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VIROLOGY

TRIM26 is a critical host factor for HCV replication

and contributes to host tropism

Yisha Liang"'*3*, Guigen Zhang***', Qiheng Li**, Lin Han"%3, Xiaoyou Hu'3, Yu Guo®,
Wanyin Tao'*, Xiaomin Zhao®, Mingzhe Guo'?3, Tianyu Gan'?, Yimin Tong’, Yongfen Xu',
Zhuo Zhou*, Qiang Ding®, Wensheng Wei*!, Jin Zhong"*3t

Hepatitis C virus (HCV) remains a major human pathogen that requires better understanding of virus-host inter-
actions. In this study, we performed a genome-wide CRISPR-Cas9 screening and identified TRIM26, an E3 ligase, as
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a critical HCV host factor. Deficiency of TRIM26 specifically impairs HCV genome replication. Mechanistic studies
showed that TRIM26 interacts with HCV-encoded NS5B protein and mediates its K27-linked ubiquitination at residue
K51, and thus promotes the NS5B-NS5A interaction. Moreover, mouse TRIM26 does not support HCV replication because
of its unique six-amino acid insert that prevents its interaction with NS5B. Ectopic expression of human TRIM26in a
mouse hepatoma cell line that has been reconstituted with other essential HCV host factors promotes HCV infection.
In conclusion, we identified TRIM26 as a host factor for HCV replication and a new determinant of host tropism. These
results shed light on HCV-host interactions and may facilitate the development of an HCV animal model.

INTRODUCTION

Hepatitis C virus (HCV) is an enveloped, single-stranded RNA virus
belonging to the family Flaviviridae. The HCV RNA genome is 9.6 kb
in length and consists of a single open reading frame (ORF) flanked
by highly conserved 5" and 3’ untranslated regions (UTRs). The ORF
encodes a single polyprotein of over 3000 amino acids, which is
cleaved by cellular and viral proteases into structural proteins (core, E1,
and E2) and nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B). NS5B, an RNA-dependent RNA polymerase (RdRp), to-
gether with other nonstructural proteins NS3, NS4A, NS4B, and
NS5A, forms intracellular membrane-associated replication com-
plex and catalyzes viral genomic RNA replication. HCV infects over
71 million people worldwide (I). Among this infected population,
about 80% develop persistent infection, leading to severe liver dis-
eases, such as liver cirrhosis and hepatocellular carcinoma (HCC).
Recently developed direct-acting antiviral agents (DAAs) targeting
viral NS3 protease, NS5A and NS5B polymerases are highly effective
in curing patients with HCV. However, global eradication of HCV
remains challenging due to lack of an HCV vaccine, potential drug-
resistant mutations, severe liver disease progression in DAA-cured
patients, and other newly emerging problems (2). Better understand-

Unit of Viral Hepatitis, CAS Key Laboratory of Molecular Virology and Immunolo-
gy, Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai 200031,
China. 2School of Life Science and Technology, ShanghaiTech University, Shanghai
201210, China. 3University of Chinese Academy of Sciences, Beijing 100049, China.
“Biomedical Pioneering Innovation Center (BIOPIC), Beijing Advanced Innovation
Center for Genomics (ICG), Peking-Tsinghua Center for Life Sciences, Peking Uni-
versity Genome Editing Research Center, State Key Laboratory of Protein and Plant
Gene Research, School of Life Sciences, Peking University, Beijing 100871, China.
SInstitute of Human Virology, Key Laboratory of Tropical Disease Control of Minis-
try of Education, Zhongshan School of Medicine, Sun Yat-sen University, Guang-
zhou, Guangdong 510000, China. SCenter for Infectious Diseases Research, School
of Medicine, Tsinghua University, Beijing 100084, China.

*Co-first authors.

tCorresponding author. Email: jzhong@ips.ac.cn (J.Z.); wswei@pku.edu.cn (W.W.);
zhanggg5@mail.sysu.edu.cn (G.Z.)

$Present address: Hefei National Laboratory for Physical Sciences at Microscale,
CAS Key Laboratory of Innate Immunity and Chronic Disease, School of Basic Medical
Sciences, Division of Life Science and Medicine, University of Science and Technology
of China, Hefei 230000, China.

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

ing of viral life cycle and virus-host interactions is still imperative for
the prevention and control of HCV infection.

The tripartite motif (TRIM) family that consists of more than
70 members in human plays roles in multiple cellular processes in-
cluding intracellular signaling, development, apoptosis, protein quality
control, innate immunity, autophagy, and carcinogenesis (3). An in-
creasing number of studies have focused on the roles of TRIM family
proteins in host responses to virus infection. TRIM5a recognizes retro-
viral capsids to induce premature core disassembly and inhibits re-
verse transcription of the viral genome (4, 5). TRIM69 restricts dengue
virus (DENV) replication by ubiquitinating viral NS3 (6). TRIM22
and TRIM41 inhibit influenza A virus infection by targeting nucle-
oprotein for degradation (7, 8). TRIM56 suppresses Zika virus (ZIKV)
replication through sequestration of its genomic RNA (9).

As an E3 ligase, TRIM26 contains an N-terminal RING domain,
B-box domain, coiled-coil domain, and a C-terminal SPRY domain. One
study showed that TRIM26 promotes interferon regulatory factor 3
(IRF3) degradation and thus suppresses interferon- (IFN-B) signaling
(10), while another showed that TRIM26 promotes the interaction
between the kinases TBK1 and NEMO, leading to activation of IFN
signaling (11). In this study, we identified TRIM26 as a critical host
factor of HCV by genome-wide CRISPR screening. A mechanistic
study demonstrated that TRIM26 mediates NS5B ubiquitination
and enhances its interaction with NS5A, which is crucial for HCV
genome replication. Furthermore, we showed that mouse TRIM26
does not support HCV replication because of its unique six-amino
acid insert that prevents its interaction with NS5B, providing new
evidence for understanding the genetic basis underlying the excep-
tionally narrow host tropism of HCV infection. Ectopic expression of
human TRIM26 in a mouse hepatoma cell line that has been recon-
stituted with other essential HCV host factors promotes HCV infec-
tion, providing clues for the development of an HCV animal model.

