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The retrovirus XMRV (xenotropic murine leukemia 
virus–related virus) has been detected in human prostate 
tumors and in blood samples from patients with chronic 
fatigue syndrome, but these findings have not been 
replicated. We hypothesized that an understanding of 
when and how XMRV first arose might help explain the 
discrepant results. We studied human prostate cancer cell 
lines CWR22Rv1 and CWR-R1, which produce XMRV 
virtually identical to the viruses recently found in patient 
samples, as well as their progenitor human prostate 
tumor xenograft (CWR22) that had been passaged in 
mice. We detected XMRV infection in the two cell lines 
and in the later passage xenografts, but not in the early 
passages. In particular, we found that the host mice 
contained two proviruses, PreXMRV-1 and PreXMRV-2, 
which share 99.92% identity with XMRV over >3.2-
kilobase stretches of their genomes. We conclude that 
XMRV was not present in the original CWR22 tumor but 
was generated by recombination of two proviruses during 
tumor passaging in mice. The probability that an identical 
recombinant was generated independently is negligible 
(~10–12); our results suggest that the association of XMRV 
with human disease is due to contamination of human 
samples with virus originating from this recombination 
event. 

Murine leukemia viruses (MLVs) are retroviruses belonging 
to the genus Gammaretrovirus that cause cancers and other 
diseases in mice, and they are divided into the ecotropic, 
amphotropic, polytropic, and xenotropic classes on the basis 
of their receptor usage. Xenotropic MLVs cannot infect cells 
from inbred mice but can infect cells from other species, 
including humans. Xenotropic murine leukemia virus–related 
virus (XMRV) was isolated from a human prostate cancer 
(PC) in 2006 and has been reported to be present in 6 to 27% 

of human PCs (1, 2) and in the peripheral blood of 67% of 
chronic fatigue syndrome (CFS) patients (3). The assertion 
that XMRV is circulating in the human population has been 
challenged by several studies that have failed to detect 
XMRV in multiple cohorts of PC and CFS patients or healthy 
controls [reviewed in (4)]. Endogenous xenotropic MLVs can 
infect human tumors during passage through nude mice (5), 
and it has been suggested that XMRV may have arisen in this 
manner (5, 6). In addition, XMRV replication is highly 
sensitive to human APOBEC3s and tetherin (7–11), making it 
doubtful that XMRV replication occurred efficiently in 
human peripheral blood mononuclear cells of CFS patients as 
previously reported (3). 

The human PC cell line CWR22Rv1 (hereafter 22Rv1) 
(12) produces infectious XMRV essentially identical in 
sequence to that obtained from patients. 22Rv1 contains ≥10 
proviral copies/cell (13), and was proposed to have been 
derived from an XMRV-infected tumor. This cell line was 
derived from a xenograft (CWR22) that was established from 
a primary prostate tumor at Case Western Reserve University 
and serially passaged in nude mice (14, 15). To explore 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 (12), and another prostate cancer cell line, CWR-
R1, which was also derived from CWR22 (16). Fig. 1A 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. 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 (17). DNA samples from passage 3 (777, Fig. 1A) 
and an unknown early passage (736) were obtained along 
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with samples from a 7th passage, CWR22-9216R and 
CWR22-9218R. A xenograft tumor from the early 7th 
passage was independently propagated at the University of 
California, Davis 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 available for analysis (14). 

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 at 7 loci (Fig. 1B and fig. S1). The 
probabilities that the xenografts and the two cell lines have 
the same allele patterns for these loci by chance are 1.6 × 10–

13 and 6.3 × 10–13, respectively. 
To quantify the amount of XMRV DNA in the CWR22 

xenografts, we developed a real-time PCR primer-probe set 
that specifically detected XMRV env and excluded murine 
endogenous proviruses present in BALB/c and NIH3T3 
genomic DNA (Fig. 1C). We used quantitative PCR of 22Rv1 
DNA to estimate 20 proviruses/cell and used the 22Rv1 DNA 
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 copies/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/100 
cells, respectively. 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 (18, 19). 
Approximately 0.3–1% of the total DNA from all 6 
xenografts consisted of mouse DNA (Fig. 1D); this result is 
consistent with the <1–3 XMRV env sequences/100 cells 
detected in the same samples (Fig. 1C). 

