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SUMMARY

Hepatitis C virus (HCV) is a leading cause of liver disease, but insight into virus-host interactions
remains limited. We systematically used affinity purification/mass spectrometry to define the host
interactions of all 10 HCV proteins in hepatoma cells. We combined these studies with RNAI
knockdown of corresponding genes using a two-step scoring approach to generate a map of 139
high-confidence HCV-host protein-protein interactions. We found mitochondrial proteins highly
involved in HCV infection and characterized a new interaction between the viral core protein and
host protein within bgcn homolog (WIBG). Expression of core prevents WIBG from binding its
regular interaction partners Y14 and Magoh, two known mediators of the nonsense-mediated
mMRNA decay pathway. We discovered that this surveillance pathway is disrupted in HCV-infected
cells, causing potentially harmful transcripts to accumulate. Our study provides the first
comprehensive view of HCV-host interactions and uncovers new mechanisms for how HCV
perturbs host functions during infection.
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INTRODUCTION

Hepatitis C virus (HCV) has infected ~200 million people and newly infects 3—4 million
people each year. Nearly 3% of the world's population is infected, but rates are higher in
developing nations. Of those affected, 85% develop a chronic infection that can lead to liver
cirrhosis, liver failure, and hepatocellular carcinoma (Moradpour et al., 2007). No vaccine
exists, and traditional interferon-based therapies have limited efficacy. While new antivirals
promise to dramatically lessen the disease burden in developed countries, they are likely too
expensive for most (Lawitz and Gane, 2013).

HCV is a positive-strand, RNA virus of the Flaviviridae family that replicates primarily in
hepatocytes. HCV enters via receptor-mediated endocytosis, releases its genome into the
cytoplasm and HCV RNA is translated into a polyprotein at the rough endoplasmic
reticulum (ER) that is processed into 10 functional HCV proteins (Figure 1A) (Kim and
Chang, 2013). The structural proteins core, E1 and E2 aid in viral assembly and virion
release. The nonstructural proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B process the
polyprotein and facilitate viral RNA replication. When expressed without structural proteins,
nonstructural proteins form an HCV RNA replication unit called the replicon that
autonomously propagates HCV RNA (Murray and Rice, 2011). The p7 protein is a cation
channel or “viroporin” and its function is not yet fully understood (Carrere-Kremer et al.,
2002; OuYang et al., 2013).

Additionally, HCV relies on host factors to complete its infection cycle. Several factors
interact with HCV proteins and critically influence either viral RNA replication or particle
formation. These include the ER-resident membrane trafficking and protein sorting factor
phosphatidylinositol 4-kinase 111 alpha (P14KA), the molecular chaperone cyclophilin A
(CYPA), the RNA helicase DDX3X, the triglyceride-synthesizing protein diacylglycerol O-
acyltransferase 1 (DGAT1), and the 47-kDa endosome-to-Golgi transport factor tail-
interacting protein (T1P47) (Borawski et al., 2009; Herker et al., 2010; Ploen et al., 2013;
Vogt et al., 2013; Yang et al., 2008). Also, several HCV proteins (i.e. NS3/NS4A protease)
benefit the virus by interfering with host factors in the interferon response pathway,
dampening the immune response (Horner, 2014). Two vesicle-associated membrane
proteins, VAPA and VAPB, interact with HCV proteins NS5A and NS5B and are required
for RNA replication (Evans et al., 2004; Hamamoto et al., 2005; Tu et al., 1999). Others
(i.e., BINZ, binds transcription factor Myc; USP19, ER-resident deubiquitinase) interact
with HCV proteins, but the relevance is unclear (de Chassey et al., 2008; Pichlmair et al.,
2012).

Systematic approaches have identified host proteins key to HCV infection, including RNAI
screens (Li et al., 2009; Suratanee et al., 2010; Tai et al., 2009) and a two-hybrid method (de
Chassey et al., 2008; Dolan et al., 2013). A systematic affinity tag purification/mass
spectrometry (AP-MS) approach was first used to construct a comprehensive host-pathogen
protein-protein interaction (PPI) map for HIV-1 (Jager et al., 2011). This method is also
used by Davis et al. to decipher host-pathogen interactions of Kaposi's sarcoma-associated
herpesvirus reported in the current issue of Molecular Cell. Similar AP-MS approaches have
partially been used in HCV research (Germain et al., 2014; Pichlmair et al., 2012). However,
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these studies were performed in HEK293T cells and lacked the full set of HCV proteins.
Here, we describe a new approach we used to test for global host-pathogen interactions
involving all 10 HCV proteins in Huh7 hepatoma cells, a more physiologically relevant cell
type for HCV infection than HEK293T cells.

Protein-protein interaction (PPI) studies produce large amounts of data that must be filtered
to identify robust interactions by scoring systems specifically for AP-MS (Jager et al., 2011,
Sowa et al., 2009). With a two-step scoring system that incorporates results from an RNAI
screen into a second round of scoring, we generated a high-confidence interaction map. We
found mitochondria were more involved in HCV infection than previously thought. We also
explored known virus-host protein interactions that we find are more complex than reported.
Importantly, we uncovered a new interaction of HCV core and the host protein within bgen
homolog (WIBG) involved in the nonsense-mediated MRNA decay (NMD) surveillance
pathway that, when functioning properly, senses and degrades damaged mRNA transcripts
(Bono et al., 2004; Gehring et al., 2009). Thus, a combined proteomic/genomic approach is
a powerful tool for identifying unexpected new host pathways relevant to HCV and possibly
other viral infections.

