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In this contcxt,sCVeral reccnt studies have linked gcrmlinc

mutations in RNasc L to ProStatc canccr susceptibnity〔 lo_

131 Prostate cancer ha3 1 COmplCX e● 010gy innucnced by

androgens,dict,and other CnVironmcntal and gcnctic factors

[14]While SPOradiC PrOState cancer dヽ Plays an age‐ rclatcd

incrcasc in PrcvalCnce,familial PrOStatc canccr kindreds

often disPlay carly・ onsct discasc Such kindrc“ ,dcnned by
having morc than thrcc aFfectcd mcmbcrs Pcrfam口 y,account

ror 43%oF early onsct cas,s(く 55"ars Old)and 9%OF a“

cascs[15〕 Thc genctics of hcreditary PrOStatc canccr(HPC)ヽ

COml'CX,and Several genes have bcc,ProPOSCd as susccPt‐

ibiliり Factors in thi,sソ ndrOme lntcrcstingly,Onc of thesc,

″PC′′ is linkcd to R7VASEL[10,11〕 SCVeral gcrmline

mutations or variants in HPC′ ノRAみ4SEL havc becn obscrved

in HPC[10-13](rcviCWed in[161),inCluding l commOn(35%
alictic frcqucncy)misSCnse Variant of RNase L in which a C tO

A transition at nucleotidc(nt)poSitiOn 1385(01385A)rcsultS

in a glutarninc in,tcad Of argininc at amino add PostiOn 462

(R462(υ  Rcmarkablン ,a largc,controlled sib‐ Palr study
implicated the R462Q RNase L variant in up to 13% oF
unsclectcd Prostate cancer cases lll1 0ne COPッ  。f thC
mutlted genc irlcreased the‖ sk oF Prostate canccr bソ about

60%,Whereが individuals that were homo2y80い fOr thc
mutation had a 2‐ Fold increased risk of PrOStatc cancこ r The

R462Q RNasc L vaiant had● 3‐fold dccrcase in catalytic

ac● vity comParcd With thc wild‐ typc en2ソ me 19,11〕 HoWevcr,

wh‖ e sevcral case― control!cd gcnetic and epidcmiolo8ic

stlldics suPPort thC inVolVcment Of FNASEL(and notably

the R462Qvarianぅ in PrOstate canccr etiology〔 10-13〕 ,othCrs

do not〔 17-191,Suggesting that cither poPulation difFcrenccs

or cnvironmenta!ractors may mod● late the imPaCt Of

RМ4SItt on PrOStatic carcinogenesis
WЪilc the antiaPoptCtic PhcnOtyPc cF RNasc L dencicncy

h■ dOminatcd PreviOus discus● ons of ts Pos● blc hnkagc to

cancc■ RNasc Lお aお oa keン●″cc,or oFthc ant,viral action of
htcrferons Thヽ Ld us∞ conddcr thc PoSSb‖ ity that hc

PutatiVC linkagc of RNose L altcrations to HPC might rcnect
enhanCCd SuSccp● bility to a viral agcnt To tcst thiS

hypothesis,we havc cxamined RNA derivcd from w‖ d・ tッPe
and RNase L va●ant(R4629 Prostate tumors for cvidcnce of

Oi軋。Sらヽ
"e“
1中コ“
pahOgい∝g

V;rus In Pfostate Tumors wirh R462Q 8NA5ft

viral sequenc€s, by hybridization to a DNA microaray
composed of the most conssryed scquences of all known
human, animal, plant, and bactcrial vitus€s [20,21]. Hcre wc

report rhat 40% (eight of 20) of aU tuDors homoz/gow for
the R462Q allclc harbor€d th€ gcnomc of a distinct
gammaretrovirus closely related to xcnotropic murinc
leukcmia viruscs (MuLVs). In contrasi, rctroviral lequcnccs
wcre present in <2% of tumors bcaring at least onc copy of
the wild-type allcle (one of 66). In additioh, virus-harboring
cells wcrc detected within infeckd prostatic tumor tissucs by
fluorcsccnce in ri(u lrybridization (FISH) and immunohilto-
chemistry (lHC). Thcsc 6ndings represen! the firs! dctection
of xcnotropic MulV-litc agcnts in humans, and rcvcal a

strong associalion bctwten infcction with the virus and
dcfccrs in RNa3e L activity, Thc relation of rettoviral
infcction to prostare canc€r will requirc further study, but a

cofactor role is not excluded.

Berult5

Detection of XMRV by Microanay-Based Screening
To search for potential viruses in prcstate cancer tumors,

{e employed a DNA microarray-based strategy designcd to
scrceD for viruses from all known viral families [20,2U. Total
or polyadetrylared RNA extracted from tumor tissue was first
amplifred and fluorescently labcled in a sequence'nonspeci6c
fashion, The amplified and labeled fngments, which con-
tained host as wcll,at potential viral sequenccs, werc thcn
hybridized to a DNA microarray (Virochip, Univcrsity of
California San Prancisco, San Franciscb, United Stat€s)
bearing the most cbnseN€d sequences of -950 fully
sequcnced NCBI refercnce vinl gcnomcs (-11,000 70-mer
oligonucleorid€s).

