkage analysis revealed that Sgp2 

was linked to Hbb, and combining this data with that of Stockert et al. (1972), it was 

proposed that Sgp2 was identical or closely linked to Gv2 based on its relative map 

position. To determine whether the two genes are identical, it would have been necessary to 

examine the phenotypes of the G^ antigen in parallel with LPS responsiveness. No other 

attempts to map either Gvl or Gv2 have been published since.

1.10 - Project aims

Nothing is currently known about the mechanism by which Gvl controls the expression of 

multiple pro viruses. Many examples of virally encoded cis- and trans-acting factors have 

been well-characterised and their mode of action discovered (see above), but little is known 

about the role of the host cell in retroviral expression. It has been demonstrated that proviral 

transcription may be enhanced by the differentiation state of the cell or its position within the 

genome, although few specific trans-acting factors have been described. The overall aim of
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this project is to clone G vl, which may ultimately shed some more light on how these 

endogenous sequences are controlled by the host.

1.10.1 - Cloning G vl by a positional or positional candidate approach

The contradictory mapping data for Gvl (see section 1.9.5) and the lack of other useful 

information concerning the gene which would help in its isolation, meant it was first 

necessary to map the gene before considering positional cloning. For this purpose, a 

number of essential experimental elements are required. Each will be discussed in the 

context of this study.

1) A reliable and reproducible assay for assessing the G v l  genotype of a 

given animal. The Gvl genotype of mice was originally defined using a cytotoxic assay 

(see above). This method was deemed too complex to establish from scratch, and would not 

be suitable for large numbers of samples. However, the work of Levy et al. suggested that 

measurement of transcription might offer suitable markers, since northern blots and nuclease 

protection data showed consistent patterns of proviral expression that correlated with the 

Gvl genotype of the mice tested. The tissue-specific accumulation of retroviral RNA meant 

that these differences were more pronounced in certain organs, such as thymus and spleen. 

For example, using a LTR probe, a protected product of 120 nt appeared to be absent in 

RNA purified from 129 G^- thymus, whereas the band was clearly visible in the 129 

lanes (Levy et al. 1985). These methods also lend themselves to quantification. Indeed, 

densitometry was used to estimate a 10-fold increase in proviral expression in 129 Gjx+ 

thymus compared to 129 Gj^- thymus by northern blotting (Levy et al. 1985). Although the 

congenic 129 Gj^- strain is no longer available, Gvl is a semi-dominant gene, i.e. 

heterozygotes should display an intermediate phenotypic effect compared to that of 

homozygous positive or negative animals. Therefore, a quantitative northern blot or 

nuclease protection assay using a proviral probe could be used to determine the Gvl 

genotype of individual animals based on a proviral expression phenotype. If mice
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heterozygous for Gvl could be consistently distinguished from those that are negative for 

the gene, the assay would be sensitive enough to follow its segregation in a backcross 

population.

2) Proof that a single loci is responsible for the proviral expression levels  

used to genotype the animals. In the provisional mapping of Gv2, the 129 strain 

(genotype Gvi+, Gv2+) was used as the source of the Gv2 allele in a backcross with 

C57BL/6 (Gvi-, Gv2-) mice. Both loci were therefore segregating in the cross, which 

placed doubts on the validity of the Gv2 map position (Stockert et al. 1972) and would also 

question any mapping of Gvi in this study if the strategy was used. In addition, it has been 

proposed that both Gvi and Gv2 mediate the expression of proviral sequences (Levy et al. 

1985). To determine whether the Gv2 locus influenced the Gvi genotyping results, it was 

decided that two backcrosses would be required; one on a C57BL/6 background and another 

on a BALB/c (Gvi-, Gv2-k) background in which Gv2 would not be segregating. If the data 

from the assay show similar distributions in each cross, it could be concluded that a single 

locus, presumably equivalent to Gvi, was responsible for the proviral expression levels 

observed.

3) A genome scan using genetic markers to determine an approximate 

chromosomal position for the gene. Assuming that the segregation of a single gene 

had been confirmed, genetic markers spanning the entire genome would be screened to 

search for linkage to Gvi. A relatively small number of backcross animals, between 50 and 

100, would be required for this process. If the chromosomal position of the markers are 

already known, as in the case of microsatellites, then an approximate position for Gvi could 

be established based on the number of individual mice in a backcross population that 

demonstrate recombination between the marker and the gene.
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4) A detailed genetic map of the chromosomal region containing G v l.  Further 

markers in a larger backcross population of up to 1000 animals would then be analysed to 

build up a detailed map of the region surrounding Gvl. One recombination event between a 

marker and the gene of interest in a population of 1000 mice corresponds to 0.1 cM, or on 

average, approximately 200 kilobases of DNA (Silver 1995).

5) A contiguous DNA sequence spanning the candidate region. Based on the 

nearest distal and proximal markers to Gvl, large insert genomic DNA clones from a hbrary 

would be aligned, creating a physical map of the region. At this stage, individual clones 

could be tested for potential Gvl activity in a biological assay.

It is also possible that a candidate for the gene may be highlighted from the predicted 

position of Gvl, by searching databases for known mouse genes that have been mapped to 

the relevant region, or even those in human which map to the homologous chromosomal 

segment.

1.10.2 - Cloning G vl by a biochemical approach:

The feasibility of this biochemical mapping approach would be determined by the properties 

of Gvl revealed during RNA analysis. It has already been shown that the LTRs play a vital 

role in the transcriptional regulation of endogenous retroviruses, providing binding sites for 

a number of trans- and cis-acting factors (see above). It is therefore conceivable that Gvl 

interacts directly or indirectly with the LTR of MLVs. To examine this possibility, gel 

mobility or DNA footpiinting analysis could be carried out using LTR probes. Any binding 

factors that were present in protein purified from Gvl+ strains but consistently absent from 

G vl- strains would be candidates for the gene. Cloning can be carried out directly from 

such experiments, negating the need for any genetic mapping.
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The work presented here does not describe the completed positional cloning of G vl. 

However, the successful refinement of a nuclease protection assay for G vl activity and the 

preliminary and subsequent fine mapping of Gvl is reported, in preparation for the 

assembly of a contiguous DNA sequence spanning the region of interest. In addition, it 

became apparent that Gvl acts on the polytropic class of endogenous MLV and not the 

modified polytropic class, facilitating preliminary protein binding studies of the relative LTR 

sequences.
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Chapter 2 

Materials and Methods

2.1 - Standard buffers and solutions:

1 X TBE buffer:
0.09 M Tris 
0.09 M borate 
2mMEDTA 
pH adjusted to 8.4

20 X SSC buffer:
SMNaCl
0.3 M tri-sodium citrate 
pH adjusted to 7.0 with NaOH

20 X SSPE buffer:
3 M NaCl
0.2 M sodium phosphate 
0.02 M EDTA, pH 7.7

1 X SES buffer:
250 mM EDTA, pH 8.0 
150 mM NaCl 
0.5% SDS

10 X MOPS buffer:
0.2 M 3-(N-Morpholino)propane-sulphonic acid 
0.5 M sodium acetate, pH 7.0 
0.01 M EDTA, pH 8.0

1 X TE buffer:
10 mM Tris-HCl 
1 mM EDTA, pH 8.0 
pH adjusted to 8.0

Agarose DNA gel loading buffer;
0.25% bromophenol blue 
0.25% xylene cylanol FF 
25% ficoll

RNA loading buffer:
1 X MOPS 
50% formaldehyde 
0.25% bromophenol blue 
0.25% xylene cylanol FF

Denaturing gel loading buffer: 
(Stop solution)
95% formamide 
0.025% bromophenol blue 
0.025% xylene cylanol 
0.5 mM EDTA, pH 8.0

Gel loading buffer: 
(automated sequencing gels)
95% formamide 
5 mM EDTA, pH 8.0 
10 mg/ml Blue dextran
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Mini-prep solutions:

Solution I:
50 mM glucose 
25 mM Tris-HCl pH 8.0 
10 mM EDTA

Solution II:
0.2 M sodium hydroxide
1.0% SDS

Solution III:
60 ml 5 M potassium acetate
11.5 ml glacial acetic acid
28.5 ml dH^O
The resulting solution is 3 M potassium and 5 M acetate. The pH is 5.3.

lOOx Denhardt’s solution:
2% bovine serum albumin 
2% ficoll
2% polyvinylpyrrolidone

Northern hybridisation solution:
5 X SSPE
5 X Denhardt's solution 
0.5% SDS
2% (w/v) denatured salmon sperm DNA

Church hybridisation solution:
0.5 M Sodium hydrogen orthophosphate 
7% SDS

LB (Luria-Bertani) broth:
1.0% bacto-tryptone 
0.5% yeast extract 
1.0% NaCl 
pH adjusted to 7.5

1000 X IPTG:
250 mM in dHzO

1000 X X-gal:
50 mg/ml in dimethyl formamide

L-agar plates:
15 g bacto-agar was added to 1 litre LB broth.
The mixture was autoclaved and cooled to 55°C prior to the addition of antibiotics; 
typically ampicillin at 50 pg/ml.
Plates were poured and allowed to set at room temperature.
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Phenolichloroform:
50% phenol, equilibrated with TE, pH 7.5 (BDH)
50% chloroform

Denaturing acrylamide gel mixture:
(Sequagel system. National Diagnostics)
70 ml Diluent 
20 ml Concentrate 
10ml Buffer
800 lull 10% (w/v) ammonium persulphate (APS)
50 p.1 N,N,N’,N’-tetramethyl ethylenediamide (TEMED)
The 100 ml solution has an acrylamide concentration of 5%
Gels are run in 1 x TBE

Non-denaturing acrylamide gel mixture:
(Easigel system, Scotlab)
16.6 ml acrylamide/bis-acrylamide (30:1)
5 ml 10 X TBE
77.5 ml H^O 
800 [i\ 10% APS 
100 îl TEMED
The 100 ml solution has an acrylamide concentration of 5%
Gels are run in 0.5 x TBE

DNA size markers:
X-Hindlll - bands at: 23130, 9416, 6557, 4361, 2322, 2027, 564 and 125 bp.

(pxl74/HaeIII - bands at: 1353, 1078, 872, 603, 310, 287, 271, 234, 194, 118 and 
72 bp.

100 bp ladder (New England Biolabs) - bands at: 1500, 1200, 1000, 900, 800, 700, 
600, 500, 400, 300, 200, 100 bp.
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2.2 - Enzymes:

All restriction enzymes were purchased from Boeringer-Mannheim unless otherwise stated.

All other enzymes were purchased from Promega unless otherwise stated.

2.3 - Primers:

Oligonucleotide primers were supplied by Oswel or Genosys. Details of primer sequences 

and optimal PCR conditions are shown in Appendix 1.

2.4 - Preparation of DNA:

2.4.1 - Preparation of plasmid DNA:

Plasmid ‘minipreps’ were carried out using a modified protocol based on the procedure 

described by Sambrook et al. (1989)

3ml LB broth was inoculated with a single colony from a bacterial plate. The appropriate 

antibiotic was added (typically ampicillin at 50 pg/ml) and the medium incubated overnight 

at 3TC  in a shaking incubator. 1.5 ml of the overnight culture was spun for 30 seconds at 

2000 X g (equivalent to 6000 rpm in an Eppendorf microcentrifuge) and completely 

resuspended in 100 pi ice cold solution I by gentle vortexing. After 5 minutes at room 

temperature, 200 pi of solution II was added, mixed by inversion and incubated on ice for 5 

minutes. 150 pi of solution III was then added to the samples, which were then mixed by 

inversion and incubated for 5 minutes on ice. Following centrifugation at 10000 x g 

(equivalent to 13000 rpm in an Eppendof microcentrifuge) for 5 minutes, the supernatant
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was transferred to a new tube and extracted with 500 |xl of phenohchloroform. After further 

centrifugation at 10000 x g for 2 minutes, the aqueous layer was carefully removed and the 

DNA precipitated by the addition of 1 ml of 96% ethanol, followed by incubation for 1 hour 

at -20°C. The DNA was pelleted by centrifugation, washed once with 70% ethanol and 

dried. The DNA pellet was finally resuspended in 50 pi dH^O.

Larger scale plasmid 'midipreps' were carried out using the Midiprep purification kit 

(Qiagen) from a 50 ml overnight bacterial culture supplemented with the appropriate 

antibiotic, typically ampicillin at 50 pg/ml.

2.4.2 - Preparation of high molecular weight DNA:

High molecular weight genomic DNA was purified from tissue samples by one of three 

methods:

2.4.2.1 - Small scale - 1:

Purification of genomic DNA from approximately 25-50 mg of tissue was carried out using 

the method of Aljanabi et al. (1997) based on a salt extraction technique. DNA was 

resuspended in dH^O by gentle mixing (avoiding repeated pipetting of the solution which 

may cause shearing of the DNA), and stored at 4°C.

2.4.2.2 - Small scale - 2:

For the rapid extraction of DNA from mouse tail samples, an section of approximately 10 

mm freshly dissected tissue was submerged in 350 pi of a solution containing 50 mM Tris 

pH 8.0, 7.5 mM EDTA, 0.5% SDS, 0.1 M NaCl and 2 mg/ml final concentration of 

proteinase K (Sigma Aldrich Ltd.). The sample was incubated overnight at 60°C in a water 

bath. To extract the genomic DNA, 75pl 8M KOH was added with 300pl chloroform. The 

tube was mixed well by inversion and incubated on ice for 15 minutes. After centrifugation
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at 10000 X g for 10 minutes, the aqueous layer was transferred to a fresh tube containing 

500 |il 96% ethanol and the contents mixed by inversion. After a 2 minute spin, the DNA 

pellet was rinsed in 70% ethanol and air dried. The DNA was resuspended by gentle mixing 

in 200 \i\ dH^O.

2.4.2.3 - Large scale:

100-500 mg of tissue was homogenised in 10 ml SES using an electric homogeniser (Janke 

and Kunkel). 200p,l of a 20 mg/ml proteinase K solution was added, and the mixture 

incubated overnight at 55°C. 1 ml 1 M Tris pH 8.0 and 10 ml phenol was then added. After 

mixing in a 15 ml tube, the solution was transferred to a glass Corex tube, and spun at 

15000 X g (equivalent to 10000 rpm in a Beckman J2-21 centrifuge with a JA-20 rotor) for 

10 minutes. The aqueous layer was removed, and the DNA extracted with equal volumes of 

phenol:chloroform followed by chloroform. The aqueous layer was then transferred to a 50 

ml Falcon tube. To precipitate the DNA, 2.5 volumes of 100% ethanol was added. Rapid 

mixing with six sudden inversions allowed the DNA pellet to be 'spooled' using a glass 

pipette shaped with a hook at one end. The DNA was washed once with 70% ethanol, air 

dried, resuspended by gentle mixing in dH^O, and stored at 4°C.

2.4.3 - Estimating DNA yield and purity:

In all cases, the DNA sample was diluted 100-fold in dH^O and transferred to a quartz 

cuvette. The concentration was calculated based on a blanked solution with an absorbance at 

260 nm of 1.0 is equivalent to 50 pg/ml of double-stranded DNA. The quality of the DNA 

was estimated by taking an additional reading at 280 nm. A 260:280 ratio above 1.8 

indicates that the DNA does not contain excessive amounts of organic solvents or protein 

that would affect subsequent experiments (Sambrook et al. 1989).
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2.5 - Preparation of RNA;

Total RNA was purified from tissue samples based on the method of Chomczynski et al. 

(1987). All volumes were reduced by 30% for convenience. 50 mg samples of fresh or 

recently thawed tissue were homogenised between two frosted glass slides (BDH), 

followed by repeated drawing through a small-gauge needle (Sherwood Medical, 19G x 

1"). After extraction and precipitation as described, the RNA was typically resuspended in 

60 |xl DEPC treated dH^O and stored at -70°C. Quantitation was carried out using the same 

method as for DNA, although an absorbance of 1.0 at 260 nm is equivalent to 40 |ig/ml 

single-stranded RNA.

2.6 - Gel purification and recovery of DNA:

2.6.1 - Gel purification of DNA fragments:

DNA fragments were gel-purified and recovered using the Prep-a-Gene DNA purification 

system (Biorad) according to the manufacturers instructions.

2.6.2 - Gel purification of small DNA fragments:

DNA fragments below 200 bp were gel-purified and recovered using the QIAquick Gel 

Extraction Kit (Qiagen) according to the manufacturers instructions.

2.7 - Digestion of DNA:

Digestion of plasmid miniprep DNA was typically carried out for 1 hour in a total volume of 

10 pi, using 5 units of restriction enzyme and 0.5 pi 1 mg/ml RNaseA to digest any RNA 

present in the DNA sample. For visualisation of bands on agarose gels, 2 pi out of a 50 pi
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mini-prep sample was digested, or approximately 250 ng DNA. PCR products for 

subsequent cloning were digested overnight. For digestion of genomic DNA for blotting 

experiments, 10 pg of DNA was digested overnight in a 50 pi reaction using 10 units of 

enzyme. Incubation temperatures were determined from the manufacturer's instructions.

2.8 - Ligation of DNA:

2.8.1 - Standard DNA ligation:

DNA ligations were carried out in 10 pi total volume using 1-2 units of bacteriophage T4 

DNA ligase. Ligation reactions were incubated for 1 hour at room temperature or overnight 

at 16°C for the cloning of PCR-derived fragments. A 1 to 1 molar ratio of vector to insert 

DNA was typically used. Confirmation of the insertion of the expected fragment was carried 

out by transformation of 1 pi of the ligation mix, preparation of mini-prep DNA and 

screening transformants by restriction digest.

2.8.2 - Direct cloning of PCR products:

The pCR-SCRIPT (Stratagene) and pCRII-TOPO cloning methods (Invitrogen) were also 

used for some applications as described by the manufacturer.

2.9 - De-phosphorylation of DNA:

To prevent re-ligation of digested plasmid DNA in ligation reactions, or for the T4 

polynucleotide kinase labelling of restriction fragments, the DNA was first de- 

phosphorylated in a 15 pi reaction containing 10 units calf intestine alkaline phosphatase 

(United States Biochemical), which was incubated at 30°C for 30 minutes. The enzyme was 

then heat inactivated at 65°C for 15 minutes for subsequent ligation reactions if required.
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2.10 - Transformation of DNA by heat shock:

CaClj-competent cells were prepared based on the standard procedure of Sambrook et al. 

1989). 2 pi of ligation mix was typically added to a 50 ml aliquot of cells in a 1.5 ml tube. 

After gentle mixing, the cells were incubated on ice for 30 minutes. Heat shock was carried 

out at 42°C for 2 minutes, before chilling the tube on ice. 1 ml LB broth was added, and the 

cells were allowed to recover at 37°C in a shaking incubator for 1 hour. An appropriate 

volume was spread onto L-agar plates supplemented with ampicillin and methicillin (each at 

50 pg/ml). For plasmids that contained the LacZ gene allowing blue/white colony selection 

of DNA that contained an inserted fragment, the plates were also supplemented with X-gal 

and IPTG (at 50 pg/ml and 0.25 mM, respectively). The plates were incubated overnight at 

3TC.

2.11 - DNA electrophoresis:

2.11.1 - Agarose gel electrophoresis:

For general purposes, gel electrophoresis was carried out using horizontal slab agarose gels. 

Gels were made with 0.5 pg/ml ethidium bromide, and run in 1 x TEE at 8 volts/cm. 

Agarose concentration was typically 1% for most purposes, although small fragments 

around 100-200 bp were resolved on 3% NuSieve GTG (Flowgen) /1%  agarose gels.

2.11.2 - Denaturing gel electrophoresis:

Denaturing 5% polyacrylamide gels (400 x 300 mm) were cast using the Sequagel system 

(National Diagnostics). For most purposes 0.4 mm spacers and 36-well combs (Gibco ERL) 

were used, although a 0.2 mm 60-well comb (Gibco ERL) was available for large sample 

numbers. Gels were pre-run at a constant power of 65 watts in 1 x TEE for 20 minutes and 

the wells flushed to remove any excess urea before sample loading. Once run for the desired
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time, the gel was transferred to filter paper (Whatman 3MM), covered in Saran Wrap (Dow 

Chemical Company) and dried under vacuum at 90°C for 10 minutes.

2.12 - Labelling of DNA:

2.12.1 - Radioactive random-priming of DNA:

DNA to be used as a probe was initially gel purified. The concentration of the recovered 

DNA fragment was estimated and diluted to approximately 20 ng/ml in dH^O. The DNA 

was labelled using the Mega-Prime kit (Amersham) using [a-^^P] dCTP (6000 Ci/mmol) 

(Amersham) as described by the manufacturer. The unincorporated radioactive nucleotide 

was removed using a S-400 spin column (Pharmacia) prior to use.

2.12.2 - End-labelling of oligonucleotides and DNA fragments:

20 pmol of an oligonucleotide or 20 ng of a de-phosphorylated DNA fragment was typically 

labelled using 5 units T4 Polynucleotide kinase in a 10 pi reaction containing 5 pi [y-^^P] 

dATP (5000 Ci/mmol) (Amersham). The reaction was incubated at 37°C for 45 minutes.

2.13 - Northern Blotting:

Total RNA samples were run on 15 cm formaldehyde gels, containing 1 x MOPS buffer, 

1.4% agarose and 6.5% formaldehyde, for 6 hours at 50 volts. Without washing the gel, 

the capillary blot was set up using Hybond-N membrane (Amersham) as described by the 

manufacturer. After drying the membrane, the RNA was fixed by UV crosslinking at 0.12 

J/cm^ for 10 seconds. Pre-hybridisation, hybridisation and washes were carried out by 

following the Hybond-N protocol.
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2.14 - Nuclease Protection assay:

The RPA II and more recently released RPA III kits (Ambion) were used. Ribonuclease 

protection assays are analogous to the SI nuclease protection method (Sambrook et al. 

1989), although the probe is synthesised by in vitro transcription reaction from a DNA 

template (Friedberg et al. 1990).

2.14.1 - Riboprobe synthesis and purification:

The DNA fragment to be used for probe synthesis was cloned into a standard cloning vector 

that contained RNA transcription promoter sequences. Midiprep DNA of the construct was 

prepared, and I jxg was linearised using a unique restriction enzyme site downstream of the 

insert, depending on the RNA polymerase to be used. The fragment was then gel purified 

using Prep-a-gene matrix. Approximately 250 ng was used for the in vitro transcription 

reaction, containing Transcription Optimised 5x buffer (Promega), 500 pM ATP, GTP and 

CTP, 10 mM DTT, 20 units RNasin RNA inhibitor, 20 to 200 j^M UTP, 5 pi [a-^^P] 

dUTP (800 Ci/mmol) and 20 units of the appropriate RNA polymerase. The reaction was 

incubated for 90 minutes at 37°C.

The P-actin control plasmid supplied in the RPA Il/ni kit was also used for the synthesis of 

riboprobes. A 250 bp pTRI-P-actin fragment has been cloned into the TRIPLEscript plasmid 

for this purpose. Supplementation of the in vitro transcription reaction with up to 500 

UTP allowed riboprobes with lower specific activities to be made for reactions in 

combination with a second probe, to avoid interference of the p-actin protected fragment 

with less abundant bands of interest.

After incubation, 2 units of DNasel were added, and the tube was returned to 37°C for a 

further 20 minutes to remove the plasmid template. The probe was denatured by adding an
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equal volume of riboprobe gel loading buffer and heating the reaction for 4 minutes at 95°C. 

The probe was then gel purified by running on a small (200 x 200 x 0.8 mm) 5% denaturing 

acrylamide gel for 2 hours at 25 watts, and exposing the gel for 1 to 2 minutes to X-ray 

film. Correct orientation of the film allowed the single band corresponding to the labelled 

riboprobe to be excised, and elution from the gel slice was carried out in 350 p,l of Elution 

buffer (Ambion) for 2 to 4 hours at 37°C. The activity of the probe was estimated by 

scintillation counting of a 5 p,l aliquot of the elution reaction in duplicate.

2.14.2 - Hybridisation and digestion of RNA:

The RPA n  and RPA III ribonuclease protection assay kit (Ambion) was used. The RPA III 

method differs from the older RPA II kit only in the composition and volume of the 

hybridisation solution required. Typically, 25 |Lig of total RNA was co-precipitated with 

approximately 1 to 3 x 10̂  cpm of labelled riboprobe and an excess of P-actin labelled probe 

as an internal control. Hybridisation was carried out at 42°C in an oven to prevent excess 

condensation forming on the lids of the tubes. Optimum RNaseA/Tl digestion conditions 

were determined experimentally where necessary, although a I in 100 dilution was most 

frequently used as recommended by the manufacturer.

2.14.3 - Separation and detection of protected products:

After precipitation of any RNA/RNA duplex material, each reaction was resuspended in gel 

loading buffer (Ambion) and run on a 5% polyacrylamide denaturing gel at 65 watts for the 

desired time. The gel was exposed to X-ray film with an intensifying screen or a 

Phosphorimager screen for an appropriate length of time.

2.14.4 - Analysis of protected products:

Probe-specific signals were quantified by integrating pixel intensities over defined signal 

volumes using the ImageQuant software (Molecular dynamics). Relative intensities were 

expressed as ratios (Probe signal - background) / (p-actin signal - background) to correct for
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variation in RNA content, loading or co-precipitation during the nuclease protection 

procedure.

2.15 - Polymerase chain reaction (PCR):

2.15.1 - Standard PCR:

PCR reactions were routinely carried out in 0.2 ml tubes (Alpha Laboratories Ltd.) in an 

automatic thermocycler (MJ Research, PTC 100). Reactions typically contained the 

following: 10 mM Tris pH 8.3, 20 mM KCl, 0.2 mM dNTPs, 10 pmol of each primer, 1 to 

2 mM MgCl^, 100 ng template DNA and 1.25 units of Amplitaq DNA polymerase (Perkin 

Elmer Cetus). When the PCR product was to be sub-cloned, the reaction mix was 

supplemented with 0.1 units of Pfu DNA polymerase (Strategene). Reactions were made up 

to 50 |xl with water. If reactions of a different volume were required, the ingredients were 

adjusted accordingly. If the total volume was 15 nl or below, the PCR reaction was overlaid 

with one drop (approximately 50 pi) of light mineral oil (Sigma) to prevent excess 

evaporation during the thermocycling process.

