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Abstract

Hepaititis 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 LC3-11 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-Il accumu-
lation at viral replication site.

Introduction

HepatitisC virus (HCV) infectionleadsto awide spectrumof diseasegangingfrom asymp-
tomaticto end-stagdiver diseasemcluding cirrhosisand hepatocellulacarcinoma1]. HCV
isanenvelopedpositive-strancRNA virus thatbelonggo the family. TheHCV
genomds approximatelyd.6kb in lengthand consistof asingleORFflankedby two non-
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codingregions(NCRs).Thetranslatedpolyproteinis processedy cellularandviral proteases
into the structuralproteins(core,E1,and E2)andthe nonstructuralproteins(p7,NS2,NS3,
NS4ANS4BNS5A,andNS5B)[2].HCV replicationis markedby the formation of amem-
brane-associate@plicationcomplexwith auniguemembranealterationreferredto asthe
membranousveb[3]. Themajority of the membranousstructuresound within the HCV rep-
lication sitearecomposedf doublemembranevesiclesDMVs) suggestinghat autophagys
involvedin the establishmentf the HCV replicationscaffold4+6]. DMVs arenow strongly
suspectedf beingthe primary siteof HCV replicasdocalizationwhereactiveviral RNA repli-
cationoccurs[4, 7,8].

Autophagyis anintracellularcataboligoroces®ssentialo maintain cellhomeostasigrhich
is particularlynoticeableunder nutrient-deprivaton conditionssuchasstarvation9]. In addi-
tion, autophagyprovidesa cell-autonomousiefensesystenagainsimicrobial infectionsand
intracellularpathogenwiathe autophagosome/lysosorpathway{10, 11]. Autophagyis initi-
atedby the formation of theisolationmembranethe phagophorewhich extendgo form a
closedDMV known asthe autophagosomd his structurethenfuseswith alysosomeo form
anautolysosomeThefusionallowsthe degradatiorof the autophagosomalargoby lysosomal
enzymes.

Although autophagyhasantiviral capability severalirusesand especiallyositive-strand
RNA virusescanusethe autophagymachineryfor their own benefit[12+16].Amongthem,
HCV isknownto induceaccumulationof LC3B-Il punctatestructureq17, 18]. Furthermore,
it wasshownthat atleasta part of the autophagyprocesss absolutelyrequiredfor the HCV
life cycle [19,20]. 1t hasbeenproposedhat HCV mayinduceautophagosomérma-
tion throughthe unfoldedproteinrespons€UPR)[21,22]. However othershavesuggested
thatautophagys triggeredindependentlyof the UPRin HCV-infectedcells[23]. NS4B
expressiorasbeenshownto besufficientto inducethe accumulationof autophagosomess
seenby theredistribution of diffusedLC3(LC3B-I)to punctatestructureLC3B-Il) in NS4B-
transfectedtells[24]. It hasalsobeendemonstratedhatinduction of autophagyoy HCV is
important for the suppressiomf theantiviral interferonresponsg22, 25]. In additionto this
indirect actionof autophagythat favorsthe establishmenandthe maintenancesf HCV, it has
beensuggestethatautophagigroteinspromoteHCV replicationby eitherfacilitatingpro-
tein translation[18] or virus maturation[20]. It wasalsoshownthatupon HCV infection,
NS5Atranscriptionallyupregulate®eclinl,enhancephospho-mTORexpressionandthus,
activatesnTOR signalingpathway{26]. On the otherhand,amorerecentstudyproposedhat
HCV-inducedautophagyccursviainhibition of AKT-TSC-mTORviaERstresg27].In a
previousstudy,wehaveshownthat HCV RNA-dependenRNA polymeras€RdRp),the
NS5Bcolocalizesndinteractswith ATG5,acomponentof the autophagyelongationcomplex
andakeyfactorfor the formation of autophagosomgg8]. We alsoshowedhatthe autophagy
elongationcomplex(ATG5-12/16L1)xanbeco-purifiedwith the HCV membranousveband
thatits expressiorns essentialor propermembranousvebformation [29]. Thereforewepro-
posedthatthe ATG5-12/16LIcomplexprovideassistanci the formation of membranous
structuresusedby thevirus for its replication. The ATG5-12is an E3-likeconjugationenzymes
requiredfor LC3-II formation andincorporationon DMVs [30], whichis essentialor canoni-
calautophagosommaturation.Thereforejt would beexpectedhat LC3-1l belocalizedat the
HCYV replicationsitealongwith the elongationcomplex.Importantly, recentstudiesdemon-
stratethatincorporationof LC3-11 within the replicationcomplexof positives-senseNA
virusedriggersrobustIFN-inducibleantiviral responsethat disrupttheviral replicationshel-
ter[31,32].In this study,weconfirm that althoughthe autophagyelongationcomplexis
recruitedat HCV replicationsitewhereit interactswith HCV replicasecomponentsasaprovi-
ral factor,LC3B-Il doesnot interact with HCV replicaseandis not found atthe HCV
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replicationsitesuggestinghatHCV hasevolvedstrategieso avoidLC3integrationwithin its
replicationcomplex.