Constructing an HCV-Host Protein-Protein Interactome

To generate a HCV-host PPI map, we cloned all 10 HCV proteins in vectors encoding N-
terminal 2X-Strep or 3X-Flag affinity tags (Figure 1A). To minimize bias toward tag-
specific effects, we also generated C-terminally tagged versions, except for core protein,
which is cleaved at its C terminus in processing (McLauchlan et al., 2002). Robustly
expressed, affinity-tagged HCV protein-encoding plasmids were transiently transfected into
Huh7 hepatoma cells, and the proteins were affinity-purified and eluted (Figure 1B). Eluates
were examined by western blotting and silver staining (Figure 1C) and in-solution mass
spectrometry. Studies in HEK293T cells were used for comparison with other studies
(Figure S1A, B, Tables S1 and S2). We identified 5085 unique HCV-host PPIs in hepatoma
cells from 141 AP-MS samples (Tables S1 and S3).

To address concerns that the affinity tags may alter host factor interactions with HCV bait
proteins, we used two analyses: (1) we analyzed the overlap of host interactors with HCV
bait proteins for which data from N- and C-terminally tagged fusion proteins were available
(Figure S1C). A high degree of overlap (in most cases between 80-100%) indicated the
location of the affinity tag does not significantly alter binding; (2) We used
immunoprecipitations of untagged NS5A protein in Huh7.5 cells constitutively replicating
HCV RNA (replicon cells) and showed by MS that most validated host interactors identified
with tagged NS5A were in the immunoprecipitated material (Figure S1D).

RNAIi Screening Defines a Set of New HCV Cofactors across All Viral Proteins

We used RNAI to knock down HCV-interacting host factors and assessed how it affected
HCV infection (Figure 2A). The initial protein-protein interaction data set was analyzed
with two APMS scoring algorithms, MIST (Jager et al., 2011) and COMPPASS (Sowa et
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al., 2009) (Table S3). For the RNAI screen, we selected 110 host proteins with a range of
interaction scores representing binding partners for all 10 HCV proteins (Table S4).
Although we focused on proteins with robust reproducibility or specificity scores, we also
selected proteins with lesser scores to reduce bias from the default parameters in our first
scoring round. We included the known HCV cofactors diacylglycerol O-acyltransferase 1
(DGATL), BIN1, USP19, DDX3X, VAPA, and VAPB, but most of the factors we tested had
not been reported.

Huh7.5 cells, a subclone of Huh7 cells and highly permissive for HCV infection (Blight et
al., 2002), were transduced with several lentiviral sShRNAs per target or scrambled shRNAs
as controls (Table S4). After selecting cells with puromycin and confirming knockdown by
quantitative RT-PCR, we inoculated cells with a monocistronic infectious clone of HCV 1
encoding orange fluorescent protein (OFP) (Figures S2A, B) (Webster et al., 2013). After 6
days, we assessed viral spread by flow cytometry to quantify the OFP-expressing cells,
giving the observed infection rate. The rate was normalized to the expected infection rate,
based on the cell density in the infected cultures, a factor that affects viral spread (Figure
2B; Experimental Procedures) (Liu and He, 2013). In this system, cells expressing
scrambled shRNAs consistently had infection scores of 1 (observed infection rate =
expected infection rate), while shRNAs against DGAT1 markedly decreased the infection
score (observed < expected infection rate), as anticipated (Figure 2C).

To determine if a candidate affected the infection rate, we used three criteria: (1) target
transcript expression had to decrease by =25%, (2) infection rates had to increase or
decrease by =25%, and (3) two or more shRNAS against the same target had to induce a
similar change in HCV infection. We found that 75 of 110 host factors (68%) influenced
HCV infection (Figure 2C, Table S4). Most factors supported infection, as infection rates
decreased when they were knocked down. This was most prominent for mitochondrial
proteins—glycine cleavage system protein H (GCSH), coiled-coil-helix-coiled-coil-helix
domain containing 2 (CHCHD?2), and mitochondrial matrix magnesium transporter (MRS2)
—and an E3 ubiquitin-protein ligase (UBR5). No toxicity was observed in cells after
knockdown of mitochondrial proteins (Figure S2C, D). We identified new restriction factors
of HCV infection, because their depletion caused HCV infection rates to increase. These
included the outer mitochondrial membrane-localized hemoprotein cytochrome B5 type B
(CYB5B), the cytoplasmic proteins dedicator of cytokinesis 9 (DOCK?9) and Ras-related
GTPase protein (RAP2C), and the Golgi-derived retrograde transport associated protein
syntaxin 18 (STX18). Overall, we identified 69 novel host factors regulating HCV infection.

