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Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus that has been responsible for an epidemic outbreak of un-
precedented magnitude in recent years. Since then, significant efforts have been made to better understand the biology of this
virus, but we still have poor knowledge of CHIKV interactions with host cell components at the molecular level. Here we de-
scribe the extensive use of high-throughput yeast two-hybrid (HT-Y2H) assays to characterize interactions between CHIKV and
human proteins. A total of 22 high-confidence interactions, which essentially involved the viral nonstructural protein nsP2, were
identified and further validated in protein complementation assay (PCA). These results were integrated to a larger network ob-
tained by extensive mining of the literature for reports on alphavirus-host interactions. To investigate the role of cellular pro-
teins interacting with nsP2, gene silencing experiments were performed in cells infected by a recombinant CHIKV expressing
Renilla luciferase as a reporter. Collected data showed that heterogeneous nuclear ribonucleoprotein K (hnRNP-K) and ubiqui-
lin 4 (UBQLN4) participate in CHIKV replication in vitro. In addition, we showed that CHIKV nsP2 induces a cellular shutoff,
as previously reported for other Old World alphaviruses, and determined that among binding partners identified by yeast two-
hybrid methods, the tetratricopeptide repeat protein 7B (TTC7B) plays a significant role in this activity. Altogether, this report
provides the first interaction map between CHIKV and human proteins and describes new host cell proteins involved in the rep-
lication cycle of this virus.

Chikungunya virus (CHIKV) is a mosquito-transmitted Toga- dependent RNA polymerase activity. These proteins, together
viridae virus from the Alphavirus genus; it was first reportedin  with cellular cofactors, assemble into a replication complex that
1952 in Tanganyika. It is responsible for an acute infection of = producesantisense genomic RNA molecules. Subsequent cleavage
abrupt onset, characterized by high fever, polyarthralgia, myalgia, of P123 into nsP1 and P23 gives rise to a polymerase complex
headache, chills, and rash (36, 54). The symptoms are generally of  making both sense and antisense genomic RNA. Further process-
short duration (1 week), and recovery is often complete, although ing of P23 into nsP2 and nsP3 gives rise to a polymerase complex
some patients have recurrent episodes for several weeks after in- making only positive-sense genomic RNA molecules. In addition
fection (36, 54). CHIKV is endemic in Africa, India, and Southeast ¢, replicating the viral genome, this viral protein complex tran-
Asia and is transmitted by Aedes spp. mosquitoes through an ur-  gcrihes 5 265 subgenomic RNA from the 3’ extremity of the viral
ban or sylvatic t'ransmission c.ycle. In 2006, an c.)utbreak of CHIKV genome. This mRNA is translated into a polyprotein precursor,
fever occurreq In numerous islands of the Indian Ocegn (the Co- which is cleaved by a combination of viral and cellular enzymes to
moros, .Maufltlus, Seychelles, Madagasc.ar, and Reun.1o.n island) produce a capsid protein (C), two major envelope proteins (E1
before jumping to India, where an estimated 1.4 million cases .
have been reported (9, 32, 41). More recently, imported infections and E2), and two smaller accessory peptides, E3 and 6k. Once
A ’ assembled, CHIKV virions are spherical particles of 65 to 70 nm in

have been described in Europe, and around 200 endemic . . .

. . . diameter, essentially composed of genomic RNA molecules asso-
cases have been reported in Italy (43). Clinically, this CHIKV ep- . . . . . . ..
. . . . ciated with capsid proteins and enveloped in a host-derived lipid
idemic was accompanied by more severe symptoms than previous

outbreaks, with reports of severe polyarthralgia and myalgia, com-
plications, and deaths.

The CHIKV genome is an 11.8-kb, single-stranded RNA mol- Received 22 September 2011 Accepted 30 December 2011
ecule of positive polarity. This virus is closely related to Semliki Published ahead of print 18 January 2012
Forest virus (SFV), Sindbis virus (SINV), and other Old World Address correspondence to Frédéric Tangy, frangy@pasteur fr.
alphaviruses, and also more distantly related to New World alpha- *Present address for Lionel Tafforeau: RNA Metabolism, BMM, ULB, Brussels,
viruses like Venezuelan equine encephalitis virus (23). The Belgium.
genomic RNA is Capped and directly translated into a full—length Supplemental material for this article may be found at http://jvi.asm.org/.
nonstructural polyprotein (nsP) called P1234, which is encoded Copyright © 2012, American Society for Microbiology. All Rights Reserved.
by the 5" two-thirds of the genome (27, 29). This precursor cleaves doi:10.1128/JV1.06390-11

itself to produce P123 and nsP4, which carries the RNA-
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membrane decorated by E1-E2 heterodimers organized in an ico-
sahedral lattice (52).

Within the viral replication complex, nsP4 carries the viral
RNA-dependent RNA polymerase activity, and nsP3 is an essen-
tial cofactor of this enzyme. Both nsP3 and nsP4 have been shown
to interact directly with nsP1, a nonstructural protein involved in
viral mRNA capping via its guanine-7-methyltransferase and gua-
nylyltransferase enzymatic activities, but also in the synthesis of
minus-strand RNA genomes (46). In addition, nsP1 is required
for the attachment of the viral replication complex to cytoplasmic
membranes and induces filopodium-like structures at the membrane
of infected cells (58). The functions of nsP2 are even more complex. It
contains an N-terminal RNA triphosphatase domain that performs
the first of the viral RNA capping reactions. The same domain is also
a nucleotide triphosphatase (NTPase) that fuels the RNA helicase
activity carried by the second domain of nsP2. The C-terminal part of
the protein exhibits a protease domain responsible for the autocata-
lytic cleavage of the nonstructural polyprotein and a methyl-
transferase-like domain of unknown function.

Besides their intrinsic enzymatic activities, nonstructural pro-
teins from SINV and SFV have been shown to interact with nu-
merous host factors. The mapping of interactions between non-
structural viral proteins and cellular factors is essential to
understand how the virus hijacks the cellular machinery and
blocks the antiviral response to achieve genome replication and
production of structural proteins that assemble into new virions.
By using a recombinant SINV expressing an enhanced green flu-
orescent protein (EGFP)-tagged nsP2 protein, Atasheva et al. pu-
rified nsP2-associated cellular factors that were subsequently
identified by mass spectrometry analysis (3). Viral nsP2 was found
to copurify with several RNA-binding proteins, including hetero-
geneous nuclear ribonucleoproteins (hnRNPs), multiple ribo-
somal proteins, including ribosomal protein S6 (RpS6), and cel-
lular filament components. Interactions between nsP2 from SINV
and hnRNPs, in particular hnRNP-K, were also reported by an-
other group (7). Members of the hnRNP family are involved in
RNA processing, trafficking, and translation and have been found
associated with alphavirus genomic and/or subgenomic RNA
molecules, probably contributing to their synthesis and transla-
tion. Interactions between alphavirus nsP2 proteins and ribo-
somal components, in particular RpS6, were also reported by
Montgomery et al. (37) and likely contribute to the hijacking of
translational machinery by viral factors. In addition to their dif-
ferent roles as cofactors of the viral polymerase complex, nsP2
proteins from Old World alphaviruses have been described as vir-
ulence factors responsible for the transcriptional and translational
shutoff observed in infected host cells and the inhibition of inter-
feron (IFN)-mediated antiviral responses (6, 14, 16-19, 21, 33,
49). However, virus-host protein interactions involved are still
unknown and remain to be identified.

Cellular interactors of nsP3 and nsP4 have been identified by a
similar strategy. Indeed, several groups have engineered recombi-
nant SINV strains expressing either nsP3 or nsP4 with EGFP or
3X-FLAG tags to achieve affinity purification from infected cells.
Cellular proteins that copurified with nsP3 or nsP4 were quite
similar to those identified with nsP2 as bait, suggesting that all
these proteins are bound together into identical virus-induced
complexes (10, 11, 15, 22). To further document alphavirus inter-
actions with host cell components, we used for the first time a
high-throughput yeast two-hybrid (HT-Y2H) approach to char-
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acterize interactions between CHIKV and human proteins. This
led to the identification of 22 cellular proteins interacting directly
with either nsP2 or nsP4, with most of these interactions being
novel with no previous report in the literature. From this list of
interactors, we established that both hnRNP-K and ubiquilin 4
(UBQLN4) contribute to CHIKV replication and that tetratrico-
peptide repeat protein 7B (TTC7B) participates in the shutoff me-
diated by CHIKV nsP2.