Materials and methods
Cell culture andreagents

Huh7 cellswereobtainedfrom Dr RalfBartenschlagesndwereculturedin Dulbecco'smodi-
fied Eagle'Medium (DMEM) (Gibco),supplementedvith 10%v/v fetalbovineserum(FBS)
(Multicell), 100U/ml penicillin, 100 g/ml streptomycin2 mM L-glutamine(Gibco)at37EC,
5%C02,in ahumidified incubator.

Plasmidsand antibodies

hATG5andhATG16L1sequencewereclonedinto peGFP-Chlasmid(Clontech)to form
pGFP-ATGS5and pGFP-ATG16L IrespectivelyThe peGFP-LCZonstructwaskindly pro-
videdby Dr. TamotsuYoshimori(Japan)33]. The pmStrawberry-ATG4BC74ATG4B-
DN), pcDNA3-mRuby2andpCl-neo-hApg5-K130R-HAATG5-DN) constructswverepur-
chasedrom Addgeng(Cambridge USA). TheFlag-taggedTG12(pATG12)andits domi-
nant-negativelerivativepATG12 iG14QATG12-DN) constructsverekindly providedby Dr.
Adi Kimchi (Israel)[34]. Rabbitpolyclonalanti-LC3,rabbit polyclonalanti-ATG5 (usedfor
westerrblot), mousemonoclonalanti-Flag,andmousemonoclonalanti- -actinantibodies
werepurchasedrom SigmaAldrich (USA).Mousemonoclonalanti-ATG5 (usedfor immu-
nofluorescencedndanti-P62antibodiesverepurchasedrom Abnova(Taiwan).Rabbitpoly-
clonalanti-ATG12waspurchasedrom Cell Signaling(lUSA). Mousemonoclonalanti-LC3
andrabbit polyclonalanti-ATG16L1antibodywerepurchasedrom MBL (USA).Mouse
monoclonalanti-dsRNAwaspurchasedrom English& ScientificConsulting(Hungary).
Mousemonoclonalanti-HA waspurchasedrom Roche(USA).Mousemonoclonalanti-Core
waspurchasedrom Virostat (USA). Mousemonoclonalanti-NS3andanti-NS5Aantibodies
werepurchasedrom BioFront(USA).Rabbitpolyclonalanti-NS3and NS5Awereobtained
from Dr. Olivier Nicolas.Rabbitpolyclonalanti-NS4Band anti-NS5Bantibodieswerekindly
providedby Drs. KouacouKonan(USA)and TakajiWakita(Japan)respectivelyMouse
monoclonalanti- -actinwaspurchasedrom SigmaAldrich (USA).

Preparationof viral stockand infections

Thecellculture-derivedHCV (HCVcc) JFH1viruswasgeneratedn Huh7 cellsby transfection
of transcribed full-lengthJFH1IRNA (MEGASscript,Ambion) andviral stockswere
producedby infection of Huh7 cellsatamultiplicity of infection(MOI) of 0.01,asdescribed
previously{35]. To reach90%infectedcells huh7 cellswereinfectedat MOI of 0.0landpas-
sagedor 7 daysthenanalyzedy immunofluorescencesinganti-NS5Aantibody.

Westernblot analysis

Cellswerelysedin 300 | of lysisbuffer[25 mM Tris-HCI, 150mM NaCl,1 mM EDTA, 1%
NP40,Completeproteasénhibitor (Roche)].Lysatesverenormalizedfor total protein content
usingthe BCA protein assaxit (Pierce)Proteinswerethenresolvedy SDS-PAGHrans-
ferredto polyvinylidenefluoride (PVDF) membranegBio-Rad) blockedfor 30min atroom
temperaturgRT) with PBS-5%nilk, andthenincubatedovernightat 4EQwith primary anti-
bodyin PBS-5%milk. After washingwith 0.1%Tween20in PBS(PBST)membranesvere
incubatedl h at RT with agoat-anti-rabbitor goat-anti-mouségG conjugatedo horseradish
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peroxidasen PBS-5%nmilk. Proteinbandswerevisualizedvith eitherthe SuperSignalWest-
Picoor -FemtochemiluminescencsubstrategPierce).

Indirect immunofluorescence

Huh7 cellsinfectedat greaterthan 90%weretransfectedwith differentplasmidsasindicated

in figurelegendsAt 24h post-transfectiongellsweretrypsinizedandgrownon glassover-
slipsfor another24h. Thecoverslipaverethenfixed with 4%formaldehyden PBSfor 10

min, washedn PBSandincubatedin blockingbuffer (PBS 3%bovineserumalbumin,10%
FBS0.1%Triton X-100)for 30min atRT.Forthe detectionof GFP-LC3gcellswerepermeabi-
lizedwith 0.05%saponinto removedispersed C3(LC3-1) [27]. After washingwith PBSthe
coverslipavereincubatedwith primary antibodiesn blockingbufferfor 1 h atRT.Coverslips
werethenwashedn PBSandincubatedwith eitherAlexafluor-(488or 568)goatanti-mouse
IgG or Alexafluor-(488or 568)goatanti-rabbitIgG (Invitrogen) for L1hatRT. After washing,
coverslipsveremountedon glassslideswith ProlongAntifade (Invitrogen) andexamined
with eitheralaserscanningconfocalBioRadRadianc&000or aZeissLSM780.TheManders'-
coefficientof colocalizatiorwasobtainedusinglmagesoftwarg(NIH) in randomlyselected
regionsthatwerepositivefor thetargetedproteinsfrom differentcells Manders'coefficient
valuesover0.4wereconsideredasstrongcolocalization.