We characterized XMRV and related sequences in the 
xenografts, cell lines, and nude mouse strains by PCR and 
DNA sequencing (Fig. 2). Using primers previously used to 
clone and sequence XMRV from 22Rv1 cells (8), we 
determined that all the XMRV proviruses in the CWR-R1 and 
22Rv1 cell lines are identical in sequence, with the exception 
of some rare hypermutated proviruses (Fig. 2A and figs. S2 
and S3). Next, we developed several primer sets to 
specifically amplify XMRV sequences and exclude 
endogenous murine retroviruses (fig. S2). 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. 2A and fig. S3A; boxed in 
Fig. 1A). 

We used the same XMRV-specific primer sets to amplify 
and sequence DNA from early passage xenografts (736, 777, 
8L, 8R, 16R, and 18R; Fig. 2B); the results showed that 

XMRV env, but not gag sequences were present (sequencing 
coverage summarized in fig. S3), indicating that the early 
xenografts did not contain XMRV. However, we did find that 
early xenografts contained a previously undescribed XMRV-
related provirus that we have named PreXMRV-1 (Fig. 2B). 
The complete sequence of PreXMRV-1 was determined from 
the early passage xenografts, the NU/NU and Hsd strains, and 
the CWR-R1 cell line. PreXMRV-1 and consensus XMRV 
differed by only one base in a 3211-nt stretch of the genome 
encoding the 3’ half of pol and the 5’ 2/3 of env. In addition, 
the LTRs were nearly identical; 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. PreXMRV-1 is replication defective because of a 
16-nt deletion in gag and a +1 frameshift mutation in pol. 
Late-passage xenografts 2524 and 2274, but not 2152 and 
2272, also contained PreXMRV-1. The detection of low 
levels of XMRV env sequence in the early xenografts (Fig. 
1C) can be attributed to the PreXMRV-1 proviruses present 
in the contaminating mouse DNA. Overall, these results 
indicate that PreXMRV-1 is an endogenous murine provirus 
that is present in the NU/NU and Hsd strains, but neither of 
these strains contains XMRV (the PCR and sequencing 
coverage are detailed in fig. S3, A and B). 

To screen for the presence of endogenous XMRV in 
mouse strains, we developed an XMRV-specific PCR assay 
based on sequence differences in the LTR and gag leader 
regions that excluded all known endogenous murine 
retroviruses (fig. S2). A survey of 45 laboratory mouse strains 
and 44 wild mice failed to detect XMRV (fig. S4). In a search 
for proviruses that might contain XMRV-specific sequence 
features, we found a second previously undescribed 
endogenous provirus that we named PreXMRV-2 (Fig. 2C). 
A portion of PreXMRV-2 corresponds to an 1124-nt 
sequence of an endogenous provirus from the 129X1/SvJ 
mouse genome (Acc. No. AAHY0159188.1) (6, 20). The 
sequence of PreXMRV-2 revealed that gag, pol, and env 
reading frames are open and can potentially express 
functional proteins. A 3.6-kb stretch encompassing the gag 
leader region and gag-pro-pol differs by one base from the 
consensus XMRV (99.9% identity); in addition, a 700-nt 
region of env is 99% identical to XMRV; however, the LTRs 
and the remaining viral genome differ by 6–12% from 
consensus XMRV. Phylogenetic analysis indicates that 
PreXMRV-1 groups with xenotropic viruses whereas 
PreXMRV-2 appears to be a recombinant, grouping with 
polytropic and modified polytropic viruses for certain 
stretches of its genome (fig. S5). 