MATERIALS AND METHODS

Plasmid DNA constructs. Cloning of CHIKV sequences encoding nsP1,
nsP2, nsP3, nsP4, C, E3, E2, 6k, and E1 has been described previously
(40). Briefly, coding sequences were amplified by standard reverse
transcription-PCR (Titan One tube; Roche) from viral RNA samples
(CHIKV strain 05115 from La Réunion Island), and cloned by in vitro
recombination into pPDONR207 using Gateway technology (Invitrogen).
PCR primers displayed 20 to 30 specific nucleotides matching open read-
ing frame (ORF) extremities, so that their melting temperature T, was
close to 60°C. To achieve recombinational cloning of PCR products, 5’
ends of forward primers were fused to the attBl.1 recombination se-
quence, 5'-GGGGACAACTTTGTACAAAAAAGTTGGCATG-3', while
reverse primers were fused to the attB2.1 recombination sequence, 5'-G
GGGACAACTTTGTACAAGAAAGTTGGTTA-3". Recombination of
PCR products into pDONR207 was performed following the manu-
facturer’s recommendation (BP cloning reaction). All constructs were
transformed and amplified in Escherichia coli DH5a strain. Fragments of
nsP2 corresponding to amino acid residues 1 to 605, 1 to 632, 1 to 672, 1
to 767, 469 to 798, 606 to 798, and 633 to 798 were cloned following the
same procedure. DNA sequences encoding nsP2 and nsP4 proteins from
SEV and SINV were cloned following the same procedure, and the corre-
sponding constructs were previously described (40). SFV clones matched
GenBank entry AJ251359. SINV clones corresponded to GenBank entry
J02363, but the nsP2 clone contained C-to-T and A-to-G mutations at
nucleotide positions 1313 and 1900, respectively. The corresponding nsP2
protein was previously found unable to translocate in nuclei of expressing
cells and was defective in shutting off cellular genes (40). Point mutations
in the CHIKV nsP2 sequence were introduced using the QuikChange
Lightning site-directed mutagenesis kit following the manufacturer’s rec-
ommendations (Agilent).

Yeast two-hybrid screening procedure. Yeast culture medium was
prepared as previously described (53). ORFs encoding mature CHIKV
proteins were transferred by in vitro recombination (LR cloning reaction;
Gateway Technology, Invitrogen) from pDONR207 into the Y2H vector
pDEST32 (Invitrogen) in order to be expressed in a fusion downstream of
the Gal4 DNA-binding domain (Gal4-BD). Bait constructs were trans-
formed into the Saccharomyces cerevisiae AH109 yeast strain (Clontech)
by using a standard lithium-acetate procedure. Spontaneous transactiva-
tion of the HIS3 reporter gene was not observed in yeast cells transformed
with these different constructs, except for GAL4-BD-nsP3, which showed
a strong intrinsic transcriptional activity. For this reason, nsP3 was dis-
carded from the screening pipeline. All screens were performed on a syn-
thetic medium lacking histidine (-His medium) and not supplemented
with 3-amino-1,2,4-triazole. A mating strategy was used for screening
human cDNA libraries established in the Y187 yeast strain (Clontech).
Human c¢DNAs were expressed from the pPC86 vector (Invitrogen),
which allows, in yeast cells, the expression of cellular proteins in a fusion
downstream of the Gal4 activation domain (Gal4-AD). Human spleen,
fetal brain, and HeLa cell cDNA libraries were purchased from Invitrogen.
For each screen, 20 to 50 million yeast diploids were produced by mating
and grown for 6 days on -His selective medium. In addition, we estab-
lished a normalized Y2H library from a pool of 12,000 human full-length
ORFs cloned in pDONR223 (30) (Open Biosystems) that were transferred
by in vitro recombination (LR cloning reaction) into the pPC86 vector
(Invitrogen). For each screen performed, only 5 million yeast diploids
were generated, since this was sufficient for full coverage of this normal-
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ized library. After 6 days of culture on -His selective medium, His ™ colo-
nies were picked and purified over 3 weeks by culture on selective medium
to eliminate false positives (51). AD cDNAs were amplified by PCR from
zymolase-treated yeast colonies using primers that hybridized within the
pPC86 regions flanking cDNA inserts. PCR products were sequenced, and
cellular interactors were identified by multiparallel BLAST analysis (39).

Cell lines and viruses. HEK-293T cells (ATCC) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco-Invitrogen) con-
taining 10% fetal calf serum (FCS), penicillin, and streptomycin at 37°C
and 5% CO,. Recombinant alphaviruses with a reporter gene between
nsP3 and nsP4 nonstructural proteins have already been produced with
success (48). Using this strategy, CHIKV nsP3-Luc chimeric protein was
engineered by placing the luciferase insert between the nsP3 and nsP4
coding regions of an infectious clone of CHIKV strain Mauritius-2006 (C.
Drosten and B. Kiimmerer, unpublished data). The construction of infec-
tious CHIKV expressing luciferase will be described elsewhere (H. H. Gad
etal., unpublished data). Briefly, a cassette gene coding for the C-terminal
region of nsP3 followed in frame by the nsP1/2 protease recognition site of
CHIKV Mauritius, a unique Spel restriction enzyme site, the Opal codon
of nsP3, the nsP3/4 protease recognition site, and the N-terminal region of
the nsP4 gene was substituted into the corresponding region of the infec-
tious clone of CHIKV. The resulting construct was designated pCHIKV-
Spel. The Renilla luciferase gene was inserted within the Spel site, and the
resulting plasmid was designated pCHIKV-Luc. Production of capped in
vitro transcripts from linearized pCHIKV-Luc was obtained using the
mMESSAGE mMACHINE kit (Ambion). Infectious CHIKV-Luc was ob-
tained by electroporation of capped in vitro transcripts into BHK-21 cells.
The primary virus stock was collected after 48 h. The first-passage stock
(P1) of CHIKV-Luc was used to infect BHK-21 cells and obtain a second-
passage stock (P2). Recovered P2 cells were quantified by plaque assay on
Vero cells, and the virus titer of CHIKV-Luc was 10’ PFU/ml. Luciferase
activity from CHIKV-Luc could be detected as soon as 6 h postinfection. The
second-passage stock P2 was used to infect Vero cells and obtain a third-
passage stock (P3), which was titrated based on the 50% tissue culture infec-
tive dose (TCID5,) on HEK-293T cells. The virus titer of this P3 stock was 1.4
X 10° PFU/ml and was used in all experiments described in the manuscript.

Sensing protein-protein interactions by protein complementation
assay (PCA). ORF sequences corresponding to cellular partners of
CHIKV nsP2 and nsP4 identified by HT-Y2H were cloned by in vitro
recombination into pDONR207 as described above (BP cloning reac-
tion). Then, CHIKV nsP2 and nsP4 and cellular ORFs were recombined
from pDONR207 into SPICA-N1 and SPICA-N2 vectors so that they
could be expressed in fusions with fragments 1 to 93 (Glucl) and 94 to 169
(Gluc2) of Gaussia princeps luciferase as previously described (8, 42).
HEK-293T cells were seeded in 24-well plates at a concentration of 2 X 10°
cells per well. After 24 h, cells were transfected with 250 ng of SPICA-N1
and SPICA-N2 plasmid constructs. At 24 h posttransfection, cells were
harvested with 30 wl of Renilla lysis buffer (E2820; Promega) for 30 min,
and Renilla luciferase enzymatic activity was measured using a Berthold
Centro XS LB960 luminometer by injecting 100 ul of Renilla luciferase
assay reagent (E2820; Promega) into cell lysates and counting lumines-
cence for 10s.

Results were expressed as the fold change normalized over the sum of
controls, specified herein as the normalized luminescence ratio (NLR).
For a given protein pair A-B, the luminescence activity of cells transfected
with SPICA-N1-A plus SPICA-N2-B (AB) was divided by the sum of
luminescence activity for control wells transfected with SPICA-N1-A plus
empty SPICA-N2 vector (CtrlA) and empty SPICA-N1 vector plus
SPICA-N2-B (CtIB). Thus, NLR = AB/(CtlA + CtIB). For each interac-
tion, the final result was calculated from the mean NLR of triplicate ex-
periments.