Identifying 133 High-Confidence HCV-Interacting Proteins

The accuracy of scoring systems (e.g., MIST and COMPPASS) is routinely benchmarked
and optimized by “gold standard” interactors, which are not available in sufficient numbers
for the HCV proteome. However, with our new set of 75 HCV-specific cofactors that both
interacted with HCV proteins and regulated HCV infection, we exhaustively trained all
possible combinations of the MIST and COMPPASS parameters for our interactome on
two-thirds of the RNAI hits, and we validated results on the remaining one-third. The
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simulations allowed us to assemble a smaller, high-confidence interaction network of 139
HCV-host interactions, containing all 10 HCV proteins and 133 host factors (Figures 3A).

Comparing to previous AP-MS studies (Germain et al., 2014; Pichlmair et al., 2012), we
found an overlap of 18 proteins (p = 2.92E719) (Figure S1A, Table S5), including HCV
cofactors USP19 and BIN1. We found greater overlap of previous AP-MS data (from
HEK?293T cells) and our HEK293T cell-derived data, indicating that some host-virus PPls
are cell-type specific (25 proteins, p = 4.16E717; Figure S1A, Table S5). We found highly
significant overlap (p = 3.92E718; Figure S1B; Table S5) in the combined Huh7- and
HEK?293T-derived data and previous PPI results, including data from two-hybrid methods
and co-immunoprecipitations. We saw the same trend when our data were compared to
previous RNAI studies, but the overlap was only significant with data from Huh7 cells (p =
0.018), indicating that PPIs in Huh7 cells are functionally relevant (Table S5).

Next, we used a database of known human-human protein interactions to overlay additional
connections between host proteins to identify protein complexes (Figure 3A) (Ruepp et al.,
2010). We identified several complexes that interact with HCV (e.g., mitochondrial
ribosome complex binds viral core). This bolsters reports that core associates with
mitochondria (Okuda et al., 2002; Schwer et al., 2004). Interestingly, viral p7 and NS4B
proteins interacted independently with components of the mitochondrial ATP synthase
complex, ATP5H and MTATPS6. This establishes new links between HCV and mitochondria
and with a critical cellular ATP-producing enzyme. HCV p7 also interacted with four
components of the conserved oligomeric Golgi (COG) complex, a multi-subunit tethering
complex that maintains intra-Golgi vesicular trafficking and Golgi glycosylation (Willett et
al., 2013). This interaction highlights the ways in which p7 may contribute to HCV particle
assembly and release (Steinmann and Pietschmann, 2010). Many host complexes we
identified interacted with multiple HCV proteins: the 20S proteasome is bound by p7, NS3,
and NS4A. This complex forms the catalytic core of the 26S proteasome, which interacts
with HIV Vif, Vpr, gp120 and gp160 (Jager et al., 2011).

A customized term enrichment test was performed for each viral protein using GO, KEGG,
PFAM, and Uniprot ontologies (for details see Experimental Procedures). These tests
confirmed that HCV has strong ties with biological processes, such as the Golgi vesicle
transport (via p7 and NS4A) and mitochondrial ribosome functions (via core, p7, and NS4A)
(Figure 3B, Table S6). Furthermore, this analysis reinforces that the viral NS3 protein is
involved in apoptosis (Aweya and Tan, 2011) and that the core protein influences translation
(Mamiya and Worman, 1999; Shimoike et al., 1999) and nuclear processes (Falcon et al.,
2005) (Figure 3C). As expected, VAP family members were enriched in the interactome, but
the strongest enrichment was found for NS4A, not NS5A and NS5B, as previously reported
(Evans et al., 2004; Hamamoto et al., 2005; Tu et al., 1999) (Figure 3C).

Among the host proteins that bind to viral p7, we observed enrichment of domains
associated with transporter activity and eukaryotic porins, further supporting that p7 is a
viroporin targeting vesicular transport (Figures 3B, 3C, Table S6). We also identified an
unexpectedly strong new link between cellular RNA processing and the viral core, NS3,
NS4A, and NS5B proteins, which we discuss later on.

Mol Cell. Author manuscript; available in PMC 2016 January 22.
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HCV NS4B Protein Localizes to Mitochondria

Most interacting proteins (24%) localized to the cytoplasm, which was expected as HCV
replicates in the cytoplasm (Figure 4A). We also detected many nuclear proteins (18%)—
mostly nuclear-cytoplasmic proteins (11%), but some that are considered exclusively
nuclear (7%)—suggesting that HCV could be more involved in nuclear processes than
originally thought. Many HCV-interacting host proteins were membrane-bound (18%),
consistent with the membrane anchoring of most HCV proteins (Dubuisson et al., 2002), and
localized to the ER (11%) and the Golgi apparatus (8%), both of which are implicated in
HCV RNA replication and virion assembly and release (Suzuki et al., 2005; Tai et al.,
2009). Interestingly, many host interactors (11%) localized to the mitochondria,
underscoring that mitochondrial processes were enriched in the interactome and that
mitochondria play an important role in HCV infection.

