XMRYV is present in malignant prostatic epithelium
and is associated with prostate cancer, especially

high-grade tumors
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Xenotropic murine leukemia virus-related virus (XMRV) was recently
discovered in human prostate cancers and is the first gammaretrovi-
rus known to infect humans. While gammaretroviruses have well-
characterized oncogenic effects in animals, they have not been shown
to cause human cancers. We provide experimental evidence that
XMRYV is indeed a gammaretrovirus with protein composition and
particle ultrastructure highly similar to Moloney murine leukemia
virus (MoMLV), another gammaretrovirus. We analyzed 334 consec-
utive prostate resection specimens, using a quantitative PCR assay
and immunohistochemistry (IHC) with an anti-XMRV specific anti-
serum. We found XMRV DNA in 6% and XMRYV protein expression in
23% of prostate cancers. XMRV proteins were expressed primarily in
malignant epithelial cells, suggesting that retroviral infection may be
directly linked to tumorigenesis. XMRYV infection was associated with
prostate cancer, especially higher-grade cancers. We found XMRV
infection to be independent of a common polymorphism in the
RNASEL gene, unlike results previously reported. This finding in-
creases the population at risk for XMRV infection from only those
homozygous for the RNASEL variant to all individuals. Our observa-
tions provide evidence for an association of XMRV with malignant
cells and with more aggressive tumors.
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rostate cancer is the most common form of nonskin cancer in

U.S. men (1). The lifetime risk for developing prostate cancer
is ~1 in 6 (2) in the United States, and globally, 3% of men die of
prostate cancer (3). Morbidity and mortality from prostate cancer
are likely to grow further, given increasing longevity. Epidemiologic
studies indicate that infection and inflammation may play a role in
the development of prostate cancer (4, 5). A search for viral nucleic
acids in prostate cancers led to the identification of xenotropic
murine leukemia virus-related virus (XMRYV) in =10% of samples
tested (6). Because only malignant tissues were analyzed in the
initial report, an association of XMRYV with prostate cancer could
not be addressed. Our analysis of 233 cases of prostate cancers and
101 benign controls showed an association of XMRYV infection with
prostate cancer, especially with more aggressive tumors. XMRV
proteins were almost exclusively expressed in malignant epithelial
cells. Only rarely did we find XMRYV proteins in benign stromal
cells, in contrast to a previous report (6).

XMRYV was originally discovered in patients with a reduced
activity variant of the RNASEL gene, and a strong correlation
between this variant (R462Q) and the presence of XMRYV was
reported: 89% of XMRV-positive cases and only 16% of XMRV-
negative cases were homozygous (QQ) for this variant in a total of
86 cases (6). Our study of 334 cases allowed us to establish the
independence of XMRYV infection and the R462Q variant. This
finding moves the population at risk for XMRV infection from a
small, genetically predisposed fraction homozygous for the R462Q
RNASEL variant to all men. Sequence comparisons have classified
XMRYV as a gammaretrovirus with a high similarity to murine
leukemia viruses. We present experimental evidence that XMRV
is indeed a gammaretrovirus. Gammaretroviruses cause leukemias
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and sarcomas in multiple rodent, feline, and primate species but
have not yet been shown to cause cancers in humans. Taken
together, our findings provide evidence consistent with a direct
oncogenic effect of this recently discovered retrovirus. If estab-
lished, a direct role for XMRYV in prostate cancer tumorigenesis
would open up opportunities to develop new diagnostic markers as
well as new methods to prevent and treat this cancer with antiret-
roviral therapies or vaccines.

Results

A Molecular Clone of XMRV Infects Human Prostate Cells. We con-
structed pXMRV1, a full-length XMRYV molecular clone, using 2
overlapping clones from patient isolate VP62 (6) [gift of Don
Ganem, University of California, San Francisco (UCSF)].
pXMRV1 was transfected into 293T cells. Reverse transcriptase
(RT) activity was detected in the supernatant within 1-2 days of
transfection (Fig. 14), indicating the release of viral particles. These
were inoculated onto naive 293T cells and LNCaP cells, a human
prostate cancer cell line (American Type Culture Collection CRL-
1740). Viral release from infected LNCaP cells was first seen on day
7 postinoculation and peaked at day 12. No particles were released
from similarly inoculated 293T cells up to day 14. pXMRV1 is
therefore an infectious molecular clone, and XMRV replicates
efficiently in human prostate cells.