RESULTS

Identification of host factors essential for HCV infection
Taking advantage of the NIrD (NS3-4A inducible rtTA-mediated
dual-reporter) reporter system to monitor HCV infection in real-time
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and live-cell fashion (12), we performed a genome-wide CRISPR-
Cas9 screening to identify host factors essential for HCV infection
(13) (Fig. 1A). Huh7.5 cells harboring the NIrD reporter showed
red fluorescence (mCherry) upon cell culture-derived HCV (HCVcc)
infection in the presence of doxycycline. The reporter cells trans-
duced with a CRISPR single guide RNA (sgRNA) library targeting
human protein-coding genes were infected with HCVcc at multi-
plicity of infection (MOI) of 0.1, and mCherry-negative cells were
enriched by cell sorting. The abundance of each sgRNA in the enriched
mCherry-negative cells was measured through deep sequencing and
analyzed with the RIGER (RNAi Gene Enrichment Ranking) algo-
rithm (tables S1 and S2). Many host factors were identified from this
screening (Fig. 1B). Among the top candidates, CD81, occludin (OCLN),
and claudin 1 (CLDN1) are the well-defined HCV entry factors (14-16).
Peptidylproly isomerase A (PPIA), also known as cyclophilin A (CypA),
has been shown critical for HCV replication (17). ELAV-like RNA bind-
ing protein 1 (ELAVLI) interacted with HCV 3'UTR and enhanced
HCYV replication (18). These positive results validated our CRISPR
screening. Except for these previously described hits, TRIM26 is a top
hit from our screening and was also identified in a previous screen-
ing (19). To investigate the role of TRIM26 in HCV infection, we
silenced TRIM26 expression in Huh7 cells through CRISPR interfer-
ence (CRISPRi) (20). Two TRIM26 sgRNAs (sgl and sg2) that ef-
ficiently reduced the TRIM26 expression (Fig. 1C), which had no
effect on cell viability (Fig. 1D), were selected for the following ex-
periments. TRIM26 knockdown cells were infected with HCVcc
at MOI of 0.1, and the intracellular HCV RNA, NS3 protein levels, and
extracellular HCV titer were measured at the indicated time points
after HCVcc infection. As shown in Fig. 1 (E to G), TRIM26 knock-
down reduced the HCV RNA level, NS3 protein expression, and
extracellular HCV titer. We further reconstituted wild-type TRIM26
and the RING domain-deleted mutant (TRIM26AR) in the TRIM26
knockdown and control cells. The expression of TRIM26 and TRIM26AR
in these cells was verified by Western blot (fig. S1A). As shown in
fig. S1 (B to D), exogenous expression of wild-type TRIM26, but not
TRIM26AR, restored HCV infection in the TRIM26 knockdown cells.

To further confirm the role of TRIM26 in HCV infection, we
generated Huh7.5.1 TRIM26 knockout cells (fig. S2, A and B). We
then infected Huh7.5.1 TRIM26 knockout and control cells with
HCVcc at MOI of 0.1. Consistently, TRIM26 knockout reduced the
HCV RNA level, NS3 expression, and extracellular HCV titer (fig. S2,
C to E). Together, these results demonstrated that TRIM26 plays an
important role in HCV infection.

Deficiency of TRIM26 impairs HCV genome replication
Previous studies showed that TRIM26 is involved in IFN signaling
(10, 11). To examine the potential effect of IFN signaling in TRIM26
knockdown cells on HCV infection, Huh7-TRIM26 knockdown and
control cells were infected with HCVcc at MOI of 0.1. IFN-f and
IFN-stimulated gene (ISG) mRNA levels were determined by reverse
transcription quantitative polymerase chain reaction (RT-qPCR).
Asshown in fig. S3, no difference was observed between the TRIM26
knockdown and control cells after HCV infection, suggesting that
involvement of TRIM26 in HCV infection is not mediated by its
potential action on host IFN signaling.

To investigate in which step of the HCV life cycle TRIM26 is
involved, we used HCVAE] that lacks the E1 region in viral genome
and only undergoes single-round infection in Huh7 cells (21).
Huh7-TRIM26 knockdown and control cells were infected with the
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HCVAEL virus at MOI of 0.1, and HCV RNA level was determined.
As shown in Fig. 2A, TRIM26 knockdown reduced HCVAE1 RNA
level for about sevenfold at 72 hours after infection, suggesting that
TRIM26 may contribute to HCV entry or genome replication. Next,
we used the pseudotyped HCV particles (HCVpp) that harbor HCV
envelope glycoproteins and serve as a surrogate model for HCV entry
(22). Huh7-TRIM26 knockdown cells and control cells were infected
with HCVpp. As shown in Fig. 2B, no substantial difference was ob-
served between the TRIM26 knockdown and control cells, suggesting
that TRIM26 has no effect on HCV entry. To assess the potential
effect of TRIM26 on HCV polyprotein cleavage and translation, the
TRIM26 knockdown and control cells were transfected with plasmids
expressing nonstructural proteins NS3-5B or an RdRp-deficient
HCV genome (JFH1-GND-Rz) that recapitulates internal ribosomal
entry site (IRES)-dependent viral protein translation and polyprotein
cleavage. As shown in fig. S4, TRIM26 knockdown had no effect on
HCV polyprotein cleavage and translation. Last, we examined the
impact of TRIM26 on HCV genome replication using HCV sub-
genomic replicon that serves as a surrogate model for viral
genome replication (23). The JFH1 subgenomic replicon cells were
transduced with lentiviruses expressing TRIM26-sgRNA or control
EGFP-sgRNA. HCV RNA and NS3 protein levels were analyzed by
RT-qPCR and Western blot, respectively. As shown in Fig. 2
(C and D), TRIM26 knockdown reduced both HCV RNA and NS3
protein levels. Together, these results demonstrated that TRIM26 is
likely involved in HCV genome replication.

Next, we determined whether TRIM26 is required for the repli-
cation of other HCV genotypes. Conl (genotype 1b) (23) and PR87
(genotype 3a) (24) subgenomic replicon-harboring cells were trans-
duced with lentiviruses expressing TRIM26-sgRNA or control EGFP-
sgRNA. As shown in fig. S5 (A to D), TRIM26 knockdown reduced
Conl and PR87 viral RNA and NS5A protein expression. Further-
more, we showed that TRIM26 knockdown inhibited the infection
of PR63cc, another genotype 2a HCVcc strain (fig. S5E) (25).
Collectively, these results demonstrated that TRIM26 contributes
to replication of HCV from multiple genotypes.

Next, we examined whether TRIM26 functions in infection of
other flaviviruses, such as DENV and ZIKV. Huh7-TRIM26 knock-
down and control cells were infected with DENV or ZIKV at MOI
of 0.1. Intracellular viral RNA (fig. S6, A and D), extracellular viral
titer (fig. S6, B and E), and DENV E protein level (fig. S6C) were
measured. The results showed that TRIM26 knockdown had no
effect on DENV and ZIKV infection.