Amplification conditions were typically a dénaturation step for 1 minute at 95°C, followed 

by an annealing step at 58°C for 1 minute and an extension step at 72°C for 1 minute per 

kilobase of expected product. This was repeated for 35 cycles before a final 10 minute 

extension at 72°C. For optimisation of PCR conditions, MgCl^ concentrations were 

determined experimentally using a 0.5 to 5 mM serial dilution. Reaction conditions for 

individual PCR reactions are given when they are described. On completion of cycling, the 

PCR sample was analysed by agarose gel electrophoresis.
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2.15.2 - Reverse transcriptase (RT)-PCR;

RT-PCR was carried out from total RNA using Superscript II reverse transcriptase (Gibco 

BRL) as described in the manufacturer’s instructions using the oligo (dT) adapter primer 

R jRq for cDNA synthesis from 5 pg of total RNA.

2.15.3 - Rapid amplification of cDNA ends (RACE):

3' RACE (Frohman 1990) was carried out using first strand cDNA synthesised using the 

oligo (dT) adaptor primer R^R^. RACE products were synthesised using a gene-specific 

primer and the adaptor primer PL 146, which contains the identical sequence to R jRq 

without the poly(T) tail. PL 146 contains a SphI restriction enzyme site for the sub-cloning 

of amplification products.

2.16 - DNA sequencing:

2.16.1 - Manual Sequencing:

Control M l3 single stranded DNA was sequenced using the manual chain-termination 

sequencing method with the Sequenase DNA polymerase enzyme (United States 

Biochemical) and [̂ ^S] dATP (1000 Ci/mmol) (Amersham) as described by the 

manufacturer. Reactions were run on denaturing polyacrylamide gels alongside nuclease 

protection samples to size the relevant bands.

2.16.2 - Automated Sequencing:

Dye-terminator labelling of DNA was carried out according to the protocol supplied with the 

sequencing kit (Perkin Elmer), although mini-prep DNA was first passed through a S-400 

Microspin Column (Pharmacia) before use. Approximately 200 ng of double-stranded DNA 

was used per reaction with 3.2 pmol of the required sequencing primer. When complete, 

sequencing reactions were precipitated as recommended by the manufacturer and
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resuspended in 4 pi of loading buffer by brief vortexing before loading onto the ABI Prism 

377 Automated Sequencer (Perkin Elmer).

2.16.3 - Analysis of results;

Sequencing results were analysed using the Sequencing Analysis and Autoqg^sembler 

software (Applied Biosystems).

Sequence database searches were carried out using the BCM Search Launcher with 

RepeatMasker (DNA Search Launcher, web page). The BLASTN search engine covers the 

Genbank and EMBL databases.

2.17 - Microsatellite amplification from pooled DNA samples:

Genomic DNA samples from mouse spleens were prepared by the small-scale method (See

2.3.3.2 above). The concentration of the DNA was determined using a Shimadzu electronic 

UV spectrophotometer and each sample was diluted to 25 ng/ml in dH^O. After dilution, the 

DNA concentrations were re-analysed. Pools were made by mixing DNA from 50 

backcross animals typed by the nuclease protection assay. PCR amplification of short 

simple repeats (SSRs) was carried out based on the procedure described by Taylor et al.

although the reaction volume was reduced to 15 pi and MgCl^ concentrations were 

determined empirically when necessary.

85 Microsatellite primer pairs were chosen based on: a) differences in expected product size 

between strains (MapPairs web site; MGI, Strains and Polymorphims, web site) and b) 

position, so that no locus would be no more than 15-20cM from the nearest marker (Silver 

1998). Oligonucleotides (named MapPairs) were purchased from Research Genetics, Inc. 

The chosen markers span 97% of the genome.
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PCR products were run on 3% NuSieve GTG (Flowgen) 1% agarose gels. For those 

products that could not be resolved on conventional gels, 10 pmol of one primer was end- 

labelled (see section 2.11.2 above) and 1 pmol was added to the standard PCR mix. 

Products were resolved on 5% denaturing polyacrylamide gels and analysed by 

autoradiography or using a phosphorimager.

2.18 - REVEAL PCR:

Repeat element viral element amplification locus PCR (REVEAL PCR) was carried out 

essentially as previously described (Kaushik and Stoye 1994). 10 pmol of an intracistemal 

A type particle (lAP) specific oligonucleotide (JS139 or JS140) was end-labelled with 5 pi 

[y-^^P] ATP (5000 Ci/mmol) by T4 polynucleotide kinase (see section 2.12.2) and 

combined in a PCR reaction with one of three B1 or B2 SINE primers (JS134, JS135, or 

JS136). Labelled PCR products were resolved on 5% denaturing polyacrylamide gels which 

were dried onto filter paper and exposed to X-ray film overnight.

REVEAL products of interest were excised from dried polyacrylamide gels by alignment of 

the X-ray film, and eluted in 300 pi RPA II probe elution buffer (Ambion) overnight at 

37°C. The products were re-amplified with the same lAP/SINE repeat primer pair used 

previously without the addition of an end-labelled oligonucleotide, and the PCR products 

cloned into the pCRU-TOPO vector as described by the manufacturer. Inserts were 

sequenced by standard methods on the 377 automated sequencer for internal primer design.



2.19 - Somatic cell hybrid mapping:

PCR analysis of the mouse somatic cell hybrid panel (from the Medical Research Council, 

Human Genetic Mapping Project Resource Centre) was carried out using the DlSNimrl 

primer pair JS139 and PL016 and the D13Nimr2 primer pair JS140 and PL08 or PLOIO. 

10 ng DNA samples from each clone were amplified in 15 pi PCR reactions containing 1 x 

PCR buffer II (Perkin Elmer), 2.5 mM MgCl^, 0.2 mM each dNTP, 2 pmol each primer 

and 0.5 units Amplitaq DNA polymerase (Perkin Elmer). PCR conditions were identical to 

the REVEAL PCR protocol. Products were analysed on 2% agarose gels. The experiment 

was repeated in reactions containing an additional 0.1 pmol end-labelled LTR primer, and 

products were resolved on 5% denaturing polyacrylamide gels and analysed using a 

phosphorimager.

2.20 - Radiation Hybrid mapping:

PCR analysis of the T31 mouse radiation hybrid (RH) panel (McCarthy et al. 1997; Mouse 

Radiation Hybrid Panel, The Jackson Laboratory, web page) obtained from Research 

Genetics was carried out using the DlSNimrl primer pair JS139 and PL016 and the 

D13Nimr2 primer pair JS140 and PL08. 20 ng of all 100 hybrid clone DNA samples were 

amplified in 15 pi PCR reactions as described in section 2.19 above. AH reactions were 

carried out in triplicate. Products were analysed on 2% agarose gels.

To confirm the identity of positive clones, gels were transferred to Hybond N+ membrane 

(Amersham) by standard methods (Sambrook et al. 1989). DlSNimrl- or D13Nimr2- 

specific primers not used in the PCR reactions were end-labelled with [y-^^P] dATP as 

described in section 2.12.2. To stop the reaction, 2 jxl 0.5 M EDTA was added and the 

volume was made up to 50 pi with dH^O. The reaction was extracted with 1 volume of
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phenol followed by chloroform to remove the kinase enzyme. To remove any 

unincorporated radioactive nucleotide, the oligonucleotide was then precipitated by adding 

0.5 |il 10 mg/ml sonnicated salmon sperm DNA (Sigma), 50 pi 4 M ammonium acetate and 

500 pi absolute ethanol. The solution was mixed well and incubated on dry ice for 30 

minutes. The tube was spun at 1000 x g for 15 minutes, the supernatant carefully removed 

and the DNA pellet air dried before a second precipitation using half the volumes of 

ammonium acetate and ethanol. After air drying the pellet, the labelled oligonucleotide was 

resuspended in 30 pi dH^O and the activity estimated by counting 1 pi in a scintillation 

counter.

Approximately 1 x 10̂  cpm of the labelled primers were hybridised to the filter overnight at 

58°C in 10 ml Church solution with 100 pg denatured sonnicated salmon sperm DNA 

(Sigma). The blot was washed twice for 20 minutes in 2 x SSC + 0.1% SDS at 58°C 

followed by 20 minutes in 1 x SSC + 0.1% SDS the same temperature. Blots were exposed 

to a phosphorimager screen overnight.

Hybrid clones were then scored according to the presence or absence of a mouse-specific 

band. The screening results were processed by the software Map Manager QT (Manly and 

Olson 1999) at the Jackson Laboratories.

2.21 - Microsatellite mapping:

Markers were chosen based on polymorphism between the 129 and C57BL/6 or BALB/c 

strains where data were available. The sequence of primers for microsatellites in the region 

of interest were obtained from the MGI Strains and Polymorphisms web page. 50 ng DNA 

samples were amplified in 15 pi PCR reactions as described above. For the fine mapping 

experiments, PCR was carried out in Thermofast 96-tube plates
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(Advanced Biotechnologies) with a Micro-mat sealer (Advanced Biotechnologies) using 10 

X Reddy Load PCR buffer that contains a dye for direct loading onto agarose gels 

(Advanced Biotechnologies). For those markers that could not be resolved on conventional 

gels, end labelled primers were used as described above.

Linkage and quantitative trait locus (QTL) data were analysed using Map Manager QT 

program (Manly and Olson 1999).

2.22 - Detection of proviral distribution using class-specific 

MLV oligonucleotide probes:

This method is based on DNA hybridisation of dried gels, or 'unblotting' as previously 

described (Stoye et al. 1991b).

2.22.1 - DNA preparation and electrophoresis:

10 pg samples of genomic DNA wer* digested overnight with 25 units of enzyme in a 50 pi 

reaction volume. 5 pi of gel loading buffer was added to each sample, which was mixed 

well by vortexing for a few seconds. Samples were loaded onto 0.8% large (280 x 150 mm) 

agarose gels lacking ethidium bromide and run with the À-HindlU DNA marker for 20 hours 

at 70 volts. The absence of ethidium bromide prevents distortion or ‘smiling’ of the bands 

when detected. The gels were stained by gentle shaking in 500 ml 1 x TBE containing 0.5 

pg/ml ethidium bromide for 20 minutes, and photographed with a ruler next to the gel to 

size any bands at a later stage.

2.22.2 - Gel preparation:

The gel was then washed in 250 ml denaturing buffer (0.5 M NaOH, 150 mM NaCl) for 30 

minutes at room temperature with gentle shaking, followed by two 15 minute washes in
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neutralising buffer (0.5 M Tris pH 8.0, 150 mM NaCl) at room temperature. The gel was 

placed onto two sheets of filter paper (Whatman 3MM), covered with Saran Wrap and 

placed on the vacuum drier. With the rubber sheet covering the gel, it was dried for 45-60 

minutes under vacuum but no heat, followed by a further 60 minutes at 60°C until the gel 

had reached jthickness of X-ray film.

2.22.3 - Probe preparation:

10 pmol of the primer JS5 (Stoye et al. 1988) was end-labelled with dATP as

described in section 2.12.2, and purified as section 2.20.

2.22.4 - Hybridisation and washes of blot:

The dried gel was removed from the backing paper by soaking with water before 

transferring to a hybridisation bottle. For a typical 230 x 100 mm gel, approximately 1x10^ 

labelled oligo was added to 10 ml 5 x SSPE + 0.1% SDS containing 100 mg denatured 

salmon sperm DNA in a 15 ml tube. The solution was mixed gently and added to the 

hybridisation bottle. The blot was incubated overnight at 58°C in a rotating oven (Hybaid). 

No pre-hybridisation step was required.

The blot was washed 4 times in 2 x SSC + 0.1% SDS for 10 minutes at room temperature 

with gentle shaking followed by two further washes at 58°C for 20 minutes. The blot was 

sealed in a plastic bag and exposed to a phosphorimager screen overnight for analysis.
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2.23 - Examination of DNA binding proteins:

2.23.1 - Protein nuclear extract purification:

For electrophoretic mobility band shift assays (EMSA) and DNA footprinting experiments, 

a 'nuclear extract' representing total cellular protein was prepared based on the method of 

Thompson (1998).

Frozen whole thymus from 5-week-old mice were first washed in sterile ice cold PBS and 

then homogenised in a glass/teflon hand-held homogeniser (Kontes Glass Company) in 2 

volumes of PBS using about 10 strokes of the pestle. The homogenate was transferred to a 

ml tube and spun for 5 minutes at 5000 rpm in an Eppendorf centrifuge to pellet the cells. 

The supernatant was removed, and the pellet was resuspended in 2 volumes of cell lysis 

buffer (10 mM HEPES pH 7.0, 3 mM MgCl^, 40 mM KCl, 1 mM DTT, 5% glycerol, 

0.2% NP-40 with the following protease inhibitors (Sigma): 1 pg/ml aprotinin, 1 pg/ml 

leupeptin, 1 pg/ml trypsin inhibitor, 0.5 mM benzamide, 10 mM ^-glycerophosphate and 

0.5 mM AEBSF). The cells were then lysed at 4°C for 10 minutes before a second spin at 

5000 rpm for 5 minutes to pellet the nuclei. The nuclear pellet was incubated at 4°C for 45 

minutes with continuous gentle shaking in 2 volumes of extraction buffer (20 mM HEPES 

pH 7.9, 1.5 mM MgCl^, 0.42 M KCl, 1 mM DTT and 25% glycerol with the same 

combination and concentration of protease inhibitors as the cell lysis buffer) and then spun 

at maximum speed for 10 minutes. The nuclear extract was dialysed for 5 hours at 4°C 

against 50 volumes of dialysis buffer (20 mM HEPES pH 7.9, 0.1 mM KCl, 0.2 mM 

EDTA, 0.5 mM DTT, 20% glycerol with the same complement of protease inhibitors as 

above), aliquoted, and stored at -70°C. Protein concentration was estimated using the Bio- 

Rad Protein Assay (Biorad) based on a Bovine Serum Albumin (BSA) standard curve as 

recommended by the supplier.
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2.23.2 - Electrophoretic mobility shift assay:

Both T4 polynucleotide kinase 5' end-labelled double stranded oligonucleotides and double

stranded end-labelled restriction fragments were used as probes for EMSAs. 0.5 pg of each 

complementary oligonucleotide was mixed in dH^O in a total volume of 10 pi and incubated 

at 70°C for 5 minutes before cooling to room temperature over 1 hour. 50 ng aliquots of the 

double-stranded oligonucleotides were end-labelled as described in section 2.12.2. 

Restriction fragments were gel purified and de-phosphorylated prior to end labelling. In 

both cases, the excess incorporated nucleotide was removed using a ProbeQuant G-50 

purification column as described by the manufacturer (Pharmacia).

5 pg nuclear extract was added to 0.4 ng of oligonucleotide or 20 ng of a restriction 

fragment-derived probe in 10 mM HEPES pH 7.9, containing 4% glycerol, 1% ficoll, 200 

pg/ml poly(dl-dC) (Pharmacia), 25 mM KCl and 25 mM NaCl. The total volume of the 

reaction, including any unlabelled competitor DNA, was 20 pi. After a 20 minute incubation 

at room temperature, 1 pi of a solution of 20% ficoll, 0.2% bromophenol blue and 0.2% 

xylene cylanol was added and samples were run on 200 x 200 mm 4% acrylamide, non

denaturing gels (Easigel, Scotlab) in 0.5 x TBE at 150 V for 90 minutes, or until the 

unbound probe had reached the bottom of the gel. Control reactions were incubated without 

added nuclear protein extract. Gels were transferred to filter paper, dried, and analysed 

using a phosphorimager.

2.23.3 - DNA footprinting assays:

Constructs containing MLV LTR sequences were first linearised at a polylinker site 

upstream of the inserted LTR sequence, gel purified and de-phosphorylated prior to end 

labelling using T4 polynucleotide kinase. After removal of the unincorporated nucleotide, 

the labelled DNA was digested with a second restriction enzyme that cut within the LTR 

fragment to excise the probe. The probe was purified on a 5% non-denaturing gel (200 x 

200 mm) run in 0.5 x TBE for 90 minutes at 20 watts. Exposing the gel to X-ray film for 5
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minutes allowed the smaller of the two visible bands, corresponding to the probe, to be 

excised and eluted in 200 pi 1 x TE buffer overnight at 37°C. To label the opposite DNA 

strand, the order of restriction enzyme digestions were reversed. The specific activity was 

estimated by counting an aliquot in a scintillation counter; probes had a typical activity of 3 x 

10̂  cpm/ng.

Approximately 2 to 10 ng of labelled probe was incubated with 1 pg of poly(dl-dC) and 5 to 

10 pg nuclear extract in DNasel buffer (20 mM HEPES pH 7.9, 8% glycerol, 40 mM KCl, 

0.2 mM PMSF, 0.08 mM EDTA, 0.8 mM MgCl^ and 1 mM DTT) for 30 minutes at 25°C. 

The final reaction volume was 50 pi, including any cold competitor DNA. The protein-DNA 

complex was digested with 1 unit of DNasel for 90 seconds on ice before the reaction was 

stopped by the addition of 25 pi footprinting stop solution (10 mM NaCl, 0.4% SDS, 20 

mM EDTA with 100 pg/ml yeast RNA (Ambion)). Control DNA was digested in a reaction 

without added nuclear protein extract. After a phenol/chloroform extraction and ethanol 

precipitation, the DNA was redissolved in 8 pi stop solution and loaded onto a 6% 

denaturing acrylamide gel as described above. Dried gels were analysed by exposure to X- 

ray film or on a phosphorimager.

2.24 - Animals and genetic crosses:

All FI and backcross mice were bred from stocks of 129/SvEv, BALB/cJ, C57BL/6 and 

DBA/2 animals maintained in the Biological Services division of the National Institute for 

Medical Research. Animals were killed under standard Schedule 1 Kill procedures for tissue 

harvesting.
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CHAPTER 3:

DEVELOPMENT OF AN ASSAY FOR Gvl ACTIVITY

The first stage in the project was to establish a reliable assay for quantifying MLV proviral 

transcription. It was hoped that by either northern blotting or nuclease protection that 

measurable variations in the expression of MLV LTR, pol and env sequences between 

mouse strains of known Gvl genotype could be observed.

The nuclease protection experiments described below demonstrated that reproducible 

differences in the transcription of LTR-specific sequences could be detected, and that the 

levels of expression correlated with the semi-dominant nature of G vl inheritance. It was 

also shown using both LTR and env probes specific for two classes of endogenous MLV 

that only one class appeared to be responsive to the effects of the gene.

3.1 - Northern Blotting:

For the synthesis of probes for northern blotting experiments, a construct containing pol, 

env and 3' LTR sequences cloned into the pBR322 vector was obtained from J. Stoye. This 

clone, named pMX33, is derived from a modified polytropic MLV sequence (Stoye and 

Coffin 1987). A 1.2 kb EcoRI/Hindlll pol-env fragment (see Figure 1.4) from pMX33 

midi-prep DNA was labelled and hybridised to spleen and thymus total RNA from 129, 

C57BL/6 and BALB/c mice. Despite various alterations to the basic protocol, the method
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did not appear sensitive enough to establish differences in the level of proviral expression 

between the strains tested, and was not pursued further.

3.2 - Nuclease Protection Assay:

To compare the expression of two classes of endogenous MLV independently, a second 

construct was obtained from J. Stoye. Named pMX40, this clone was analogous to 

pMX33, although it was derived from a polytropic MLV sequence (Stoye et al. 1988). 

These constructs represent sequences that are present in multiple copies in all inbred strains 

of mice. For the synthesis of nuclease protection probes, various fragments were sub

cloned from both the above plasmids, although several probes were tested before the assay 

was deemed sufficiently sensitive for analysis of a large backcross population.

3.2.1 - Initial nuclease protection experiments:

The first and longest probe was derived from a Pstl/PstI restriction fragment from both the 

pMX40 and pMX33 clones, containing almost exclusively LTR sequence with a small 

amount of proviral flanking DNA (see Figure 3.1). Both fragments were subcloned into the 

pCR-SCRIPT vector and the constructs were named pMX40-a and pMX33-a, respectively. 

To synthesise a shorter riboprobe of a more practical size, a Kpnl fragment was 'dropped- 

out' from both clones and the constructs re-ligated, deleting approximately 500 bp of 

proviral sequence (see Figure 3.1). The resulting Pstl/Kpnl fragment therefore contained 

only LTR sequence. Riboprobes (named MX40-b and MX33-b) were synthesised from 

these clones using T3 RNA polymerase and nuclease protection experiments yielded over 20 

products from 129, C57BL/6 and BALB/c thymus total RNA samples (not shown).
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MLV 3' LTR

U3 R U5

PstI Bglll Kpnl

pMX40-a /  pMX33-a c lo n es vector sequence

PstI KpnlPstI

MX40-b /  MX33-b

PstI Kpnl

MX40-C /  MX33-C

PstI Bglll

MX40-d / MX33-d

PstI

PL04
■<— x ^ E c o R I  

PL05

Figure 3.1: Alignment of nuclease protection probe sequences with the U3 region
of the MLV 3’ LTR. Six nuclease protection probes from two classes of endogenous 
MLV are shown with the corresponding restriction enzyme sites used for cloning. 
Riboprobes were synthesised by in vitro transcription from the cloned sequences. 
Although not illustrated on the diagram, the modified polytropic (MX33) sequence is 
44 bp longer than the polytropic (MX40) sequence between the PstI and Kpnl sites. The 
MX40/33-d probes were amplified using the primers shown.
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If the probe is not completely homologous to the target RNA sequence, total or partial 

cleavage of the probe/RNA hybrid occurs at the position of the mismatch. If the difference is 

more extensive then a single nucleotide, the site will be cleaved more efficiently. Apart from 

the full-length protected products, the additional bands observed therefore reflect 

polymorphisms amongst the multiple proviral LTR sequences. It was decided that it would 

be impractical to quantify the large number of protected products generated, so shorter 

probes were synthesised to reduce the number of potential polymorphic sites.

3.2.2 - Results with the shorter riboprobe:

A Bgin site is found within the U3 LTR region of both the pMX40 and pMX33 plasmids. 

A second construct for probe synthesis (pMX40-c and pMX33-c) was therefore made by 

cloning a Pstl/Bglll fragment into the pCR-SCRIPT vector (see Figures 3.1 and 3.2A); the 

insert sizes were 372 and 416 bp respectively. Riboprobes were then synthesised using T7 

RNA polymerase. Previous studies (Ch’ang 1989) have shown that the LTRs of modified 

poly tropic pro viruses contain two inserts of 5 and 39 nucleotides compared to polytropic 

proviruses in the U3 region (see Figure 1.3). Probes in this region will therefore yield 

clearly distinguishable full-length protected products in nuclease protection experiments. 

The MX40-C fragment was consequently 44 bp shorter than the MX33-C fragment. Thymus 

total RNA from 129, C57BL/6, BALB/c, and FI (129 x C57BL/6 and 129 x BALB/c) mice 

was hybridised to both probes, using a p-actin probe in each reaction as an internal control 

(see Figure 3.2B). The number of protected products was greatly reduced when compared 

to the initial experiments using the MX40-b and MX33-b riboprobes. Using the polytropic 

MX40-C probe, it was shown that the full-length protected product at 372 nt and one at 285 

nt were clearly under-represented in the G vl- strains tested (C57BL/6 and BALB/c). RNA 

from the FI mice also showed an intermediate level of LTR sequence expression when 

compared to Gv7-i- (129) mice (lanes 6 to 10). However, using the modified polytropic 

probe, the apparent variation in intensity of the full-length protected product at 416 nt did 

not follow the Gvl genotype of the panel of RNA samples (lanes 1 to 5).

92



In the same set of reactions, a second protected product at 185 nt can be seen below the P- 

actin internal control (lanes 1 to 5, Figure 3.2B). The expression pattern of this fragment 

is comparable to the two largest protected products using the polytropic MX40-C 

probe. The Bgin site used to clone both the MX40-C and MX33-C probes lies 185 bp 

downstream from the 39 bp deletion in the polytropic LTR region (see Figure 3.2A). The 

size of this band is therefore consistent with protection of poly tropic LTR RNA by the 

modified polytropic probe, and this is confirmed by the expression pattern observed.

Known sequence polymorphisms between the two classes of endogenous MLV could not 

be used, however, to explain the origin of the 285 nt protected product seen when using the 

pMX40-c polytropic riboprobe. Attempts to discover the identity of the relevant LTR 

sequence will be covered in Chapter 5.

These results did suggest that the Gvl genotype of mice could be determined using the 

polytropic riboprobe, MX40-C. By quantitation of the two largest protected products, it was 

shown that the data was reproducible between samples of the same genetic origin, and Gvl- 

mice showed a consistent reduction in the expression of polytropic LTR sequences 

compared to the appropriate FI animal. To simplify the quantitation further by reducing the 

number of protected products and therefore increasing the sensitivity of the assay, shorter 

LTR fragments were amplified from the original proviral clones pMX40 and pMX33.
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Figure 3.2: Quantitative nuclease protection demonstrates the differential expression 
of endogenous MLV LTR sequences. (A) Detail of the MLV LTR U3 region cloned 
for the synthesis of riboprobes. The shaded area indicates two regions, of 5 and 39 bp, 
of the modified polytropic MX33-C sequence absent in the polytropic MX40-C clone. 
Regions retained from the in vitro transcription reaction are shaded black. (B - overleaf) 
Quantitative nuclease protection of thymus total RNA from the strains indicated with 
an LTR probe and a p-actin internal control probe. Lanes 1 to 5, protected products with 
MX33-C probe. Lanes 6 to 10, MX40-C probe. The products were run against a manual 
sequencing reaction (M) to size the bands.
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3.2.3 - Results with the shortest LTR riboprobe:

PCR products amplified from pMX40 and pMX33 with primers PL04 and PL05 were 

digested with PstI and EcoRI and sub-cloned into the pGEM 3Zf(-f-) vector (see Figures 3.1 

and 3.3A). Both LTR inserts (MX40-d and MX33-d) were sequenced before riboprobe 

synthesis.