The Virochip ws scd to screen RNA sampleE isalarcd
from prostate tumoru of l9 individuals (Figure l), A positive
hybridization signal suggestive of a gammarctrovirus was

d€tected in seven of ll tumors from patients homozygous for
th. R462Q nN,{SE variant (QQ). In contBst, no virus w6
detected in thr€e tumors from RQ hetcrozygotcs, and only
one of five tumors from RR individuals was positive.
Clustering of thc microarray oligonucleotide intensities
(Figurc 1) rcvcalcd a similat hybridiation patiern in all
positive cases. Furthermorc, a computational analysis using E-
Prcdict, a rcccntly described algorithm for vinl spccics
idcntifrcation [22], suggest€d that the same or similar
mammalian ganmaretrovirui wat prseDt in all posirivc
tumors (Tablc S1). Thw, thc Virochip dctccted the prasence
of a probable gammarctrovirus in half of thc qq tumor
samples and in only onc non-QQ sample,

Characterization of XMRV Genome
To further charactcrizc the viru, we recovercd its entire

genomc from onc of rhe rumors OP95) (Figurc 2). To obtain
viral clones, we first employcd a dircct microaray rccovcry
lechnique described previously [21]. Bricfly, amplified nucleic
acid from the tumor tissue, which hybridizcd to vital
microarray, oligonucleotidcs, was eluted from two specifrc
spot3. Thc eluted DNA was rc.amplified, and plasmid Iibraries
constructed from this matcrial wcre screencd by colony
hybridization using the spotr'oligonucleotides as probes. The
array oligonuclcotidcs uscd in this case dcrived from the LTR
region of murinc type C retrovrrus (MTCR) and splcen focus-

forming virus (SFFV) [23]. The largest recovcred fragment was

415 nt in length, and had 96% nt idcntity to thc LTR rcgion
of MTCR, a MULV identificd in the genome of a mouc
mycloma ccll line (T. Heinemcycr, unpublishcd dau). Therc
findings cstablishcd that the virus in qucstion war indecd a

gammarctrcvirus, and likely a rclative of MuLVs, To clone
and gcquence thc rest of the viral gcnome from sample VP55,
wc sed tumor CDNA to PcR:amplify overlapping scgmca*
using primcrs dcrivcd from MTCR; gapr werc closed using
primcrs from carlicr recovercd cloncs (Figure 28 and Table
S2). Using a similar strateg, we have also dctermincd thc full
sequencc of thc virus from a sccodd tumor, W42. Finatly, a

complctc viral genomic scquclcc from a third tumor ca!e,

vP62, wa obtaincd by PCR amplificalion of two -4 (b-long
overlapping fngmcntr joinily spanning closc to the cntire
length of rhe viru (Figure 2B), The thrcc sequenc€d genomes

share >98% nt idcntity ovemll and >99% amino acid (aa)

idcnrity for prcdictcd open rcading fnmcs (ORF!), atrd ths
rcPrcscnt lhc samc virus.

Thc full gcnomc of the virus (Figurcs 2 aod Sl) is 8,1E5 na

long and is distinct from all known isolatcs of MuLV. The
genomc is most similar to the gcnomcs of cxogcnous MuLV!,
DG.75 cloned from a human B-lymphobl6toid ccll line [24],
and MTCR, {ith which it shareE 94% and 93% overall nt
sequencc idcntity, respcctiv€ly. Thc gcnomc aho rharcs up to
95yo nt identity with scveral full-lcngth Mu f,wculu
cndog€nous proviruscs (Figure 2C), Phylogenetic trccs con.
structcd using availablc mammalian typc C retroviral
gcnomcr and lcprelenlarire full.lcngrh proviEl requcnccs

:@. PloS Pathogens I ww.Dj6pathogero.org

Virus in Prostate Tumers wlth R462Q RNASEL

froln the mouc genome (Figurq 3 and 52) lhotcd that thc
newly idcntificd viN ii more rimilar to xcnolropic and
poly$opic than to ecotropic genomci. Bacd on thclc
findings wc proposc the provisional namc Xenotropic
MUlV-rclatcd viru (XMRV) for this agcnL

Translation of thc XMRV gcnomic sequencc using ORF
Finder [25] identificd two overlapping ORFs coding for thc
full-lcngth Gag-Pro-Pol and Env polyprctcins. No exogcnou
coding oequences, such I viral oncogcnca, could be dctcctcd
in the XMRV genomc. Thc predictcd Cag polyprorcin i! 536
aa long and i! most similar to a xenotropic froviru on M,
munlu Chromosome 9, with shich it rhbrcr 97fr a idcntity
'(Figurc S2A). Thc Pro-Pol polyprotcin is 1,197 a long and
bu thc highcrt aa idcntity with MuLV DG-75 and a

xcnotropic prcviru on M. nuanlu ihromocomc 4, 9?%
and 96%, rcspcctivdy (Figurc S2B). An ambcr (UAG) stop
codon lcparitcr thc Cag ud Pro-Pol. coding tegucncc,
analogou tq oticr MULV5 ln which a trsledonal read.
through ir requircd to gcncntc thc full-length Gag-Prc-Pol
polyprctcin (rcviewed in [26]).