In situ proximity ligation assay(PLA)

Huh7 cellsinfectedat greaterthan 90%weregrownon glassoverslipgor 24 h prior to thefix-
ationwith 4%formaldehyden PBSfor 10min. Theywerethenwashedn PBSandincubated
in blockingbuffer (PBS 3%bovineserumalbumin,10%FBS0.1%Triton X-100)for 30min
atRT.Coverslipsvereincubatedwith primary antibodiesfor 1 h at RT thenwashedhree
timeswith 1xwashbuffer A (Duolink (andincubatedwith PLA probes(anti-rabbitplusand
anti-mouseminus) diluted with the providedbufferin ahumidity chamberfor 1 h at37EC.
Coverslipsverethenwashedhreetimeswith 1xwashbuffer A andincubatedwith theliga-
tion-ligasereactionsolutionin ahumidity chamberfor 30min at 37ECAmplification and
mounting stepswereperformedaccordingto manufacturer'snstructions.Mounted coverslips
wereexaminedwith alaserscanningconfocalmicroscopgZeissL SM 780).Eachdetectedsig-
nalrepresentaninteractionevent.Theanalysiof PLA signalfrequencywasdoneusingDuo-
link ImageTool.

Quantification of HCV RNA by gRT-PCR

RNA wasreversdranscribedwith M-MLV (Invitrogen). Generated DNA wasusedfor gPCR
(Tagman)asdescribecearlier[36]. Resultsvereanalyzedisingthe comparativeiCt method.

Flow cytometry

Huh7 cellsinfectedat greaterthan 90%weretransfectedwvith eithermock (pcDNA3-mRuby?2)
or ATG4B-DN.At day2 cellsweretrypsinizedandwashedwicewith PBSDeadcellswere
labeledusingFVD780(eBioscienceCellswerefixed with 4%formaldehyddior 10min atRT,
incubatedwith blockingbuffer (PBS 2%BSA 0.2%Saponin)for 20min at4ECandincubated
with primary antibodiesdilutedin blockingbufferfor 30min at4ECAfter washingwith PBS,
cellswereincubatedwith Alexafluor-488goatanti-rabbit IgG (Invitrogen) for 30min at4EC.
CellswereanalyzedisingBD LSRFortesseellanalyze(BD Biosciencesind Cyflogicsoft-
ware(CyFloLtd).
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Statisticalanalyses

Resultshownrepresentshe meansof atleastthreeindependenexperimentsEither Student's
t-testor ANOVA analysisvasperformedto identify statisticallysignificantdifferencesP val-
uesbelow0.05wereconsideredstatisticallysignificant.

Results

Formation of the ATG5-12 conjugateand the autophagyelongation
complexATG5-12/16L1in Huh7 cells

We haveshownin apreviousstudythat HCV polymerasénteractswith ATG5,aproteinthat
participatesn earlyeventsduring induction of autophagyf28]. SinceATG5is normally conju-
gatedto ATG12,wefirst comparedhe conjugationstatusof ATG5in Huh7 infectedand
uninfectedcells. Theresultsshowedhat the unconjugatedorm of ATG5 (32kDa) wasunde-
tectabldn both infectedanduninfectedcells.Indeed ATG5 wasexclusiveldetectedhs
ATG5-12-conjugatedorm (55kDa) (Fig 1A). Theabsencef detectableinconjugatedATG5

Fig 1. Formation of the autophagyelongationcomplexin Huh7 cells.A. Detectia of the ATG5-12 conjugateby Westernblot in mock (Ul) andJFH1
infectedHuh7 cellsat morethan 90%usingananti-ATG5antibody.HCV infectionand autophagsomeaccumulationweredetectedisinganti-NS3and
anti-LC3antibodies respectively.-actinrepresentéoadingcontrol. B. ATG5-12/16L1complexformation wasanalyzedisingPLAin JFH1-inkected
atmorethan90%or uninfectedcells.Cellswerelabeledor ATG5-12 and ATG16L lusinganti-ATG5andanti-ATG16L lrespectivelyCTL represents
negativecontrol lackinganti-ATG5antibody.Nucleiwerecounterstanedwith DAPI (blue).Scaléar,20 m. C. Thefrequeng of PLAsignalsvere
significantlyhigherin both JFH1-infeced anduninfectel cellscompaedto control cells(CTL) (basedn the countin 40cellsfor eachcondition) (P<0.0001

1wayANOVA).