Using the same panel of total RNA samples as above, nuclease protection analysis was 

carried out with P-actin as the internal control, and an example of this can be seen in Figure 

3.3B. Only one full-length protected product was observed using either probe, as expected. 

Quantitative analysis revealed that the intensity of the full-length protected product derived 

from the MX40-d probe was once again reduced in the Gv7- strains compared to 129. 

Expression of this U3 sequence was also consistently lower in the C57BL/6 strain than the 

BALB/c strain, and this was reflected in the FI mice, which showed a reproducible 

reduction in proviral transcription compared to the 129 animals (lanes 4 to 8). The difference 

in intensity between a Gvl- mouse and the appropriate heterozygote was always a minimum 

of 50%, which is consistent with the semi-dominant nature of G vl inheritance. Using the 

modified poly tropic MX33-d probe, the full-length protected fragment at 319 nt did not 

differ in intensity the Gv7+ and Gvl- strains tested (lanes 9 to 13). Combined with the data 

from the longer MX33-C riboprobe, this implies that the G vl locus does not effect the 

expression of the modified polytropic class of endogenous MLV.

96



MLV 3' LTR

U3 U5

P stI

P robe length

P stI

MX33-d [
E coR I

3 2 9 n t

MX40-d [ ] 2 8 4 n t

Figure 3.3: Quantitative nuclease protection demonstrates differential expression 
of the polytropic class of endogenous MLV LTR sequences in Gvl- strains of mice.
(A) Detail of the MLV LTR U3 regions cloned for the synthesis of riboprobes. Shaded 
area indicate two regions, of 5 and 42 bp, of the modified polytropic MX33-d sequence 
absent in the polytropic MX40-d clone. (B) Quantitative nuclease protection of thymus 
RNA with an LTR probe and a p-actin internal control probe. Lanes 4 to 8, protected 
products with the MX40-d probe. Lanes 9 to 13, MX33-d probe. The strains of mice 
analysed plus the relative intensities of the full-length protected products, corrected for 
p-actin are as follows: lane 4, 129,0.118; lane 5, C57BL/6,0.006; lane 6, BALB/c 0.032; 
lane 7, 129 x C57BL/6,0.030; lane 8, 129 x BALB/c 0.064, lane 9, 129,0.108, lane 10, 
C57BL/6,0.128, lane 11, BALB/c, 0.112, lane 12, 129 x C57BL/6,0.109, lane 13, 129 
X BALB/c, 0.121. The undigested P-actin, MX33-d and MX40-d probes, lanes 1, 2 and 
3, are longer than the full-length protected products due to retention of plasmid sequence 
from the in vitro transcription reaction (regions shaded black in (A)).
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3.2.4 - Results using ^nv-specific riboprobes:

To further investigate the nature of Gvl transcriptional control, nuclease protection 

experiments were carried out using an env probe designed to allow simultaneous 

measurement of both polytropic and modified polytropic proviral expression. For this 

purpose, a 424 bp polytropic-specific sequence was amplified from the env region of the 

original proviral construct pMX40 using the primers PL034 and PL035, and cloned into 

the pCRII-TOPO vector. The two classes of provirus can be distinguished by a 27 nt 

deletion in modified polytropic viruses compared to polytropic viruses (Stoye and Coffin 

1987). Using a polytropic probe, polytropic transcripts will therefore protect a fragment of 

424 nt whereas modified polytropic sequences will protect two fragments of 212 and 185 nt 

(see Figure 3.4A). Figure 3.4B shows the result of such an experiment to examine env gene 

expression in mouse thymus. The Gvl- strains tested appear to express less polytropic env 

mRNA than 129 as judged by the intensity of the 424 nt full length protected fragment. The 

patterns of expression observed are also comparable to the results using the polytropic LTR 

probe. By contrast, the intensities of the 212 and 185 nt protected fragments do not vary 

between the different strains. These results confirm that expression of the polytropic but not 

the modified polytropic class of endogenous MLV is regulated by Gvl.
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Figure 3.4: Quantitative nuclease protection demonstrates differential expression 
of the polytropic class of endogenous MLV env sequences in Gvl- strains of mice.
(A) The region of MLV env cloned by PCR for the synthesis of riboprobes. The shaded 
area indicates a 27 bp region absent in the modified polytropic clone. Solid black regions 
indicate plasmid sequence retained in the probes from the in vitro transcription reaction. 
(B - overleaf) Quantitative nuclease protection of thymus total RNA using an env probe 
and a p-actin internal control probe. The strains of mice analysed and the relative 
intensities of the full-length protected products, corrected for p-actin: lane 1, 129, 0.214; 
lane 2, C57BL/6, 0.013; lane 3, BALB/c, 0.032; lane 4, 129 x C57BL/6, 0.096; lane 5, 
129 X BALB/c, 0.123. The relative intensities of the 212 and 185 nt modified poly tropic- 
specific fragments respectively: lane 1, 0.086 and 0.110; lane 2, 0.080 and 0.114, lane 
3, 0.075 and 0.108, lane 4, 0.091 and 0.122; lane 5, 0.093 and 0.127. No p-actin probe 
was added to the 129 x C57BL/6 RNA sample in lane 6.
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The third class of non-ecotropic endogenous retroviruses had not yet been considered. 

Attempts were therefore made to design a riboprobe that would determine whether the 

xenotropic class of endogenous retrovirus was also responsive to G vl. A sequence 

alignmern (Stoye et al. 1987) of xenotropic, polytropic (MX27) and modified polytropic 

(MX33) clones revealed that there was a deletion in the env gene which could be exploited 

to generate xenotropic-specific protected products. Constructs containing env sequences 

amplified either side of this region were therefore used for riboprobe synthesis. However, 

these experiments were uninformative, as multiple small bands were observed in nuclease 

protection studies; each presumably reflecting a distinct polymorphism between the probe 

and the target RNA species. This appeared to be the only env region suitable for the 

detection of xenotropic sequences distinct from those derived from polytropic or modified 

poly tropic pro viruses. Unfortunately, the apparent heterogeneity of this region meant that 

quantitative estimates of xenotropic proviral expression could not be made.

3.3 - Summary:

RNA hybridisation experiments demonstrated that a nuclease protection assay would be 

suitable for typing mice for their Gvl genotype by quantification of LTR expression levels. 

The method appeared to be reproducible, and up to 30 samples could be analysed on a 

single gel. In addition, the sensitivity of the technique meant that up to five assays could be 

carried out on a single animal, based on an average yield of 100 j^g of total RNA from one 

thymus. RNA could also be prepared from frozen tissue, allowing samples to be stored for 

analysis at a later date. It was therefore decided to set up genetic crosses to map Gvl, and to 

use the nuclease protection assay to follow the segregation of the gene. In addition, it was 

shown that the polytropic but not the modified polytropic class of provirus wo. 5  responsive 

to the effects of G vl, suggesting that sequence polymorphisms specific for one class of
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retrovirus are a direct or indirect target for the gene. Further experiments will be required, 

however, to determine whether Gvl influences the expression of xenotropic pro viruses.
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CHAPTER 4: 

GENETIC MAPPING OF Gvl

It was now necessary to follow the segregation of Gvl in a backcross population to confirm 

that a single gene was responsible for the variations in proviral expression observed. The 

nuclease protection assay, using the shortest polytropic LTR probe, was able to distinguish 

clearly between animals that carried a positive Gvl allele and those that did not. The 

possible role of Gv2 in proviral expression was also considered at this point. From a 

C57BL/6 X (129 x C57BL/6) backcross, 50% of the animals are expected to be 

heterozygous at the Gvl locus, although Gv2 would also be segregating, as C57BL/6 mice 

are negative for the gene. A BALB/c x (129 x BALB/c) backcross was therefore set up in 

which all the progeny will carry two positive Gv2 alleles. Comparing the distribution of the 

nuclease protection data generated from both populations would reveal the part, if any, Gv2 

plays proviral transcription.

4.1 - Examination of nuclease protection data from two 

backcross populations:

From the C57BL/6 and BALB/c backcross populations, nuclease protection analysis was 

carried out on thymus RNA from a total of 230 mice using the MX40-d polytropic LTR 

riboprobe. The results are summarised in Table 3. To determine the G vl genotype of a 

particular sample, the corrected intensity of the full-length protected product was compared 

to a reaction using RNA from the appropriate FI mouse. If the band intensity was over 71%
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of the FI value, the mouse was classified as heterozygous at the Gvl locus, whereas Gvl- 

animals were those that demonstrated intensity values below 60%. An example from the 

C57BL/6 backcross is shown in Figure 4.1, in which 3 of the 8 samples were scored as 

heterozygotes, based on the similarity of the proviral band intensity to the 129 x C57BL/6 

RNA sample shown in the same experiment. Out of the 230 animals analysed, a total of 

three mice demonstrated protected product intensity values which lay exactly in the cut-off 

point between those classified as Gvl+I- or Gvl-I- (see Table 3). The significance of these 

'unknown' animals will be discussed later.

Gv1  g e n o ty p e C57BL/6 b a c k c ro s s BALB/c b a c k c ro s s T o ta l

G v l  -/- 66 50 116

Gv1  +/- 57 54 111

U n k n o w n * 1 2 3

Tot a l 124 106 2 3 0

Table 3: Nuclease protection data inferring 
Gvl genotype in two backcross populations

*Values from these animals lay exactly in the cut-off point between Gvl-I- and Gvl+I-
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Figure 4.1: R ibonuclease  protection of C57BL /6  backcross mice indicating G v l

g e n o t y p e .  Thymus total RNA from the mouse strains indicated was analysed by quantitative nuclease 

protection using the polytropic LTR riboprobe and a ^-actin internal control probe. Relative intensity of the 

272nt fragments corrected for P-actin: lane 1, 0.065; lane 2, 0.009, lane 3, 0.076; lane 4, 0.016; lane 5, 

0.005; lane 6, 0.056; lane 7, 0.009; lane 8, 0.066; lane 9, 0.018; lane 10, 0.015. Mice were classified as 

Gvl+I-  (lanes 3, 6 and 8) by similarity (over 71%) of the intensity to RNA from the FI animal (lane 1), or 

Gvl-I-  (lanes 4, 5, 7, 9 and 10) if the value obtained was under 60% of the FI protected product intensity.
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The distribution of the results from all 230 animals typed for Gvl are shown in Figure 4.2. 

The data from both backcross populations display a bimodal distribution, with 

approximately half the animals demonstrating a proviral expression level equivalent to the 

FI mouse and half grouped together at a lower relative intensity. One-hundred and eleven 

(48%) of the 230 mice carry the 129 allele, which is a finding consistent with the 

segregation of a single gene. However, the spread of the data is more pronounced in the 

C57BL/6 backcross, with animals expressing levels of up to 150% and below 20% of the 

FI mouse. To address the concern that another locus, possibly Gv2, may be responsible for 

this variation, ten 129 x C57BL/6 and 129 x BALB/c animals were analysed with the 

MX40-d riboprobe in parallel. Taking the average relative intensity value as 100%, the 

spread of the data was equivalent to that seen in the backcross (see Table 4). This suggests 

that only the Gv7 locus is responsible for the proviral expression levels in both populations. 

The results also indicate that Gv2 does not play a role in proviral expression since 

essentially equivalent distributions were seen whether the gene was segregating (see Figure 

4.2A) or not (Figure 4.2B) in the cross.
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F1 RNA 

sample
129xBALB/c

relative
intensity

% o f
average

value

129xC57BLV6
relative

intensity

% of 
average  

value

1 0.284 100 0.117 103
2 0.268 94 0.092 81
3 0.217 76 0.158 139
4 0.274 96 0.135 120
5 0.250 88 0.093 82
6 0.318 120 0.113 100
7 0.290 102 0.107 95
8 0.362 127 0.083 74
9 0.210 74 0.124 109

10 0.367 130 0.103 91

Table 4: Nuclease protection data from two panels of FI animals using the 
MX40-d riboprobe. Relative intensity values were calculated based on the p-actin 
internal control. Each set of experiments were carried out using separate riboprobe 
preparations.
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Figure 4.2: A single locus is responsible for the proviral expression levels  
observed in two backcross populations. Distribution of the quantitative nuclease 
protection data using the polytropic LTR riboprobe from the C57BL/6 (A) and BALB/c (B) 
populations. Data are shown as a percentage of the relative intensity of the full-length 
protected product compared to RNA from FI mice. The bimodal distribution of the data 
suggests that a single locus is controlling the proviral expression levels observed.
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4.2 - Mapping of Gvl  by DNA pooling:

The first genome scanning strategy attempted was based on the amplification of SSRs 

(simple sequence repeats), or microsatellites, from DNA pools (Taylor et al. 1994). This 

approach as been used successfully to map Sooty Foot (Budd et al. 1997) and Compact 

(Varga et al. 1997) in mice. Microsatellites comprise of between 10 and 50 copies of a 

dinucleotide repeat and show high rates of polymorphism between mouse strains. SSRs 

can easily be typed by PCR using flanking primers, which has facilitated the construction of 

detailed microsatellite genetic linkage map (Dietrich et al. 1996; Rhodes et al. 1998; Silver 

1998). The phenotypic pooling method relies on the detection of markers in a segregating 

population, grouped together according to their phenotype at the target locus. Linked 

markers are identified by a change in the relative intensity of SSR PCR products from each 

DNA pool. In a backcross population, an unlinked marker will display a 3:1 ratio of 'tester'- 

specific (C57BL/6 or BALB/c strain in this case) to 'target'-specific (129 strain) PCR 

products in DNA pools from mice both heterozygous for Gvl and those that do not carry 

the 129 allele. The ratios will tend towards 1 to 1 and 1 to 0 respectively if the marker is 

linked, because all the progeny classified as Gv7+/- will carry both alleles, whereas only the 

C57BL/6 allele will be amplified from Gvl-I- backcross mice. The fewer the recombinants 

between the gene and the marker, the closer the ratios will he to these figures. It was 

concluded from a pilot study that linkage to markers situated within 20 cM of the target 

locus could be reliably detected using this method (Taylor et al. 1994).

DNA pools from 50 Gvl+i- and 50 Gvl-!- animals were made from both the C57BL/6 and 

BALB/c backcross based on the nuclease protection data. Non-radioactive PCR was 

attempted initially using all 85 microsatelhte primer pairs from the C57BL/6 pools, and an 

example of an unlinked marker is shown in Figure 4.3. Thirty-one unlinked markers 

amplified successfully under the standard PCR condition described (see section 2.17), and
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Figure 4.3: M icrosate llite  m arker D 1 9 M i t 7 1  is not linked to G v l .  Genomic DNA from the 

mouse strains indicated was PCR amplified using the D19Mit71  primer pair and the products run on a 3% 

NuSieve / 1% agarose gel against the (pxI74/HaeIII marker (M). 50 DNA samples from the C57BL/6 

backcross were pooled based on their predicted G vl  genotype. The ratio of the C57BL/6 allele product 

intensity to that of the 129 allele is approximately 3 to 1 in both pools, indicating that this marker is not 

linked to Gvl .
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the polymorphism between the C57BL/6 allele and the 129 allele was sufficient for them to 

be resolved on NuSieve/agarose gels. By titrating the MgCl^ concentration of the reactions, 

a further 5 microsatellites were successfully amplified and also appeared be unlinked to 

G v l. Radioactive labelling of one primer allowed 5 more unlinked markers to be resolved 

on polyacrylamide gels. The remaining microsatellites could not be typed due to failure of 

one or both the alleles to amplify or the lack of polymorphism between the strains. This was 

not unexpected, as microsatellite data for the 129 strain was not available for most of the 

primer pairs ordered. In certain cases, the size of the 129-derived PCR product did not 

correspond to the expected length of that allele. Table 5 contains a list of the microsatellites 

tested.

Despite obtaining informative results from under half the microsatellites, their relative 

positions permitted linkage to be excluded from 74% of the mouse genome, based on the 

20cM resolution of the technique (see Figure 4.4). The entire length of chromosomes 17 

and 18 were covered, with only very short distal regions of chromosomes 5 and 16 

remaining as possible positions for the Gvl locus. However, to complete the genome scan 

would have required ordering and testing over 30 further microsatellite primer pairs, each of 

which would amplify 129 SSRs of unknown size. It was therefore decided to use REVEAL 

PCR as an alternative mapping method.
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UNLINKED
Amplified under standard conditions

D1Mit102, D1Mit231, D2Mit285, D2Mit300, 
D3Mit22, D3Mit147, D 4Mit 166, D4M11232, 
D5MI148, D5MH244, D5Mit259, D6Mlt86,  

D6Mit123, D7Mit76, D7Mit253, D8Mit141, 
D9Mit107, D9Mit212, D11Mit61, D11Mit219,  

D12Mit19, D12Mit136, D13Mit16, D15Mit175, 
D16Mit154, D16Mit139, D17Mit139, D18Mit19, 

D18Mit60, D18Mit152, D19Mit71

UNLINKED
Amplified by MgClj titration

D5Mit267, D11Mit260, D U M i t U I ,  D15Mit107,  
D 18M it25

UNLINKED
Amplified by labelling of primer

D1Mit236, D5Mit240, D14Mit170, D17Mit93,  
D 17M it113

UNKNOWN
U nable to amplify /  

no polymorpfiism b etw een  strains

D1 M il l55, D1 M il l65, D1Mit214, D1Mit217, 
D2Mit149, D2M11296, D2M 11323, D3M11203, 
D3MH215, D3M11224, D4M 11203, D4MH214, 
D5MH223, D6Mi1111, D6Mi1149, D7M11232, 
D7MH259, D8Mi1194, D8M 11209, D8MH245, 

D9Mi1191, D9M11205, D10MH20, D10Mi1103, 
D10Mi1117, D10Mi1188, D11MH229, D12Mi1158, 
D12MH201, D13MH26, D13Mi1110, D13Mi1171, 
D14Mi1195, D15Mi1138, D16Mi1118, D16MH57, 

D 19MI146, D 19MH53, D 19MI168, DxMil 119, 
DxMi1137, DxMilUO, DxMi1149

Table 5: Results of PCR amplification of microsatellites from DNA pools.
T h e  85 m ic ro sa te l l i te s  a n a ly s e d are  c la s s i f i e d  a c c o r d in g  to  th e i r  am p l i f ica t io n  s u c c e s s  an d

p o s s i b l e  l i n k a g e  to  G v l .
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Figure 4.4: Linkage of Gvl is excluded from 74% of the mouse genome. Chromosomal 
locations of the 41 microsatellite markers successfully amplified and analysed by the 
DNA pooling method. The MIT number of each marker is shown and the centromeric 
ends of the chromosomes are indicated by black circles. Linkage to Gvl has been 
excluded from the regions represented by thickened lines, which correspond to 74% of 
the mouse genome.
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4.3 - Mapping of Gvl  by REVEAL PCR:

4.3.1 - REVEAL PCR:

Developed by Kaushik and Stoye (Kaushik and Stoye 1994), REVEAL PCR is a multi

locus mapping approach that examines the inheritance of polymorphic intracistemal A-type 

particles (lAPs) by their proximity to SINEs in a PCR-based assay. This method has been 

successfully used to map the Stumbler mutation in mice (Frankel et al. 1994). It was 

estimated that many of these proviral elements would lie close enough to SINEs to yield a 

practical number of specific PCR products using a combination of LTR and SINE primers. 

REVEAL PCR is carried out using an unlabeled primer to SINE repeats and radiolabeled 

primer to the lAP LTR. A significant degree of polymorphism occurs between inbred mouse 

strains and many of the specific lAP products have been mapped, allowing an approximate 

chromosomal position of the target loci to be determined if linked to a proviral marker.

4.3.2 - Search for REVEAL products linked to Gvl:

To find a marker linked to Gvl, REVEAL products from 23 individual C57BL/6 backcross 

mice typed as heterozygous at the Gvl locus were generated with all six combinations of 

lAP and SINE primers. PCR products of 129 origin that were present in most or all of the 

backcross DNA samples were considered as mapping candidates. Of approximately 30 

REVEAL products derived from the JS140/134 primer pair, one band of approximately 240 

bp (named REVEAL-2) was present in 20 out of the 23 animals, indicating hnkage (see 

Figure 4.5). Other products amplified from 129 DNA are also visible in the backcross lanes, 

(for example REVEAL-3 marked in Figure 4.5B), although these appear to segregate 

randomly in the panel of animals and would not be informative for mapping purposes. 

Remaining bands of C57BL/6 origin that appear in all 23 lanes reflect the genetic 

background of the backcross.
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Figure 4,5: An lAP proviral marker is linked to G v l .  (A) shows the relative 
positions of the primer pair used to generate the REVEAL-2 PCR products. (B) REVEAL 
PCR products amplified in the presence of end-labelled primer JS140 from the genomic 
DNA samples indicated. The position of REVEAL-2 is marked, which is absent in 
C57BL/6 mice but was amplified from 129 mice. 20 out of 23 backcross animals predicted 
to be heterozygous at the Gvl locus show the presence of this band, indicating linkage. 
The REVEAL-3 product randomly segregates in the backcross population.
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To confirm linkage of REVEAL-2 to the Gvl genotype assigned to each of the animals by 

nuclease protection, DNA from the remaining 93 backcross animals was analysed for the 

presence of the marker. Twenty-seven of the remaining 34 Gvl+I- mice and only 6 of the 

54 Gvl-I- mice showed presence of REVEAL-2, giving a recombination frequency of 13% 

+/-1.4%. Linkage was therefore tight enough to estimate at least a chromosomal region for 

G vl.

Closer linkage was demonstrated by a product amplified using the JS 139/136 primer pair, 

REVEAL-1, with only one backcross mouse out of the 23 originally analysed showing the 

absence of the band at approximately 360 bp. Due to the size of this marker and its 

proximity to a C57BL/6-derived band, the experiment was repeated and products run for a 

longer period of time on a 4% polyacrylamide gel to resolve the bands, confirming the initial 

result.

The disadvantage of REVEAL PCR over the DNA pooling technique is that to map G vl, it 

was first necessary to identify the chromosomal position of these informative markers, since 

no REVEAL products of these sizes using the appropriate primer pairs have been mapped to 

date (W. Frankel, pers. comm.). Before screening the remaining backcross mice for 

REVEAL-1, it was therefore decided to clone and sequence both markers, allowing unique 

internal primers to be designed for their subsequent analysis on conventional gels.

4.3.3 - Cloning and analysis of linked REVEAL markers:

By aligning dried REVEAL gels with the corresponding autoradiograph, both REVEAL 

products were excised, re-amplified, cloned and sequenced. The sequences of the two 

markers, and the position of the primers used for subsequent experiments are shown in 

Figure 4.6.
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JS139
----------------------------------------------------► 50
GTTTACCACTTAGAACACAGCTGTCAGCGCCATCTTGTAACGGCGAATGTG

PL013

GGCGCGGCTCCCAACAGC.4GGTTGTCTCCTTTCATATGACCTGGATTCCTGG

PL014
------------------------------------h 150
CAATCCTGATGAACAAACATTTGTATCCCAGGATCCTAATCTCTCAGATGC

2 0 0
TTGGGTTAGCATACTACTTACTTTAGAGGCAGTCCCTACCTCTGCTAAATT

4------------------------------------------------------
PL015

250
CTGCTAGGTGTGACTTACTATTTCCTAAGCATTTGAAAATCCTTTAAGCAT

PL016
30 0

GGCATGGTGGCAGACGCCTTAAATCCCAGCACTCGGGAAGCAGAAGCAGGC

AGATTTTGAGTTCATGGCCAGCCTGGTCTTCAGAGTGAGTTCCAG

JS136

Figure 4.6: Sequence of REVEAL markers linked to G vl. The sequences of (A) 
REVEAL-1 and (B-overleaf) REVEAL-2 are shown. Regions homologous to lAP sequence 
are marked in red with those homologous to SINE repeat elements marked in blue. The 
position of primers referred to in the text are also indicated.
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JS140
------------------------------------------------------¥ 50
TTTGCCGCAAAAGATTCTGGTTGTTGTGTTCTTCCTGGCCGGTCGTGAGA

PL011

ACGCGTCTAATAACACTCATCAACTGATATCATTTACTGATATAAACATA

PL09
----------------------------------------- ► 150
AGTATCACGGCGGAAGTACAGATCTTTAGATGCTTCTGCAGAGAGGTTGG

4 ----------------------------------------------------------
PL08

200
GACACGGCATGGTGGCCCATGGAGTAGAATTATTTATTTACTTTAAGTAT

4--------------------------------------------------------

PLO10

ATGAACACACTATAGCTGTCTTCAGACACTCCAGAAG
4-------------------------------------------------------

JS134
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It was first essential to ascertain if the correct sequence had been cloned. Sequence 

alignment demonstrated that both markers contained regions that matched both TAP and 

SINE sequences, as expected (see Figure 4.6). The intervening marker-specific sequences 

did not show any significant match to the database. T4 polynucleotide kinase end-labelled 

cloned inserts were also run on REVEAL gels against 129, C57BL/6 and backcross samples 

to confirm that the sequences were also of the correct size. Finally, DNA samples from 

backcross samples were screened by PCR on conventional gels using a REVEAL primer 

and one unique to the marker. The markers were consequently re-named according to the 

standard mouse marker nomenclature system as DlSNimrl for REVEAL-1 and D13Nimr2 

for REVEAL-2 (MGI, Mouse Nomenclature Group, web page).