Similar to otho MuLV! t23,2427-SlJ, thc Env polyprctcin
of XMRV is in a diffcrcnt rcading fnmc comp.rcd with Gag-
Pro-Pol. Thc Env prctcin sequ€trcc i! 645 aa long, and ho thc
highcst amino acid idlntity witlt th. Env protcin of an
infcctious MuLV isolatcd from a human small ccll lungcancer
line NCI-,117 [32] and MuLV Ncw Zcaland Black 9-l
xenotropic rctrovirur (NZB-9-I) t28D; 95% and 94%,
r.spcctively, Thc XMRV Env protcin aho sharo rimilarly
high idcntiry {ith scveral murinc x€nohopic provirucr
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Flgur. t. XMnV D€tsl,on by DNA Mkravayr md BT-PCB

(A)Virochip hybridiation patterni obrained fof tumor samples from l9 patlenlr. The samples {x€xls).nd the 502 retrovifal oligonlcleoldes pffit on
the mlcroarray g-axis) were (lurtered using hierir<hkal clustering. The red color saturadon Indicatei the magnitude of hybridiatlgn Int $lty.
(B) Magnlfied view ofa selectad cluster cohtainlng oligonucleorides with the strcngest positlw iignsl. Samples from patlents wlth QQ rrV4sf,l gcmtpe
are shown in red. and those from RQ ahd RR indlvlduals as well as controls are In blacL
(O Resllts of nelt€d RT-PCR speclfl< for XMRV gdg gene. Amplifled 9d9 PCR fragments along with the conespondlng human 6IPDH amplltlotlon
(ontrols were separated by gel electrophoresis uJing the s?me lane ofder as in the mlcroatray ciulter,
DOI: 1 0.1371/journrl.ppatO020025.9001
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Virus ln Prostate Tumors wlth M62Q nrVASEt

Flgsra 3. Phylogenetic Anal)6i5 of XMR{ Based on Complete Genome
Sequence5

Conpl*e genomei of XMRV vP35. VP42, .nd VP52 ked); MTCR, MULV5

DG-75, AKV, Mgloney, F.lend, and Rauichet fellne leukaml. viru5 (FLV);

koalr retrovkus (K!RW glbbon ape leulemla vlr6 (GAIV); and a set of
represehtetive nonsotropic provirus$ (mERVs) rere aligned usinE
Clustalx (s Materi.lr and tr4dhods), An unrooted nelghborjolnlng tree
wis generated b.sed on thls allgnhent, exclldlng grp! nnd using
Klmura's coretion for multiple basa subditutlont. Boot5trrp values (, =
1000 trl.ls) are Indlcated as per€enbger,s€quen<er are labeled aj
xenotroplc fi), polytroplc (P), rcdified polytropl< (Pm). or {osopl< (E),

DOI I O.l 371/journal.ppat.0020025.g0O3

Virus ln Prostate lumo6 wlth M62Q nNAsft

most divergent legmcnt of thc gcnomc comparcd with othcr
MuLVs (Figurcs 5 and 2C). Unlikc ccotropic .MuLVr; whcrc
trantlation frcm this codon adds an -90 aa N-tcminal lcadcr
pcptidc i! fEmc with thc rclt of thc Cag protcin, thu
gcncrating a glycolylatcd forqr of Gag [54], XMRV hd a ltop
codon 53 aa rsidu?5 downstrcam frcm lhc altcrnetivc ltart
lntcrcstingly, both MuLV DG-75 and MTCR gqg leadcr
scqucncc! arc also intcrrupted by stop codonr, and thcrcforc
are trot expectcd to producc full-lcngth glycccag. Furthcr-
more, a charactcri*ic 24-nt dcletion wa procnt in thir
rcgion of thc XMRV genomc, which is not found in any
known exogcnous MuLV isolatc. Howcver, a shoncr delction
of ninc nt intcrnal to this rcgion it prctent in thc lcquencc!
of scveral non-ccotropic MULV provirisct found in the
sequenced moulc gcnomc (Figurc 5). In. ccll culture,
exprcssion of itrtact glyco-Cag i! not c$cnlial for vird
replication [55,56]. Howevcr, lcsiou in thi! rcglon havc bccn
associated with intcrelting variations in pathog€nctic proper-
ties in vivo [57-61]. For c*amplc, an altcration itr tcn nt
affccting five rcsiducs in thc N-tcrminal pcptidc of glyco-Gag
wa! found to bc r*ponriblc for a 100-fold diffcrcncc in thc
frequcncy of ncuroinvuion obscrycd bctqccn CuFTKP and
CasFrKP4l MuLV strains [62]. In addition, idcrtion of an