Individual analysis of proteins co-purifying with HCV proteins indicated that the highest
percentage of cellular proteins interacting with core and NS4B localize to mitochondria
(Figure S3). Core localizes to mitochondria (Okuda et al., 2002; Schwer et al., 2004), and
this has also been suggested for NS4B (Liefhebber et al., 2009). To determine if NS4B is
enriched at mitochondria, we used membrane fractionation experiments in HEK293T cells
transiently expressing NS4B-flag protein and used the core-flag construct as a positive
control. Both proteins were enriched in mitochondrial fractions, marked by COXIV protein,
and the GFP-flag control protein was not (Figure 4B). As expected, tubulin was not found in
mitochondrial fractions, but a small signal for the ER protein calreticulin was detected,
indicating the presence of ER membranes associated with mitochondria, mitochondrial-
associated membranes (MAMSs). Co-immunoprecipitation experiments in Huh7 cells
overexpressing NS4B-flag and endogenous CYBS5B, a protein localized to the outer
mitochondrial membrane that associates with NS4B in the interactome (Figure 4C), further
support that NS4B can localize to the mitochondria.

HCV NS4A Protein Binds Cellular VAPA and VAPB Proteins

Because E1 and E2, as well as NS3 and NS4A, interact in infected cells (Moradpour et al.,
2007), we performed AP-MS in cells co-expressing both interaction partners, scored
interactions with host proteins as above, and determined the overlap in the interactome of
co-expressed and singly expressed viral proteins (Figures S4A and S4B) (Tables S2 and S3).
The overlap between proteins interacting with at least one singly expressed protein and the
viral complex was greater for NS3-4A than E1-2 and, in the former group, involved mostly
NS4A, showing NS4A is an important PPI interface of the NS3-4A protease (Bartenschlager
etal., 1995; Kim et al., 1996). Proteins that interacted with NS4A alone and the NS3-4A
complex included VAPA and VAPB, previously shown to interact with viral NS5A and
NS5B (Evans et al., 2004; Hamamoto et al., 2005; Tu et al., 1999) (Figure 5A). We
uncovered a weak interaction of NS5A with VAPA and VAPB, and another with NS5B and
VAPB, but these scored below our cut-off (Figure 5A). In co-immunoprecipitation
experiments in Huh7 cells with flag-tagged NS3, NS4A, and NS5A and V5-tagged VAP
proteins, VAPA and VAPB interacted robustly with NS4A, markedly less with NS5A, and
almost undetectably with NS3, reflecting our individual AP-MS results (Figures 5B-5D).
When NS3-flag was co-expressed with NS4A-strep, VAPA coimmunoprecipitated with
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NS3, indicating VAPA binds the NS3-4A complex (Figures 5B-5D). No interaction was
observed with GFP-flag in control experiments. These results were confirmed when
endogenous VAPA was immunoprecipitated from HCV replicon-expressing hepatoma cells,
and viral proteins were analyzed by MS (Figure S5C). Similar results were obtained with
NS5B-flag, which co-immunoprecipitated with VAPB but not with VAPA (Figures 5A,
S5A). NS5B immunoprecipitated with endogenous VAPA in replicon-expressing cells,
indicating the interaction is supported by the other viral proteins with a functional replicase
complex (Figure S5C).

HCV Infection Disrupts the Host NMD Surveillance Pathway

RNA processing factors were significantly enriched in the hepatoma PPI data set (Figure
3B), so we next focused on cellular WIBG, a protein implicated in mRNA translation and
surveillance (Bono et al., 2004; Diem et al., 2007; Gehring et al., 2009). WIBG was found to
interact with core (Figure 3A), and HCV infection decreased after knocking WIBG down
with five sShRNAs (Figures 2C and 6A). We validated the core-WIBG interaction by co-
immunoprecipitation in HEK293T cells with WIBG-HA or WIBG-V5 and flag-core
proteins. WIBG readily interacted with flag-core proteins from HCV genotypes 1b and 2a,
but not with the control (Figures 6B and S6A). Similar results were obtained in hepatoma
cells with overexpressed WIBG-V5 (Figure S6B) and with endogenous WIBG in the context
of HCV infection (Figure 6E). Interactions of WIBG were also identified with capsid
proteins from dengue and West Nile virus, but not HIV-1, indicating the WIBG interaction
is conserved among members of the Flaviviridae family (Figure 6C).

WIBG was originally identified as a cytoplasmic factor that co-purifies with Y14 and
Magoh proteins and is also known as PYM (partner of Y14 and Magoh) (Forler et al., 2003).
Y14 and Magoh are components of the exon junction complex (EJC), which facilitates
mRNA splicing, export, translation, and surveillance (Tange et al., 2004). To assess how
HCYV core affects WIBG-EJC interactions, we transiently transfected WIBG-HA into
HEK?293T cells with and without flag-core or GFP-flag as a control. After
immunoprecipitations with HA antibodies, WIBG-HA interacted with endogenous Y14 and
Magoh proteins in vector- and GFP-expressing cells (Figure 6D). However, with flag-core,
these interactions were markedly reduced (Figure 6D). Similar results were obtained with
core from HCV genotype 1b (Figure S6C). This dissociation was also seen in hepatoma cells
when WIBG and core were overexpressed (Figure S6D) and with endogenous WIBG in
HCYV infection (Figure 6E), underscoring its physiological relevance.

