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Run, rabbit run 
Dig that hole, forget the sun 

And when at last the work is done 
Don't sit down, it's time to dig another one 

 
 

Roger Waters 
“Breathe” 

1973 
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ABSTRACT 

Xenotropic murine leukemia virus-related virus (XMRV) is a retrovirus, initially 

reported to be associated with human prostate cancer and chronic fatigue syndrome, 

although these findings have not been replicated. XMRV bears high sequence identity to a 

class of mouse retroviruses, called murine leukemia viruses (MLVs). We sought to 

determine the origin of XMRV and how it may have crossed species to infect the human 

population. Our work showed that XMRV was created through recombination between 

two endogenous MLVs, named PreXMRV-1 and PreXMRV-2, and that the 

recombination event that gave rise to XMRV occurred in the laboratory, during passaging 

of a prostate tumor xenograft in nude mice. The probability of generating the exact same 

recombinant more than once and independently is negligible, suggesting that all XMRV 

isolates described to date are derived from this unique recombination event. Furthermore, 

XMRV is not present as a single endogenous provirus in any of the wild or laboratory 

mouse strains tested. The strain distribution of PreXMRV-1 and PreXMRV-2 are quite 

different, making it unlikely that the two XMRV ancestors could have recombined 

independently in the wild to generate an infectious virus. Our results show that the 

association of XMRV with human disease is due to contamination of laboratory assays 

with virus originating from the initial recombination event. 
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INTRODUCTION-I: RETROVIRUSES 

Brief history of retroviruses 

Retroviruses have been the subject of an extremely interesting field of research, 

with major contributions to our understanding of diverse biological processes such as 

cancer, infectious disease and evolution. 

One of the major breakthroughs in molecular biology came from the study of 

retroviruses by Howard Temin and David Baltimore in 1970, when the retroviral reverse 

transcriptase enzyme was discovered. The central dogma of biology, which stated 

unidirectional flow of information from DNA to RNA to protein, was forever broken. 

This paradigm shift was awarded the Nobel Prize in Physiology or Medicine in 1975. 

It was also through the study of retrovirus-induced tumors that oncogenes and 

their role in cancer were first discovered. Following the discovery of the first retrovirus-

acquired oncogene in 1970, many other oncogenes and tumor suppressor genes were 

identified, changing the field of cancer research entirely.  

Finally, with the discovery of HIV as the causative agent of AIDS, all scientific 

knowledge that accumulated over the years on retroviruses became extremely useful, for 

it was rapidly applied to the field of HIV research, allowing the development of potential 

cures and policies for prevention. Today, although it is still not possible to eliminate HIV 

from infected individuals, unprecedented treatment options are available.  
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Retroviral Classification and Nomenclature 

Initial classification criteria for retroviruses included the shape of the particles 

produced as observed under the electron microscope, as well as their host range, a feature 

determined by their env genes. The International Committee on Taxonomy of Viruses 

(ICTV) criteria group retroviruses into seven genera: alpha-, beta-, gamma-, delta-, 

epsilonretroviruses, lenti- and spumaviruses, mainly based on the sequence of the pol 

gene, the best-conserved gene among retroviruses. Endogenous retroviruses (ERVs) are 

grouped into three more loosely defined classes, largely based on their relatedness to 

exogenous genera. ERVs that group with gammaretroviruses are called Class I, those that 

group with alpha-, beta-, delta- and lentiviruses are Class II, while those that cluster with 

spumaviruses are termed Class III. A phylogenetic tree constructed using the RT portion 

of the pol gene of retroviruses from the seven genera is shown in Fig. 1. 

Typically, retroviral gene names are given three letter names, which are italicized 

in writing (e.g. gag). The cellular oncogenes occasionally acquired by retroviruses follow 

the same rule. Polyproteins derived from retroviral genes have the same names, but are 

capitalized and not italicized (e.g. Gag). Individual protein subunits created by processing 

of polyproteins are referred to with their first two letters, both capitalized (e.g. RT, for 

reverse transcriptase).  

Genome Organization  

One broad way of classifying retroviruses relies on the mode of expression of the 

retroviral genes. Retroviruses that carry the most basic set of genes, which are present in 

all non-defective members of the Retroviridae family, i.e. gag, pro, pol and env genes,  
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Figure 1. A neighbor-joining tree of the seven retroviral genera 

An unrooted neighbor-joining tree based on the pol regions of the retroviral genera. 

Endogenous retroviruses are grouped into three more loosely defined classes, indicated 

on the periphery, based on their relatedness to exogenous viruses. Figure from (73), under 

the BioMed Central Open Access license agreement. 
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Figure 2. Retroviral genome structure 

Retroviral genome structure before (upper panel) and after (lower panel) reverse 

transcription. R, repeat; U5 and U3, unique 5’ and 3’; PBS, primer binding site; Ψ (psi), 

packaging signal; MA, matrix; CA, capsid, NC, nucleocapsid; PR, protease; RT, reverse 

transcriptase, IN, integrase; SU, surface; TM, transmembrane; dU, dUTPase domain, 

present in some retroviral genera; ppt, polypurine tract. Black boxes flanking the provirus 

represent target-site duplications (TSD). Figure from (64), with permission. 
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are termed simple retroviruses (Fig. 2). Retroviruses that carry additional “accessory” 

genes and modify the expression pattern to produce other protein products that help the 

virus at various steps during its replication cycle are named complex retroviruses. 

 The basic retroviral genes are always found in the same order: gag, pro, pol and 

env. However, the relative positions of the reading frames differ from one genus to the 

next. Accessory genes could be present between pol and env, downstream of env, or 

could divide their reading frames between different parts of the genome and be generated 

by splicing (28).  

The retroviral genome is flanked by repeat sequences at each end, termed R. The 

5’ R sequence is followed by the U5 region, while the 3’ R sequence is preceded by the 

U3 region (Fig. 2, upper panel). Due to strand transfer reactions during reverse 

transcription (explained in the section: Reverse Transcription), the U3 and U5 regions are 

duplicated, resulting in the formation of identical long terminal repeat (LTR) sequences, 

composed of U3-R-U5 that flank each end of the provirus (Fig. 2). The LTRs of a 

provirus are identical at the time of integration.  

Retroviral Genes and Gene Products 

A cartoon depicting the structure of a typical simple retrovirus particle is shown 

in Fig. 3. The gag gene encodes the structural proteins of the virion. The minimal set of 

proteins produced by the gag gene includes matrix (MA), capsid (CA) and nucleocapsid 

(NC). MA associates with lipid membranes, and targets the Gag polyprotein to the 

cellular membrane. CA monomers assemble to form the “capsid core” that 

“encapsidates” the retroviral genome. NC protein is found tightly associated to the 

genomic RNA inside the capsid core.  
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Figure 3. A retrovirus particle 

The proteins of a simple retrovirus are shown. The lipid bilayer is derived from the 

plasma membrane of the host cell. Figure from (174), with permission. 
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The pro gene encodes the viral protease (PR), which is responsible for the 

proteolytic processing of viral polyproteins into individual subunits. The pol gene codes 

for the reverse transcriptase (RT) that also includes an RNaseH domain, and integrase 

(IN) proteins present in all infectious retroviruses. RT is an RNA- or DNA-dependent 

DNA polymerase, the hallmark of Retroviridae that earned the family its name. IN 

catalyzes the integration of the reverse transcribed double stranded viral DNA into the 

host genome. 

The env gene codes for the Env glycoprotein made up of the surface (SU) and the 

transmembrane (TM) subunits. SU interacts specifically with the surface receptor 

expressed on the host cell, while TM ultimately leads to the fusion of the viral and 

cellular membranes, mediating entry of the virus particle into the cell. 

Some of the accessory genes carried by various complex retroviruses include 

those that encode proteins that regulate the expression, splicing and transport of viral 

transcripts, modulate host gene expression and overcome host restriction factors, thereby 

enhancing viral infectivity (reviewed in (97)).  

Retrovirus Replication Cycle 

 An overview of the retrovirus replication cycle is shown in Figure 4. 

Entry and Uncoating  

The retroviral replication cycle starts with the binding of the SU subunit of the 

Env protein on the retrovirus surface with its specific receptor on the target cell surface. 

This interaction is very specific and is required for virus entry into cells. It is therefore a 

major determinant of the host range of the virus. The binding of SU to the receptor  
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Figure 4. Overview of the retroviral replication cycle 

Entry into the host cell is mediated by a specific interaction between the Env protein and 

a cellular receptor, releasing the viral core into the cytoplasm. Following uncoating and 

reverse transcription, the pre-integration complexes are transported to the nucleus, where 

integration of the viral cDNA into the host genome occurs. The integrated provirus is 

then transcribed and translated to give rise to retroviral proteins and genome, which are 

packaged into newly formed virions for another round of infection. Figure from (174), 

with permission. 
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induces conformational changes that ultimately lead to the fusion of the viral and cellular 

membranes either at the cell surface, or in an endocytic compartment following 

internalization, releasing the capsid core into the cytoplasm. The disassembly of the 

capsid core occurs after entry into the cell and before nuclear import, in a process referred 

to as uncoating. The precise timing and location of uncoating is unclear; however, there is 

evidence that the timely disassembly of the capsid is required for the completion of 

reverse transcription and successful nuclear entry (7). 

Reverse Transcription 

Reverse transcription is catalyzed by the reverse transcriptase (RT) enzyme 

packaged into the virions. An overview of the reverse transcription reaction is depicted in 

Fig. 5. The reaction starts when the minus strand synthesis is primed by a tRNA 

molecule, which binds to the primer binding site (PBS) sequence just downstream of the 

U5 region. The DNA is extended until the R region at the very 5’ end of the viral genome 

where it stops, and is referred to as the minus strand strong stop DNA. Meanwhile, the 

RNaseH domain of RT degrades the genomic RNA strand of the newly formed 

RNA:DNA duplex.  

The minus strand strong stop DNA then jumps to the identical R sequence found 

in the 3’end of the viral genome (termed the first strand transfer), where RT resumes to 

extend the minus-strand DNA, and RNaseH continues to degrade the RNA, except for the 

polypurine tract (PPT) which is somewhat resistant to digestion. The PPT then primes 

positive-strand synthesis by RT towards the 3’ end of the genome, and RNaseH removes 

the tRNA primer at the 3’ end, resulting in the formation of plus-strand strong stop DNA. 

The second strand transfer occurs when the two single stranded complementary PBS  
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Figure 5. Reverse transcription of the retroviral genome  

Black lines represent RNA genome, orange lines minus-strand DNA, and red lines plus-

strand DNA. Figure from (28).
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regions found at both ends of the newly synthesized DNA anneal to each other, allowing 

the synthesis of the rest of the positive and negative strands of DNA. The resulting 

double stranded DNA contains the entire retroviral genome, plus identical LTRs. The 

newly synthesized dsDNA associates with the retroviral integrase enzyme packaged in 

virions, as well as other cellular factors to form the integration-competent preintegration 

complex (PIC).  

Because retroviruses typically carry two nearly identical RNA genomes, which 

copy is used for the synthesis of the proviral DNA is of little consequence. However, in 

case of virions produced by cells that were co-infected with two genetically distinct 

retroviruses, different RNA genomes could be packaged into the same virion (70). When 

such heterozygous virus particles infect a cell, the template switches that occur during 

reverse transcription between the different genomes may result in the production of 

chimeric genomes with stretches of identity to both parental genomes. Provided that there 

are stretches of sequence identity between the templates, homologous recombination can 

occur between two loci that are 1 kb apart in ~4% of templates, during a single cycle of 

reverse transcription, while non-homologous recombination happens less frequently (70).  

Genetic recombination during reverse transcription has been proposed to occur in 

two ways: during minus-strand DNA synthesis (copy-choice model) or during plus-strand 

DNA synthesis (strand-displacement assimilation model), although there is evidence that 

the majority of recombination events are consistent with the first model (186). As a result 

of RT template switching, a variety of recombinant retroviral genomes could be created, 

each with specific crossover sites, hence with specific stretches of sequences from each 

parental virus. Such recombinant retroviruses have been observed for ALV, HIV and 
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MLV, among others (27, 169, 176). Recombination between different viral genomes, 

combined with the mutations introduced by the error-prone RT enzyme, are the major 

drivers of the genetic diversity seen in retroviral infections, creating a pool of distinct 

viral populations and allowing the selection of viruses that can replicate more efficiently, 

evade the immune system, and complement defective viruses. 

Integration 

PICs are translocated to the nucleus, where retroviral integration occurs, catalyzed 

by IN. Specifically, IN forms a tetramer that is associated with viral DNA ends, 

collectively known as the intasome. IN cleaves off two nucleotides from the 3’ end of 

each viral DNA end, resulting in short 5’ terminal overhangs. The target DNA is held in a 

severely bent conformation. IN then captures the target DNA, and catalyzes the strand 

transfer of 3’ viral ends to opposite strands of the host target DNA. The specific number 

of bases between the attachment sites in the opposite strands varies from one retrovirus 

genus to the next. The crystal structure of the prototype foamyvirus IN has been largely 

informative in elucidating the mechanistic details of retroviral integration (58, 96). The 

integrated DNA copy of a retrovirus is referred to as a provirus. 

Expression, Assembly and Budding 

Once integrated, the provirus makes use of the host cell machinery to produce 

multiple copies of the viral genome and to express viral proteins, resulting in the 

production of viral particles. The LTRs of a provirus contain numerous transcription 

factor-binding sites, hormone response elements, promoters and enhancers, which allow 

efficient transcription of the provirus. Part of the nascent mRNA transcripts produced 
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from the provirus serve as the viral genome to be packaged, while other spliced and 

unspliced forms are translated by the cellular machinery to produce viral proteins. In case 

of MLVs, Gag and Gag-Pro-Pol polyproteins are produced from unspliced RNA, while 

Env protein is produced from singly spliced RNA. The RNA genome and proteins are 

packaged into virions, which are released from the cell by budding at the plasma 

membrane. After budding, the polyproteins are cleaved into individual subunits by the 

viral protease packaged into the virion, in a process called maturation cleavage. The 

mature virion is then ready for another round of infection. 

Endogenous Retroviruses 

As a natural step in their replication cycle, retroviruses must integrate into the 

genomes of the host cells they infect (28). Exogenous retroviruses can be transmitted 

between individuals in a population, i.e. horizontal transmission, or from one species to 

another, i.e. cross-species transmission (zoonosis). Through infection of the germ line, 

exogenous retroviruses can become a part of the host genome, leading to the generation 

of endogenous proviruses. Endogenous retroviruses (ERVs) are transmitted genetically 

from parent to offspring in a Mendelian fashion. All vertebrate species examined carry 

remnants of such prior retroviral infections in their genomes (28). Humans, for instance, 

carry some 80,000 sequences, or about 8% of our total genome, derived from retrovirus 

infections dating from some 40 million to a hundred thousand or so years ago (161). 

Retroviruses can be deleterious for the organism they infect through various 

mechanisms, including insertional mutagenesis, deregulation of gene expression, and 

acquisition of oncogenes. The potentially detrimental effects of such infections are 

evidenced by the evolution of multiple lines of host defenses against invading 
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retroviruses. However, there exist numerous cases of millions of years of host-virus 

coevolution, where endogenous retroviruses have been “domesticated” to serve a useful 

function for the host, ranging from fending off infection by other retroviruses, to 

increasing the expression of a beneficial gene, thereby providing a novel function within 

the host through the acquisition of retroviral sequences. Host-virus coevolution is a most 

curious process, implicating endogenous retroviruses in an active role in the process of 

acquisition of new traits, rather than a passive bystander. 

Endogenous Retroviruses of Mice 

Like the human genome, nearly 40% of the mouse genome is composed of 

transposable elements, with ~10% of the genome derived from mouse endogenous 

retroviruses (mERVs). Mouse endogenous retroviruses have been historically grouped 

into three broad classes based on their sequence similarity to exogenous retroviruses. 

ERVs that group with the genera alpha-, beta-, delta-, and lentivirus in phylogenetic 

analyses belong to Class I; those that group with gamma- and epsilonretrovirus belong to 

Class II; and those that group with spumavirus belong to Class III (Fig. 6; for a review, 

see (144)).  

Class I ERVs are the smallest class of mERVs, making up 0.7% of the mouse 

genome. Class I ERVs are closely related to gammaretroviruses, and include murine 

leukemia viruses (MLVs), a virus family that will be explored in detail in this report, and 

others including MuRRS, MmERV/VL30, McERV, MuRV-Y, MuERV-C elements, 

some of which contain extensive deletions in their genomes. Class II ERVs cover 3.14% 

of the mouse genome and include the mouse mammary tumor virus (MMTV), MusD and 
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Figure 6. Phylogenetic analysis of RT domains of mouse endogenous retroviruses.  

Retroviruses from other organisms are included for comparison. Different retroviral 

classes are indicated with different colors. The values next to the class names indicate the 

percentage of the mouse genome that is occupied by each class. “Active members” refers 

to retroviral elements that are actively acquired, and not necessarily replication-

competent. Figure from (144), with permission.  
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ETn (early transposon) elements, and intracisternal-A type particles (IAPs). Class III 

ERVs make up the largest class, which collectively make up about 5.4% of the mouse 

genome and include the mERV-L and MuERV-L/MalR transposable elements (Fig. 6). 

MalR elements are the most commonly found retroviruses in the mouse genome, and 

their LTRs share ~50% identity with that of mERV-L elements (100).  

Mouse Phylogeny 

The laboratory strains used today are largely derived from a mixture of three Mus 

musculus subspecies: M. m. domesticus, M. m. musculus, and M. m. castaneus (57). The 

latter two subspecies have interbred extensively in the wild, giving rise to the subspecies 

now referred to as M. m. molossinus (Fig. 7A). Besides these most recently derived 

subspecies, other, more distantly related, Mus subspecies exist, in different geographical 

locations (Fig. 7B). Colonization of the Americas and Australia by European mice (M. m. 

domesticus) has occurred after human travel between these continents became common.  

Despite the extensive use of inbred laboratory mouse strains as model organisms 

for a plethora of biological systems, the genetic variation seen among inbred mice is very 

limited. Haplotype analyses show that inbred strains are largely derived from M. m. 

domesticus, with limited but variable contributions from M. m. musculus, and M. m. 

castaneus (183). Interestingly, the genomes of many wild-derived strains that were bred 

in the laboratory show haplotypes associated with inbred laboratory strains, suggesting 

unintentional crossbreeding (183). Such accidental contamination with inbred strains has 

been previously reported for several widely used strains (182), and can result in the 

appearance of new proviruses over time, due to genetic heterogeneity.  
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Figure 7. The distribution of Xpr1 alleles and MLVs in mice 

(A) Evolutionary tree of the genus Mus. Modern laboratory strains are largely derived 

from M. m. domesticus, with variable contributions from M. m. musculus and M. m. 

castaneus. The distribution of nonecotropic MLV subgroups and known Xpr1 alleles are 

shown. Figure from (88), under the BioMed Central Open Access license agreement. (B) 

The geographical distribution of Mus subspecies. Figure from (57), with permission. 
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Gammaretroviruses 

The gammaretrovirus genus includes a large number of retroviruses with the 

ability to infect diverse organisms from reptiles to primates. Gammaretroviruses are most 

closely related to the Class I ERVs (Fig. 6). All members of this genus identified so far 

use structurally similar but otherwise unrelated small molecule transporters with multiple 

transmembrane domains (for a review, see (150)). Mouse genomes contain a large 

number of more recently integrated endogenous retroviruses, dating from less than 1.5 

million years ago, named murine leukemia viruses (MLVs), and the endogenization 

process is still continuing. 

Many gammaretroviruses can and have jumped species, a few examples being 

gibbon ape leukemia virus (GaLV), simian sarcoma-associated virus (SSAV) and koala 

retrovirus (KoRV). GaLV and SSAV are likely to share origins with endogenous MLVs 

found in Southeast Asian mice (91, 144). Interestingly, KoRV is currently in the process 

of being endogenized in koalas living in Australia, brought to the continent very recently 

by human migration (153). Also thought to share origins with one or more MLVs in wild 

mice based on sequence, KoRV causes lymphoid malignancies in native koala 

populations (41). 

Murine Leukemia Viruses 

Host Range 

Some of the best-studied viruses in the gammaretrovirus genus are murine 

leukemia viruses (MLVs). MLVs can be classified based on their host range and genomic 

sequence into ecotropic and nonecotropic classes. Ecotropic MLVs can only infect cells 

of murine origin. Non-ecotropic MLVs are further classified into xenotropic, polytropic 
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and modified polytropic subgroups; xenotropic MLVs are able to infect cells of non-

murine origin only, while polytropic and modified polytropic MLVs can infect both 

murine and non-murine cells, and can be distinguished by a 27 bp insertion in the 

polytropic env gene. Amphotropic MLVs with a broad host range have been identified in 

some mice from a specific geographical location near California, although no known 

naturally occurring endogenous members of this subgroup exist (28).  