octanuclcotidc rcsulting in a ltop €odon dowrotrcam of the
CUC stan codon prcvcnted levcre carly hcmolytic ancmia
and prolongcd latcncy of crythrolcukcmia in mice infected
with Fricnd MuLV [58]. Whilc wc do not yct know thc
pathogcnctic signi6cancc of thc lc!ioru in XMRV glyco-Cag,
thc high degrce of sequcncc div€rgcncc suggqt! that thi!
region may be undcr positivc lclcctivc prcssurc ud thcreforc
may bc relevant to thc cstablishmcnr of infcction within thc
human host.

Associatlon of XMRV tnfection and R462Q RIVASE!

Genotype
To furrhcr cxaminc the usociation bctwccn prcscncc of

the viruc and thc R462Q (1385G->A) JtN.{SEL gcnotypc, wc
dcvclopcd a spccifrc ncltcd RT-PCR assay b*cd.on thc viru(Figure S2C). Conscrved splicc donor (ACCTAAC, position

204) and acccptor (CACTTACAG, position 5,479) sites
involved in thc gencration of a/ subgenomic RNAs [33]
were found in thc samc relativc locations as i4 orher MuLV
genomcs. A multiplc scqucnce alignmcnt of XMRV Env and
corrcsponding protcin scqucnccs of other rcprcsentativc
MuLVs (Figurc 4) showcd that wirhin thrce highly variablc
rcgions (VR), VRA, VRB, and VRC, known to bc ibportant for
ccllular tropism [94-36], XMRV has thc highest aa identity
with xcnotropic snvclopes from MuLVs NZB.9-1, NFS.Th'l
[37], and DG-75. Although unique-ro.XMRV aa are present in
each of the three VRs, bascd on the overall similarity to the
known xenotropic envelopes, wc prcdict thar thc cellular
recepto! for XMRV is XPRI (SYGI), thc rcccntly identificd
rcccptor for xenotropic and polytropic MuLVs [38-40].

The long terminal rcpeat (LTR) ofXMRV is 535 nt long and
hd the highest nt identity with the LTRS from xenotropic
MuLVs NFS-Th-l (9670) aad NZB-9-I (947o). Thc XMRV
LTRS contain known structurai and.rcgulatory elcments
typical of other MULV LTRs [33,411. ln particular, the CCAAT
boi, TATAAAA box, and AATAAA polyadcnylation signal
scquenccs were found in U3 at their expccred locations
(Figurc S3A), U3 also contains a glucocorticoid response
element s€quence AGA ACA GAT GCT CCT. Esscntially

'i($i, tt* Parhogs! | M.plolp.rho9eni.or9 021{

idcntical sequcnces are present in genom€s of orher MuLVs.
Th€sc elements havc been shown to activale LTR.dircclcd
transcriplion and viral replication in vitro in rcsponsc to
various lteroids inclsding androgcns [42-45]. ln addition,
presence of an intact glucocorticoid rcsponse element is

thought to bc thc dcrerminant of higher susccptibility to FIS-

2 MULV infection in male comparcd with female NMRI mice

[46,47]. Despitc thcse similaritics, singlc nt substiturions
unique to XMRV and an inserlion of an AG dinucleotide
immediately downsrream from the TATA box are prcsent in
U3 (Figure SgA). Consistcnt with these findings, a phylogc.
netic analysis based on U3 scquenccs from XMRV and from
rcpresentative xcnotropic MuLV provirus groups [48,49j
show€d that XMRV U3 sequcnccs formed a wcll-scparatcd
clust€r most similar to lhc group containing NFS.Th-l and
NZ8-9-l (Iigure S3B).

The 5' gag leader of XMRV, defined as thc sequencc

extending from the end of U5 ro the ATG start codon of'du€',

consists of a conseryed non-coding region of -200 nt,
containing a prolinc tRNA primer binding sitc o well as

sequcnces required for viral packaging [50,51] and the
initiation of translation [52,53]. The non-coding rcgion is

followcd by a -270.nt rcgion extcnding from the consened
CTG altcrnativc rhrt codon ofgqg. This region rcprcscnts thc

