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Abstract

Hepatitis C virus (HCV) infection is known to induce autophagosome accumulation as

observed by the typical punctate cytoplasmic distribution of LC3B-II in infected cells. Previ-

ously, we showed that viral RNA-dependent RNA polymerase (NS5B) interacts with ATG5,

a major component of the autophagy elongation complex that is involved in the formation of

double-membrane vesicles (DMV), and demonstrated that the autophagy elongation com-

plex (ATG5-12/16L1) but not LC3B is required for proper membranous web formation. In

this study, the colocalization and in situ interaction of all HCV replicase components with the

constituent of the autophagy elongation complex and LC3B were analyzed. The results

clearly show the recruitment of the elongation complex to the site of viral replication. Using

in situ proximity ligation assay, we show that ATG5, but not ATG16L1, interacts with several

HCV replicase components suggesting that the recruitment is directed via the ATG5-12 con-

jugate. Interestingly, no E3-like conjugation activity of ATG5-12/16L1 can be detected at the

at HCV replication site since LC3B-II is not found along with the elongation complex at the

site of viral replication. In agreement with this result, no sign of in situ interaction of LC3B

with the replicase components is observed. Finally, using dominant negative forms of ATG

proteins, we demonstrate that ATG5-12 conjugate, but not LC3-II formation, is critical for

viral replication. Altogether, these findings suggest that although HCV needs the elongation

complex for its replication, it has developed a mechanism to avoid canonical LC3-II accumu-

lation at viral replication site.

Introduction
HepatitisC virus(HCV) infectionleadsto awidespectrumof diseasesrangingfrom asymp-
tomaticto end-stageliver diseasesincludingcirrhosisandhepatocellularcarcinoma[1]. HCV
isanenveloped,positive-strandRNA virusthatbelongsto the������������ family.TheHCV
genomeisapproximately9.6kb in lengthandconsistsof asingleORFflankedby two non-
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codingregions(NCRs).Thetranslatedpolyproteinisprocessedbycellularandviral proteases
into thestructuralproteins(core,E1,andE2)andthenonstructuralproteins(p7,NS2,NS3,
NS4A,NS4B,NS5A,andNS5B)[2].HCV replicationismarkedby theformationof amem-
brane-associatedreplicationcomplexwith auniquemembranealterationreferredto asthe
membranousweb[3]. Themajority of themembranousstructuresfoundwithin theHCV rep-
licationsitearecomposedof doublemembranevesicles(DMVs) suggestingthatautophagyis
involvedin theestablishmentof theHCV replicationscaffold[4±6].DMVs arenowstrongly
suspectedof beingtheprimary siteof HCV replicaselocalizationwhereactiveviral RNA repli-
cationoccurs[4, 7,8].

Autophagyisanintracellularcatabolicprocessessentialto maintaincellhomeostasiswhich
isparticularlynoticeableundernutrient-deprivation conditionssuchasstarvation[9]. In addi-
tion, autophagyprovidesacell-autonomousdefensesystemagainstmicrobial infectionsand
intracellularpathogensviatheautophagosome/lysosomepathway[10,11].Autophagyis initi-
atedby theformationof theisolationmembrane,thephagophore,whichextendsto form a
closedDMV knownastheautophagosome.Thisstructurethenfuseswith alysosometo form
anautolysosome.Thefusionallowsthedegradationof theautophagosomalcargoby lysosomal
enzymes.

Althoughautophagyhasantiviral capability,severalvirusesandespeciallypositive-strand
RNA virusescanusetheautophagymachineryfor their ownbenefit[12±16].Amongthem,
HCV isknown to induceaccumulationof LC3B-II punctatestructures[17,18].Furthermore,
it wasshownthatat leastapartof theautophagyprocessisabsolutelyrequiredfor theHCV
life cycle�	 ��
�� [19,20].It hasbeenproposedthatHCV mayinduceautophagosomeforma-
tion throughtheunfoldedprotein response(UPR)[21,22].However,othershavesuggested
thatautophagyis triggeredindependentlyof theUPRin HCV-infectedcells[23]. NS4B
expressionhasbeenshownto besufficientto inducetheaccumulationof autophagosomesas
seenby theredistributionof diffusedLC3(LC3B-I) to punctatestructures(LC3B-II) in NS4B-
transfectedcells[24]. It hasalsobeendemonstratedthat induction of autophagybyHCV is
important for thesuppressionof theantiviral interferonresponse[22,25].In addition to this
indirect actionof autophagythat favorstheestablishmentandthemaintenanceof HCV, it has
beensuggestedthatautophagicproteinspromoteHCV replicationbyeitherfacilitatingpro-
tein translation[18] or virusmaturation[20]. It wasalsoshownthatuponHCV infection,
NS5AtranscriptionallyupregulatesBeclin1,enhancesphospho-mTORexpression,andthus,
activatesmTORsignalingpathway[26]. On theotherhand,amorerecentstudyproposedthat
HCV-inducedautophagyoccursvia inhibition of AKT-TSC-mTORviaERstress[27]. In a
previousstudy,wehaveshownthatHCV RNA-dependentRNA polymerase(RdRp),the
NS5B,colocalizesandinteractswith ATG5,acomponentof theautophagyelongationcomplex
andakeyfactorfor theformationof autophagosomes[28]. Wealsoshowedthat theautophagy
elongationcomplex(ATG5-12/16L1)canbeco-purifiedwith theHCV membranousweband
that its expressionisessentialfor propermembranouswebformation [29]. Therefore,wepro-
posedthat theATG5-12/16L1complexprovideassistancein theformationof membranous
structuresusedby thevirusfor its replication.TheATG5-12isanE3-likeconjugationenzymes
requiredfor LC3-II formationandincorporationon DMVs [30], whichisessentialfor canoni-
calautophagosomematuration.Therefore,it wouldbeexpectedthatLC3-II belocalizedat the
HCV replicationsitealongwith theelongationcomplex.Importantly, recentstudiesdemon-
stratethat incorporationof LC3-II within thereplicationcomplexof positives-senseRNA
virusestriggersrobustIFN-inducibleantiviral responsesthatdisrupt theviral replicationshel-
ter [31,32].In thisstudy,weconfirm thatalthoughtheautophagyelongationcomplexis
recruitedatHCV replicationsitewhereit interactswith HCV replicasecomponentsasaprovi-
ral factor,LC3B-II doesnot interact�	 ��

 with HCV replicaseandisnot foundat theHCV

Autophagy elongation complex but not LC3 is involved in HCV replication
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replicationsitesuggestingthatHCV hasevolvedstrategiesto avoidLC3integrationwithin its
replicationcomplex.

Materials and methods

Cell culture and reagents
Huh7 cellswereobtainedfrom Dr RalfBartenschlagerandwereculturedin Dulbecco'smodi-
fiedEagle'sMedium (DMEM) (Gibco),supplementedwith 10%v/v fetalbovineserum(FBS)
(Multicell), 100U/ml penicillin,100�g/ml streptomycin,2 mM L-glutamine(Gibco)at37ÊC,
5%CO2,in ahumidified incubator.

Plasmidsandantibodies
hATG5andhATG16L1sequenceswereclonedinto peGFP-C1plasmid(Clontech)to form
pGFP-ATG5andpGFP-ATG16L1,respectively.ThepeGFP-LC3constructwaskindly pro-
videdbyDr. TamotsuYoshimori(Japan)[33]. ThepmStrawberry-ATG4BC74A(ATG4B-
DN), pcDNA3-mRuby2,andpCI-neo-hApg5-K130R-HA(ATG5-DN) constructswerepur-
chasedfrom Addgene(Cambridge,USA).TheFlag-taggedATG12(pATG12)andits domi-
nant-negativederivativepATG12�ïG140(ATG12-DN)constructswerekindly providedbyDr.
Adi Kimchi (Israel)[34]. Rabbitpolyclonalanti-LC3,rabbitpolyclonalanti-ATG5(usedfor
westernblot), mousemonoclonalanti-Flag,andmousemonoclonalanti-��-actinantibodies
werepurchasedfrom SigmaAldrich (USA).Mousemonoclonalanti-ATG5(usedfor immu-
nofluorescence)andanti-P62antibodieswerepurchasedfrom Abnova(Taiwan).Rabbitpoly-
clonalanti-ATG12waspurchasedfrom CellSignaling(USA).Mousemonoclonalanti-LC3
andrabbitpolyclonalanti-ATG16L1antibodywerepurchasedfrom MBL (USA).Mouse
monoclonalanti-dsRNAwaspurchasedfrom English& ScientificConsulting(Hungary).
Mousemonoclonalanti-HA waspurchasedfrom Roche(USA).Mousemonoclonalanti-Core
waspurchasedfrom Virostat(USA).Mousemonoclonalanti-NS3andanti-NS5Aantibodies
werepurchasedfrom BioFront(USA).Rabbitpolyclonalanti-NS3andNS5Awereobtained
from Dr. Olivier Nicolas.Rabbitpolyclonalanti-NS4Bandanti-NS5Bantibodieswerekindly
providedbyDrs.KouacouKonan(USA)andTakajiWakita(Japan),respectively.Mouse
monoclonalanti- ��-actinwaspurchasedfrom SigmaAldrich (USA).

Preparationof viral stockand infections
Thecellculture-derivedHCV (HCVcc)JFH1viruswasgeneratedin Huh7cellsby transfection
of �	 ��
���transcribed full-lengthJFH1RNA (MEGAscript,Ambion) andviral stockswere
producedby infectionof Huh7 cellsatamultiplicity of infection(MOI) of 0.01,asdescribed
previously[35]. To reach90%infectedcells,huh7cellswereinfectedatMOI of 0.01andpas-
sagedfor 7 daysthenanalyzedby immunofluorescenceusinganti-NS5Aantibody.