Mapping and Distribution 

 Endogenous retroviruses provide a fossil record of prior infections, which are 

extremely useful as genetic markers, since they are passed on from parent to offspring 

and are easy to detect using standard laboratory techniques. In case of mice and MLVs, 

genomic DNA from many mouse strains can be analyzed for their MLV insertions by 

Southern blotting or the “unblot” technique previously developed in our laboratory (45, 

46). An unblot is similar to a Southern blot, where genomic DNA is digested with a 

restriction enzyme, and run on an agarose gel. The gel is then dried down and hybridized 

with radiolabeled probes directed against parts of the retrovirus, allowing the detection of 

individual provirus fragments in the form of specific bands with characteristic sizes for 

each provirus. Alternatively, if the integration site is known, a simple PCR of host-virus 

junctions can determine whether an individual mouse has a specific provirus insertion. 

Previous work from our laboratory mapped a large number of MLV insertions with LTR- 

and env-specific probes in many laboratory mice, (43-46, 145, 146). In addition, using 

LTR-specific probes directed against the different U3 structures of MLV LTRs, the 

timing and location of insertions of various LTR subgroups were analyzed in wild mice, 
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with potential implications for the evolution and distribution of MLVs in wild mouse 

strains (Fig. 8) (43, 157, 158). 

 The availability of the mouse genome sequence made it possible to do database 

searches of published genomes for the presence of proviruses. One such study employed 

an in silico data mining approach, where the C57BL/6 mouse genome was searched using 

several probes specifically designed to detect the env genes of endogenous polytropic 

(Pmv), modified polytropic (Mpmv) and xenotropic (Xmv) proviruses (74). 49 such 

nonecotropic MLV proviruses were identified and mapped to the mouse genome, which 

allowed further analysis of these insertions for various properties such as complete 

provirus sequence, integration site, genome length, PBS type, target site duplication, and 

Apobec3 editing (74). In phylogenetic analyses, Pmv and Mpmv proviruses each formed 

a distinct monophyletic clade with a common ancestor, while Xmv proviruses failed to do 

so (Fig. 9), consistent with the notion that Xmv insertions may represent the oldest 

subgroup among nonecotropic MLVs, and that they have undergone more rounds of 

replication cycles, compared to Pmv and Mpmvs, prior to colonizing the mouse genome. 

Mutations consistent with Apobec3 editing were found for Pmv and Mpmv sequences, 

suggesting potential inactivation by this restriction factor, but this was not the case for 

Xmv proviruses. Therefore, the evolution of Xmvs seems to have followed a different 

path than those of Pmv and Mpmvs, perhaps by a mechanism of evading host restriction, 

or by colonizing species that failed to express considerable levels of such factors (74).  

Receptor usage 

MLVs, like other gammaretroviruses, use various types of cellular small molecule 

transporter molecules as receptors. Ecotropic MLVs use the mouse cationic amino acid  
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Figure 8. Distribution of nonecotropic MLV proviruses in wild mice  

The unblot technique is described in Materials and Methods. (A) Location of env and 

LTR probes. Detection of (B) Xenotropic (Xmv), (C) Polytropic (Pmv) and (D) Modified 

polytropic (Mpmv) MLV fragments by unblots. Figure from (157), with permission. 
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transporter, (mCAT1) (4), while a few others with similar host range use the murine 

sodium-dependent myoinositol transporter (mSMIT1) (63, 156). Amphotropic MLVs use 

the sodium-dependent phosphate symporter, Pit2 (104). Polytropic and xenotropic MLVs 

use the molecule Xpr1, the mammalian homologue of the yeast Syg1 gene, whose normal 

cellular function is as yet unknown (10, 151, 184). 

As is the case with most host-pathogen arms races, evolution at the host-virus 

interface for MLVs and their mouse hosts is apparent on multiple levels. Xmv proviruses 

are considered to be the oldest MLV subgroup, a hypothesis supported by the genetic 

diversity among members, their failure to form a monophyletic clade and their ancestral 

location in phylogenetic analyses (Fig. 9) (74). During the long course of their 

coexistence with endogenous and exogenous MLVs, many Mus subspecies have evolved 

ways to cope with such assaults. One example of a resistance mechanism is the evolution 

of variants of the Xpr1 receptor so that the modified allele no longer supports virus entry, 

conferring a selective advantage on the host that carries the new variant. Endogenous X-

MLVs derived from proviruses in those mice cannot infect the cells of their host 

organism, hence earning them the name xenotropic. Viruses have in turn responded by 

incorporating mutations in their env genes, allowing them to use the new version of the 

receptor and giving rise to the evolution of polytropic and modified polytropic MLVs, 

which are also carried in numerous copies by many mouse genomes. Polytropic Env 

proteins can infect the cells of many murine and non-murine species. 

There are currently five known functionally distinct Xpr1 variants found in mice 

from diverse geographical locations, with differential susceptibilities to xenotropic and 

polytropic MLVs (88), suggesting that the overall evolutionary history is much more  
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Figure 9. Phylogenetic analysis of nonecotropic MLVs in the C57BL/6 genome  

Proviruses were detected using probe sequences specific for distinct subclasses of 

nonecotropic MLV env genes in BLAT searches, and complete proviral sequence 

information was used for phylogenetic reconstruction. Figure from (74), under the 

Creative Commons Attribution License. 
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complex. After the cloning of the mouse Xpr1 gene, several studies have mapped the 

domains and amino acid residues of the receptor critical for binding to the retroviral Env, 

using mutational analyses and chimeric Env proteins (99, 165, 180). Fig. 10 shows 

known Xpr1 variants present in geographically distinct populations of mice. The 

extracellular loops (ECL) 3 and 4 harbor the major determinants for viral entry; the 

important residues are highlighted and the differences between different alleles are 

shown. The most permissive allele is Xpr1sxv, the most common variant among several 

Mus subspecies, while the other four restrictive alleles (Xpr1n, Xpr1p, Xpr1c, Xpr1m) have 

differential abilities to restrict or mediate entry of different MLV Env types (Fig. 10). 

Two of the restrictive alleles Xpr1c and Xpr1m, parallel the species distribution of Xmv 

proviruses, suggesting they might have conferred a selective advantage to the mouse 

hosts (181). The only Xpr1 allele to fully restrict xenotropic MLV entry is Xpr1n, which 

is only found in laboratory mice to date (181). The origin of this specific allele remains 

unknown, as it has not been detected in any wild mouse species yet.  

Pathogenesis 

Retroviruses have a long history of pathogenesis, having been associated with 

various types of malignancies, immunodeficiencies and neurological abnormalities. In 

fact, the first retrovirus was discovered in relationship to cancer, when an avian retrovirus 

was isolated from a tumor in chickens (127). There exist several mechanisms by which 

retroviruses can induce malignancies, including disruption of tumor suppressor genes, 

insertional activation of oncogenes and through acquisition of oncogenes from the host 

cell.  
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Figure 10. Mouse Xpr1 Variants 

Putative structure of the Xpr1 cell surface receptor (upper panel) and the different mouse 

Xpr1 alleles found in distinct populations of mice. These alleles differ in their ability to 

support infection by xenotropic and polytropic MLVs, as well as two wild mouse isolates 

(CasE#1 and Cz524). Xpr1sxv stands for “susceptibility to xenotropic virus,” fully 

permissive for X/P-MLVs, while other alleles are resistant to two or more of the 

mentioned viruses. Xpr1n is only permissive to P-MLVs. Critical amino acid residues 

important for Xpr1 function and host range are indicated, along with their positions. 

Figure from (88), under the BioMed Central Open Access license agreement. 
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 Endogenous retroviruses are carried as part of the genome of the host species and 

are subject to the same forces of evolution as their host, resulting in the slow 

accumulation of mutations over time that can eventually render them inactive. However, 

there are intact endogenous proviruses that can be activated to produce infectious virus, 

through external stimuli, such as cellular stress and chemicals (1, 90), or through 

recombination with other endogenous or exogenous viruses (89). A well-characterized 

example of producing infectious retroviruses via recombination is the generation of 

highly pathogenic mink cell focus-forming (MCF) viruses that cause spontaneous thymic 

lymphomas in AKR mice (61, 147). A series of recombination events, whereby an 

endogenous Emv acquires the env gene from an endogenous Pmv, together with the U3 

region of LTR from an Xmv, leads to the production of highly infectious recombinant 

viruses with a broad host range and increased oncogenic potential (61, 147), and 

demonstrates the potential of endogenous viruses to become mobilized.  

Restriction Factors 

Recent discoveries regarding the close interaction of retroviruses with their hosts 

have uncovered a complex evolutionary history. In large-scale screening studies, 

numerous host factors have been identified, which HIV-1, and possibly other 

retroviruses, depend on for successful infection of the host (17, 87, 188). We will not 

discuss the characterization and possible mechanism of action of these genes. On the 

other hand, several cellular genes that inhibit various steps in the retroviral replication 

cycle have been identified, in humans, other primates and mice. Such molecules are 

generally referred to as “restriction factors,” some of which are constitutively expressed 

in cells, allowing an intrinsic line of defense against retroviruses, while others are 
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induced by type I interferons (IFN), forming part of the immune system. The evolution of 

some restriction factors, especially in the coding regions critical for their function, have 

occurred extremely rapidly compared to what would be expected from the natural rate of 

evolution, suggesting that they have been under strong positive selection enforced by the 

continuous exposure of the host organism to infectious pathogens. We discuss four of 

these restriction factors below. 

Fv1 

 One of the first clues regarding the presence of a host factor acting against 

retroviral replication came from studies of the susceptibility of inbred laboratory strains 

to leukemia caused by Friend virus (111). Among several such mouse genes identified 

that confer resistance to retroviruses, the Fv1 gene (for Friend virus susceptibility) was of 

particular interest, since its activity was dominant and seemed to act directly on the 

incoming virus, blocking a step in the replication cycle after reverse transcription and 

before integration (76). 

There are two major alleles of Fv1: the Fv1n allele, carried by NIH Swiss mice, 

poses a block to infection by B-tropic MLVs, and Fv1b, carried by BALB/c mice, impairs 

infection by N-tropic MLVs (60).  This blockade is not absolute, as it can be saturated by 

high multiplicity of infection. Further studies described two more alleles of Fv1: Fv1nr, 

which blocks B-tropic as well as some N-tropic MLVs, and the null allele, Fv10, with no 

restriction activity against either type of MLV. The Fv1 genetic locus was cloned in 1996 

and was found to be derived from the gag gene of an endogenous retrovirus related to the 

MuERV-L family of endogenous retroviruses (13).  
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The target of Fv1 is the retroviral capsid, acting at a step after reverse 

transcription but prior to integration, although the exact mechanism of restriction has not 

been elucidated. The amino acid residues at positions 109 and 110 determine 

susceptibility or resistance of the retrovirus to the activity of Fv1, with position 110 being 

the critical determinant (33, 113). Through mutational analyses, Fv1 domains responsible 

for restriction activity have been mapped to the N- and C-terminal ends of the Fv1 gene 

product, as well as specific residues in the major homology region (15). 

TRIM5α 

 HIV-1 is unable to infect many old world monkey cells due to a post-entry block 

(65). The gene responsible for this dominant restriction phenotype was identified as 

TRIM5α (148), which also poses an early post-entry block observed in many human and 

non-human primate cells (12, 32, 62, 159). TRIM5α directly recognizes the incoming 

retroviral CA, at the same residue (position 110) as Fv1, conferring specificity to the 

restriction phenotype (117). TRIM5α restriction of retroviruses occurs prior to 

completion of reverse transcription (177). Although the precise mechanistic details of 

restriction by TRIM5α have not been worked out, there is evidence that proteasome-

mediated degradation plays an important role (19, 148).  

APOBEC3G 

 Retroviral accessory genes can sometimes be dispensable for viral replication in 

certain tissue culture conditions; however they are strictly retained in the natural course 

of infection. For instance, the HIV-1 accessory protein “viral infectivity factor” (vif) is 

dispensable in some tissue culture systems, but is strictly maintained in natural infection. 



 40 

The observation that vif-deficient strains of HIV-1 could replicate in certain cell lines (i.e. 

permissive cells), but not in other cell lines or primary cells (i.e. non-permissive cells) 

suggested the presence of a host factor which is differentially expressed between 

permissive vs. non-permissive cells (48, 139, 170). Heterokaryons produced between 

permissive and non-permissive cells were restrictive towards the replication of vif-

deficient HIV-1, suggesting the presence of a dominant factor that inhibited replication in 

non-permissive cells, which is overcome by the Vif protein (95, 139). Using a cDNA 

subtraction strategy, which allowed the comparison of permissive and non-permissive 

cells, this host factor was identified as APOBEC3G (formerly CEM15) (134).  

APOBEC3G is a cellular cytidine deaminase that acts on single stranded RNA. 

The name stands for “apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 

3G.” There are 11 APOBEC members in humans, with variable editing abilities (59). The 

ability of APOBEC3G to block vif-deficient HIV-1 occurs through two distinct 

mechanisms: 1) cytidine deaminase activity-dependent negative strand RNA editing (98) 

and 2) deaminase-independent mechanism (108). APOBEC3G does not specifically act 

on HIV-1, as it was shown to have broad activity against several retroviruses (98).  

Tetherin 

Studies with the HIV-1 accessory protein “Viral Protein U” (Vpu) allowed the 

identification of yet another antiviral restriction factor. Similar to the findings leading up 

to the discovery of APOBEC3G, the inability of HIV-1 defective for the vpu gene to 

replicate in certain human cells suggested the presence of an antiviral block (52). The 

restrictive phenotype was dominant, as shown by heterokaryons, pointing to the direction 

of an inhibitory factor (167). The phenotype seen in vpu deleted strains of HIV-1 was 
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seemingly mature virus particles, which bud from the plasma membrane but could not be 

released (106). The finding that protease treatment could free these virions implicated a 

cell surface protein that tethered formed virions to the plasma membrane. This factor was 

identified in 2008, given the name tetherin (aka BST2/CD317, with unknown function) 

(107), and showed broad activity against not just retroviruses, but other virus families as 

well (77), suggesting it evolved as a common antiviral defense mechanism.  

 



 42 

INTRODUCTION-II: XMRV 

Discovery of XMRV 

Prostate cancer is one of the leading causes of illness and death among men. 

Family history of prostate cancer remains the greatest risk factor for this disease, 

highlighting the importance of genetic factors. In fact, numerous studies have established 

the association of a large number of genes, loci and polymorphisms with susceptibility to 

prostate cancer, although the significance or potential contribution of many of these 

candidates remain unresolved (109). One of the most well-established genes for 

susceptibility to hereditary prostate cancer (HPC) was mapped to the long arm of human 

chromosome 1 through genome-wide linkage analysis and given the name HPC1 (141). 

Cloning of the exact genomic locus followed, and the potential gene was identified as 

RNASEL (20). 

RNASEL is an important interferon-stimulated antiviral factor in the innate 

immune response. Several mutations in the RNASEL gene have been associated with 

susceptibility to hereditary prostate cancer, including a low-activity variant caused by an 

Arg to Gln substitution at residue 462 (22). The fact that a low activity variant of a gene 

important for the antiviral pathway is linked to prostate cancer suggested the potential 

involvement of a viral agent. In an effort to establish a relationship between RNASEL 

activity and the development of prostate cancer, Urisman et al. analyzed primary tissues 

from prostate cancer patients with different RNASEL variants (163). Using a DNA-based 

microarray (the “Virochip”) that contains well-conserved regions from ~950 sequenced 

virus genomes, and hybridizing PCR-amplified sequences from the tissues by random 

primers, the presence of a gammaretrovirus was indicated in a subset of prostate cancer 
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cases with the low-activity variant (R462Q) of RNASEL. Stretches of viral sequences 

were then amplified from prostate tissues and a full-length viral genome was obtained by 

assembling individual pieces of the genome. The virus was christened Xenotropic Murine 

Leukemia Virus-Related virus (or XMRV, for short) to connote its close relationship with 

xenotropic MLVs (163).  

XMRV Genome Structure 

The XMRV genome bears close resemblance to MLVs, with up to 95% identity 

along the entire length of its genome. The most closely related group is xenotropic MLVs 

denoted “X-MLV” for exogenous viruses, and “Xmv” for endogenous viruses (Fig. 9). 

However, the genome of XMRV is still clearly distinct from any MLV identified so far. 

It is found neither in the sequenced C57BL/6 mouse genome, nor among any of the 

endogenous or exogenous MLV sequences published in GenBank. The high percent 

sequence identity between XMRV and MLVs undoubtedly pointed to an origin in mice, 

and a potential cross-species transmission from mice to humans.  

The full-length XMRV genome is 8185 nucleotides long, with intact open reading 

frames and a xenotropic env gene. As is the case with other MLVs, gag-pro-pol genes are 

expressed via translational read-through of the stop codon at the end of gag, encoding a 

polyprotein, which is later cleaved to give rise to individual viral proteins. The alternative 

“CUG” start codon in the gag leader region of XMRV is followed by a stop codon, which 

prevents the synthesis of the glycosylated Gag (glycoGag) protein (163).  
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Association of XMRV with Prostate Cancer 

XMRV was first identified in human prostate cancer tissues. Parts of the viral 

genome were amplified by PCR, and later assembled into a full length clone (163). To 

provide further evidence of XMRV infection of primary human prostate tissues, XMRV 

DNA was detected by fluorescence in situ hybridization (FISH) and XMRV proteins 

were detected by immunohistochemistry (IHC) with a monoclonal antibody against 

SFFV Gag protein in the stromal cells surrounding primary prostate cancer tissues (163). 

A second study demonstrating XMRV infection in human tissues and its 

association with prostate cancer came from histological analyses of prostate resection 

specimens (133). 334 prostate specimens were examined using quantitative PCR (Q-

PCR) and immunohistochemistry (IHC) with anti-XMRV antiserum; a positive signal 

was detected in 6-23% of the samples, respectively (Table 1). Protein expression was 

primarily detected in malignant epithelial cells, suggesting potentially a direct link to 

tumorigenesis. Unlike the previous study, no association with the RNASEL genotype was 

found (133). 

A third study used three different approaches to assess XMRV infection in 

patients with prostate cancer: PCR, FISH and serological detection of neutralizing 

antibodies (8). 11 out of 40 patients had neutralizing antibodies against XMRV. Seven 

samples had enough biological material to perform the three assays, which gave 

“unequivocal” results: five were positive, while two were negative, using all three assays 

(8). The use of multiple methods to detect XMRV infection in human samples was 

important, due to the lack of consensus in results from different labs after several reports 

were published (see the section: Controversies Regarding Disease Association). 
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Association of XMRV with Chronic Fatigue Syndrome 

Chronic fatigue syndrome (CFS) is a debilitating disease of unknown etiology, 

characterized by extreme fatigue and a combination of several other symptoms, including 

pain, cognitive dysfunction and immune abnormalities. The diagnosis for CFS is often 

based on exclusion of other conditions, and there is no known biomarker for this disease, 

although several sets of international criteria have been established (21, 47). The absence 

of a biomarker, combined with the heterogeneity of the symptoms among different 

individuals, for many decades, has complicated the establishment of a unified definition 

for this disease, or a consensus regarding viable treatment options.  

In 2009, three years after the identification of XMRV in human prostate cancer, 

the same virus was detected in blood cells of 67% of patients with CFS compared to only 

3.7% of healthy controls (94). Several lines of evidence supported this finding. First, 

PCR on peripheral blood mononuclear cell (PBMC) DNA of CFS patients revealed that 

68/101 (67%) contained the XMRV gag sequence. Second, viral proteins were detected 

using different antibodies or antisera, including: i) a rat monoclonal anti-SFFV Env 

antibody (175), ii) goat antisera against whole mouse NZB X-MLV, and iii) a rat mAb to 

MLV p30 (24). In an intracellular flow cytometry (IFC) assay, 19/30 CFS samples 

reacted with the anti-MLV p30, but none of the 16 healthy control samples did, and the 

results were confirmed by Western blots (94). Third, co-culturing activated lymphocytes 

taken from patients and LNCaP cells, a prostate cancer cell line highly susceptible to 

viral infections due to a defect in the IFN pathway (36), revealed the presence of 

infectious virus that could be transmitted via both cell-associated and cell-free routes. 

Fourth, 9/18 patient plasma samples contained antibodies that reacted with SFFV Env, 
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while none of the seven healthy donors did. Taken together, the findings pointed to a 

significant association of XMRV with CFS (94).  

Although no causal relationship has been established between XMRV infection 

and the development of CFS symptoms, the detection of XMRV in such a high 

percentage of patients suggested that XMRV could at a minimum serve as a biomarker 

for CFS, given the variable definition and diagnostic criteria available for the disease. 

Furthermore, the presence of an infectious retrovirus in ~4% of the healthy population 

raised concerns about the safety of blood banks, leading to the organization of a multi-

center study to address the issue (137).  