XMRYV Particles Have Type-C Retrovirus Morphology. Particles released
from XMRV-infected cells closely resembled those of a gamma-
retrovirus, Moloney murine leukemia virus (MoMLV), in size and
morphology (Fig. 1 B-E). XMRYV particles had an average diam-
eter of 137 nm (SD = 9 nm), a spherical to somewhat pleomorphic
shape, and characteristic lipid envelopes. The majority of particles
contained an electron-dense, polygonal core with an irregular
outline (average diameter 83 nm, SD = 8 nm), resembling mature
type-C retroviral cores (Fig. 1C). Cores defined as “immature,” i.e.,
spherical with an electron-lucent center, were also seen (Fig. 1D).
A “railroad track,” a term used to describe immature MoMLV
cores (7), and formed by the radial alignment of the N- and
C-terminal halves of the CA protein, was also seen in immature
XMRYV cores (Fig. 1D, arrowhead). These striking ultrastructural
similarities between XMRYV and MoMLYV (Fig. 1E) suggest that the
2 viruses are assembled in a very similar manner.

XMRV Proteins, Except for Env, Closely Resemble Those of MoMLV. We
identified XMRYV proteins and defined their molecular weights by

Author contributions: H.M.T.and I.R.S. designed research; R.S., D.J.C., and K.R.B. performed
research; R.S., H.M.T., and L.R.S. analyzed data; and R.S. and I.R.S. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

Present address: Department of Pathology, University of Utah, Salt Lake City, UT 84112.
2To whom correspondence should be addressed. E-mail: ila.singh@path.utah.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0906922106/DCSupplemental.

PNAS | September 22,2009 | vol. 106 | no.38 | 16351-16356



http://www.pnas.org/cgi/content/full/0906922106/DCSupplemental
http://www.pnas.org/cgi/content/full/0906922106/DCSupplemental
OYKIC
テキストボックス
文献４


Fig. 1.

The XMRV molecular clone produces infectious particles with morphology and composition similar to MoMLV. (A) Viral release from cells transfected or

inoculated with pXMRV1 or XMRYV, respectively. (Left) Reverse transcriptase (RT) activity in culture supernatants from cells transfected with pXMRV1 or control EGFP
plasmid. (Right) RT activity from LNCaP cells inoculated with XMRV. (Lower) RT activity from NIH 3T3 cells chronically infected with MoMLV shown for comparison. (B-E)
Transmission electron microscopy of XMRYV particles (B), mature XMRV cores (C), immature XMRYV core, with “railroad track’” marked by arrowhead (D), and MoMLV
particles with mature (“M"’) and immature ("“I"") cores (E). (F) Western blot analysis of lysed XMRV and MoMLYV virions, using antisera to XMRV whole virus, MoMLV-CA,
MoMLV-MA, MoMLV-NC, and XMRV-Env SU. Comparison of blots allows identification of intermediates of Gag proteolysis, e.g., p27 (MA-p12), p42 (p12-CA), and p38
(CA-NQ). (G) Molecular weights of XMRV proteins as calculated by Western blot analysis and by sequence prediction and similarity between XMRV and MoMLYV proteins.

[Scale bars: 250 nm (B) and 100 nm (C-E).]

comparing Western blots of lysed XMRV and MoMLYV virions
probed with antisera specific to XMRYV or to MOMLV Gag proteins
(Fig. 1 F and G). In accordance with their high (=90%) sequence
similarities, the molecular weights of XMRV and MoMLV Gag
proteins were found to be very similar. We identified a 75-kDa band
as the surface unit (SU) of the envelope (Env) protein, using rabbit
antiserum specific to XMRV-Env SU. This antiserum did not react
with the MOMLV-SU, consistent with the lower sequence similarity
(54%) of the corresponding Env proteins and the general tendency
of Env proteins to show greater evolutionary divergence, as com-
pared to Gag or Pol proteins.