https://doi.org/1A.371/journal gne.020518¢001
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Fig 2. Components of the HCV replicasecolocalizewith ATG5-12 conjugatein Huh7 cells.A. JFH1-inEctedHuh7 cellsatmore
than 90%wereprobedfor endogenos ATG5-12 conjugatausingamouseanti-ATG5antibodyandHCV nonstructuralproteins
(NS3,NS4BNS5A,andNS5B)usingrabbit specificantibodiesasdescribedn the materialsandmethodssection.Thenucleiwere
stainedwith DRAQ5(blue).Confocalmicroscopyimagedlisplayingsubcdular localizationof endogenos ATG5-12conjugateand
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viral NS3,NS4A NS5A andNS5Bin mergedmagepanelsareshown.Markedcolocalizaton betweerendogenos ATG5-12
conjugateand components of theviral replicas€NS3,NS5A,and NS5B)or the membrarousweb(NS4B)wasobservedScalear,
10 m. B. Theaveragef colocalizegixelsof ATG5-12 andHCV nonstructuralproteins(n = 5 cells, 10arbitrary positiong was
determinal. Thevaluef overlappng fluorescenceignalwith HCV nonstructuralproteinswerecalculatedisingManders'
colocalizathn coefficientC. Localizationof ATG5-12in uninfectedcells UninfectedHuh7 cellswereimmunostanedfor ATG5-12
usingamouseanti-ATG5antibody.Scaleéar,10 m.

https://doiorg/10.1371§urnal.pon®205189.g0D

suggestthat mostof the ATG5 s readilyconjugatedo ATG12in Huh7 cells,aspreviously
reportedfor othercelltypeg37]. Additionally, HCV infectiondid not hamperthis conjuga-
tion. Moreover resultsshowthatinfectioninducesthe accumulatiorof LC3-II, ahallmarkof
inducedautophagy(Fig 1A).

OnceATG5isconjugatedo ATG12,it canform amultimeric complexby associatiorwith
ATG16L1[38]. To asseswhetherthisinteractionoccursduring infection,weinvestigatedhe
presencef ATG5-12/16L Icomplexby proximity ligation assayPLA). Thisnoveltech-
nigue hasbeenusedin severastudieso detectspecific interactions[39+42].Clearly,
endogenous\TG5-12/16LIcomplexesveredetectedn both infectedanduninfectedcells
(Fig1Band1C).lt is noteworthythat the countof interactionsignalswvasslightlylowerin
infectedcells Althoughthe significanceof this reductionis not ascertaine@tthe moment,
our resultssuggesthatHCV infection still allowsthe formation of the high molecularweight
complexATG5-12/16L hat occursspontaneously [43,44].

The ATG5-12conjugatecolocalizesand interactswith viral nonstructural
proteins

Wethenassessetie colocalizatiorbetweerthe endogenous\ TG5-12conjugateandthe compo-
nentsof theviral replicasen JFH1-infectedHuh7 cellsusingananti-ATG5antibody. Theresults
presentedn Fig 2A and 2B showdistinct membrane-likestructureghat arepositivefor the
ATG5-12conjugateaswellasfor HCV NS3,NS4BNS5A,andNS5B Thedistribution of ATG5-
12in uninfectedcellsis shownin Fig 2C.We alsoconfirmedthe colocalizatiorof the ATG5-12
conjugatewith the nonstructuralviral proteinsusingan ATG12-Flagprotein (Fig 3). Theseresults
supportour previousstudyshowingacrucialrole of ATG5-12in membranousvebformation.
Indeed the high levelof colocalizatiorobtainedsuggesta putativedirectinteraction. Therefore
PLAwasperformedto evaluatehe interactionbetweerthe ATG5-12conjugateandcom-
ponentsof theviral replicas€Fig 4). As apositivecontrol, we startedby analyzinghe known
ATG5/NS5Binteractionin infectedcells. Theresultshowedhat on average380ATG5-12/NS5B
interactionsignalsveredetectecperinfectedcells(Fig 4E).We then soughtto screerfor all other
possiblanteractionsof ATG5-12conjugateand HCV non-structuralproteinsfor which colocali-
zationswereobservedAswe showedearlier, NS3,NS4Band NS5Acolocalizewith ATG5-12
(Figs2 and 3).Indeed,PLA experimentgevealedhat ATG5interactswith theseviral proteins

(Fig4B=4D).In contrastho interactionwasobservedetweerendogenou#TG5andthe
viral coreprotein (Fig 4A). Sinceno colocalizatiorwasdetectablén infectedcellshetweerthese
two proteins(datanot shown),this PLA experimentwasusedasa specificitycontrol of theassay.
ThePLA resultsalongwith the colocalizatiorfindingsfrom Figs2 and 3, strengtherthe hypothe-
sisof theinvolvementof ATG5-12conjugaten HCV replication.

The autophagyelongationcomplex(ATG5-12/ATG16L1)is found at the
HCV replication site

In orderto completeits normalfunctions,the ATG5-12conjugateassociatesith ATG16L1
to form the autophagyelongationcomplexthat allowsthe expansiorof the autophagosomal
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Fig 3. HCV nonstructural proteins colocalizewith ATG12 protein in Huh7 cells.A. Huh7 cellswereinfectedwith HCVccandthen
transfectd with recombirant Flag-taggd ATG12.Confocalmicroscopyimagedisplayingsubcellulatocalizationof ATG12(green)
andcomponatsof theviral replicasdNS3,NS5AandNS5B)(red) in mergedmagesareshown.Scalébar,10 m. B.Theaverage
colocalizaibn of ATG12andHCV nonstructuralproteins(n = 5 cells,10arbitrary positiong wascalculatedisingManders'
colocalizaibn coefficientC. Localizaton of flag-taggd ATG12in uninfectedcells.UninfectedHuh7 cellswereimmunostainel for