XMRV Receptor Usage  

Shortly after the discovery of XMRV, a full-length viral genome (clone VP62) 

was assembled from individual pieces amplified from prostate tissue RNA. In tissue 

culture experiments with LNCaP and DU145 prostate cancer cells, XMRV proved to be 

infectious and susceptible to the IFN-β antiviral pathway (34). The expression of the 

human xenotropic/polytropic MLV receptor (XPR1) was also required for infection, 

showing that XMRV is indeed a xenotropic MLV (34). Moreover, a rat fibroblast cell 

line expressing the rat Xpr1, which supports XMRV entry, was rendered more 

susceptible to XMRV infection when the human XPR1 was stably introduced (102).  

Transforming Activity 

The XMRV genome does not carry extra viral genes that have transforming 

activity; neither does it carry a host-derived oncogene. Investigation of transforming 

activity of XMRV revealed that expression of infectious virus in cultured fibroblasts and 
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epithelial cells only induced very rare transformed foci, consistent with occasional 

indirect transformation that sometimes occurs due to the activity of retroviral Env 

proteins (102). When XMRV was grown on HT-1080 fibrosarcoma cells, one of the few 

foci that formed was found to produce a transforming virus at high titers. Closer 

examination of the virus produced by this foci turned out to be XMRV that had acquired 

the Nras oncogene from the host cells (103), demonstrating once again the ability of 

retroviruses to acquire oncogenes from the cells they infect, resulting in high 

transformation potential. 

Susceptibility of XMRV to Restriction Factors  

Infectious XMRV was reported to be isolated from PBMCs of CFS patients (94), 

which are known to express restriction factors such as APOBEC3G (A3G), APOBEC3F 

(A3F) and tetherin, with known antiviral activity against a variety of viruses, including 

retroviruses (107, 134). The apparent replication of XMRV in PBMCs suggested that 

XMRV might have evolved a strategy to avoid host restriction, even though it is not 

known to encode any accessory proteins. Three studies investigating the susceptibility of 

XMRV to human and mouse restriction factors revealed that XMRV replication is, in 

fact, severely blocked by several host defenses (16, 56, 114). 

Cell lines from different host species are highly variable in terms of supporting 

XMRV infection (56, 114). This variation does not depend on the variability in the level 

of XPR1 receptor expression in these cells, but rather the expression of various restriction 

factors. XMRV replication is restricted by human A3G, A3F and to some extent by A3B 

(56). It is also restricted by human tetherin, which has antiviral activity against a plethora 

of enveloped viruses (107). Moreover, XMRV does not seem to have evolved any means 
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of dealing with these host restriction factors, by acquiring accessory genes (like HIV-1 

vif) or developing secondary functions for its essential genes (like HIV-2 env), making it 

highly unlikely that it would succeed in establishing a persistent infection in primary 

human tissues. Human TRIM5α does not have any effect on XMRV replication (56). 

XMRV was also tested for its susceptibility to mouse restriction factors, even 

though it is not naturally found in any mouse species (56). Mouse Apobec3 and Tetherin 

can efficiently block XMRV. Interestingly, XMRV is inhibited by both Fv1N and Fv1B 

alleles, although its CA protein suggested that it might be B-tropic, based on the critical 

residue 110 (56). Restriction by both Fv1 alleles, to our knowledge, is unprecedented for 

an MLV.  

In a second study by Paprotka et al., expression of human A3F and A3G, and 

mouse Apobec3 in virus producing cells severely inhibited XMRV infection by 

incorporating into virions and hypermutating the viral DNA (114). Moreover, analysis of 

various cell lines for the expression levels of A3F and A3G revealed that the prostate 

cancer cell lines 22Rv1, DU145 and LNCaP, which support efficient XMRV replication, 

express much lower amounts of these restriction factors compared to the T-cell lines 

CEM and T9 (114).  

Susceptibility of XMRV to Antiretroviral Drugs 

There are currently close to 30 different drugs that are FDA-approved for 

antiretroviral therapy. With the potentially pathogenic status of XMRV for humans, drugs 

that were already available for other conditions were tested for their activity against 

XMRV in two studies. In a drug screening study, 45 compounds, 28 of which were 

previously approved for human use, were tested for their activity against XMRV 
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replication. XMRV is particularly susceptible to the integrase (IN) inhibitor raltegravir in 

a panel of human cell lines, including the MCF-7 (breast cancer) and LNCaP (prostate 

cancer) (140). A different integrase inhibitor (L-000870812) and two nucleoside reverse 

transcriptase (RT) inhibitors, zidovudine (AZT) and tenofovir (TDF), also blocked 

XMRV replication (140). Another study by Paprotka et al. analyzed a smaller set of 8 

antiretrovirals, reaching the same conclusion that XMRV was most potently blocked by 

AZT, tenofovir and raltegravir (114). AZT was also found in a screen of 10 compounds 

by Sakuma et al. as a potential XMRV inhibitor (128). 

Transcriptional Activity in Cell Lines 

XMRV is an infectious virus; it can be grown in tissue culture following 

transfection with a full-length viral clone, or through incubating with supernatants from 

infected cells (23, 34, 124). The ability of XMRV to grow is highly dependent on the cell 

type used, however. While the levels of XMRV protein production and RT activity, 

indicating virus production, rise very rapidly in various prostate cancer cells, XMRV 

growth and spread in other cell types such as 293T are very poor (124). The difference in 

the amount of virus production could be explained by the differential XMRV LTR 

activity in prostate cancer cells compared to other cell types. Using luciferase reporter 

constructs, Rodriguez et al. showed that the XMRV LTR is extremely active in prostate 

cancer cells. The transcriptional activity of XMRV LTR in 293T cells could be increased 

to levels seen in prostate cancer cells by co-expressing androgen receptor (AR) and 

treating with an AR agonist such as dihydrotestosterone (DHT), suggesting that it is the 

transcriptional environment in these cells that made the XMRV LTR so active. The 

determinant for this transcriptional activation lies in the glucocorticoid response element 
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(GRE) in the U3 region of XMRV LTR: when a reporter construct with a mutated GRE 

sequence is used, the high transcriptional activity of the XMRV LTR in prostate cancer 

cells is lost (35, 124). These findings are consistent with the findings of Dong et al., 

where DHT treatment resulted in increased LTR activity in cells expressing AR, such as 

LNCaP cells, but not in DU145 cells, which do not express AR (35). In summary, the 

data suggest that the transcriptional environment in certain prostate cancer cells is very 

suitable for XMRV growth, and that XMRV LTR is very responsive to the effects of 

androgen in AR-expressing cells.  

Integration Site Preference 

Retroviral integration into the host genome exhibits only modest sequence 

specificity, but is not random. In an effort to investigate retroviral integration site 

targeting on a nucleotide scale, Holman et al. analyzed base preferences surrounding 

published integration sites of HIV-1, ASLV (avian sarcoma/leukosis virus) and MLV 

from experimental infections (69). For the three viruses examined, highly significant 

symmetrical base preferences were found at positions immediately surrounding the 

integration site, with the significance decreasing as the distance from the integration site 

increased (69).  

Retroviral integration site selection is also affected by the many features of the 

host genome, including the presence of nucleosomes, genes, chromatin structure, DNase 

hypersensitive regions, bent DNA, GC content, and primary sequence preferences 

(reviewed in (18)). Studies analyzing nearly 900 integration sites of murine leukemia 

viruses in HeLa cells revealed a strong preference for integration near the transcriptional 

start sites of genes (178). XMRV being most closely related to MLVs, Kim et al. 
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investigated whether XMRV had the same integration site preference as other MLVs 

(82). DU145 prostate cancer cell line was infected with XMRV, and 472 unique 

integration sites were mapped to the human genome. The genomic locations of XMRV 

integration was consistent with a strong preference for regions with features associated 

with open chromatin, such as transcription start sites, CpG islands and DNase 

hypersensitive sites. A later study by the same group also showed 13 out of 15 clonal cell 

lines expanded from infected DU145 cells had the correct 4 bp target site duplication 

(TSD), typically observed in MLV integration (83). A weak, palindromic consensus 

sequence was also detected in the mapped XMRV integration sites (83). 

A large-scale integration mapping study was conducted in primary CD4+ T-

lymphocytes infected with XMRV or an MLV-based vector. Analysis of over 32,000 

unique integration sites by 454 pyrosequencing revealed that integration was favored at 

the predicted nucleosome locations, near the region facing the major groove of DNA 

(126), suggesting that a preference for DNase I hypersensitive regions did not necessarily 

imply integration into nucleosome-free regions. Importantly, the integration site 

preference of XMRV does not show differences compared to other MLVs, essentially 

stating, once again, the fact that XMRV indeed behaves like an MLV.  

Animal Models for XMRV 

The pathogenic potential of XMRV for humans prompted research into creating 

animal models to study the properties of XMRV infection in vivo. An inbred laboratory 

mouse model for XMRV infection did not seem plausible for two reasons. First, most 

laboratory strains of mice carry the Xpr1n receptor variant that is non-permissive to 

XMRV infection (88). However, a large-scale analysis of wild-derived strains revealed 
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that many wild mouse strains carry different Xpr1 alleles, some of which support XMRV 

entry. Second, MLV proviruses found in the genomes of inbred strains would most likely 

complicate the analysis during the course of infection, as endogenous proviruses could be 

expressed and/or mobilized by XMRV. Some wild mice strains distantly related to inbred 

laboratory strains carry either very few or no endogenous MLVs. For these reasons, the 

usage of wild mouse strains as an animal model for XMRV became an attractive 

possibility.  

Sakuma et al. examined the potential of the wild-derived strain Mus pahari to 

serve as a small animal model (130). After showing that the M. pahari cells were 

susceptible to infection by XMRV, adult and neonatal mice were injected with XMRV. 

Proviral DNA was detected in the blood cells and in the spleen and brain. Moreover, 

XMRV-specific neutralizing antibodies could be detected in the plasma from infected 

mice. Viral genomes isolated from infected mice showed extensive G to A 

hypermutation, consistent with previous data regarding the mouse Apobec3-based 

restriction of XMRV (16, 56, 114).  

Another study to create an animal model for XMRV infection employed Indian 

rhesus macaques (112). XMRV was infectious in the macaques tested, establishing a 

persistent infection in specific organs and tissues after intravenous injection, even though 

the level of cell free virus was mostly below the limit of detection after the initial phase 

of viremia. Strikingly, XMRV was targeted preferentially to prostatic epithelium and the 

reproductive tract, consistent with its suspected role in the development of prostate 

cancer (112). 
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Detection of Integration Sites in Human Samples 

One of the most compelling pieces of evidence to demonstrate infection of human 

cells by a retrovirus is to identify integration sites in the genomic DNA from the infected 

tissue. To do this, Kim et al. examined XMRV-positive prostate tumor tissues from 

biopsies, and cloned the junction between the human genome and the provirus, providing 

further support to the previous data on infection of human tissues (83). 14 XMRV 

integration sites in the human genome were cloned. 

XMRV integration sites from human tissues were cloned in the same study that 

determined hundreds of integration sites from experimentally infected DU145 cells (82). 

Surprisingly, a study by Garson et al. later showed that at least 2 out of these 14 

integration sites were in fact derived from XMRV infected DU145 cells (49). The two 

integration loci were identical base-to-base to the loci mapped in tissue culture 

experiments, and since it was statistically close to impossible that integration would 

occur at exactly the same spot in the human genome, the flanking host sequences were 

most likely derived from DU145 cells (49). While this finding did not necessarily rule out 

the authenticity of the remaining 12 clones, it pointed to the possibility of PCR 

contamination for those sites as well. 

A Human Prostate Cancer Cell Line Produces XMRV  

Association of XMRV with prostate cancer suggested a role for XMRV in the 

development of this disease, although XMRV had not yet been found in prostate 

carcinoma cells. Analysis of a human prostate cancer cell line, 22Rv1, revealed the 

production of a gammaretrovirus particle by electron microscopy (84). Moreover, the 
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supernatant from 22Rv1 cells produced infectious virus that could rescue and transfer a 

defective retroviral vector, suggesting the presence of infectious virus. Further analysis of 

the viral genome revealed that it was identical to the XMRV sequences previously 

detected in patient samples (84, 114).  

The 22Rv1 cell line was established by passaging a prostate tumor as xenografts 

in nude mice (105, 119, 142, 172). The production of XMRV by 22Rv1 cells was 

assumed to indicate that the original prostate cancer patient, whose tumor eventually gave 

rise to the cell line, was infected with this virus (84). Further studies from our laboratory 

proved this assumption to be incorrect (explained in the Results section). 

Lack of Sequence Variation between Isolates 

Retroviruses are rapidly evolving entities, due to the highly error-prone nature of 

reverse transcriptase enzyme and the selection forces from the host species that result in 

the amplification of mutants that can escape host restriction factors and immune 

responses, which the virus must overcome in order to successfully replicate. Such a 

selection process is particularly evident in the case of HIV infection, where treatment 

with a single antiretroviral drug results in the rapid selection of drug-resistant mutants, 

which were presumably already present among the virus pool in the individual prior to 

therapy.  

Full-length XMRV sequences detected from prostate cancer patients (VP62, 

VP42 and VP35) (163) and CFS patients (WPI-1106, WPI-1178) (94) showed ~ 99% 

identity to each other. This was quite an unexpected result, considering the many rounds 

of reverse transcription the virus must have gone through in different individuals. Even 

though the viruses showed single nucleotide differences at various positions along their 



 55 

genomes, the degree of variation among isolates was not entirely consistent with XMRV 

being a replicating and transmissible human retrovirus. In fact, analysis of XMRV 

sequences produced by 22Rv1 cells showed broader diversity compared to the sequences 

reportedly isolated from patients, suggesting that the 22Rv1 isolates must be ancestral to 

all clinical isolates (71). Although other studies that amplified XMRV fragments from 

22Rv1 genomic DNA did not find the same degree of variation (Mary Kearney and 

Tobias Paprotka, unpublished results), the lack of variation among the clinical isolates 

still remained a significant concern. To put things in perspective, the diversity of viral 

sequences present in a single HIV infected individual is far broader than the diversity of 

XMRV sequences detected in different individuals, at different times, from different 

geographical locations (71).  

Detection of MLV-Related Sequences in CFS Patients 

The identification of XMRV in the cells and serum from a large fraction of CFS 

patients prompted numerous studies on samples previously collected from patients that 

were kept in tissue repositories. While almost all of these studies failed to find XMRV, 

one study by Lo et al. reported the detection of not XMRV, but other MLV-related 

sequences from the PBMCs of 32/37 CFS patients and only in 3/44 healthy controls (92). 

The results were assumed to imply that the findings of Lombardi et al. had been 

replicated, and that there were a number of variable MLV sequences potentially 

circulating in the human population. Unlike the Lombardi et al. study, however, the only 

method used to analyze samples was by PCR, and no full-length virus genome was 

amplified. No proteins, antibodies or infectious virus was recovered (92). 
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The sequences detected were quite variable compared to each other and to 

XMRV; they were either identical or had very high sequence identity to known 

endogenous mouse proviruses found in over a hundred copies per mouse cell, which 

immediately raised concerns about potential mouse DNA contamination. Although the 

authors used an assay to amplify mouse mitochondrial DNA to control for mouse DNA 

contamination and found none, the sensitivity of the assay and the discrepancy of 

mitochondrial copy number calculations caused the possibility of mouse DNA 

contamination to remain a valid concern. Numerous studies conducted following the Lo 

et al. study highlighted the rightful prudence of such concerns.  

Mouse DNA Contamination of Laboratory Reagents 

Despite the inclusion of apparently adequate controls in studies like that of Lo et 

al., mouse DNA contamination remains a significant concern (92). Extremely small 

amounts of DNA, from as little as one one-hundredth of a cell, contain enough provirus 

sequences to yield false positives with internal provirus specific primers. In fact, two 

recent studies have described the detection of MLV-like sequences in samples from 

patients and/or healthy controls, where every positive sample turned out to be positive for 

mouse genomic DNA (110, 123) (see Results). Several other studies further supported the 

idea of mouse DNA contamination, where potential sources of MLV genome 

contaminants, most likely from mouse genomic DNA, were discovered in commercially 

available laboratory reagents and kits, particularly Taq DNA polymerase containing a 

mouse monoclonal antibody (38, 71, 85, 131, 135, 162, 187). It has also been suggested 

that microtomes used for both laboratory and clinical samples could carry traces of 

mouse DNA over to human pathology samples, possibly including the fixed and archived 
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prostate cancer specimens analyzed by Robinson et al (123). Cross-contamination from a 

laboratory robot used for XMRV more than a year previously has also been reported 

(135). Taken together, these findings call for caution before interpreting the data and the 

need for very sensitive assays to detect mouse DNA contamination, when endogenous 

MLV sequences are detected by PCR from human samples. 

Controversies Regarding Disease Association  

The first reports describing the association of XMRV with prostate cancer and 

CFS seemed to rely on compelling evidence. The percentage of positives in disease cases 

were much higher than that of controls, full length viral sequences were PCR amplified 

(94, 163), XMRV DNA and protein were detected in primary human tissues (163), and 

infectious virus was recovered from the blood cells of CFS patients (94). However, 

subsequent studies failed to reproduce not only the association of XMRV infection with 

prostate cancer and CFS, but also its presence within the human population entirely 

(reviewed in (30)). Initial studies that failed to find the virus were approached with 

caution; rather than doubting the presence of XMRV in the human population, many 

potential explanations were provided, including geographical differences, description of 

the patient cohort and variation in the detection techniques used. When more and more 

studies reporting the absence of XMRV in large patient cohorts from around the world 

started to accumulate, however, the status of XMRV as a human pathogen was seriously 

challenged. 

Table 1 lists all XMRV disease association studies published as of September 

2011. The studies listed include those that analyzed the association of XMRV with 

prostate cancer, CFS, other diseases of poorly described etiology, and those that assess 
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the prevalence of XMRV in high-risk individuals, such as patients with compromised 

immune systems. The majority of such studies failed to replicate the findings of the initial 

reports, despite the use of numerous highly sensitive methods in large patient 

populations. Unfortunately, studies that yield data supporting the lack of association or of 

a virus in a given population are almost always less interesting to the public than positive 

studies. However, two very well designed replication studies by Shin et al. and Knox et 

al. merit further discussion, since they undoubtedly laid to rest a long-standing argument, 

which stated that the lack of detection of XMRV resulted from the variation in the 

detection techniques used or the selection criteria for the patient population (85, 135). 

The only report that has claimed to find XMRV-positive CFS patients came from 

a research institute (Whittemore-Peterson Institute (WPI), Reno, Nevada) and the 

commercial branch of the same institute (VIPdx, Reno, Nevada) (94). Knox et al. used 

two patient populations (85): The first population (P1) consisted of the WPI cohort used 

in the original CFS association study, where banked samples were available for analysis 

and 26/41 samples had previously tested positive by WPI/VIPdx (94). The second patient 

population (P2) was selected by the history of reported XMRV positive status (26/29), 

again by WPI and VIPdx, but this time blood was freshly collected from the patients and 

analyzed. The analyses included PCR and RT-PCR, assays for infectious virus isolation 

and detection of virus-specific antibodies. No evidence for XMRV was found in any of 

the patient samples tested using all of the mentioned methods, which would have detected 

the virus if it were present. Interestingly, 19/41 patients in the first cohort had their blood 

drawn on the same day by the same phlebotomist; one tube of blood being sent to VIPdx, 

and the other tube to the Wisconsin Viral Research Group medical practice. 
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Table 1. Association of XMRV with human disease  

A list of published studies investigating the association of XMRV with human disease (as 

of September 2011). PC, prostate cancer; CFS, chronic fatigue syndrome; CSF, 

cerebrospinal fluid; ALS, amyotrophic lateral sclerosis; HepC, Hepatitis C; PID, pediatric 

idiopathic diseases; SpA, spondyloarthritis; RTI, respiratory tract infection; LT, lymphoid 

tissue; BM, bone marrow. 1Positive signal is based on the methods used in the study, and 

does not necessarily mean the detection of XMRV specifically, esp. when no sequences 

were reported. 2Location the samples were collected and/or kept, only loosely indicating 

where the patients were from, but not necessarily the nationality of the population tested. 
3In these cases, mouse DNA contamination of assays was reported. 4Other conditions 

include patients with rheumatoid arthritis, organ transplants, or admitted for general 

medical care.  
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In contrast to the findings of Knox et al., 53% of the patient samples were reported as 

being XMRV-positive by VIPdx, seriously calling into question the validity of this non-

FDA approved commercial test.  

Shin et al. analyzed blood samples from 100 CFS patients and 200 healthy 

controls for the presence of XMRV using multiple methods, including four different 

TaqMan qPCR assays, ELISA assay to detect XMRV proteins and growing the virus in 

tissue culture (135). In addition, samples from 14 patients, previously reported by WPI to 

be XMRV-positive, were freshly collected by a third party phlebotomist and tested using 

the same assays. Every single sample tested was negative, using molecular, serological 

and culturing techniques, including those previously reported as positive by WPI/VIPdx.  