Using the primer pair JS139 and PL016 specific for DlSNimrl, (see Figure 4.6A) the same 

panel of 23 C57BL/6 backcross mice were screened as in the initial experiments (see Figure 

4.7). The identical mouse showed recombination between the marker and G vl, as observed 

using JS139 and JS136 by REVEAL PCR. The remaining 93 backcross progeny were also 

analysed, with only 7 further animals showing apparent recombination (see section 4.4) 

between the marker and Gvl.

Before mapping the new markers, it was necessary to confirm that linkage to Gvl in the 

BALB/c backcross could be observed, to demonstrate that the segregation of the same locus 

had been followed in both backcrosses. DNA from individual progeny was amplified using 

the DlSNimrl primer pair JS139 and PL016, and the DlSNimrl primer pair JS140 and 

PL08. The recombination frequencies were calculated as 15% +/- 1.4% and 21% +/- 2.0% 

respectively. Although these figures are higher than those from the C57BL/6 backcross, it 

was concluded that the same locus was responsible for the proviral expression phenotype 

observed, sUowa')
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C57BL76 backcross
M

Figure 4.7: Segregation of D lS N i m r l .  Genomic DNA from the same 23 C57BL/6 backcross mice 

as in Figure 4.5B was amplified using primers JS139 and P L 016  derived from the marker REVEAL-1. 

Products were run on a 2% agarose gel against the (pxl74/HaeIII marker (M). The arrow indicates the 

position of the D lS N im r l  product at 22S  bp. 22 out of 23 backcross animals show the presence of the band, 

indicating linkage.
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4.3.4 - Mapping of REVEAL markers by somatic cell hybrids:

To ascertain which chromosome contained both REVEAL markers, a mouse-hamster 

somatic cell hybrid panel was screened (Williamson et al. 1995). Each of the 22 cell lines 

contains a unique complement of mouse chromosomes so that the pattern of PCR products 

generated across this panel makes it possible to determine whether DNA has been amplified 

from a particular chromosome.

Initial attempts to map D13Nimr2 in this panel using the primers JS I 4 0  and PLOlO failed, 

as no PCR products were seen in either the cell lines or the mouse DNA control. The 

CBA/H strain was used to set up this panel, and it was therefore possible that CBA-derived 

sequence in the region containing D13Nimr2 was different to that of the 129 strain. PCR 

products obtained from the D13Nimr2 primer pair JS134 and PLOll were cloned into the 

pCR-TOPOn vector and sequenced, revealing a region of 12 nucleotides that are deleted in 

CBA mice compared to a 129 control (see Figure 4.8). This lies directly over the position of 

the primer PLOlO, explaining the earlier panel screening problems.

The panel was subsequently screened with the D13Nimrl primers and PLOl^, with 

16 of the 21 cell lines showing the presence of a mouse-specific band (see Figure 4.9). An 

identical pattern was observed using alternative primers specific for D13Nimr2, suggesting 

that both markers derive from the same chromosomal fragment. Unfortunately, it was not 

possible to conclusively predict the chromosome number as the arrangement of positive 

cell lines did not match one of the expected combinations. It was possible that the 

chromosomal region containing the markers was not represented in the panel, having been 

somehow lost during maintenance of the somatic cell lines. The data were identical to that 

of a chromosme 13 sequence apart from cell hne number 21, which was originally typed 

as negative for two markers (Williamson et al. 1995). This sample was consistently 

positive with the D13Nimrl and D13Nimr2 primers. Possibly only a fraction of 

chromosome 13 has been retained in cell line number 21.
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It was therefore decided to map both markers on a radiation hybrid panel to obtain a more 

precise chromosomal location.

PL011

129 CTAATAACACTCATCAACTGATATCATTTACTGATATAAACATA
CBA ...................................................................................................

AGTATCACGGCGGAAGTACAGATCTTTAGATGCTTCTGCAGAGAGGTTGG

PLOlO

GACACGGCATGGTGGCCCATGGAGTAGAATTATTTATTTACTTTAAGTAT

ATGAAC AC ACTATAG- C -  TGGTCTTC AGACACTCCAGAAG 
............... T . . T  G .G ............................................................

4---------------------------------------
JS134

Figure 4.8: Sequence of REVEAL-2 differs in CBA and 129/SvEv strains.
Primers JS134and PLOll were used to amplify the REVEAL-2 marker from 129 and CBA 
genomic DNA, which was cloned into the pCRll-TOPO vector and sequenced. Sequence 
alignment reveals a 12 bp deletion in CBA DNA. Homology is marked with dots, with 
dashes indicating deleted bases. The position of the relevant markers are indicated.
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Figure 4.9: Screening of  the mouse somatic cell hybrid panel with REVEAL-1 p r im er s .

The primers JS136 and PL013 were used to amplify DNA samples from the somatic cell hybrid panel (cell 

lines 1 to 27), with control DNA from CBA/H mouse (C) and hamster (H). Amplified products were run on 

a 2% agarose gel against the (pxl74/HaeIII marker (M).

1 2 3 6 7 8 9 12 13 14 15 18 19 20

21 22 23 24 25 26 27 C H
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4.3.5 - Mapping of REVEAL markers by radiation hybrids:

The T31 mouse whole-genome panel comprises 100 hybrid cell lines derived by fusing 

irradiated 129aa embryonic stem cells with cells from a hamster fibroblast line (McCarthy et 

al. 1997). Different hybrids retain different fragments of mouse chromosomes and these 

have been extensively characterised by microsatellite mapping. Scoring D13Nimrl on this 

panel was carried out by PCR, and based on the pattern of positive cell lines, analysis of the 

data confirmed that it mapped to mouse chromosome 13. An example of the screening 

results are shown in Figure 4.10. Samples that gave a mouse-specific band in only one of 

the three replicate sets of reactions was classified as unknown. Analysis of the data placed 

the marker between the previously mapped microsatellites D13Mitl57 and D13MÜ66 (see 

Figure 4.11) with LOD scores of 11.8 and 9.0, respectively. Linkage to both flanking 

markers is significant (L. Rowe, pers. comm.), and D13Nimrl therefore lies at 

approximately 37cM from the proximal end of the chromosome 13. Not only did this result 

confirm the somatic cell hybrid mapping, but this region of chromosome 13 is also part of 

the fraction of the mouse genome which could not be excluded by the DNA pooling method 

(see Figure 4.4).
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Figure 4.10: Screening of  the m ouse radiation hybrid panel for R E V E A L -1. The primers 

JS139 and P L 016  were used to amplify DNA samples from the T31 radiation hybrid mapping panel, with 

the control mouse (129), hamster (H) and water controls. Products were run on a 2% agarose gel against a 

100 bp ladder (M).
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Figure 4.11: Mapping of REVEAL m arkers by analysis of radiation hybrid 
data. The positive cell lines scored by PCR from the T31 radiation hybrid mapping panel 

for both REVEAL-1 and REVEAL-2 were analysed using the Map Manager QT program at 

the Jackson Laboratories. The markers were positioned on chromosome 13 based on the 

optimum LOD score obtained between the flanking microsatellites shown.
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Amplification of D13Nimr2 from the T31 panel yielded only 12 mouse-specific bands (see 

Figure 4.12). This was a much lower figure than expected, although the smaller hamster- 

specific band visible in every sample acted as a positive control for the PCR reaction. The 

data was analysed as above (see Figure 4.11), and the highest LOD scores were 5.8 to 

D13MU99 and 4.9 to D13Mit94\ a score above 6.0 is considered as being significant (L. 

Rowe, pers. comm.). The low retention frequency of this sequence in the panel could reflect 

the expression of a gene that favours the loss of a small region of chromosome 13 from the 

hamster cell line. For these purposes, the best fit of the data places D13Nimr2 at 

approximately 34cM from the centromere of mouse chromosome 13.

As D13Nimrl showed tighter linkage to Gvl than D13Nimr2, this suggested that the gene 

maps distal to the marker at 37cM based on the lower recombination frequency. 

Microsatellite markers around this region of chromosome 13 were therefore ordered for the 

mapping of Gvl in the C57BL/6 backcross.
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I I I I
129 H HgO

Figure 4.12: Screening o f  the mouse radiation hybrid panel for REV EA L-2. The primers 

PL08 and P L O ll were used to amplify DNA samples from the T31 radiation hybrid mapping panel, with 

the control mouse (129), two hamster (H) and water controls. Products were run on a 2% agarose gel against 

a 100 bp ladder (M).
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4.4 - Preliminary mapping of Gvl :

Of the 32 chromosome 13 microsatellite markers initially tested flanking D13Nimrl, only 7 

appeared to be polymorphic between the 129/SvEv and C57BL/6 strains. Each was 

analysed by PCR amplification from the C57BL/6 backcross DNA pools. An example of a 

marker linked to G vl, which lies at 42cM from the proximal end of chromosome 13, is 

shown in Figure 4.13. A 1 to 1 ratio of C57BL/6 to 129-specific products is seen in the 

Gvl+I- pool with the corresponding 1 to 0 ratio in the Gvl-I- pool. Both ratios tended 

towards 3:1 with more distal the microsatellite markers (not shown), suggesting that Gvl 

was situated towards the centre of chromosome 13.

A total of 116 C57BL/6 backcross mice were then analysed individually using each of the 

polymorphic markers and the results analysed using the Map Manager QT program (Manly 

and Olson 1999). Eight mice appeared to be recombinant between Gvl and the closest 

flanking markers, D13Mitl3 and D13MU39. These double recombinants in a very short 

genetic interval are indicative of mis-typing in the assay used to genotype the backcross 

animals (Paulson and Bernstein 1998). The proviral expression levels of these eight mice, 

based on the nuclease protection data, lie towards the centre of the bimodal distribution, 

between 60 and 80% of the heterozygote figure. This suggests that errors in the 

quantification method are large enough to account for the incorrect genotyping of a small 

percentage of animals. Assuming this to be the case, Gvl co-segregates with both 

D13Nimrl and D13MU39, placing the gene at 37cM from the centromere.
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Figure 4.13: M icrosa te l l i te  marker D 1 3 M i t 2 4 8  is linked to G v l .  Genomic DNA from the 

mouse strains indicated was PCR amplified using the D13Mit248  primer pair and the products run on a 3% 

NuSieve / 1% agarose gel against the (pxl74/HaeIII marker (M). 50 DNA samples from the C57BL/6 

backcross were pooled based on their predicted G vl  genotype. The ratio of the C57BL/6 allele product 

intensity to that of the 129 allele is approximately 1 to 0 in the Gvl-I-  pool and 1 to 1 in the Gvl+i- pool, 

indicating that this marker is linked to Gvl.
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To confirm linkage to this region of chromosome 13, the nuclease protection and backcross 

mapping data from all 116 mice, including the eight animals which were believed to be mis

typed, were combined and analysed as a QTL (see Figure 4.14). The highest LOD score 

was obtained around the chromosomal position of DlSNimrl and D13MU39. This 

suggested strong linkage between a locus at approximately 37cM on mouse chromosome 13 

and the proviral expression levels observed in the backcross population, thereby confirming 

the map location derived from the haplotype data.
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Figure 4.14: A QTL controlling proviral expression maps to chromosome
13. QTL analysis of all 116 backcross animals from the initial mapping experiments based 
on the proviral expression levels observed. The highest LOD score obtained is situated at the 
microsatellite D13MU39.
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4.5 - Fine mapping of Gvl :

For positional cloning, it was vital to refine the genetic map around G vl, so 1000 further 

backcross mice were analysed using markers around the predicted position of the gene on 

chromosome 13. Rather than type all progeny for every marker, it was only necessary to 

screen two microsatellites flanking the region, D lSM iM  at 35cM and D13MU99 at 40cM 

(Silver 1998), and then to test those mice recombinant in that interval. Although some 

distance from the expected position of G vl, these markers were chosen based on the size 

difference between the C57BL/6 and 129 alleles, allowing products to be resolved easily on 

NuSieve/agarose gels. All microsatellites previously mapped between these flanking 

markers were tested for polymorphism, and it was necessary to type many of them on 

acrylamide gels to separate the two allele sizes (see Appendix 1). An example of a marker 

that could be analysed on conventional gels is shown in Figure 4.15. Unfortunately, any 

difference in the size of the alleles of D13Mit26, the only microsatellite mapped to 38cM 

from the centromere, could not be resolved on polyacrylamide gels.
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Figure 4.15; Genotyping of niicrosatellite marker/)/JM//24^. Primers specific 

for D13Mit248 were used to amplify 96 genomic DNA samples from the 129 x 

(129 X C57BL/6) backcross. Products were run on a 3% NuSieve/1% agarose gel 

against the (pxl74/HaelIl marker (M). The 129 allele is shorter than the C57BL/6 

allele, allowing the inheritance of the microsatellite to be determined.
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Nine animals appeared to be recombinant amongst the 6 markers analysed which have been 

previously mapped to 37cM. Assuming Gvl also maps in this region, nuclease protection 

using the MX40-d riboprobe was carried out on RNA purified from thymus tissue samples 

taken from these nine mice. For subsequent experiments it is important that the genetic map 

be as accurate as possible, so to avoid any mis-typing, each RNA sample was analysed in 

triplicate using two different preparations of riboprobe. The G vl genotype of each animal 

(shown in Table 6, below) was added to the haplotype data obtained from the 1000 

backcross animals plus 108 from the original mapping experiments, and is shown in Figure 

4.16, with the corresponding genetic map of the region. Gvl is situated in a 0.27cM region 

between the nearest flanking markers D13MÜ224 (proximal) and D13Mit66 (distal). All 

microsatellite marker analysis around this critical region was repeated, which confirmed the 

initial relative map position for the gene.

C57BL/6 backcross  
mouse number

Average % relative 
intensity of FI

Predicted G v l  
g e n o ty p e

1008 20
1214 119 +/-
1219 50
1358 36
1442 85 +/-
1569 12

1570 123 +/-
1605 76 +/-
1694 12 -/-

Table 6: Predicted G v l  genotype of C57BL/6 backcross animals. Quantitative 

nuclease protection data from 9 mice recombinant between microsatellite markers D13MÜ43 

and D13Mit66, using the polytropic LTR riboprobe MX40-d.
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Figure 4.16: G v l  maps to the centre of chromosome 13. (A) Haplotype 
analysis of the 1108 C57BL/6 progeny between the flanking markers D13MÜ248 and 
D13Mit99. Each column represents the allele inherited from the 129 x C57BL/6 FI parent. 
The number of offspring inheriting each allele is indicated at the bottom of each column; 
open boxes indicate the presence of a 129 allele, shaded boxes indicate the presence of a 
C57BL/6 allele. (B) Partial linkage map of chromosome 13. The relative position of Gvl 
with respect to the linked markers was determined by using the Map Manager QT program. 
Map distances (in cM) with standard errors are indicated on the left of the genetic map.



D13Mit248
D13Mit13
D13Mit43
D13Mit209
D13MH39
D13Mit281
D13Nimr1
D13Mit311
D13Mit224
Gv1
D13Mit66
D13Mit99
D13Mit231 □ □

491 512 15 13 20 8 1 2 1 2 1 1 1 22 18

B

2 .53+/-0.53

2.53+ /-0.53

0 .09+ /-0.09
0 .18+ /-0.13
0.27+ /-0.18
0. 18+ /-0.13
0.09+ /-0.09

3.62+ /-0.56

-  -  D 13M it248

- -  D 1 3 M it1 3

D 13M it43 , D 1 3 M it2 0 9
D 13M H 39, D 1 3 M it2 8 1 , D 13N im r1
D 13M it311
D 13M H 224
Gvl
D 1 3 M it6 6

-  -  D 13M it99 , D 1 3M it231
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4.6 - Summary

The distribution of the LTR expression levels observed by nuclease protection in two 

backcross populations demonstrated that a single, semi-dominant gene was controlling the 

phenotype. It was therefore decided that it would be possible to map the gene by genome 

scanning. The success of the DNA pooling method relies on polymorphic microsatellite 

markers that span the entire genome, although the lack of microsatellite data available for the 

129 strain used in this study meant that linkage to G vl could not be eliminated from all 

chromosomes. Two markers linked to the gene were isolated by REVEAL-PCR, which 

were mapped by screening a RH mapping panel to the centre of chromosome 13. This 

allowed the sequence containing Gvl to be narrowed down to a 0.27cM region, which is 

small enough to consider building a contiguous DNA sequence from a large-insert genomic 

library for the isolation of positional candidates. The properties of the gene that has been 

mapped are concordant with that of G vl, although it remains to be demonstrated that the 

expression of multiple proviruses are being controlled. To consider this question, the 

identity of a second Gv7-responsive proviral sequence was investigated. The trans-acting 

properties of the gene could also be confirmed by analysing the distribution of polytropic 

proviruses within the C57BL/6 backcross population used for mapping purposes.
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CHAPTER 5: 

EVIDENCE FOR THE TRANS ACTING 

PROPERTIES OF Gvl

Previous studies concluded that Gvl encodes a trans-acting factor, based on results from 

both northern blots and nuclease protection experiments. Distinct transcripts and protected 

fragments were consistently under-represented in 129 Gj^- compared to 129 G;x+ mice 

(Levy et al. 1982; Levy et al. 1985). Sequencing of proviral clones revealed polymorphisms 

between endogenous LTR and env sequences that accounted for the pattern of protected 

fragments observed. It was therefore proposed that a diffusable protein product of the Gvl 

locus would be required to control the expression of these multiple proviral loci (Levy et al. 

1985; Policastro et al. 1989). In the absence of the 129 Gj^- and C57BL/6 G^+ congenic 

strains, it is not possible to establish that the gene mapped in this study is indeed G vl. It 

was therefore necessary to demonstrate that our gene has characteristics concordant with 

Gvl, such as its trans-acting properties.

It has been shown here that the polytropic class of endogenous MLV is responsive to G vl, 

and using the polytropic LTR riboprobe MX40-C, a protected fragment at 285 nt appeared to 

show an identical pattern of expression to the full-length protected products (see Figure 

3.2B). If the proviral sequence responsible for this band could be identified, it would 

provide an excellent example of the trans-acting properties of G vl. In addition, further 

evidence could be obtained by examining the distribution of pro viruses amongst the 

backcross populations. If no single provirus appears to segregate with G vl, this would be 

consistent with a gene that controls the expression of multiple endogenous retroviruses.

138



5.1 - Origin of the unidentified nuclease protection product:

Using the MX40-C riboprobe, the unknown protected product of 285 nt is approximately 85 

nt shorter than the full-length band (see Figure 3.2B). The target LTR RNA therefore 

contains a sequence that differs from the probe; either 85 nt from the 5’ or 3’ ends, or at two 

internal sites, allowing a 285 nt RNA duplex to remain protected. To determine the 

approximate position of this sequence polymorphism, total RNA from 129 mice was 

analysed with the original MX40-b and shorter MX40-C probes in parallel (see Figure 5.1). 

Both probes protected fragments of 285 nt, suggesting that the sequence difference lies 

towards the 3' end of the U3 region. The length of a protected product derived from a 

sequence polymorphism towards the 5' end using the MX40-b probe would be visible at 

470 bp, 85 bp shorter than the full-length protected fragment. In addition, there appear to be 

no detectable polymorphisms at the 5’ end of the U3 region when using the shorter MX40-d 

probe, as only one full-length protected product was observed (see Figure 3.3B). These 

conclusions are illustrated in Figure 5.2.
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MX40-C MX40-b

550 nt

440 nt

372 nt

285 nt

270 nt

Figure 5.1: Nuclease protection comparing MX40-b and -c probes. Total RNA 

from 129 mice was hybridised to the polytropic MX40-b and shorter MX-40-c LTR 

riboprobes. Selected protected products are marked.
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285 + 270 y

485 + 85
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85 + 285 y

272

85 + 187

y

Figure 5.2: A sequence polymorphism is situated 285 bp from the 5’ end of a 
polytropic 3’ LTR. The three polytropic riboprobes MX40-b, c and d are aligned to the 
U3 region of the 3’ LTR from which they were cloned. Two hypothetical sequence 
polymorphisms (A and B) between the probe and U3 target RNA are marked. The 
expected protected products derived from RNase digestion at these two positions (circled) 
are indicated, with the fragment sizes observed in this study. The experiments suggest 
that the polymorphism occurs at site B.
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5.2 - Sequence database searches:

Before attempting to clone multiple proviral sequences by either RT-PCR or RACE, the 

sequence databases were searched for any known MLV U3 sequence that could account for 

this unknown product. A large number of polytropic LTR sequences are published 

(examples include Khan and Martin 1983, Kummermerle 1987, Ou et al. 1983, Stoye and 

Coffin 1987; Tomonaga and Coffin 1999), although alignment of these with the sequence of 

the MX40-b probe did not reveal any deletions or insertions around the region of interest 

significant enough to cause a 285 nt fragment to be protected.

5.3 - RT-PCR and 3’ RACE cloning strategies:

The RNA species responsible for the 285 nt fragment reflected an expressed endogenous 

MLV sequence, so RT-PCR and 3' RACE products from U3/R regions were cloned and 

sequenced to search for a polymorphism that could account for the unknown band. 

Specifically, it was hoped that an insertion or deletion approximately 285 bp from the PstI 

site at the 5’ end of U3 would be discovered when sequences were aligned to the MX40 

clone used to synthesise the riboprobe. The apparent heterogeneity of this region meant that 

eight primer pair combinations were tested so that sequences with a variety of potential 

structures could be cloned. A summary of the combinations of PCR primers used is shown 

in Figure 5.3. The reverse transcription step in all cases was carried out using total RNA 

purified from 129 thymus tissue.

RT-PCR products amplified using the primers PLOl and PL02 were cut with PstI and 

Kpnl and cloned into the pGEM3 Zf(+) vector. 3' RACE was also carried out using PLOl 

and PL 146 and gel-purified PCR products were cut with PstI and SphI for cloning. 

Sequencing revealed both modified polytropic and polytropic structures had been cloned, as 

expected. RT-PCR products generated in this way were also blunt-end cloned or amplified
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MLV 3' LTR

PstI

U3

Bglll Kpnl

PLOl
RT-PCR 

PstI / Kpnl PL02

PLOl
3‘ RACE 
PstI / SphI

8  phi

PL146

PL01

RT-PCR 
Blunt cloning PL02

PL06

RT-PCR 
TOPO cloning PL02

PL07
3* RACE 

TOPO cloning PL146

PL035
RT-PCR 

TOPO cloning PL02

R1F
RT-PCR 

TOPO cloning PL056

PL035
3' RACE 

TOPO cloning PL146

Figure 5.3: Cloning strategy for the isolation of the unknown 285nt nuclease 
protection product. The eight primer pairs shown were used to amplify polytropic MLV 
LTR clones in the region of interest. RT-PCR and 3’ RACE was carried out from 129 
thymus total RNA in all cases. PCR products were cloned into vectors for automated 
DNA sequencing. The sequence polymorphism suspected to cause the unknown band 
lies at 285 bp from the PstI site of the U3 region, marked ‘x’.
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with PL06, upstream of PLOl, to account for endogenous sequences lacking PstI or Kpnl 

restriction sites that would not have been cloned initially. Despite aligning over 40 

polytropic sequences with MX40, no U3 structures were identified which would have lead 

to the protection of a 285 nt fragment.

It may be possible that the unknown fragment contained another sequence difference at the 

extreme 5’ end of U3. Therefore, primers were designed that were situated in the region 

known to be complementary to the shortest MX40-d probe (see Figure 5.3). 3' RACE and 

RT-PCR products synthesised with the polytropic-specific primer PLOT appeared as a 

smear when analysed by agarose gel electrophoresis, so a sample of each reaction was 

cloned directly into the pCRQ-TOPO vector. Consequently, inserts of various sizes were 

generated and sequenced. It was hoped that this strategy would isolate a sequence with a 

considerable insertion or deletion in the region of interest. To avoid preferential cloning of 

known poly tropic sequences, regions both above and below the expected sized band were 

excised from low melting point agarose gels and cloned directly into pCRII-TOPO. This 

was carried out using primers PL035, R if and PL056, all in close proximity to the region 

of interest as shown in Figure 5.3. In particular, the PL056 primer situated at the 3’ end of 

the MX40-d probe sequence was designed to isolate any sequences with deletions in the R 

region.

A total of over 120 sequences were generated from all the cloning strategies, and aligned to 

the sequence of the MX40-C riboprobe. A representative selection of the polytropic 

sequences isolated are shown in Figure 5.4. Although 2 and 3 bp mismatches were found 

scattered amongst the clones within the U3 region, neither were obvious candidates for a 

sequence that would have accounted for the major unknown protected product of 285 nt. 

Nevertheless, a single base-pair mismatch is present 288 bp from the PstI site in two of the 

clones illustrated in Figure 5.3. Cleavage of the riboprobe/proviral RNA duplex at this
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PstI 5 0
çtgçagtaacgccattttgcaaggcatgaaaaagtaccagagctgagttc
............................................................................................................................ T

100
TCAAAAGTTACAAAAAAGTTCAATTAAAGATTAACAGTTAAAGATTAAGG 
...............................G ...........................................................................................

1 5 0
CTGAATAACACTGGGACAAGGGCCAAATATCGGTGGTCAAGCACCTGGGC
.............................................G. .AA....................................................................
............................................G ..............................................................................

200
CCCGGCTCAGGGCCAAGAACAGATGGCTCTCAGACGTCAGTGATAGCAGA

................................................................ -  .T .....................................................

................................................................ T .T .....................................................

2 5 0
ACTAGCTTCACTGATCTAGAAAAATAGAGGTGCACAGTGCTCTGGCCACT

 T ..............................................................................................................
............................................A ..............................................................................

3 0 0
CCTTGAACCTGTGTGTCTGCCAATGTTCTGACCAGGTTTGTGCCCATTGC
............................................................................................................................ T
.AAA. . . .A ..................................................................... G ............................ T
............................................................................................ G ..............................

3 5 0
TGAACCTTCATTAGACCCTTTCCTCGTACCCCTCCCGTACCCATTTCTTG
..........................................................................................A ................................
.............A ............................. C ........................................A .............................. A
......................................................T ................................A ................................