TRIM26 interacts with HCV NS5B protein

To elucidate the underlying mechanism by which TRIM26 promotes
HCV replication, we determined the interactions of TRIM26 with
HCV-encoded proteins. Plasmids expressing TRIM26 and FLAG-
tagged HCV proteins were cotransfected into human embryonic kidney
(HEK) 293T cells to perform coimmunoprecipitation (co-IP) assays.
As shown in fig. S7 (A to H), TRIM26 was coimmunoprecipitated
with NS5B, but not with core, E1, E2, NS2, NS3, NS4B, or NS5A.
Conversely, NS5B was coimmunoprecipitated with hemagglutinin
(HA)-tagged TRIM26 (Fig. 3A). We further confirmed the colocaliza-
tion of NS5B and TRIM26 by confocal microscopy (fig. S7I). To verify
the TRIM26-NS5B interaction in the context of HCV infection, Huh7
cells ectopically expressing FLAG-tagged TRIM26 were infected with
HCVecc at MOI of 1 for 48 hours, and co-IP assay was performed.
Consistently, NS5B, but not NS3, was coimmunoprecipitated with
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Fig. 1. Identification of host factors essential for HCV infection. (A) Schematic of whole-genome scale CRISPR screening. (B) The hits identified in CRISPR screening were
shown after RIGER analysis. Top hits in the screening were marked by the gene symbols with different colors. (C) Western blot analysis of TRIM26 expression in three TRIM26
knockdown Huh7 cells. (D) Effect of TRIM26 knockdown on cell viability. (E to G) Control and TRIM26 knockdown Huh7 cells were infected with HCVcc at MOI of 0.1 for the indi-
cated time points, and intracellular HCV RNA (E), extracellular HCV titer (F), and NS3 protein (G) were determined. HCV RNA was expressed as values relative to the actin mRNA
level. The error bars represent SDs from two independent experiments. FFU, focus-forming units. One-way ANOVA was used for statistical analysis. Not significant (ns), P> 0.05;
*P < 0.05;**P<0.01; ***P < 0.001; ****P < 0.0001. The protein levels were quantified by ImageJ, normalized against internal actin, and expressed as values relative to control cells.
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Fig. 2. Deficiency of TRIM26 impairs HCV genome replication. (A) Control and
TRIM26 knockdown Huh7 cells were infected with the single-round infectious
HCVAET for the indicated time points. The HCV RNA level was detected by RT-gPCR.
(B) Control and TRIM26 knockdown Huh7 cells were infected with HCVpp. The in-
fectivity was quantified by luciferase assay. (C and D) JFH1-SGR cells were trans-
duced with sgEGFP or sgTRIM26 for the indicated time points. HCV RNA (C) and
NS3 protein levels (D) were determined by RT-qPCR and Western blot, respectively.
The error bars represent SDs from two independent experiments. One-way ANOVA
(A and B) and t test (C) were used for statistical analysis. ns, P> 0.05; *P < 0.05;
**P<0.01; ****P<0.0001. The protein levels were quantified by ImageJ, normal-
ized against internal actin, and expressed as values relative to control.

TRIM26 (Fig. 3B). This interaction was also confirmed in JFH1
subgenomic replicon cells (Fig. 3C).

Next, we sought to map the key domains that are indispensable
for TRIM26-NS5B interaction. We constructed TRIM26 mutants
with a deletion in the N-terminal RING domain (TRIM26AR) or
the C-terminal SPRY domain (TRIM26ASPRY) (fig. S8A), as well
as NS5B mutants with a deletion in the N-terminal finger domain
(NS5BAN), the central palm domain (NS5BA188-371), or the
C-terminal thumb domain (NS5BAC) (fig. S8B). The co-IP assays
showed that the SPRY domain of TRIM26 and the C-terminal re-
gion of NS5B were required for the interaction (fig. S8, A and B).

TRIM26 promotes ubiquitination of NS5B

As the function of TRIM26 in HCV replication requires its RING
domain that is known to be responsible for ubiquitinating its sub-
strates (fig. S1, B to D), we next examined whether TRIM26 mediates
NS5B ubiquitination. HEK293T cells were cotransfected with plasmids
expressing wild-type or RING-deleted TRIM26, FLAG-tagged NS5B,
and HA-tagged ubiquitin, and then, NS5B was immunoprecipitated
and its ubiquitination was analyzed by Western blot. As shown in
Fig. 3D, wild-type, but not the RING-deleted TRIM26, promoted
the ubiquitination of NS5B. Ubiquitin is known to link to substrate
protein through its internal lysine residues at position 6, 11, 27, 29,
33, 48, or 63 (26); therefore, we constructed a series of ubiquitin
mutants with the lysine (K)-to-arginine (R) change at each of these
positions. We found that ubiquitin with the K27R mutation sig-
nificantly reduced the TRIM26-mediated NS5B ubiquitination
(Fig. 3E), suggesting that K27 is likely the ubiquitin lysine residue
linked to NS5B.

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

Next, we sought to identify critical lysine residues of NS5B tar-
geted by TRIM26. There are 30 lysine residues in NS5B of JFH1. We
analyzed the conservation for these individual lysine residues among
different HCV genotypes and their positions in the three-dimensional
structure of NS5B (Protein Data Bank ID: 2XYM) (fig. S9A) (27).
Given that TRIM26 is involved in the replication of HCV genotypes
1, 2, and 3, we selected 11 lysine residues that are highly conserved
among the three genotypes (conservation, >90%) and located on the
surface of NS5B structure (highlighted red in fig. SOA). As shown in
Fig. 3F and fig. S9C, the K51R mutation in NS5B significantly
reduced TRIM26-mediated NS5B ubiquitination, suggesting that
TRIM26 promotes K27-linked ubiquitination of NS5B at the resi-
due of K51.

Next, we investigated whether the K51R mutation in NS5B affects
its interaction with TRIM26. Plasmids expressing TRIM26 and
either wild-type or K51R-mutated NS5B were cotransfected into
HEK293T cells to perform a co-IP experiment. As shown in Fig. 3G,
the K51R mutation did not impair the interaction between NS5B
and TRIM26.

Last, we assessed the effect of K51R mutation on HCV replica-
tion. The wild-type or NS5B-K51R mutant JFH1 subgenomic replicon
was established in wild-type and TRIM26 knockdown Huh?7 cells. As
shown in Fig. 3H, NS5B K51R mutation reduced HCV replication
in wild-type cells but not in the TRIM26 knockdown cells. Together,
these results demonstrated that the TRIM26-mediated ubiquitina-
tion of NS5B at the K51 residue is critical for HCV replication.

TRIM26 enhances the interaction between NS5B and NS5A
To investigate how TRIM26-mediated NS5B ubiquitination en-
hances HCV replication, we examined the interaction of NS5B with
other nonstructural proteins involved in the viral replication com-
plex. Huh7-TRIM26 knockdown and control cells were transfected
with the plasmid expressing the NS3-5B polyprotein. As shown in
Fig. 4A, TRIM26 knockdown reduced the interaction between NS5B
and NS5A but had little effect on the interaction between NS5B and
NS3. Consistently, TRIM26 overexpression specifically enhanced the
interaction between NS5B and NS5A (Fig. 4, B and C).