Westernblot analysis
Cellswerelysedin 300�l of lysisbuffer[25mM Tris-HCl, 150mM NaCl,1 mM EDTA,1%
NP40,Completeproteaseinhibitor (Roche)].Lysateswerenormalizedfor totalproteincontent
usingtheBCAproteinassaykit (Pierce).ProteinswerethenresolvedbySDS-PAGE,trans-
ferredto polyvinylidenefluoride (PVDF)membranes(Bio-Rad),blockedfor 30min at room
temperature(RT) with PBS-5%milk, andthenincubatedovernightat4ÊCwith primary anti-
bodyin PBS-5%milk. After washingwith 0.1%Tween20in PBS(PBST),membraneswere
incubated1h atRTwith agoat-anti-rabbitor goat-anti-mouseIgGconjugatedto horseradish
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peroxidasein PBS-5%milk. Proteinbandswerevisualizedwith eithertheSuperSignalWest-
Picoor -Femtochemiluminescencesubstrates(Pierce).

Indirect immunofluorescence
Huh7 cellsinfectedatgreaterthan90%weretransfectedwith differentplasmidsasindicated
in figurelegends.At 24h post-transfection,cellsweretrypsinizedandgrownon glasscover-
slipsfor another24h. Thecoverslipswerethenfixedwith 4%formaldehydein PBSfor 10
min, washedin PBSandincubatedin blockingbuffer(PBS,3%bovineserumalbumin,10%
FBS,0.1%Triton X-100)for 30min atRT.For thedetectionof GFP-LC3,cellswerepermeabi-
lizedwith 0.05%saponinto removedispersedLC3(LC3-I) [27]. After washingwith PBS,the
coverslipswereincubatedwith primary antibodiesin blockingbufferfor 1 h atRT.Coverslips
werethenwashedin PBSandincubatedwith eitherAlexafluor-(488or 568)goatanti-mouse
IgGor Alexafluor-(488or 568)goatanti-rabbit IgG(Invitrogen) for 1hatRT.After washing,
coverslipsweremountedon glassslideswith ProlongAntifade(Invitrogen)andexamined
with eitheralaserscanningconfocalBioRadRadiance2000or aZeissLSM780.TheManders'-
coefficientof colocalizationwasobtainedusingImageJsoftware(NIH) in randomlyselected
regionsthatwerepositivefor thetargetedproteinsfrom differentcells.Manders'coefficient
valuesover0.4wereconsideredasstrongcolocalization.

In situ proximity ligation assay(PLA)
Huh7 cellsinfectedatgreaterthan90%weregrownon glasscoverslipsfor 24h prior to thefix-
ationwith 4%formaldehydein PBSfor 10min. Theywerethenwashedin PBSandincubated
in blockingbuffer(PBS,3%bovineserumalbumin,10%FBS,0.1%Triton X-100)for 30min
atRT.Coverslipswereincubatedwith primary antibodiesfor 1 h atRTthenwashedthree
timeswith 1xwashbufferA (Duolink (andincubatedwith PLAprobes(anti-rabbitplusand
anti-mouseminus)dilutedwith theprovidedbufferin ahumidity chamberfor 1 h at37ÊC.
Coverslipswerethenwashedthreetimeswith 1xwashbufferA andincubatedwith theliga-
tion-ligasereactionsolutionin ahumidity chamberfor 30min at37ÊC.Amplification and
mountingstepswereperformedaccordingto manufacturer'sinstructions.Mountedcoverslips
wereexaminedwith alaserscanningconfocalmicroscope(ZeissLSM780).Eachdetectedsig-
nal representsaninteractionevent.Theanalysisof PLAsignalfrequencywasdoneusingDuo-
link ImageTool.

Quantification of HCV RNA by qRT-PCR
RNA wasreversetranscribedwith M-MLV (Invitrogen).GeneratedcDNA wasusedfor qPCR
(Taqman)asdescribedearlier[36]. Resultswereanalyzedusingthecomparative�ïCt method.

Flow cytometry
Huh7 cellsinfectedatgreaterthan90%weretransfectedwith eithermock(pcDNA3-mRuby2)
or ATG4B-DN.At day2 cellsweretrypsinizedandwashedtwicewith PBS.Deadcellswere
labeledusingFVD780(eBioscience).Cellswerefixedwith 4%formaldehydefor 10min atRT,
incubatedwith blockingbuffer(PBS,2%BSA,0.2%Saponin)for 20min at4ÊCandincubated
with primary antibodiesdiluted in blockingbufferfor 30min at4ÊC.After washingwith PBS,
cellswereincubatedwith Alexafluor-488goatanti-rabbit IgG(Invitrogen) for 30min at4ÊC.
CellswereanalyzedusingBD LSRFortessacellanalyzer(BD Biosciences)andCyflogicsoft-
ware(CyFloLtd).

Autophagy elongation complex but not LC3 is involved in HCV replication
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Statisticalanalyses
Resultsshownrepresentsthemeansof at leastthreeindependentexperiments.EitherStudent's
t-testor ANOVA analysiswasperformedto identify statisticallysignificantdifferences.Pval-
uesbelow0.05wereconsideredstatisticallysignificant.