These two studies used the same patient population and the same assays as the 

original study linking XMRV to CFS, ruling out the argument that lack of detection was 

due to the use of different methods or different patient populations. Considering the large 

number of negative studies published until then, where no XMRV was found in large-

scale human screening studies (Table 1), a more credible hypothesis was supported; that 

the detection of XMRV may have been, in fact, due to assay contamination.  

 In the present study, we investigated the origin of XMRV. We identified two 

previously unknown ancestral MLV proviruses, which generated XMRV by 

recombination in the laboratory. We analyzed the distribution of these proviruses in wild 

and inbred mice, and found the species distribution to be rather different, only being 

found in the same mouse in a few laboratory strains. Our findings indicate that XMRV 

was created in the laboratory, and its detection in human samples represents an artifact, 

rather than an infectious virus circulating in human population. 
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MATERIALS & METHODS 

Mouse DNA Samples  

Some of the mouse DNA samples were kindly provided by the following 

individuals: M. cervicolor popaeus (J53), M. caroli (J136), M. cookii (J135), M. 

spicilegus (Halbturn) (J131) from Christine Kozak (NIAID, Bethesda, MD); M. 

macedonicus (XBS), M. cervicolor cervicolor (CRV), M. musculus bactrianus (BIR), M. 

famulus (FAM), M. platythrix (PTX), M. spicilegus (ZRU), M. musculus musculus 

(MPB) from François Bonhomme (ISE, Montpellier, France); C57BR/cd, LPT/Le 

NZW/Lac, PWK/Ph, WMP/Pas and BALB/c (Sigma) from Greg J. Towers (UCL, 

London, UK); Harlan Sprague Dawley (Hsd) and NIH-Swiss nude mouse DNAs were 

obtained from Harlan Laboratories, Indianapolis, IN. M. dunni DNA was prepared from 

tail fibroblast (MDTF) cells. NCRNU-M DNA was purchased from Taconic Farms. 

NU/NU DNAs were prepared from spleens purchased from Charles River Laboratories 

(Wilmington, MA). 14 AKXL recombinant inbred mouse DNAs were kindly given by 

Wayne Frankel (The Jackson Laboratory, Bar Harbor, ME). All other mouse genomic 

DNA samples were purchased from The Jackson Laboratory (Bar Harbor, ME). A list of 

all mouse strains used in this study is given as part of Table 3. 

Polymerase Chain Reaction 

All PCRs were performed using either a BioRad C1000 Thermal cycler or an MJ 

Research Peltier Thermal Cycler PTC200. For screening experiments and host-virus 

junction DNA amplification, 50 ng of mouse genomic DNA was used per 25 µl reaction. 

GAGr is specific for the XMRV gag leader deletion, XmU3f is specific for the 2-nt 
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insertion in the U3 region of the XMRV LTR, while XF6 just upstream of XmU3f in the 

U3 region would amplify many endogenous MLVs. To amplify PreXMRV-2 host-virus 

junctions, flanking primers for chromosome 12 were used in combination with internal 

provirus primers 129-1R and envOUT1 respectively. To amplify PreXMRV-1 host-virus 

junctions, flanking primers for chromosome were used with XgR2 and XF6, respectively. 

β-actin was amplified using BA-F and BA-R primer set, which amplify both mouse and 

human β-actin. Mouse IAP elements were amplified using IAP-F and IAP-R. Site 

directed mutagenesis was performed using the Quikchange kit (Stratagene), according to 

manufacturer’s recommendations. 

Primers and Probes 

 A list of the primers and probes used in this study are given in Fig. 11, together 

with a cartoon showing the positions of primers used for provirus and flanking DNA 

amplification.  

Single Genome Sequencing 

Three fold serial dilutions of mouse genomic DNA were amplified with primer set 

303F and 1018R in the first round, then with 419shF and 628R in the second round, 10 

reactions per dilution. The dilution at which 3/10 reactions are positive was selected, 

nested PCR was performed in 96-well format, and reactions were analyzed by 

electrophoresis on pre-cast 2% E-gels (Invitrogen). Positive reaction products were 

digested with BsaAI (NEB); fragments that remained undigested were isolated using gel 

purification kit (Qiagen) and sequenced to confirm the gag leader deletion.  
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Figure 11. Oligos used in the study 

Primers for detecting XMRV, PreXMRV-1 and PreXMRV-2 are depicted in the cartoon 

(upper panel, not drawn to scale). Names, lengths and sequences of the primers and the 

one probe used in this study are listed (lower panel). 
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Integration Site Mapping  

The integration sites for PreXMRV-1 and PreXMRV-2 in the mouse genome 

were identified using the GenomeWalker™ Kit (Clontech) according to the 

manufacturer’s recommendations, with some modifications. To clone the PreXMRV-2 

integration site, DBA/2J genomic DNA was digested with six restriction enzymes 

separately (NEB), and fragments with overhangs were blunted with the Quick Blunting 

Kit (NEB). Adaptors supplied with the kit were ligated to fragment ends to construct 

genomic DNA libraries, which were serially diluted to avoid generation of recombinants 

during PCR. Nested PCR was performed with two sets of adaptor-specific primers (AP1 

and AP2) provided with the Genome Walker™ kit and provirus-specific primers, 129-1R 

and 129-2R, on diluted libraries. Fragments from the first round of PCR were also 

subjected to BsaAI digest (NEB) to prevent most proviruses without the gag leader 

deletion from being amplified in the second round. A single band was observed after the 

second PCR, which was cloned into pCR4-TOPO (Invitrogen). Clones were screened for 

the presence of >1.2-kb insert as well as the absence of the restriction site by BsaAI 

digest by PCR; those that passed both tests were sequenced. Five such clones revealed 

identical fragments containing the gag leader deletion, a complete 5’ LTR and flanking 

cellular DNA, which mapped to mouse chromosome 12.  

To clone the integration site of PreXMRV-1, C57L/J DNA was subjected to the 

same process as described for PreXMRV-2. Two of the restriction enzymes chosen were 

ApaLI and Hpy166II, both of which would digest most C57BL/6 MLVs in the LTR 

upstream of the provirus primer binding site and prevent their amplification, but would 

leave PreXMRV-1 intact to be amplified. Nested PCR was performed with AP1 and AP2 
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supplied with the kit, and provirus-specific primers XgR1 and XgR2. Fragments were 

cloned, sequenced and screened as mentioned for PreXMRV-2. The correct clones with 

PreXMRV-1 LTR and flanking sequence mapped the provirus to mouse chromosome 3.  

Cell Lines  

In general, cells were maintained in DMEM F-12 medium (Gibco) supplemented 

with 10% FBS and 1X Pen/Strep. LNCaP cells (CRL-1740) were grown in RPMI-1640. 

293-iGFP-puro (DERSE-293) and LNCaP-iGFP-puro (DERSE-LNCaP) cells were 

kindly given by KyeongEun Lee and Vineet KewalRamani (NCI, Frederick), and kept in 

DMEM + 10% FBS + 1 µg/ml puromycin and RPMI + 10% FBS + 1 µg/ml puromycin, 

respectively. 

Transfections 

Cells were plated the day before transfection to reach ~50% confluency at the day 

of transfection. The reaction described is for a 35 mm cell culture plates, for larger 

volumes, the reaction volume has been scaled proportionately. The DNA to be 

transfected was mixed with 6 µl CaCl2 (2.5M) and filled with water to a total volume of 

60 µl in a microcentrifuge tube. In a separate tube, 60 µl of 2XHBS was placed. The 

DNA+CaCl2+water mixture was added dropwise to 2XHBS while bubbling the HBS 

with a pipette. The combined mixture was vortexed, incubated at room temperature for 

20-30 minutes to allow complexes to form, and added dropwise to the media present on 

the cells. Transfection medium was replaced with fresh medium after 12-16 hours of 

incubation. Assays were performed after an additional 24 hours.  
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Virus Production and Infection 

 Viruses were produced either by transient transfection or from cell lines 

chronically infected with the viruses. Transfected cells were allowed 48 hours for 

expression and release of virus particles from cells. Supernatant was collected, filtered 

through 0.45µ filters, and frozen at -80ºC or used directly on cells. To concentrate the 

virus, supernatants were placed on a sucrose cushion (20% sucrose solution + 1mM 

EDTA) and ultracentrifuged at 30,000 rpm for 90 minutes to pellet the virus. The pellet 

was resuspended in 100 µl PBS and used for infections or further assays. 

Unblots 

Unblots were performed as described previously, with slight modifications (145). 

The gL1 probe for detecting the gag leader deletion was end labeled with 32P γ-ATP 

using polynucleotide kinase (NEB) at 37oC for 1 hr and the labeled probe was cleaned 

using Micro Bio-Spin chromatography columns (BioRad). Mouse genomic DNA (15 µg) 

was either directly digested with BsmI or Eco53KI (NEB) or was first obtained by whole 

genome amplification from much smaller quantities using the REPLI-g Midi Kit 

(Qiagen) and phenol extraction. Digested genomic DNA samples were electrophoresed 

on a 0.9% agarose gel for 20-30 hours, the gel was dried under vacuum, and DNA was 

visualized by EtBr staining. The dried gel was denatured for 15 min in 0.5 M NaOH, 1.5 

M NaCl, neutralized for 15 min in 1 M Tris-HCl, 1.5 M NaCl, pH=8.0, and hybridized 

overnight with the radiolabeled probe (7.5 x 106 cpm) in hybridization buffer (5xSSPE, 

0.1% SDS, pH=7.4). The hybridized gel was washed (2xSSC, 0.1% SDS), and subjected 

to autoradiography. 
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RESULTS 

Disclaimer: The following work has been or is in the process of being published in 

various scientific journals. I have taken the liberty to copy paragraphs verbatim from 

such material, with permission. Some of the experiments described in this section were 

performed in the laboratories of our collaborators: Dr. Vinay Pathak’s group at the 

National Cancer Institute, Frederick, MD and Dr. Brigitte Huber’s group at Tufts 

University, Boston, MA. These data have been included for the sake of completeness, and 

they formed parts of the following publications: 

1. Paprotka T*, Frankenberry KAD*, Cingöz O*, Martinez A, Kung HS, Tepper CG, 
Hu WS, Fivash M, Coffin JM, and Pathak VK. “Recombinant Origin of the 
Retrovirus XMRV” Science, 2011, Jul 1;333(6038):97-101. (*Equal contribution) 

2. Cingöz O, Paprotka T, Frankenberry KAD, Pathak VK and Coffin JM. “Discovery, 
analysis and distribution of the two XMRV ancestors.” Journal of Virology, 2011 
Virol. 2012 Jan;86(1):328-38. 

3. Cingöz O and Coffin JM. “Endogenous Murine Leukemia Viruses: Relationship to 
XMRV and MLVs Detected in Human DNA Samples” Advances in Virology, 2011. 
Article ID 940210. Review. 

4. Tipper CH*, Cingöz O*, Coffin JM. “Mus spicilegus endogenous retrovirus HEMV 
uses murine sodium-dependent myo-inositol transporter 1 as a receptor” [Under 
Review], 2012. (*Equal contribution) 

5. Oakes B, Tai AK, Cingöz O, Henefield MH, Levine S, Coffin JM, Huber BT. 
“Contamination of human DNA samples with mouse DNA can lead to false detection 
of XMRV-like sequences.” Retrovirology. 2010;7(1):109. 

6. Robinson MJ, Erlwein OW, Kaye S, Weber J, Cingöz O, Patel A, Walker MM, Kim 
WJ, Uiprasertkul M, Coffin JM, McClure MO. “Mouse DNA contamination in 
human tissue tested for XMRV.” Retrovirology. 2010;7(1):108. 
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A Sensitive Assay for Detection of Mouse DNA  

As noted in the introduction section, Lo et al. reported the detection of not 

XMRV, but MLV-like sequences in blood samples from patients with CFS (92). 

Similarly, two studies by our collaborators analyzed DNA from the blood of CFS patients 

and frozen prostate tissues, for the presence of XMRV and MLV-like sequences. In the 

first study, Robinson et al. found that 14/282 of UK prostate cancer cases, 5/139 of 

Korean and 2/6 of Thai cases tested positive for amplification with XMRV primers (123). 

In the second study by Oakes et al., positive amplification results were obtained in very 

few samples from CFS patients, but in many of the samples from healthy controls, which 

had been processed at a different time with a slightly different protocol (110). We will 

explain the second study in more detail. 

Oakes et al. analyzed frozen blood samples from CFS patients for the presence of 

XMRV and/or MLV sequences. In a qPCR assay, the cases or the poorly matched control 

samples were all negative (110). Interestingly, a nested PCR assay using XMRV gag 

primers revealed 19/36 positives in control samples, but only 2/112 of CFS samples. 

Sequencing of short virus-derived products revealed extensive variation in sequence, 

although all were closely related and some were identical to known endogenous mouse 

proviruses. Fig. 12 shows a neighbor-joining tree derived from the detected patient 

sequences (names starting with TH; each sequence given a unique number), as well as the 

corresponding gag region from known endogenous and exogenous MLV sequences.  

The patient sequences detected in this study clustered with various MLV 

subgroups (Fig. 12), similar to what would be expected if a DNA template with a mixed  
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Figure 12. A neighbor-joining tree of gag fragments detected from CFS patients 

382 bp gag fragments from patient samples (TH#, red) are shown with the corresponding 

region from XMRV isolates (yellow), endogenous MLVs of C57BL/6 (Xmv, purple; 

Pmv, blue; Mpmv, green) and some exogenous MLVs (pink). Figure from (110), under 

the BioMed Central Open Access license agreement. 
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population of MLV sequences (such as mouse DNA) were to be included in the reaction. 

In fact, this experiment was done, where trace amounts of mouse DNA were included in 

a PCR and amplified using MLV primers (Mary Kearney, unpublished results, and (25)). 

A comparison of neighbor-joining trees constructed from the sequences detected by 1) Lo 

et al. (CFS patients) 2) Oakes et al. (CFS patients) and 3) Kearney et al. (mouse DNA) is 

shown in Fig. 13. As with the Lo et al. sequences, those of Oakes et al. fit perfectly 

within the endogenous MLV phylogeny.  

To test whether the presence of these MLV sequences could be explained by 

contamination of the assay with mouse DNA, we developed a very sensitive assay to 

detect mouse DNA sequences that relied on the presence of intracisternal A-type particles 

(IAPs), LTR retroelements found over a thousand copies per mouse genome (120), and 

not cross-reactive with any sequence in the human genome despite the presence of 

distantly related IAP elements. The assay relied on simple PCR detection with primers 

directed to a conserved region in the LTR of mouse IAP elements. The samples were also 

tested for the presence of mouse mitochondrial DNA.  

Amplification results indicated that there was a perfect correlation between the 

presence of a positive PCR gag signal and of mouse DNA (Table 2), suggesting that the 

detected sequences represent MLV proviruses amplified from the contaminating mouse 

DNA, rather than infection of humans with a gammaretrovirus (110). Although the exact 

source of mouse DNA contamination could not be fully determined, there were several 

recent examples of laboratory reagents found to contain trace amounts of mouse DNA, 

resulting in the generation of false positive results in PCR amplification assays with 

MLV primers (38, 85, 131, 135, 162, 187). Taken together, our results demonstrated the  
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Figure 13. Phylogenetic analysis of XMRV/MLV sequences 

Left panel; Sequences detected in samples from banked CFS patients by Oakes et al. 

(110). Middle panel; Sequences detected by single genome sequencing on serial dilutions 

of mouse DNA (Mary Kearney, unpublished results). Right panel; MLV-like sequences 

detected in the study by Lo et al. (92). Note the similar positions occupied by MLV 

sequences in the three different studies, as would be expected if MLV sequences were to 

be amplified from small amounts of mouse genomic DNA. Figure from (25). (The 

authors retain the copyright.) 
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Table 2. Correlation of MLV sequence detection with mouse DNA contamination 

DNA samples from CFS patients (n=112) and healthy controls (n=36) were tested by 

PCR for the presence of MLV gag (column 1), mouse mitochondrial DNA (column 2) 

and mouse IAP elements (column 3). In all cases, samples that were positive for MLV 

gag sesquences by PCR were also positive for mouse DNA. Table from (110), under the 

BioMed Central Open Access license agreement. 
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ease with which assays could be contaminated with mouse DNA, complicating the 

distinction of false positive results from true human infections.  

Searching Mouse Genomes for XMRV-like Elements 

The sequence similarity between XMRV and murine leukemia viruses (MLVs) 

strongly suggests that XMRV originated from one or more MLVs. Despite the degree of 

sequence identity, the XMRV genome is clearly distinct from all known Xmv proviruses, 

and it is not found in the sequenced C57BL/6 mouse genome. We hypothesized that 

XMRV, or an ancestral provirus, must be present in the genomes of other inbred or wild 

mouse strains. We developed several assays to screen various mouse genomes in an effort 

to identify the ancestral provirus(es) that gave rise to XMRV. Four strategies were 

employed to search for XMRV-like sequences in mouse genomes.  

1. XMRV-Specific PCR Assay 

The XMRV genome shows up to ~95% identity with some MLVs, found as both 

endogenous and exogenous viruses (163). To detect XMRV-like sequences in mouse 

DNA, first a highly specific PCR assay was designed that selectively amplified the 5’ 

region of the XMRV genome, but not any of the endogenous MLVs in C57BL/6 (74) 

under the conditions used (115). Due to the sequence similarity between XMRV and 

endogenous MLVs, primer selection for PCR was restricted to regions of the provirus 

that were sufficiently divergent. One of the features that distinguish the XMRV genome 

from most other MLVs is a 24-bp deletion in its gag leader region, relative to exogenous 

and some endogenous MLVs (or a 15-bp deletion relative to most endogenous MLVs) 

(Fig. 14A). This deletion was initially thought to be specific for XMRV, but has recently 
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been detected in a provirus in the whole genome shotgun (WGS) sequence of an inbred 

strain, 129X1/SvJ (GenBank ID: AAHY01591888.1) (31), and later in a provirus in a few 

other strains using deep sequencing (71). To specifically detect XMRV, a reverse primer 

(GAGr) spanning the gag leader deletion was used in combination with a forward primer 

(XmU3f), which includes a 2-bp insertion unique to XMRV U3 region (Fig. 14A). The 

sensitivity and specificity of the assay was assessed by amplification of XMRV 

sequences from as little as 30-100 pg of genomic DNA (~5-16 cell equivalents; ca 100-

300 proviruses) from the XMRV-infected 22Rv1 cell line in the absence or presence of 

50 ng of C57BL/6 DNA, respectively (Fig. 14). 

In the initial screen with the XmU3f-GAGr primer set, XMRV-specific sequences 

were not found in any of the 46 wild-derived or 48 laboratory mouse strains tested (115) 

(for a complete list, see Table 3), while the 22Rv1 control cell line was always positive, 

implying that no endogenous provirus 100% identical to XMRV was present in these 

strains. For each strain tested, β-actin was successfully amplified from the genomic 

DNAs, ruling out the possibility that the lack of detection resulted from low DNA quality 

or amplification associated problems (Fig. 14C). 

The partial U3 region included in the 129X1/SvJ WGS sequence revealed that the 

XMRV-specific 2-bp insertion was not present in the 129X1/SvJ provirus (Fig. 14A). 

Moreover, there was a 6-bp deletion in the XmU3f primer-binding site, rendering this 

primer ineffective for amplification of that provirus under such stringent conditions. 

Therefore, a different forward primer was designed (XF6) with a perfect match to both 

XMRV and the 129X1/SvJ WGS sequence, which yielded a clear band in both wild-

derived and laboratory strains when used with the GAGr primer (Fig. 14C). 
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Table 3. Mouse strains tested for the presence of XMRV, PreXMRV-1 and -2 

XMRV is not found as a single provirus in any mouse strain tested. aCALB/Rk carries 

haplotypes from M. m. castaneus (72). *Outbred strains; individual mice may differ in 

the number and distribution of proviruses they harbor (Fig. 26). The +/- sign means some 

members are positive, while some are negative (outbred strains). Table from (26), with 

permission.  
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Figure 14. Screening of mouse DNA for XMRV and XMRV-like elements by PCR  

(A) Schematic representation of primers used (upper panel), with the exact locations 

indicated by arrows (lower panel). VP62 is the reference XMRV isolate (163). MLV gag 

leader regions can be divided into three subgroups based on the length of the insert in the 

gag leader. Unique restriction sites BsaAI and Eco53KI, which distinguish proviruses in 

the first group (no insert) from the rest (15 or 24 bp insert) are shown in boxes. (B) 

Sensitivity and specificity of the PCR assay. Serial dilutions of genomic DNA from 

22Rv1 cells were amplified with the XMRV-specific primer set (GAGr and XmU3f) in 

the presence or absence of 50 ng of C57BL/6 genomic DNA. (C) The absence of XMRV 

(top) and presence of an XMRV-like provirus in a panel of representative mouse strains. 