The EJC is important in the nonsense-mediated decay (NMD) pathway, an mRNA
surveillance process that degrades transcripts with premature termination codons (PTC),
which may produce toxic, C-terminally truncated proteins (Nicholson et al., 2010; Tange et
al., 2004). Because WIBG influences NMD (Bono et al., 2004; Gehring et al., 2009), we
hypothesized that the NMD pathway may be perturbed in HCV infection. To investigate this
hypothesis, we monitored transcript levels of three known NMD substrates—SR protein
SC35, asparagine synthetase (ASNS), and cysteinyl-tRNA synthetase (CARS) (Linde et al.,
2007; Mendell et al., 2004; Singh et al., 2013; Sureau et al., 2001). SC35 is a splicing factor
that auto-regulates its expression by inducing alternative splicing of its MRNA and
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generating transcripts that are degraded via NMD (Sureau et al., 2001). Transcripts for
ASNS and CARS were found upregulated in cells that lack the critical NMD factor hUpf1,
identifying them as NMD targets (Mendell et al., 2004).

Huh7.5 cells were infected with three different infectious clones of HCV: untagged wild-
type HCV Jcl; HCV-OFP (as above); or HCV-OFP (Sl), a “super-infectious” HCV Jcl
clone with several adaptive mutations that enhance infectivity (Webster et al., 2013). HCV
infection was monitored by flow cytometry (for OFP-expressing virus) and quantitative RT-
PCR analysis of the HCV RNA with a core amplicon (for all viruses). Transcript levels of
SC35, ASNS, and CARS accumulated significantly upon infection with all three HCV
clones, as measured by quantitative RT-PCR and correlated with infection rates of HCV-
OFP and HCV-OFP (SI) viruses (55% and 91%, respectively) (Figure 6F). Knockdown of
WIBG in HCV-infected cells reduced the accumulation of ASNS transcripts suggesting
WIBG expression is required for HCV-induced accumulation of NMD substrates (Figure
S6E).

We also analyzed transcript levels of three housekeeping genes—Ilactate dehydrogenase A
(LDHA), hypoxanthine phosphoribosyltransferase 1 (HPRT1), and ribosomal protein large,
P1 (RPLP1)—to ensure that HCV-induced accumulation of transcripts was specific to NMD
substrates. These remained unchanged or, as with LDHA, were slightly downregulated
during HCV infection (Figure 6F). No change in RPLPL1 transcript levels was observed
when WIBG was downregulated in infected cells (Figure S6E). Collectively, these results
suggest HCV infection disrupts NMD mRNA surveillance through manipulation of WIBG's
function.

DISCUSSION

Here we report the first complete HCV-host PPI map in hepatoma cells. We used established
scoring systems, COMPPASS and MIST, but also examined ~30% of the interactors in a
functional RNAI screen with infectious HCV to find 69 new cofactors of HCV infection. We
developed a second iteration of scoring, in which we utilized these cofactors as standards to
train the MIST scoring system and optimize the identification of relevant interactors in our
dataset. We found 133 high-confidence HCV-interacting host factors, 99 of which are
cellular proteins that have never been associated with HCV infection. Biological functions
enriched with HCV-binding PPIs include expected ones, such as cell-cycle control and
apoptosis (Deng et al., 2008; Walters et al., 2009). In addition, through interactions with p7,
we confirmed Golgi vesicle transport as an important biological process associated with
HCV infection (Li et al., 2009; Tai et al., 2009) and find new biological functions such as
RNA processing enriched with HCV interactors. By refining interactions of VAPA and
VAPB with viral proteins, we found the strongest interactions involve viral NS3/4A protease
via NS4A.

We compared our results to other virus-host interactomes to find pathways targeted by
multiple viruses and those unique to HCV. Comparison with the HIVV-host PPI study (Jager
et al., 2011), identifies 42 proteins targeted by both HIV and HCV. These include the 26S
proteasome, the mitochondrial ribosome, and ubiquitination-related enzymes, including a
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shared interaction with the ubiquitin-conjugating enzyme UBE20. HIV Rev interacts with
MRS2, a mitochondrial magnesium transporter that interacts with HCV core and is required
for HCV infection. Also HIV gp41 protein binds VAPA, which interacts with NS3/4A
protease and other non-structural HCV proteins.

A proposed mechanism for HCV's engagement with VAPA/VAPB is that the interaction
aids viral non-structural proteins to associate with intracellular membranes for efficient
RNA replication (Tu et al., 1999). We speculate that the interaction of NS4A and VAPA/
VAPB is important to the recruitment, but other cellular functions recently linked to the
VAPB protein may be relevant to HCV infection. VAPB is required for membrane bridges
to form between the ER and mitochondria (Stoica et al., 2014). VAPB is linked to the
unfolded protein response, a cellular protein rescue/degradation pathway induced when
unfolded proteins accumulate at the ER and altered by HCV infection (Ke and Chen, 2011;
Tardif et al., 2004). The recruitment of VAPB along with several ubiquitin-associated host
proteins bound by HCV proteins, including USP19 that rescues misfolded proteins from ER-
associated degradation (Hassink et al., 2009; Vembar and Brodsky, 2008), may prevent host
cells from detecting and degrading viral proteins at the ER.