XMRYV Proviral DNA Is Detected in 6% of Human Prostate Cancers; Viral
Loads of XMRV Are Low. Our quantitative (q)PCR was designed to
efficiently amplify XMRV proviral DNA from formalin-fixed,
paraffin-embedded (FFPE) tissues. Primers and probes were cho-
sen in a region of the integrase gene that is 100% conserved
between all 3 published XMRYV isolates and yet shares at most 80%
similarity with the most closely related murine retroviral sequences
(Fig. S14). A common forward primer was used with 2 different
reverse primers to allow for sequence differences in clinical isolates.
Our qPCR was specific for XMRYV sequences and did not amplify
murine or human endogenous retroviruses; no amplification prod-
ucts were seen when using C57BL/6 mouse genomic DNA or
human placental DNA as template. We tested the sensitivity of our
gPCR assay in 2 ways. First, in the presence of excess human
placental DNA, we could consistently detect 50 copies of the
XMRYV proviral clone and 5 copies 50% of the time (Fig. S1B).
Second, because formalin fixation and embedding in paraffin
compromise DNA quality, we also used fixed templates to test
sensitivity. When DNA from FFPE human prostate tissue sections
was spiked with known dilutions of DNA from fixed and embedded
XMRV-infected, cultured cells, we consistently detected 1-2 in-
fected cells per qPCR sample (Fig. S1C). We developed a second
qPCR targeting the single-copy gene—vesicle-associated membrane
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protein 2 (VAMP2) to test for DNA integrity and amplification
inhibitors [details in supporting information (SI) Text].

To estimate the prevalence of XMRV in men with and without
prostate cancer, we analyzed 233 consecutively accessioned pros-
tate cancers and 101 cases of transurethral resection of the prostate
(TURP) as benign controls (Fig. S1D). We detected XMRV DNA
in 14 (6.2%) cases of prostate cancer and in 2 (2.0%) controls. We
determined XMRYV proviral loads in these tissues. Using XMRV
plasmid DNA as a standard, we estimated that qPCR-positive
prostate cancers contained 1-10 copies of XMRV DNA per 660
diploid cells (see Materials and Methods and Fig. S1E). Because the
number of tumor cells in any given section varies widely between
tumors and even between different areas in the same tumor, it is
impossible to estimate how many copies of XMRV DNA are
present in each tumor cell. Using FFPE XMRV-infected cells as
standards, we calculated that each 10-um section from a prostate
cancer contained the same amount of proviral DNA as 6-7
XMRV-infected cultured cells.

XMRV Protein Is Expressed in 23% of Prostate Cancers and Is Predomi-
nantly Seen in Malignant Epithelium. We developed XMRV-specific
antisera and used them for immunohistochemistry (IHC). We first
used XMRV-infected and uninfected cells that were mixed at
different ratios and fixed in formalin and embedded in paraffin to
mimic prostate tissue sections. We saw granular cytoplasmic stain-
ing in cells in proportion to the percentage of infected cells in the
corresponding mixtures (Fig. 2 A-C). No staining was seen in
uninfected cells or with preimmune serum (Fig. S2 A and B),
confirming the specificity of our assay. We next performed IHC on
prostate samples from XMRV qPCR-positive cases. We saw the
same cytoplasmic granular pattern in tissues as in infected cultured
cells (Fig. 2 D and E). Antiserum from a second rabbit resulted in
identical staining. No staining was seen with preimmune serum
(Fig. 2F).