tlgcr. 2. Complete Genomc ot XMRV
(A) Schm.tlc m.p ofth.81E5 nt xMRv genome. LTR regioni (R, U5, U3) .fe indicated with boxes, Predicted open r€Bding frames encoding 6a9, Gag-
Pro.Pol, and Env polypotalns ara l.beled in green. The <orr€rponding Jtan and stop codonJ (AU6, UAG, UGA, UAA) a5 well 6 the alternatlve Gag stan
codoh (CUG) ar. rhown wlth th.lr nt pos'tlon!. Similart ipllce donor {5D) .nd .(<eptor (5A) 3jtes aie shown and conespond to the spll<ed 3,2-Kb Env
subgooml( RNA {wiggl.d line).
(8) Clonlng and s€quencing ofXMRVVP]5 and VP62 geno6es, Clonei obhined by probe rc<overy from hybridizing mi<roarray oligonlckotidds (blue
bar) or by rcR from tumor <DNA (bl.ck bar5) werb Jequenced. Prlmer used to ampliry Indlvldu.l clones (Iable 52) were derived either from the
genome of MTCR (bla(k argwJ) or from overlapping vP35 <lonei (blue .rows).
(C) Genome sequen<e slmilarity plot5 <omparlng XMRV VP35 with XMRV VP42, XMRV VP62, [4uLv 0G75, MTCn, and a set of representatlve non-
ecotropi< provkule! {mERVsl (iea Ma&rials and Methods). The alignments wer€ mid€ uling AVIO lg1l, and plot3 wer! gserated using nVISTA I82l
with the default wlndow slze of 100 nt. y-axis !.ale for each plot represents percent nt idcntiliei from 50% to loo%. Sequences ire labeled.as
xenotropl( (X). polytropic (P), or moditi€d polytroplc (Pm),
DOI; 1 0,1 371/journal.ppnt.0o2@25.9002
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tllur.4, Muhlple.sequenre Alignmefi of Prolrin Sequencs flom XMRV and Related M!LV! Spanning SU Glycoproteln VRA, Vfi8, and VBC, Known to
Odermine Re(eptor Speclficity
gnv protein sequence ftom XMRV (idenri<dl in VP35, vP4Z and VPSZ red); lvlTCR; Mulvs DG-75, NZ8-9-1, NFS-fhl, MCF24Z AKV, Moloncy, Frl€nd, and
R.uichen and polytropl< provlruses MX27 and MX33 P7l weE allgncd uring Clustalx. Scquenc.s rre l.beled.i tenotrcplc fi), pqtytmpk (PL modified
polytropic (Pm), or (ptroplc (E), VRs are boxed. Dots denote r$ldus ldentiol to those fram XMFly',,.nq dcl.t€d rctlduE !pp..r s sprcs.
DO| 1 0.1 371/journal.ppat,002m25.9oo4
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Flgur. t. Multlple-Sequence Alignment of 5' 9d9 Leader Nu(leotid€ Sequen(es fiom XMRV and Related M!LVs

Sequen(e!extendingfrohthealternativeCu6itart(odontotheAUGstan<odon(underllned)of9d9derivedfromXMRVVP35,VP42,a dVP62(blsel;
MTCR. MULVr OG75, and Frlend; ahd a set ol rep€sentatlve non€<otropic proviruses (mERVs) were aligned wlth Clustalx {se Materials and Methods).
Predided amino a€ld translatlon corerponding to the VP35 sequen(e i5 shown above the ollgnD€nt (fed); asteriJk indi(ites a stop. Sequences are
labeled as xenotropi< 00, pglytroplc (P), modified polytropic (Pm), or e(otroplc (E). Dots denote nt identi<al to thore from X[4RV, and deleted nt ippear
as 5BCe5.
DOI: 1 O.l 37140una1.ppat.0020025.9005

Vlrus In prost.t€ lumors wlth R/t62Q RNISgl

gag fr3oment(310 nl) ″●l`腱 Omont(2500 no

Flgur. 6. Comparlson of XMRV S€quencer oerived from Tumor Samples of Different Patl€nts
(A) Phylogenetlc tree based on the 380 nt XMRV 9o9 RT-PCR fEgment from the nine posltlve tunor samples (red) and the corespondlng sequences
from MTC& MuLVs 0G.75, MCFl l33, Ak[ Moloney, Rauscher and Friend; and a 5et of represent tlw non-cotropic provlrurer (mEt{vs). The squencg
were allgned lrin9 Clustalx, and the corresponding tre w6 gserated lsing the nelghbor.ioinlng method (see Mateials and M.thods). B@tstrap
values (, = I 0O0 .trla,s) arc indi@ted aj per.entager seqleDcej *e labeled ar lenotrop;c (X). polytrgpic 1P). modifled polytroplc lPm), or *otropk {0.
(B) Phylogenetlc tree based on a 250&nt pol PcR frEgment ffom the 9 xMRv-positive tumor snples. The tree wis @nsru<ted ar d*rlbed ln (A).