To assess whether TRIM26-mediated NS5B ubiquitination affects
NS5B-NS5A interaction, FLAG-tagged NS5B, NS5A, and TRIM26
or TRIM26AR expression plasmids were cotransfected into HEK293T
cells to perform a co-IP assay. As shown in Fig. 4D, deletion of
RING domain in TRIM26 reduced the interaction of NS5B and
NS5A. To further confirm it, HEK293T cells were cotransfected
with plasmids expressing wild-type or K51R-mutated NS5B, to-
gether with NS5A and TRIM26. As shown in Fig. 4E, NS5B K51R
mutation reduced the NS5B-NS5A interaction. Together, these re-
sults demonstrated that TRIM26 mediates ubiquitination of NS5B
and promotes its interaction with NS5A.

TRIM26 contributes to the HCV species tropism

TRIM26 is expressed in a wide range of animals and highly con-
served among different species (fig. S10 and Fig. 5A). Next, we
determined whether TRIM26 from different species supports HCV
replication. We cloned TRIM26 from mouse that does not efficiently
support HCV replication and from tupaia (tree shrew) that has been
reported to moderately support HCV replication (28). Human,
mouse, and tupaia TRIM26, designated hTRIM26, mTRIM26, and
tTRIM26, respectively, were stably expressed in control and TRIM26
knockdown Huh?7 cells (Fig. 5B). The resulting cells were infected
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Fig. 3. TRIM26 interacts with HCV NS5B and promotes its ubiquitination. (A) HEK293T cells were transfected with plasmids expressing HA-tagged TRIM26 and FLAG-
tagged NS5B. The co-IP assay was performed with an anti-HA antibody. IB, immunoblot; IP:immunoprecipitation. (B) Huh7 cells transfected with FLAG-tagged TRIM26 for
24 hours were infected with HCVcc for another 48 hours, and the cell lysates were immunoprecipitated with anti-FLAG antibody. (C) JFH1 subgenomic replicon cells were
transfected with FLAG-tagged TRIM26 for 48 hours, and the cell lysates were immunoprecipitated with anti-FLAG antibody. (D) HEK293T cells were transfected with
plasmids expressing FLAG-tagged NS5B, TRIM26, or TRIM26AR together with HA-tagged ubiquitin for 48 hours. The cell lysates were immunoprecipitated with anti-FLAG
antibody and analyzed by indicated antibodies. (E) HEK293T cells were transfected with plasmids expressing FLAG-tagged NS5B and TRIM26 along with HA-tagged ubiqg-
uitin or ubiquitin mutants. The cell lysates were immunoprecipitated with anti-FLAG antibody and analyzed by indicated antibodies. (F) HEK293T cells were transfected
with plasmids expressing FLAG-tagged NS5B or NS5B K51R and TRIM26 along with HA-tagged ubiquitin. The cell lysates were immunoprecipitated with anti-FLAG anti-
body and analyzed by indicated antibodies. (G) HEK293T cells were transfected with plasmids expressing FLAG-tagged NS5B or NS5B K51R and TRIM26. The cell lysates
were immunoprecipitated with anti-FLAG antibody and analyzed by indicated antibodies. (H) Control and TRIM26 knockdown Huh7 cells were electroporated with
in vitro transcribed JFH1 or JFH1-K51R subgenomic RNA. After G418 selection, the subgenomic replicon cells were harvested for detecting HCV RNA level by RT-gPCR. The error
bars represent SDs from two independent experiments. t test was used for statistical analysis. ns, P> 0.05; **P > 0.01. The protein levels were quantified by ImageJ, normalized
against TRIM26 input protein level, and expressed as values relative to FLAG IP protein level.
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with HCVcc at MOI of 0.1, and HCV RNA level and NS3 protein
expression at 48 hours after infection were measured. As shown in
Fig. 5 (C and D), ectopic expression of hTRIM26 and tTRIM26 in
the TRIM26 knockdown cells restored HCV replication, whereas
ectopic expression of mTRIM26 did not restore HCV replication in
the TRIM26 knockdown cells or exert a dominant-negative effect
on HCV infection in Huh7 cells.

Next, we performed a co-IP assay to determine the interaction of
NS5B and TRIM26 of different species. Huh7-TRIM26 knockdown
cells reconstituted with hTRIM26, mTRIM26, and tTRIM26 were
transfected with FLAG-tagged NS5B. As shown in Fig. 5E, NS5B

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

interacted with hTRIM26 and tTRIM26, while it had very weak
interaction with mTRIM26. The amino acid sequence alignment
showed that there is a unique insert of six amino acids in mTRIM26
(located at 257-262) but not in TRIM26 of human, chimpanzees,
rhesus monkey, or tupaia (Fig. 5A and fig. S10). To determine
whether this six-amino acid insert within mTRIM26 influences its
function in HCV infection, we deleted it in mTRIM26 (designated
mTRIM26-del) and stably expressed it in control and TRIM26
knockdown Huh?7 cells (Fig. 5F). The resulting cells were infected
with HCVcc at MOI of 0.1, and HCV RNA level and NS3 protein
expression at 48 hours after infection were measured. As shown in

6of 12

T20Z ‘0T Arenuer uo /610°Bewadusios ssoueApe//:dny Wol) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

241

320

TRIM26_(human) ELEGKAQQPA AELMQD.... ..TRDFLNRY PRKKFWVGKP IARVVKKKTG EFSDKLLSLQ RGLREFQGKL LRDLEYKTVS
TRIM26_(mouse) ELEGKARQPA AELMQDVCTT QDTKDFANKY PRKKFW | GKA IPHMVKRKAG EFSDKLLSLQ RGLROFQGKL LRDLEYKTVS
TRIM26_(tupaia) ELEVKAQQPA AELMQD.... ..TRDFLNRY PRKKFWIGKP IARVKKKTG EFSDKLVSLQ RGLREFQGKL LRDLEYKTVS
B Cc Control TRIM26 sg1
© © © © © ©
Control TRIM26 sg1 s & & e s & & ¢
S & L & & & £ &
© £ © £ & & 8 N & IS £
¥ & (\‘9 R\ q“,’ x < -~
s S s S = - - -
S S & S Q§ LS }@5 Q§ + + + + +
A‘Z) N é Sb N & ‘{\,