Luciferase reporter gene assays. ORFs encoding nsP2 from CHIKV
or SFV were transferred by in vitro recombination (LR cloning reaction;
Gateway Technology, Invitrogen) from pDONR207 into the pCI-neo-
3XFLAG vector to be expressed in human cells in a fusion with a 3XFLAG
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tag (35). HEK-293T cells were plated in 24-well plates (2 X 10° cells per
well). One day later, cells were transfected with either cis- or trans-reporter
constructs. For the cis-reporter assays, cells were cotransfected with either
pISRE-Luc (0.3 ug/well; Stratagene), pNF-«kB-Luc (0.3 ug/well; Strat-
agene), or pCRE-Luc (0.1 ug/well; Stratagene) together with the pCI-neo-
3XFLAG vector (0.3 ug/well) (35), either empty or encoding CHIKV
nsP2. Cells transfected with pISRE-Luc and pNF-kB-Luc were cultured
for 8 h to allow nsP2 expression and then stimulated with recombinant
IFN- (1,000 IU/ml; Biosource) or tumor necrosis factor alpha (TNF-a; 5
ng/ml; R&D Systems), respectively. Expression of a CRE-luciferase re-
porter gene was induced by cotransfection with the pFC-PKA plasmid
expressing the catalytic subunit of protein kinase A (PKA; 0.1 pg/well;
Stratagene). For trans-reporter assays, cells were cotransfected with the
pGal4-UAS-Luc reporter plasmid (0.3 ug/well), pM vector (0.3 ug/well)
expressing Gal4-BD fused to Jun, Fos, or the L-MH2 domain of mothers
against decapentaplegic homolog 3 (SMAD3), together with the pCI-neo-
3XFLAG vector, either empty or expressing CHIKV nsP2 (0.3 ug/well).
Transfections were performed with jetPRIME reagent following the man-
ufacturer’s recommendations (Polyplus Transfection). After 24 h of cul-
ture, firefly luciferase activity was determined using luciferase assay re-
agent II following the manufacturer’s recommendations (Promega).

Synthesis and transfection of reporter mRNA molecules. Plasmid
DNA containing the gene for firefly luciferase under transcriptional con-
trol of the T7 RNA polymerase promoter (luciferase T7 control DNA;
Promega) was digested with Xmnl to be linearized and purified by using
the Qiagen PCR purification kit. Then, both capped and polyadenylated
mRNA molecules encoding firefly luciferase were synthesized from this
plasmid using the T7 mMessage mMachine T7 Ultra kit from Ambion
following the manufacturer’s recommendations. Synthesized mRNA
molecules were purified with the Qiagen RNeasy minikit. HEK-293T cells
were seeded in 48-well plates with 40,000 cells per well. After 24 h, cells
were transfected with 250 ng of pCI-neo-3XFLAG vector either empty or
encoding CHIKV nsP2 using the jetPRIME reagent. After 24 h of culture
to allow nsP2 expression, cells were transfected with 500 ng of luciferase-
encoding mRNA molecules by using Lipofectamine 2000 (Invitrogen).
Alternatively, cells were transfected with pRL-CMV or pRL-TK reporter
vectors (250 ng/well; Promega) using the jetPRIME reagent. With these
two vectors, expression of Renilla luciferase gene is induced by viral pro-
moter sequences from cytomegalovirus or herpes simplex virus thymi-
dine kinase, respectively. After 24 h of culture, firefly luciferase activity
was determined using the Bright-Glo reagent (Promega) following the
manufacturer’s reccommendations, whereas Renilla luciferase activity was
determined using the Renilla-Glo reagent (Promega).

siRNA procedure. Silencer Select small interfering RNAs (siRNA)
were purchased from Invitrogen and transfected into HEK-293T cells
following the manufacturer’s recommendations. In each well of a 96-well
plate, 3 pmol of siRNA was mixed with 20 ul of Opti-MEM (Gibco-
Invitrogen) and 0.25 ul of Lipofectamine RNAIMAX transfection reagent
(Invitrogen). This mix was incubated for 20 min at room temperature and
supplemented with 80 ul of DMEM plus 10% FCS, without penicillin and
streptomycin, and 15,000 HEK-293T cells. Cells were incubated for 48 h at
37°Cand 5% CO, and then infected with the recombinant CHIKV expressing
the Renilla luciferase at a multiplicity of infection (MOI) of 0.2. After 24 h of
culture, Renilla luciferase activity was determined using the Renilla-Glo re-
agent (Promega) following the manufacturer’s recommendations.

Alternatively, siRNA treatment and culture was performed in a 48-
well plates. In each well, 6 pmol of siRNA was mixed with 40 ul of Opti-
MEM (Gibco-Invitrogen) and 0.5 ul of Lipofectamine RNAIMAX trans-
fection reagent (Invitrogen). This siRNA mix was incubated for 20 min at
room temperature and supplemented with 160 ul of DMEM plus 10%
FCS, without penicillin and streptomycin, and 30,000 HEK-293T cells.
Cells were incubated for 48 h at 37°C and 5% CO, and then infected with
the recombinant CHIKV expressing the Renilla luciferase at a MOI of 0.2.
After 24 h, cultures were harvested, frozen, thawed, and clarified by cen-
trifugation before titration to determine the TCID,, on HEK-293T.
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In a parallel experiment, HEK-293T cells were seeded in 48-well plates
and siRNA treated as described above. After 48 h of culture, cells were
transfected with 60 ng/well of pGal4-UAS-Luc reporter plasmid (pro-
vided by Y. Jacob), 60 ng/well of pM vector (Clontech) expressing
Gal4-BD fused to Jun, and 80 ng/well of pCI-neo-3XFLAG expressing
CHIKV nsP2. Transfection was performed with the jetPRIME reagent
following the manufacturer’s recommendations. Alternatively, siRNA-
treated cells were transfected with 60 ng/well of pISRE-Luc reporter plas-
mid (Stratagene) and 80 ng/well of pCI-neo-3 X FLAG-expressing CHIKV
nsP2 and stimulated at 8 h posttransfection with 500 IU/ml of recombi-
nant [FN-B. After 24 h of culture, firefly luciferase activity was determined
using the Bright-Glo reagent (Promega) following the manufacturer’s
recommendations.

Viability of siRNA-treated cells was determined by quantitation of
ATP in culture wells in the CellTiter-Glo assay (Promega).

Western blot analysis. Cells were washed in phosphate-buffered sa-
line (PBS) and then resuspended in lysis buffer (0.5% Nonidet P-40, 20
mM Tris-HCl at pH 8, 120 mM NaCl, and 1 mM EDTA) supplemented
with Complete protease inhibitor cocktail (Roche). Cell lysates were in-
cubated on ice for 20 min and then clarified by centrifugation at 14,000 X
g for 10 min. Protein extracts were resolved by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on 4-to-12% NuPAGE bis-Tris gels with
morpholinepropanesulfonic acid running buffer (Invitrogen) and trans-
ferred to a nitrocellulose membrane. Blocking was performed at room
temperature for 1 h in 5% dry milk in TBST (50 mM Tris-HCI [pH 7.4],
150 mM NaCl, and 0.1% Tween 20), and membranes were probed over-
night at 4°C with primary antibodies diluted in 5% dry milk in TBST.
Rabbit polyclonal anti-hnRNP-K antibody was from Abcam (ab52600)
and diluted 1:500 times for blotting. Rabbit polyclonal anti-LCP1 anti-
body was from Abcam (ab83496) and diluted 1:250 times for blotting.
Mouse polyclonal anti-TTC7B antibody was from Sigma-Aldrich
(SAB1400809) and diluted 1:100 times for blotting. Anti-rabbit and anti-
mouse horseradish peroxidase-conjugated antibodies were obtained from
Amersham and diluted 1:7,500 times for blotting.

Immunofluorescence studies. HeLa cells were infected at a high MOI
of 50, which typically results in a synchronized infection in 100% of cells.
Infection was performed with CHIKV-98, a virus strain generated from a
full-length infectious cDNA clone provided by S. Higgs (50). Three hours
postinfection, the inoculum was removed and fresh medium was added.
Cells were fixed with 4% paraformaldehyde in PBS for 20 min at 15 h
postinfection. Primary antibodies used include rabbit polyclonal antibod-
ies to hnRNP-K (ab52600; Abcam) and UBQLN4 (HPA027920; Sigma-
Aldrich). All secondary antibodies used were Alexa Fluor conjugates (In-
vitrogen). CHIKV nsP2 and capsid immunostaining was performed using
mouse monoclonal antibodies developed in Marc Lecuit’s laboratory.
Cells were fixed with 4% paraformaldehyde in PBS for 20 min, then per-
meabilized for 30 min in 100X 0.2% Triton (Sigma-Aldrich), and blocked
in 5% normal goat serum (Vector Laboratories). Cells were stained with
the appropriate primary and secondary antibodies and finally counter-
stained with Hoechst stain (Vector Lab). Cells were observed with an
AxioObserver microscope (Zeiss). Pictures and Z-stacks were obtained
using the AxioVision 4.5 software.