Bglll
AAAATAGACATTGTTTAGATCT

Figure 5.4: Sequence alignment of representative polytropic proviral LTR 
clones. A representative selection of the 120 proviral LTR clones derived from RT-PCR 
and 3’ RACE are shown, from the PstI to the Bglll site of the comparable region of the 
MX40 polytropic clone (top sequence). Sequence identity is indicated by dots, with dashes 
showing bases added to satisfy the alignment.
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position, but not at the remaining sequence mismatches upstream, would result in a 

protected fragment of 288 nt.

It is also possible that the unknown band represents either an artefact of the nuclease 

protection method, or a pro viral sequence with a substantial deletion in the 3' LTR, which 

would not have been isolated by any of the cloning strategies employed. In general, 

identifying the transcript responsible for a particular protected product is technically 

difficult.

To confirm that the proviral sequence responsible for this unknown band showed the same 

pattern of expression as known polytropic pro viruses, thymus RNA from two panels of 

backcross animals in which Gvl was segregating were screened with the MX40-C probe 

(data not shown). It appeared that the intensity of the 285 nt band was comparable to that of 

the full-length protected product, suggesting that Gvl was acting in trans to control the 

expression of more than one distinct MLV proviral sequence.

5.4 - Proviral distribution in the C57BL/6 backcross:

It was also necessary to confirm that the differences in proviral expression levels observed 

were not simply due to the expression of a single pro virus of 129 origin segregating in the 

backcross population. Only one polytropic provirus, Pmv41 from DBA mice, has been 

shown to lie in the interval containing Gvl (Frankel et al. 1991). Hybridisation studies with 

the polytropic-specific oligonucleotide probe JS5 (see Figure 1.4) (Stoye et al. 1988) were 

carried out on EcoRl and Pvull digested genomic DNA purified from a panel of C57BL/6 

backcross mice typed as either Gvl+I- or Gvl-!-, 129Sv/Ev, C57BL/6, 129 x C57BL/6 and 

DBA/2 animals (see Figure 5.5). Each band represents a unique proviral sequence, detected 

once in each set of digests. Pmv41 can be seen in the Pvull digest of DBA/2 DNA at

146



CÛ
CD

0 ) ^ 0 )  
C\J ^  CM
T—  U  T—

Gvl + /- Gvl CO
o

W&-
# #

• •  # #
m  ^

#

Figure 5.5: C om parison  o f  the polytropic proviral content of  inbred mice. An unblot is 

shown of EcoRI (A) and Pvull (B - overleaf) digested genomic DNA from the mouse strains indicated, 

hybridised to labelled oligonucleotide JS5. Arrowheads show the positions the Hindlll-digested lambda DNA 

molecular marker. The provirus Pinv41 marked in (B) is only present in the DBA/2 strain.
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approximately 2.9 kb (see Figure 5.5B), but is not present in 129Sv/Ev mice. It can also be 

seen that no other polytropic provirus appears to segregate with the G vl  genotype of the 

backcross progeny. Proviruses of 129 origin, such as Pmv47  at 3.05 kb and Pmv62  at 3.5 

kb (Frankel et al. 1991) are randomly dispersed in the population (see Figure 5.5B). These 

results were consistent with the proposition that G v l  encodes a trans-acting gene product, 

as no single pro virus appears to be responsible for the expression phenotype observed.

5.5 - Summary:

One disadvantage of the nuclease protection method is that it may prove difficult to confirm 

the structure of a transcript responsible for a specific band. In this case, the 285 nt fragment 

may represent only one provirus out of the multiple copies present in the genome, 

hampering efforts to isolate the relevant sequence. Despite employing a range of RT-PCR 

and 3’ RACE cloning strategies, a sequence that would have protected this unknown U3 

fragment was not unambiguously identified. However, more than one proviral transcript
tUa Cwllj

segregated with our gene in the backcross population and x)Ĵ r polytropic proviruses have 

been-mapped to the same region[^lt can therefore be concluded that a trans-acting factor was 

responsible for these observations. Consequently, the results are consistent with the 

proposition that G v l  has been mapped in this study. Now that we were confident of the 

genes identity, a biochemical approach to isolating G vl was attempted.
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CHAPTER 6: 

INVESTIGATION OF POLYTROPIC 

PROVIRUS-SPECIFIC BINDING FACTORS

Of the various cis-acting and trans-acting factors that influence the expression of 

endogenous MLV pro viruses, a number of these have been shown to interact directly with 

LTR sequences within the U3 region (Rabson and Graves 1997). Since poly tropic and 

modified polytropic MLVs differ in their responsiveness to G vl,  U3 sequences 

polymorphic between the two classes may therefore be a target for such a trans-acting 

factor. Attempts were made to identify possible binding sites using both electrophoretic 

mobility shift assays (EMSAs) and DNA footprinting. A factor present in protein purified 

from 129 mice but absent in the C57BL/6 and BALB/c strains would be a strong candidate 

for the gene product of the Gvl locus.

6.1 - EMSA using oligonucleotide probes

Oligonucleotides specific for the polytropic class of MLV were designed, spanning the site 

of the two inserts found in modified polytropic proviruses (discussed in section 3.2.2, 

above). The position of these probes and others used in the experiments described below, in 

relation to the U3 region, are shown in Figure 6.1. As a positive control for the nuclear 

protein extract purification and binding conditions, EMSAs were also carried out using 

complementary oligonucleotides (R if and R lr) specific for the binding site of a negative
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pMX40-b

Notl PstI Apal

S a d  BamHl Dde I Bsrl Ddel MscI Bglll

  ' ‘ I ‘ ‘ I

R 1 f/r  P L O  3 5 /3 6

P L O  3 7 /3 8

pM X33-b

Notl PstI Haelll

S a d  {BamHlj Haelll Haelll Bglll

P L O  3 5 /3 6

P L O  3 7 /3 8

Figure 6.1: Probes for protein binding experiments. The position of the probes used 
for EMSA (blue) and DNA footprinting (red) relative to the MLV LTR construct used 
for their isolation. Solid black regions indicate pCR-SCRIPT vector sequence and brown 
areas show the two regions deleted in the polytropic (pMX40-b) sequence compared to 
that of the modified polytropic (pMX33-b) LTR. The initial letters of the restriction sites 
used to synthesise the probes are shown, and asterisks indicate end-labelling of the upper 
(to the left) or lower (to the right) strands.
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control element as described by Flanagan et al. (1989). These generated several gel-retarded 

products, all of which were eliminated with addition of excess cold Rlf/r oligomer as 

competition in the assay, illustrating the specificity of the binding reaction. Despite testing a 

number of different binding buffer salt concentrations, assays using neither the PL035/36 

or PL037/38 oligomer probes yielded any specifically bound gel-retarded products. It was 

therefore decided to use longer probes to confirm these results and possibly increase the 

sensitivity of the assay.

6.2 - EMSAs using longer LTR probes:

Longer probes derived from LTR restriction fragments were analysed in similar experiments 

to search for potential binding factors. The DNA binding affinity of the protein was 

confirmed by competition with oligomers specific for polytropic sequences added to the 

binding reaction. To act as a positive control for the reaction conditions, a probe previously 

used to demonstrate the presence of the same negative control region in the MLV LTR as 

above (Flanagan et al. 1989) was tested. The frequency of restriction sites in the pMX33-b 

construct meant that it was necessary to isolate and gel-purify a Pstl/Bglll fragment before 

synthesising the probe. A 120 bp Pstl/Haelll fragment, shared between polytropic and 

modified polytropic proviruses, was subsequently cut from this region (see Figure 6.1), 

end-labelled and used in EMSA experiments. Gel retarded products were clearly seen using 

nuclear protein extract from both 129 and C57BL/6 mice, and the specificity of the binding 

was confirmed by competition with the Rlf/r oligomer which contains the binding sequence 

of the negative control factor (data not shown).

To analyse the poly tropic-specific sequence covered by the oligonucleotides PL037 and 

PL038, a 95 bp Apal/Mscl fragment was isolated from the polytropic pMX40-b construct, 

de-phosphorylated and end-labelled (see Figure 6.1). Binding reactions were set up with
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129 C57BLV6 129 C57BL/6
■<------------------------------► -4------------------------------- ► -4-----► -4---------- ►

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 6.2

Figure 6.2: Binding factors spec ific  to o ligom er P L 0 3 7 /3 8 .  The polytropic LTR Apal/MscI 

end-labelled probe was added to nuclear protein extract from the mouse strains indicated. The final NaCl 

concentrations in the binding reactions were as follows: 5mM, lanes 2 and 6; lOmM, lanes 3 and 7; 25mM , 

lanes 4, 8, 10 to 13; 50mM lanes 5 and 9. For binding com petition, 50- (lanes 10 and 12) or 100-fold (lanes 

11 and 13) excess of cold oligomer PL037/38 were added. Gel retarded products are marked with arrows. Lane 

1 contains probe with no added protein extract.
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nuclear protein preparations purified from thymus tissue taken from 129 and C57BL/6 mice 

and an example is shown in Figure 6.2. Lane 1 contains only the labelled probe, showing 

the mobility without added protein extract. Larger bands visible in the additional lanes 

therefore correspond to gel-retarded products caused by protein binding, as demonstrated by 

the bands marked in lanes 2 to 9. The specificity of these four bands was determined by 

competition with cold double-stranded oligomer PL037/38 in lanes 10 to 13. Three bands 

were eliminated, representing specific binding of a nuclear protein extract to a sequence in 

the PL037/38 oligomer. However, the experiment also demonstrated that this factor is not a 

candidate for Gvl, as the same bands are present in protein purified from both 129 (lanes 2 

to 5, 10 and 11) and C57BL/6 mice (lanes 6 to 9, 12 and 13).

The U3 region covered by the PL035/36 oligomer was examined in similar experiments 

using a 113 bp Ddel/Ddel probe, isolated from a Pst/Bglll U3 fragment (see Figure 6.1). 

Although two gel-retarded products were observed, neither showed any sign of competition 

with the PL035/36 oligomer, and no difference in intensity of the bands could be seen 

between the two strains of mice.

Finally, a probe was designed to examine the possible binding of factors to both polytropic 

target regions simultaneously. A 298 bp SacI/MscI fragment, cut from the pMX40-a 

construct, was digested with Bsrl to create a 130 bp probe (see Figure 6.1). The results of 

an EMSA using this probe can be seen in Figure 6.3. Of the four gel-retarded products 

observed (numbered 1 to 4), bands 1, 3 and 4 appeared to show a reduction in intensity 

with increasing amounts of PL035/36 oligomer present in the binding reaction (lanes 4 to 

7). Two of these bands (1 and 3), could not be eliminated using the PL037/38 oligomer as 

competition, suggesting that a specific binding factor was responsible (lane 8). Once again, 

these factors are not candidates for Gvl, as identical patterns of bands were observed from 

129 (lane 2) and C57BL/6 (lane 3) mice. Band number 4 is therefore derived from a non

specific association. Finally, no change in intensity of the fourth gel-retarded product
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1 2 3 4 5 6 7 8

# » * I •t' I 2 

3

Figure 6.3: B inding factors specific  to o ligom er P L 0 3 5 /3 6 .  The polytropic LTR BsrI/MscI 

end-labelled probe was added to nuclear protein extract from the mouse strains indicated. For binding 

competition, 10-, 25-, 50- and 100-fold (lanes 4 to 7, respectively) excess o f cold oligomer P L 035/36  was 

added. Lane 8 contains a 100-fold excess of cold oligomer PL037/38 and lane 1 contains probe with no added 

protein extract. Gel retarded products are marked with arrows.
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(number 2) was observed, demonstrating the binding of a protein to a region of the probe 

not covered by the oligomers.

Although no Gvl candidates emerged, these experiments did show some evidence of 

polytropic-specific binding factors in this region of the MLV LTR. However, these data 

were somewhat inconsistent, considering that the binding products that could be competed 

for by the PL035/36 oligomer were observed when using the BsrI/MscI but not the 

Ddel/Ddel probes. It was therefore decided to examine the U3 region by DNase footprinting 

for additional binding sites not covered by the oligomers tested above.

6.3 - DNase footprinting of polytropic-specific binding factors:

The advantages of DNase footprinting over EMSAs is that DNA binding sites over a much 

longer region can be examined. In this study, it allowed both polytropic and modified 

polytropic probes to be analysed in parallel. A map of the probes tested is shown in Figure 

6 . 1 .

Polytropic footprinting probes were generated from BamHI/Bglll fragments derived from 

the construct pMX40-b, and end-labelled in such a way so that the probes corresponded to 

either the upper or the lower DNA strands in this region. The results of DNasel protection 

analysis using nuclear protein extracts from 129 and C57BL/6 thymus is shown in Figure 

6.4. For each probe, the position of any possible binding sites was identified using the 

marker fragments (lanes 1 and 2). When DNasel cleavage patterns of the subfragments 

obtained with (lanes 4 , 5 , 7  and 8) and without (lanes 3 and 6) added protein extract were 

compared, the position of a binding factor protecting the probe from DNasel activity was 

visible as blank or nearly blank area in that lane. The LTR probe end-labelled on the upper 

strand showed nuclear protein binding to three sites. A, B and C (see Figure 6.4). The
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Figure 6.4: DNA footprinting of polytropic MLV LTR U3 region. DNasel 
protection of labelled LTR fragments by nuclear proteins prepared from mouse thymus 
tissue. The BamHI/Bglll U3 fragment was labelled on the top (lanes 3 to 5) or bottom 
(lanes 6 to 8) strands. Lanes 3 and 6 contain unbound DNA digested with DNasel in the 
absence of nuclear proteins as a control. The remaining lanes contain nuclear protein 
purified from the 129 (lanes 4 and 7) or C57BL/6 (lanes 5 and 8) strains, and regions 
protected from DNasel digestion are marked A to C. Manual sequencing reactions in lanes 
1 and 2 acted as size markers.
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protected sequence closest to the 5' end, site A, corresponds to the binding site for the 

negative control factor used as a positive control in the EMSA experiments, as expected 

(Flanagan et al. 1989). Site B spans a much longer sequence of at least 35 bp, between 

approximately 80 to 115 bp from the BamHI site used to synthesise the probe. The binding 

site C lies between 138 and 144 bp from the 5' end of the probe, exactly over the site of the 

polytropic U3 5 bp deletion, spanned by the oligonucleotide PL035 (see Figure 6.5).

None of these sites were obvious candidates for the direct interaction of Gvl, as there 

appeared to be no difference in the protection of each region whether the added nuclear 

protein extract was purified from 129 (lane 4) or C57BL/6 (lane 5) thymus. Despite this 

conclusion, to determine whether a polytropic-specific interaction had been observed, 

probes representing the upper strand of same region from both poly tropic and modified 

polytropic clones were synthesised.

To visualise the 5' end of binding site A more clearly, class-specific DNase footprinting 

probes were synthesised from Notl/Bglll cut fragments from the pMX40-b and pMX33-b 

plasmids. The Notl site is situated 18 bp upstream of the BamHI site in the polylinker in 

pCR-SCRIPT, thus creating a longer probe (see Figure 6.1). An example of a DNase 

footprinting experiment using both probes and nuclear protein extract from 129 and 

C57BL/6 mice is shown in Figure 6.6. Binding site A is protected as expected, as the 

sequence is conserved between the two classes of provirus used for probe synthesis (see 

Figure 1.3). In addition, binding sites B and C are protected as before when using the 

polytropic probe (lanes 6 and 7), although there is no reduction in intensity of the digested 

bands around sites B and C (lanes 3 and 4) with the modified polytropic probe. This 

suggests that the factors binding to these two regions can apparently distinguish between 

polytropic and modified polytropic sequences. The sequence around site C is known to
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PstI 50
CTG CA G TA ACGCCA TTTTGCAAGGCATGAAAAA GTACCAGAGCTGAG TTC

100
TCAAAAGTTACAAAAAAGTTCAATTAAAGATTAA CAGTTAAAGATTAAGG

B

PL035
-----------------------------------------------------------► 15 0

CTGAATAACACTGGGACAAGGGCCAAATATCGGTGGTCAAGCACCTGGGC

PL037
 ► 2 00

CCCGGCTCAGGGCCAAGAACAGATGGCTCTCAGACGTCAGTGATAGCAGA

25 0
A CTA G CTTCA CTG A TC TAG A A AA A TA GA G G TGC AC A GTG CTC TG G CC A CT

300
C C TTG A A C C TG TG TG TC TG C C A A TG TTC TG A C C A G G TTTG TG C C C A TTG C

35 0
T G A A C C T T C A T TA G A C C C T T TC C T C G T A C C C C T C C C G T A C C C A T TT C TT G

Bglll
AA A A TA G A C A TTG TTTA G A TCT

Figure 6.5: Three LTR protected regions from DNA footprinting
experiments. The position of binding sites A, B and C are shown as grey bars relative to 

the sequence of the polytropic U3 LTR region used for footprinting probe synthesis. 

Restriction enzyme sites are underlined. The position of primers PL035 and PL037 are also 

marked on the diagram.
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Figure 6.6; Comparison of DNA footprinting profiles of polytropic and 
modified polytropic MLV LTR U3 regions. DNasel protection of labelled LTR 
fragments by nuclear proteins prepared from mouse thymus tissue. The U3 Notl/Bgin 
fragments were labelled on the top strand from either a poly tropic (lanes 5 to 7) or a 
modified polytropic clone , (lanes 2 to 4). Lanes 2 and 5 contain unbound DNA digested 
with DNasel in the absence of nuclear proteins as a control. The remaining lanes contain 
nuclear protein purified from the 129 (lanes 3 and 6) or C57BL/6 (lanes 4 and 7) strains, 
and regions protected from DNasel digestion are marked A to C. The manual sequencing 
reaction in lane 1 acted as a size marker.
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differ between the two classes of LTR, although only a few single base-pair polymorphisms 

exist within binding site B between the clones MX40 and MX33 (See figure 1.3). 

Nevertheless, these are examples of polytropic-specific binding events, although neither 

could be a direct result of Gvl interaction, as no difference in the pattern of protection 

regions was observed between protein derived from 129 and C57BL/6 mice.

6.4 - Summary:

No obvious candidates for Gvl were detected by EMSAs using oligomer or longer LTR 

probes specific for the polytropic class of MLV. Few specifically-bound products were 

observed, although no difference in intensity of the bands could seen whether the nuclear 

protein extract had been purified from Gvl+ (129) or Gvl- (C57BL/6) strains of mice. It 

has been shown here that the polytropic class of MLV is responsive to Gvl,  and examples 

of factors that bind to polytropic but not modified polytropic sequences were detected. 

However, the results appear somewhat inconsistent, as certain binding products that could 

be competed for by the PL035/36 oligomer were observed when using only one of the two 

longer probes that spanned this region. Whether this reflects variations in the binding 

conditions required when using the different probes is unknown. DNase footprinting was 

therefore carried out, and two distinct regions were protected when using a polytropic LTR 

probe that were not visible when a modified polytropic probe in the same region was tested. 

However, neither were candidates for the direct binding of Gvl, as the source of the protein 

extract did not effect the results. It is therefore possible that the DNA-binding patterns 

observed may reflect the indirect activity of Gv7 via a ubiquitous factor that can distinguish 

between the two classes of U3 sequence.
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The failure of this biochemical approach to identify Gvl means that the positional cloning 

strategy will be pursued. The plans for the next stage of the project are outlined below, after 

a discussion of the results presented here.
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CHAPTER 7: 

DISCUSSION

Despite intensive studies, we know little about the factors controlling expression of 

endogenous retroviruses (Boeke and Stoye 1997). Elucidation of the mode of action of Gvl 

might therefore be expected to shed some light on these processes. The genetic mapping of 

Gvl described here represents the first step towards the eventual cloning and 

characterisation of the gene.

The first stage was to set up a reliable assay to type mice for their Gvl genotype based on a 

proviral expression phenotype. A quantitative nuclease protection assay using riboprobes 

specific for LTR sequences was eventually established for this purpose, and data was 

collected from two backcross populations in which Gvl was segregating. The distribution 

of the data showed that a single, semi-dominant gene was responsible for the proviral 

expression levels observed, and that the polytropic class but not the modified polytropic 

class was responsive to Gvl.

To map the gene, two genome scanning techniques were carried out. Results from 

REVEAL-PCR identified two markers that showed linkage to the Gvl locus, which were 

mapped by somatic cell and radiation hybrid panels to the centre of mouse chromosome 13. 

By screening further microsatellites in a backcross of 1000 animals, a detailed map of the 

region surrounding Gvl has been completed with a view to cloning the gene by a positional 

or positional candidate approach.
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7.1 - Assay for Gvl  activity:

Northern blotting experiments by Levy et al. have shown that a reduced steady state level of 

MLV-related transcripts could be observed in 129 mice compared to the normal 129 

strain. Although the congenic Gj^- strain was not available, the Gvl and Gv2 genotype of 

129, C57BL/6 and BALB/c strains was known based on results from the cytotoxic assay 

used to detect the presence of the Gj^ antigen (Stockert et al. 1971; Stockert et al. 1976). 

Total RNA from these three inbred strains were therefore hybridised to a MLV pol-env 

probe to determine whether quantitative and qualitative differences in transcription could be 

observed. The failure of the experiments in this study to emulate the original work meant 

that this Gvl genotyping method was not pursued. This may have reflected the RNA 

purification method; in Levy's published blots, up to 5 pg of poly(A) RNA was used. Only 

approximately 1-2% of the total RNA in the cell is of the expressed poly(A) type (Ausubel 

1993), and purification protocols for poly(A)-k RNA are time consuming and expensive. 

The sensitivity problems encountered may have been overcome by using the same RNA 

material as the earlier work, although purifying poly(A) RNA for large numbers of animals 

would be impractical.

Nuclease protection analysis of the three strains was consequently begun. This technique is 

more sensitive than northern blotting, and possible MLV class-specific interactions with 

Gvl could be observed. A number of riboprobes specific to the 3' LTR U3 region were 

designed and tested, following the work of Levy et al. The important difference in this study 

was that an internal P-actin control was included to account for any errors in RNA 

quantitation, pipetting, or precipitation during the nuclease protection procedure. Without 

such controls, accurate conclusions on the relative expression levels of proviral sequences 

could not be made. The shortest LTR probes (MX40-d and MX33-d) were the most 

practical for estimating transcriptional levels. The lack of any apparent heterogeneity in 

endogenous LTR sequences along the length of these probes meant that no smaller
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fragments were protected and quantification of the single, full-length band could be carried 

out on a phosphorimager by correcting for the p-actin control.

Thymic expression of LTR and env sequences in RNA from 129, C57BL/6, BALB/c and 

the two FIs was compared. Using the polytropic LTR probe, the expression in Gvl- strains 

was consistently several-fold lower than 129 animals, and intermediate transcription levels 

were observed in the FI animals. It was also apparent that the modified polytropic class of 

MLV was not responsive to G vl,  as no significant variation in the intensity of protected 

products derived from that particular class of provirus was observed. These conclusions 

were confirmed in experiments using the ^«v-specific riboprobe, which also illustrated that 

the expression of a retroviral sequence including an SU region was being traced, and not 

simply a solo LTR element. Attempts were also made to design a xenotropic-specific env 

probe. This proved to be a difficult task, as a considerable number of sequence 

polymorphisms exist between poly tropic, modified poly tropic and xenotropic sequences 

over much of the env region. Consequently, the riboprobes tested yielded a large number of 

small protected products, each representing a distinct env sequence deletion or insertion. It 

was also not possible to examine LTR expression in the same way as the other non- 

ecotropic classes, as xenotropic and ecotropic LTRs have virtually identical structures, 

including the characteristic 75 bp DRs. It is therefore not known from this study whether 

Gvl acts on the xenotropic class of endogenous retrovirus.

The apparent proviral class-specific activity of Gvl can also be used to explain the nuclease 

protection results of Levy et al. Considering the subsequent classification of non-ecotropic 

retroviruses (Stoye and Coffin 1987), it can be concluded that the riboprobe was 

synthesised from a modified polytropic cDNA clone. The fragments that appeared absent in 

RNA from congenic 129 Gj^- mice (in Figure 5 of Levy et al. 1985) are in fact consistent 

with the use of a modified poly tropic probe for detecting polytropic pro viruses. This 

particular band, of approximately 120 nt, is derived from the 5 bp deletion in the polytropic
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U3 region, 120 nt from the 5' PstI restriction site of the modified polytropic LTR sequence. 

In addition, the 185 nt band under-represented in Gj^- tissues could also be a result of 

incomplete digestion at the 5 bp deletion point, creating a polytropic-derived fragment 

originating instead from the start of the 42 bp deletion (Levy et al. 1985).

7.2 - Polytropic vs modified polytropic response:

The observation that polytropic but not modified polytropic sequences are responsive to 

Gvl is consistent with the predicted phenotypes of these classes of MLV sequence. The 

appearance of the G^ antigen has been correlated with the absence of a glycosylation signal 

in the env gene of ecotropic MLVs (Donis-Keller et al. 1980). Sequence data reveals that the 

equivalent region in poly tropic MLVs lacks a glycosylation signal, whereas this three 

amino-acid motif is present in modified polytropic env. Polytropic MLV (bases 1277 to 

1285 in Stoye and Coffin 1987) is predicted to encode Asp-Leu-Thr and modified 

poly tropic MLV (bases 1250 to 1258) encodes Asn-Leu-Thr. The Gj^- phenotype is thought 

to be a consequence of the additional oligosaccharide chain blocking the antigenic site.

This class-specific activity does, however, disagree with one previous study in which 

cDNA clones from 129 Gg^+ mice were sequenced, revealing distinct env deletions in Gvl- 

responsive elements (Policastro et al. 1989). Of the four endogenous proviruses cloned, 

three were found to be polytropic and the other was from the modified polytropic class, 

based on sequencing and restriction enzyme analysis. As both types of sequence were 

under-represented in nuclease protection experiments (Levy et al. 1985), it was therefore 

proposed that the clones must correspond to Gv7-responsive elements (Policastro et al. 