HCV -+ -+ =+ =
: TRIM26 /“‘ “
TRIM26 3

NS3 ‘ an
Actin h‘
1.00

Actin
D
Control cells TRIM26 sg1 cells
HCV RNA
[ Vector [1hTRIM26 EEmTRIM26 [ tTRIM26
1.5 1.5
£ £
B °
E 1.0 E 1.0
3 3
N N
5 05 g 05
E £
S S
Z 00 Z 0.0
12 24 48 72
Hours after infection Hours after infection
F 256
mTRIM26-del
Control TRIM26 sg1
mTRIM26-del - + - +
o i
H
Control TRIM26 sg1
9 9
© [ © (<]
&V Q7
s & & s & &
A R -
N I T S
HCV - + - + - + — + - + - +

Trinzo [N —

Nss‘ -n-—-—-—‘

1.00 1.07 0.95 0.37 0.40 0.64

Actin ’—; }

Fig. 5. TRIM26 determines the HCV species tropism. (A) Alignment of TRIM26 protein of different species. (B) Western blot analysis of reconstituted TRIM26 of different
species in control and Huh7-TRIM26 knockdown cells. (C and D) The reconstituted TRIM26 cells were infected with HCVcc at MOI of 0.1 for the indicated time points. HCV
NS3 protein expression (C) and RNA level (D) were analyzed at 48 hours after infection. (E) Huh7-TRIM26 knockdown cells reconstituted with hTRIM26, mTRIM26, and
tTRIM26 were transfected with plasmids expressing FLAG-tagged NS5B. The cell lysates were immunoprecipitated with anti-FLAG antibody and then immunoblotted by
indicated antibodies. (F) Western blot analysis of reconstituted mTRIM26-del expression in control cells and Huh7-TRIM26 knockdown cells. (G and H) The reconstituted
TRIM26 cells were infected with HCVcc at MOI of 0.1 for the indicated time points. HCV RNA level (G) and NS3 protein expression (H) at 48 hours after infection were ana-
lyzed. (1) Huh7-TRIM26 knockdown cells reconstituted with hTRIM26, mTRIM26, or mTRIM26-del were transfected with plasmids expressing FLAG-tagged NS5B. The cell
lysates were immunoprecipitated with anti-FLAG antibody and then immunoblotted by indicated antibodies. The error bars represent SDs from two independent exper-
iments. One-way ANOVA was used for statistical analysis. ns, P> 0.05; *P <0.05; **P <0.01; ***P <0.001; ****P < 0.0001. The protein levels were quantified by ImageJ,
normalized against internal actin, and expressed as relative to control (C and H) or normalized against TRIM26 input protein level and expressed as values relative to im-

munoprecipitated FLAG-tagged protein level (E and |).

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

IP: FLAG
@
—
Y
<
N
[}

IB: FLAG

IB: TRIM26

Input
@
-
L
>
@

IB: actin

G HCV RNA

[ Control Il TRIM26 sg1

[ Control-mTRIM26 [ TRIM26 sg1-mTRIM26
[ Control-mTRIM26-del [ TRIM26 sg1-mTRIM26-del

o N -
(&3] o (&3]

Normalized to actin

o
o

FLAG-NS5B

0 043

IP: FLAG

Input
[
il
g
>
(0]

T20Z ‘0T Arenuer uo /610°Bewadusios ssoueApe//:dny Wol) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 5 (G to H), in contrast to the full-length mTRIM26, mTRIM26-
del reconstitution in TRIM26 knockdown cells partially restored
HCV replication. Consistently, mTRIM26-del acquired the ability
to interact with NS5B (Fig. 5I). Collectively, these results demon-
strated that TRIM26 not only plays a role in HCV replication but
also contributes to viral host tropism.

Human TRIM26 enhances HCV infection in murine

hepatoma cells

Last, we examined whether human TRIM26 can enhance HCV rep-
lication in murine hepatocytes that normally do not support HCV
infection. For this purpose, we used a previously reported murine
hepatoma cell line Hep56-1D-7A7 that had been reconstituted with
CD81, SRBI, CLDN1, OCLN, SEC14L2, and miR122, which are host
factors essential for HCV infection (29). Hep56-1D-7A7 and its parental
control Hep56-1D cells were first transfected with hTRIM26 or
mTRIM26 for 24 hours and then infected with Gluc-labeled HCVcc
(JC1-Gluc) that can secret Gluc into culture supernatants upon in-
fection. The expression of hTRIM26 and mTRIM26 was verified by
Western blot (Fig. 6A). The culture supernatants at days 0, 1, 2, 3
after infection were harvested for the luciferase assay. As shown in
Fig. 6B, hTRIM26 expression enhanced about eightfold HCV infection
in Hep56-1D-7A7 cells but not in Hep56-1D cells, while mTRIM26
had no effect in the both cells. To confirm this, we established
Hep56-1D-7A7 cells that stably express hTRIM26 by lentiviral trans-
duction (designated Hep56-1D-7A7-hTRIM26). The expression
of hTRIM26 was identified by Western blot (Fig. 6C). Next,
Hep56-1D-7A7 and Hep56-1D-7A7-hTRIM26 cells were infected
with HCV and then analyzed by NS5A immunofluorescence stain-
ing. As shown in Fig. 6D, although the infection in the both cells
was not very efficient, there were more HCV-positive cells in
Hep56-1D-7A7-hTRIM26 cells. Consistently, flow cytometry analysis
showed that HCV infection was more efficient in h\TRIM26-transduced
Hep56-1D-7A7 cells, and this increased HCV infection was more
evident in the h\TRIM26-high expressing Hep56-1D-7A7 cells (Fig. 6E).
Together, these data suggested that hTRIM26 reconstitution en-
hances HCV infection in murine hepatocytes.

DISCUSSION

Host factors participate in each step of the HCV life cycle. In this
study, we performed a genome-wide CRISPR-Cas9 screen to uncover
host factors crucial for HCV replication. A variety of host factors
were identified from this screen, including the well-defined HCV
entry factors CD81, OCLN, and CLDN1 (14-16). PPIA has been
shown to be critical for HCV replication and as a druggable target for
HCV (17). ELAVLI binds the 3" ends of the HCV RNAs and protects
viral RNAs from degradation (18). The aforementioned candidates
were also identified from a previous CRISPR-based screen, which
was also performed in a hepatoma cell line (19). Besides, CSNK1A1
is responsible for NS5A hyperphosphorylation and crucial for viral
production (30). DNA methyltransferase 1 (DNMT1), a key factor
involved in establishing and maintaining DNA methylation, is also
required for HCV propagation (31). Collectively, our CRISPR screen-
ing results are highly consistent with previous findings.