RESULTS

Mapping cellular interactors of mature CHIKV proteins. We
recently developed a genome-scale collection of viral ORFs estab-
lished in a versatile recombination-based cloning system that is
dedicated to the characterization of viral protein functions (40).
As part of this effort, all ORFs from a CHIKV isolate originating
from Reunion Island were cloned in a donor vector of the Gateway
system. All nine ORFs, encoding nsP1, nsP2, nsP3, nsP4, C, E3, E2,
6k, and E1, were transferred in a yeast expression vector to be used
as bait in our HT-Y2H pipeline. In addition, seven ORF fragments
encompassing different domains of nsP2 were cloned and ex-
pressed in yeast by using the same strategy. Alphavirus nsP2 is
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known for its multiple functions, and performing screens with
isolated protein domains is well known for increasing HT-Y2H
sensitivity, reducing the number of missed interactions. All these
viral proteins (except nsP3, which showed an intrinsic transcrip-
tional activity and was discarded) were used to screen four differ-
ent human libraries, including three cDNA libraries from spleen,
fetal brain, and HeLa cells and one normalized library of 12,000
full-length human ORFs.

A total of 966 positive yeast colonies were recovered from the
different screens and analyzed by sequencing to identify corre-
sponding interactions. To increase accuracy, interactions sup-
ported by only one or two positive yeast colonies were discarded,
since they potentially corresponded to false-positive, nonrepro-
ducible events (26). In total, 30 distinct interactions that essen-
tially involved not only nsP2 but also nsP4 and E3 were identified
(Table 1). Surprisingly, we could not identify any cellular partner
for nsP1, C, E2, 6k, or E1 CHIKYV proteins. This could reflect some
technical limitation of the Y2H system or the fact that these viral
proteins are not highly connected to the proteome of infected
cells. Unlikely interactions where viral and cellular proteins exhib-
ited discordant localization profiles were also removed in order to
generate a high-confidence data set that finally contained 21 in-
teractions supported by nsP2 and only one for nsP4 (Table 1).
Since most interactions were identified with nsP2 as bait, this sug-
gests a prominent role of this viral protein in interactions with
host cell components. As expected, the screening of multiple li-
braries and the use of various nsP2 fragments as bait significantly
increased numbers of both identified interactions and positive
yeast colonies supporting each interaction (Table 1). Amongiden-
tified interactions, CHIKV nsP2 was found to bind heterogeneous
nuclear hnRNP-K and vimentin (VIM), in agreement with previ-
ous reports showing that both cellular proteins copurified with
SINV nsP2 (3, 7). We also confirmed that nsP2 interacts with 40S
ribosomal protein S6 (RpS6), polyadenylate-binding protein
(PABPC1), actin (ACTB), and elongation factor 1 (EEF1A1) (3,
37), but these interactions were only supported by single positive
yeast colonies and thus discarded from the high-confidence inter-
action data set. All other identified interactions are novel and were
not previously reported in the literature for any alphavirus.

Identified virus-host interactions are mostly conserved
among different alphaviruses. To further evaluate nsP2 and nsP4
binding to cellular partners identified by HT-Y2H, we used a
protein-binding assay based on luciferase complementation (8,
42). In this PCA, bait and prey proteins are fused to two inactive
fragments of Gaussia princeps luciferase that restore a significant
enzymatic activity in mammalian cells when brought in close
proximity by interacting proteins. Results are expressed as NLRs
(see Material and Methods). In a recent publication, we bench-
marked this protein-binding assay by using both a positive refer-
ence set (PRS) of 143 protein pairs that are known to interact and
a random reference set (RRS) of 100 a priori noninteracting pro-
tein pairs (8, 42). We observed a clear segregation of NLR values
for these two reference sets. When selecting an NLR threshold of
3.5, more than 70% of PRS interactions scored positive, whereas
only 2.5% of random protein pairs from the RRS showed NLR
values above a 3.5 cutoff. These results demonstrated the high
sensitivity and low background of this protein-binding assay.
CHIK-host interaction data identified by HT-Y2H were thus eval-
uated for their overall quality using this system. Of the 22 interac-
tions tested in the present study, 15 showed NLR values higher
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TABLE 1 Cellular interactors of CHIKV proteins identified by HT-Y2H

No. of positive yeast colonies retrieved from cDNA library

Viral Fetal Gene description (HGNC symbol

bait  Domain®  Ensembl gene ID brain hORFeome HeLa HeLa’ Spleen Spleen’ Total Genename  accession no.)

nsP2  1-605 ENSG00000005882 0 0 15 0 131 156 302  PDK2 Pyruvate dehydrogenase kinase,
isozyme 2 (8810)

nsP2  Fulllength ENSG00000169155 11 154 0 0 1 0 166  ZBTB43 Zinc finger and BTB domain-
containing 43 (17908)

nsP2¢  606-798 ENSG00000030582 0 0 0 0 0 40 40 GRN Granulin (4601)

nsP2  469-798 ENSG00000026025 4 1 17 0 13 2 37 VIM Vimentin (12692)

nsP2  469-798  ENSG00000136436 0 35 0 0 0 2 37 CALCOCO2 Calcium-binding and coiled-coil
domain 2 (29912)

nsP2  469-798 ENSG00000100325 0 0 0 0 14 21 35 ASCC2 Activating signal cointegrator 1
complex subunit 2 (24103)

nsP2  606-798  ENSG00000115380 0 0 0 0 0 33 33 EFEMP1 Epidermal growth factor-

containing fibulin-like
extracellular matrix protein 1

(3218)

nsP2  469-798 ENSG00000183808 15 0 2 0 6 1 24 RBM12B RNA-binding motif protein 12B
(32310)

nsP2  469-798 ENSG00000165914 14 0 0 0 4 5 23 TTC7B Tetratricopeptide repeat domain 7B
(19858)

nsP2  Fulllength ENSG00000137171 0 0 12 0 7 0 19 KLC4 Kinesin light chain 4 (21624)

nsP2  606-798 ENSG00000165119 1 0 8 0 0 10 19 HNRNPK Heterogeneous nuclear
ribonucleoprotein K (5044)

nsP2  469-798 ENSG00000160803 4 0 9 2 1 2 18 UBQLN4 Ubiquilin 4 (1237)

nsP2  606-798 ENSG00000140092 0 0 0 0 0 15 15 FBLN5 Fibulin 5 (3602)

nsP2  606-798 ENSG00000163743 0 0 0 0 0 14 14 RCHY1 Ring finger and CHY zinc finger
domain-containing 1 (17479)

nsP2  Fulllength ENSG00000112081 0 0 10 0 0 0 10 SRSF3 Serine/arginine-rich splicing factor
3(10785)

nsP2  469-798 ENSG00000182944 0 0 3 0 5 1 9 EWSRI1 Ewing sarcoma breakpoint region 1
(3508)

nsP2  Fulllength ENSG00000123124 0 0 6 0 2 0 8 WWP1 WW domain-containing E3
ubiquitin protein ligase 1 (17004)

nsP2  469-798 ENSG00000204713 0 2 1 0 0 5 8 TRIM27 Tripartite motif-containing 27
(9975)

nsP2  606-798  ENSG00000172638 0 0 0 0 0 7 7 EFEMP2 EGF-containing fibulin-like
extracellular matrix protein 2
(3219)

nsP2  469-798 ENSG00000110799 0 0 0 0 1 5 6 VWF von Willebrand factor (12726)

nsP2  606-798  ENSG00000178988 0 0 0 0 0 6 6 MRFAPIL1  Morf4 family-associated protein
1-like 1 (28796)

nsP2  Fulllength ENSG00000185811 0 6 0 0 0 0 6 IKZF1 IKAROS family zinc finger 1
(Tkaros) (13176)

nsP2  Fulllength ENSG00000013810 0 0 5 0 0 0 5 TACC3 Transforming, acidic coiled-coil-
containing protein 3 (11524)

nsP2  Fulllength ENSG00000131095 4 0 0 0 0 0 4 GFAP Glial fibrillary acidic protein (4235)

nsP2  469-798 ENSG00000047410 0 0 0 0 1 2 3 TPR Translocated promoter region (to
activated MET oncogene)
(12017)

nsP2  Fulllength ENSG00000138180 0 0 3 0 0 0 3 CEP55 Centrosomal protein 55 kDa (1161)

nsP2  606-798 ENSG00000145147 0 0 0 0 0 3 3 SLIT2 Slit homolog 2 (Drosophila) (11086)

nsP4  Fulllength ENSG00000136167 0 0 0 0 8 0 8 LCP1 Lymphocyte cytosolic protein 1
(L-plastin) (6528)

ES Full length  ENSG00000157110 0 8 0 0 0 0 8 RBPMS RNA-binding protein with multiple
splicing (19097)

ES Full length ENSG00000124788 4 0 0 0 0 0 4 ATXNI1 Ataxin 1 (10548)

