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Xenotropic murine lcukemla vlruFrel.ted virus (XMRV) was reccntly
discovered in human ptostate cncets and is tha tlrst gammargtovi,
.!3 known to Inf€ct humanr Whil! gammaretrcvlruses havc well.
char€qtedzed orcogrnlc eftects In aniru 15, they hav€ not bcen shown
to cause human 6n(i6. W€ prgvlde cxperlrental evidencc thlt
XMRV ls Indeed a gammarqtrovlrus wlth prot€ln @mpositlon and
partide,ultrastructurc hlghly simllar to Moloney murine leukemla
virus (MoMLV), another g.mmarctrovirus. We analyzed 334 @nre<.
utiv€ prc3t te r4ection spe(lmens, uring a quantitative PCR asFy
and lmmunohiitodrrmistry (|Hg with an and.XMRV spsitlc ant.
serum, Wc found XMRV DNA in 5% and XMRV protcln exprc$lon In
23% ot prostlts anclE XMRV prct€lns wre expc$ed irrlmadly In
mElignrnt€plthsllal cel15, rugge5tlng that retrovifal infedion may be
ditoctly llnked to tumoriglne'ir. XMRV Infection wa5 as$(i.ted with
prostate (an@r, cipcrially hl9h6r-grade cancer, We found XMRV
infectlon io bs Indep€nd€nl of a common polymorphism in thc
ff'rA.ltEl.gene, unllk€ reslG prcvlously reportd. This finding in.
(EaG tha population rt risk for XMRV infoction from only thos
homorygow loi tha fi lAsEl variant to all Indlvldual3 Our observa.
tions prcvlde evldan(. for an a$oclation of XMRV with mallgnant
cells and whh morc aggroslve tumotr.

Gleaion I lmmunohittochemliry | retovirus I RNareL I xenotropl<

l)rostate encer is the most comon form oI nonskin qner in
f U.S. men (1). The lifetime risk for developing prostate mner
is -1 in 6 (2) iD thc United Stats, and globally, 37o of men die of
prostatc caner (3). Morbidity and mortality from prostate @n€r
uc likely to gw further, given increcing longwity. Epidemiologic
studies indicate that infection and inflamation may play a role in
the development ofprcstate carcer (4,5). A seuch forviral nucleic
acids in prostate canen led to the identifi€tion of xenotropic
murine leukemia virus-related virus oCvlRV) in -107o ot sampla
tsted (6). Beeuse only malignmt ti$us were analpcd in the
initial report, an a$@iation of XMRV with prostate €ncer could
not be addrsed. Our ilal)6is of 233 6s of prostate onem and
101benign controlsshwed u dsociation of )O\4RV infectionwith
prostate an€r, especially with more aggresive tumors. XMRV
proteins were aLnost erclusiwly exprased in malignant epithelial
ells. Only nrely did wc find )Gr4RV proteins in benign stromal
@lls, in contrst to a prwious report (6).

)CV{RV was originally discovgred in patients with a redu@d
activity vadant of the RNASEL gene, and a strong conelation
between this variant (R462Q).md the prcence of XMRV wd
reponed: 89% of )0\4Rv-positive ass and only 16% of )OIRV-
negatiw es6 wcre honozygous (QQ) for this variant in a total of
86 rues (6). Our study of 334 6es allowed us to ctablish the
independence of )Or,IRV infection and the R462Q variant. This
finding movcs the population at risk for )O4RV infection from a
small, geneticalJy predispo*d fraction homozygous for the R462Q
RN.4SE, vdimt to all mcn._Sequence mmpariions have classified
)C\4RV s a gamrniletrovirus with a high similarity to murine
lgukemia virus6. Wc prGent experimental widene that XMRV
is indeed a gmmaretwirs. Gammaretroviruses euse leukemias

www.pnat.orglqlldol/lO. t 07!/pn{.0969221 06

and sarcomas in multiple rodent, feline, and primate species but
haw not yet been shwn to €use can€n in humam. Taken
together, our fitrdings provide evidence consistent with a direct
oncogenic eff@t of this reently discovcred retrcviru. If stab-
lished, a dirrct role for )O{RV in Drostatc en€r tumorisensis
would open up opponunitis to devjlop nw diagnostic ma-kere r
wcll as new methods to pr€vent and treat this €n€r with atrtireF
wiral therapic or vacins,