The primer sets used for each assay is indicated on the right. Note that the NU/NU and 

Hsd nude mice are outbred strains; only one representative of each is shown. Larger 

numbers of individual mice from these outbred strains are shown in Fig. 26. Figure from 

(26), with permission. 
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The PCR products from all strains were sequenced and confirmed to be identical to each 

other, differing from the 129X1/SvJ sequence at two positions (nt 157 and 263 of the 

WGS file), where the deposited 129X1/SvJ sequence has an extra C and T nucleotide, 

respectively. The presence of the 24-bp deletion in an endogenous provirus of this mouse 

strain (129X1/SvJ) suggested the presence of XMRV-like sequences in mouse genomes, 

even though the rest of the sequence differed from XMRV significantly. XMRV itself 

was not present in any mouse genome as a full-length endogenous provirus. 

2. Single Genome Sequencing  

To obtain more accurate sequence information and to rule out potential PCR 

recombination between different proviruses, a single genome sequencing (SGS) approach 

was developed. MLV genomes were classified into three groups based on their gag leader 

profiles: those that contain 1) no insert, 2) a 15-bp, or 3) a 24 -bp insert (Fig. 14A). The 

first group includes all XMRV isolates, as well as the uncharacterized provirus fragments 

identified by deep sequencing (71), while the second and third groups include all 

C57BL/6 proviruses and some exogenous MLVs (74). A diagnostic BsaAI restriction site 

was identified at the junction of the deletion, which would selectively digest a large 

fraction of the sequences in the last two groups (Fig. 14A). This selection method 

eliminated most “unwanted” proviruses and focused on those with the 24-bp deletion, 

plus a few with a polymorphism at the restriction site.  

An overview of the single genome sequencing approach is shown in Fig. 15A. 

Briefly, serial dilutions of genomic DNA were subjected to nested PCR with well-

conserved MLV primers upstream and downstream of the gag leader deletion, to the 

point where one in three wells was positive (see Materials and Methods). Positive  
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Figure 15. Detection of XMRV-like elements by single genome sequencing 

(A) Outline of the SGS approach. BsaAI digestion profiling (Fig. 14A) distinguishes 

fragments with the deletion from those without. (B) Alignment of sequences from three 

strains positive for the gag leader deletion (NU/J, NCRNU and DBA/2J), the whole 

genome shotgun (WGS) sequences from the 129X1/SvJ and DBA/2J genomes in 

GenBank and some other MLV sequences as a reference. Asterisks indicate bases 

conserved at a given position for all MLV fragments analyzed. Figure from (26), with 

permission. 
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reactions were analyzed by BsaAI digest. Fragments that remained undigested (i.e. those 

with the gag leader deletion) were analyzed further by sequencing, and the presence of 

the deletion (or a polymorphism in the restriction site) was confirmed. Using this 

approach, a total of seven mouse strains were analyzed, three of which contained XMRV-

like gag leader regions (Fig. 15B), providing further evidence that such elements are 

present as endogenous viruses in the genomes of several inbred mouse strains.  

3. Detection of Provirus Fragments in Unblots 

To investigate the distribution of XMRV-like sequences in mouse genomes and to 

provide further support to the PCR screening data, genomic hybridization blots were 

performed using the unblotting technique (158). Briefly, genomic DNAs from various 

mouse strains were digested with a restriction enzyme, run on an agarose gel that was 

then dried and hybridized with a gag leader deletion-specific radiolabeled probe (see 

Materials & Methods). The enzyme Eco53KI was chosen because it would selectively 

digest proviruses without the gag leader deletion at the probe binding site, leaving 

proviruses with the deletion intact until the next downstream restriction site in the pro 

gene (Fig. 14A and 16A). A single high-intensity band was detected in six out of ten 

strains analyzed, in agreement with the genome screening results by PCR (Fig. 16B).  

4. GenBank Database Searches 

To investigate whether other mouse strains besides 129X1/SvJ also carried the 

gag leader deletion (31, 71), an extensive search of the NCBI Trace Archives was 

performed by querying the gag leader region of XMRV. This search returned an 

additional three hits in the DBA/2J genome and one unassigned sequence with exactly  
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Figure 16. Detection of XMRV-like elements by genomic blot hybridization 

(A) Schematic representation of the Eco53K1 sites and the gL1 probe binding site in 

known MLVs. Upper panel: XMRV-like, lower panel: most MLVs (B) Unblots on 

various mouse genomic DNA samples digested with Eco53KI and hybridized with a 

radiolabeled gag leader deletion specific probe. A distinct provirus fragment 

corresponding to PreXMRV-2 was detected in six strains (arrow). Figure from (26), with 

permission. 
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the same deletion (GenBank IDs: ti:1098845661, 1096851092, 1096808503, 

1039132836). None of these sequence files extended beyond the LTR, providing no 

information about the integration site. Nevertheless, the presence of this deletion in 

multiple sequencing reads further confirmed our results and those of others (71), that 

XMRV-like endogenous sequences are indeed present in the genomes of multiple inbred 

strains of mice.  

In addition to the trace archive database, a BLAST search of the genomes of 

additional mouse strains sequenced by the Sanger Institute was performed (for a list of 

strains, see Fig. 17A) (79). Unfortunately, it seems likely that the genome construction of 

these newly sequenced strains was based on the reference C57BL/6 genome, causing 

proviruses absent from the C57BL/6 genome to be left out from the final assembly, even 

though they are found in the sequenced strains. For example, in a ligation-mediated PCR 

approach aimed at mapping a specific MLV insertion (discussed further in the Results 

section), we identified the integration site of a different MLV provirus in the 129X1/SvJ 

strain. Amplification of host-virus junctions from 129X1/SvJ genomic DNA confirmed 

the presence of this provirus in this strain, as well as in three closely related strains: 

129P1/ReJ, 129P3/J and 129S1/SvImJ. The junction fragments were sequenced to 

determine the exact integration site. BLAST searches of several strains sequenced by the 

Sanger institute, which included three 129-derived strains (Fig. 17A), failed to detect the 

junction fragment in any of the assembled genome sequences. Searching instead for the 

flanking sequence returned the expected genomic locus with no provirus (Fig. 17B). The 

sequence at the exact integration site in the whole genome assembly was complicated by 

a series of mixed bases, indicating incomplete base reads. This discrepancy is likely  
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A 
1. 129P2  
2. 129S1/SvImJ  
3. 129S5  
4. A/J  
5. AKR/J  
6. BALB/cJ  
7. C3H/HeJ  
8. C57BL/6NJ  
9. CAST/EiJ  
10. CBA/J  
11. DBA/2J  
12. LP/J  
13. NOD/ShiLtJ  
14. NZO/HiLtJ  
15. PWK/PhJ  
16. Spretus/EiJ  
17. WSB/EiJ  

 
B 
 
 
 
 
 
 
 
 
 

Figure 17. List of mouse strains sequenced by the Sanger Institute 

(A) List of mouse strains sequenced by the Sanger Institute, UK (79). (B) One example 

of an experimentally detected MLV provirus not present in the C57BL/6 genome 

(Query), but likely found in the 129P2 strain (Subject), which is not included in the 

assembly. Arrow represents the exact integration site sequenced from four related inbred 

strains (129X1/SvJ, 129P1/ReJ, 129P3/J and 129S1/SvImJ), and is complicated by a 

series of mixed base codes (other than A T G C, based on IUPAC codes). Searches in the 

129S1/SvImJ genome also revealed the absence of this provirus in the final genome 

sequence, even though it is in the genome (data not shown). 
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caused by viral sequences read at the start and end of the provirus, but cannot be assigned 

to the reference C57BL/6 genome because it does not contain that insertion at that 

specific site, resulting in multiple base reads at the integration site, which manifests itself 

as unspecified base codes in the final assembly. Although the sequence alignment shown 

in Fig. 17B is 129P2, a strain we did not test, the presence of this insertion was confirmed 

in 129S1/SvImJ, whose genome sequence also lacked it. This approach was therefore not 

pursued further. 

Mapping the Integration Site  

Multiple independent lines of evidence implied the presence of an XMRV-like 

element in various mouse genomes. Further analysis required determination of the 

integration site. A ligation-mediated PCR approach was used to amplify and clone 

fragments of DBA/2J genomic DNA that contained the specific gag leader deletion, 

including the complete 5’ LTR and flanking sequence, which mapped to chromosome 12 

on the C57BL/6J genome sequence. The experimental details regarding the mapping of 

this provirus is described in Materials and Methods. Knowledge of the flanking sequence 

allowed the design of primer pairs to amplify host-virus junctions from mouse genomic 

DNA (Fig. 18A).  

The integration site of the provirus was confirmed by amplifying both 5’ and 3’ 

junctions from the DBA/2J genomic DNA, using flanking chromosomal primers and 

internal provirus primers (Fig. 18B and 14A). Both junction fragments contained a full-

length LTR of 539 bp and the expected chromosome 12 flanking region as confirmed by 

sequencing, with a 4-bp target site duplication (TSD) typically found in MLV insertions. 

The gag leader region included in the 5’ junction fragment was also sequenced again,  
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Figure 18. Detection of XMRV-related sequences (PreXMRV-2) in mouse strains.  

(A) PCR approach to amplify host-virus junctions from genomic DNA. (B) 

Representative mouse strains and early xenograft samples were analyzed for the presence 

of PreXMRV-2 (for a complete list, see Table 3). In 22Rv1 and CWR-R1 cells, the 

fragment detected by internal provirus primers is XMRV. (C) Hypermut plots indicate 

nucleotide mismatches relative to XMRV as color-coded vertical lines. Percent identity to 

consensus XMRV for different regions of each provirus is indicated below. Nucleotide 

numbers refer to the 22Rv1-XMRV sequence (FN692043) (114). Figures modified from 

(26) and (115), with permission. 
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confirming the presence of the 24-bp deletion. It is important to note that the provirus 

integration site is found within a rather complex, repetitive and poorly sequenced region, 

making it impossible to distinguish the empty pre-integration site from the provirus-

occupied integration site.  

The identified gag-leader deletion-containing provirus is characterized in detail in 

the following sections, however, the most striking feature is a ~3.6 kb stretch 

encompassing the gag leader region, gag and part of pol genes, which is 100% identical 

to XMRV released from the 22Rv1 cells (114), and only 1 bp different from several 

XMRV isolates (Fig. 18C). In addition, a ~700 bp region of env is 99% identical to 

XMRV, however, the LTRs and the remaining viral genome differ by 6 to 12% from 

consensus XMRV (115). This provirus was named PreXMRV-2 (GenBank ID: 

FR871850.1), due to its role in the generation of XMRV (115), explained in more detail 

in the following sections. 

Generation of the 22Rv1 Cell Line 

The discovery that a human prostate cancer cell line produces infectious XMRV 

and contains ≥10 proviral copies per cell was assumed to suggest that the patient, whose 

tumor gave rise to the cell line, was infected with XMRV at the onset (84). To determine 

the origin of XMRV, we investigated the genesis of the 22Rv1 cell line (142). This cell 

line was derived in 1999, from a xenograft (CWR22) that was established from a primary 

prostate tumor in 1992 at Case Western Reserve University (CWRU) and serially 

passaged in nude mice (Fig. 19) (105, 119). To elucidate the origin of the virus in 22Rv1 

cells, we analyzed various passages of the CWR22 xenograft, as well as a subline of the 

CWR22 xenograft (2152) from which the 22Rv1 cell line was established (142), and  
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Figure 19. Characterization of CWR22 xenografts and XMRV-related sequences 

(A) Genesis of 22Rv1 and CWR-R1 cell lines. Bold letters indicate samples from 

which genomic DNA (gDNA) or total nucleic acid was available for analysis. 

XMRV-positive samples are boxed. Asterisk (*) indicates unknown early passage. Figure 

modified from (115), with permission. 
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another prostate cancer cell line, CWR-R1, which was also derived from CWR22 (54). 

Fig. 19 traces the timeline of the serial xenograft transplants of CWR22 up to the 

derivation of the cell lines 22Rv1 and CWR-R1 and indicates (bold letters) the samples 

that were available for analysis. Outbred nude mouse strain(s) maintained by Charles 

River (NU/NU) and Harlan Laboratories (Harlan Sprague Dawley [Hsd]) are likely to 

have been used for in vivo passages of the xenograft. DNA samples from passage 3 (777) 

and an unknown early passage (736) were obtained along with samples from the 7th 

passage, CWR22-9216R and CWR22-9218R. A xenograft tumor from the early 7th 

passage was independently propagated at the University of California, Davis (UCD) 

using Hsd nude mice (CWR22-8R and 8L). Total nucleic acid from relapsed androgen-

independent tumors (CWR22R) 2152, 2524, 2272, and 2274 and the 22Rv1 and CWR-R1 

cell lines was also available for analysis (Fig. 19) (105). All xenograft samples were 

traced, found, requested and obtained by the Pathak Lab (115). 

CWR22 Xenografts are Derived from the Same Person 

To ensure the identity of the tumor DNA samples analyzed, we verified that the 

xenograft samples (736, 777, 9216R, 9218R, 8R and 8L) and the 22Rv1 or CWR-R1 cell 

lines were all derived from the same person by performing short tandem repeat (STR) 

analysis (Fig. 20A). We included human cell lines 293T and DU145 as controls. Allele 

patterns for the control cell lines were as expected for all 7 loci (data not shown). Allele 

patterns for 22Rv1 and CWR-R1 were consistent with previous reports and American 

Type Culture Collection (ATCC) (86, 164). For 22Rv1 and CWR-R1, 5/7 and 6/7 allele 

patterns matched the xenograft alleles, respectively. The probabilities that the xenografts 

and the two cell lines have the same allele patterns for these loci by chance are  
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Figure 20. Short tandem repeat (STR) analysis of CWR22 xenografts 

(A) Representative D7S280 allele pattern of xenografts and 22Rv1 and CWR-R1 cell 

lines. An allelic ladder is shown on the sides of the gel. (B) STR analyses of the six 

xenografts (736, 777, 9216R, 9218R, 8R and 8L) and the 22Rv1 and CWR-R1 cell lines 

were compared at 7 different loci for lineage determination. Figure from (115), with 

permission. 
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1.6 × 10-13 and 6.3 × 10-13, respectively. The analysis for locus D7S820 involves 

chromosome 7, for which the xenografts CWR22 and CWR22R are trisomic (164). Since 

full trisomy 7 is lethal in early gestation, only alleles 9 and 10, which are common among 

the xenografts and CWR22-derived cell lines, were used in the frequency calculation. 

The frequency for full trisomy 7 would be negligible in the human population. 

Furthermore, it is unknown whether the trisomy was originally from the CWR22 prostate 

tumor or was amplified during serial xenograft transplantations. All allele frequencies 

were determined using the published frequencies for Caucasian-Americans. 

Detection of XMRV-like Sequences in Xenografts 

To quantify the amount of XMRV DNA in the CWR22 xenografts, a real-time 

PCR primer-probe set was developed that specifically detected XMRV env and excluded 

murine endogenous proviruses present in BALB/c and NIH3T3 genomic DNA (Fig. 

21A). Quantitative PCR of 22Rv1 DNA was used to estimate 20 proviruses per cell (data 

not shown); and to generate a standard curve. The CWR22 xenografts had significantly 

fewer copies of XMRV env (<1-3 copies/100 cells) compared to the 22Rv1 cells (2000 

copies/100 cells). The CWR-R1 cell line had ~3000 XMRV-like sequence copies per 100 

cells, and the NU/NU and Hsd nude mice, thought to have been used to passage the 

CWR22 xenograft, had 58 and 68 copies per 100 cells, respectively (Fig. 21A). Since 

xenograft tumors are expected to contain a mixture of human and mouse cells, we 

quantified the amount of mouse DNA by analyzing mouse intracisternal A-type particle 

(IAP) DNA as previously described (110, 123). All 6 xenografts were positive for mouse 

DNA with an estimated level around 0.3-1% (Fig. 21B), which was comparable to the 

<1-3 XMRV env sequences per 100 cells detected in the same samples (Fig. 21A).
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Figure 21. PCR assay to detect XMRV and IAP sequences 

(A) Quantitative real-time PCR to detect XMRV env sequences. Probe is shown in blue, 

primers in red arrows. Calculated copies per 100 cells are indicated above each bar. (B) 

IAP assay to detect and quantify the amount of mouse DNA present in the xenograft 

genomic DNAs. Figure from (115), with permission. 
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We characterized XMRV and related sequences in the xenografts, cell lines, and 

nude mouse strains by PCR and DNA sequencing (Fig. 22A). Using primers previously 

used to clone and sequence XMRV from 22Rv1 cells (114), we determined that the 

XMRV genome in the CWR-R1 and 22Rv1 cell lines were identical (Fig. 22A and 23). 

Next, we developed several primer sets to specifically amplify XMRV sequences and 

exclude known endogenous murine retroviruses, some of which was shown in Fig. 14. 

Primers that specifically amplified XMRV were used to perform PCR on DNA from the 

late-passage xenografts 2152, 2524, 2272 and 2274; sequencing confirmed the presence 

of these XMRV sequences in these tumors (Fig. 22A and 19). We also used the XMRV-

specific primer sets to amplify and sequence DNA from early-passage xenografts (736, 

777, 8L, 8R, 16R, and 18R; Fig. 19B). XMRV env, but not gag sequences were present, 

indicating that the early xenografts did not contain XMRV (Fig. 24). The differential 

results with gag versus env primers on early and late xenografts were intriguing; we 

sought to find an explanation by examining the source of the positive XMRV signals. 

Identification of PreXMRV-1 

The presence of a positive XMRV env signal detected by Q-PCR in the early 

xenografts (Fig. 21) but the absence of any signal for XMRV gag sequences by PCR 

(Fig. 24) seemed contradictory. To address this discrepancy, we amplified and sequenced 

overlapping provirus fragments by primer walking (Fig. 22B). We found that early 

xenografts contained a previously undescribed XMRV-related provirus that we have 

named PreXMRV-1 (Fig. 25). The complete sequence of PreXMRV-1 was determined 

from all xenografts, the NU/NU and Hsd strains, and the CWR-R1 cell line, all of which 

were identical.  
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Figure 22. PCR and sequencing analysis of XMRV, PreXMRV-1 and PreXMRV-2 

PCR and sequencing analysis of XMRV (A), PreXMRV-1 (B), and PreXMRV-2 (C) 

from xenografts and cell lines. Single nucleotide differences of PreXMRV-1 and 

PreXMRV-2 compared to consensus XMRV (1 nt difference compared to XMRV-

22Rv1; FN692043 (114)) are indicated as vertical bars using a modified Hypermut plot 

(125). Cloned and sequenced PCR products from each indicated source are shown as red 

bars along with the primer sets used for amplification. Figure from (115), with 

permission. 
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Figure 23. Diversity of XMRV sequences  

Multiple alignments comparing the predicted recombinant with the XMRV consensus 

sequence and all available XMRV full-length genome sequences from cell lines (22Rv1, 

CWR-R1), PC patients (VP35, VP42, VP62), and CFS patients (WPI-1106, WPI-1178) 

are shown (94, 114, 163). Differences relative to the consensus sequence are indicated 

with black vertical bars and deletions with orange vertical bars. The 22Rv1 XMRV 

sequence differs from consensus XMRV by only 1 nt (at position 790), which is 

polymorphic among the multiple proviruses in this cell line. Note that differential 

carryover of A or G into the various isolates implies at least two original contamination 

events. XMRV sequences from cell lines 22Rv1 and CWR-R1 are identical. Also note 

that the predicted recombinant would differ from all XMRV sequences only at positions 

6698, 7154, and 8902. Figure from (115), with permission.  



 94 

PreXMRV-1 and consensus XMRV differed by only one nucleotide in a 3211-nt 

stretch of the genome encoding the 3’ half of pol and 5’ 2/3 of env (Fig. 23 and 25C). In 

addition, the 532-bp PreXMRV-1 LTR was nearly identical to XMRV; PreXMRV-1 had 

a single adenine deletion relative to XMRV in a run of 6 adenines. The two genomes 

differed by 10% over the remaining 3.5-kb stretch of gag-pro-pol and by 9% in a 600-nt 

stretch at the 3’ end of env (Fig. 25C). Late-passage xenografts 2524 and 2274, but not 

2152 and 2272, contained PreXMRV-1 (Fig. 24). The detection of low levels of XMRV 

env sequence in early xenografts (Fig. 21A) can therefore be attributed to the PreXMRV-

1 proviruses present in the contaminating mouse DNA (see IAP band in Fig. 21B). These 

results indicate that PreXMRV-1 is an endogenous murine provirus that is present in the 

NU/NU and Hsd nude strains, but neither of these strains contains XMRV. 