“ Indicates for each viral protein the shortest fragment (amino acid residues) that was found to capture the corresponding cellular protein.
b Indicates results obtained when the indicated libraries were screened with nsP2 fragments.
¢ Shaded rows correspond to interactions with inconsistent localization profiles.
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TABLE 2 Biochemical validation of nsP2 interactions from the Gaussia princeps luciferase-based protein complementation assay

Fold change in NLR compared to control®

CHIKV

SFV SINV

Glucl-nsP2 + Gluc2-nsP2 +

Glucl-nsP2 + Gluc2-nsP2 + Glucl-nsP2 + Gluc2-nsP2 +

Ensembl ID Gene name  Gluc2-host factor  Glucl-host factor Gluc2-host factor  Glucl-host factor Gluc2-host factor  Glucl-host factor
ENSG00000169155 ZBTB43 25.2 116.1 ND 15.2 ND 40.8
ENSG00000112081  SFRS3 21.8 353 ND 19.6 ND 105.8
ENSG00000026025  VIM 6.1 344 ND 15.2 ND 46.7
ENSG00000185811  IKZF1 3.8 27.2 ND 6.4 ND 10.6
ENSG00000178988  MRF4P1L1 5.6 20.8 ND 6.8 ND 24.0
ENSG00000005882  PDK2 3.9 22.1 ND 6.6 ND 11.4
ENSG00000123124 WWP1 7.2 9.3 ND 4.2 ND 14.6
ENSG00000131095  GFAP 1.0 9.3 ND 18.4 ND 101.7
ENSG00000136436 CALCOCO2 1.0 5.2 ND 1.9 ND 389.9
ENSG00000138180  CEP55 20.9 5.3 5.8 ND 4.9 ND
ENSG00000137171  KLC4 10.8 5.1 2.1 ND 7.6 ND
ENSG00000165119 HNRNPK 0.4 4.9 ND 4.4 ND 28.7
ENSG00000183808 RBM12B 0.2 4.5 ND 2.2 ND 6.3
ENSG00000204713  TRIM27 1.3 5.5 ND 3.1 ND 50.9
ENSG00000165914  TTC7B 6.9 1.4 1.4 ND 3.6 ND
ENSG00000013810 TACC3 0.1 0.7 ND 1.2 ND 5.4
ENSG00000182944  EWSRI1 0.6 0.2 ND 0.9 ND 2.8
ENSG00000160803  UBQLN4 0.1 0.4 ND 0.6 ND 5.1
ENSG00000047410 TPR 0.3 0.3 ND 0.2 ND 2.3
ENSG00000100325  ASCC2 0.3 0.2 ND 0.1 ND 0.1
ENSG00000163743 RCHY1 0.1 0.3 ND 0.5 ND 1.6
ENSG00000136167 LCP1 1.5 2.6 3.0 4.7 3.0 5.0

“ Glucl and Gluc2 correspond to complementary fragments of Gaussia princeps luciferase encoded by SPICA-N1 and SPICA-N2, respectively. Values above the 3.5-fold cutoff are

shown in bold. ND, not determined.

? ENSG00000136167 (LCP1) was the only gene retrieved with nsP4 as bait. Thus, results shown are for nsP4 and not nsP2.

than 3.5 and thus were considered validated (Table 2). Since only
70% of PRS interactions scored positive in this assay when using
3.5 as a threshold for NLR values, the 7 interactions scoring neg-
ative with CHIKV nsP2 could correspond to false negatives of the
PCA system rather than false positives of the HT-Y2H screen.
Altogether, these results confirm that our HT-Y2H data set is of
high quality.

The same assay was used to determine if nsP2 and nsP4 pro-
teins from SFV or SINV could also interact with the same cellular
partners. In total, 10 interactions were validated with all three
viruses, and 6 were validated with two out of three viruses. Inter-
estingly, most interactions showed higher NLR values when per-
formed with nsP2 from SINV rather than CHIKV or SFV. This
could be explained by the fact that the protein-binding assay was
performed with a mutant of SINV nsP2, which was previously
found unable to translocate in nuclei of expressing cells and de-
fective for shutting off cellular genes (40). Despite some technical
limitations potentially related to the toxicity of nsP2 proteins, we
can conclude from these experiments that several members of the
Alphavirus genus share a large fraction of reported interactions.

Building an interaction map between alphaviral and host
proteins. Cellular interactors of CHIKV identified by HT-Y2H
were analyzed in the context of interaction data already available
in the literature for other Old World alphaviruses. Several groups
have already identified cellular interactors of nsP2, nsP3, and nsP4
for SINV, in particular, by using recombinant viruses expressing
tagged viral proteins that allowed the affinity purification and
mass spectrometry-based identification of cellular partners (3, 7,
10, 11, 15, 22, 37). Interaction data reported in these manuscripts
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were gathered and reformatted using identical protein ID num-
bers (see Table SI in the supplemental material) and collapsed
with our HT-Y2H data to build a map of cellular factors targeted
by nonstructural proteins of Old World alphaviruses (Fig. 1). Nu-
merous interactors identified by co-affinity purification and mass
spectrometry analysis are shared between nsP2, nsP3, and nsP4,
suggesting that all these proteins are bound together into identical
virus-induced complexes, such as viral factories. Nevertheless, it is
impossible to determine from these data if reported virus-host
interactions are direct or not. In contrast, HT-Y2H data obtained
with CHIKV nsP2 and nsP4 as bait are most likely direct interac-
tions, since they were detected in the yeast system, which is a
highly heterologous system.

In this virus-host interaction map, we searched for possible
functional enrichment by interrogating the Gene Ontology data-
base using Cytoscape 2.8 and ClueGO plugin (2, 4, 47). We found
this virus-host protein interaction map particularly enriched for
components of translational machinery and RNA splicing factors,
in agreement with previous reports showing that such cellular
factors are hijacked by alphaviruses to replicate (7, 24, 37). In
addition to hnRNP-K, we identified SRSF3 (splicing factor,
arginine/serine-rich 3) as a novel component of the RNA splicing
machinery targeted by CHIKV nsP2. We also found that nsP2
interacts with several cytoskeleton components, like VIM, TACC3
(transforming, acidic coiled-coil containing protein 3), CEP55
(centrosomal protein 55 kDa), and KLC4 (kinesin light chain 4),
suggesting that nsP2 hijacks these proteins to achieve transport
inside infected cells. However, most cellular proteins identified by
HT-Y2H with nsP2 as bait do not cluster with these functional
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FIG 1 Combined virus-host interaction data for CHIKV and other Old World alphaviruses. Virus-host interactions identified in this study by HT-Y2H using
CHIKYV proteins as bait (blue lines) were combined with interaction data obtained by literature mining for alphavirus-host interactions (black lines). Several
groups have already identified cellular interactors for nsP2, nsP3, and nsP4 of SINV, in particular, by using recombinant viruses expressing tagged viral proteins
that allow the co-affinity purification and mass spectrometry-based identification of cellular partners (3, 7, 10, 11, 15, 22, 37). Retrieved interactions were
displayed using the Cytoscape 2.8 network analysis tool. Thick lines correspond to interactions reported by more than one laboratory. Statistical enrichment for
specific GO terms was determined using the ClueGO plug-in and is displayed on the map by coloring of the corresponding nodes.

categories but correspond to regulators of gene transcription, like
ASCC2 (activating signal cointegrator 1 complex subunit 2),
TRIM27 (tripartite motif 27), MRFAP1L1 (Morf4 family-
associated protein 1-like 1), EWSR1 (Ewing sarcoma breakpoint
region 1), IKZF1 (IKAROS family zinc finger 1), and ZBTB43
(zinc finger and BTB domain containing 43), and host factors in-
volved in protein degradation and/or autophagy, like CALCOCO2/
NDP52 (calcium-binding and coiled-coil domain 2/nuclear dot pro-
tein 52 kDa), UBQLN4 (ubiquilin 4), RCHY1 (ring finger and CHY
zinc finger domain-containing 1), and WWP1 (WW domain-
containing E3 ubiquitin protein ligase 1). This suggests that CHIKV
interacts through nsP2 with these cellular functions. We thus evalu-
ated the role of these cellular proteins in the in vitro replication of
CHIKYV and in the cellular shutoff induced by nsP2.