R.sults
A Molsular Clone of XMRV lnt cli Humal Pr6lrtG Cllla We con-
structed p)qv{Rvl, a tull-length )O4RV molecular clone, using 2 :

overlapping clon* from patient isolate VP62 (6) lgift of Dotr
Ganem, University of California, San Francisco (IJCSF)1.
p)O{RVl was transfected into 293T ccUs. Revese transcriptse
(RT) activiry wro detected in the supernatant within 1-2 days oi
transfection (Fig. ll), itrdi€ting the rel6cof viral particlc. Thce
were inoolated onto naive 293T cells md LNCaP ells, a human
prostate €tr@r c[ line (Amerien T]pe Culture Collection CRL
1740). Vral releawfrcm infected LNCaP @llsws first Fen on day
7 postiooelation and peaked at day 12. No particls were relesed
from similarly inoqlated 293T cells up to day 14. pXMRVI is
therefore an infectious molrculr clone, and )CvtRV repli€ts
efficiently in human prostate @lls.

XMRV Particlet Hav€ Typec Retrovirut Monhotogy. Pafticl6 released
from )O{RV.infected cells closely rwmbled those of a gama-
retrcvirus, Molonsy murine leukemiavirus (MoMLV), in sire and
morphology (Fig. 1A-E). )Gr{RV particlo had an average dim-
eter of 137 m (SD = 9 m), a spherical to somewhat pleomorphic
shape, and characteristic lipid envelopc. The majority of particle
entained an electron.dense, polygonal core with an iregular
outline (average diameter 83 nm, SD = I nm), rsembling mature
tl?e-Cretrcviral cors (Fig. 1Q. Core defined 6 "imature," i.e.,
spherical with atr elctronlucent €nter, were also seen (Fig. 1D).
A "railioad track," a term used to describe imatur€ MoMLV
cors (7), and fomed by tho radial aligment of the N- and
C-tcrminal haks of the CA protein, w6 also seen in imature
)O4RV cores (Fig. lD, mwhcad). These striking ultrstructural

tTJ:l$,tix,:J#f x""T"t#:#J$isl')sussstthatth"*l
XMRV PretGiN, Excepi for EN, Clo..ly Rssmble lhos of MoMLV. W. lil
identified )O4RV protcins and defined their molmlar weights bV 
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omparing Wstem blots of lysed )G4RV and MoMLV viriom
probedwith antisqa specific to)O4RVor to MoMLVGagprcteins
(Fig. 1 F and G). In accordane with their high (-907o) sequen€
similarities, the-moleultr weights of XMRV and MoMLV Gag
proteiN were found to be very similar. We identified a 75-kDa band
6 the surface unit (SU) of the envelope @nv) protein, using nbbit
antisrum speqific to )O4RV.Ery SU. This antiserm did not react
wilh lhe MoMLV-SU, consistent with the lower sequenc similrity
(54%) of the orraponding Env proteins and the general tendency
of Env proteins to shw greater wolutionary divergene, r com-
pared to Gag or Pol proteins.

XMnV PEvinl DNA 15 D€tected ln 5% of Humn Proitats caneB Vir.l
Loads ot xMiv Are tow' Our quutitative (q)PCR was dsigned to
efficiently mplify )O4RV prcviral DNA from formalin-fixed,
puaffin-enbedded (FFPE) tissu6. Primers and proba were cho
sen in a region of the integrue gene that is 1007o conserved
between all 3 published )trvfRVisolate mdyet shat* at m6t807o
similarity with the most clos€ly related murine retrwiral sequenG
(Fig. SLa), A comon foruard primer wm wd with 2 different
rcwE primen to allw for sequene diffcrcns in clinial isolatas,
Our qPCR wu specific for )0vlRV sequencc and did not amplify
mwine or humm endogenous rctrovLus€s; no mplif€tion prod-
ults were seen when using C57BU6 mouw ggnomic DNA or
human plac€ntal DNA as template. We t6tod the sesitivity of our
qPCR may in 2 mys. First, in the prene of ero humm
placental DNA, we could consistently detect 50 copies of the
)Gr4RV prwiral clone and 5 copic 507o of the time (Fig. S18).
Second, beaue formalin fintion and embedding ii paraffin
comprcmis DNA quality, we also usd fxed templatd to tst
pNitivity. Whetr DNA from FFPE humm prostate tise setions
was spiked with knwn dilutioN of DNA from fixod and embedded
)Gr4RV-infected, culturcd ells, we 6n3istently detoted 1-2 in-
fe€ted cells per qPCR sample (Fig. SlQ. We dweloped a rcond
qPCR targeting the single{opy gene-vgicle-ssciated mcmbruc