We screened 15 mouse strains, which included 12 nude 
mice, for the presence of XMRV, PreXMRV-1, and 
PreXMRV-2 using XMRV-specific primers, primers that 
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amplified XMRV or PreXMRV-1, and PreXMRV-2-specific 
primers (Fig. 2D and fig. S2). None of the mouse strains 
contained XMRV and only the Hsd and the NU/NU outbred 
nude strains contained PreXMRV-1 (Fig. 2D and fig. S6). Six 
of the 15 mouse strains contained PreXMRV-2, but only the 
NU/NU and Hsd mice contained both PreXMRV-1 and 
PreXMRV-2 (Fig. 2D and fig. S6). It should be noted that 
since the Hsd and the NU/NU are outbred strains, individual 
mice differ in their endogenous proviruses. NU/NU mice 
showed variation in the presence of these two endogenous 
proviruses, and two out of five animals tested contained both 
(fig. S6). 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 CWR-R1 
cell line has been reported to contain contaminating mouse 
cells (21) (and see IAP signal, Fig 2D), which is likely to be 
the source of the PreXMRV-1 sequences. 

We used the same specific primer sets to determine the 
distribution of XMRV, PreXMRV-1 and PreXMRV-2 in 
early and late xenografts (Fig. 2E). 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. The primers used to 
detect PreXMRV-1 could also detect XMRV; sequencing 
analysis of the PCR products from all of the early xenografts 
detected only PreXMRV-1, but both XMRV and PreXMRV-
1 were detected from the late xenografts 2524 and 2274 (Fig. 
2B). 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. 2, C 
and E, and fig. S3C). 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. 

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. 3A, reverse transcriptase template switching events 
during minus-strand DNA synthesis can form a recombinant 
that is essentially 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 nucleotide stretches that are identical 
between PreXMRV-1 and PreXMRV-2 (Fig. 3A, red 
numbers; fig. S7A). Of the four nucleotide differences 
between the predicted recombinant and consensus XMRV, 
only the A>G change at position 790 results in a conservative 
valine-to-isoleucine amino acid substitution; the other 3 
substitutions are silent. The 22Rv1 and CWR-R1 cell lines as 
well as VP42 have an A at position 790, whereas all other 

XMRV isolates have a G at position 790. The insertion of an 
A at position 8092 occurred within a run of 6 adenines; 
frameshift mutations commonly occur in such homopolymers 
during retroviral replication (22). A comparison of the 
predicted recombinant to the available XMRV sequences is 
shown in fig. S7B. The available XMRV sequences all have 
the same six recombination junctions predicted in the 
hypothetical recombinant, and differ from the consensus 
XMRV by 3 – 14 nucleotides. These differences may be the 
result of errors during PCR or sequencing, or mutations 
during the passage of XMRV in another cell line. 
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 (Fig. 3B) (23). 

Our findings indicate that virus derived from two 
previously undescribed murine endogenous retroviruses, 
PreXMRV-1 and PreXMRV-2, most likely underwent 
retroviral recombination to generate XMRV during in vivo 
passaging of the CWR22 xenograft in nude mice. The fact 
that both parental endogenous proviruses were present in 
some of the nude mouse strains used for in vivo passaging of 
the xenografts indicates that there were opportunities for this 
recombinant to form and spread in the tumor cells that were 
the progenitors of the 22Rv1 and CWR-R1 cell lines. Only 6 
template switching events, which is close to the average of 4 
template switches per replication cycle (24), are needed to 
generate a recombinant that is both essentially identical and 
ancestral to all XMRV sequences characterized to date from 
cell lines and patients (Fig. 3B). We have estimated the 
probability that the exact set of template switching events 
occurred independently is 1.3 x 10–12 (fig. S8) (23), making it 
very likely that contamination of human samples with XMRV 
originating from the relapsed CWR22 xenografts or either of 
the two cell lines, perhaps through other intermediate cell 
lines, contributed to its reported association with PC and 
CFS. Our results and conclusions relate to XMRV detection 
by isolation of virus of this specific sequence (1–3), and do 
not directly address detection of antibodies or viral antigens 
(25, 26), or PCR detection of related but distinct MLV 
sequences (27). We note, however, that most “XMRV-
specific” PCR assays may detect PreXMRV-1 or -2 
proviruses in contaminating mouse DNA, and that specific 
detection of XMRV requires the use of primers that flank a 
crossover site. 