We tested tissue sections from all 334 cases of prostate cancer and
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Fig.2. XMRV proteins detected in infected cultured cells and in prostate cancer
tissue by IHC, using anti-XMRV antiserum. Counterstaining with hematoxylin
reveals blue nuclei. (A and B) XMRV-infected cells: 100% infected (A) and 1%
infected (B). (C) Cultured infected cells at higher magnification show cytoplasmic
granular staining, represented diagrammatically in C7 (arrowhead, granules).
(D-F) Human prostate cancers with clusters of malignant epithelial cells (E), with
Inset at higher magnification (E7). Granular staining pattern seen at higher
magnification. (F and F7) Adjacent section stained with preimmune serum from
the same rabbit. N, nucleus; n, nucleolus.

controls with benign prostatic hyperplasia. We found XMRV
protein expression in 54 (23%) cases with prostate cancer and in 4
(4%) controls (Fig. 44). In contrast to a previous report (6) that
found XMRV-specific staining only in nonmalignant stromal cells,
we observed XMRV-specific staining predominantly in malignant
prostatic epithelial cells. XMRYV proteins were expressed in epi-
thelial cells in 46 tumors (85%), in both epithelial and stromal cells
in 4 tumors (7.5%), and exclusively in stromal cells in another 4
tumors (7.5%). Of the 4 controls, XMRYV expression was seen in
epithelial cells in 3 and in both epithelial and stromal cells in 1 case.
Epithelial cells expressing XMRV protein usually belonged to a
single acinus or to a few adjacent acini. The proportion of cells
expressing XMRYV protein in a given tissue section varied widely
(Fig. 34A-G) but positive cells always represented a minority of cells
on the slide. The vast majority of IHC-positive epithelial cells
showed the same granular staining pattern of the entire cytoplasm
that was seen in cultured cells (Fig. 3 A-F'). However, the staining
intensity and the subcellular pattern varied between cases, ranging
from intense staining of the entire cytoplasm (Fig. 3E) to more
discrete granular staining (Fig. 3 C and D), with some unusual
staining patterns (Fig. 3G). In summary, XMRYV proteins were
expressed in 23% of prostate cancers and 4% of controls. Protein
expression was seen in clusters of malignant epithelial cells and very
rarely in stromal cells (Fig. 3 H and I).

Presence of XMRV Correlates with Prostate Cancer and Higher Tumor
Grade. We tested for a correlation of XMRYV positivity (by gPCR
or IHC) with the presence, grade, and stage of prostate cancer.
XMRV positivity was 5-fold higher in cancer than in benign
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controls (odds ratio = 5.7, P < 0.0001, Fig. 44). We also tested for
a correlation between XMRV positivity and tumor grade as
measured by the Gleason score. We saw a correlation between
XMRYV positivity and higher-grade cancers (Fig. 4B). Of the 233
cases with cancer, we found XMRYV positivity in 18% of Gleason
6 tumors, 27% of Gleason 7 tumors, 29% of Gleason 8 tumors, and
449% of Gleason 9 tumors (x-test for trend, x> = 3.466, P = 0.06,
df = 1). Because only 1 case was a Gleason 10, it was not included
in the analysis.

Most radical prostatectomy specimens contain relatively low
pathological tumor—-node-metastasis (TNM) stage cancers, be-
cause surgical treatment is not usually performed for higher stages.
This is reflected in the distribution of tumor stages (pT) in our
series: 75% pT2, 23% pT3, and 2% pT4. XMRV was detected in
25% of stage pT2 tumors and in 32% of pT3 tumors. Of the 5 cases
with a pT4 stage, 1 (20%) was XMRYV positive (Fig. 4C). This
moderately increased prevalence of XMRYV in advanced stage
cancers was not statistically significant. Our sample had very few
cases with nodal (N) metastasis and no cases with known distant
metastases (M), preventing an investigation of a possible associa-
tion of XMRYV with higher N and M stages. We saw no association
between XMRYV infection and age at diagnosis (Fig. 4D).