ATG12usingamouseanti-flagantibody.Scaléar,10 m.
https://da.org/10.137 1§urnal.por.0205189.¢08

membrand38,45]. Thereforewe soughtto determineif the elongationcomplex,andnot
only ATG5-12conjugateijs recruitedto the siteof viral replication.The subcellular
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Fig 4. Assessmenof ATG5-12 interactionswith viral proteins in infected cellsasobservedy proximity -ligation assayPLA).
JFH1-inEctedat morethan 90%or uninfectal cellswerefixedand processedbr detectionof ATG5-12-Core ATG5-12-NS3ATG5-
12-NS4BATG5-12-NS5A0r ATG5-12NS5Bcomplexs by PLA usingappropriateantibodiesNucleiwerestainedwith DAPI (blue).
EachPLAssignal(red dot) indicatesoneinteractionandwerecalculate asdescribedn materiasandmethodssectionln A, no
significant differencein thefrequencyof PLA signaletween]FH1-inkcted(n = 50) cellscompaedto uninfected controls(n = 50)
indicatingundetectaleinteractionbetweemATG5-12conjugateand core.However theincidenceof PLA signaldn B-Ewassignificarily
higherin JFH1-inkcted(n 23) cellscomparedo uninfectednegativecontrols (N = 50) ( <0.0001, Student'd-test)indicating
complexesformation betweemTG5-12andNS3,NS4BNS5AandNS5B Scaléar,20 m.

https:/Hoi.org/10.137/ournal.pon®205189.g004

localizationof eitherthe endogenous\TG16L1or aGFP-taggethumanATG16L 1protein
wasmonitoredin infectedHuh7 cells.The GFP-ATG16L Wasusedonly whendetectionof
endogenous\TG16L1wasnot readilypossibledueto conflictin antibodyspeciesResults
showmarkedlocalizationbetweemATG16L1landseveraHCV nonstructuralproteinsthat
constitutetheviral replicaseaswell asthe NS4Bprotein (Fig 5). Despitethe obviouscolocaliza-
tion of ATG16L1with NS3andNS5A wewereunableto detect interactionof endoge-
nousATG16L1andtheseproteinsin infectedcellsusingPLA (Fig 6A and 6B).Theseaesults
suggesthattheinteractionof ATG5-12/16L lwith viral NS3and NS5Aoccursthrough
ATGb5-12ratherthan ATG16L1.

Previouslywe demonstratedhat the elongationcomplexis found within the membranous
webandis essentialor its formation [29]. To supportthe hypothesi®f an interaction
observedetweemATG5-12/16L1andHCV replicaseeomponentdaking place atleastin
part, within the replicationcomplexweanalyzedhe colocalizatiorof the elongationcomplex
with dsRNA(Fig 7). In infectedcells mostof the dsRNAis expectedo representhe HCV
replicationintermediateandthus,the replicationsite.As a positivecontrol, the dSRNA-NS3
colocalizationvasassessetiCV dsRNAmarkedlycolocalizedwvith the viral NS3protein
which harborshelicasectivityandis knownto bea constituentof thereplicas€Fig 7A and
7B).Thespecificityof the dsRNAantibodywasconfirmedin uninfectedHuh7 cells(Fig 7C).
Theseresultsshowthat HCV dsRNAcolocalizesvith both ATG5-12conjugateand ATG16L1
(Fig 7A and 7B),thusconfirming the presenc®f ATG5-12and ATG16L1atthe HCV replica-
tion site.

LC3B-Il is not recruited at the replication site andis not essentiafor HCV
replication

Asmentionedearlier the presencef the E3-likeconjugationenzymeATG5-12/16LlatHCV
replicationsiteshouldnormally resultin the addition of phosphatidylethanamine(PE)to
LC3-l allowingits membranencorporation,asLC3-Il, atthis site.In arecentstudy,using
knockdownexperimentsweshowedhat ATG5-12 but not LC3,isimportant for propermem-
branouswebformation [29]. With thatin mind, wewonderedf LC3-Il is actuallyincorporated
atHCV replicationsite.Becausall membersof the HCV replicaseareknownto bemembrane
associatedncorporationof LC3-1l atthereplicationsitecanbeevaluatedy its colocalization
with HCV proteinsthatresidewithin the replicationsite.Interestingly despitestrongcolocali-
zationof the elongationcomplexwith HCV non-structuralproteins(Figs2, 3and5), no coloca-
lization signalsvereobservedetweerGFP-LC3llandHCV proteins(Fig 8). In agreement
with this result,wewereunableto detectany interactionbetweerendogenous C3and
HCV proteins(Fig 9). As control, the known associatiorof LC3with its receptorP62wascom-
paredin HCV infectedanduninfectedcells As expectedthe interactionwasdetectedn either
casebut wasclearlymoreabundantin HCV infectedcells(Fig 9F).Thisresultisin favorof a
modelwhereHCV-inducedautophagosomaccumulationwith aconcomitantblockageof the
autophagidlux aspreviouslysuggestef’1,46]. Altogether theseresultsdemonstratehat
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Fig 5. HCV nonstructural proteins colocalizewith ATG16L1in Huh7 cells.A. Huh7 cellsinfectedwith JFH1at morethan 90%andthen
transfectedvith pGFP-ATG16L1or immunostanedfor endogenos ATG16L lusingarabbit specificantibody.Confocalmicroscopyimages
displayingsubcellulatocalizationof GFP-ATG16M1 or endogenos ATG16L1andviral NS3,NS4BNS5A,andNS5Bareshown.Scalébar,10 m. B.
Thevaluesf overlappingluorescencsignalof ATG16L1and GFP-ATG16M with HCV nonstructuralproteinswerecalculatedisingManders'
colocalizatn coefficient(n = 5 cells,10arbitrary positiong. C. UninfectedHuh7 cellstransfectd with pGFP-ATG16L1(left) or immunostairedfor
endogenos ATG16L1(right) aredepicted ATG16L lis shownin greenandthenucleusin blue(Dapi). Scalébar,10 m.