15352 | w.pn6!.org/ <gi/ dal/ 10,1073/ pn.t,(A959221c6

protein 2 (VAMP2) to t6t for DNA intcgdty ud amplifiation
inhibiton [details in suppofting information (,t4 far].

To stimate the pHalene of XMRV in mcn *iih and without
prstate mcer, we nund 233 onsecutivcly acccsioncd pros,
tate an@tr and 101 s6 of tansurcthral wtion of thc.pNtate
([URP) c benign controls (Fig. SlD). Wo detc{rcd XMRV DNA
in 14 (6.2%) w* of prostate cancer and in 2 (20%) confols. We
determined XMRV proviral loads in theso tisu* Using )OvlRV
plsmid DNA as a standard, w ctimated tiat ql€R-positivc
prstate mem contained 1-10 copis of )CvtRV DNA p* 660
diploid ells (see Mitaiab ad Methods nd Fig. StE). B€ause tho
number of tumor ceus in any given section wis widet betwe€n
tumon md even betwe€n different cHs in the ssmc tumor, it is
impossible to estimalo hw many copic of )Or4RV DNA arc
present in each aro cell Using FFPE )QvIRVq'nfected cclls u
standards, wo calculat€d that cach l0fm section Aom a prostalo
cancrr contained tlrc sme mount of orwiral DNA as 6-7
)ClvlRv-in{ected olturcd @lls.

XMRV tloteln lr Explued In 23% of Prost ts C.r6E and lr Pndoml.
n.ntv sr.n In M.llgn.nt Epftfidilm, We developcd )OvlRV*pecific
ethcn and wed thm for imunohistochcmistry (IHC). Wc f tst
ued )(MRV-infetcd md uninfected @lls that wcre mi,cd at
differcnt Btios and fked in fomalin ud embcddcd in Daraffn to
mimic prcstate tissuc sections. Wc saw granular cytoplaimic stain-
ing in ells in propodon to the perc€nt8go of infcctcd cafls in the
consponding,mixturu (Fig. 2l-Q, No staining was sn in
uninf@ted ells or with prcimuc sem @9 S2,4 and A),
confirming thc specificity of our assay. We next performed IHC on
proslate samplcs from XMRV qPCR-psitivc qscs. We saw the
same cytoplasmic granulil pattern in tissucs as in infcted qilturcd
€Us (Fig. 2 D and E). Antisprm from a second rabbit rcsulted in
identiel staining. No staining wd secn with prtimunc serum
Fs'24.

We tested tisue scctions from all334 cas of prcstale caner and
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Fig, 2. XMRV prdeintdetdedinintededohured tetlt and jn ptBtate aah<el
ti$ua by lHC, urlng .nti-XMRV rhtisarum. Cdhte6taining with hematorylin
rw..lr blE nu<lel. (i .nd O XMRvlnfeded ell3r 100% infed€d (A) .nd l%
lnlded (8). (O Cdtur.d lnteded allr.t higherm.gnifi@tion 5hil(ytopl.rfric
gr.nul.r $lning, reprlsented diaganmatically In Ct (arr@head, granulet.
(&A Human prMe@ffieFwith'durterot m.llgn.nt apith€lial cells(O,wirh
/nref rt higher magniti(ation (ft). Granul.r i.lning paflern seen at high.r
magni{l6tlon. (F.nd F ) Adja(entcdion iainedwith Heimmuhe rerum from
the same rabbit. N, nucleu$ [ nu(lFlu'

controls with benign prostatic hlperplasia. We found )Or4RV
protein exprsion in 54 (237o) escs with prostate cancer and in 4