1989). Southern blots with oligonucleotides specific for the two env deletion breakpoints 

showed that the poly tropic clones could be derived from at least four individual loci.
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whereas only one locus was responsible for the single modified polytropic proviral 

structure.

Considering that there are estimated to be between 5 and 20 copies of each class of non- 

ecotropic pro virus in the mouse genome (Stoye and Coffin 1988), these env deleted clones 

only represent a small sub-set of the total number of endogenous viruses, and are clearly not 

involved in the phenotype as they lack gp70 coding sequence altogether. The specificity 

of Gvl activity described here may therefore include a single modified polytropic sequence, 

as described above, although this would be difficult to detect individually by the nuclease 

protection methods employed. In addition. The results from the env probe in this study 

show that the polytropic-specific Gvl activity extends to pro viruses with intact env genes. 

This is still consistent with the work of Levy et al. in which sequences lacking the deletions 

were also under-represented in RNA from tissues (Levy et al. 1985).

The nuclease protection data also had implications for the design of DNA binding 

experiments and future in vitro assays for Gv7 activity, which could be targeted towards 

polytropic-specific sequences (see section 7.5).

7.3 - Observing Gvl  segregation with proviral expression:

By comparing the intensity of the full-length protected products when using the polytropic 

MX40-d probe, it was possible to identify the type of gene responsible for the proviral 

expression phenotype. Products from RNA purified from both the BALB/c and C57BL/6 

FI animals consistently showed intensity levels approximately 50% lower than 129 mice. In 

addition, half as much LTR RNA was detected in BALB/c and C57BL/6 animals than the 

relative FI. These observations were consistent with the inheritance of a semi-dominant 

gene, where the effects are proportionate to the number of positive alleles present.
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Nuclease protection data was collected from individual mice from two backcross 

populations to determine whether a single gene was responsible for the variations in proviral 

expression. The data were analysed by converting the relative intensity of the full-length 

fragment to a percentage of the value obtained for the appropriate FI mouse on the same gel. 

To display the distribution of the data simply, mice were separated into bins at 10% 

intervals. Approximately half the animals showed expression levels equivalent to the FIs 

and a bimodal distribution was observed in both cases, consistent with the segregation of a 

single gene responsible proviral transcriptional activity.

In nuclease protection experiments using the polytropic MX40-C probe, two distinct bands 

were visible. The intensities of both fragments suggested that they were derived from LTR 

sequences that were controlled by G vl. The larger band originates from protection of a 

sequence fully complementary to the riboprobe, whereas the second band, which is 

approximately 85 nt shorter, presumably illustrates a polytropic LTR structure with a 

particular insertion or deletion compared to the probe. Despite numerous attempts to identify 

this sequence by cloning and sequencing 129 LTR-derived RT-PCR and RACE products 

and aligning them to known polytropic clones, none were isolated that could account for this 

285 nt fragment with complete certainty.

As outlined previously, the major advantage of nuclease protection over northern blotting 

for the analysis of RNA is that detailed information can be gained on the structure and 

relative accumulation of distinct transcripts. However, it may not always be possible to 

identify the gene structures responsible for individual protected fragments. The relevant 

band may be the result of an alteration of only one nucleotide compared to the probe, 

although it is more likely to be the consequence of a more substantial polymorphism. In this 

study, the 285 nt band was almost certainly derived from a polytropic sequence based on the 

length of the region homologous to the probe, and the approximate position of the sequence
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difference could also be predicted from experiments using the longer MX40-b riboprobe. 

The cloning strategies employed were therefore designed to account for a number of LTR 

structures that could contain a significant sequence difference responsible for this protected 

product. The fact that the sequence was not identified suggests that it may be derived from a 

single polytropic provirus out of the multiple copies present in the genome (Stoye and 

Coffin 1988), hindering efforts to selectively amplify this structure. Nevertheless, based on 

the nuclease protection levels, the provirus(es) responsible are expressed at similar levels to 

the polytropic viruses that result in protection of a full-length product when using the 

MX40-C riboprobe.

A certain proportion of the poly tropic clones do contain a single base-pair mismatch at the 

position of the expected polymorphism (see Figure 5.4). RNase digestion of the RNA 

duplex at this position and no other would have resulted in the protection of a 288 nt 

fragment. Both RNase A and RNaseTl were used for hybrid digestion; RNase A cleaves 3’ 

to cytosine and uridine residues, whereas RNaseTl cuts 3’ to guanosine residues only. It 

seems unlikely that this single mismatch would be cleaved preferentially over the others 

present in the proviral LTR clones isolated, although this possibility cannot be excluded. 

Alternatively, the unidentified sequence is significantly different from any polytropic LTR 

cloned to date.

One previous study has also attempted to isolate novel LTR sequences, by screening a 129 

genomic library under non-stringent hybridisation conditions with a xenotropic proviral 

probe, containing the 3' end of the env gene and the 3' LTR (Wirth et al. 1983). Of-the 

positive 33 clones selected, all contained LTR-hybridising fragments, although surprisingly, 

none appeared to be flanked by env or gag-pol regions. Four random clones were 

sequenced, each sharing a common LTR-like 500 bp region. It was proposed that they all 

represented a family of solitary LTR structures, based on the existence of a duplicated 4 bp 

motif at either end of the elements. Interestingly, for the purposes of this study, one clone
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(named A6) contained two inserts, of 12 and 83 bp compared to the remaining three 

sequences. Alignments of the A6 sequence with a poly tropic LTR reveal that the site of the 

12 bp insert corresponds to a position 285 bp from the PstI site towards the 5’ end of the 

U3 region. The A6 clone cannot, however, account directly for the unknown protected band 

as the alignment shows only partial homology over the region spanned by the riboprobe (see 

Figure 7.1) and a poly tropic proviral sequence with such inserts was not found in this 

study. A second investigation examined the structures of non-ecotropic MLV LTRs in wild 

mice to analyse evolutionary relationships. A number of clones from cDNA libraries were 

isolated and sequenced, including those that represented polytropic-related proviruses 

(Tomonaga and Coffin 1999). An alignment of the U3 regions showed that no polytropic 

sequence contained an insertion or deletion consistent with the size of the protected product. 

It seems increasingly likely that a LTR with a more considerable 3' deletion could account 

for the unknown band, which would explain the lack of cloning success with the methods 

employed. Nevertheless, the expression pattern of this unidentified RNA species does 

suggest that more then one proviral sequence is controlled by Gvl.

Throughout this study it has been assumed that the gene mapped to chromosome 13 does 

indeed correspond to the locus controlling Gj^ antigen expression that was originally 

described. Of particular concern was the possibility that the inheritance of a single 129- 

derived polytropic provirus was being followed rather than the trans-acting factor G vl. The 

pro virus Pmv41 is situated in close proximity to the region of chromosome 13 in which 

Gvl has been mapped in this study. Using class-specific oligonucleotide env probes, it was 

demonstrated that Pmv41 is found in DBA/2 mice as expected, but not in 129 animals. By 

examining a panel of C57BL/6 backcross mice, it was also shown that no other polytropic 

provirus appeared to segregate with the Gvl phenotype. This method relies on detecting 

sequences with intact env genes as only one small region is used to distinguish between the 

non-ecotropic classes. Consequently, a pro virus with an env deletion, such as those 

characterised by the work of Levy et al. (1985) would not be detected. Such a sequence
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PstI 5 0
CTGCAGTAACGCCATTTTGCAAGGCATGAAAAAGTACCAGAGCTGAGTTC

100
TCAAAAGTTACAAAAAAGTTCAATTAAAGATTAACAGTTAAAGATTAAGG

1 5 0
CTGAATAACACTGGGACAAGGGCCAAATATCGGTGGTCAAGCACCTGGGC

200
CCCGGCTCAGGGCCAAGAACAGATGGCTCTCAGACGTCAGTGATAGCAGA

. .................

2 5 0
ACTAGCTTCACTGATCTAGAAAAATAGAGGTGCACAGTGCTCTGGCCACT 
..............................................T ............................................................... A .........................................

3 0 0
CCTTGAACCTGTGTGTCTGCCAATGTTCTGACCAGGTTTGTGCCCATTGC 
..................................................................................... T .................. i n s e r t s  . . . .

3 5 0
TGAACCTTCATTAGACCCTTTCCTCGTACCCCTCCCGTACCCATTTCTTG 
. AC . . . . G . . CC . . . . T ....................T .................................. A .........................................

Bglil 4 0 0
AAAATAGACATTGTTTAGATCTAAAAAGTCCCACCTCAGTTTCCCCAAAT 
. G ....................................A .....................

4 5 0
GACCGGGAAATACCCCAAGCCTTATTCGAACTAACCAACCAGCTCGCTTC

5 0 0
TCGCTTCTGTAACCGCGCTTTTTGCTCCCCAGCCCCAGCCCTATAAAAAG

5 5 0
GGTAAAAACTCCACACTCGGCGCGCCAGTCCTCCGATAGACTGAGTCGCC

Kpnl
CGGGTACC

Figure 7.1: A solitary LTR clone with sequence identity to a polytropic U3 
region. A Pstl/Kpnl fragment from the U3/R region of the MX40 polytropic clone is 
aligned to two regions of the solitary LTR clone A6 (in red) from Wirth et al. (1983). The 
region marked ‘inserts’ indicates the position of 12 bp and 83 bp inserted sequences that are 
not homologous to the polytropic LTR. Dots indicate sequence identity.
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could not, however, play a role in the expression of the antigenic determinant, which is 

situated on the surface protein gp70. It is therefore unlikely that a single endogenous virus is 

responsible for the proviral expression levels observed, which is consistent with the trans

acting properties of Gvl.

The congenic 129 strain was originally established by serial backcrossing from 

C57BL/6, and selecting for progeny that did not display the antigen (Stockert, et al. 1975). 

As a result, the congenic strain only differs from the normal 129 G^^+ mice at the G vl 

locus. The identity of the gene that has been mapped in this study could therefore be 

confirmed by searching for tightly linked chromosome 13 markers of C57BL/6 origin in the 

129 Gjx" strain, or conversely, 129 markers in C57BL/6 Gjx+ congenic animals. 

Unfortunately, neither congenic strain is currently available, so direct tests for markers in 

such animals are not possible. Nevertheless, as the properties of the gene that have been 

mapped appear to be concordant with those of G v l , the assumption of identity does not 

seem unreasonable:

1) Gjx was originally described as an antigen expressed on the surface of thymocytes 

expressed by 129 mice but not BALB/c or C57BL/6 animals (Stockert et al. 1971). Here, 

RNA from thymus tissue was used to demonstrate variations in the proviral expression 

phenotype, and considerably lower levels were observed in the BALB/c (Gvl-) and 

C57BL/6 (Gvl-) strains compared to 129 (Gvl+) mice.

2) Genetic studies showed that Gvl was single locus inherited in a semi-dominant fashion 

(Stockert et al. 1971). This is consistent with the distribution of the nuclease protection data 

from both backcross populations analysed in this study.

3) Gvl was shown to act in trans, by the sequencing of multiple Gv7-responsive 

pro viruses highlighted by nuclease protection and northern blotting experiments (Levy et al.
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1982; Levy et al. 1985 and Policastro et al. 1989). Here, a proviral sequence of unknown 

origin displayed identical expression levels to known polytropic viruses. In addition, no 

linkage was observed between 129 pro viruses and the polytropic virus expression 

phenotype observed by nuclease protection, consistent with a trans-acting gene product.

7.4 - Role of Gv2:

Two backcrosses were set up to follow the segregation of Gvl, and proviral expression data 

was collected from individual animals using the quantitative nuclease protection assay. The 

genotypes of the Gvl- strains used for this purpose meant that Gv2 was also segregating in 

the C57BL/6 but not the BALB/c backcrosses. Comparing the distribution of the data 

generated from both populations would reveal whether Gv2 played a role in proviral 

expression at the transcriptional level.

The thymic expression of proviral sequences was consistently higher in BALB/c compared 

to C57BL/6 mice, and this was reflected in the FIs. The distribution of the data from both 

backcrosses was bimodal, with approximately half the animals demonstrating a proviral 

expression level equivalent to the G vl- parental strain and half grouped together at the 

relative intensity of an appropriate FI mouse. These observations are indicative of the 

segregation of a single semi-dominant gene, Gvl in this case. It was also shown that the 

more pronounced spread of the data in the C57BL/6 backcross could not be the result of a 

second locus, such as Gv2, segregating in the population and influencing the transcription 

of endogenous retroviruses. If the co-dominant Gv2 locus did play a major role in the 

phenotype, the distribution in the C57BL/6 backcross would likely to be trimodal, although 

it would be dependent on the relative contribution of each allele. As positive alleles at the 

G vl and Gv2 loci are required for antigen expression, it has been hypothesised that 

both genes are also involved in proviral transcription (Levy et al. 1985). This study
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suggests otherwise, and it can be concluded that Gv2 is likely to act posttranscriptionally 

and may play a role in surface protein expression or display. Such an activity would be 

consistent with the previous suggestion that Gv2 might be identical to Sgp2, a gene that 

mediates enhancement of serum gp70 production after LPS injection (Mamyama et al. 

1983).

7.5 - Search for the DNA-binding activity of Gvl :

It has been demonstrated in this study that Gvl controls the expression of the polytropic 

class but not the modified polytropic class of MLV. Considering that a wide variety of 

DNA-binding transcription factors have been shown to bind to the U3 region of the LTR, it 

is possible that a Gvi-responsive element is also situated in this region. DNasel footprinting 

experiments and EMSAs were therefore carried out to search for this element by targeting 

poly tropic-specific sequences.

Oligonucleotide probes specific for the two U3 polytropic deletions of 5 and 39 bp were 

initially used in EMSAs with nuclear protein extract purified from 129 and C57BL/6 

thymus. Despite obtaining the expected results from the positive control reactions, no other 

specifically bound products were observed, so longer U3 restriction fragments were used as 

probes. A number of gel-retarded products were observed that appeared to bind specifically 

to the oligomers used in the first experiments. However, none of these factors were 

candidates for the direct binding of G vl, as identical patterns of bands were seen whether 

the protein was purified from 129 (Gv7+) or C57BL/6 {Gvl-) mice.

The binding sequence of many retroviral cis-acting factors has been well characterised and 

often consists of a motif as short as 5 bp. It is therefore necessary to determine the position 

of the binding regions within the 25 bp oligomers and ascertain whether they represent a
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polytropic-specific sequence. This can be carried out in competition experiments with a 

series of oligomers with mutations in the sequence around the position of the modified 

polytropic insert. Alternatively, oligonucleotides could be tested that cover a majority of the 

sequence shared between the two classes, to show that the binding region was unique to 

polytropic viruses (see Figure 7.2) For example, the conserved core binding sequence 

TGTGGTAT (Wang et al. 1993) is situated only 5 bp downstream of the 5 bp polytropic 

deletion, and is therefore included in the oligomer PL035/36. The specifically bound factor 

observed in this study could simply be CBF, and not an example of a polytropic-specific 

protein. Four possible DNA-binding proteins were isolated using the PL037/38 oligomer as 

competition, yet only one known regulatory element, GRE, is situated close to the site of the 

39 bp insert. It was therefore hoped that the remaining three factors could also be isolated by 

DNA footprinting.

Primer 1 Primer2

CACTGGGACAAGGGCCAA ATATCGGTGGTCAAGCAC

GACAAGGGCCAA--------ATATCGGTGGTCA P L 0 3 5 /3 6

CACTGGGACAGGGGCCGAACAGGATATCGGTGGTCAAGCAC Modified poiytropic

Figure 7.2; Oligonucleotides to test polytropic-specific interactions of LTR- 
binding proteins. To demonstrate by an EMSA that any DNA-binding protein detected 
with the oligomer PL035/36 is specific to the polytropic sequence, primers spanning the 
regions shared with modified polytropic sequence could be tested (Primers 1 and 2, top 
line).

Two distinct protected regions were detected using U3 probes in DNasel protection studies. 

Both appeared to be specific to polytropic sequences, and their relative positions could be 

estimated by calculating the distance from the labelled end of the probe. Site B spans
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approximately 40 bp and corresponds to the region of U3 that contains no known cis-acting 

elements, although does cover both 14 bp DRs that are common to polytropic and modified 

poly tropic pro viruses (see Figure 6.5). Examining the sequence of the clones used to 

synthesise both probes reveals that there are only a few base-pair mismatches in this region 

that would permit a protein to distinguish between them (see Figure 1.3). The DNA-binding 

factor or factors detected are presumably targeted to one or more of these regions. The 

smaller binding region C is situated over the site of the 5 bp polytropic deletion and is not 

observed when using the corresponding modified polytropic probe. This suggests that the 

gel-retarded product observed in EMSAs using the PL035/36 oligomer as competition does 

indeed bind to a polytropic sequence. DNasel protected regions B and C are both examples 

of polytropic-specific binding events, although neither could be a direct result of an 

interaction with G vl, as no difference in the footprinting pattern was observed between 

protein purified from 129 or C57BL/6 thymus.

Several studies have been carried out to detect DNA-binding factors in non-ecotropic LTRs 

by DNA footprinting. In one set of experiments, changes in liver nuclear protein binding 

factors were observed after administration of the hepatic cocarcinogenic agent carbon 

tetrachloride (Hoyt et al. 1993). DNasel protected regions spanning the 14 bp DRs and the 

3' UCR were detected, in addition to many other sequences corresponding to known cis- 

acting elements as well as newly described areas, including those in the 190 bp inserted 

sequence (IS). It therefore seems surprising that these additional binding sites were not 

observed in this study, along with those factors isolated in EMSAs using the ohgomer 

PL037/38 as competition. This may reflect the quality of the nuclear protein preparation 

method, although precautions were taken at each stage to eliminate the possibility of any 

proteases contaminating the extract, and the method was essentially identical to those 

published in other studies (Barat and Rassart 1998; Hoyt 1993). Protein purification from 

both strains of mice was also carried out in parallel. Alternatively, 129 and C57BL/6 thymus
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tissue from mice of a particular age may only express a certain complement of cis- and trans

acting factors, resulting in the lack of DNasel protected regions observed.

In either case, the isolation of any DNA-binding proteins specific to the polytropic class of 

provirus is potentially interesting. It is clear from the sequence alignment of polytropic and 

modified polytropic LTRs that the Ets transcription factor LVb could not bind to the 

polytropic U3 region, due to the 5 bp deletion which removes most of the 7 bp target site 

(Tomonaga and Coffin 1999). However, no polytropic-specific binding factors have been 

previously described. Even if the site of direct or indirect interaction with Gvl has not been 

discovered, further experiments may reveal how the expression of different proviral 

structures are independently controlled.

7.6 - Mapping of Gvi

As data from previous Gvl mapping experiments was thought to be the result of quasi

linkage (Stockert et al. 1976), it was necessary to carry out a whole genome scan to search 

for the true chromosomal location. The results from the quantitative nuclease protection data 

obtained from two backcross populations in this study suggested that Gvl was segregating 

as a single, semi-dominant gene. Individual mice could therefore be tested for linkage to the 

gene based on the inheritance of particular marker alleles. The DNA pooling genome 

scanning method was carried out initially as it was thought that by using microsatellite 

markers the approximate position of Gvl could be established quickly. This technique relies 

on detecting size differences between the alleles inherited form either parental strain. 

Unfortunately, the quantity of microsatellite data available for the 129 strain was very 

limited. At the time of ordering the primer pairs from Research Genetics, BALB/c or 

C57BL/6-derived products sizes for all 410 commercially available markers could be 

obtained, whereas data for the 129 strain from only 22 microsatellites was published. Many
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of the primers were therefore chosen based on their chromosomal position only, and were 

subsequently uninformative for mapping purposes as the sizes of the 129 and C57BLV6 or 

BALB/c alleles could not be distinguished on conventional or polyacrylamide gels. This is 

not an unique problem; indeed, in the mapping of Compact by DNA pooling, 270 primer 

pairs were tested before 56 were chosen that were of use to the study (Varga et al. 1997). 

More publications reporting 129 microsatelhte allele sizes are now available, facilitating 

genome scanning studies of this kind. (Schalkwyk et al. 1999).

The explanation for the paucity of available microsatellite data may reflect the genealogy of 

the 129 strain. Multiple breeding strategies, often characterised by coat colour changes, 

make up the complex history of 129 mice, which began in 1928 when the strain was 

originally derived (Simpson et al. 1997). Following an outcross to C3H/Hu in 1961, the 

new 'steel' substrain was distributed to Martin Evans in 1969, who maintained them as the 

129/SvEv mice used in this study. Due to the apparent genetic diversity, substrains 

consequently contain different sized microsatellite alleles (Simpson et al. 1997; Threadgill et 

al. 1997; Schalkwyk et al. 1999). This explains some of the problems encountered in 

amplifying the expected SSR products in DNA pooling experiments. Linkage to Gvl was 

not found using this method, although it could be concluded that Gvl must lie in the 

remaining 26% of the genome not covered by the scan.

Results from REVEAL-PCR, the second mapping strategy attempted, did yield a map 

position for G vl. Two specific products that showed linkage to G vl were cloned

and sequenced, creating two new genetic markers. Each marker was subsequently mapped 

independently by PCR using somatic cell and RH panels to the centre of mouse 

chromosome 13. D13Nimr2 was mapped proximal to D13Nimrl, although reasons for the 

poor retention frequency have already been discussed. The accuracy of the relative map 

position and relative order of markers estimated using this method is dependent on the 

quality of the RH data. Sequences analysed independently by different laboratories have
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frequently generated inconsistent results, with an estimated error rate of up to 5% for certain 

loci (L. Rowe, pers. comm.). This has implications for the mapping new markers as the 

resolution of the RH panel increases (Van Etten 1999; Mouse Radiation Hybrid Map, MIT, 

web site). In this study, by screening the panel in triplicate and blotting the gels with internal 

primers, the position of D13Nimrl was considered to be accurate. The radiation hybrid map 

of mouse chromosome 13 has since been aligned with a physical map (Van Etten 1999) and 

with data from the consensus map and one obtained from a intraspecies cross (Elliot 1999).

Once the REVEAL markers were mapped, it was possible to determine the position of Gvl 

based the recombination frequency between the gene and polymorphic markers flanking 

D lSNimrl. Individual C57BL/6 backcross animals were screened, and haplotype analysis 

revealed that the closest flanking markers were D13MU39 and D13Mitl3. However, the 

genetic distances were considerably larger than the published consensus distance of 2 cM 

(Silver 1998) due to double recombinants around the G vl locus. As the chance of there 

being more than a single recombination event over this short genetic distance is very small, 

it was concluded that these eight mice had been mis-typed for the gene, due to errors in the 

nuclease protection assay. This was confirmed by treating the proviral expression data as a 

QTL, where the highest LOD score was obtained for a locus tightly linked to D13Mit39. 

Assuming an error rate for determining the Gvl genotype of 7% (8 out of 116 mice tested), 

D13MU39 and D13Nimrl co-segregated with the gene.

Fine mapping of the region was then carried out, by analysing 1000 additional C57BL/6 

backcross progeny that were recombinant between the flanking markers D13Mitl3 and 

D13MÜ99 with all the available polymorphic microsatellites. The Gvl genotype of mice 

recombinant amongst the markers previously mapped to 37 cM was subsequently 

determined by nuclease protection. The discovery of double crossovers in this critical region 

would have drastically effected the mapping of G vl, so the typing was carried out in
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triplicate. Haplotype analysis showed that no double recombinant events had occurred, 

placing the Gvl in a 0.27 cM interval between markers D13MU224 and D13MU66.

It is worth considering relative positions of chromosome 13 markers mapped in this 

backcross can be compared to the composite MTT map. For example, D13MU281 is 

positioned in the same bin as microsatellites mapped to 36 cM, but co-segregates with 

D13Mit39 in this study, 0.09 cM distal to D13Mit43 and D13MU209. Similarly, no 

recombinants were observed between D13Mit231 and D13MU99, which have been 

previously genetically mapped 1 cM apart. The number of meiosis genotyped in the cross 

described here (1108) is much greater that used to establish a genetic map of the mouse 

genome, in which 46 intercross progeny were analysed (Dietrich et al. 1992; Dietrich et al. 

1996). In addition, given the number of double recombinants that would be introduced into 

the data set if these MTT map positions were included, it can be concluded that the order of 

markers is correct for this region of chromosome 13.

The recently published physical map of the mouse genome can be used to confirm the 

linkage data generated from this backcross and assist in the mapping of G vl. A yeast 

artificial chromosome (YAC) library has been screened with sequence-tagged sites (STSs), 

and subsequently integrated with the genetic map. With an estimated 5.8-fold coverage, the 

physical map spans 92% of the genome and consists of over 2000 doubly and singly linked 

anchored contigs (Nausbaum 1999). Considering the region containing G vl, the 

microsatellites D13MU13, D13MÜ209, D13MU43, D13MU39, D13MU66, D13MU231 and 

D13MÜ99 typed in the C57BL/6 backcross have all been placed on the physical map over 

several YAC contigs. The order of markers is identical to that determined in this study, 

although no recombinants separated D13MÜ43 and D13MU209, which was not surprising 

given the physical distance between them. Gvl was mapped to a 0.27 cM interval between 

D13MU66 Sind D13MÜ224. D13MÜ224 and the next nearest proximal marker, D13Mit311, 

have not been placed onto the physical map. The doubly-linked conrig containing D13Mit66
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(WC-318) consists of two YACs (382-C-8 and 405-H-4; YAC contigs search, web page) 

which also show definite hits to the proximal marker D13Mitl24 . This marker, however, 

was not polymorphic between the 129 and C57BL/6 strains. If any of the three additional 

STS hits to these YACs prove to be polymorphic between the strains and flank Gvl on the 

proximal side, a genomic clone to assist Pi-derived artificial chromosome (PAC) alignment 

could be obtained. Unfortunately, the YAC library was prepared with genomic DNA from a 

C57BL/6 female mouse (Haldi et al. 1996), so this clone would not contain Gvl.