Surprisingly, many mitochondrial proteins interact with HCV proteins. While this is
expected for viral proteins that localize to mitochondria, such as core and p7, we highlight a
new interaction between viral NS4B and host CYB5B, a predicted electron carrier localized
at the mitochondrial outer membrane. We confirm that NS4B localizes to mitochondria or
the interface between ER and mitochondria, the MAMs. NS4B induces ER membrane
reorganization to facilitate HCV replication (membranous web formation) (Egger et al.,
2002), and the interaction of NS4B with mitochondria implicates recruitment of
mitochondrial membranes or MAMs for this purpose. As HCV infection induces apoptosis
(Deng et al., 2008), the NS4B/CYB5B interaction may affect this process, but this requires
further study.

The high number of host proteins that interact with p7 was unexpected. P7 is a very small (7
kDa) integral membrane protein that can self-assemble into a large cation channel or
viroporin (OuYang et al., 2013). Other viroporins (e.g. influenza A virus M2, HIV-1 Vpu)
affect the cell vesicle system, glycoprotein trafficking, and membrane permeability (Nieva et
al., 2012). We found p7 interactors are enriched for proteins with porin domains and those
involved in Golgi vesicle transport, supporting the function of p7 as a bona fide viroporin. A
new finding is that p7 associates with the COG complex, an intra-Golgi vesicle-tethering
complex composed of eight subunits, four of which interact with p7. Knocking down the
COG3 component impaired HCV infection (Table S4), consistent with the notion that p7
engages the COG complex and Golgi vesicular transport to facilitate virus production or
release (Steinmann et al., 2007).

Our work further uncovers a new connection between HCV infection and the NMD RNA
surveillance pathway. The NMD pathway identifies and degrades premature termination
codon (PTC)-containing transcripts, which can otherwise encode for potentially toxic C-
terminally truncated proteins (Nicholson et al., 2010). We show that HCV core interacts
with cellular WIBG, and core expression disrupts interaction of WIBG with Magoh/Y14.
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Magoh and Y14 are central components of the EJC, a dynamic structure deposited on pre-
mRNA during splicing in the nucleus, and remains associated with the mRNA until the first
round of translation in the cytoplasm (Tange et al., 2004). The EJC is central in NMD: when
located downstream of a PTC, it recruits NMD factors that degrade the transcript (Tange et
al., 2004). We hypothesize that disrupting Magoh and Y14 from WIBG impairs NMD, given
that NMD substrates accumulated in HCV-infected cells. A potential mechanism is that
WIBG normally facilitates EJC disassembly from cytoplasmic mRNAs, thus allowing for
EJC to recycle back to the nucleus (Gehring et al., 2009), a process that is likely disrupted in
HCV-infected cells. We find additional interactions between HCV and the EJC and NMD
pathway through binding of E1 to two mRNA splicing factors peripherally associated with
the EJC complex —SAP18 (sin3-associated protein 18 kDa) and ACIN1 (apoptotic chromatin
condensation inducer 1) and binding of several NMD factors including Magoh, Y14, UPF1
(Up-Frameshift Mutation 1), and UPF3B to different HCV proteins with MIST and
COMPASS scores below cut-off (Figure S6G).

How does disrupting the NMD pathway benefit infection? A similar phenomenon was
reported for human T-cell leukemia virus type-1 (HTLV-1), a retrovirus, which encodes an
RNA-binding protein Rex that globally suppresses NMD (Nakano et al., 2013). This Rex-
mediated block of NMD is instrumental for HTLV-1 gene expression as alternative splicing
and programmed ribosomal frameshifting cause accumulation of viral transcripts with
multiple stop codons that likely trigger NMD. In contrast, HCV replicates in the cytoplasm
and does not undergo nuclear RNA processing. Thus, reasons why HCV (and maybe other
Flaviviridae) blocks the NMD pathway are likely more complex.

During submission of this paper, three studies were published describing the NMD pathway
as a natural restriction mechanism for certain RNA viruses in plants and animal cells
(Balistreri et al., 2014; Garcia et al., 2014; Gloggnitzer et al., 2014). The model is that the
viral RNA itself may function as an NMD substrate due to the presence of internal
termination codons and long 3’UTRs (Garcia et al., 2014). Our finding that NMD is
inactivated in HCV-infected cells supports the model that NMD restricts RNA virus
infections. But important differences exist. While previous studies show knockdown of
NMD factors increases viral replication, we find knockdown of WIBG decreases HCV
infection, pointing to an important role of WIBG in the viral lifecycle. We knocked down
other NMD factors (e.g., Magoh, UPF1 and UPF2) and saw no effect on viral infection. We
hypothesize that, as NMD is already blocked in HCV-infected cells, any additional effects
caused by the knockdown of these NMD factors are masked. HCV may evade NMD by
many strategies, including polyprotein processing, lack of internal termination codons, a
short 3’UTR, disrupting the WIBG-Magoh/Y 14 interaction and subverting host WIBG into
a critical cofactor for infection.