Results

Formation of the ATG5-12conjugateand the autophagyelongation
complexATG5-12/16L1in Huh7 cells
Wehaveshownin apreviousstudythatHCV polymeraseinteractswith ATG5,aprotein that
participatesin earlyeventsduring induction of autophagy[28]. SinceATG5isnormallyconju-
gatedto ATG12,wefirst comparedtheconjugationstatusof ATG5in Huh7 infectedand
uninfectedcells.Theresultsshowedthat theunconjugatedform of ATG5(32kDa)wasunde-
tectablein both infectedanduninfectedcells.Indeed,ATG5wasexclusivelydetectedas
ATG5-12-conjugatedform (55kDa) (Fig1A).Theabsenceof detectableunconjugatedATG5

Fig 1. Formation of the autophagyelongationcomplexin Huh7 cells.A. Detection of theATG5-12conjugatebyWesternblot in mock(UI) andJFH1
infectedHuh7cellsatmorethan90%usingananti-ATG5antibody.HCV infectionandautophagosomeaccumulationweredetectedusinganti-NS3and
anti-LC3antibodies,respectively.��-actinrepresentsloadingcontrol.B.�	 ��

 ATG5-12/16L1complexformationwasanalyzedusingPLAin JFH1-infected
atmorethan90%or uninfectedcells.Cellswerelabeledfor ATG5-12andATG16L1usinganti-ATG5andanti-ATG16L1respectively.CTL represents
negativecontrol lackinganti-ATG5antibody.Nucleiwerecounterstainedwith DAPI (blue).Scalebar,20�m. C.Thefrequency of PLAsignalswere
significantlyhigherin bothJFH1-infectedanduninfected cellscomparedto control cells(CTL) (basedon thecountin 40cellsfor eachcondition) (P<0.0001,
1wayANOVA).

https://doi.org/10.1371/journal.pone.0205189.g001
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Fig 2. Components of the HCV replicasecolocalizewith ATG5-12 conjugatein Huh7 cells.A. JFH1-infectedHuh7cellsatmore
than90%wereprobedfor endogenousATG5-12conjugateusingamouseanti-ATG5antibodyandHCV nonstructuralproteins
(NS3,NS4B,NS5A,andNS5B)usingrabbitspecificantibodiesasdescribedin thematerialsandmethodssection.Thenucleiwere
stainedwith DRAQ5(blue).Confocalmicroscopyimagesdisplayingsubcellular localizationof endogenousATG5-12conjugateand
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suggeststhatmostof theATG5is readilyconjugatedto ATG12in Huh7 cells,aspreviously
reportedfor othercelltypes[37]. Additionally,HCV infectiondid not hamperthisconjuga-
tion. Moreover,resultsshowthat infectioninducestheaccumulationof LC3-II, ahallmarkof
inducedautophagy(Fig1A).

OnceATG5isconjugatedto ATG12,it canform amultimeric complexbyassociationwith
ATG16L1[38]. To assesswhetherthis interactionoccursduring infection,weinvestigatedthe
presenceof ATG5-12/16L1complexby �	 ��

 proximity ligationassay(PLA).Thisnoveltech-
niquehasbeenusedin severalstudiesto detectspecific�	 ��

 interactions[39±42].Clearly,
endogenousATG5-12/16L1complexesweredetectedin both infectedanduninfectedcells
(Fig1Band1C).It isnoteworthythat thecountof interactionsignalswasslightlylowerin
infectedcells.Althoughthesignificanceof this reductionisnot ascertainedat themoment,
our resultssuggestthatHCV infectionstill allowstheformationof thehighmolecularweight
complexATG5-12/16L1thatoccursspontaneously�	 ��
�� [43,44].

TheATG5-12conjugatecolocalizesand interactswith viral nonstructural
proteins
WethenassessedthecolocalizationbetweentheendogenousATG5-12conjugateandthecompo-
nentsof theviral replicasein JFH1-infectedHuh7cellsusingananti-ATG5antibody.Theresults
presentedin Fig2A and2Bshowdistinctmembrane-likestructuresthatarepositivefor the
ATG5-12conjugateaswellasfor HCV NS3,NS4B,NS5A,andNS5B.Thedistribution of ATG5-
12in uninfectedcellsisshownin Fig2C.Wealsoconfirmedthecolocalizationof theATG5-12
conjugatewith thenonstructuralviral proteinsusinganATG12-Flagprotein(Fig3).Theseresults
supportour previousstudyshowingacrucialroleof ATG5-12in membranouswebformation.
Indeed,thehigh levelof colocalizationobtainedsuggestsaputativedirect interaction.Therefore
PLAwasperformedto evaluatethe�	 ��

 interactionbetweentheATG5-12conjugateandcom-
ponentsof theviral replicase(Fig4).Asapositivecontrol,westartedbyanalyzingtheknown
ATG5/NS5Binteractionin infectedcells.Theresultshowedthaton average,380ATG5-12/NS5B
interactionsignalsweredetectedperinfectedcells(Fig4E).Wethensoughtto screenfor all other
possibleinteractionsof ATG5-12conjugateandHCV non-structuralproteinsfor whichcolocali-
zationswereobserved.Asweshowedearlier,NS3,NS4BandNS5Acolocalizewith ATG5-12
(Figs2and3).Indeed,PLAexperimentsrevealedthatATG5interactswith theseviral proteins�	
��

 (Fig4B±4D).In contrast,no interactionwasobservedbetweenendogenousATG5andthe
viral coreprotein(Fig4A).Sinceno colocalizationwasdetectablein infectedcellsbetweenthese
two proteins(datanot shown),thisPLAexperimentwasusedasaspecificitycontrolof theassay.
ThePLAresults,alongwith thecolocalizationfindingsfrom Figs2and3,strengthenthehypothe-
sisof theinvolvementof ATG5-12conjugatein HCV replication.