DOI: I 0.1 3714ournal.ppat.0020015.9006

sequence rccovcrcd from onc of the tumor samples 1VP35,
sec abovc). Thc primcrE in this assay (Figure Sl) amplify a

380-nt fragment from the divergent 5' lead€r and the N.
tcrminal end of gug. Thc RT.PCR was positive in eight (407o)

of 20 examined tumors from homozygous (QQ)'individuals.
In addition, one tumor from a homozygous wild-type ER)
patient ws positive among 52 RR and 14 Rq Nmors
examined (Figure I and Table l). Intcrcstingly, this casc was

associatcd with rhe highcst tumor grade among all XMRV-
positivc cscs (fablc S3). PCR spccific for thc mouse GAPDIi
genc war ncgativc in all samplcs (unpublished dara), argliDg
strongly against thc po3sibility that the iuhor samplcs were
contaminatcd with mous€ nucleic acid. Collectively, thcsc
data dcmonstEte a strong dssociation between the homo-
zygou (QQ) R462q nN.{SEf gcnotype and presence of the
virus, in the tumor tisruc (1 < 0.00002 by two-tail Fisher's
exact tcst).

T.blc 1, XMRV Screening by 9o9 Nested RT-PCR

R■ハSFt Cenotype・

Ⅵ7uS in PrOst● te Tumors wth R462Q RIVASFt

XMRV Sequence Diversity in Samples from Different
Patients
. To examine the degree of XMRV sequence diversity in
diffcrcnt patienb, we sequ€nced rhc amplified fngmcnr
from all ninc samplcs, uhich wcre positive by the nested gqg

RT-PCR. The amplifred gag fragmens wcre highly similar
(Figure 6A) with >987o nt and >98% aa identiry ro each
oth€r. In contrdt, thc fragmcnts had <89% nt and,19bVo aa

identity with the most rclated exogenous sequcnce of MuLV
DC-?5, Several corrcsponding endogcnous non-ecotropic
sequences w€rc morc similar to thc XMRV fragmcnr,
including the xcnotropic provirus from M, muruhs Qhro.
mosome 9, which was <98% identical on the nt level.
Nevertheless, all XMRV'derived fragmenc were morc $imilar
to each other than they wcrc to any othcr sequence.

In addition to thc g4g genc, we also examined the same
paticnt samples for segucnce variation in the l,ol gene. We
scquenc€d PCR fngmenls obtaincd with a s€t of primcrs
targeting a 2500-nt stretch in the lo, gene (Figurc Sl), Similar
to the gry fragmcnts, thc amplified pol fragments wcrc highlt
similar (Figurc 68) and had )977o nt and >9770 aa identity
to cach other, ln contnst, thc fragmenb had <94% nt and
195y'e aa idenrity with the most related sequencc, that of
MuLV DG-75. Intcresringly, XMRV-derived Pol scqucnces
wcrc less similar to and approximatcly cquidistant from the
examined reprcsentativc xenotropic and polytropic endoge-
nou scqucnccs.

Close cfustering of the sequenced gq ard Pol fragmcnB
(Figure 6) indicat€s lha! all Dicroaray and RT-PCR positive
cases rcprcsent infection with the samc viru. On thc other
hand, the dcgrce of scqucnce vadation in thc examincd

fragコ,nts iS highcr than that expected from crrors intro‐
duccd during PCR amplincatiOn an, Sequchcing. The
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compared with ihe obscrved ratc of uP to 2%in the♂

`and″:fragments These 6ndingsSuggest that thc obscrvcd XIIRV
sequence vaialon is l rcSult of natural sequcnce divcrsit"

consistent with the virus being independcntiソ aCquired by the

aFFectcd PatientS,and arepe again,t:abOratoゥ coltamina.

tion as a PosSiblC source of XヽRV.

Detection of XMRV in Tum9r‐ Beanng PrOsta‖ c TIssues

Uζ ing FISH

To localizc XMRV within human Pr6static tissucs,lnd tO

measure thc frequency of thc infcctcd ccus,xNIRV nuc!cic

acid was visuabzcd uslng FIsH On formahn‐ nred Pr9State

tissues A SpectrumCreen nuorlscently labclcd ttH probe

cocktail sPanning all viral gencs was Prcparcd using cDNA

derivcd frOm the XMRV isOlatc c10ncd from paticht VP35

(MatC● als and Mcthods)Distinct FISH‐ Posi● vc cells were

obs,wed in tlle tumOrs posi● ve For XMRV by RT‐ PCR(e3,
VP62 and vP88)(Figurc 7)TO idendfy ct1l types associatcd

with thc・ PoSitiVc FISH signal, the samc sections were
SulSCquently Staincd with hcmatoxソ lih and COSin(H&E〉
Most HoH‐ PoSitiVc cclls were stromal● broblasts(Fi"re 8A),

including thosc undergoing cc‖  division (Figorc 8B) In

additiOn,。 ccasionJ infectcd hehatOPOiCtiC Cc1ls wcrcム ls,

IinfF彎:思艦 l盟譜tcTIよ軍l謂蝋雛機
CPithelial celis[64]showCd no xMRV‐ infectcd ccl13 thit also

had tlC epithclium・ ,PcCinc staining・ con6rming thcir non・

CPithelial origin(FIgure 8Cl.Whi:e the XMRV lucleiC acid

was‐ ually prcscnt within nuclei(Vldeo sl),suggesting
integratcd Proviral DNA,some cclls showcd cytOPlasmiC

Siい h・
"昴
J Ⅲ Jospath?"ぃoり    。

“
7

staining adjacent to the nuclcw, luggcltivc of vinl nRNA
and/or prc-integration complexc! in non-dividing cclk
(Figurc 8A).