Disruption of the NMD pathway in HCV infection could also be a byproduct of engagement
of WIBG into the viral lifecycle, possibly causing liver damage in chronically infected
individuals. Notably, NMD was previously implicated in the pathogenesis of diseases such
as Duchenne muscular dystrophy, Marfan syndrome, cystic fibrosis, and various cancers,
where PTC-containing transcripts result in altered protein production or mMRNA abundance
(Nicholson et al., 2010). Why WIBG is necessary for HCV infection is unclear, but its
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interaction with capsid proteins from dengue and West Nile virus underscores a key role of
this host factor in Flavivirus biology. Because WIBG targets viral capsid proteins, it could
directly support virion assembly. Alternatively, it may facilitate viral translation by
associating with ribosomal proteins (Diem et al., 2007). Indeed, WIBG recruits the cellular
translation machinery to unspliced transcripts of the Kaposi's sarcoma-associated
herpesvirus, where ORF57 protein facilitates a WIBG-RNA interaction (Boyne et al., 2010).

Notably, NMD is not only an RNA quality control mechanism but in eukaryotic cells
appears to play a more global role by controlling the stability of 3—-10% of the transcriptome
(Nicholson et al., 2010). The WIBG-core interaction may thus cause alterations of a wider
range of host MRNAs beyond PTC-containing mRNAS, possibly altering the cellular
transcriptome in favor of HCV infection. A recent study found 197 transcripts to be
upregulated in HeLa cells with silenced expression of hUpf1, a critical NMD factor
(Mendell et al., 2004). By mining published RNA-seq data (Papic et al., 2012), we find that
43 of these transcripts are upregulated in Huh7.5 cells infected with HCV, supporting our
model that the NMD pathway is perturbed during HCV infection. Future studies will
determine how WIBG, the EJC, and the NMD pathway regulate HCV infection and how
they reprogram the host cell to foster viral spread while possibly damaging infected liver
cells.

EXPERIMENTAL PROCEDURES

For a detailed description of Experimental Procedures, refer to the Supplemental
Information.

Cell Culture and Transfections

HEK?293T and Huh7 cell lines were obtained from the American Type Culture Collections.
Huh7.5 cells were provided by Charles M. Rice. All cultures were grown under standard
conditions. Huh7 cells were transfected with X-treme GENE 9 (Roche Applied Science) and
HEK?293T using calcium phosphate.

Affinity Purification, Mass Spectrometry, and Interactome Scoring

Affinity purifications were performed as described (Jager et al., 2011). The first iteration of
the HCV interactome was compiled by selecting bait-prey pairs with a MIST score >.70,
computed with the published feature weights for reproducibility (.31), abundance (.01) and
specificity (.68) (Jager et al., 2011), or a top 5% COMPPASS WD score per bait (Sowa et
al., 2009). The new weights for the MIST score, MIST threshold and COMPASS threshold
were derived by testing the prediction performance of the top 10 optimal weight
combinations, trained on two thirds of a benchmark set of 5200 interactions (52 positive
interactions and 5148 negative interactions) randomly sampled from the mass-spectrometry
results. The refined interactome was compiled through selecting bait-prey pairs with a
retrained MIST score >0.68, with new weights for reproducibility (.36), abundance (.09) and
specificity (.55), or a top 1% COMPASS WD score per bait.
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Functional and Domain Ontology Enrichments

All scored bait-prey pairs were joined with the GO biological process (BP), molecular
function (MF), and KEGG ontologies for functional annotation and the PFAM and Uniprot
domain for domain annotations with their Uniprot accession codes and represented as bait-
term-protein entries. Terms were manually curated and analyzed for significance of
enrichment with a resampling procedure on the MIST and COMPPASS WD scores.

HCV Infections

Huh7.5 cells were infected with 4-6 independent lentiviruses expressing shRNAs against
the indicated factor and a puromycin resistance gene for 24 h. After a 2-day puromycin
selection, knockdown of the host factor was determined by quantitative RT-PCR, and cells
were infected with monocistronic Jc1 HCV encoding orange fluorescent protein (OFP) and a
blasticidin resistance cassette (Bsd): Jc1/NSSAB-OFP-Bsd gt an MOI of 0.06 or 0.03 (Figure
S1). The number of live cells and the percentage of OFP-positive cells were determined by
flow cytometry on the MACSQuant VYB instrument.

RNA Isolation and Quantitative RT-PCR

Total cellular RNA was isolated with RNAstat60 (Tel-test), and cleaned and DNase-treated
with RNA Clean & Concentrator (Zymo). Complementary DNA (cDNA) was synthesized
with an oligo(dT)1g primer (Thermo) and/or random hexamer primers (Life Technologies)
using the AMV reverse transcriptase (Promega) and analyzed by qPCR using a Bio-Rad
ABI 7900. Relative values for each transcript were normalized to GAPDH (gene/GAPDH;
HCV infection screen) or 18S rRNA (gene/18S; all other qPCR analyses) and compared to
the scramble or mock controls, respectively.

Mitochondrial Enrichment

Mitochondria were isolated from HEK293T cells with the Mitochondrial Isolation Kit for
Cultured Cells (Pierce) with minor modifications (Supplemental Experimental Procedures).
The mitochondrial fraction and cytoplasmic fractions were normalized for protein
concentration and analyzed by SDS-PAGE and western blotting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Affinity-purification of HCV proteins and interactome strategy
(A) Schematic of HCV genome and 10 proteins derived from the viral polyprotein.