The integration site of PreXMRV-1 was cloned from C57L/J genomic DNA, 

using the same approach for cloning the integration site of PreXMRV-2, with slight 

modifications (see Materials and Methods). Sequencing the upstream flanking sequence, 

which was cloned together with the PreXMRV-1 LTR, revealed that PreXMRV-1 

insertion is found on mouse chromosome 3. Amplification of host-virus junctions from 

both ends followed by sequencing confirmed that the location indeed corresponded to 

PreXMRV-1, with a TSD of “GCAG” (Fig. 25A and B). However, prior to the 

integration site cloning, all analysis for the presence of PreXMRV-1 was performed by a 

specific PCR primer set that amplified both PreXMRV-1 and XMRV. Comparing these 

results with XMRV-specific primers alone confirmed the identity of the band obtained in 

all cases. 
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Figure 24. PCR analysis of xenograft samples and prostate cancer cell lines  

Xenograft samples and prostate cancer cell lines were analyzed by PCR for the presence 

of XMRV, PreXMRV-1, and PreXMRV-2. Mouse IAP and human glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) served as positive controls for the presence of 

mouse and human DNA, respectively. The primer set used to detect PreXMRV-1 can 

also detect XMRV (row 2); however XMRV primers (row 1) would not detect 

PreXMRV-1. For ease of comparison, the 22Rv1 and CWR-R1 gel lanes from (B), which 

were run in parallel, are duplicated in (A). *These mouse strains are not nude. Figure 

from (115), with permission. 
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Figure 25. Detection of PreXMRV-1 in mouse strains 

(A) PCR approach to amplify host-virus junctions from genomic DNA. (B) 

Representative mouse strains and xenograft samples were analyzed for the presence of 

PreXMRV-1 (for a complete list, see Table 3). In 22Rv1 cells, the fragment detected by 

internal provirus primers is solely XMRV. In CWR-R1 cells, the internal provirus signal 

is from both XMRV and PreXMRV-1 (C) Hypermut plots indicate nucleotide 

mismatches relative to XMRV as color-coded vertical lines. Percent identity to consensus 

XMRV for different regions of each provirus is indicated. below. Nucleotide numbers 

refer to the 22Rv1-XMRV sequence (FN692043) (114). Figures modified from (26) and 

(115), with permission.  
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Both Hsd nude and NU/NU outbred strains are likely to have been used for 

passaging the prostate tumor xenografts that later gave rise to the 22Rv1 cell line (115). 

Because both are outbred strains, the number and distribution of specific proviruses may 

differ among individual mice. To clarify this point, the distribution of XMRV, 

PreXMRV-1 and PreXMRV-2 was analyzed in a large panel of Hsd nude (n=49), 

NU/NU (n=5), as well as NIH Swiss mice (n=10), another outbred strain. The NIH Swiss 

strain was included because it might have contributed to the outbred nude mouse strains 

(51). Among the Hsd nude mice analyzed, 27% were positive for PreXMRV-1 only, 10% 

were positive for PreXMRV-2 only, and 53% contained both proviruses, consistent with 

the null allele frequencies of 0.45 and 0.61, respectively (Fig. 26A and Table 4). Thus, 

there were enough individual mice within this outbred colony that carried both XMRV 

parental proviruses with potential for recombination between the two during xenograft 

experiments (Fig. 26A). This result is consistent with the observation that some (but not 

all) of the mouse tissues associated with the tumor xenografts contained both PreXMRV-

1 and PreXMRV-2 (Fig. 24B). NU/NU outbred mice (n=5) were also variable for the 

presence of PreXMRV-1 and PreXMRV-2; 2/5 mice contained both PreXMRV-1 and 

PreXMRV-2 (Fig. 26B). NIH-Swiss mice were more homogenous; all tested samples 

contained PreXMRV-2, while none contained PreXMRV-1 (Fig. 26C). Most importantly, 

XMRV was not present in any of the 64 outbred samples tested, confirming previous data 

on the absence of XMRV in various inbred and wild-derived strains (Table 3, and (115)). 

Once again, although the detection of PreXMRV-1 in the genomes of the outbred mice 

relied on internal provirus primers that would have detected XMRV as well, the absence 

of signal with XMRV-specific primers (while the XMRV-infected 22Rv1 control cell  
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Figure 26. Variability of PreXMRV-1 and PreXMRV-2 in outbred strains 

(A) Hsd nude mice (n=49) and (B) NU/NU mice, and (C) NIH Swiss mice (n=10) were 

analyzed for the presence of XMRV, PreXMRV-1 and PreXMRV-2 by PCR. Mouse IAP 

elements served as amplification controls. The Hsd and NU/NU samples used in Figs. 11, 

15 and 21 are referred to as #0 in each case. Allele frequencies calculated from these 

results are shown in Table 4. The presence of PreXMRV-2, but not PreXMRV-1 in NIH 

Swiss mice is consistent with the detection of the former, but not the latter, in NIH3T3 

cells (101). Figures modified from (26) and (115), with permission. 
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line was positive) showed that the detected sequence belongs to PreXMRV-1. Moreover, 

after cloning of the PreXMRV-1 integration site, our data were confirmed by 

amplification of the host-virus junctions, with identical results (data not shown). 

Although not shown here, the strains shown in Fig. 26 were also analyzed for the 

PreXMRV-1 preintegration site, allowing us to differentiate homozygotes from 

heterozygotes (Table 4).  

Analysis of Xenografts and Mouse Hosts for XMRV, PreXMRV-1 and 

PreXMRV-2 

The xenografts derived from CWR22 were passaged in nude mice, although 

precise records of the mouse strains used were not available (105, 119). To infer which 

mouse strains may have been used for the xenograft experiments, and to examine their 

potential contribution to the resulting XMRV infection, we analyzed various mouse 

strains for the presence XMRV, PreXMRV-1, and PreXMRV-2. We screened 15 mouse 

strains, including 12 nude mice, using i) XMRV-specific primers (Fig. 14), ii) primers 

that amplified XMRV or PreXMRV-1, iii) PreXMRV-2-specific primers, iv) PreXMRV-

1-specific primers, after its integration site was cloned, and v) in some cases, PreXMRV-

1 empty integration site primers (Fig. 17, 24 and 25). None of the mouse strains 

contained XMRV and only the Hsd and the NU/NU outbred nude strains contained 

PreXMRV-1. Six of the 15 mouse strains contained PreXMRV-2, but only the Hsd nude 

mice contained both PreXMRV-1 and PreXMRV-2. It should be noted that, since Hsd 

nude and NU/NU are outbred strains, individual mice might differ in their endogenous 

proviruses. The 22Rv1 cell line contained only XMRV as confirmed by sequence 

analysis; however the CWR-R1 cell line contained both XMRV and PreXMRV-1. The  
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 Frequency in Outbred Mouse Strains 
 Hsd (n=49) NU/NU (n=5) NIH Swiss (n=10) 

Provirus +/+ +/- -/- AF1 +/+ +/- -/- AF1 +/+ +/- -/- AF1 
 PreXMRV-1 0.31 0.49 0.20 0.45 0.40 0.40 0.20 0.40 0 0 1 1 
 PreXMRV-2 0.632 0.37 0.61 0.602 0.40 0.63 12 0 <0.05 

 

 
Table 4. Frequency of PreXMRV-1 and PreXMRV-2 in outbred mice 
 
1Frequency of the null (-/-) allele. 

2Heterozygotes could not be distinguished from homozygotes since repeat regions made 

it impossible to specifically detect the unoccupied integration site. 

Table from (26), with permission. 
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CWR-R1 cell line has been reported to contain contaminating mouse stromal cells (164) 

(see IAP signal, Fig 24A), which are probably the source of the PreXMRV-1 sequences.  

We used the same primer sets to determine the distribution of XMRV, 

PreXMRV-1 and PreXMRV-2 in early and late xenografts. None of the early xenografts 

(736, 777, 9216R, 9218R, 8R and 8L), but all of the late xenografts (2152, 2524, 2272, 

and 2274) and both cell lines were positive for XMRV (Fig. 24B, 25and 18). In our initial 

experiments, the primers used to detect PreXMRV-1 could also detect XMRV; however, 

sequencing analysis of the PCR products from all of the early xenografts detected only 

PreXMRV-1, whereas both XMRV and PreXMRV-1 were detected from the late 

xenografts 2524 and 2274 (Fig. 24). These results were later confirmed in the early 

xenograft samples by amplification of the PreXMRV-1 integration site from both 5’ and 

3’ junctions, and the heterozygosity of some of the mouse hosts for PreXMRV-1 was 

confirmed by amplifying the preintegration site (Fig. 25). Amplification with PreXMRV-

2-specific primers revealed the presence of this provirus in early xenografts 736, 777, 8R 

and 8L, and late xenografts 2272 and 2274 (Fig. 18, 24B and 22C). The variable 

detection level of PreXMRV-2 in the late xenografts could be due to individual 

differences in the outbred mice, and by extension, in the mouse DNA in these samples.  

Recombination between PreXMRV-1 and PreXMRV-2  

Comparison of the PreXMRV-1 and PreXMRV-2 sequences revealed that the 

regions of near identity to XMRV are reciprocal and largely non-overlapping. We 

therefore hypothesized that recombination between these two retroviruses resulted in the 

formation of XMRV. As shown in Fig. 27, reverse transcriptase template switching 

events during minus-strand DNA synthesis can form a recombinant that is essentially 
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identical to the sequences of all of the XMRVs reported to date, and differing from the 

consensus XMRV by only 4 nucleotides. The six switching events occurred in 20-73 nt 

stretches that are identical between PreXMRV-1 and PreXMRV-2 (Fig. 27; red numbers, 

and Fig. 28). These regions of identity allow template switching by reverse transcriptase 

during strand synthesis. Switching events 2 and 3 do not affect the amino acid sequence 

of the predicted recombinant and are unlikely to contribute to its fitness. Of the four 

nucleotide differences between the predicted recombinant and consensus XMRV, only 

the A>G change at position 790, which is absent in XMRV from 22Rv1 and CWR-R1 

cell lines, results in a conservative valine to isoleucine amino acid substitution and is 

found in some XMRV isolates; the other 3 substitutions are silent. The insertion of an A 

at position 8092 occurred within a run of 6 adenines; such frameshift mutations 

commonly occur in such homopolymers during retroviral replication (116).  

Variation between the Predicted Recombinant and Patient-Derived 

XMRV Sequences 

To date, there are five full-length XMRV sequences available that were reportedly 

isolated from patients (Fig. 23) (94, 163). We considered the possibility that these 

patient-derived XMRV sequences represent independent recombination events. All of 

these viruses have the same six crossover sites that are predicted to occur between 

PreXMRV-1 and PreXMRV-2; therefore, the same six crossovers plus additional 

crossovers between PreXMRV-1 and PreXMRV-2 would have to have taken place to 

generate the XMRV sequences with some of these nucleotide differences. Of the 41 total 

nucleotide differences present in all five patient-derived XMRVs, 35 nucleotide  
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Figure 27. Predicted recombinant between PreXMRV-1 and -2 is identical to XMRV 

Alignment of Hypermut plots of PreXMRV-1 and PreXMRV-2 reveals the reciprocal and 

largely nonoverlapping regions of near identity to XMRV. The direction of minus strand 

DNA synthesis catalyzed by reverse transcriptase and the predicted template-switching 

events (numbered 1 to 6) are shown. The lengths of nucleotide identity within the presumed 

template-switching regions are indicated in red numbers. The predicted recombinant and 

four nucleotide differences with consensus XMRV are shown. The nucleotide numbers 

refer to numbers of the 22Rv1 XMRV (GenBank ID: FN692043). Note that nucleotide 

8092 is within the U3 region and is present in both LTRs (boxes). A5 and A6 refer to 

homopolymeric runs of five and six adenines, respectively. The A>G change at 790 results 

in an isoleucine (I) to valine (V) substitution. Figure from (115), with permission. 
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Figure 28. Regions of reverse transcriptase (RT) template switching events 

The RT template switching events are inferred to be involved in the generation of the 

predicted XMRV progenitor. Identical sequences between PreXMRV-1 and PreXMRV-2 

within the crossover sites. All recombination sites between PreXMRV-1 (top) and 

PreXMRV-2 (bottom) are shown. Nucleotide mismatches relative to XMRV are 

indicated in red and the position of the first (or last) mismatched nucleotide is indicated 

relative to the XMRV-22Rv1 genome. Figure from (115), with permission. 
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substitutions are not present in either PreXMRV-1 or PreXMRV-2; thus, these nucleotide 

differences cannot be explained by additional crossovers between these two parental 

viruses. The remaining 6 nucleotide differences are present in one of the parents; 

however, none of these substituted sites is flanked by blocks of 20-nt identity. Therefore, 

it is unlikely that these nucleotide differences would arise through additional 

recombination events. It is much more likely that these differences represent errors 

during PCR, errors during sequencing, or variation that arose as a result of passage of the 

virus in another cell line. The possibility that most of these nucleotide differences 

represent PCR and/or sequencing errors is strengthened by a comparison of different 

VP62 sequences available in GenBank. The first deposited VP62 sequence 

(DQ399707.1) differs from the 22Rv1 sequence by 16 nucleotides; however, a later 

deposited sequence (EF185282.1) differs from the 22Rv1 sequence by only 4 

nucleotides. 

Phylogenetic Analyses of PreXMRV-1 and PreXMRV-2 

Phlyogenetic analyses of various MLV provirus genomes are shown in Figures 

29-32. In the complete provirus genome PreXMRV-1 groups with xenotropic MLVs and 

PreXMRV-2 groups on a separate branch closest to both polytropic and modified 

polytropic MLVs. As has been previously noted (163), XMRV sequences group in a 

distinct clade within the Xmv subgroup (Fig. 29). When only the region of identity 

between PreXMRV-1 and XMRV is considered (encompassing nt 3933-7073), the 

XMRV branch now includes PreXMRV-1, while PreXMRV-2 does not change its 

position compared to full-length genome tree (Fig. 30). Likewise, when only the region 

of identity between PreXMRV-2 and XMRV is considered (encompassing nt 337-3886), 
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PreXMRV-2 groups with the other XMRV sequences and PreXMRV-1 does not change 

its position in the tree (Fig. 31). Analysis of the LTR sequences alone (between nt 7726-

8185), where XMRV has a 1-nt insertion compared to PreXMRV-1 in a run of six 

adenines, shows that once again PreXMRV-1 groups tightly with the XMRV sequences 

(Fig. 32). The PreXMRV-2 LTR clusters somewhat differently within the Xmv group, 

suggestive of a recombinant origin. In fact, the genome features of PreXMRV-2 support 

the hypothesis that this provirus may be a recombinant between a xenotropic and a 

polytropic MLV. Furthermore, phylogenetic analysis supports the predicted recombinant 

virus as the precursor of the virus in the CWR22 xenografts, the 22Rv1 and CWR-R1 cell 

lines, and all XMRVs isolated and sequenced from patients (see inset in Fig. 29). In fact, 

the estimated sequence of events that led to the creation of XMRV correlates perfectly 

with timeline of the detection of XMRV sequences supposedly from patients.  

Strain Distribution PreXMRV-1 and PreXMRV-2 

Despite the identification of two MLV proviruses with large stretches of identity 

to XMRV, and a mechanism by which they would give rise to XMRV, it remained a 

possibility that the recombination event might have occurred much earlier during mouse 

evolution, such that a provirus identical to XMRV could be present in the genome of a 

mouse strain that was later somehow transferred to humans. While the absence of a PCR 

signal with XMRV-specific primers in the mouse strains analyzed argued against this 

possibility, we sought to determine the strain distribution of the two XMRV ancestors, 

PreXMRV-1 and PreXMRV-2, in wild and inbred mice.  
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Figure 29. Analysis of the complete genome sequences  

Inset shows the enlarged XMRV clade. Blue arrow, PreXMRV-1; red arrow, PreXMRV-

2; blue/red arrow, inferred recombinant. Inset shows the XMRV clade, with the inferred 

recombinant occupying an ancestral position relative to all known XMRV isolates. Figure 

from (115), with permission. 
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Figure 30. Analysis of the region encompassing nt 3933-7073 

Figure from (115), with permission.  
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Figure 31. Analysis of the region encompassing nt 337-3886 

Figure from (115), with permission. 
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Figure 32. Analysis of the LTR sequences, encompassing nt 7726-8185  

Figure from (115), with permission.
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 Genomic DNA samples from 48 laboratory and 46 wild-derived strains were 

screened for the presence of PreXMRV-1 and PreXMRV-2. As shown earlier in Fig. 24A 

and Table 3, no provirus identical to XMRV was present in any of the mouse strains 

tested (115). These strains were also screened for the presence of PreXMRV-1 and 

PreXMRV-2 using junction amplification. In the present analysis, 23 inbred, 2 outbred 

and 2 wild-derived strains were positive for PreXMRV-2 (Table 3). Its strain distribution 

agreed perfectly with the earlier mouse genome screening results with gag leader deletion 

specific primers (Fig. 18B), consistent with PreXMRV-2 being the only provirus in these 

strains with the characteristic deletion. PreXMRV-1 was present in 4 inbred, 2 outbred 

and 8 wild-derived strains (Table 3). Only one inbred strain (C57BR/cd) and two outbred 

strains (Hsd nude and NU/NU) contained both proviruses.  

PreXMRV-1 seems to be quite rare among inbred strains; to date it has been 

detected only in four inbred strains, C57L/J, C58/J, C57BR/cd and NZW/Lac. Although 

PreXMRV-2 is absent from the sequenced C57BL/6 mouse genome, it was present in 

nearly half of the inbred strains tested, suggesting that it is a common insertion. The two 

wild-derived strains that harbor PreXMRV-2 belong to M. m. domesticus subspecies, 

SF/CamEi and SK/CamEi (Table 3). M. m. domesticus is native to the near-East, Europe 

and Africa, and later colonized the Americas and Australia as human travel between these 

continents became common (57). PreXMRV-1 was detected in several strains of Asian 

mice, M. m. castaneus and M. m. molossinus, the former being an ancestral species that 

gave rise to the latter by hybridization with Mus musculus, and also in the CALB/Rk 

strain, which carries haplotypes from both M. m. domesticus and M. m. castaneus (72, 

183).  
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The Xpr1 Receptors in Hsd nude, NU/NU, C57BR/cd and CWR22 

Xenograft Mouse DNA are Non-Permissive to XMRV Entry 

X-MLV and P-MLVs use different variants of the Xpr1 receptor (Fig. 33) to gain 

entry into cells (180, 181). Many laboratory strains contain the Xpr1n variant, which does 

not support X-MLV entry, while the P-MLV can use this variant to infect cells. We 

determined whether XMRV, which has a xenotropic env, would have been able to infect 

the cells of the outbred mice used for passaging the tumor. Exon 13 of the Xpr1 gene, 

corresponding to the ECL4 region, was amplified and sequenced from Hsd nude (n=21) 

and NU/NU (n=5) mice (Fig. 33). Every individual mouse tested between these two 

strains had the Xpr1n allele, which is non-permissive to Xmv entry, suggesting that the 

XMRV recombinant would not have been able to infect these mice. Exons 10, 11 and 12 

of the Xpr1 gene, corresponding to the ECL3 region, were also sequenced from Hsd nude 

(n=4) and NU/NU (n=3) mice, and carried the Xpr1n allele. All early xenografts, which 

contained some host mouse DNA from the original transplant, carried the non-permissive 

Xpr1n allele. The absence of a functional receptor to support Xmv entry shows that 

XMRV could not have infected the cells of the host mouse it was created in and provides 

further support for the requirement of the transplanted human cells for infection. Lastly, 

the C57BR/cd mouse, which is positive for both PreXMRV-1 and PreXMRV-2, 

contained the Xpr1n allele as well (Fig. 33). This is consistent with a previous report by 

Baliji et al, which showed that C57/BR, a strain derived from C57BR/cd, also contains 

the Xpr1n allele (9).  
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Figure 33. Xenograft DNAs carry the Xpr1n allele 

Xenografts, outbred Hsd nude and NU/NU,and inbred C57BR/cd strains carry the Xpr1n 

receptor allele. Known variants of the XPR1 receptor are shown (upper panel), with the 

amino acid residues in the ECL3 and ECL4 loops critical for xenotropic MLV Env 

binding highlighted in bold. ECL3 and ECL4 loops of the XPR1 receptor for Hsd nude, 

NU/NU and C57BR/cd carry the Xpr1n allele (middle panel), which does not support 

entry by a xenotropic Env protein (88). Early xenografts containing either PreXMRV-1 

alone, or both proviruses together (see Fig. 24) carry the Xpr1n allele in the mouse tissues 

found associated with the xenografts (lower panel). Figure from (26) with permission.
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Characterization of the PreXMRV-2 Genome 

The RNA genome of PreXMRV-2 is 8193-bp long, while the provirus insertion in 

the mouse genome is 8662-bp long with identical LTRs (539 bp) (GenBank ID: 

FR871850). The genome has intact gag-pro-pol and env open reading frames with no 

obvious deleterious mutations, suggesting that it could potentially encode infectious 

virus. The most striking feature is a ~3.5-kb stretch encompassing the gag leader region, 

gag and part of pol genes, 100% identical to XMRV released from the 22Rv1 cells (114), 

while the rest of the provirus differs by ~11% (115).  