Theautophagyelongationcomplex(ATG5-12/ATG16L1)is found at the
HCV replication site
In orderto completeits normal functions,theATG5-12conjugateassociateswith ATG16L1
to form theautophagyelongationcomplexthatallowstheexpansionof theautophagosomal

viral NS3,NS4A,NS5A,andNS5Bin mergedimagepanelsareshown.Markedcolocalization betweenendogenousATG5-12
conjugateandcomponentsof theviral replicase(NS3,NS5A,andNS5B)or themembranousweb(NS4B)wasobserved.Scalebar,
10�m. B.Theaverageof colocalizedpixelsof ATG5-12andHCV nonstructuralproteins(n = 5cells,10arbitrarypositions) was
determined. Thevaluesof overlapping fluorescencesignalwith HCV nonstructuralproteinswerecalculatedusingManders'
colocalization coefficient.C.Localizationof ATG5-12in uninfectedcells.UninfectedHuh7cellswereimmunostainedfor ATG5-12
usingamouseanti-ATG5antibody.Scalebar,10�m.

https://doi.org/10.1371/journal.pone.0205189.g002
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membrane[38,45].Therefore,wesoughtto determineif theelongationcomplex,andnot
only ATG5-12conjugate,is recruitedto thesiteof viral replication.Thesubcellular

Fig 3. HCV nonstructural proteins colocalizewith ATG12protein in Huh7 cells.A. Huh7cellswereinfectedwith HCVccandthen
transfected with recombinantFlag-taggedATG12.Confocalmicroscopyimagesdisplayingsubcellularlocalizationof ATG12(green)
andcomponentsof theviral replicase(NS3,NS5AandNS5B)(red) in mergedimagesareshown.Scalebar,10�m. B.Theaverage
colocalization of ATG12andHCV nonstructuralproteins(n = 5cells,10arbitrarypositions) wascalculatedusingManders'
colocalization coefficient.C.Localization of flag-tagged ATG12in uninfectedcells.UninfectedHuh7cellswereimmunostained for
ATG12usingamouseanti-flagantibody.Scalebar,10�m.

https://doi.org/10.1371/journal.pone.0205189.g003
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localizationof eithertheendogenousATG16L1or aGFP-taggedhumanATG16L1protein
wasmonitoredin infectedHuh7 cells.TheGFP-ATG16L1wasusedonly whendetectionof
endogenousATG16L1wasnot readilypossibledueto conflict in antibodyspecies.Results
showmarkedlocalizationbetweenATG16L1andseveralHCV nonstructuralproteinsthat
constitutetheviral replicaseaswellastheNS4Bprotein(Fig5).Despitetheobviouscolocaliza-
tion of ATG16L1with NS3andNS5A,wewereunableto detect�	 ��

 interactionof endoge-
nousATG16L1andtheseproteinsin infectedcellsusingPLA(Fig6A and6B).Theseresults
suggestthat theinteractionof ATG5-12/16L1with viral NS3andNS5Aoccursthrough
ATG5-12ratherthanATG16L1.

Previously,wedemonstratedthat theelongationcomplexis foundwithin themembranous
webandisessentialfor its formation [29]. To supportthehypothesisof an�	 ��

 interaction
observedbetweenATG5-12/16L1andHCV replicasecomponentstakingplace,at leastin
part,within thereplicationcomplex,weanalyzedthecolocalizationof theelongationcomplex
with dsRNA(Fig7). In infectedcells,mostof thedsRNAisexpectedto representtheHCV
replicationintermediateandthus,thereplicationsite.Asapositivecontrol, thedsRNA-NS3
colocalizationwasassessed.HCV dsRNAmarkedlycolocalizedwith theviral NS3protein
whichharborshelicaseactivityandisknown to beaconstituentof thereplicase(Fig7A and
7B).Thespecificityof thedsRNAantibodywasconfirmedin uninfectedHuh7 cells(Fig7C).
TheseresultsshowthatHCV dsRNAcolocalizeswith bothATG5-12conjugateandATG16L1
(Fig7A and7B),thusconfirming thepresenceof ATG5-12andATG16L1at theHCV replica-
tion site.

LC3B-II is not recruited at the replication siteand is not essentialfor HCV
replication
Asmentionedearlier,thepresenceof theE3-likeconjugationenzymeATG5-12/16L1atHCV
replicationsiteshouldnormallyresultin theadditionof phosphatidylethanolamine(PE)to
LC3-I allowingits membraneincorporation,asLC3-II, at thissite.In arecentstudy,using
knockdownexperiments,weshowedthatATG5-12,but not LC3,is important for propermem-
branouswebformation [29]. With that in mind, wewonderedif LC3-II isactuallyincorporated
atHCV replicationsite.Becauseall membersof theHCV replicaseareknownto bemembrane
associated,incorporationof LC3-II at thereplicationsitecanbeevaluatedby its colocalization
with HCV proteinsthat residewithin thereplicationsite.Interestingly,despitestrongcolocali-
zationof theelongationcomplexwith HCV non-structuralproteins(Figs2,3and5),no coloca-
lizationsignalswereobservedbetweenGFP-LC3IIandHCV proteins(Fig8). In agreement
with this result,wewereunableto detectany�	 ��

 interactionbetweenendogenousLC3and
HCV proteins(Fig9).Ascontrol, theknownassociationof LC3with its receptorP62wascom-
paredin HCV infectedanduninfectedcells.Asexpected,theinteractionwasdetectedin either
casesbut wasclearlymoreabundantin HCV infectedcells(Fig9F).Thisresultis in favorof a
modelwhereHCV-inducedautophagosomeaccumulationwith aconcomitantblockageof the
autophagicflux aspreviouslysuggested[21,46].Altogether,theseresultsdemonstratethat