XMRYV Infection Is Independent of the R462Q Polymorphism of RNASEL.
XMRYV was initially discovered in prostate cancers from men
homozygous for a common variant of the antiviral enzyme RNase
L. This R462Q amino acid substitution results in a 3-fold reduction
of enzymatic activity (8). In their study of 86 men with prostate
cancer, Urisman et al. reported that 89% of XMRV-positive cases
were homozygous for the R462Q variant (QQ) as compared to 16%
of XMRV-negative cases (6). We profiled our 334 cases for the
RNase L R462Q variant. The distribution was similar between cases
with prostate cancer and controls (42.9% RR, 47.2% RQ, and 9.9%
QQ in cancers vs. 52.5% RR, 40.6% RQ, and 6.9% QQ in controls,
Fig. 4F). There was also no difference in allelic distribution between
XMRV PCR-positive (50% RR, 43% RQ, and 7% QQ) and
PCR-negative cases (42.7% RR, 47.4% RQ, and 10% QQ; Fig. 4E).
The 2 XMRV-positive controls had RR alleles. When IHC was
used to define XMRV-positive and -negative cases, the relative
allelic distributions were also similar. We thus found no association
between the presence of XMRYV and the RNase L R462Q variant.

Discussion

XMRYV is a candidate infectious agent for causing prostate cancer.
On the basis of sequence comparison, XMRV was classified as a
xenotropic murine gammaretrovirus. We present the first experi-
mental evidence in support of this classification. The morphology
of XMRYV particles was very similar to MOMLYV, a related murine
gammaretrovirus. Protein products of the 2 viruses had similar
molecular weights, and antisera to most proteins of each virus. The
notable exception to this was the SU portion of Env, which
determines host specificity and sets xenotropic viruses apart from
other related murine viruses. XMRYV SU-specific antisera did not
cross-react with MoMLV-SU, and the 2 proteins share only a 54%
similarity (as opposed to 75-96% similarity for other viral proteins).
Our findings thus support the classification of XMRYV as a xeno-
tropic murine gammaretrovirus.

We developed 2 sensitive and specific assays for the detection of
XMRYV in tissues. We used these qPCR and IHC assays to
demonstrate the presence of XMRV DNA or proteins in 27% of
cases in the largest series of human prostate cancers analyzed thus
far. We show that XMRYV proteins are expressed almost exclusively
in cancerous epithelial cells. Moreover, the presence of XMRV
correlated with more aggressive, i.e., higher-grade tumors. These
findings provide support for a possible oncogenic effect of XMRV
and are crucial for designing studies to investigate mechanisms of
transformation.
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XMRYV proteins are expressed primarily in malignant epithelial cells and very rarely in stromal cells. (A and B) IHC of a section from a gPCR-positive prostate

cancer (A) and its diagrammatic representation (B). Nuclei of malignant cells are large and contain =1 large nucleoli (B). Multiple acini of malignant epithelial cells (E+)
stain positive. All cells within these acini show intense staining. The stroma (S) and a few other acini (E—) are unstained. Insets (A7 and B7) show corresponding fields
at higher magnification, with granular cytoplasmic staining pattern in several malignant epithelial cells. (C) A different field from the same sample as in A shows the
range of XMRV protein expression in various acini: fewer cells expressing less protein but the same granular staining pattern. (D-F) Three additional representative
samples with different frequencies of malignant epithelial cell clusters and different extents of XMRV protein expression. The intracellular staining pattern remains
granular in all. (G) Staining limited to part of the cytoplasm of malignant epithelial cells in a subset of samples, as in this sample from which the XMRV clone VP62 was
isolated, courtesy of R. H. Silverman and C. Magi-Galluzzi, Cleveland Clinic (6). (H and /) Scattered rare stromal cells showing cytoplasmic staining were seen close to

malignant cells (H) or within inflammatory infiltrates (/).

The fraction of cases positive for XMRV by qPCR (6%) was
lower than by IHC (23%). This variation can be attributed to
sampling differences in conjunction with very low viral loads. For
the qPCR, detection rates depend on the proportion of XMRV-
infected cells in the tissue. DNA from infected cells gets diluted in
DNA from uninfected cells, thus limiting sensitivity if only a few
cells in the sample harbor XMRYV. However, qPCR allows a rapid
survey of large numbers of tissue samples. In contrast, IHC detects
individual XMRV-infected cells, avoiding the dilution effect of
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PCR. However, the number of cells analyzed is much smaller by
IHC (a 5-wm section vs. a 100-um section for DNA extraction) and
only actively replicating virus can be detected. Because XMRV
produces focal, low-level infections, the 2 assays complement each
other and using both is likely to lead to the most accurate estimate
of prevalence.