7.7 - Candidates for Gv l :

Before the region that encompasses Gvl is cloned, it is possible to search for candidate 

genes based on their map position alone. The number of genes that have been mapped is 

continually increasing, and several potentially interesting loci in both mouse and the syntenic 

region in human were identified.

7.7.1 - Candidate genes in mouse:

Of all the genes have been mapped between 36 and 38 cM from the centromeric end of 

mouse chromosome 13 to date (MGl - Linkage Map, web page) of particular interest were 

those that could possibly play a regulatory role in transcription, and these candidates for 

Gvl are described below;

Z f p 6 8 - r s l , Z f p 7 1 - r s l  and Zfp85-r s l :  Each locus is just one example of the hundreds 

of zinc-finger-proteins (Zfps) present in mammalian genomes. These transcription factors 

are characterised by a secondary structural motif in which a single zinc atom is bound by 

two cysteines and histidines to the base of a polypeptide loop. One family of Zfps include a 

Kruppel-associated box (KRAB) domain situated towards the N-terminus, bw has been 

shown to mediate transcriptional repression (Witzgall et al. 1994). A new group of unique
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KRAB-containing genes were mapped in a interspecific backcross using individual Zfp 

probes derived from screening a cDNA library with a conserved KRAB fragment (Marine et 

al. 1996). Three were placed distally, but in close proximity to N trkl, which has been 

mapped to the centre of chromosome 13. Zfps of this type have been shown to regulate the 

expression of a wide variety of loci (Pieler 1994), although none have been implicated in 

endogenous retroviral transcription to date.

H m g l-rs3  and H m g-lrs5 :  High mobility group (Hmg) proteins are divided into three 

families based on their DNA-binding properties, and are thought to be involved in the 

modulation of transcription and chromatin assembly (Wagner et al. 1992). Six individual 

Hmg loci have been mapped to mouse chromosomes 10, 13, 16 and 17 by screening a set 

of 26 RI strains (Pauken et al. 1994). Hmgl-rs3 and Hmg-lrs5 were linked to each other 

and the polytropic provirus Pmv41, which was mapped to 37cM from the end of 

chromosome 13, as outlined in section 5.4. The high levels of expression observed in 

embryogenesis suggest that these proteins are involved in development, although proviral 

antigens have been detected in developing mammalian and chick embryos, even those of 

low-leukaemia strains of mice (Huebner et al. 1970).

mdac: The Dac mutation is a semi-dominant trait causing Dactylaplasia in mice. Expression 

of the abnormal limb phenotypes also requires two recessive alleles at a second loci, mdac, 

which is polymorphic amongst inbred strains. A combination of mapping data from RI lines 

and a small backcross population placed mdac in the centre of chromosome 13 (Johnson et 

al. 1995). The gene acts in trans, and is present in the 129/J strain, but little is currently 

known about its specific interaction with Dac and other loci involved in limb development.

rsl: The most intriguing of all the candidates is the regulator of sex-limitation {rsJ) gene. 

The sex-limited protein (Sip) is a serum glycoprotein that was originally detected only in 

males, and full expression at puberty was shown to be dependent on a combination of
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hormones. Genetic studies revealed that the expression of Sip also occurred in females of 

certain strains, although it required at least one copy of sip and permissive alleles at second, 

unlinked locus, named rsl (Brown 1980). It was later discovered that the 5' LTR of an 

ancient endogenous retrovirus, inserted 2 kb upstream of sip confers androgen control over 

the gene (Stavenhagen 1988). Rsl was eventually mapped to the centre of chromosome 13, 

and co-segregated with D13Mit66 in a backcross panel of 179 animals (Jiang et al. 1996). 

Although a recessive trait, it was also shown that homozygosity at the rsl locus increases the 

expression of sip by approximately the same amount in both males and females. There are 

consequently two sip activation pathways, one androgen-dependent in males and the other 

androgen-independent in both sexes. The activity and map position makes rsl an interesting 

candidate for Gvl, although the LTR of the ancient provirus is only one potential target for 

the gene.

7.7.2 - Candidate genes in Human:

By combining sequence information with functional criteria to define homology, the 

mouse/human comparative map has defined genetic regions that are conserved between the 

two species. It has been determined that the region of mouse chromosome 13 that contains 

G vl, between 36 and 38 cM from the centromere, is homologous to human chromosome 

region 9q21 to 9q22.3 (Human/Mouse Homology Maps, web page). Numerous cloning 

and mapping studies have been focused on this region due to the location of several human 

disease genes (OMIM, Gene Map of Human 9q22, web page), including those involved in 

Fanconi anemia (OMIM record number 162400,web page), sensory neuropathy (OMIM 

record number 227645, web page) and basal cell carcinoma (OMIM record number 601309, 

web page). Of all human genes mapped to this region in the OMIM database (OMIM 

homepage, web page) only three have obvious potential roles in transcriptional regulation, 

and two are Zfps. The KRAB-containing ZNF189 gene was mapped by fluorescent in situ 

hybridisation (FISH) to 9q22-31 (Odeberg et al. 1998), whereas ZNF169 was isolated from 

cosmid containing a novel open reading frame and was mapped to 9q22 by pulse-field gel
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electrophoresis (PFGE) and FISH (Levanat et al. 1997). Most recently, a plant 

homeodomain (PHD) finger gene was located on 9q22, which is one example of a family of 

transcriptional regulators with structures distinct from Zfps (Hasenpusch-Theil et al. 1999).

7.8 - F u tu re  W o rk :

The detailed linkage map surrounding Gvl is the first major step towards cloning the gene 

by positional methods. The next task is to establish a physical map of the critical region 

using large-insert genomic clones to create a contiguous sequence, and test individual clones 

for G vl activity. Candidate genes could then be isolated by one of the various methods 

described.

7.8.1 - Contig generation:

Several large insert genomic libraries are available for mapping mouse genes. YACs contain 

the largest inserts, and are now commercially available from the completed physical map 

outlined above. A gridded PAC library is also available from the MRC Human Genome 

Mapping Project (HGMP) Resource Centre. The PACs were prepared by digesting and 

cloning genomic fragments from the spleen of a 129S6/SvEvTac female, so clones 

representing Gvl should be present (Mouse PAC Library, HGMP, web page). The library 

will be screened using oligonucleotides specific for the nearest flanking markers D13MU66 

and D13Mit224, and DNA prepared from positive clones. The ends of the PAC inserts 

would then be sequenced by using primers that anneal to the vector used to create the 

library. The library can then be re-screened with PAC end sequences (or STSs) to search for 

overlapping clones to establish their positional relationships. This method is termed 

chromosomal walking. The aim is to build up a contiguous sequence that crosses both 

recombination breakpoints, although this may require additional rounds of library re

screening. STSs could also be generated from one or more of
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the MIT YACs that are situated in the region containing Gvl. To complete a physical map of 

the region, each of the clones must be restriction mapped and sized by excision of the 

genomic inserts and analysing them by PFGE.

The current genetic map places Gvl in an interval of approximately 600 kb, which is quite 

large for the identification of candidate genes. It may therefore be necessary to narrow down 

the critical region further. The three backcross animals with recombination breakpoints in 

this interval would be typed for any STSs isolated that were polymorphic between the 129 

and C57BL/6 strains derived from PAC or YAC sequences.

7.8.2 - In vitro assay for Gvl  activity:

While building the PAC contig, a biological assay will be devised to test the clones or any 

candidate genes identified for Gvl activity directly. This method was used successfully to 

clone Fvl from a YAC clone that demonstrated retroviral restriction activity (Best et al.

1996). It has been shown here that polytropic but not modified poly tropic proviruses are 

responsive to Gvl. Retroviral vectors with luciferase or LacZ reporter genes will therefore 

be constructed that contain LTRs that are responsive (polytropic) or unresponsive (modified 

polytropic) to the effects of the gene. Stable cell lines will also be derived from Gvl null 

cells, and transfected with individual PACs and any candidate genes identified in the critical 

region. By subsequent infection with the indicator vectors, the presence of Gvl activity will 

be detected in the cells by quantifying the signal from the reporter gene. Any PACs that 

activate the expression of the polytropic vectors only are likely to contain Gvl, which can be 

isolated and cloned by one of the cDNA selection methods outlined below.

7.8.3 - Gene identification:

After establishing a contig and isolating individual clones with Gvl activity, it is possible to 

identify potential exons from the region for further analysis. As certain details of the 

expression patterns of Gvl are known, candidate genes could be identified by screening a
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cDNA library with PAC or YAC sequences, although this method may be extremely time 

consuming. Alternatively, the extensive expressed sequence tag database (dbEST) could be 

searched electronically (BLAST search, web page). Over 350,000 of these short sequences 

have been isolated from 60 cDNA libraries (Marra et al. 1999), and the chromosomal 

position or identity of potential Gvl candidates could be discovered using this resource. 

Although the database does not contain complete cDNA sequences, the function a candidate 

can be predicted based on homology to known genes. Some preliminary attempts have also 

been made to map ESTs by using the SSL? database, although only two have been assigned 

to chromosome 13 to date (Herron et al. 1998).

Not dependent on gene expression, it is also possible to identify coding sequence within 

genomic clones by exon trapping (Buckler et al. 1991). Restriction fragments are shotgun 

cloned into an expression vector containing spice donor and acceptor sites and transfected 

into mammalian cells. Consequently, only clones comprising complete exons will be spliced 

into the mature transcript. RT-PCR is carried out to isolate these sequences, which can be 

cloned directly from agarose gels. The existence of CpG dinucleotide clusters or islands 

commonly mark the 5' end of genes can also be exploited to search for exons within a 

genomic clone. YACs or PACs are digested with a rare cutting restriction enzyme that 

contain two CpGs in its recognition sequence. The DNA sequence adjacent to such a 

restriction site can then be cloned by PCR (Parrish 1993).

These cDNA selection strategies may not be required if the region containing Gvl activity 

can be narrowed-down to a small enough sequence. For example, for the positional cloning 

of Fvl, restriction fragments from a number of overlapping cosmids that carried the activity 

of the gene were subcloned. Multiple clones were tested before it was concluded that Fvl 

must have been situated in a 6.5 kb fragment. Sequence analysis revealed an open reading 

frame which was subsequently shown to have Fvl activity (Best et al. 1996).
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7.8.4 - The role of Gvl  in proviral expression:

It has been concluded from this study and work by Levy et al. that Gvl acts at the 

transcription level to control the expression of endogenous retroviruses (Levy et al. 1985). 

An alternative hypothesis is suggested by a set of unpublished experiments which suggest 

that Gvl functions post-transciiptionally, similar to the role proposed here for Gv2 (P. 

Policastro, pers. comm.). Abelson MLV (Ab-MLV) encodes a gag fusion protein containing 

the v-abl oncogene which possesses tyrosine kinase activity (Risser 1988). In the 

unpublished study, infection with helper-free Ab-MLV induced thymomas in neonate 129 

Gjx+ and 129 Gj^- congenic mice. The relative levels of retroviral transcription were 

compared by northern blot analysis of the resultant Gvl+ and G vl- transformed pre-T cells 

using oligonucleotide probes. Comparable levels of proviral expression were observed in 

both cell lines, suggesting that Gvl is involved in the counter-selection within the thymus of 

a population of T-cells that display the Ĝ  ̂antigen or other viral epitopes. To confirm those 

observations, it would be possible to examine RNA purified from neonatal and pre-natal 

129, C57BL/6 and BALB/c thymus samples by nuclease protection. If only minor 

differences in proviral expression were observed between the Gv7-i- and G vl- strains, this 

may reflect the post-transcriptional activity of the gene. This would also account for the lack 

of Gvl candidates isolated in this study by EMSAs and DNA footprinting with LTR probes. 

Consequently, identification of the gene using a transient assay using LTR-based constructs 

might not be the most suitable approach. It may therefore be necessary to consider 

establishing transgenic G vl- animals expressing BACs that contain positional candidate 

genes and to analyse relative proviral transcription or surface protein expression. This 

method has been used successfully to clone the mouse circadian Clock gene (Antoch et al.

1997).

Certain features of Policastro’s work are unclear. Firstly, the sequence of the 

oligonucleotide probes used in northern blot analysis is unknown. A modified polytropic- 

specific or non-class-specific probe would result in comparable proviral transcriptional
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levels, based on the work described here. In addition, only thymus-derived cell lines were 

tested; it has been shown that the reduced steady-state level of retroviral RNA in 129 

mice occurs in a number of different tissues (Levy et al. 1982). The genetics of the 

phenomenon are also unknown, although the results from this study are consistent with the 

semi-dominant nature of Gvl inheritance. Until these facts are resolved, virtually all the 

evidence supports the proposal that the gene mediates the expression of multiple proviral 

sequences at the transcriptional level.

7.8.5 - Further experiments:

Once Gvl has been cloned, a number of experiments would be carried out to determine the 

mechanism of proviral transcriptional control. Sequence database searches may initially 

reveal specific homology to known trans-acting factors, which would direct further studies 

of the gene. This may include predicted protein structural motifs that could permit 

speculation on the mode of action of G vl, such as those indicative of a particular DNA 

binding property. If Gvl appears to act via the LTR, it would be interesting to examine 

interactions between the gene and LTRs of other C-type retroviruses, considering the 

substantial sequence conservation that exists between them (Golemis et al. 1990). EMSA or 

DNA footprinting experiments with purified extracts of the Gvl protein might determine 

whether the gene binds to proviral sequences directly, or whether it relies on secondary 

factors to mediate transcriptional control. It will also be necessary to characterise the null 

allele of G vl, and to examine the mechanism of the semi-dominant nature of the gene. In 

addition, the effect that Gvl might have on virus replication could be investigated in vitro.
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7.9 - Conclusions;

Retroviruses have many distinct replication strategies which reflect their interactions with the 

host organism. Although MLVs do not encode any trans-acting factors themselves, a 

complex combination of transcriptional activators and repressors act in concert to control the 

expression of the multiple proviral copies present in the genome. This study is an important 

step in the cloning of Gvl by positional means. Subsequent characterisation of the gene 

will undoubtedly enhance our understanding of how the host can further influence the 

transcription of these endogenous sequences. In particular, it will be interesting to determine 

how the gene apparently can distinguish between two classes of virus that appear to have 

similar structures. It may be too early to accurately predict the exact roles of Gvl and Gv2 in 

proviral expression, although once the sequence of Gvl is available, features of the gene 

will become apparent that will determine the future of the project.
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Appendix 1 

Oligonucleotides

Primer
name

S e q u e n c e Comments

PL01 GCTTAGCAAGCTAGCTGCAG 3’ LTR U3 at PstI site
P L 0 2 CACGATTCGGATGCAAACAGC 3’ LTR R region
P L 0 5 GCGAATTCATTGGCAGACAC MX40-d probe, EcoRI
P L 0 6 CCAGAAGAAGTGGAATCACG upstream of 3’ LTR U3
P L 0 7 CTCAGGGCCAAGAACAGATG downstream of PstI site
P L 0 8 CACCTCTCTGCAGAAGCATC D13Nlmr2
P L 0 9 CATAAGTATCACGGCGGAAG D13Nimr2
PLO10 CTACTCCATGGGCCACCATG D13Nimr2
PL011 CTAATAACACTCATCAACTG D13Nimr2
P L 0 1 3 GTCTCCTTTCATATGACCTGG D13Nimr1
P L 0 1 4 CCTGGCAATCCTGATGAAC D13Nimr1
P L 0 1 5 GGGACTGCCTCTAAAGTAAG D13Nimr1
P L 0 1 6 GGAAATAGTAAGTCACACC D13Nimr1
P L 0 5 6 GTCTATTTTCAAGAAATGGG 3’ LTR U3 internal
J S 5 GCAGO C TC TATAGTC C C TGAGACTGC C C polytropic env probe
J S 1 3 4 C TTC TGGAGTGTC TGAAGAC REVEAL SINE
J S 1 3 5 GAG TGCTCTTCC GAAGGTC C REVEAL SINE
J S 1 3 6 CTGGAACTCACTCTGAAGAC REVEAL SINE
JS 1 3 9 GTTTACCACTTAGAACACAG REVEAL lAP
JS 1 4 0 TTTGCCGCAGAAGATTCTGG REVEAL lAP
P L 0 3 3 GGACTAAGACTGTACCGATC env riboprobe
P L 0 3 4 CTTCGGACAGGGTCAGCTTG env riboprobe
P L 0 3 5 GACAGGGGCCAAATATCGGTGGTCA 5bp del. EMSA upper
P L 0 3 6 TGACCACCGATATTTGGCCCCTGTC 5bp del. EMSA lower
P L 0 3 7 GAACAGATGGCTCTCAGACGTCAGT 39bp del. EMSA upper
P L 0 3 8 ACTGACGTCTGAGAGCCATCTGTTC 39bp del. EMSA lower
PL146 ATCCGTCGGCATGCATAATACGACTCAC RACE adaptor primer
R1R0 AAGGATCCGTCGACATCGATAATACGACT

CACTATAGGGATTTTTTTTTTTTTTTTT
d(T) adaptor primer

R if CTGCAGTAACGCCATTTTGCAAGGCATGAA +ve control for EMSA
R lr TTCATGC CTTGCAAAATGGC GTTAC TGCAG +ve control for EMSA
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Selected mouse chromosome 13 microsatellite primer pairs with the 
corresponding PCR conditions and estimated product sizes

Primer
name Sequence

PCR
conditions

Annealing MgCU 
temp. °C conc. mM

Product
size*

129 C57BL/6

D13Mit16f CCAGCTGAAGGCTTACTCGT
D13Mit16r AAAGTTAGAATCAGC CATTCAAGG 56 1.5 178 198
D13Mit248f TAAAGTAGAAGGCAGCATGAGTG
D13Mit248r ACCCAAATGTTTTGGATCCA 55 1.5 100 1 1 4
D13Mit13f CTGTGGTAAGTCCAGATTTG
D13Mit13r GGAAAGAGTAGGAAGATGCC 56 1.5 140 1 48
D13Mit43f CAGGGATCTACCTGCCTCAC
D13Mit43r AGCCCAGCTTGTGAAGTGTT 58 1.0 140 1 36
D13Mit39f AGGGACAGGCACTCTTAGCA
D13Mit39r CACAAGGCAGACTGGTCAGA 57 1.5 185 208
D13Mit209f CTTTGGCTATCCATGCTGCT
D13Mit209r GGCCCGTTACATCTTGAGAG 56 1.5 132 1 38
D13Mit281f TGTCTAAGTGCACGTGGAGC
D13Mit281r ATGTGAATTGATTTTGTGGGC 55 1.5 90 99
D13Mit311f TGGCTCCTCATGTTCTACCC
D13Mit311r CCAGGTTGTTGCTGCATTC 58 1.5 112 122
D13Mit224f TTGTGTGTGTGTCTGTCTGTCTG
D13Mit224r CCCACTTGATGGAGGAGAAA 55 1.5 95 1 1 7
D13Mit66f CTGCCCTGCTTGTTTGGG
D13Mit66r CCAACTTCAGCCATAAGACAG 58 1.5 153 150
D13Mit99f CAACAGGCAGATTTGGTGG
D13Mit99r TATAGTGGCAACTTTCAGATGGA 56 1.5 180 203
D13Mit231f GCACGGAGGGAGAAATGTAA
D13Mit231r GTACTTAGGGACTCTTCAGCGTG 56 1.0 122 1 1 6
D13Mit124f CTGTTTTAATATGGGGGAGAGG
D13Mit124r TGACAAACCAATCTTTCAGGC 56 1.5 134 134
D13Mit26f GCCATGCATGACTGTGTAATG
D13Mit26r CAGTC TAG TTGGTC TCACAC GG 58 1.0 162 1 62

* Published allele sizes are marked in bold. Other sizes are estimated by 
gel electrophoresis.
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Gvl is a genetic locus that coordinately regulates the expression of multiple murine leukemia virus-related 
endogenous proviral sequences. A quantitative nuclease protection assay for typing Gvl inheritance has been 
developed. Use of this assay demonstrates that Gvl controls transcription of polytropic but not of modified 
polytropic endogenous proviruses. A combination of genetic techniques were used to map Gv7; these analyses 
demonstrate that Gvl lies approximately 37 centimorgans from the centromeric end of mouse chromosome 13.

Throughout evolution, the genomes of higher eukaryotes 
have been colonized by retroviruses and retrovirus-like se
quences (2). The best-studied elements are the murine leuke
mia virus (MLV)-related viruses of mice. Inbred strains of 
mice contain multiple copies of endogenous MLVs integrated 
into the genome as proviruses, where they behave as any other 
Mendelian gene (11). Four classes of endogenous MLV-re- 
lated proviruses have been isolated, and they are classified 
according to the structures of their env genes (34). Infectious 
ecotropic viruses can infect murine cells only, xenotropic vi
ruses can infect nonmurine but not murine cells, whereas the 
polytropic and modified polytropic classes can infect cells of 
either type (2). The host mechanisms controlling endogenous 
retroviral gene expression, however, remain unclear, although 
they are likely to be complex and involve interactions between 
host cell factors and long terminal repeats (LTRs).

The 129 mouse is unusual among the common inbred strains 
in that it does not produce infectious virions from endogenous 
MLV sequences. This mouse strain has therefore been used to 
model antigen accumulation resulting from the expression of 
endogenous retroviruses without the confounding effects due 
to transcription of novel proviruses resulting from in vivo virus 
replication. The G,x antigen was the first demonstration of a 
retroviral gene product in 129 mice. A cytotoxicity assay was 
established, in which antiserum prepared in inbred rats against 
a syngeneic leukemia induced by wild-type MLV lysed the 
thymocytes of some strains of mice such as 129 (designated 
G,x+) and not others (G jx -) (12,31). It was later discovered 
that Gjx was in fact a type-specific antigenic determinant on 
gp70, the major glycoprotein component of the MLV envelope 
(24, 37, 38). Genetic data obtained from crosses between the 
prototype G;x+ strain 129 and C57BL/6 (Gix~) mice re
vealed that two unlinked chromosomal genes, Gvl and Gv2, 
are required for the expression of the G,x antigen on normal 
lymphoid cells. The Gv2 locus controls the G,x phenotype in a 
dominant fashion, while Gvl is semidominant, with heterozy
gote mice (Gvl'*''~) demonstrating a 50% reduction in G^x 
expression compared to homozygotes {Gvl'^^'^) (31). Attempts 
have been made to genetically map Gvl, yet these studies have 
yielded contradictory results (30). Gv2 has been mapped to 
chromosome 7, although the chromosome position is based on
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London NW7 lAA, United Kingdom, Phone: 44-208/959-3666, ext. 
2140. Fax: 44-208/906-4477. E-mail: jstoye@nimr.mrc.ac.uk.

the results of only one cross in which Gvl was also segregating 
(32). By serial backcrossing to C57BL/6, an inbred congenic 
(129 G ,x“ ) strain was established that only differed from its 
partner (129 Gjx+) at the Gvl locus (29). Unfortunately, this 
strain is no longer available.

Studies of the congenic strain revealed that the G ,x - phe
notype was not simply due to a complete absence of viral 
antigens, since low levels of both gp70 and the major core 
protein p30 were detected (17). It was also shown that gp70 
molecules found at different tissue sites of 129 G,x+ mice, 
absent or reduced in the congenic strain, have distinct tryptic 
peptide maps (8), suggesting that multiple proviral genes are 
being affected by Gvl. To examine the extent of this transcrip
tional control, Moloney MLV DNA was used to probe RNA 
purified from various tissues from the congenic strain and 129 
G,x+ mice. It was concluded that a negative allele at the Gvl 
locus correlated with reduced steady-state levels of retroviral 
RNA and that the two strains differ in the expression of the 
same complement of retroviral structural genes (18). Northern 
blotting experiments also showed that the expression of endog
enous MLV structural genes appeared to be regulated in a 
tissue-specific manner (18). Nuclease protection with an LTR- 
specific probe confirmed that certain MLV transcripts were 
under-represented in Gix“  tissues and that at least two LTR 
sequences were under control of Gvl based on the pattern of 
protected products. It was therefore proposed that Gvl en
codes a frara-activating factor that coordinately regulates the 
expression of multiple proviral loci (19).

Despite this work, the mechanism by which Gvl controls 
proviral expression and the role of Gv2 remain unclear. To 
investigate these questions and with the ultimate goal of posi
tionally cloning Gvl, we have carried out a genetic analysis of 
Gvl. A  reliable nuclease protection assay for the gene has been 
established, allowing a clearer definition of the targets for Gvl 
action, an assessment of the relative roles of Gvl and Gv2 in 
controlling proviral transcription, and the genetic mapping of 
GW.

MATERIALS AND METHODS

Mice. F , and backcross mice were bred from stocks of 129/SvEv, BALB/cJ, and 
C57BL/6J animals maintained in the Biological Services division of the National 
Institute for Medical Research. The 129 mice are G vU  Gv2^\ the C57BL/6 mice 
are G vl~ Gv2~, and the BALB/c mice are G v T  Gv2* (30, 31).