(4Eo) controls (Fig. a,a). In contrast to a previous report (6) that
found XMRV-specific staining only in nomalignant stromal cells,
we observed )CviRV-spccific staining prcdomimntly in malignant
prostatic epithelial cclls. )gvlRv proteins were exprssed in epi-
thelial ells in 46 tumon (8570), in both cpithelial and stromal @lls
in 4 tumom (7.5Vo\, and cxclusively in stromal ells in another 4

tumon (7.57o). Of the 4 controls, )OvIRV expresion wre seen in
epithelial ells in 3 and in both epithelial and stromal @lls in 1 €se.
Epithelial ells cxprsing )QIRV prctein usually belonged to a

single acinus or to a fcw adja@nt acini. The proportion of ells
exprwing XMRV protein in a given tisue section varied widely
(Fig.3,4-G) but positive @lls always represented a minority oi@lls
on tbe slide. The vtrl majodty of IHC-positive epithelial rells
showed the samc gnnilar staining pattem of the entire cytoplasm
that wN seen in cultured cells (Fig. 3,4-F). Hwever, the staining
intensity and the subcellular pattem varied between cases, ranging
from intense staining of the entire c),toplsm (Fig. 3E) to more
disqete granular staining (Fig. 3 C and D), with some unusual
staining pattems (Fig. 3G). In sumary, >O4RV proteins were
exprsed in Z3Vo of. prostate can@6 and 47o of controls. Protein
cxprsion was seen in clusteN ofmalignant epithelial cells and very
rarely in stromal @Us (Fig. 3 I/ and I).

Prc5uc ot XMRV Cotrlbt?5 wlth prod.te can<er and fligher lumor
@rdr, We tsted Jor a mne.latjoD of )gvlRv positivity (by qPCR
or IHC) with the pr6en€, grade, and stago of prostate aner.
)gvlRv positivity was s'fold higher in caner than in benign

schlaberg et.l,

controls (odds ntio = 5.7, P < 0.0001, Fig. 4,4). We also tcsted for
a conelation between )0\4RV positivity and tumor grade s
measured by the Gleruon score, We saw a conelation between
XMRV positivity and higher-grade can@rs (Fig. 4A). Of rhe 233
mss with cancer, we fornd )O{RV positivity in 18Vo ot Gleason
6 tumors,2770 of Gleson 7 tumom,2970 ofGlemon 8 tumors, and
44Vo ot Gleason 9 tumors (f -t6t for trafi, t = 3.466, P = 0.06,
df = 1). Because only 1 case was a Gleroon 10, it was not included
in the analysis.

Mosl radical prostatectomy specimens contain relatiwly low
pathologial tumor-trode-mctAtGis [fNM) stage canccN, be-
€use surgiel treatment is not usuallyperformed for higher stagc.
This is reflcted in the distribution of tumor stags (pT) in our
sen6:'75% pT2" 23Eo pT3, and 2Vo pT4, )O\,!RV was detected in
25Vo otstagepTztumon and in 327o ofpT3 tumo6. Of the 5 cases
with a pT4 stage, I QlVo) was )Or{RV positive (Fig. 4C). This
modeFtcly increaed prevalene of )O4RV in advancel stage
an@ff was not slatistielly signifiont. Our smple had very fw
escs with nodal (N) metotuis and no 66 with knom distant
metdtases (M), pHenting an invAtigation of a posible mcia.
tion of )O\4RV with higher N and M stage. We sw no association
between XMRV int$tion and age at diagnosis (Fig. 4D).