Two of our findings differ significantly from the initial report on
XMRYV (6). First, we found XMRYV proteins in malignant epithelial
cells in contrast to initial reports of XMRYV proteins in nonmalig-

Schlaberg et al.



Fig.4. XMRV DNA and proteins were more prevalent in prostate cancer than in controls, and especially frequent in high-grade cancers, and there was no correlation
between presence of XMRV and any particular RNASEL genotype. (A) Number of prostate cancers or controls that were positive or negative for XMRV, either by qPCR
or by IHC. (B-D) XMRV-positive cases (by either IHC or qPCR) correlated with Gleason grades (B), tumor stage (C), or age at diagnosis (D). (E) Presence of XMRV DNA
or protein and the RNASEL genotype. Relative frequencies of RR, RQ, and QQ alleles in RNASEL at residue 462 were compared in prostate cancer cases and controls
(Left), in cancers that tested positive or negative for XMRV DNA by qPCR (Center), and in cancers that tested positive or negative for XMRV proteins by IHC (Right). Cases
are shown as percentages of total on the y axis and as number of cases within columns.

nant stromal cells. This can be mostly explained by our use of
XMRV-specific antiserum instead of the monoclonal antibody to
spleen focus-forming virus Gag protein used in the initial report.
We were also able to detect XMRYV in malignant epithelium from
a case in the initial report (Fig. 3G), supporting the notion that
antisera specific to XMRYV offer a more sensitive means of viral
detection. Second, we did not see any association of XMRV with
the RNase L R462Q polymorphism as described initially. Meth-
odological differences might account for this discrepancy. We
tested prostate cancers for the presence of XMRV DNA and
protein, whereas Urisman et al. used a nested RT-PCR to amplify
viral RNA. It is conceivable that the reduced-activity variant of
RNase L has a more significant effect on the levels of XMRV RNA,
rather than on infection per se. Given low viral loads, the chance of
detecting XMRV RNA may, therefore, be greater in homozygous
individuals. Alternatively, the strength of association may depend
on allelic frequencies and prevalence of XMRYV. The distribution
of RNase L R462Q alleles differed significantly between the 2
studies (23% QQ, 16% RQ, 61% RR in the study by Urisman et al.
vs. 10% QQ, 43% RR, and 47% RAQ in this study). Consistent with
our findings, a survey in Northern European patients identified 2
individuals with XMRYV; neither was homozygous for R462Q (9).
The independence of XMRYV infection from the RNase L R462Q
variant indicates that all individuals may be at risk for XMRV
infection, not just the ~10% of the population that is homozygous
for R462Q. Preventive and antiviral measures will thus benefit a
much larger at risk population.

Our finding that XMRYV is present in cancerous epithelial cells
has important implications for pathogenesis. If XMRYV plays a role
in prostate cancer development, but infects only nonmalignant
stromal cells in the tumor as previously reported, new mechanisms
of retroviral oncogenesis would need to be invoked. This finding has
discouraged investigation of a causal role of XMRYV in prostate
cancer thus far. While such a new mechanism is possible, our
findings are immediately compatible with classical mechanisms of
cell transformation by retroviruses. Retroviruses follow 3 distinct
pathways when transforming cells. The first is transduction by an
oncogene, where a cell-derived oncogene such as src in the viral
genome causes rapid transformation. The second is via an essential
retrovirus gene transactivating cellular growth-promoting genes, as
in the case of the Tax protein of HTLV-I that induces T cell
leukemia (10, 11), or the Env protein of Jaagsiekte sheep retrovirus
that induces lung cancer in sheep (12). XMRYV contains no recog-
nizable oncogene, but we do not understand each XMRYV protein
enough to rule out any role it might play in transactivation. Finally,
there is the insertional activation of a cellular oncogene, a mech-
anism followed by most leukemia-causing murine gammaretrovi-
ruses. Multiple rounds of viral infection are typically needed for the
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activating insertion to occur. Cells containing the activating inser-
tion are selected over others, leading over time to a distinctly clonal
population. While a small number of XMRYV integration sites have
been sequenced from human prostate cancers (13, 14), no evidence
of clonality has emerged yet. Furthermore, the mechanism of
insertional activation requires that each cancer cell contains a
provirus or, at a minimum, the regulatory sequences from 1 LTR.
We estimated that gPCR-positive prostate cancers contained 1-10
copies of XMRV DNA per 660 diploid cells. Because the number
of malignant cells in any section varies widely between cases and
even between different sections in the same prostate, it is impossible
to estimate how many copies of XMRYV DNA are present in each
cancer cell. Our IHC data show that not all malignant cells express
XMRV proteins, a finding with 2 possible explanations. It is
possible that the malignant cells that lack XMRYV protein expres-
sion were never infected by XMRYV at all—a possibility that is
incompatible with any known mechanism of insertional activation
by murine gammaretroviruses. Alternatively, it is possible that some
XMR V-infected cells lose large portions of their proviral DNA over
time, as seen in tumors induced by avian leukosis virus (ALV). In
these ALV-induced tumors, an absence of proviral sequences
essential for production of viral RNA in most cells, coupled with the
absence of viral RNA in tumors, indicates that expression of viral
genes is not required for maintenance of the tumor phenotype (15).
More studies are required to determine whether XMRYV plays any
causal role in prostate cancer or whether the presence of the virus
in malignant prostatic epithelium is simply a function of its pref-
erential replication in prostate cancer cells.