We found that TRIM26 is a critical host factor for efficient HCV
replication. This conclusion is supported by multiple lines of evi-
dence. First, deficiency of TRIM26 reduces replication of HCV from
multiple genotypes (Fig. 2 and fig. S5). Second, TRIM26 specifically

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

interacts with viral polymerase NS5B (Fig. 3 and fig. S7). Third,
TRIM26 promotes K27-linked ubiquitination of NS5B at residue
K51, which enhances its binding to NS5A, a critical interaction for
assembly of viral replication complex (Figs. 3 and 4). The role of
TRIM26 in HCV replication seems virus specific, as it is not in-
volved in the life cycle of other closely related flaviviruses such as
DENYV and ZIKV (fig. S6). It is important to point out that TRIM26
knockout greatly diminishes HCV replication but does not completely
abolish it. This implies that a possible redundant host function may
compensate the TRIM26 deficiency.

Previous studies showed that TRIM26 plays a role in the regulation
of antiviral IFN response (10, 11). Our results showed that neither
IFNs nor ISGs were induced significantly in HCV-infected Huh?7
cells (fig. S3). This observation was consistent with many previous
studies demonstrating that HCV has multiple strategies to antagonize
host innate immune responses (32-34). There was no difference in
the levels of IFNs or ISGs between the TRIM26 knockdown and
control cells upon HCV infection, which further rules out the pos-
sibility that TRIM26 contributes to HCV replication via regulation
of IFN signaling. In addition, TRIM26 was reported to function as a
tumor suppressor of HCC, as TRIM26 knockdown promotes cell
proliferation and metastasis (35). We found that TRIM26 knock-
down had no effect on the cell viability of Huh7, a human HCC
cell line (Fig. 1D).

Together with host factors, HCV nonstructural proteins form a
membrane-associated replication complex, which is required for
HCV genome replication. In this study, we found that TRIM26
binds NS5B, which requires both the SPRY domain of TRIM26 and
the C-terminal region of NS5B (fig. S8). TRIM26-mediated ubiq-
uitination of NS5B at residue K51 enhances the interaction between
NS5B and NS5A and, in turn, enhances HCV genome replication
(Figs. 3 and 4). As shown in fig. S9A, K51 is highly conserved among
all HCV genotypes. In addition, we found K51 is 99.8% conserved
among 2045 HCV sequences in the ViPR-HCV database, highlight-
ing a critical role of this residue in the biological function of
NS5B. NS5B functions as an RdRp, which that contains finger,
palm, and thumb subdomains (36-38). While the C-terminal thumb
domain is required for the NS5B-TRIM26 interaction, residue K51
is located at the base of a finger loop, which is not essential for the
interaction. However, there is an extensive interaction between the
finger and thumb subdomains, leading to an encircled catalytic ac-
tive site located in the central palm subdomain (36-38). Therefore,
we speculate that the finger and thumb interaction also serves as a
platform for TRIM26-mediated ubiquitination of NS5B at residue
K51. A cocrystal structure of NS5B and uridine 5’-triphosphate
(UTP) showed that K51 is adjacent to the triphosphate moiety of
UTP and makes an electrostatic interaction with UTP (39). In addition,
NS5B K51 has been shown to be a contacting residue with nascent
RNA during RNA synthesis (40). Our result demonstrated that
ubiquitination of NS5B at residue K51 is required for its interaction
with NS5A (Fig. 4E). Future studies will be needed to investigate
whether the NS5B K51 ubiquitination affects its contact with RNA
substrates.

Humans are the sole known natural host for HCV infection.
Although chimpanzees can be experimentally infected by HCV, it
has become ethically difficult to use it as an in vivo model to study
the virus and evaluate HCV vaccine candidates. In recent years, much
progress has been made to develop small-animal models supporting
HCV infection. Tupaia (also called tree shrew), a nonrodent small
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Fig. 6. hTRIM26 enhances HCV infection in murine hepatoma cells. (A) Western blot analysis of hTRIM26 and mTRIM26 expression in Hep56-1D and Hep56-1D-7A7 cells.
(B) Hep56-1D and Hep56-1D-7A7 cells transfected with hTRIM26 or mTRIM26 as well as Huh7 cells were infected with JC1-Gluc for the indicated time points. The culture
supernatants were harvested for the luciferase assay. The error bars represent SDs from two independent experiments. RLU, relative light units. (C) Western blot analysis of
hTRIM26 expression in Hep56-1D-7A7 and Hep56-1D-7A7-hTRIM26 cells. (D) Parental and hTRIM26-transuced Hep56-1D-7A7 cells were infected with HCVcc for 72 hours
and then stained with anti-NS5A antibody (red) for immunofluorescence microscopy. ZsGreen coexpressed in the same lentiviral vector with hTRIM26 was labeled green.
The error bars represent SDs from the number of NS5A-positive cells in three wells from one representative experiment. t test was used for statistical analysis. ns, P> 0.05;
**P<0.01; ***P<0.001; ****P <0.0001. (E) Parental, hTRIM26-transuced Hep56-1D-7A7 cells, or Huh7 cells were infected with HCVcc for 72 hours and then stained with
anti-NS5A antibody for flow cytometry analysis of HCV-positive cells. Meanwhile, ZsGreen-positive hTRIM26-transuced Hep56-1D-7A7 cells (2.8% of total) were also analyzed.

mammal, moderately supports HCV infection. However, its appli-
cation for HCV animal model has been impeded by its outbred
genetic background. Mice are excellent animal model for its inbred
genetic background and related research tools but are not naturally
permissive for HCV infection because of lack of critical HCV host
factors (41). Reconstitution of human HCV entry factors in mice
renders limited HCV infection (16, 42), raising a possibility that
mice may still lack other HCV host factors. In our study, we found
that human and tupaia TRIM26 are capable of supporting HCV
replication, while mouse TRIM26 is not (Fig. 5B). Consistently,
NS5B interacts with human and tupaia TRIM26, but not with
mouse TRIM26 that contains a mouse specific six-amino acid
insert. Deletion of this insert restores at least partially the ability of
mouse TRIM26 to bind NS5B and to support HCV replication
(Fig. 5, G and H). Although this six-amino acid insert (257-262) is
not located within the SPRY domain (294-539) of TRIM26 that is
required for its interaction with NS5B, its relative close proximity to
the SPRY domain suggests that this extra insert may interfere with
access of NS5B to the binding site of TRIM26. A more detailed
structural analysis of the NS5B-TRIM26 complex is needed.

Expression of hTRIM26 can further boost HCV infection in
Hep56-1D-7A7 cells that have already been reconstituted with six
critical human factors for HCV entry and replication (Fig. 6). This
raises a possibility that introduction of h'TRIM26 into a previously
developed transgenic mouse model that expresses human HCV entry
factors CD81, SR-B1, CLDN1, and OCLN (42) may further increase
its permissiveness to HCV infection, an important step to develop a
fully permissive small-animal model for HCV infection.