XMRV lrfectlor ls Indeprndetrt ot tho n/$2Q PolynorphLn of iMiEL
)Or,lRV was initially discwered in prostate qncen frcm men
homozygous for a @mmon variant of the iltiviral enzyme RNse
L. Tlris R462Q amino acid substitution rsuls in a 3-fold reduction
of enrymatic activity (8). In their study of 86 men with prcstate
an@\ Urisman et al. reported that 89Eo of )O4RV-poitive osc
were homorygous forthe R462Qviliant (QQ) as comparcd to 1670
of XMRV-negative 6s (6). We profiled our 334 cces for the
RNase L R462Qvariant. Thc distributionw6 similarbetween 6s
with prostate an@r and controls (42.970 RR,47.2VoRQ,and9.9Vo
QQ in encers w.52.5VoRR,40,6V0\Q,and 6.97o QQ in c.ntrcls,
Fig.4E). Thcrcwas also no differpncc in allelic distributiotr bctween
)OvtRV PCR-positive (507o RR,437o RQ, and 7% QQ) and
PCR-negatiw ases (42.7%RR,47,4VoRQ, and 107o QQ; Fig.4E).
The 2 )Or4RV-positive contrcls had RR allel*. When IHC was
used to define )O4Rv-positive and -negative €s6, the relative
allelic distributions were alrc similar. We thus found no romciation
betweer lhe prsence of )Or4RV and the RN6e L'R462Q uriant.

Dl$u5sion

)0vlRV is a candidate infectious agent for causing prostate caner.
On the basis of sequence comparimn, )O4RV wm classiJied c a
xenotropic murine gammarctrovirus, We present the fint exp€ri-
mental widence in suppon ol this cldsifietion. The morphology
of )Or,lRV particlc w6 very similar to MoMLV, a related murine
gamaretrovirus, Protein products of. the 2 viruss had sinilar
molmlarreights, and antisera to most proteins of each virus. The
notable exception to this was the SU portion of Env, which
determines host spe{ificity and sets xenotropic virus apart frcm
other related murine viruss. XMRV SU-specific antisera did not
cros-react with MoMLV-SU, and the 2 proteins shue onJy a 547o
similarity (as opporcd to 75-967o sinilarityfor otherviral prcteins).
Our findings ths support the classification of XMRV as a xeno-
tropic murine gmmarctrovirus.

We developed 2 sensitire and specific asels for the detection of
)0r4RV in tissues. We used thss qPCR and IHC assays to
demonstrate the prsence of XMRV DNA or proteins in 27Vo of.

cass in the lalgst sries of human prostate enceN anallzed thus
far. We show that XMRV proteins are expresed alrnost excluiwly
in encerous epithelial cells. Moreover, the prsen@ of XMRV
conelated with more aggrcsive, i.e,, higher.grade tumors. These
findings provide support for a posible oncogenic effect of XMRV
and are crucial for dcsigning studies to itr$tigate merhanisms of
transformation.
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the pathophysiology of chytridionymsis ap-
pes io bc disruption to lho omorcgulatory
fiuctioning of thc shn md onwquat omotio
imbalm@ that lcads to ddic st ndstill.

To lst wheths tseating cl@tolyte abnomal-
itis would rpduce trc clinical signs of diw,
wc administercd u onl tl@bol)'te supplemqt
to L crerulea in tlp vninal stagc of infotion,
when tl€y lost tbe righting rcflex ud @uld no
:ongq mml their body positiom (2d). Frcgs
ud6 tBbnmt mvqpd a nomal poshe and
bme morc rctivc; one individual mvqod
sufficiantly to climb out of thc uts onto lhc
mtriM wallE, and two individuls w@ able to
jmp to avoid cspturc. Thesc signs of l@v6y
wm not obsded in ily utratcd togs. In
addition, teted togs lived >20 hom longc
thu untqt d 6ogs [!lw tim affer bqtnht t
SEM: tr€at€d eo$ (il - 9), 32 ! 2.8 hom;
onbol fiogs (/V:6), 10.712.2 hos; Studst's,
lest P < 0.0011. All tatcd togs @ntinucd to
rhcd skin Dd lltimatrly dicd &om 0rc infwtiorl
s exp*trd. It is unlikely tlBt ebotrclyt€ beatnflt
@uld prcVat dab unls thc cpidmul damage

eused by Ad is B6ed Allhough arphibim
@ gaqally tolcmle g@tsr el@tolltc fluct&
tio6 $o othq tsrcskial vstcbnts (.18), wo
sgg6t thrt depl*ion of elwbolyEs, sT€iaUy
pobssim, is important in tbe psthoph)siolos/ of
chltidimycosis. AnpNbie plasa potassim
mMt'ations e minbin€d at @nsbnt levels

uos srens (24 ad bven modqrtr hypoks-
lmia is dagmu in hrm (2fl.