PreXMRV-2 carries xenotropic type LTRs of 539-bp in length, which lack the 

150- or 190-bp insertion found in Pmv and Mpmv LTRs, respectively (81). Amplification 

and sequencing of complete 5’ LTR regions from 20 positive strains revealed that the 

LTRs in different mouse strains are also identical, flanked by the same “GGAA” TSD. 3’ 

LTRs and flanking chromosomal region from three strains were sequenced and the two 

LTRs were identical in all cases.  

Analysis of the PreXMRV-2 genome revealed two intact open reading frames 

encoding gag-pro-pol and env, as expected. The Gag-Pro-Pol polyprotein would be 

generated via translational read-through of the stop codon (UAG) at the end of gag, as is 

the case with XMRV and other MLVs. As with XMRV, a mutation in the gag leader 

would prevent synthesis of the glycosylated Gag protein expressed by many MLVs (163). 

The tRNA primer binding site (PBS) is complementary to Gln2, commonly used by many 

MLV subgroups (29, 74). The genome of PreXMRV-2 from positions 297 to 3921 is 

identical to XMRV released from the 22Rv1 cell line, which includes most of the gag 

leader region, as well as the entire gag and part of the pol genes (115).  
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The stretch of PreXMRV-2 genome that did not contribute to the final XMRV 

recombinant starts within the 5’ region of pol gene that encodes RT, around amino acid 

450 of RT, before the RNase H domain. Thus, the RT of XMRV is actually a 

recombinant between those of PreXMRV-1 and PreXMRV-2. BLAST searches using the 

3’ half of PreXMRV-2 genome revealed that part of the provirus sequence had been 

previously identified in NFS/N mice (40). The 2587 bp NO1 clone described in that study 

(GenBank ID: AY219565.2) corresponds to the 3’ end of pol, env and U3 regions of 

PreXMRV-2, and differs from PreXMRV-2 by only a single nucleotide, resulting in an 

amino acid change from Trp to Arg at residue 46 of Env.  

The PreXMRV-2 env gene encodes a protein of 645 amino acids, grouping more 

closely in phylogenetic analyses with Pmv and Mpmv env sequences than with Xmv env, 

although not closely with either group (40, 115). It contains a unique 12-bp insert in the 

SU region described previously by Evans et al., as well as the 27-bp insertion 

characteristic of Pmv env genes relative to those of Mpmvs (40). Despite the presence of 

this insert, this provirus would not have reacted with probes previously designed to detect 

polytropic env genes (JS5) due to several mismatches in the probe binding site (145). 

This difference most likely prevented the detection of PreXMRV-2 in previous studies 

with polytropic env probes to analyze the chromosomal location and distribution of 

nonecotropic MLVs in mice (44, 145, 157). 

Characterization of the PreXMRV-1 Genome  

The RNA genome of PreXMRV-1 is 8197 bp long (GenBank ID: FR871849) 

with typical xenotropic MLV features. PreXMRV-1 donated its LTRs and the 3’ part of 

its pol and env genes to the resulting XMRV recombinant; therefore we will not go into 
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detail regarding these regions of the PreXMRV-1 genome. PreXMRV-1 is replication 

defective because of a 16-nt deletion in gag and a +1 frameshift mutation in pol (Fig. 25). 

The defective regions of PreXMRV-1 were apparently rescued by the corresponding 

region of PreXMRV-2 to generate XMRV (115).  

PreXMRV-1, like XMRV, has a xenotropic env gene, which would have been 

detected in previous studies from our lab analyzing nonecotropic MLV distribution in 

wild and inbred mice using env probes (45, 146). Therefore, we compared the strain 

distribution of PreXMRV-1 and the expected sizes of EcoRI and PvuII restriction 

fragments in unblots of mouse genomic DNA to a large number of endogenous 

xenotropic MLVs previously identified in our laboratory using recombinant inbred (RI) 

strains (45). The closest provirus candidate based on these parameters was Xmv39, 

previously identified in C57L/J strain using the AKXL RI mice (a cross between AKR/J 

and C57L/J strains) (45). We tested the 14 recombinant inbred AKXL mice used in the 

original study for the presence of PreXMRV-1, to compare the distribution of Xmv39 

with that of PreXMRV-1, which would allow us to determine if they represent the same 

provirus. Our data revealed that these two proviruses did not represent the same insertion 

(data not shown). The chromosomal location of Xmv39 was not known at the time of its 

publication; however, one of the markers that segregated with Xmv39 was later mapped 

to mouse Chr 10, whereas we have mapped PreXMRV-1 to mouse Chr 3, suggesting that 

the two Xmv proviruses are different insertions in the mouse genome.  

Infectious Properties of PreXMRV-2 

Although PreXMRV-1 is replication defective, PreXMRV-2 has an intact genome 

devoid of deleterious mutations that could potentially encode an infectious virus. To test 
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whether PreXMRV-2 was indeed infectious, the two halves of the provirus were 

amplified using flanking chromosomal primers and internal provirus primers. The full-

length provirus was cloned into a TOPO vector and transfected into indicator cells to 

monitor for virus production. We used 293-iGFP-puro (DERSE-293) and LNCaP-iGFP-

puro (DERSE-LNCaP) indicator cells, which contain a defective GFP cassette that can be 

mobilized by an infectious retrovirus, allowing its expression in the second round of 

infection (Fig. 34A). Briefly, DERSE cells express a defective retroviral vector with a 

GFP cassette inserted in the reverse orientation, which also contains an intron inserted in 

the forward orientation relative to the provirus. The GFP gene can be mobilized by an 

infectious virus entering the cell, allowing visualization of the infected cells under a 

microscope (Fig. 34A). Transfection of DERSE-293 cells with full-length clones of 

XMRV, Bxv-1 and PreXMRV-2 showed that, while XMRV and Bxv-1 are infectious, 

PreXMRV-2 is not (Fig. 34B). Even though the time point shown in Fig. 34B is day 4, 

the results were still negative at day 8. This finding was further confirmed by a different, 

canine-based, indicator cell line (DIG cells) (23), where the results were still negative at 

day 16 (Tobias Paprotka, unpublished observation). Taken together, PreXMRV-2 does 

not seem to be infectious, even though it contains intact open reading frames.  
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Figure 34. Overview of the DERSE indicator cells 

(A) Cells expressing a defective retroviral vector with a GFP cassette inserted in the 

reverse orientation that also contains an intron inserted in the forward orientation relative 

to the provirus. The GFP gene can then be mobilized by an infectious virus that enters the 

cell, allowing visualization of infected cells under a microscope (Figure from Vineet 

KewalRamani). (B) Complete proviral genomes of XMRV, Bxv-1 and PreXMRV-2 were 

transfected into 293-based DERSE cells, GFP expression was scored at day 4.  
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DISCUSSION & FUTURE DIRECTIONS 

The identification of XMRV, which was initially thought to be a novel human 

gammaretrovirus, closely related to endogenous retroviruses of mice, pointed to the 

possibility of a cross-species transmission, a very interesting phenomenon from an 

evolutionary perspective. The finding that the presence of this novel retrovirus was 

associated with two human diseases further increased the interest of the scientific 

community in the context of public health and infectious disease.  

Initial studies that identified XMRV in certain patient cohorts and investigated the 

association of XMRV with human disease found compelling experimental evidence (94, 

163). However, numerous subsequent studies failed to reproduce the original findings, 

despite the use of adequate assays and controls (5, 30, 37, 42, 53, 55, 67, 68, 75, 129, 

132, 149, 166, 168). Science progresses as a continuum, albeit discontinuously; novel 

findings are always based on previous research, and previous results have to be 

reproducible. Science is objective; correlation does not mean causation, no matter how 

desperate for an answer a patient cohort might be.  

The doubts about the connection of XMRV with human disease were 

strengthened by other findings besides negative results in various patient cohorts. The 

degree of sequence diversity in reported patient samples was not consistent with the 

presence of an infectious retrovirus, which would be expected to have a high error rate. 

Moreover, several reports described contamination of laboratory reagents with mouse 

DNA, raising concerns about the true source of MLV-like sequences amplified from 

banked patient samples (92). In addition, a fraction of the previously detected integration 
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sites in the human genome turned out to be from experimentally infected cells, calling 

into question the authenticity of the rest of the reported integration sites (49, 82, 83).  

In the present study, we examined the origin of XMRV and what seemed to be the 

source of the zoonotic transmission to humans. Solely based on the sequence of the 

retroviral genome, XMRV was widely accepted to have derived from one or more MLVs, 

commonly found as endogenous viruses in mouse genomes, even though no known MLV 

provirus identical to XMRV was known.  

One of the first clues regarding the origin of XMRV came in 2009, with the 

discovery that the human prostate cancer cell line 22Rv1 produces a virus that is identical 

in sequence to XMRV detected in patient samples. This finding was taken to mean that 

the original tumor that gave rise to the cell line was infected with XMRV. We examined 

the history and generation of the 22Rv1 cell line to figure out if this supposition was 

really the case. Careful analysis of samples obtained during the generation of this cell line 

revealed that early xenograft passages of the tumor did not contain XMRV, whereas the 

later passages did, suggesting that XMRV infected the tumor after initial passaging and 

prior to the generation of this cell line (115). Moreover, we identified two endogenous 

MLV proviruses from the xenografts, PreXMRV-1 and PreXMRV-2, which contained 

long, non-overlapping regions of identity to XMRV, such that recombination between the 

two MLVs would create a virus identical to XMRV, providing the most likely 

explanation of how and when XMRV arose. The host mouse DNA found associated with 

the tumor contained both XMRV parental proviruses, but not XMRV, strengthening the 

argument that recombination between these two endogenous MLVs led to the generation 

of XMRV.  
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Here, we discuss the implications of our findings and future research directions.  

The Distribution of PreXMRV-1 and PreXMRV-2 

Identification of the two XMRV parental proviruses, PreXMRV-1 and 

PreXMRV-2, in the xenograft samples that gave rise to the 22Rv1 cell line presented the 

most likely scenario of how and when XMRV was formed; i.e. through recombination 

between the two proviruses during passaging of the xenografts in nude mice. However, 

there remained the alternative possibility that the recombination event between the two 

ancestors occurred during mouse evolution, the resulting XMRV recombinant became 

endogenized, and then found its way to the patient whose tumor cells later became the 

22Rv1 cell line. We explored this alternative scenario, and found it to be very unlikely, 

for reasons explained below. 

Our screen of ~170 individual mice from 48 laboratory strains and 46 wild-

derived strains from all over the world failed to detect XMRV as an endogenous provirus. 

Thus it is very unlikely that the original CWR22 tumor was infected with XMRV derived 

from an endogenous XMRV provirus. In addition, the NU/NU and Hsd mice are the only 

mice among the 12 nude mouse strains that we analyzed that contain both PreXMRV-1 

and PreXMRV-2 (Fig. 26). Furthermore, no wild mouse analyzed carried both 

proviruses. Taken together, the possibility is remote that the CWR22 tumor was 

originally infected with XMRV, which would have to come from an extremely rare 

putative endogenous XMRV provirus, and by coincidence, was transplanted into rare 

nude mice that harbor both parental proviruses. Although the possibility that the CWR22 

tumor was initially infected with XMRV can never be completely excluded, we conclude 
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that it is far more likely that XMRV arose through recombination between PreXMRV-1 

and PreXMRV-2 during passaging of the CWR22 xenograft in nude mice.  

The distribution of PreXMRV-1 and PreXMRV-2 in mice is rather different. 

Besides the two outbred strains mentioned above, the only other mouse strain that harbors 

both proviruses is an inbred strain, C57BR/cd. Interestingly, C57BR is among the inbred 

strains with the greatest M. m. musculus content on a largely M. m. domesticus 

background (183). It is particularly noteworthy that the two proviruses found their way 

into laboratory mice from wild subspecies found on two different continents, Asia (M. m. 

molossinus and M. m. castaneus) and Europe (M. m. domesticus), and are, therefore, very 

unlikely to have been present in the same mouse until their recent crossbreeding to create 

the fancy and laboratory mouse strains (171). The fact that neither provirus is fixed in the 

subspecies where it occurs suggests that both are of fairly recent origin, having integrated 

after the origin of these subspecies less than one million years ago, and prior to the 

radiation of M. m. domesticus in the Americas or the hybridization that gave rise to M. m. 

molossinus (57, 185). As mentioned above, not a single wild mouse strain was found to 

carry both PreXMRV-1 and PreXMRV-2, making it extremely unlikely that the two 

parents would be present in the same mouse in the wild, recombine, and become 

established as an endogenous MLV, let alone cross species to infect humans.  

Particular Issues Regarding the Detection of PreXMRV-2 

The presence, in a number of mouse strains, of a provirus carrying the 

characteristic 24-bp gag leader deletion has been previously noted (31). Since the strain 

distribution of that provirus by PCR using gag leader deletion-specific primers is in 

perfect agreement with that of PreXMRV-2, we think that this is the only provirus in 
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these strains with the characteristic deletion. Proviruses with the gag leader deletion were 

also detected in four inbred strains by deep sequencing (71). Although those fragments 

most likely correspond to PreXMRV-2, the short length of the deep sequence reads (167 

bp) precludes a firm conclusion.  

We cannot predict whether the size of the band observed in our unblots 

corresponds to the expected band size for PreXMRV-2 based on the genomic locus from 

the C57BL/6 database, because even the current mouse genome build (version 37) 

contains large stretches of N’s, making it impossible to infer the presence of a restriction 

site beyond the available flanking sequence information (data not shown). It is also 

important to note that PreXMRV-2 would have been detected with xenotropic LTR 

specific probes (Xltr) in previous studies from our laboratory analyzing the distribution of 

nonecotropic MLVs in mice (43, 157), but not with the Xmv subclass-specific probes 

(KT-51 and KT-55) due to a 3-bp mismatch with both probes. PreXMRV-2, despite the 

presence of a polytropic env gene, also would not have been detected with the polytropic 

env-specific probes (JS5), also due to a three base mismatch at the probe-binding site.   

Recombination between PreXMRV-1 and PreXMRV-2 

The generation of recombinant viruses with similar crossover patterns can occur 

multiple times, reflecting selection for advantageous properties such as receptor usage, 

expression in target cells, evasion of host restriction and repair of defects in one or the 

other parental virus, resulting in a selective replicative advantage gained by the virus 

through bringing together of different genomic stretches. In the present case, PreXMRV-

1 has obvious defects in gag and pol that were repaired by the corresponding regions in 

PreXMRV-2. Even in such cases, however, the exact crossover sites vary from one 
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recombinant to the next, such as the case with MCF viruses in AKR mice (147). It is 

worth emphasizing that the probability of generating the same XMRV recombinant with 

the same crossovers independently more than once is extremely small (115). In fact, 

among the many hypothetical recombinants that could form between PreXMRV-1 and 

PreXMRV-2, there are ~1034 possible recombinants (without regard to the number of 

crossover events per round of replication), of which about 1017 would generate a virus 

with identical amino acids to XMRV in all proteins, but with a different genome (data not 

shown). In other words, assuming that there is a selection pressure from the human host 

acting on every single amino acid residue of the virus, thus imposing a requirement for 

recombination to occur at certain sites, it would still be possible to generate a virus with 

identical proteins by 1017 different ways. Such a flexible window of redundancy for 

generating a virus with identical proteins further highlights the biological improbability 

of creating the exact same recombinant twice. In a hypothetical situation where, by an 

extremely remote chance, such an event did occur, the recombinant (XMRV) would be 

unable to reinfect the mouse target cells and spread, since the host mice used for 

xenografting carry the Xpr1n receptor variant non-permissive for XMRV infection (Fig. 

33) (180, 181). Once again, if we explore the remote possibility that the specific 

recombination event occurred in a mouse strain that carried both proviruses, the 

recombinant would still be unable to infect those mouse cells, since all three strains that 

carry both proviruses, Hsd nude, NU/NU and C57BR/cd mice, carry the non-permissive 

allele. The presence of the grafted human tumor tissue therefore gave the recombinant the 

opportunity to infect and propagate.  
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It will be very interesting to explore the properties of various recombinants that 

form when the two XMRV ancestors, PreXMRV-1 and PreXMRV-2, are co-expressed in 

tissue culture. There are multiple stretches of identity between the two proviruses with 

many potential regions for recombination. Any recombinant that can avoid the inclusion 

of the 16-bp deletion and the frameshift mutation in PreXMRV-1 could potentially be 

infectious, as all remaining regions of both PreXMRV genomes are devoid of obvious 

defects. However, even though PreXMRV-2 has intact open reading frames, preliminary 

results indicate it is not replication-competent (Fig. 34). From the fact that PreXMRV-2 

has identical sequences in gag and the 5’ half of pol to the replication-competent XMRV, 

and that recombination between two defective viruses requires that they be able to 

complement one another when co-expressed to make infectious virions, we can infer that 

the PreXMRV-2 gag and pol genes should encode functional proteins. Analyzing the 

sequences of various recombinants formed by coexpression of the two in vitro will show 

which parts of retroviral proteins are conserved in the generated viruses, giving us clues 

as to which regions are selected for, in order to overcome potential blocks against their 

replication. 

No full-length, infectious, endogenous polytropic MLV has been described to 

date, although there are numerous examples of endogenous and exogenous viruses that 

acquire env genes from endogenous polytropic MLVs to generate an infectious 

recombinant virus (39, 61, 78). It has been generally thought that polytropic LTRs may 

have an intrinsic defect, perhaps relating to the characteristic insert sequences. To our 

knowledge, no studies to date have explicitly addressed this issue. Xenotropic LTRs are 

strong drivers of transcription, contain multiple promoter and enhancer elements (154) 
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and Xmvs can donate parts of their LTRs during generation of recombinant viruses in 

mice (66, 147). A well-known example is the case of Bxv1 (Xmv43), parts of whose U3 

region contribute to recombinant MCF viruses that induce lymphoma in AKR and HRS 

mice (80, 147, 155). Interestingly, both PreXMRV-1 and PreXMRV-2 have xenotropic 

LTRs, but it was PreXMRV-1 that contributed its LTR to the final XMRV recombinant, 

perhaps providing a selective advantage for replication in human cells. The XMRV LTR, 

which is identical to the PreXMRV-1 LTR except for a single nucleotide, behaves quite 

differently from that of the exogenous Moloney MLV in terms of transcriptional activity 

and hormone-responsiveness (35, 124), although it is not known how it compares to 

LTRs from endogenous MLVs. Reporter assays comparing the different LTR types and 

an in-depth analysis of hormone response elements within the LTRs will give us a better 

understanding of the transcriptional properties of the different endogenous MLVs.  

Susceptibility of PreXMRV-1 and PreXMRV-2 to Restriction Factors 

An interesting property of XMRV relates to its restriction by cellular proteins. 

XMRV CA resembles B-tropic MLV based on the critical CA residue at position110, 

however its replication is restricted by both Fv1N and Fv1B alleles, which is quite unusual 

for an MLV and, to our knowledge, has not been observed for any other retrovirus (56). 

This region of XMRV was donated by PreXMRV-2. Therefore, we would expect 

PreXMRV-2 to have the same Fv1 susceptibility as XMRV. PreXMRV-1 gag is 

defective due to a 16-bp deletion. The reconstructed PreXMRV-1 CA protein is also 

reminiscent of B-MLV, with a glutamic acid residue at position 110.  

XMRV was not restricted by human TRIM5α (56, 102), so we would not expect 

PreXMRV-2 to be restricted by this host factor either. However, establishing the actual 
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restriction properties of a reconstructed PreXMRV-1 CA will require further 

experiments.  

XMRV replication is also blocked by many human restriction factors, lending 

further support to the notion that XMRV is unlikely to overcome the many host blocks 

present in vivo. Both human APOBEC3G (A3G) and APOBEC3F (A3F) proteins have 

been shown to impair XMRV replication, with evidence for virion incorporation and G to 

A hypermutation in vitro (16, 56, 114) and in vivo (Kearney et al. In prep). XMRV is 

also blocked by human tetherin (56), known to be expressed in human PBMCs. It will be 

very interesting to explore the restriction properties of PreXMRV-1 and PreXMRV-2, 

and the different experimental recombinants that may arise in vitro between the two.  

Detection of MLVs as possible human pathogens 

The initial reports of association between endogenous MLV-related viruses and 

human disease were attractive because of their biological plausibility: related viruses 

cause a similar variety of diseases in mouse models (28), close contact between mice and 

humans can result in zoonotic infection, and the virus isolated is highly infectious for at 

least some human tumor cell lines (14, 124). As the studies presented here unfolded, 

however, a number of experimental issues regarding the possibility of detection of 

endogenous proviral sequences and their confusion with replicating viruses infecting 

human patients came to light. There are a number of lessons that should be heeded in the 

development of future studies. 