Fig 4. Assessment of ATG5-12 interactionswith viral proteins in infectedcellsasobservedby proximity -ligation assay(PLA).
JFH1-infectedatmorethan90%or uninfected cellswerefixedandprocessedfor detectionof ATG5-12-Core,ATG5-12-NS3,ATG5-
12-NS4B, ATG5-12-NS5Aor ATG5-12-NS5BcomplexesbyPLAusingappropriateantibodies.Nucleiwerestainedwith DAPI (blue).
EachPLAsignal(reddot) indicatesoneinteractionandwerecalculated asdescribedin materialsandmethodssection.In A, no
significant differencein thefrequencyof PLAsignalsbetweenJFH1-infected(n = 50)cellscomparedto uninfected controls(n = 50)
indicatingundetectableinteractionbetweenATG5-12conjugateandcore.However,theincidenceof PLAsignalsin B-Ewassignificantly
higherin JFH1-infected(n �23) cellscomparedto uninfectednegativecontrols(N = 50)(�<0.0001, Student'st-test)indicating
complexesformation betweenATG5-12andNS3,NS4B,NS5AandNS5B.Scalebar,20�m.

https://doi.org/10.1371/journal.pone.0205189.g004
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LC3-II cannotbedetectedat theHCV replicationsite.WecannotexcludethatLC3-II is tran-
sientlyincorporatedin membraneat thereplicationsiteandrapidly removedand/ordegraded.
However,clearly,LC3-II doesnot accumulateat theHCV replicationsitewhichimpliesthat
HCV hasevolvedto blockcanonicalprogressionof autophagyat thissite.

Theinvolvementof LC3in HCV replication-cyclehasbeenaddressedpreviously.LC3was
found to favorHCV translationearlyin infectionwith no remainingproviral effectin chroni-
callyinfectedcells[19,29].Here,weoverexpressedanATG4Bdominantnegativeprotein to
evaluatetheputativeimplicationof LC3-II in HCV replication-cycle.Indeed,ATG4Bisacys-
teineproteasethatpreparesLC3-I for conjugationthroughaproteolyticprocessessentialfor
LC3-II formation [47]. Overexpressionof theATG4B-DNhasbeenshownto inhibit LC3
lipidation andits downstream-dependentevents[48]. Indeed,uponoverexpressionof
ATG4B-DNin Huh7 cells,weobserveda0markeddecreasein LC3-II formationandaccumu-
lation of P62whichindicatesaninhibition of autophagylateevents,suchasautophagosome
maturationandcargodegradation(Fig10A).In line with our previousreport [29], overexpres-
sionof ATG4B-DNhadno obviousinhibitory effecton HCV polyproteinexpressionor HCV
RNA replicationin cellsalreadyinfected,asindicatedby thelevelsof NS3andcoreprotein
(Fig10Band10C).Sincetheseresultswereobtainedupontransientexpressionusingtransfec-
tion with efficiencyaround40±50%,weperformedaFACSanalysistakingtheadvantageof

Fig 5. HCV nonstructural proteins colocalizewith ATG16L1in Huh7 cells.A. Huh7cellsinfectedwith JFH1atmorethan90%andthen
transfectedwith pGFP-ATG16L1or immunostainedfor endogenousATG16L1usingarabbitspecificantibody.Confocalmicroscopyimages
displayingsubcellularlocalizationof GFP-ATG16L1or endogenousATG16L1andviral NS3,NS4B,NS5A,andNS5Bareshown.Scalebar,10�m. B.
Thevaluesof overlappingfluorescencesignalof ATG16L1andGFP-ATG16L1with HCV nonstructuralproteinswerecalculatedusingManders'
colocalization coefficient(n = 5cells,10arbitrarypositions). C.UninfectedHuh7cellstransfected with pGFP-ATG16L1(left) or immunostainedfor
endogenousATG16L1(right) aredepicted.ATG16L1isshownin greenandthenucleusin blue(Dapi).Scalebar,10�m.

https://doi.org/10.1371/journal.pone.0205189.g005

Fig 6. Interaction of the autophagyelongationcomplexwith HCV non-structural proteins is not via ATG16L1. Usingproximity-
ligationassay(PLA),no �	 ��

 interactioncouldbeobservedbetweenATG16L1andNS3(A) or NS5A(B) asindicatedby the
frequency of PLAsignalsbetweenJFH1-infected(n = 50)cellscomparedto uninfected controls(n = 50).Scalebar,20�m.