In line with a slow mechanism for oncogenesis, detection of
XMRYV in 6% of our controls might indicate that XMRYV causes
cancer only after a long induction period. Alternatively, these
cases may have cancer in an unsampled area of the prostate:
TURP removes periurethral tissue whereas cancer usually arises
in the periphery of the prostate. It is also possible that XMRV
infection does not always lead to cancer. Because our study
protocol involves de-identified samples, follow-up of these
XMRV-positive controls is not possible.

The finding that XMRYV replicates efficiently in a cell line derived
from human prostate cancer but not in other human cell lines
suggests a viral tropism that warrants further investigation. Is the
virus associated with cancers in tissues other than the prostate or in
gynecologic malignancies? How is XMRYV transmitted? These are
all intriguing questions that deserve further exploration. There is
growing evidence that current prostate cancer screening algorithms
result in early detection of cancers but do not effectively reduce
mortality (16, 17). Many cases of prostate cancer are unlikely to
manifest themselves during the patient’s lifetime. There is a clear
need for better markers to detect cancers that pose a significant
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health threat and to specifically target these for therapy. XMRYV,
because of its association with more aggressive cancers, might
provide such a marker. Furthermore, there are often cases where
a screening test is positive, but no tumor is detected on multiple
biopsies, leaving the patient and his physician with no clear guide-
lines. A second XMRV-specific marker might provide further
guidance. Large epidemiologic studies are needed to investigate
correlation of XMRYV with prostate cancer prognosis. The recog-
nition that human papilloma viruses most often initiate cervical
carcinomas has focused efforts on viral detection for early diagnosis
and on preventive vaccination. Similarly, a determination that a
retrovirus can cause prostate cancer would focus efforts on pre-
venting transmission, antiviral therapy, and vaccine development.
The pharmacological inhibition of viral replication, as achieved
with HIV-1, could dramatically limit the pathological consequences
of chronic viral infection.

Materials and Methods

Creating an Infectious Clone of XMRV. Overlapping partial clones AM-2-9 and
AO-H4 derived from patient isolate VP62 (6) (gift of Don Ganem, UCSF) were used
to generate pXMRV1, a full-length clone of XMRV with a CMV promoter (details
of construction and sequencing are in S/ Text).

Cell and Virus Production and Assay for Reverse Transcriptase Activity. 293T
cells were maintained in DMEM and LNCaP cells in RPMI, both supplemented
with 10% FBS, L-glutamine (2.2 mM), penicillin (100 units/mL), and strepto-
mycin (100 pg/mL). Cells were transfected with plasmid pXMRV1 or control
plasmid pEGFP-C1 (Clontech), using Lipofectamine PLUS (Invitrogen) follow-
ing manufacturer’s directions. Supernatants were harvested at regular inter-
vals, passed through a 0.45-um filter (Whatman), and monitored for virus
production by measuring RT activity ((18), details in S/ Text).