The alternative possibility is that recombination between 
PreXMRV-1 and PreXMRV-2 occurred during mouse 
evolution, giving rise to an endogenous XMRV provirus that 
is present in mice and can occasionally infect humans. We 
think this possibility is remote because analysis of the early 
xenografts, which contained contaminating nude mouse 
DNAs, failed to detect XMRV. Furthermore, we were unable 
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to detect XMRV in a screen of 89 inbred and wild-derived 
mouse strains including 17 individual nude mice (fig. S4) 
(23). 

We conclude that XMRV was generated as a result of a 
unique recombination event between two endogenous MLVs 
that took place around 1993–1996 in a nude mouse carrying 
the CWR22 PC xenograft. Since the probability that the same 
recombination event could occur independently by random 
chance is essentially negligible, any XMRV isolates with the 
same or nearly the same sequences identified elsewhere 
originated from this event (23). 
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Fig. 1. 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. *, unknown early 
passage. (B) Short tandem repeat (STR) analysis. 
Representative D7S280 allele pattern of xenografts, 22Rv1 
and CWR-R1 cell lines, along with analysis of six additional 
loci (fig. S1). An allelic ladder is shown on left and right of 
gel. (C) Quantitative real-time PCR to detect XMRV env 
sequences. Calculated copies/100 cells are indicated above 
each bar. (D) IAP assay to quantitate the amount of mouse 
DNA present in the xenograft gDNAs. 

Fig. 2. PCR and sequencing analysis of XMRV and XMRV-
related sequences from xenografts, cell lines, and nude mouse 
strains. Using specific primer sets (fig. S2), cloned PCR 
products from the xenografts, 22Rv1, CWR-R1, or mouse 
strains were sequenced. Approximate length and location of 
sequences determined from samples that were positive for 
XMRV (A), PreXMRV-1 (B) and PreXMRV-2 (C) are 
shown as red bars beneath each provirus. Details of primers 

and numbers of cloned products sequenced are shown in figs. 
S2 and S3. Hypermut plots (see fig. S3 for details), which 
indicate nucleotide mismatches relative to XMRV as color-
coded vertical lines, are shown for PreXMRV-1 (B) and 
PreXMRV-2 (C), together with the percent identity to 
consensus XMRV for different regions of each provirus 
(nucleotide numbers refer to the 22Rv1 XMRV sequence 
[FN692043]). PreXMRV-1 has a 16-nt deletion (Δ16) in gag 
and a frameshift (fs) in pol making it replication defective 
while PreXMRV-2 gag, pol, and env reading frames are 
open. Mouse strains (D) and xenograft and PC cell lines (E) 
were analyzed by PCR for the presence of XMRV, 
PreXMRV-1 and PreXMRV-2. Mouse IAP and human 
GAPDH serve as positive controls for the presence of mouse 
and human DNA, respectively. For both (D) and (E) the 
primer set used to detect PreXMRV-1 can also detect XMRV. 
For ease of comparison, the 22Rv1 and CWR-R1 gel lanes 
from (E), which were run in parallel, are duplicated in (D). 
DNAs in (D) and (E) were all amplified with the same PCR 
primer master mix. †We previously determined the full-
length sequence of XMRV from 22Rv1 cells (8). Δgap refers 
to the 24-bp deletion in the gag leader characteristic of 
XMRV. All mouse strains shown in (D) are nudes except for 
those indicated with *. 

Fig. 3. Predicted recombinant between PreXMRV-1 and 
PreXMRV-2 is nearly identical to XMRV. (A) 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 predicted template 
switching events (numbered 1–6) are shown. The lengths of 
nucleotide identity within the presumed template switching 
regions are indicated in red numbers. The predicted 
recombinant and the 4 nucleotide differences with consensus 
XMRV are shown. The nucleotide numbers refer to numbers 
of the 22Rv1 XMRV (Acc. No. 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 5 and 6 adenines, respectively. The A>G change at 790 
results in an isoleucine (I) to valine (V) substitution. (B) 
Phylogenetic tree of all full-length XMRV sequences to date 
and the predicted recombinant implicates the predicted 
recombinant as the ancestor of all sequenced XMRV isolates. 
The tree shown is an enlargement of the XMRV-specific 
portion of the complete endogenous MLV tree (fig. S5A) 
(23). 
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