hnRNP-K and UBQLN4 contribute to CHIKYV replication in
HEK-293T cells. For all nsP2 and nsP4 interactors identified by
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HT-Y2H, we evaluated the impact of gene knockdown on CHIKV
replication (Fig. 2A and B). HEK-293T cells were transfected with
two distinct siRNAs for each target gene and cultivated for 48 h.
We verified from a sister plate that cell viability, as determined by
quantitation of cellular ATP, was virtually not affected by the
siRNA treatment (cell viability of =70% [data not shown]). We
also verified our silencing protocol by measuring expression levels
of two targeted proteins: hnRNP-K and LCP1. As shown in Fig.
2E, the expression level of hnRNP-K protein was identical in cells
either untreated or treated with off-target siRNA directed against
UBQLNA4. In contrast, specific siRNA either strongly (s6737) or
partially (s6738) reduced hnRNP-K expression. Similarly, LCP1
protein was undetectable when treating cells with specific siRNA
(Fig. 2F). Since we could not find an appropriate antibody for the
Western blot analysis of UBQLN4 expression, we used a surrogate
approach to validate corresponding siRNA molecules. Cells were
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FIG 2 Some cellular interactors of nsP2 contribute to CHIKV replication in vitro. (A) Human HEK-293T cells were transfected with targeted siRNA to
knock down cellular partners of nsP2 and infected 48 h later with a recombinant CHIKV expressing Renilla luciferase as a reporter (CHIKV-Luc) at an
MOI of 0.2. At 24 h postinfection, CHIKV infection was determined by measuring Renilla luciferase activity. Results presented are the means of 4
independent experiments, each performed in triplicate. *, P < 0.02 compared to all four control wells. (B) The same experiment was performed to target
the nsP4 cellular partner LCP1. Results presented are the means of 2 independent experiments, each performed in triplicate. (C) The same experiment was
performed without or with siRNA targeting hnRNPK or UBQLN4, but CHIKYV replication, as assessed by Renilla luciferase activity, was measured at 0,
8,24, and 32 h postinfection. (D) HEK-293T cells were transfected with siRNA against targeted genes and infected 48 h later with CHIKV-Luc at an MOI
of 0.2. Cell cultures were harvested 24 h postinfection, and virus titers were determined based on the TCIDg,. **, P < 0.01. (E) hnRNP-K silencing was
assessed by Western blot analysis of protein extracts from HEK-293T cells either untreated (CT) or treated with siRNA targeting hnRNP-K or UBQLN4,
which was used as a control. (F) LCP1 silencing was assessed by Western blot analysis of protein extracts from HEK-293T cells either untreated (CT) or
treated with siRNA targeting LCP1. (G) To determine the efficiency of siRNA targeting UBQLN4, cells were transfected with either specific siRNAs
(s32326 or s32327) or off-target siRNAs (s6737 or s6738). Six hours later, cells were transfected with a pCi-neo plasmid carrying the luciferase enzyme
fused to UBQLN4 (Luc-UBQLN4). After 24 h of culture, Luc-UBQLN4 expression was assessed based on luciferase activity.
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FIG 3 hnRNP-K and UBQLN4 localization in CHIKV-infected cells. (A) HeLa cells were infected with CHIKV or treated with mock supernatant, incubated for
15 h, and then labeled for hnRNP-K, CHIKV nsP2, and capsid. Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). Arrows indicate protein
aggregates where hnRNP-K, CHIKV nsP2, and capsid colocalized. Bars, 10 um. (B) HeLa cells were infected with CHIKV or treated with mock supernatant,
incubated for 15 h, and then labeled for detection of UBQLN4 and CHIKV nsP2. Cell nuclei were stained with DAPIL. Bars, 10 wm.

transfected with siRNA molecules either off-target or specific for
UBQLN4 sequence. Six hours later, cells were transfected again
with an expression plasmid encoding firefly luciferase fused to
UBQLN4 (Luc-UBQLN4). As shown in Fig. 2G, the efficacy of
siRNA molecules targeting the UBQLN4 sequence was confirmed
by measurement of luciferase activity. Although we could not con-
firm that each 1 of the 22 targeted proteins was properly sup-
pressed by the siRNA we used, observations reported above at least
validate our silencing protocol. Cells treated with siRNA were sub-
sequently infected with a recombinant CHIKV expressing the Re-
nilla luciferase (CHIKV-Luc; MOI, 0.2). At 24 h postinfection,
Renilla luciferase activity was measured to evaluate CHIKV repli-
cation in siRNA-treated cells. Although several siRNAs somewhat
affected CHIKYV replication, a substantial inhibition was observed
only with the two siRNAs targeting hnRNP-K or UBQLN4 (Fig.
2A). SINV replication was previously shown to be impaired when
knocking down hnRNP-K expression (7), and we now report con-
sistent results with CHIKV. Our observation that UBQLN4, a
member of the ubiquilin family, participates in CHIKV replica-
tion is new and more surprising. We also analyzed CHIKV repli-
cation in a time course experiment, and similar inhibitions were
observed when silencing hnRNP-K or UBQLN4 (Fig. 2C). We
thus measured the production of infectious particles in HEK-
293T cells treated or not with siRNA targeting either hnRNP-K,
UBQLN4, or LCP1, which we used as a negative control. As shown
in Fig. 2D, knocking down hnRNP-K reduced the production of
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infectious particles, but this was even more pronounced when
targeting UBQLN4. This observation further supports the role of
hnRNP-K and UBQLN4 in the replication cycle of CHIKV.

hnRNP-K and UBQLN4 subcellular localization patterns are
affected by CHIKV infection. To determine consequences of
CHIKYV infection on the localization of hnRNP-K and UBQLN4,
HeLa cells were infected with CHIKV and costained for nsP2 and
hnRNP-K or UBQLN4. As shown in Fig. 3A, hnRNP-K localized
in nuclei of mock-infected cells. Upon CHIKYV infection, a frac-
tion of hnRNP-K was found in the cytoplasm of infected cells.
Furthermore, hnRNP-K colocalized with nsP2 into cytoplasmic
aggregates that also stained positive for viral capsid protein C.
Since they contain both nsP2 and C, these structures likely corre-
spond to viral factories where CHIKV replicates. Therefore, our
observations show that a fraction of hnRNP-K is recruited from
the nucleus into these structures. In mock-infected cells, UBQLN4
exhibited a punctate pattern in both cytoplasmic and nuclear re-
gions (Fig. 3B). Upon CHIKYV infection, UBQLN4 staining essen-
tially disappeared from cytoplasmic regions but was maintained
in nuclei of infected cells. In addition, we could not detect a signif-
icant colocalization between nsP2 and UBQLN4. This could be ex-
plained if, upon nsP2 binding, UBQLN4 were degraded and elimi-
nated from the cytoplasmic compartment, as previously shown in
another experimental system that involved autophagy (44).

CHIKYV nsP2 is a potent inhibitor of gene expression. Alpha-
virus nsP2 proteins have been identified as major virulence factors
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FIG 4 CHIKYV nsP2 alone is sufficient to induce gene expression shutoff. (A) Human HEK-293T cells were transfected with pISRE-Luc, a cis-reporter plasmid for the
IFN- 3 signaling pathway, together with pCI-neo-3XFLAG vector expressing either wild-type or mutant nsP2 proteins. Eight hours later, cells were left unstimulated or
stimulated with recombinant IFN-B at 1,000 IU/ml. (B) Human HEK-293T cells were cotransfected with the pGal4-UAS-Luc reporter plasmid and pM vector expressing
Gal4-BD fused to Jun, together with the pCI-neo-3XFLAG vector expressing either wild-type or mutant nsP2 proteins. (C) Human HEK-293T cells were transfected
with pNF-«kB-Lug, a cis-reporter plasmid for the TNF-« signaling pathway. Eight hours later, cells were left unstimulated or stimulated with recombinant TNF-cc at 5
ng/ml (upper left panel). Alternatively, cells were transfected with pCRE-Luc, a cis-reporter plasmid for the cyclic AMP signaling pathway, together with the pFC-PKA
plasmid expressing the catalytic subunit of PKA to activate this pathway (upper right panel). For trans-reporter assays, cells were cotransfected with the pGal4-UAS-Luc
reporter plasmid together with a pM vector expressing Gal4-BD fused to Fos or the SMAD3 L-MH2 domain (middle panels). In all these experiments, cells were
cotransfected with the pCI-neo-3 XFLAG vector, either empty or expressing CHIKV nsP2. (A to C) Luciferase expression was determined on cell lysates 24 h posttrans-
fection. The data presented correspond to one representative experiment of three, each performed in duplicate. (D) Human HEK-293T cells were transfected with the
pClI-neo-3XFLAG vector, either empty or expressing CHIKV nsP2. After 24 h of culture to allow nsP2 expression, cells were transfected with pRL-CMV or pRL-TK
reporter plasmids, in which CMV or HSV thymidine kinase promoter sequences constitutively activate Renilla luciferase expression. Alternatively, cells were transfected
with in vitro-synthesized mRNA molecules encoding firefly luciferase. Luciferase expression was determined 24 h later. Data presented correspond to one representative
experiment of three, each performed in triplicate. (E) Diagram of CHIKV nsP2 domains based on data reported by Mayuri et al. (33) and InterPro annotation and the
point mutations that were tested in panels A and B.