Ow sults support the cpidemal dysfnction
b?oth6is, which sgg6b thalddispa cuti'
n@s osmgulalory functioq lcading to cl6-
trolyic imbalere ed d€ath. Thc ability of 8d to

ompmmiw the epidmis cxplains how a mpc.
ficial skin fungus en be fatal to mmy sp*is of
mphibim; lheir exisi,me dcpmds on th9 php-
iological interctios of the skin with the qtcmal
cnvironment (/6-]9). Disase outbrcaks capa-
blq of @sing population doline rcquirc thc
aligmnt of multiple voiables, ircludiag a life
mmprcmising pathophysiology (/). Rmlving
the pathogmeis of ch1+idiomy@sis is 8 key dep
in udmbnding nds upaalleld podemic
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Vincent C. Lombardi,r' trancir W. Rus(efii,:. Jaydip Das Gupta,r ftlax A, pfost,l
Kithryn 5, Hagen,r Daniel L Petrrson,l Sandra K..Ruscetti,'Rachal K. Bagni,5
Cari Petrow-5adowsh," Bert 6old,t Mi(haet Dean,2 Robert H, silverman,r ;udy A. Mikovltsll

Chroni( tatigue.ryndrome (CFS) is a debititating dlsease of unknown etiotogy that is estimated to
.ftect 17 miltion people wortdwide, Studylng p€ripheGl btood mononuctear celb (pBM(d fiom
CF5 patients, we identified DNA from a hunan gammarelrovirut xenotropic murlne leukemia
vhus-related vi,us (XMRV), in 68 of 101 patienB (67010) a5 compared to I of 218 (3.70lo) hestthy
(ontrols. Cell cultufe experiments revealed that patient-dedved XMRV is infectious and thrt both
(etl-a$odated and (ell-free transmission of the vlrus are possibte. 5e(ondary viral infections
wele established in uninfdcted primry lynphocyteJ and indicator ce[[ tinei atter their exposure to
activat€d PBMCS, B cetb, T celb, or plasma derived from Cts patiena. Thes€ findings raise the
p$sibility that XMRV may be a contrlbuting tactor In the pathog€neris of CFS.

;r^lhrcnic frtiguc syndrcme (CFS) is a die . trm frDctioq oftm ircluding oluonic rctivatim
f odrofuknmcriolos/dutsffccttrul of thcimteimucsystemudadefioiacyin
\-/tiplc orgm systetrs in thc body. Patiqts natunl killcr @ll adivity (.1, ). A nmber of

wi0t CFS display abnormalitie in imuuc sys virusc,. including ubiquious tiqpqvirus and

莉 伽躙
・
憮蠅鸞齢蠍
Fredel“ MD 2170■ uSA.

■he,author,`● nlr buted equaly to thL"rk,

lTO Whom cOre,pOnden“ 晰。ud be addres,ed.E・ mJし

lυ dymoWpl“ t"ute m l

with Ghronic Fatigue Syndrome

Detection of an
XMRV, in Blood

Infectious Retrovirus,
Cells of Patients

mtqovirc, have bem implicabd u posible
avimmtal bigg6rs of CFS (/). P*imb wirh
CFS oftm havc rcdw p hapcviru in&ctim,
sgei6tinS ar udalyhg lrmw dcficiocy. 

-
The lmt disvsy of s g8multoviru,

xaotopic muirc lakoia vimlqbd viroc
Crg\4RV), in thc tlutr tissuc of I subsct of ptG-
hie @q patimts prorrybd u8 to t6t wbcthd
)O4RV might be a*$cisrcd with CFS. BoUt of
ftw disd6s, XMRv-positiw pFstat€ ms
md CTS, havc beeo linkcd to altorti6ro in 0p
mtivinl az)ma RNrc L (3-f,). Using the
Whittrrm Pctm Imtiirte's NPfs) dritional
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