https://doi.org/10.1371/journal.pone.0205189.g006
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thefluorescencepropertyof themStrawberrytagof ATG4B-DN(Fig10D)to specificallygate
on cellsexpressingATG4B-DNinorderto assessthelevelof NS3expressionin this targeted
population.Theresultconfirmedthatexpressionof thedominant-negativeform of ATG4B

Fig 7. Theautophagyelongationcomplexcolocalizeswith HCV replicative intermediate dsRNA.A. JFH1-infectedHuh7cellsatmorethan
90%wereimmunostained for dsRNAandNS3or ATG16L1.Alternatively,infectedcellsweretransfected with pGFP-ATG5andanalyzedby
confocalmicroscopyfor dsRNAandGFP-ATG5.Scalebar,10�m. B.Theaverageof percentcolocalization of NS3,GFP-ATG5or ATG16L1with
dsRNAwasdetermined. Thevaluesof overlappingfluorescencesignalswith dsRNAproteinswerecalculatedusingManders'colocalization
coefficient(n = 5cells,10arbitrarypositions).C.UninfectedHuh7cellsimmunostainedfor dsRNA.Negativestainingshowsspecificity of dsRNA
utilizedin thisexperiment.Scalebar,10�m.

https://doi.org/10.1371/journal.pone.0205189.g007
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hasno adverseeffecton viral proteinsexpression(Fig10E).Together,theseresultssuggestthat
LC3lipidation isnot mandatoryfor viral replicationin establishedinfection.

ATG12conjugation to ATG5 is required for HCV replication in Huh7 cells
Finally,weanalysedtheimportanceof conjugationeventsthatprecedesLC3II formationby
investigatingtheeffectof decouplingtheformationof theATG5-12conjugateon HCV repli-
cation.To achievethis,weoverexpressedthedominant-negativeformsof ATG5(ATG5-DN)
andATG12(ATG12-DN)thathavebeenspecificallyengineeredto impedeATG12conjuga-
tion to ATG5aspreviouslyreported[34]. Asexpected,theoverexpressionof thedominant
negativeformsof theseproteinsblockedtheconjugationof ATG12to ATG5aswellasits sub-
sequentevents,theformationof ATG5-12/16L1complex,andLC3lipidation (Fig10F).Inter-
estingly,whencomparedto awild-typeATG12,theseconjugation-defectivemutantsdisplay
anadverseeffecton HCV lifecycle,asindicatedbyadecreasein theNS3andcoreprotein (Fig
10B).Together,theseresultssuggestthat theATG5-12conjugatedform, ratherthantheindi-
vidualATG5andATG12proteins,actasHCV proviral factor.

Discussion
In apreviousstudy,weshowedthatHCV RdRpcolocalizesandinteractswith ATG5,acom-
ponentof theelongationcomplex[28]. Hereweshowthat theATG5-12conjugateclearly
colocalizeson structuresthatharborseveralHCV nonstructuralproteinssuchasNS3,NS4B,
NS5A,andNS5B(Figs2 and3).Wethenlookedfor �	 ��

 interactionbetweenmembersof
theviral replicaseandthatof theelongationcomplex.TheresultsindicatethatATG5is in
closeproximity to severalHCV nonstructuralproteinsin infectedcells(Fig4).SinceATG5-12
formsahighmolecularweightmultimeric complexwith ATG16L1that isabsolutelyrequired
for autophagosomeformation [45], wethenanalyzedtherecruitmentof ATG16L1at thesite
of HCV replication(Fig5).Severalmembranousstructureswerepositivefor bothATG16L1
andnonstructuralviral proteins.Furthermore,by labelingdsRNA,wewereableto showthat
thereplicatingHCV RNA colocalizeswith theautophagyelongationcomplex(Fig7).
Together,theseresultsconfirm thatATG16L1is recruitedat thesiteof HCV replicationwhere
theelongationcomplexis formed.

TheATG5-12/16complexisknown to dictatethesiteof LC3lipidation [49] dueto the
E3-likeenzymeactivityof theATG5-12conjugatethat is requiredfor theconjugationprocess
of LC3-II which isanessentialstepin autophagosomeformation [30,50].Therefore,LC3-II
wasexpectedto colocalizewith NS4B,NS3,or NS5B.Interestinglywe,aswellasseveralother
groups[17,18,20],wereunableto observecolocalizationof LC3with HCV proteins(Fig8).
To further confirm thelackof interconnectionbetweenLC3andHCV replicasecomponent,a
PLAexperimentthatcanrevealdifficult-to-detect�	 ��

 interactionwasperformed(Fig9).
Thetotalabsenceof interactionor evencolocalizationwasveryintriguing sinceHCV hasbeen
shownto triggertheappearanceof LC3-II throughouttheinfectedcell[17].