We also uscd FISH to obtain a minimal stimate of thc
frequeDcy ofXMRv-,nfccted prosstic cellr. For thir purporc
we employcd a tissuc miiroarray containing duplicatc! of 14

diffcrent prcstate canccr tirsue rpecinicru'(fablc 2), FISH
wilh DNA probcs derivcd from XMRV VP95 rhowcd 6vc to
tcn XMRV/TISH-positivc cclls (about 1% of prcstatc celk
obsened) in each of five homozygour RNuc L 462Q (QQ)
coes: VP29, 91, 42, 62, atrd 88. Paticnt sanplc VP79, abo a

QQ ccc, containcd t{o psitivc cclb (0:4% of total cells
examined), All of thc XMRVIFISH-positive cclls obsened
were sLromal cells. JD contrat, threc RR tisluc ldmplc! and
two RQ tissuc-samplcs showed onc or no (<0.15%) FISH-
positive cclls, Two of the qq cdcs, VP35 and VP90, positivc
by gqg RT-PCR, showcd onlt/ one FlSH-poritiw cell cach
(Iable 2). Convenely, onc croe, VP31, was FlsH-positivc, but
gqg-RT.PCR ncgativ.. As Qxpcctcd, Chromosomc l-specific
probes used u a positivc contrpl epecifically labelcd ncarly
every cell from thc cxamincd csc lfP88, whcrcu a KSHV-
spccifrc probc ucd a a ncgativc control did not labcl any
cclls in cections frcn cd€! vP88 andVP5I, but did cfficicntly
label 293T cclk tranrfcctcd wiih KSIW DNA (unpublirhcd
data). Thu!, conliltcnt with thc micrcarray and RT-PCR da|a,
dctection of XMRV by FISH wu osociarcd primarily irith
QQ cocs, In addition, in samplcr whcrc XMRV wil detcctcd,
all positive cclls verc rtromal and did not acQount for morc
than l% of all prostatic cclls. Finally, diffcrcncec in thc
numbe[ of XMRV-positivc ccllr dctcctcd in thc diffcrent
lamples could bc duc to hetcrogeneity in viru copy numbcn
betwccn,diffcrcnt paticnt! and,lor spccific rcgioro of thc
prstarc samplcd.
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Detection of XMRV in Tumor‐ Beanng PrOsta■ c Tissues

using iHc                        ‐

To,dcn● ,celtt CXpres“ ng XMRV protcins,wc assaycd for
thc prcscnce oF Cag protein using a mOnoclonal antibο dy
against(SFⅣ)this an● bodソ is reactive against Cag proteins
frOrn a wide rangc oF difFercnt ccotropic,Poり trOPiC,and
xcnotroPic MuLV`trains 1651 Uslng this anubody,PoSitlVe

signal b/1HC was ob,crved in prosta● c● ssucs of XMRV・

PO“ tive caseS VP62 and VP88,both QQ(Figurc 9)An
cnhanced alkaline phosphatasc rcd dctectiOn mcthod anowcd

Cag detection in thc samc cens wih both nぃ oTcsccnCe(Figurc

9A-9D,に ■)and b● ght nc‖ Figure 9A-9D,midde)mtrO‐
SCOPソ The Cag・ cxPrCS● ng cclls wcrc Observcd in prostatic

strornal cells with a distribution and frcquency similar tO that

detcctcd by FISH(Figurc 9 and unPubhShed data)In
conirast, no Cag‐ PositiVe cclls wcrc Obsewcd in VP51
PrOStatic tissuc,which is oF RR gcnotypc(Figurc 9E)

Discussion

Thc results presentcd hetc identify XMRV infectiOn“

PrOStatc● ssue From aPProximatelソ 40% oF Pa● entS With

PrOStatc canc,r who are hOmozygous for thc R462Q va● ant

(QQ of RN、 cL,as judgcd by both hybidization to the

Oi PLoS P“
hogens l_口 。
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Viru,In PrOstate Tumors w「 h R4620 RN45Ft

Virochip microarlay and by RT-PCR wirh XMRv.specific
primcrs, Parallel RT-PCR studies of proslate tumors from
wild{ype (RR) and hetcrozygous EQJ parienc rcvcalcd
evidence of XMRV in only one of 66 samples, clcarly
demonstrating that human XMRV infcction is strongly Iinkcd
to decrcments in RNasc L activity. This rcsult supports the
vicw thar the R462q RNase L variant l.ads ro a subtle defect
in innate (IFN-depcndcnt) anriviral immunity.