N ucleic acid  p urifica tion . Genomic DNA was prepared from fresh or snap- 
frozen spleen tissue as previously described (1). Total RNA was prepared from 
fresh or snap-frozen thymus samples as previously described (3).
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Nuclease protection. Constructs containing provirai sequences from the poly
tropic and modified polytropic classes o f MLV were subcloncd from clones 
pMX40 (35) and pMX33 (34) for the synthesis of riboprobcs. LTR sequences 
were amplified from these clones by using the primers P L 04  (5 -CGCAATTA 
ACCCTCACTAAAGGG-3') and P L 05  (5'-GCG A ATTCA TTG GCA G ACAC- 
3'). The PCR products were digested with PstI and EcoRI and subcloned into the 
pGEM  3Z f(+ ) vector. A 424-bp polytropic-specific sequence was amplified from 
the env region of pMX40 by using the primers P L033 (5'-GG A CTA AG A CTG  
TACCGATC-3 ) and PL 034 (5 '-C TTC G G A C A G G G TC A G C ITG -3'). The 
amplified products were cloned into the pCRII-TO PO  vector (Invitrogen) as 
described by the manufacturer. Riboprobcs were synthesized by in vitro tran
scription in a reaction containing 250 ng of linearized template; I x  Transcription 
Optimized Buffer (Promega); 0.5 mM ATP, CTP, and GTP; 25 to 125 |iM  UTP; 
10 mM dithiothreitol; 50 |xCi of [a-^^P]UTP (specific activity, 800 Ci/mmol); 10 
U of rRNasin RNase inhibitor (Promega); and 20 U of T7 RNA polymerase 
(Promega). Riboprobcs were gel purified on denaturing polyacrylamide gels, and 
nuclease protection was carried out according to the RPA II method (Ambion). 
The p-actin control plasmid supplied was also used for the synthesis of ribo
probcs. Supplementation of the in vitro transeription reaetion with up to 500 |aM 
UTP allowed riboprobcs with lower specific activities to be made for reactions in 
combination with the env probe to avoid interference of the p-actin-protected 
fragment with smaller bands of interest. Typically, 25 |xg total RNA was copre
cipitated with 1 X 10^ to 3 X 10'’ cpm of labelled MLV probe plus the p-actin 
riboprobe as an internal control. Hybridization and RN aseA -Tl digestion was 
carried out as described by the manufacturer. Protected products were resolved 
on 5% Sequagel denaturing polyacrylamide gels (National Diagnostics), dried 
onto filter paper, and analyzed by autoradiography or by using a phosphorim- 
ager.

Probe-specific signals were quantified by integrating pixel intensities over 
defined signal volumes by using Im ageQuant software (M olecular Dynamics). 
Relative intensities were expressed as ratios [(probe signal -  background)/(p- 
actin signal -  background)] to correct for variation in RNA content, loading, or 
coprecipitation during the nuclease protection procedure.

M apping by m icrosatellite amplification from pooled DNA samples. Genome 
scanning was carried out by using the DNA pooling strategy described by Taylor 
et al. (36). DNA from individual backcross mice was prepared as described 
above, and each sample was diluted to 25 ng/p.1. Pools were made by mixing DNA 
from 50 animals typed by nuclease protection. PCR amplification of simple 
sequence repeats was carried out essentially as previously described (36), al
though the reaction volume was reduced to 15 p,l and the optimal M gC^ con
centrations were determ ined empirically where necessary. Eighty-five microsat
ellite primer pairs, which span 97% of the genome, were purchased from 
Research Genetics, Inc. PCR products were run on 3% NuSeive (Flowgen) 1% 
agarose gels stained with ethidium bromide. For those products that could not be 
resolved on conventional gels, 10 pmol of one prim er was end labelled with 
[y-^^P]ATP by using T4 polynucleotide kinase (New England Biolabs), and 0.1 
pmol was added per reaction to the standard PCR mix. PCR products were 
resolved on 5% denaturing polyacrylamide gels.

REVEAL-PCR. Repeat element-viral elem ent amplified locus PCR (RE- 
VEAL-PCR) was carried out essentially as previously described (16). First, 10 
pmol of an intracistemal A-type particle (lAP)-specific oligonucleotide (JS139 or 
JS140) was end labelled with [y-^'PjA TP by using T4 polynucleotide kinase and 
combined in a PCR reaction with one of three B1 or B2 short interspersed 
element (SINE) primers (IS 134, JS135, or JS136). Labelled PCR products were 
resolved on 5% denaturing polyacrylamide gels which were dried onto filter 
paper and exposed to X-ray film overnight.

REVEAL products of interest (REVEAL-1 and REVEAL-2) were excised 
from dried polyacrylamide gels and eluted in RPA II probe elution buffer 
(Ambion) overnight at 37°C. The products were reamplified with the same 
lAP-SINE repeat prim er pair used previously without the addition of an end- 
labelled oligonucleotide, and the PCR products were cloned into the pCRlI- 
TO PO  vector as described by the m anufacturer (Invitrogen). Inserts were se
quenced by standard methods on the 377 autom ated sequencer (Perkin-Elmer) 
for internal prim er design.

Radiation hybrid mapping. PCR analysis of the T31 mouse radiation hybrid 
panel (Research Genetics) was carried out by using the REVEAL-l-specific 
primers JS139 ( 5 -GTTTACCACTTAGAACACAG-3 ) and P L 016  (5 -GGAA 
ATAGTAAGTCACACC-3 ). First, 20 ng of all 100 hybrid clone DNA samples 
were amplified in 15 p.1 of PCR reactions containing I x  PCR Buffer II (Perkin- 
Elmer), 2.5 mM MgCl^, 0.2 mM concentrations of each deoxynucleoside triphos
phate (dNTP), 2 pmol of primers, and 0.5 U o f AmpliTaq DNA polymerase 
(Perkin-Elmer). PCR conditions were identical to the REV EA L-PCR protocol, 
and all reactions were carried out in triplicate. Based on the analysis of products 
on 2% agarose gels, the hybrid clones were scored according to the presence or 
absence of a mouse-specific band. The screening results were processed by the 
software Map M anger Q T (20) at The Jackson Laboratory.

M icrosatellite mapping. Markers were chosen based on polymorphism be
tween the 129 and the C57BL/6 or BALB/c strains where data were available. 
The sequence of primers for microsatellites in the region of interest were ob
tained from The Jackson Laboratory Mouse G enom e Informatics World Wide 
Web site (23). DNA samples (50 ng) were amplified in 15-p.l PCR reactions 
containing I x  PCR buffer I (Perkin-Elm er), 0.2 mM concentrations of each

dNTP, 2 pmol each prim er, and 0.2 U of AmpliTaq DNA polymerase. The initial 
dénaturation step was 2 min at 94°C, followed by 45 cycles of dénaturation for 
20 s at 94°C, annealing for 30 s at 55°C, and extension for 30 s at 72°C before a 
final 10-min extension at 72°C. PCR products were resolved on conventional or 
polyacrylamide gels as described above. Linkage and quantitative trait locus 
(QTL) data were analyzed by using the Map M anager Q T program (20).

RESULTS

Characterization of Gvl controlled transcription. To allow 
studies of the inheritance of Gv7, we set out to devise a reliable 
nuclease protection assay for quantifying proviral expression. 
U3 probes were designed to allow the independent analysis of 
both the polytropic and modified polytropic classes of endog
enous MLV that are present in multiple copies in all inbred 
strains of mice. Previous studies (34) have shown that the 
LTRs of modified polytropic proviruses contain two inserts, of 
5 and 42 nucleotides, compared to polytropic proviruses in the 
U3 region (Fig. lA). Probes to this region will therefore yield 
clearly distinguishable full-length protected fragments in nu
clease protection experiments. Total thymus RNA from 129, 
C57BL/6, BALB/c, and F  ̂ (129 X C57BL/6 and 129 X 

BALB/c) mice were hybridized to the polytropic and modified 
polytropic LTR probes by using (3-actin as an internal control. 
Quantitative studies with the polytropic probe revealed that 
the full-length protected product of 272 nucleotides was clearly 
reduced in the Gvl~  strains compared to 129 (Fig. IB, com
pare lane 4 to lanes 5 and 6). Expression of this LTR sequence 
was consistently lower in the C57BL/6 strain than in the 
BALB/c strain, and this was reflected in the Fj mice, which 
showed an intermediate level of proviral expression compared 
to the 129 (Gv7^) animals. These levels of expression are 
consistent with the semidominant nature of Gvl inheritance. 
The full-length protected fragment, with the modified poly
tropic probe, did not differ in intensity between the G vl^  and 
Gvl~ strains (Fig. IB, lanes 9 to 13), implying that the Gvl 
locus does not affect the expression of the modified polytropic 
class of endogenous MLV.

To further investigate the nature of Gvl transcriptional con
trol, nuclease protection experiments were carried out with an 
env probe designed to allow simultaneous measurement of 
both polytropic and modified polytropic proviral expression. 
These two classes of provirus can be distinguished by a 27- 
nucleotide deletion in modified polytropic viruses compared to 
polytropic viruses (34). By using a polytropic probe, polytropic 
transcripts will therefore protect a fragment of 424 nucleotides, 
whereas modified polytropic sequences will protect two frag
ments of 212 and 185 nucleotides (Fig. 2A). Figure 2B shows 
the result of such an experiment to examine env gene expres
sion in thymus. Gvl~  strains express less polytropic env mRNA 
than 129 as judged by the intensity of the 424-nucleotide full- 
length protected fragment. The patterns of expression ob
served are comparable to the results obtained when using the 
polytropic LTR probe. By contrast, the intensities of the 212- 
and 185-nucleotide protected fragments do not vary between 
the different strains. These results confirm that expression of 
the polytropic but not of the modified polytropic class of en
dogenous MLV is regulated by Gvl.

Genetic mapping of Gvl. C57BL/6 and BALB/c backcrosses 
were set up to follow the segregation of Gvl. Nuclease pro
tection data was collected from 230 animals from the backcross 
populations by using the polytropic LTR riboprobe (Table 1). 
In each set of reactions, the corrected intensity of the full- 
length protected product was compared to a reaction by using 
RNA from the appropriate Fj mouse. If the band intensity was 
over 75% of the Fj value, the mouse was classified as heterozy
gous at the Gvl locus, whereas G v r  animals were those that
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FIG. 1. Quantitative nuclease protection demonstrates differential expression of the polytropic class of endogenous MLV LTR sequences in G vl~  strains of mice. 
(A) The MLV LTR region cloned for the synthesis of riboprobes. Shaded areas indicate two regions, of 5 and 42 bp, of the modified polytropic sequence absent in 
the polytropic clone. (B) Quantitative nuclease protection of thymus total RNA with an LTR probe and a p-actin internal control probe. Lanes 4 to 8, protected 
products with polytropic probe; lanes 9 to 13, modified polytropic probe. The strains of mice analyzed plus the relative intensities of the full-length protected products, 
corrected for 3-actin are as follows: lane 4,129, 0.118; lane 5, C57BL/6,0.006; lane 6, BALB/c 0.032; lane 7,129 X C57BL/6,0.030; lane 8,129 X BALB/c, 0.064; lane 
9,129,0.108; lane 10, C57BL/6, 0.128; lane 11, BALB/c, 0.112; lane 12,129 X C57BL/6, 0.109; and lane 13,129 X BALB/c, 0.121. The undigested 3-actin, modified 
polytropic, and polytropic probes (lanes 1, 2, and 3, respectively) are longer than the full-length protected products due to retention of plasmid sequence from the in 
vitro transcription reaction (regions shaded black in panel A).

demonstrated intensity values of <55%. An example from the 
C57BL/6 backcross is shown in Fig. 3. The nuclease protection 
data from both backcross populations show a bimodal distri
bution (Fig. 4). Of the 230 animals typed for Gvl by using the 
assay, 111 (48%) carry the 129 allele, which is a finding con
sistent with the segregation of a single gene. These results also 
indicate that Gv2 does not play a role in regulating proviral 
expression since essentially equivalent distributions were seen 
whether (129 X C57BL/6) or not (129 X  BALB/c) the gene was 
segregating in the cross.

To map Gvl in the backcross populations, a genome scan 
with 85 microsatellite markers was carried out based on the 
method of Taylor et al. (36). The phenotypic pooling method 
relies on the detection of markers in a segregating population, 
grouped together according to their phenotype at a target 
locus. Linked markers are identified by a change in the relative 
intensity of microsatellite PCR products from each DNA pool. 
Linkage can be identified with a 20-centimorgan (cM) distance 
from each marker typed. Linkage to Gvl could be excluded 
from 74% of the genome from the data obtained from 41 of the

primer pairs (Fig. 5). The remaining microsatellites could not 
be typed due to failure of one or both of the alleles to amplify 
or lack of polymorphism between the strains (data not shown). 
It was therefore decided to attempt REVEAL-PCR (16) as an 
alternative mapping method.

This multilocus mapping approach examines the inheritance 
of lAP elements and their proximity to SINEs in a PCR-based 
assay (Fig. 6A). To find a marker linked to Gvl, REVEAL 
products from 23 C57BL/6 backcross mice typed as heterozy
gous at the Gvl locus were generated with all six eombinations 
of lAP and SINE repeat primers (16). PCR products of 129 
origin that were present in most of the backcross DNA samples 
were considered as possible mapping candidates. Of approxi
mately 30 REVEAL products derived from the JS140/134 
primer pair, one band (REVEAL-2) was present in 20 of the 
23 animals, indicating linkage (Fig. 6B). Closer linkage was 
demonstrated by a product amplified by using the JS139/136 
primer pair, REVEAL-1, with only one backcross mouse show
ing the absence of the band at approximately 360 bp. Both 
REVEAL products were excised from polyacrylamide gels,
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FIG. 2. Quantitative nuclease protection demonstrates differential expres
sion of the polytropic class of endogenous MLV env sequences in Gv]~  strains 
of mice. (A) The region of MLV env cloned for the synthesis of riboprobes. The 
shaded area indicates a 27-bp region absent in the modified polytropic clone. 
Solid black regions indicate plasmid sequence retained in the probes from the in 
vitro transcription reaction. (B) Quantitative nuclease protection of thymus total 
RNA with a polytropic env probe and a |3-actin internal control probe. The 
strains of mice analyzed and the relative intensities of the full-length protected 
products, corrected for 3-actin are as follows: lane 1,129,0.214; lane 2, C57BL/6, 
0.013; lane 3, BALB/c, 0.032; lane 4,129 X C57BL/6, 0.096; and lane 5, 129 X 
BALB/c, 0.123. The relative intensities of the 212- and 185-nucleotide modified 
polytropic-specific fragments are as follows (respectively); lane 1, 0.086 and 
0.110; lane 2, 0.080 and 0.114; lane 3, 0.075 and 0.108; lane 4, 0.091 and 0.122; 
and lane 5,0.093 and 0.127. No 3-actin probe was added to the 129 X C57BL/6 
RNA sample in lane 6.
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reamplified, cloned, and sequenced. Internal primers to RE
VEAL-1 were designed, allowing animals to be screened for 
the presence of this marker by PCR on conventional gels (Fig. 
6C). Linkage was confirmed when REVEAL-1 was amplified 
from the remaining 93 C57BL/6 backcross progeny, with only 
seven further animals showing apparent (see below) recombi
nation between the marker and Gvl. Linkage was also estab
lished to the REVEAL-1 marker in the BALB/c backcross (15 
apparent recombinants in 100 animals tested), confirming that 
the same locus was responsible for the proviral expression 
phenotype observed.

To map Gvl, it was first necessary to identify the chromo
somal position of the REVEAL-1 marker. For this purpose, we 
used the technique of whole genome radiation hybrid map
ping. The T31 mouse whole-genome panel comprises 100 hy
brid cell lines derived by fusing irradiated 129 embryonic stem 
cells with cells from a hamster fibroblast line (22). Different 
hybrids retain different fragments of mouse chromosomes, and 
these have been extensively characterized by microsatellite 
mapping (13). Scoring REVEAL-1 on the T31 radiation hybrid 
panel showed that it mapped to mouse chromosome 13. The 
marker, now termed D13Nimrl, was placed between the mic-

TABLE 1. Nuclease protection data inferring G vl genotype from 
two backcross populations

G vl genotype C57BL/6 backcross BALB/c backcross Total

G v r ' ^ 66 50 116
G v r ' ~ 57 54 111
Unknown" 1 2 3

Total no. of animals 124 106 230

* * * * *

“ Values from these animals lay exactly at the cutoff point between Gv7“ '' and 
Gvr'-.

p-actin-

mPT-

mPT-

rosatellites D13MÜ157 and D13Mit66 with LOD scores of 11.8 
and 9.0, respectively (data not shown). This region of chromo
some 13 is part of the fraction of the mouse genome which 
could not be excluded by the pooling method (Fig. 5).

To characterize the map position of Gvl, microsatellites 
flanking DDNimrl were tested on the C57BL/6 backcross 
DNA pools. Of the 32 chromosome 13 markers analyzed that 
have been mapped to between 32 and 49 cM, only 7 appeared 
to be polymorphic between the 129 and C57BL/6 strains. Link
age to Gvl was confirmed by using this method, and all 116 
backcross mice were consequently screened with the same 
seven markers. The haplotypes of the animals are shown in Fig. 
7A.

Eight mice in the C57BL/6 backcross appeared to be recom
binant between Gvl and both the closest flanking markers, 
D13Mitl3 and D13MU39. These double recombinants in a very
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FIG. 3. Nuclease protection of C57BL/6 backcross mice indicates G vl geno
type. Thymus total RNA from the mouse strains indicated was analyzed by 
quantitative nuclease protection by using the polytropic LTR riboprobe and a 
P-actin internal control probe. Relative intensity o f the 272-nucleotide fragments 
corrected for p-actin as follows: lane 1,0.225; lane 2, 0.065; lane 3,0.009; lane 4, 
0.076; lane 6,0.016; lane 6,0.005; lane 7, 0.056; lane 8,0.009; lane 9, 0.066; lane 
10,0.018; and lane 11, 0.015. Mice were classified as G vl^'~  (lanes 4, 7, and 9) 
by similarity (>75% ) of the band intensity to RNA from the Fj animal (lane 2) 
or as G vl~'~  (lanes 5, 6, 7 ,10 , and 11) if the value obtained was under 55% of 
the Fi protected product intensity.

short genetic interval are indicative of mis-typing in the assay 
used to genotype the backcross animals (26). The proviral 
expression levels of these eight mice, based on the nuclease 
protection data, lie towards the center of the bimodal distri
bution, between 60 and 80% of the heterozygote figure. This 
was also the case for the 15 apparent recombinants from the 
BALB/c cross. This suggests that errors in the quantification 
method are large enough to account for the incorrect geno- 
typing of a small percentage of animals. Assuming this to be 
the case, Gvl cosegregates with both DUNimrl and D13Mit39, 
placing the gene at 37 cM from the centromere (Fig. 7B). To 
confirm linkage to this region of chromosome 13, the nuclease 
protection and backcross mapping data from all 116 mice of

the C57BL/6 backcross, including the 8 animals which we be
lieve were mis-typed, were combined and analyzed as a QTL 
(Fig. 7C). The highest LOD score was obtained around the 
chromosomal position of DUNimrl and D13Mit39, suggesting 
strong linkage between a locus at approximately 37 cM on 
mouse chromosome 13 and the proviral expression levels ob
served in the backcross population, thereby confirming the 
map location derived from the haplotype data.

DISCUSSION

Despite intensive studies, we know little about the factors 
controlling expression of endogenous retroviruses (2). Eluci
dation of the mode of action of Gvl might be expected to shed 
light on these processes. The genetic mapping of Gvl reported 
here represents the first step towards the eventual cloning and 
characterization of the gene.

Throughout this study we have assumed that the gene we 
have mapped to chromosome 13 does indeed correspond to 
the locus controlling Gjx antigen expression that was originally 
described. Of particular concern was the possibility that we 
might have been following merely the inheritance of a single 
provirus rather than the 7ra«5-acting Gvl. Unfortunately, the 
congenic G jx - strain is no longer available, so direct tests for 
the presence of chromosome 13 markers of C57BL/6 origin in 
the congenic strain are not possible. Nevertheless, our assump
tion of identity does not seem unreasonable since the proper
ties of our gene appear concordant with those of Gvl.

Gix was described as a thymus antigen expressed by 129 
mice but not by BALB/c or C57BL/6 mice (31). Inheritance 
was semidominant. We have monitored the thymic expression 
of polytropic MLV sequences in crosses between 129 (positive) 
and BALB/c or C57BL/6 (negative), and the transcription lev-

% FI intensity % F1 intensity

FIG. 4. A single locus is responsible for the proviral expression levels observed in two backcross populations. A distribution of the quantitative nuclease protection 
data with the polytropic LTR riboprobe from the two backcross populations indicated is shown. D ata are shown as a percentage of the relative intensity of the full-length 
protected product compared to RNA from F j mice. The bimodal distribution of the data suggests that a single locus is controlling the proviral expression levels 
observed.
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FIG. 5. Linkage of G vl is excluded from 74% of the mouse genome. Chro
mosomal locations of the 41 microsatellite markers successfully amplified and 
analysed by the DNA pooling method are shown. The Mit number (6) of each 
marker is shown, and the centromeric ends of the chromosomes are indicated by 
black circles. Linkage to G vl has been excluded from the regions represented by 
thickened lines, which correspond to 74% of the mouse genome.

els are consistent with the inheritance of a single, semidomi
nant gene. The protected products that appeared absent in the 
thymus RNA from congenic 129 mice in the experiments of 
Levy et al. (19) are in fact consistent with the use of a modified 
polytropic probe for detecting polytropic LTR sequences. We 
note that one polytropic provirus, Pmv41 (10), from DBA 
mice, has been shown to lie within the interval containing the 
gene we have mapped. However, this provirus is not present in 
129 mice, and no other polytropic proviruses have been 
mapped to this region of chromosome 13 (9). Hybridization 
studies with the polytropic-specific oligonucleotide probe JS5 
(35) have confirmed the absence of Pmv41 in 129/SvEv mice 
(33). Analysis of a small panel of backcross mice revealed no 
linkage between 129 proviruses and polytropic virus expression 
(33), a result consistent with the proposition that Gvl encodes 
a trans-acting gene product.

The observation that polytropic but not modified polytropic 
sequences are responsive to Gvl are consistent with the pre
dicted Gix phenotypes of these classes of MLV sequence. The 
appearance of the Gjx antigen is correlated with the absence 
of a glycosylation signal in the env gene of ecotropic MLV (7); 
sequence data (34) from the equivalent region of polytropic 
and modified polytropic MLV reveals that the former, but not 
the latter, class of sequence also lacks a glycosylation signal.

C57BL/6 backcross

FIG. 6. Two lAP proviral markers are linked to G vl. (A) Relative positions 
of the primer pairs used to generate two sets of REVEAL-PCR products. (B) 
REVEAL-PCR products amplified with JS140 and JS134, in the presence of 
end-labelled primer JS140, from the genomic DNA samples indicated. The arrow 
indicates the position of REVEAL-2, which is absent in C57BL/6 mice but was 
amplified from 129 mice. Of 23 backcross animals predicted to be heterozygous 
at the G vl locus, 20 show the presence of this band, indicating linkage. (C) 
Genomic DNA from the same 23 C57BL/6 backcross mice as in panel B was 
amplified by using primers JS139 and PLO-16 derived from the marker RE
VEAL-1. Products were run on a 2% agarose gel against the <|)xl74///aelll 
marker (M). The arrow indicates the position of the D U N im rl product at 229 
bp. Of 23 backcross animals, 22 show the presence of the band, indicating 
linkage.

Polytropic MLV (bases 1277 to 1285 [34]) is predicted to 
encode Asp-Leu-Thr, whereas modified polytropic MLV 
(bases 1250 to 1258) encodes Asn-Leu-Thr.

The expression of the Gix antigen is controlled by two 
genes, Gvl and Gv2, and it has been hypothesized that both 
genes play a role in proviral transcription. Although there is a 
slight difference in the distribution of the nuclease protection 
data from the C57BL/6 and BALB/c backcrosses, this study 
suggests otherwise. It has been shown here that only Gvl has 
any transcriptional control activity, as a bimodal distribution 
was observed in both backcross populations. This suggests that
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FIG. 7. G vl maps to chromosome 13. (A) Haplotype analysis of the 116 
C57BL/6 hackcross progeny typed for markers flanking the REVEAL-PCR 
product, REV EA L-1. Each column represents the allele inherited from the 
(129 X C57BL/6)Fi parent. The number of offspring inheriting each allele is 
indicated at the bottom of each column; shaded boxes indicate the presence of 
a 129 allele, and the open boxes indicate the presence of a C57BL/6 allele. (B) 
Partial linkage map of chromosome 13. The relative position o f G vl with respect 
to the linked markers indicated was determined by using the Map M anager QT 
program, without taking into aecount the double-recombinant animals. Map 
distances (in cM) are indicated on the left. (C) QTL analysis of all 116 backcross 
animals based on proviral expression levels observed.

Gv2 must act posttranscriptionally and may play a role in MLV 
surface protein expression.

One of the major functions of the LTR is to regulate the 
transcription of retroviral genes by providing signals recog
nized by cellular transcriptional control machinery. Positive 
and negative regulatory elements have been identified in the 
LTR, and many transcription factors are known to bind to the 
U3 region directly. The factor recognition sequences are usu
ally short and may be repeated several times in each LTR, and 
the signals themselves have also been shown to have different 
effects in different cell types (4). Since polytropic and modified 
polytropic MLVs differ in their responsiveness to Gvl, U3 
sequences polymorphic between the two classes may therefore 
be a target for such a franx-activating factor. Attempts will be 
made to identify possible binding sites by using a gel mobility 
assay; a factor present in the 129 mice but not in the C57BL/6 
or BALB/c strains that binds to polytropic-specific U3 probes 
could be a good candidate for the gene product of Gvl.

Based on the map position of Gvl, we have attempted to 
identify possible candidate genes within the interval between 
D13Mitl3 and D13Mit231 (28). A number of potential DNA 
binding factors, for example, a number of zinc-finger-related 
genes, Zfp68-rsl, Zfp71-rsl, and Zfp85-rsl (21), as well as se
quences related to the gene encoding the high-mobility-group 
chromatin protein, Hmg-1 (25), were identified; however, none 
provides a compelling candidate for Gvl. Possibly more inter
esting are two genes with trans effects, mdac, modifier of Dae, 
(15) and Rsl, regulator of sex-limited protein, Sip (14). The 
latter case is particularly intriguing because a potential target 
for Rsl is the LTR of an ancient endogenous retrovirus which

imposes androgen control over the expression of Sip (27). We 
are currently refining the map position of Gvl with the inten
tion of cloning the gene by using the positional or positional 
candidate approach (5).
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