https://doiorg/10.1371furnal.pon®205189.g005

LC3-Il cannotbedetectedatthe HCV replicationsite.We cannotexcludethat LC3-Il istran-
sientlyincorporatedin membraneatthereplicationsiteandrapidly removedand/or degraded.
However clearly L C3-11 doesnot accumulateatthe HCV replicationsitewhichimpliesthat
HCV hasevolvedo blockcanonicalprogressiorof autophagyat this site.

Theinvolvementof LC3in HCV replication-cycléhasbeenaddressegreviously LC3was
foundto favorHCV translationearlyin infection with no remainingproviral effectin chroni-
callyinfectedcells[19, 29]. Here,we overexpressean ATG4Bdominantnegativeprotein to
evaluatahe putativeimplication of LC3-1l in HCV replication-cyclelndeed ATG4Bis acys-
teineproteasehat prepared.C3-1for conjugationthrougha proteolyticproces®ssentialor
LC3-Il formation [47]. Overexpressionf the ATG4B-DN hasbeenshownto inhibit LC3
lipidation andits downstream-depedenteventg48]. Indeed,upon overexpressionf
ATG4B-DNin Huh7 cellsweobservediOmarkeddecreasen LC3-1l formationandaccumu-
lation of P62whichindicatesaninhibition of autophagyateeventssuchasautophagosome
maturationand cargodegradation(Fig 10A).In line with our previousreport[29], overexpres-
sionof ATG4B-DNhadno obviousinhibitory effecton HCV polyproteinexpressioror HCV
RNA replicationin cellsalreadyinfected,asindicatedby thelevelsof NS3andcoreprotein
(Fig 10Band 10C).Sincetheseresultswereobtainedupon transientexpressiomsingtransfec-
tion with efficiencyaround40+50%uve performeda FACSanalysigakingthe advantagef

Fig 6. Interaction of the autophagyelongationcomplexwith HCV non-structural proteinsis not via ATG16L1 Using proximity-
ligationassayPLA),no interactioncouldbeobservedetweemPATG16L1andNS3(A) or NS5A(B) asindicatedby the
frequeng of PLA signalsbetween)FH1-infeceéd (n = 50) cellscomparedo uninfecta controls(n = 50).Scaléar,20 m.

https:/Hoi.org/10.137/ournal.pon®205189.g006
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Fig 7. The autophagyelongationcomplexcolocalzeswith HCV replicative intermediate dsRNA.A. JFH1-infeted Huh7 cellsat morethan
90%wereimmunostaing for dSRNAandNS3or ATG16L1 Alternatively,infectedcellsweretransfectd with pGFP-AT G5andanalyzedy
confocalmicroscopyfor dsSRNAand GFP-ATG5 Scaléar,10 m. B. Theaveragef percentcolocalizéion of NS3,GFP-ATG5o0r ATG16L 1with
dsRNAwasdeterminel. Thevaluef overlappingluoresencesignalsvith dsRNAproteinswerecalculatedisingManders'colocalizatn
coefficient(n = 5 cells,10arbitrary positions).C. Uninfecttd Huh7 cellsimmunostainedfor dSRNA.Negativestainingshowsspecificiyy of dSSRNA

utilizedin this experment.Scalebar,10 m.
https://da.org/10.1371§urnal.pon®205189.g07
thefluorescenc@ropertyof the mStrawberrytagof ATG4B-DN (Fig 10D)to specificallygate

on cellsexpressindATG4B-DNin orderto assesthe levelof NS3expressiorin thistargeted
population.Theresultconfirmedthat expressiorf the dominant-negativdorm of ATG4B
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Fig 8. LC3doesnot colocalizwith HCV proteins. A. Huh7 cellswereinfectedwith JFH1andthentransfectd with GFP-LC3.
Confocd microscopy imagedisplayingsubcellulatocalizaton of GFP-LG andHCV core,NS3,NS4BNS5AandNS5Bare
presentedScaléar,10 m. B. Thevaluef overlappingluorescacesignalof GFP-LG with HCV nonstructral proteinswere
calculatd usingManders'colocalizéion coefficient(n = 5 cells,10arbitrary positions).

https:/Hoi.org/10.137/ournal.pon®©205189.g008

hasno adverseeffecton viral proteinsexpressiorf{Fig 10E).Togethertheseresultssuggesthat
LC3lipidation is not mandatoryfor viral replicationin establishedhfection.