As its name indicat€s, XMRV is closely relarcd to
xenotropic murine leukemia viruses (MuLVs), Unlike eco-
tropic MuLVs, such as the canonical Moloney MuLV, which
grow only in rodent cells in culture, xenotropic MuLVs can
grow in non-rodent cells in culturc but not in rodcnt ccll
lines, Xenotropic viruscs havc been isolated from many
inbred as well as wild mouse sttains, Studics of the
distribution of non.ecotropic scquencc! in differcnt mouse
strains show thar the div€rsity of xenotropic proviral
sequcnccs in wild mice is greater than thar fosnd in rh€
inbred labonrory strains [49,66]. This finding lcd ro rhc
conclusion that thcsc endogcnous elcmcnB wcre indcpcnd.
enlly and relativell reccntly acquircd by diffcrcni mousc
species as a rcsult of infection rather than inherirancc [49].
Unlike ecotropic MuLVs, which can only recognizc a r€ceptor
(CAT.l) specific to mouse and rat spccies [67-69], xenotropic

viruses recognizc a protein known as XPRI or SYCI, XPRI is

cxprcsrcd in all higher vcncbrates, including micc, but
pollmorphilms in thc murine genc rcnder it unablc to
mediate xcnorropic MuLV cnrry [38-40]. Thus, xenolropic
MuLVs have a potcntial ro infcct a widc variety of
mammalian species, including humans.

Xcnotropic MuLVs have occasionally been detected in
cultured human cell lines. For cxamplc, MuLV DG.?5 was
cloncd from a human B-lymphoblasloid ccll line [24], and an
infctious xenorropjc MuLV was dctcctcd in a human lmall
ccll lun8 cancer line NCI-417 [32]. Alfiough laboratory
contamination, eilhcr in culture or during passage of ccll
lincs in nude micc, canno! be rulcd out a5 a possible sourcc in
thesc cascs, such contaminalion cannot explain our results.
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The cvidcnce for this is a follows: (i) XMRV war dctccred ir
primary human-tissucE; (ii) no murinc ,cqucncc! (c,g.,
GAPDH) could bc ddected in our Darcrial! by pC& (iii)
infcction was prcdominantly restrictcd to human ramplel
with rhc qQ RNr4S8tr gcnotypc; (iv) potymorphisru were
found in the XMRV cloncs recovcrcd from diffcFnt paticnt
consistcnt with independcnt acquisition of thc virus by thesc
individuals; and (v) viral nucleic acids and anrigens could bc
dctccred in infecrcd QQ prostatc tissue by FISH and IHC,
rcspectivcly. Takcn together, thc above cvidcn66 31g..t
strongly against labontory contanination rtith yiru or
cloned DNA material 6 the sourcc of XMRV infcction in
thc analyzed samples. To our knowledgc, this rcport
represcns thc 6rsr publishcd cxamplcs ofauthcntic infedon

Figurr 7. Detdion of XMRV Nudeic Acid In Prortati< Tir5ues Usjng FISH

Protbtic tuhor tl35u! sqtion! ftom QQ eses VP62 lA-C) and vP88 lD-F) were analfzed by F|SH u3jng DNA probes (gren) derived from XMRV Vp35
(top rlght cnlargercnts). Nucl€l were counterstalned with DAPI. The !ame se<tions ;ere th;n viiuallrea by H6iE 5taini;9 lleft panals). Scale barj ire lO
Im, Arowr Indlcate F|SH positive cellq and thejr enlarged image5 are shown in the bottoh right panels.
DOt 1 0.1 37 l40urn.l.ppat.O020025.g0o7

Ⅵrus h Prostate Tumors wlth R462Q RIIASFL

Flrur. 8. Char.cterlation of XMFU{nf<ed Prost.tlc Cells by FtSH nnd FIsH/lmnunofluorescence
Uslng . tr$ue mlcro.ray, prostatc iumor risrue Fctions from Qe c!* Vp6Z were rnalyred by FISH (9ren) uslng DNA probes derfu€d ftom XMRVVp35(hn prnels). Nu(lei were <ounterstalned wirh DAPI. The sme F.don3 wera then vi3u.llzed by H&E steintnslmtddlc pah!ls). Adw lndlato F!SH-
posltlve celk, and lheir enlarged FISH and H&g lmages are shown In the top rlght rnd bofrom right panels,-epcalvety. Sole batr are l0 pm.
(A) A stromal fibroblajt
(8) A dlviding strom.l .ell.
(c) A stroml hematopol€tic <el(. The ledion was con(omhantly rtalned lor XMRV by FISH (green) and cytoleratin AEI/AE3 by lmmunofluorsccE.
(red),
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