AsLC3wasnot recruitedat thesitewherethereplicationcomplexis localized,wedecided
to analyzethecontribution of LC3-II formation in HCV replication.For thispurpose,weused
adominant-negativeform of ATG4B(ATG4B-DN)thatblocksLC3-II formation.Theresults
demonstratethatalthoughLC3-II formationwasindeedseverelyaffectedby theATG4B-DN

Fig 8. LC3doesnot colocalizewith HCV proteins. A. Huh7cellswereinfectedwith JFH1andthentransfected with GFP-LC3.
Confocal microscopy imagesdisplayingsubcellularlocalization of GFP-LC3andHCV core,NS3,NS4B,NS5AandNS5Bare
presented.Scalebar,10�m. B.Thevaluesof overlappingfluorescencesignalof GFP-LC3with HCV nonstructural proteinswere
calculated usingManders'colocalization coefficient(n = 5cells,10arbitrarypositions).

https://doi.org/10.1371/journal.pone.0205189.g008
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expression,no inhibitory effecton HCV replicationwasobserved.Theresultspresentedin Fig
10alsoconfirm that theATG5-12conjugateis truly important for HCV replication.Indeed,
transfectionof Huh7 with eitherATG5-DN or ATG12-DN,ledto asignificantdecreasein
HCV replication.Thisresultnot only demonstratestheimportanceof bothproteinsbut also
showsthat their conjugationis requiredfor HCV replication.

How exactlytheATG5-12/16L1complexmodulatesHCV replicationisstill unclear.We
postulatedthatHCV infectionmight trigger�� 	��� synthesisof DMV throughactivationof
autophagysincetheautophagyelongationcomplexisessentialfor propermembranousweb
formation [29]. Recently,it wasshownthatDFCP-1,aprotein thatgeneratesomegasomes,is
requiredfor HCV RNA replication.Viral NS5Atransientlycolocalizeswith DFCP-1on ER
protrusionssuggestingthatomegasomesmayprovidevesicleson whichHCV canreplicate
[51]. Sincetheautophagyelongationcomplexcouldberecruitedat thenascentomegasome
for its elongation,it might participatein thecreationof theHCV-inducedmembranousweb.
Alternatively,theautophagyelongationcomplexcouldfacilitatemembranouswebformation
throughits knowncapabilityof enhancingmembranetetheringandvesiclesaggregation�	
��
�� [52].

Previousreportsalongwith theresultspresentedherestronglysuggestthat theproviral
effectof theATG5-12/16L1complexis throughanoncanonicalautophagyprocess.Indeed,
LC3isclearlynot presentat theHCV replicationsite(Fig8) andisnot involvedin membra-
nouswebformation [29]. Recentlyastudyon anotherhepatotropichumanvirus,HBV, dem-
onstratedthat theATG5-12conjugatebut not LC3actsasaproviral factor[53], suggesting
that for somevirusestheautophagymachineryratherthantheautophagyprocesshavebeen
evolutionaryhijackedfor their benefits.Onepossibleexplanationis thatseveralvirusesinclud-
ing HCV havegeneratedstrategiesto blocktheantiviraldegradativecapabilityof autophagy
[21,54±57].Indeed,viruseshavebeenshownto blocktheautophagicflux eitherby inhibiting
autophagosome-lysosomefusionor lysosomeacidification.Here,wesuggestthatby impeding
recruitmentof LC3atHCV replicationsite,degradationof theHCV replicationcomplexby
canonicalautophagyiseluded.More importantly,arecentstudyon norovirus,apositive-
strandedRNA virus,demonstratedthatviral replicationcomplexescanbedestroyedviaan
evolutionaryconservedLC3-guidedIFN-inducibleGTPasesantiviral response[32]. Therefore,
bypreventingLC3from reachingits replicationcomplexes,HCV mayevadethisantiviral
responseaswell.

In summary,recruitmentof theautophagyelongationcomplex,whichisnormallyinvolved
in DMV formation,to theHCV replicationsite,promotesviral replication.Interestingly,the
recruitmentof theelongationcomplexisnot accompaniedbyLC3lipidation at thissite.
Therefore,HCV infectioncycleismoredependenton ATG5-12conjugationthanon LC3lipi-
dation.Altogether,webelievethatHCV hasevolvedto hijacktheautophagymachinery,
namelytheelongationcomplex,to promoteit replicationandto blockLC3recruitmentto
avoidbothantiviral canonicalautophagyandLC3-guidedINF-inducibleGTPases.

Fig 9. Assessment of LC3interactionswith viral proteins in infectedcellsasobservedby proximity -ligation assay
(PLA). JFH1-infectedatmorethan90%or uninfected cellswerefixedandprocessedfor detectionof LC3-Core,
LC3-NS3,LC3-NS4B,LC3-NS5A,LC3-NS5Bor LC3-P62(positivecontrol) complexesbyPLAusingappropriate
antibodies.Nucleiwerestainedwith DAPI (blueInteraction signalswerecountedasdescribedin materialsand
methods.In A-E,no significant differencein thefrequencyof PLAsignalsbetweenJFH1-infected(n = 50)cells
comparedto uninfectedcontrols(n = 50)indicatingundetectableinteractionbetweenLC3andtheviral proteins.F.As
control,the�	 ��

 interactionbetweenLC3andits naturalligandP62wasmeasuredin both infectedanduninfected
cells.Interestingly,theincidenceof PLAsignalsin Fwassignificantlyhigherin JFH1-infectedcellscomparedto
uninfected negativecontrols(N = 50)(�<0.0001,Student's t-test).Scalebar,20�m.

https://doi.org/10.1371/journal.pone.0205189.g009
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