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

MATERIALS AND METHODS

Experimental design

This study aimed to identify host factors essential for HCV infection
by genome-wide CRISPR-Cas9 screening. Among the top candidates,
TRIM26 was identified as a novel host factor for HCV infection. We
then analyzed at which step of the HCV life cycle TRIM26 is in-
volved and deciphered the underlying mechanism by which TRIM26
promotes HCV replication. Last, we compared the role of TRIM26
from different species in HCV infection and explored its potential
roles in contribution to host tropism.

Cell culture

HEK293T and Huh7 cells were obtained from the Cell Bank of
Shanghai Institute of Biological Sciences, Chinese Academy of
Sciences. Huh7.5.1 cells were obtained from F. Chisari at Scripps
Research Institute. Hep56-1D and Hep56-1D-7A7 cells were obtained
from A. Ploss at Princeton University. The cells were maintained in
complete Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum, 10 mM Hepes, 2 mM
L-glutamine, 100 U of penicillin/ml, and 100 mg of streptomycin/ml.
All cells were cultured in humidified air containing 5% CO, at 37°C.

Plasmid construction

The coding sequences of human, mouse, and tupaia TRIM26 were am-
plified by PCR/RT-PCR from an hTRIM26-containing plasmid (provided
by J. Han at Xiamen University), murine L929 cells, and tupaia liver
tissue, respectively, using the following primers: hTRIM26 (forward:
CGAAAATATCGAACGCCTCAAGGTGGACAAGGGCAGGCG;
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reverse: GAGGCGTTCGATATTTTCGACCAGGCTGGCCAGTTGC),
mTRIM26 (forward: GCGCTCGAGATGGCAGTGTCAGCCCCCTT-
GAGGAG; reverse: GCGTCTAGATCAGGGTCTCAGCAGAAG-
GCGTGCTC), and tTRIM26 (forward: GCGCTCGAGATGGC-
CACGTCAGCCCCTCTGCG; reverse: GCGTCTAGATCAGGGT
CTCAGCAGGAGGCGTG). The amplified PCR products were
cloned into pLVX-IRES-Puro vector or pLVX-IRES-zsGreen vector
(Fig. 6, C to E). The plasmids expressing core, NS2, NS3, NS4B,
NS5A, and NS5B contain a FLAG tag at the N terminus. The E1- and
E2-expressing plasmids contain a signal peptide at the N terminus
and a FLAG tag at the C terminus. The mutant TRIM26 and NS5B
plasmids were made by homologous recombination using a Gibson
assembly cloning kit [New England Biolabs (NEB), USA]. All the
constructs were verified by DNA sequencing.

Analysis of NS5B lysine residues of different HCV genotypes
The amino acids of NS5B of different HCV genotypes were down-
loaded from the HCV database site map, and the number of the
sequences from each genotype is listed in fig. S9. The conservation
and location of NS5B lysine residues among different HCV geno-
types were analyzed by Vector NTT and PyMOL, respectively.

sgRNA library construction and CRISPR screening
The human whole-genome sgRNA library that consists of approxi-
mately 180,000 sgRNAs that target 19,271 genes was designed. sgRNA
oligos were synthesized (CustomArray), and the sgRNA-coding DNA
fragments were amplified with PCR from the synthesized oligos
with primers flanking the sgRNA target sequences. The amplified
sgRNA-coding DNA fragments were purified (DNA Clean & Con-
centrator TM-5 Kit, Zymo Research) and ligated into the lentiviral
vector expressing green fluorescent protein (GFP) by Golden Gate
Assembly. The plasmids were transformed into trans1-T1 competent
cells. The plasmid library was packaged into pseudotyped lentiviral
particles by cotransfection with pCMVR8.74 and VSV-G (glycoprotein
of vesicular stomatitis virus) plasmids. Huh7.5-NIrD, a reporter cell
line described in (12), was transduced with lentiviral vectors at MOI
of 0.3, and GFP-expressing cells were enriched by fluorescence-
activated cell sorting (FACS) (BD FACSAria III), which were ready
for the following screening experiments after cell culture for 2 weeks.
The cell library was equally divided into two parts: the reference
and experimental groups. The genomic DNA from the reference group
was extracted, and the sgRNA-coding sequences integrated into
chromosomes were amplified by PCR, followed by next-generation
sequencing (Illumina HiSeq 2500). The cells of the experimental group
were infected with HCVcc at MOI of 0.1 for 30 days, during which
most cells died due to HCV replication. After that, mCherry-negative
cells were enriched again by FACS in the presence of doxycycline
(1 pg/ml). The sgRNA sequences from the mCherry-negative cells
were decoded by deep sequencing. Comparison of sgRNA abundance
between the experimental group and the reference group was ana-
lyzed by the RIGER algorithm. The low count reads (less than 10)
were filtered out.

Generation of the TRIM26 knockdown Huh7 cell line

via CRISPRi

The following three sgRNA sequences were used for the TRIM26
knockdown via CRISPRi (43) (sgl: GCGGCACCCCTCCTCTCT-
CA; sg2: GGAATAGCCGGGAGATTACG; sg3: GCTCGTGCAG-
GAGCGGGACC). The sgRNA targeting AAVS] transcription start

Liang et al., Sci. Adv. 2021; 7 : eabd9732 8 January 2021

site (TSS) region was used as control (AAVS1 sg: CGGAACCT-
GAAGGAGGCGGC). The sgRNAs were cloned into a lentiviral
vector expressing GFP and later packaged into VSV-G pseudotyped
lentiviral particles by cotransfection with pCMVR8.74 and pVSV-G
plasmids into HEK293T cells. Meanwhile, the KRAB-dCas9-P2A-
mCherry (Addgene, #60954) vector was also packaged by cotrans-
fection with pCMVR8.74 and pVSV-G plasmids. Huh7 cells were then
transduced with both pseudotyped lentiviral vectors that express
sgRNA and KRAB-dCas9-P2A-mCherry. Three days after trans-
duction, the GFP and mCherry double-positive cells were sorted by
FACS and further cultured. The knockdown efficiency of TRIM26
was measured by Western blot.

Generation of TRIM26 knockout Huh7.5.1 single-cell clone
Oligonucleotides (TRIM26 oligo F: ACCGTGTGGCAACTGGC-
CAGCCTGG and TRIM26 oligo R: AAACCCAGGCTGGC-
CAGTTGCCACA) of TRIM26 sgRNA were synthesized (Ruibiotech)
and annealed in 50 pl of TransTaq HiFi Buffer II at a final concen-
tration of 9 uM. The annealed oligos were ligated into a lentiviral
vector bearing a puromycin selection marker with Golden Gate
Assembly (NEB). The ligation products were then transformed into
Trans1-T1 competent cells (Transgen, CD501). Pseudotyped lenti-
viral vectors expressing sgRNA were generated by cotransfection of
a vector expressing the VSV-G, pCMVR8.74 (containing lentiviral
gal/pol), and the lentiviral vector expressing sgRNAs. Huh7.5.1 cells
were transduced with the pseudotyped lentiviral vectors expressing
sgRNA and selected with puromycin (1 ug/ml). The single-cell clones
resistant to puromycin were selected. Genomic DNA were extracted
from the single-cell clones, and the insertions and deletions (indels)
caused by sgRNA/Cas9 in each cell clone were confirmed by Sanger
sequencing after PCR amplification.