ATG12 conjugationto ATG5 is required for HCV replication in Huh7 cells

Finally,weanalysedheimportanceof conjugationeventghat precede& C3Il formation by
investigatinghe effectof decouplingthe formation of the ATG5-12conjugateon HCV repli-
cation.To achievehis, weoverexpressetthe dominant-negativédorms of ATG5 (ATG5-DN)
andATG12(ATG12-DN)thathavebeenspecificallyengineeredo impedeATG12conjuga-
tion to ATG5 aspreviouslyreported[34]. As expectedthe overexpressionf the dominant
negativeorms of theseproteinsblockedthe conjugationof ATG12to ATG5 aswell asits sub-
sequeneventstheformation of ATG5-12/16LIcomplex,and LC3lipidation (Fig 10F).Inter-
estinglywhencomparedo awild-type ATG12 theseconjugation-defectivenutantsdisplay
anadverseffecton HCV lifecycleasindicatedby adecreas& the NS3and coreprotein (Fig
10B).Togethertheseesultssuggesthatthe ATG5-12conjugatedorm, ratherthantheindi-
vidualATG5and ATG12proteins,actasHCV proviral factor.

Discussion

In apreviousstudy,weshowedhatHCV RdRpcolocalizesndinteractswith ATG5,acom-
ponentof the elongationcomplex[28]. Herewe showthat the ATG5-12conjugateclearly
colocalize®n structureghat harborseveraHCV nonstructuralproteinssuchasNS3,NS4B,
NS5A,andNS5B(Figs2 and 3). We thenlookedfor interactionbetweermembersof
theviral replicaseandthat of the elongationcomplex.Theresultsindicatethat ATG5isin
closeproximity to severaHCV nonstructuralproteinsin infectedcells(Fig 4). SinceATG5-12
formsahigh molecularweightmultimeric complexwith ATG16L 1thatis absolutelyequired
for autophagosom#rmation [45], wethenanalyzedherecruitmentof ATG16L 1at the site
of HCV replication(Fig 5). Severainembranousstructureswverepositivefor both ATG16L1
andnonstructuralviral proteins.Furthermore by labelingdsRNA,wewereableto showthat
thereplicatingHCV RNA colocalizesvith the autophagyelongationcomplex(Fig 7).
Togethertheseresultsconfirm that ATG16L lis recruitedat the siteof HCV replicationwhere
the elongationcomplexis formed.

The ATG5-12/16complexis known to dictatethe siteof LC3lipidation [49] dueto the
E3-likeenzymeactivity of the ATG5-12conjugatethatis requiredfor the conjugationprocess
of LC3-1l whichis anessentiastepin autophagosomtrmation [30,50]. Therefore LC3-II
wasexpectedo colocalizavith NS4BNS3,0r NS5B Interestinglywe,aswell asseverabther
groups[17,18,20],wereunableto observecolocalizatiorof LC3with HCV proteins(Fig 8).
To further confirm thelackof interconnectionbetweerC3andHCV replicaseeomponenta
PLA experimenthat canreveadifficult-to-detect interactionwasperformed(Fig 9).
Thetotal absencef interactionor evencolocalizatiorwasveryintriguing sinceHCV hasbeen
shownto triggerthe appearancef LC3-1l throughouttheinfectedcell[17].

AsLC3wasnot recruitedat the sitewherethereplicationcomplexis localizedwedecided
to analyzehe contribution of LC3-II formationin HCV replication.For this purposewe used
adominant-negativdorm of ATG4B(ATG4B-DN)thatblocksLC3-Il formation. Theresults
demonstrateéhatalthoughLC3-II formation wasindeedseverelaffectedoy the ATG4B-DN
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Fig 9. Assessmenof LC3interactionswith viral proteinsin infected cellsasobservedy proximity -ligation assay
(PLA). JFH1-inkctedat morethan 90%or uninfectel cellswerefixed and processeébr detectionof LC3-Core,
LC3-NS3LC3-NS4BIL.C3-NS5ALC3-NS5Bor LC3-P62positivecontrol) complexedy PLA usingappropriate
antibodies.Nucleiwerestainedwith DAPI (bluelnteractin signalsverecountedasdescribedn materialsand
methodsln A-E, no significart differencen the frequencyof PLA signalshetweenJFH1-inkcted(n = 50)cells
comparedo uninfectedcontrols(n = 50)indicatingundetecébleinteractionbetweerLC3andtheviral proteins.F. As
control,the interactionbetweerLC3andits naturalligand P62wasmeasuredn both infectedanduninfecta
cells.Interestirgly, theincidenceof PLAsignaldn Fwassignificantlyhigherin JFH1-infeted cellscomparedo
uninfectal negativecontrols(N = 50) ( <0.000 1, Studenist-test).Scaléar,20 m.

https://abi.org/10.1371durnal.por.0205189.919

expressionno inhibitory effecton HCV replicationwasobservedTheresultspresentedn Fig
10alsoconfirm thatthe ATG5-12conjugatds truly importantfor HCV replication.Indeed,
transfectionof Huh7 with eitherATG5-DN or ATG12-DN,ledto asignificantdecreas@
HCV replication.Thisresultnot only demonstrateshe importanceof both proteinsbut also
showsghattheir conjugationis requiredfor HCV replication.