involved in the transcriptional and translational shutoff of cellular ~ genes, including both cis-reporter and trans-reporter systems.
genes (6, 14, 16-19, 21, 33, 49). More recently, CHIKV nsP2 was ~ Most interestingly, we found that all reporter genes were strongly
also shown to block the host antiviral response by inhibiting the  inhibited by nsP2 expression (Fig. 4A, B, C, and D). Activation of
cellular response to type I interferons (IFN-a/ [17]) and NF-kB-  interferon-stimulated response elements (ISRE), NF-«B response
dependent transactivation (40). However, there is a lack of data  elements, and cyclic AMP response elements (when induced by
clearly demonstrating that CHIKV nsP2 induces a cellular shutoff.  IFN-B, TNF-«, and PKA, respectively) was deeply affected by
We thus tested the effect of CHIKV nsP2 on 8 different reporter  nsP2 expression. Similarly, gene expression induced by transcrip-
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FIG 5 TTC7B contributes to nsP2-mediated gene expression shutoff. Human HEK-293T cells were transfected with targeted siRNA and transfected 48 h later
with the pGal4-UAS-Luc reporter plasmid and pM vector carrying Gal4-BD fused to Jun for transcriptional activation (black bars), together with the pCI-neo-
3XFLAG vector, either empty or expressing nsP2 to blunt gene expression. CT1 control corresponds to the pGal4-UAS-Luc reporter plasmid in the absence of
Gal4-BD-Jun for transcriptional activation. CT2 and CT3 controls correspond to the pGal4-UAS-Luc reporter plasmid in the presence of Gal4-BD-Jun without
or with CHIKV nsP2, respectively. Alternatively, siRNA-treated cells were transfected with the pISRE-Luc reporter plasmid together with pCI-neo-3XFLAG
expressing or not CHIKV nsP2 and then stimulated 8 h later with recombinant IFN- (open bars). The CT1 control corresponds to the pISRE-Luc reporter
plasmid in the absence of IFN-B. CT2 and CT3 controls correspond to pISRE-Luc reporter plasmid in the presence of IFN- without or with CHIKV nsP2,
respectively. Results presented are the means of 2 independent experiments, each performed in triplicate. *, P < 0.05 compared to control wells. TTC7B silencing
was assessed by Western blot analysis of protein extracts from HEK-293T cells either untreated (CT) or treated with siRNA targeting TTC7B or UBQLN4, which

was used as a control.

tion factors like Jun, Fos, or SMAD3 was strongly inhibited by
nsP2 expression. Reporter genes driven by viral promoter se-
quences from CMV or HSV thymidine kinase were also affected,
provided that transfection of reporter plasmids was performed
when nsP2 expression was already established (Fig. 4D). This
could be explained by the induction of a transcriptional shutoff, a
translational shutoff, or both. We thus determined if CHIKV nsP2
could block cellular mRNA translation. HEK-293T cells were
transfected with a mammalian expression plasmid that was either
empty or carried CHIKV nsP2. After 24 h of culture to allow nsP2
expression, cells were transfected with in vitro-transcribed and
purified mRNA molecules encoding the luciferase protein. Most
surprisingly, CHIKV nsP2 expression did not block but rather
enhanced mRNA translation as assessed by luciferase activity
measures (Fig. 4D). This demonstrated that the inhibitory effects
of CHIKV nsP2 on a large panel of promoter sequences and tran-
scription factors essentially rely on the induction of a transcrip-
tional shutoff.

We then searched for mutations affecting the cellular shutoff
induced by this viral protein. We thus generated mutants specifi-
cally targeting the NTPase (Fig. 4E, K192N) or the protease cata-
Iytic site of CHIKV nsP2 (Fig. 4E, C478A, H548A, and W549A)
(20, 45). We also introduced mutations in conserved residues in
the C-terminal region of CHIKV nsP2, which correspond to
amino acid positions essential to the cellular shutoff induced by
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SINV nsP2 (Fig. 4E, R606A, P718G, and P718L) (18, 21, 33). In
agreement with a previous report on SINV, the cellular shutoff
induced by CHIKV nsP2 was not affected by mutations in the
protease catalytic site (Fig. 4A and B) (18). We also found that
CHIKYV nsP2 mutated at the NTPase site mostly retained its ability
to block gene expression. In contrast, its activity was significantly
affected by mutations localized in the C-terminal region of the
protein (R606A, P718G, and to some extent P718L), thus con-
firming the critical role of nsP2 methyltransferase-like domain in
the cellular shutoff induced by alphaviruses (Fig. 4A and B).
TTC7B is an important cofactor of nsP2 in the induction of a
cellular shutoff. We tested if knocking down CHIKV nsP2 part-
ners by siRNA altered the cellular shutoff induced by this viral
protein. HEK-293T cells were transfected with two distinct
siRNAs for each target gene and cultivated for 48 h. Then, cells
were cotransfected with CHIKV nsP2 and the pISRE-Luc reporter
plasmid, for which expression was induced by IEN-f, as illus-
trated in Fig. 4A. Alternatively, cells were cotransfected with
CHIKYV nsP2 and elements of the luciferase-based Jun-dependent
reporter system presented in Fig. 4B. After 24 h, reporter gene
expression was determined by measuring luciferase activity in cul-
ture wells. Although most siRNAs had virtually no or limited ef-
fects, a substantial alteration of nsP2-mediated shutoff was ob-
served when the target was TTC7B (Fig. 5). Indeed, siRNA
molecules directed against TTC7B alleviated by 9 to 16% the in-

jviasm.org 3131


http://jvi.asm.org

Bourai et al.

hibition of Jun-mediated transcription and by 16 to 27% the in-
hibition of an ISRE-luciferase reporter gene by CHIKV nsP2. This
is the only gene for which consistent results were obtained with
both siRNAs and when considering the two reporter systems pre-
sented in Fig. 5. Furthermore, we found that TTC7B silencing was
only observed with gene-specific siRNA, as assessed by Western
blot analysis (Fig. 5, upper right panel). This demonstrated that
TTC7B, a protein of unknown function exhibiting multiple tet-
ratricopeptide repeats, is somehow involved in the induction of a
cellular shutoff by CHIKV nsP2. Although the presented data sug-
gest that other nsP2 partners, like ZBTB43, could be involved in
the cellular shutoff induced by alphavirus nsP2, this will require
further investigations.

DISCUSSION

From previous reports, a list of cellular proteins associated with
the viral replication complex of alphaviruses could be established,
providing a framework to investigate alphavirus relationships
with host cell components. However, all these reports were based
on the expression of tagged viral proteins in infected cells, and the
identification of associated cellular proteins by affinity purifica-
tion and mass spectrometry analysis. Cellular proteins that are
stably trapped inside virus-induced protein complexes can be ef-
ficiently identified with this kind of approach, but more transient
protein interactions are frequently lost (1). In addition, and de-
spite its undisputable interest, this approach doesn’t discriminate
between direct and indirect protein-protein interactions. Finally,
it is well known that using only one method is insufficient to map
all the binding partners of a given protein, and several techniques
must be combined to increase coverage and accuracy (34). In this
report, we used for the first time an HT-Y2H approach to charac-
terize interactions between CHIKV and human proteins. This led
to the identification of 22 cellular proteins interacting directly
with either nsP2 or nsP4, most of these interactions being novel
with no previous reports in the literature. From this list of inter-
actors, we established that both hnRNP-K and UBQLN4 contrib-
ute to CHIKV replication and that TTC7B participates in the shut-
off mediated by CHIKV nsP2. Altogether, our results provide a
more complete picture of virus-host interactions that can be de-
veloped by Old World alphaviruses.

In our HT-Y2H assay, nsP2 was much more prone to interact
with host cell factors than other CHIKV mature proteins. This
could reflect some technical limitation of the Y2H system. For
example, conventional Y2H is not a suitable system to efficiently
identify binding partners of extracellular or membrane proteins
like E1 or E2, because interactions need to occur in yeast nuclei.
Nevertheless, it is somehow expected that nsP2 interacts with
more host factors, considering its dual role both as a key compo-
nent of viral replication complex and as an important virulence
factor inhibiting the host antiviral response. In contrast, structural
proteins do not necessarily need to interact with multiple cellular
proteins to properly play their role and self-assemble into viral
particles. Besides, some CHIKV proteins like nsP1 have evolved to
preferentially interact with host lipids rather than cellular pro-
teins, and such interactions cannot be detected by Y2H. This ar-
gues for a critical role of nsP2 in mediating CHIKV interactions
with host cell proteins. Unfortunately, we could not screen
CHIKYV nsP3, since it exhibited a strong intrinsic transcriptional
activity when fused to Gal4-BD. The acidic and intrinsically dis-
ordered C-terminal region of CHIKV nsP3 (amino acids 321 to
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523) was found responsible for this property (data not shown).
Consequently, the N-terminal region of nsP3 could be used as bait
in the Y2H system. However, numerous nsP3 interactors would
be missed, since intrinsically disordered regions of proteins are
usually prone to interact with multiple partners (12). Although
CHIKV nsP3 is likely to interact with several cellular partners, as
suggested by previous reports on SINV, this should be investigated
with other methods than Y2H in order to capture most of its
partners.