RNA isolation and RT-qPCR

The protocols and sequences of primers for quantifying HCV RNA,
human IFN-B, MxA, ISG56, and actin were described previously (34).
The cells were lysed in TRIzol (Tiangen), and RNA was isolated ac-
cording to the manufacturer’s protocol. The cDNA was synthesized
using the ReverTra Ace qPCR RT kit (Toyobo). RT-qPCR was per-
formed using quantitative PCR SYBR green RT-PCR master mix
(Toyobo). The sequences of the primers targeting DENV and ZIKV
were as follows: ZIKV, CAACTACTGCAAGTGGAAGGGT (for-
ward) and AAGTGGTCCATATGATCGGTTGA (reverse); DENV,
ACAAGTCGAACAA CCTGGTCCAT (forward) and GCCGCAC-
CATTGGTCTTCTC (reverse). The expression of target genes was
normalized to actin.

Virus preparation and titration

The JC1-GLuc virus was constructed as previously described (44).
The GLuc gene and an autocleaving peptide 2A were inserted be-
tween p7 and NS2 of the JC1 cDNA clone. HCVcc, ZIKV, and
DENYV preparation and titration were as previously described.
Briefly, 1 x 10° Vero cells were seeded in a 24-well plate for 24 hours,
then washed with phosphate-buffered saline (PBS), and infected
with the serially diluted ZIKV for 1 hour. Viral inoculations were
replaced with 1.2 ml of DMEM containing 1.5% fetal bovine serum
and 1% carboxymethyl cellulose sodium salt. Viral plaques were de-
veloped at day 4 after infection. Huh7.5.1 (1 x 10%) cells were seeded
in a 96-well plate and infected with serially diluted DENV for 72 hours.
The cells were fixed with 4% paraformaldehyde and incubated with
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a monoclonal antibody against DENV envelope protein (clone D1-
4G2-4-15; Millipore) followed by incubation with Alexa Fluor 488-
conjugated secondary antibody and Hoechst 33258. The stained cells
were analyzed by fluorescence microscopy.

HCVpp infection

HCVpp were generated as previously described (22). HEK293T cells
were cotransfected with plasmids expressing HCV envelope glyco-
proteins, retroviral core packaging component, and luciferase.
Supernatants were collected 72 hours later and filtered through 0.45-pM
pore size membranes. For infection, targeted cells were seeded in
96-well plates and infected with HCVpp. At 72 hours after infec-
tion, the firefly luciferase activity was measured by luciferase assay
according to the manufacturer’s instructions (Promega).

Co-IP assay

HEK293T cells were cotransfected with indicated plasmids and lysed
in NP-40 buffer containing 50 mM tris-HCI (pH 7.5), 150 mM
NaCl, and 0.5% NP-40, with protease inhibitor (Sigma-Aldrich) at
48 hours after transfection. The cell lysates were centrifuged at 10,000g
at 4°C for 10 min, and supernatants were transferred to new tubes
and incubated with normal immunoglobulin G (Santa Cruz Bio-
technology) as well as protein A/G agarose beads at 4°C for 30 min
to eliminate nonspecific binding proteins. After centrifugation at 1000g
at 4°C for 5 min to remove the protein A/G agarose beads, the super-
natants were incubated overnight with specific primary antibody at
4°C and then with protein A/G agarose beads for an additional
2 hours. The samples were collected by centrifugation at 1000 g at
4°C for 5 min, washed with NP-40 buffer for four times, and then
resuspended in 40 pl of loading buffer for Western blot.

Western blot

The protocol was as described previously (34). The following anti-
bodies were used: anti-FLAG (Sigma-Aldrich); anti-HA and anti-
actin (Abmart); anti-TRIM26 antibody, goat-anti-mouse horseradish
peroxidase (HRP) antibody, and goat-anti-rabbit HRP antibody
(Santa Cruz Biotechnology); monoclonal antibodies against HCV
NS3 and NS5A (generated by J. Zhong’s laboratory); and anti-
DENV E protein (D1-11, Abcam).

Luciferase assay
The protocol was as described previously (45). A BioLux Gaussia
luciferase assay kit (NEB) was used to measure the GLuc activity.

Immunofluorescence microcopy

Hep56-1D-7A7 cells (1 x 10*) were seeded in a 96-well plate and in-
fected with HCV for 72 hours. The cells were fixed with 4% para-
formaldehyde and incubated with a monoclonal antibody against
HCV NS5A followed by incubation with Alexa Fluor 555-conjugated
secondary antibody and Hoechst 33258. The stained cells were ana-
lyzed by fluorescence microscopy.

Confocal microscopy

HEK293T cells transfected with the indicated plasmids were seeded
on 14-mm-diameter glass coverslips for 48 hours. The cells were
washed with PBS and fixed with paraformaldehyde for 1 hour.
Then, the cells were incubated with the primary antibody for 1 hour
followed by incubation with the secondary antibody conjugated with
Alexa Fluor 488 (Invitrogen) or Alexa Fluor 555 (Invitrogen).
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Images were acquired with an Olympus FV1200 laser scanning
confocal microscope (Olympus, Tokyo, Japan) and analyzed using
Image] software. Pearson’s coefficiency functioned as the indicator
of colocalization.

Cell viability

Huh7 and Huh7-TRIM26 knockdown cells were seeded in a 96-well
plate for 72 hours. Then, luminescent signal was acquired for cell
viability analysis using the CellTiter-Glo 2.0 assay.

Flow cytometry

Hep56:1D-7A7, Hep56-1D-7A7-hTRIM26, and Huh?7 cells were in-
fected with HCV for 72 hours. The cells were fixed with 4% para-
formaldehyde and incubated with permeabilization buffer. Next,
the cells were incubated with a monoclonal antibody against HCV
NS5A followed by incubation with Alexa Fluor 555-conjugated
secondary antibody. The cells were analyzed by flow cytometry. For
each staining, at least 5000 events were collected for analysis. The
FlowJo software was used for HCV-positive cell analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software.
Student’s t test was used for analyzing the difference between two
groups, and one-way analysis of variance (ANOVA) followed by
Tukey post hoc test was used for analyzing the differences among
groups of more than three. Not significant (ns), P > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/2/eabd9732/DC1

View/request a protocol for this paper from Bio-protocol.
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