How exactlythe ATG5-12/16LlcomplexmodulatedHCV replicationis still unclear We
postulatedhatHCV infection might trigger synthesi®f DMV throughactivationof
autophagysincethe autophagyelongationcomplexis essentialor propermembranousveb
formation [29]. Recentlyjt wasshownthat DFCP-1,aproteinthatgenerateemegasomess
requiredfor HCV RNA replication.Viral NS5Atransientlycolocalizesvith DFCP-1on ER
protrusionssuggestinghat omegasomemayprovidevesicle®n whichHCV canreplicate
[51]. Sincethe autophagyelongationcomplexcould berecruitedatthe nascenbmegasome
for its elongationjt might participatein the creationof the HCV-inducedmembranousaveb.
Alternatively the autophagyelongationcomplexcouldfacilitatemembranousvebformation
throughits known capabilityof enhancingnembraneetheringandvesiclesaggregation

[52].

Previougeportsalongwith theresultspresentederestronglysuggesthat the proviral
effectof the ATG5-12/16L lcomplexis throughanoncanonicabutophagyprocessindeed,
LC3isclearlynot presentatthe HCV replicationsite (Fig 8) andis not involvedin membra-
nouswebformation [29]. Recenthyastudyon anotherhepatotropichumanvirus, HBV, dem-
onstratedhatthe ATG5-12conjugatebut not LC3actsasa proviral factor[53], suggesting
thatfor someviruseshe autophagymachineryratherthanthe autophagyproces$avebeen
evolutionaryhijackedfor their benefitsOnepossibleexplanatioris that severaVirusesnclud-
ing HCV havegeneratedtrategieso blockthe antiviral degradativeapabilityof autophagy
[21,54+57]Indeed viruseshavebeenshownto blockthe autophagidlux eitherby inhibiting
autophagosome-lysosomigsionor lysosomeacidification.Here,we suggesthatby impeding
recruitmentof LC3atHCYV replicationsite,degradatiorof the HCV replicationcomplexby
canonicalutophagys eluded More importantly, arecentstudyon norovirus,apositive-
strandedRNA virus,demonstratedhatviral replicationcomplexesanbedestroyedriaan
evolutionaryconserved C3-guidedFN-inducible GTPaseantiviral responsg32]. Therefore,
by preventingLC3from reachingits replicationcomplexesHHCV mayevadehis antiviral
responsaswell.

In summary recruitmentof the autophagyelongationcomplexwhichis normallyinvolved
in DMV formation,to theHCV replicationsite,promotesviral replication.Interestingly the
recruitmentof the elongationcomplexis not accompaniedby LC3lipidation atthis site.
Therefore HCV infection cycleis moredependenbn ATG5-12conjugationthanon LC3lipi-
dation.Altogetherwebelievethat HCV hasevolvedo hijackthe autophagymachinery,
namelythe elongationcomplexto promoteit replicationandto block LC3recruitmentto
avoidboth antiviral canonicalautophagyand LC3-guidedNF-inducible GTPases.
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Fig 10. ATG5-12conjugation but not LC3-II formation isimportant for the HCV lifecycle.A. Huh7 cellswereeithertransfectd with
anemptyplasmid(mock) or aplasmidencodinganenzymaticallynactivedominantnegativeform of ATG4B(ATG4B-DN).Celllysates
wereanalyzedy Westernblot at 72h post-transfectionfor LC3-1to LC3-Il conversionrand P62accumdation. B. JFH1-inkectedHuh7
cells(>90% infected)weretransfectedvith plasmidsencodingATG12or the dominantnegativdormsof ATG5,ATG12,or ATG4B.Cell
lysateof transfectedellswereanalyzed2h post-transfectin for HCV coreandhelicasexpressiomsinganti-NS3by westerrblot. -
actinwasusedfor normalization. C. InfectedHuh7 cells(>90% infected)weretransfectedvith aplasmidencodingATG12,ATG4B-DN
or ATG12DN.Celllysateof transfetedcellswereanalyzed2h post-trangectionfor HCV RNA by RT-qP@R.D. Huh7 cellswere
transfectedvith pmStrawbery-ATG4BCAA (ATG4B-DN). At 48hrposttransfectionjmmunofluorescencémageswveretakenfor
ATG4BDN(red) andnucleug(blue).Scaléar,10 m. E.InfectedHuh7 cells(>90% infected wereeithermock-trangected(empty
plasmid)or transfectedvith pmStrawbey-ATG4BC74A(ATG4B-DN). Transfectd cellswerestainedfor NS3asdescribedn materiabs
andmethodsthenanalyzedy flow cytometryat 72 h post-transfectionfor NS3expres®n gatingon red-fluorescat cells(pmStrawberry-
ATG4B-DNpositivecells).F.Huh7 cellswereeithertransfectd with anemptyplasmid(mock) or aplasmd encodinga conjugaton-
defectivedominantnegativeform of ATG5 (ATG5-DN) or ATG12(ATG12-DN) taggedwith HA or Flagrespectiviy. Celllysatesvere
analyzedy Westernblot at 72 h post-trangectionfor elongationcomplexformation (ATG5-12A6L1) ATG5-12conjugationandLC3-|
to LC3-1l conversiorusinganti-ATG5andanti-LC3, respectivly. Theexpressiof ATG5-DN and ATG12-DNwasverifiedusinganti-
HA andanti-Flagrespectively.-actinwasusedasloadingcontrol.

https://doi.0g/10.1371§urnal.pon®205189.g010
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