Interestingly, we showed that cellular hnRNP-K interacts with
nsP2, colocalizes with nsP2 and capsid, and contributes to CHIKV
replication, as reported for SINV (3, 7). In addition, CHIKV nsP2
was found to bind SRSF3, another RNA splicing machinery com-
ponent, in agreement with previous reports showing that SINV
nsP2 targets numerous factors involved in this cellular process.
Our results provide further evidence that alphaviruses subvert
host cell factors involved in RNA splicing to the benefit of their
own replication. Most interestingly, nsP2 was also found to bind
cellular proteins involved in protein degradation and/or au-
tophagy. Whereas RCHY1 and WWP1 are E3 ubiquitin ligases
that can target proteins for degradation, UBQLN4 and
CALCOCO2/NDP52 display specific domains to interact simul-
taneously with ubiquitinated cargo and either autophagy machin-
ery or proteasome subunits. Members of the UBQLN family ex-
hibit a ubiquitin-like domain (UBL) and a ubiquitin-associated
domain (UBA) at their N and C termini, respectively. They
function as regulators of the ubiquitination complex and pro-
tein degradation machinery. More recently, UBQLNT1 has also
been involved in autophagy, mediating protein targeting to
autophagosomes by its interaction with LC3 (44). Thus, the nsP2
interaction with UBQLN4 could be either involved in the negative
regulation of antiviral mechanisms through the degradation of
cellular factors like p53 or participate in the hijacking of cellular
process like autophagy to the benefit of CHIKV replication, as
previously shown for several positive-strand RNA viruses, includ-
ing CHIKV (28, 31). Indeed, although autophagy was recently
shown to protect mice from SINV infection of the central nervous
system (38), this cellular process is hijacked by numerous positive-
strand RNA viruses to produce multimembrane structures in-
volved in viral replication and assembly (31). While the manu-
script was under revision, P. Krejbich-Trotot et al. reported that
CHIKYV triggers autophagy and that this promotes viral replica-
tion (28). Moreover, our collaborators recently showed that the
nsP2 interaction with CALCOCO2/NDP52, which is described in
here, is involved in the formation of viral factories and participates
in the hijacking of autophagy components by CHIKV (D. Judith,
submitted for publication). Besides autophagy, members of the
ubiquilin family, like UBQLN1, have been involved in the forma-
tion of high-molecular-mass complexes and their delivery to ag-
gresomes or autophagosomes for degradation (25, 44). Thus, the
nsP2 interaction with UBQLN4 could somehow contribute to the
subversion of aggresome structures and/or autophagosomes by
the CHIKV replication complex (31, 56). Alternatively, the
UBQLN4 interaction with nsP2 could be involved in the inhibi-
tion of host cellular defenses by CHIKYV, as suggested by a recent
report showing that UBQLN1 inhibits Toll-like receptor 3 (TLR3)
signaling (5). A small hydrophobic protein encoded by Kaposi’s
sarcoma-associated virus (HHV8) named K7 has also been shown
to interact with UBQLNT1 (13). This interaction was found to pro-
mote the degradation of both p53 and the NF-«B inhibitor I«kB
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and to protect cells from apoptosis. More recently, another small
hydrophobic protein from mumps virus named SH was also re-
ported to interact with both UBQLN1 and UBQLN4 (57). This
interaction relocalized SH to punctate structures positive for pro-
teosomal markers, but the functional role of this interaction re-
mains to be determined. In this report, we showed that silencing of
UBQLN4 expression in human cells inhibits CHIKV replication
and that UBQLN4 disappears from the cytoplasmic compartment
of CHIKV-infected cells. Altogether, these findings suggest that
UBQLN4 is hijacked by nsP2 to the benefit of viral replication, and
this could lead to UBQLN4 consumption and degradation. This
could possibly involve autophagy, since both CHIKV and
UBQLN4 interact with this pathway. However, further studies will
be required to determine the exact role and contribution of the
nsP2 interaction with this cellular factor.

Numerous nsP2 partners identified in the HT-Y2H assay are
cellular factors involved in the control of gene expression, like
ASCC2, TRIM27, MRFAPI1L1, EWSR1, IKZF1, and ZBTB43. This
is reminiscent of nsP2 function as a virulence factor for Old World
alphaviruses (6, 14, 16-19, 21, 33, 49). Indeed, SINV, SFV, and
more recently CHIKV (55) have been shown to induce a tran-
scriptional and translational shutoff that blunts the host antiviral
response and finally kills infected cells. Mutations within the
methyltransferase-like domain of nsP2 abrogate this activity.
However, all these experiments measuring nsP2-induced tran-
scriptional and translational shutoff have been performed with
either infectious viruses or viral replicons expressing nsP2. Con-
sequently, it remains unclear if nsP2 alone induces both a tran-
scriptional and a translational shutoff or if it only induces a tran-
scriptional shutoff that favors the replication of viruses or viral
replicons and thus mediates a translational shutoff indirectly
through the activation of PKR or other pathways. Here, nsP2 from
CHIKYV was shown to inhibit the expression of various reporter
genes when expressed in human cells, and it concomitantly en-
hanced the translation of transfected mRNA molecules. This dem-
onstrated that when expressed alone, CHIKV nsP2 both induces a
transcriptional shutoff and promotes mRNA translation. In a re-
cent report, it was shown that CHIKV nsP2 inhibits type I/ sig-
naling in human cells by blocking STAT1 (signal transducer and
activator of transcription 1) phosphorylation and/or nuclear
translocation, and this was clearly unrelated to any kind of trans-
lational shutoff (17). We fully agree with the results of Fros et al.,
but those authors concluded that type I/1I signaling is specifically
targeted by CHIKV nsP2. In contrast, our data show that other
signaling pathways are also deeply impaired by nsP2 expression,
thus demonstrating that the effects of this virulence factor on gene
transcription extend far beyond the type I/1I signaling pathway.
Furthermore, our data show that CHIKV nsP2 did not induce a
translational shutoff, but rather enhanced mRNA translation
when expressed alone. Interactions between nsP2 and ribosomal
factors or RNA-binding proteins like hnRNP-K could be involved
in this process. Whether nsP2 from SINV and SFV exhibit a sim-
ilar property when expressed alone in human cells will require
further investigations. In conclusion, this dual activity of CHIKV
nsP2 is probably essential to the production of a large number of
progeny in vivo, since inhibiting cellular transcription could block
antiviral mechanisms, while promoting translation could increase
viral protein synthesis.

Deciphering mechanisms involved in nsP2-mediated shutoffis
a most challenging puzzle to be solved. We found that in cells
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where TTC7B expression has been silenced, nsP2-mediated inhi-
bition of Jun and ISRE-dependent reporter genes is less pro-
nounced. This suggests that the nsP2 interaction with TTC7B is
somehow involved in the cellular shutoff induced by this viral
protein. Because TTC7B knockdown had significant but limited
effects on nsP2-mediated shutoff, we propose that TTC7B is only
one component of a larger heterocomplex recruited by CHIKV
nsP2 to blunt transcription. Unfortunately, TTC7B is a protein of
unknown function that has only been characterized by the pres-
ence of tetratricopeptide peptide repeats in its sequence. Alto-
gether, this provides a first lead in better understanding the mode
of action of alphavirus nsP2 and its critical role as a virulence
factor.

Besides hnRNP-K, UBQLN4, and TTC7B, knocking down
nsP2 or nsP4 partners identified by HT-Y2H only had limited or
no effects on CHIKV replication or nsP2-induced shutoffin tested
functional assays. However, biological and technical aspects could
account for this observation. First of all, we could not verify if all
tested siRNAs were truly active and efficiently blocked the expres-
sion of targeted proteins. Furthermore, our assay may not have
been suitable or sensitive enough to detect the impact of gene
silencing on the CHIKV replication cycle. In addition, some level
of gene redundancy exists in host cells. Finally, several identified
interactions could play a role only in specific cell types and/or
under specific environmental constraints. Future studies will aim
at deciphering the role of all other interactions identified by HT-
Y2H in the CHIKYV replication cycle.
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