First, low levels of mouse DNA contamination are very commonly found in 

laboratory reagents. In some cases, this DNA can be attributed to the inclusion of mouse-

derived products, such as mouse monoclonal antibodies in PCR reagents or used for 
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isolation of cells (85, 110, 123, 135, 162); in others, the source of mouse DNA is less 

than clear, but given the close relationship of human and wild mouse activity, it is not 

hard to imagine that mice can leave traces in many places that can find their way into 

almost any laboratory reagent or supply.  

A second, related, issue regards the provision of appropriate controls. Given the 

apparent sporadic nature of this sort of contamination, it is absolutely essential that 

controls and patient samples be exactly matched, not only for personal characteristics, 

such as age, gender, geography, etc., but also in the reagents and materials (tubes, 

needles, etc.) used to obtain the assay samples. Unfortunately, such caution is often not 

the case, particularly in retrospective studies like Lo et al. (92). Clinical samples are often 

collected as at least two separate groups, the simplest example being patient vs. control 

samples. An interesting phenomenon is the detection of a contaminant in one set of 

samples and not the other, resulting in false association of virus with human disease. The 

discovery of a laboratory contaminant in some assays would still not provide a full 

explanation for the detection of samples in one group but not the other. Differential 

association between two different groups of clinical specimens can occur, even if the 

detected entity is an artifact. In fact, in the study by Oakes et al. (110), MLV sequences 

were detected preferentially in healthy controls drawn at a later time and processed by a 

slightly different method than those from CFS cases. One possible explanation for such 

erroneous associations is that the two groups might have been handled differently, 

collected at different times by different people at different locations using different 

reagents, supplies, or methods. Furthermore, blinding of investigators to which samples 

are cases and which are controls for such studies is crucial. Examples of such false 
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associations have persisted, even when independent laboratories had confirmed findings 

after the initial report (173).  

Third, even in the absence of contaminating mouse DNA, a different complication 

arises from retrovirus contaminated cell lines used in the laboratory. There are multiple 

documented cases of such contamination events, which appear to be quite common 

among laboratories working with retroviruses (71, 84, 118, 122, 152). Even in 

laboratories that do not work with retroviruses, there are examples of cell lines producing 

replication competent retroviruses. Contamination of cell lines with retroviruses could 

occur through cross contamination of previously uninfected cells with a virus grown or 

handled on other cells nearby. As long as the virus is replication competent and can 

establish an efficient infection, it could eventually take over the entire culture even with 

trace amounts of starting virus. Other potential sources of retrovirus infection of cell lines 

can be mislabeling of frozen infected cells that are later thawed by someone else, or 

through liquid nitrogen freezers if they created a pool of viruses over the years that could 

somehow be transferred from one tube to the next.  

Finally, it is also important to point out that most published “XMRV-specific” 

PCR assays, in fact detect sequences that are identical between either PreXMRV-1 or 2 

and XMRV, and would yield a false positive result if confronted with mouse DNA 

containing one or the other of these proviruses. Only PCR assays that rely on primers 

flanking one of the crossover points can be considered to be truly XMRV-specific (Fig. 

27) (115). In fact, of all the PCR assays published to date, almost none of them are truly 

specific, since the primer sets would detect either PreXMRV-1 or PreXMRV-2 (8, 37, 53, 

92, 94, 133, 149, 163). To our knowledge, the only exception is the primer set used by 
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Hohn et al., where the first round of nested PCR spans a crossover site between 

PreXMRV-1 and PreXMRV-2 in the gag leader region (67). In the mentioned study, 

XMRV was not detected in a large number of prostate cancer patients from Germany 

(67). 

The Current Status of XMRV Research  

Through the work of many laboratories around the world, the connection of 

XMRV with prostate cancer, chronic fatigue syndrome, or any other human disease was 

eventually ruled out. Our work has shed light on the origin of XMRV; we showed that it 

was inadvertently created in the laboratory. These findings prompted many researchers to 

go back to their initial studies and check the constructs, samples, and assays, to find an 

explanation as to why the experiments may have yielded a positive signal.  

In one such study, Dr. Robert Silverman’s group, who were coauthors on the 

Lombardi et al. paper - the initial publication linking XMRV to CFS (94), retested the 

original samples they had received from the WPI for XMRV DNA sequences by PCR. In 

agreement with their initial findings, they detected XMRV-specific sequences in some of 

the patient samples. At that stage, it had become clear that XMRV was not a human 

retrovirus, so they explored the source of these sequences further, in order to understand 

where the false positive signal was coming from. PCR amplification with primers for the 

neomycin gene revealed sequences identical to the XMRV plasmid (VP62 clone) 

commonly used in experiments as a positive control, in the exact same samples that 

tested positive for XMRV-specific sequences (136). Following these findings, the data 

contributed by Dr. Silverman’s group, as well as their names, were retracted from the 

original Lombardi et al. paper (94, 136).  
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The partial retraction was followed by a full editorial retraction of the entire paper 

by Science editor-in-chief Bruce Alberts (3). The full retraction, in turn, was followed by 

a retraction of the Lo et al. paper, the study linking the presence of MLV-like sequences 

in the blood of CFS patients (93). Looking back on the short history of XMRV research: 

First, a large number of studies failing to find a connection of XMRV with human disease 

were published (Table 1). Then came the inability to reliably detect the virus in blinded 

studies, even by laboratories that originally described the connection (138). Finally, the 

two main papers that had made the connection of XMRV/MLV with human disease were 

retracted (3, 93). These advances inevitably lead to the conclusion that XMRV is not a 

human pathogen. 

Going back to the previous studies, one can try to predict - and in some cases 

prove - what might have caused the detection of false positive signals. Potential 

explanations for the detection of false positives in disease association studies are shown 

in Table 5.  
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Table 5. Potential explanation for the detection of false positives 

The details of previous studies investigating the association of XMRV with human 

disease were given in Table 1. Predictions as to why a positive signal may have been 

detected are shown here. Numbers in parentheses represent the reference number. N/A: 

not applicable - where no significant positive signal was detected. 
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PreXMRV-1 and PreXMRV-2 represent yet another addition to the growing list 

of endogenous MLV proviruses of mice. Their significance stems from the recombination 

between the two that ultimately led to the generation of XMRV during the passaging of a 

human prostate tumor as xenografts in mice. To our knowledge, no other MLV, 

recombinant or otherwise, acquired by human tissues upon transplantation into mice has 

ever received this much attention, even though such retroviral acquisitions by 

heterologous cells occurs frequently during passage of human cells in mice, and has been 

known to occur for more than 30 years (2, 11, 50, 160, 179). Even more frequent is when 

cell lines become unintentionally infected with retroviruses, which often go unnoticed for 

many years (6, 71, 84, 118, 121, 143, 152).  

The overall lesson to be learned here is that extreme measures are required to 

avoid false associations of MLVs with disease, including: 1) Rigorous use of highly 

sensitive assays for detecting mouse DNA contamination. 2) Frequent testing of all cell 

cultures used in the laboratory for undetected infection with an MLV or another virus; 3) 

Use of controls that are exactly contemporaneous to the cases, and obtained by precisely 

the same methods using the same materials and reagents. As a few recent papers indicate 

(85, 135), these conditions are not easy to achieve, but only laboratories that do so can 

make credible claims to the discovery of new human infections. 
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ABSTRACT 

We sought to determine the relationship between two recent additions to the MLV 

subgroups: the Mus cervicolor isolate M813 and the Mus spicilegus endogenous 

retrovirus HEMV. Though divergent in sequence, both viruses share an Env protein with 

similarly curtailed VRA and VRB regions, and both are restricted to mouse cells. HEMV 

and M813 displayed reciprocal receptor interference, suggesting that they share a 

common receptor. Expression of the M813 receptor mSMIT1 allowed previously non-

permissive cells to be infected by HEMV, indicating that mSMIT1 also serves as a 

receptor for HEMV. Our findings add HEMV as a second member to the MLV subgroup 

that uses mSMIT1 to gain entry into cells.  
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The diversity of receptor usage by murine leukemia viruses (MLVs) and their 

close relatives reflects an active recent evolutionary history. All MLV subgroups 

identified to date have related env genes and use structurally similar but unrelated small 

molecule transporters as receptors (18). M813, an exogenous MLV isolated from Mus 

cervicolor, represents a novel MLV subgroup that uses the murine sodium-dependent 

myo-inositol transporter 1 (mSMIT1) for entry (10). The Mus spicilegus endogenous 

retrovirus HEMV (20) is one of the few gammaretroviruses that has yet to have its 

receptor identified (for a review see (18)). 

HEMV was initially identified in our lab by a comprehensive analysis of 

endogenous MLV sequences from various Mus subspecies (21). Analysis of the LTRs of 

multiple endogenous MLV-related proviruses from wild-derived mice revealed 

differences exceeding the scope of the previous standard classification of proviruses 

found in inbred strains  (4-7, 17, 21). The provirus containing an unusual LTR found only 

in the genome of M. spicilegus was named HEMV, and further analyses showed that the 

locus represented an intact provirus (21). HEMV bears hallmarks of an ancient 

endogenous retrovirus, in that it is fixed in its host species, the sequences of gag and pol 

occupy positions near the root of the MLV phylogenetic tree, and the LTR has the 

simplest structure of all known MLVs (21). However, further study revealed that it is a 

recent insertion into the M. spicilegus genome, and that the cloned HEMV provirus is 

capable of producing infectious virus (20). 

The coding sequence of the HEMV env gene is substantially shorter than that of 

most other gammaretroviruses, due to differences in the VRA and VRB regions of SU 

that encode the receptor binding domain. Among other known gammaretroviruses, this 
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property was seen only in M813. Though highly divergent in other regions of the 

genome, including TM, HEMV and M813 share VRA and VRB regions of similar length 

(Fig. 1). Overall, HEMV and M813 env genes show 69% identity at the nucleotide level, 

corresponding to 72% at the protein level, comparable to the degree of amino acid 

identity in VRA (76%), and VRB (70%) regions. The most prominent difference between 

the two Env proteins is a three-residue gap in HEMV relative to M813 in the proline rich 

region (Fig. 1). Closer examination of the SU phylogenetic tree revealed that, although 

the two viral SU regions share a common branch in the tree, the branches leading to the 

viruses from their last common node are quite long, suggesting a distant relationship (20).  

The species tropism of HEMV is best described as strictly ecotropic, reflecting its 

ability to infect only cells of mouse origin, including M. spicilegus (Table 1) (20). M813 

has been reported to infect mouse and rat cells, although infection of the latter is three 

orders of magnitude less efficient (16). To better understand the receptor usage of HEMV 

and M813, we examined the species tropism of both viruses.  

The M813 env gene was constructed from the published sequence (16) by linking 

regularly staggered 120 bp oligonucleotides in sequential PCR reactions, and cloning into 

pCR2.1-TOPO (Invitrogen) to create pM813-TOPO. Mismatches from the published 

sequence (GenBank ID: AF327437) were repaired by site-directed mutagenesis 

(Stratagene). The HEMV env gene from pHEMV18 (21), the M813 env gene from 

pM813-TOPO and the 10A1 env gene from pB6 (13) were cloned into pSV-psi-minus-E-

MLV (12) to create psi-HEMV, psi-M813 and psi-10A1 constructs, respectively. Co-

transfection of each construct with pLacPuro (15) or MLV-GFP (14) into 293T cells 

resulted in the production of single-round infectious LacZ+PuroR or GFP+ viruses bearing 
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the specified env genes. Following infection of target cells, titers of the virus innocula 

were determined either by counting LacZ+ (staining blue with X-gal) cells under a light 

microscope, or by GFP expression via flow cytometry. 

As previously reported, both HEMV and M813 were able to infect all mouse cell 

lines tested, derived from several different Mus species, whereas non-murine cells, 

including human, simian, feline, canine, avian and hamster cells were not infected by 

either virus (Table 1) (16, 20). In contrast to published data, we found M813 to be 

incapable of infecting rat cells, despite using at least one identical cell line (Rat1 cells; 

Table 1). Even though the published infection efficiency was very low in this species, it 

was within the sensitivity of the described assay as set by infection levels of truly 

resistant target cells. The reason for this discrepancy is unknown, but we believe it 

unlikely to be due to low M813 titers since an infection with several orders of magnitude 

less efficiency would still yield detectable titers. 10A1 pseudotypes were able to infect all 

cell lines tested with the exception of CHO-K1, while those with the ecotropic (Moloney) 

MLV Env were restricted to mouse and some rat cell lines, as expected (Table 1). 

The similarities in the SU regions of the env proteins of HEMV and M813, as 

well as the identical host range seen in our experiments prompted us to use interference 

assays to test whether the two viruses were members of the same subgroup; i.e., used the 

same receptor for infection. HEMV and M813 env genes were cloned into pNCS (3), to 

generate replication-competent recombinant viruses with the specified Env proteins. 

NIH3T3 cells chronically infected with these viruses, as well as viruses with a variety of 

other receptor specificities, were then challenged with the LacZ+PuroR HEMV, M813, 

10A1 or ecotropic pseudotyped virions.  M813 exhibited the same interference pattern as 
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reported in the literature (16), completely interfering with itself. No significant drop in 

titers of either M813 or HEMV was observed when the cells were pre-infected with other 

MLV subgroups including ecotropic, polytropic, amphotropic and 10A1 MLVs (Table 2), 

implying that both M813 and HEMV use a receptor different from that used by any of the 

tested subgroups. When NIH3T3 cells were infected with replication-competent M813, 

HEMV was completely blocked from infection. Likewise, chronic infection of NIH3T3 

cells with HEMV abolished M813 infection (Table 2). This type of reciprocal 

interference is often seen with viruses that use a common entry receptor. Prior infection 

with HEMV or M813 did not have any effect on infection by 10A1 or ecotropic virus, 

suggesting they use a separate receptor for entry.  

The reciprocal interference between HEMV and M813 implied usage of a 

common entry receptor. To test this possibility directly, cDNA of the mSMIT1 gene, the 

entry receptor for M813, was amplified from an NIH 3T3 cDNA library (11) and cloned 

into the retroviral expression vector pLPCX (Clontech) to create pLPCX-mSMIT. 

mSMIT transducing virus was made by co-transfecting 293T cells with pLPCX-mSMIT, 

pMLVgagpol and a VSV-G expression vector.  Canine Cf2 Th cells were then infected 

either by mSMIT transducing virus, or by virus made with “empty” pLPCX, and selected 

with 10 µg/ml puromycin.  Puromycin-resistant colonies were expanded and challenged 

by GFP-expressing MLV pseudotypes, and infection was scored by flow cytometry. The 

expression of mSMIT1 rendered non-permissive Cf2 Th cells susceptible to infection by 

both HEMV and M813 (Table 3), confirming mSMIT1 as a receptor for HEMV. 

MoMLV, capable of infecting only murine cells, remained unable to infect Cf2 Th cells, 
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whereas 10A1-MLV, which has a broad host range, was able to infect canine cells 

regardless of mSMIT1 expression. 

The possibility that HEMV and M813 might use the same receptor was suggested 

by the similarity and phylogenetic relationship of their SU proteins, relative to other 

gammaretroviruses, and by the unusually short receptor-binding regions (VRA and VRB) 

shared by these viruses. They also have a common host range: unlike other MLVs they 

infect only cells from Mus species. Although only partial sequence is available for the 

M813 genome (limited to env and portions of pol and the LTR), available evidence 

suggests that the two viruses are not closely related outside of SU. Unlike SU, the TM 

region is relatively well conserved among gammaretroviruses, and has been previously 

used to establish viral relationships, most often congruent with RT, but not as precisely 

(1). Phylogenetic analysis places the M813 TM well away from HEMV, post branching 

of FeLV (20). The LTRs of the two viruses share about 77% sequence identity. 

Three major hypotheses as to how HEMV and M813 came to belong to the same 

subgroup despite the obvious divergence of most of their genomes present themselves.  

The first is that HEMV and M813 share a common, although distant, ancestor that used 

an ancestral form of mSMIT1, and their divergence reflects evolution as an exogenous 

virus infecting different host species in different parts of the world while preserving the 

use of the same receptor. The second hypothesis is that both viruses have independently 

arrived in this subgroup through convergent evolution, both SU proteins being the result 

of jumping a similar evolutionary hurdle. The third possibility is that the two viruses 

evolved separately from a distant gammaretrovirus ancestor, and acquired the same 

receptor-binding domain by a relatively recent recombination event. It is worth noting 
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that the discordance between the SU and TM regions suggests the possibility of at least 

one recombination event in the evolutionary history of these viruses. Such events are well 

documented to alter the host range of MLVs, such as the 10A1 virus (8), as well as 

during replication of endogenous ecotropic viruses in some strains of mice (2, 9). In this 

case, recombination would require that all elements of the final virus be present either as 

exogenous or endogenous viruses in a single host. Given the rather different geographic 

ranges of M. spicilegus and M. cervicolor (Eastern Europe and Southern Asia), from 

which these two viruses were isolated, it is likely that other, intermediate viruses may 

exist. Identifying pol and TM regions intermediate to these positions might prove fruitful 

to understanding this relationship. 

Although it is common for distantly related viruses to retain the use of cognate 

receptors, for instance in the case of GaLV and FeLV-B (19), and incremental changes in 

receptor usage are achievable both in vivo and in vitro, as seen in co-receptor usage by 

HIV-1 and HIV-2, understanding how a true subgroup switch occurs remains elusive. 

The establishment of HEMV and M813 as members of the same subgroup may have 

important implications for the evolution and spread of gammaretroviruses. Their 

relationship represents an experimentally tractable investigation of a subgroup’s origin 

and evolutionary history. Investigating how the two viruses came to be members of the 

same subgroup will depend upon further exploration of wild-mouse populations, the 

examination of carrier species, and finally, the possible identification of more members 

of this subgroup.  
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Figure 1. Relationship between HEMV and M813 Env proteins 

Comparison of the SU regions of HEMV and M813 Env proteins. The leader peptide, 

VRA and VRB domains and the proline-rich region are indicated; the sequence 

represents the region upstream of the furin cleavage site.  
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TABLE 1. HEMV and M813 host ranges are restricted to mouse cellsa.  
   
 
 
 Titer (IU/ml) of viral pseudotypes 
Cell Line HEMV M813 MoMLV 10A1 
Mouse     

NIH3T3 3.2x105 1.5x105 3.6x105 5.1x105 
MMK 7.0x105 1.2x105 4.8x105 3.2x105 
SC1 1.7x105 1.9x105 3.0x105 2.3x105 
M. dunni 1.4x106 3.4x105 2.0x105 4.8x105 
M. spicilegus 1.7x105 4.1x104 1.7x105 1.3x105 
MC3T3 2.1x105 7.3x104 2.9x105 2.7x105 

     
Rat     

Rat1 <1 <1 8.5x104 2.8x105 
REF <1 <1 1.9x102 7.2x105 

     
Hamster     

E36 <1 <1 <1 2.8x105 
CHO-K1 <1 <1 <1 <1 

     
Primate     

COS1 <1 <1 <1 8.7x104 
293T <1 <1 <1 4.4x105 
293TmCAT1 <1 <1 4.0x105 2.5x105 

     
Avian     

DF1 <1 <1 <1 2.4x105 
QT6 <1 <1 <1 1.7x105 

     
Cat     

FEF <1 <1 <1 3.4x105 
     
Dog     

D17 <1 <1 <1 2.3x105 
 
 
a The MLV-based pLacPuro vector construct was cotransfected with clones expressing 
the indicated env genes. Titers were determined by X-gal staining.  10A1 and MoMLV 
pseudotypes served as controls. The data represent at least two independent experiments. 
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TABLE 2. Receptor interference between MLV Env proteins. 
 
    Relative titer of Challenge Virusa 

Pre-infecting 
Virus HEMV M813 Ecotropic 10A1 
None 1 1 1 1 
HEMV <3.1x10-6 <6.5x10-6 0.42 1.51 
M813 <3.1x10-6 <6.5x10-6 2.03 0.13 
Ecotropic 0.54 0.17 <2.6x10-6 0.73 
Amphotropic 0.50 0.98 0.64 0.84 
Polytropic 0.15 0.26 0.20 0.13 
10A1 1.08 0.24 0.32 <1.96x10-4 

 
a Calculated as the ratio of titers on pre-infected cells and on uninfected cells.  
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TABLE 3. HEMV and M813 use mSMIT1 as a receptor.  
 
 
       Percent GFP-positive cellsa 

Target Cell HEMV M813 Ecotropic 10A1 No Envelope 
NIH 3T3 22.9 +/- 0.7 8.2 +/- 0.2 35.5 +/- 1.4 17.3+/- 1.3 3.3 +/- 0.5 
Cf2 Th LPCX “empty” 2.0 +/- 0.4 1.6 +/- 0.4 2.0 +/- 0.1 15.9 +/- 0.4 1.8 +/- 0.4 
Cf2 Th LPCX-mSMIT 11.0 +/- 0.2 5.2 +/- 0.2 1.9 +/- 0.2 14.6 +/- 0.6 1.9 +/- 0.3 

 
aPercent infection of 10,000 gated viable cells, threshold set at 1.0% FITC in uninfected 
cells. 
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