Transmission Electron Microscopy (TEM). Virions were centrifuged through 20%
(wt/vol) sucrose, resuspended in 2.5% glutaraldehyde in 0.1 M Sorenson’s buffer,
and processed for TEM as described (19). Samples were analyzed on a JEOL
JEM-1200 EXII electron microscope and photographed using an ORCA-HR digital
camera (Hamamatsu). Diameters of 100 virions and cores were measured in
Adobe Photoshop.

Anti-XMRV Antisera and Western Blot Analysis. For generation of XMRV whole
virus antiserum (anti-XMRV), supernatant from cultured, infected cells was
passed through a 0.22-pm filter (Pallcorp); centrifuged (18, 20); lysed with deter-
gent and inoculated into rabbits (details in S/ Text). The rabbits were bled before
inoculation for preimmune control sera. Western blot analysis of concentrated
virions was performed as previously described for MoMLV (18-20). XMRV pro-
teins were visualized with primary rabbit anti-XMRV, anti-MoMLV CA (NCI 79S-
804), anti-MoMLV MA (765-155), anti-MoMLV NC (805008, 1:7,500), and anti-
XMRV-SU (1:500) antisera (MoMLV antisera and XMRV anti-XMRV-SU antisera
were gifts of J. Rodriguez and S. P. Goff, Columbia University, New York). Data
from atleast 2 independent Western blots were used to determine XMRV protein
sizes by comparison against molecular weight markers. MoMLV (NC_001501) was
used for sequence comparisons.
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Acquisition of Human Prostate Samples: Cancer and Control Tissues. Radical
prostatectomy specimens (n = 233) acquired at the Columbia University Medical
Center (CUMC) between August 2006 and December 2007 were used to estimate
the prevalence of XMRV in human prostate cancer. Prostate tissues removed by
TURP for benign prostatic hyperplasia between January 2007 and April 2008 were
used as controls (n = 101). Details of tissue acquisition by banks, specimen
selection, and processing are described in S/ Text. Protected health information
was removed and samples were de-identified by the tissue bank. Information
about age at time of surgery, ethnicity, tumor stage, and tumor grade was
retained (Table S1). Experiments were performed in accordance with the Insti-
tutional Review Board of CUMC (IRB-AAAC0089).

DNA Extraction from Human Prostate Tissues. DNA was extracted from 10 sections
(10-um thick) of FFPE tissue, quantified (Nanodrop 1000, Thermo Scientific), and
stored at —80 °C (details in S/ Text).

Quantitative PCR Amplification of Proviral DNA. BLAST analysis of overlapping
250-bp segments of the XMRV genome (VP35, GenBank ID DQ241301.1)
identified a region of the integrase gene of XMRV that is 100% conserved
between VP35, VP42, and VP62 but shares only 80-85% sequence identity
with the most similar murine retroviruses. A forward primer, a hydrolysis
probe, and 2 reverse primers were selected from this region using PrimerEx-
press (Applied Biosystems) (details in Table S2 and S/ Text).

Immunohistochemistry. FFPE cultured XMRV-infected cells and prostate tissues
were sectioned at 5-um thickness and used for IHC. Details of sectioning,
antigen retrieval, antibody treatment, counterstaining, protocol optimiza-
tion, and controls are in S/ Text.

RNase L Genotyping. The TagMan SNP genotyping assay (assay ID: C__935391_1.),
with the TagMan SNP Genotyping Mix (both from Applied Biosystems), were
used for RNase L G1385A (R462Q) genotyping (NCBI SNP reference: rs486907).
Nine nanograms of prostatic DNA was used in a reaction volume of 20 uL. A
TagMan 7500Fast instrument was used for amplification, detection, and allelic
discrimination. RNASEL genes from 2 individuals of each genotype were se-
quenced to confirm allelic discrimination results. DNA from 1 individual of each
genotype was used as control in each subsequent experiment.
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