(B) Flowchart of the strategy to generate the HCV-host protein-protein interactome.
(C) Anti-flag western blot (upper) and silver staining (lower) of 10 flag-tagged HCV

proteins after transient transfection and affinity purification from Huh7 cells. Silver-stained
bands corresponding to HCV bait proteins are indicated by arrows. See also Figure S1 and

Tables S1, S2, S3.
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Figure 2. A lentiviral sShRNA screen identifies new HCV cofactors
(A) Schematic of the HCV infection assay with an HCV-OFP (orange fluorescent protein

mKO2) reporter virus.

(B) For each infection, we generated a standard curve of expected infection rates in
scrambled shRNA-treated cells by plating the cells at indicated densities and obtaining the
percentage of OFP-positive cells.

(C) Results of the HCV infection screen. Interacting host proteins that caused changes in
infection levels are indicated on the y-axis. Relative infection levels (normalized to cell
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density) are indicated on the x-axis. The positive control, DGATL, is shown in yellow, and
the negative control, scrambled, in black. Results are shown as average (xSD) of a minimum
of six experiments with two independent shRNAs (Experimental Procedures, S5). See also
Figure S2 and Table S4.
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Figure 3. A complete HCV-host protein-protein interaction network in hepatoma cells
(A) Network representation of the HCV-host interactome in Huh7 cells generated with

Cytoscape. There are 10 HCV bait proteins (yellow nodes) and 134 interacting host proteins
(blue nodes). Interactions of HCV and host proteins are indicated by blue lines. Curated
host-host protein interactions from the CORUM database are indicated by black lines.
(B-C) Heat maps representing manually curated enriched biological processes, molecular
functions, and pathways (B) and protein domains (C) of the host factors that interact with
HCV bait proteins. Colors represent statistical significance (q value) as indicated by the
accompanying scale. See also Table S6.
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Figure 4. Cellular localization of HCV-interacting host proteins
(A) Localization of HCV-interacting host proteins as a pie chart. Each category contains the

percentage of interactors of the total refined interactome that localize to a cell compartment.
The heat map indicates the percentage of mitochondrial proteins within each individual bait
protein's interactome.

(B) Differential centrifugation of HEK293T cells expressing GFP-flag, flag-core, or NS4B-
flag to examine protein localization to mitochondria or cytosolic fractions. Control
antibodies recognize calreticulin (endoplasmic reticulum), tubulin (cytosol) and COXIV
(mitochondria).

(C) Immunoprecipitations with Huh7 cell lysates expressing GFP-flag or NS4B-flag were
performed with a-flag affinity resin and blotted with the indicated antibodies to demonstrate
that NS4B specifically interacts with endogenous CYB5B, a mitochondrial outer membrane
protein. See also Figure S3.
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Figure 5. HCV NS4A interacts with host proteins VAPA and VAPB
(A) Heat map indicating the interaction scores of VAPA or VAPB with NS3, NS4A,

NS3+NS4A, NS5A, and NS5B, as identified by AP-MS. MIST scores in the color scale
represent the confidence in the observed interaction.

(B) Immunoprecipitations with a-flag resin of Huh7 cell lysates expressing the indicated
HCV bait proteins, or GFP as a control, and VAPA. VAPA-V5 interacts strongly with
NS4A-flag, weakly with NS5A-flag, and very little with NS3-flag (left). V5-VAPA interacts
with NS3-flag when NS4A-strep is coexpressed (right). Results are representative of three
independent experiments.

(C) Same experiment as in (B) only with VAPB-V5. Results are representative of three
independent experiments.

(D) Model of the interaction of VAPA and VAPB with NS4A alone, or while NS4A is
bound to NS3. See also Figures S4, S5.
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Figure 6. HCV infection requires WIBG and disrupts the host nonsense-mediated decay
surveillance pathway
(A) Relative infection rates (Figure 2A, B) after knock-down of WIBG with five ShRNAs or

shRNA targeting DGATL1 or scrambled shRNA as positive and negative controls,
respectively. Shown is the average (+SD) of at least 12 replicates in two independent
experiments.

(B) and (D) Immunoprecipitations in HEK293T cells expressing the indicated constructs
along with the flag-tagged HCV core from genotype 2a. Results are representative of three
independent experiments.
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(C) Immunoprecipitations in HEK293T cells expressing WIBG-HA along with the indicated
viral capsids from dengue virus, West Nile virus or HIV-1. Results are representative of
three independent experiments.

(E) Immunoprecipitations of endogenous WIBG in mock- and HCV-OFP Sl-infected
Huh7.5 cells. Results are representative of two independent experiments.

(F) Huh7.5 cells were infected with the indicated HCV constructs. Three endogenous NMD
substrate transcripts y (left) and transcripts of three housekeeping genes (right) were
analyzed by quantitative RT-PCR. Shown is a representative of three independent
experiments. Infection rates based on OFP expression or on quantitative RT-PCR are
indicated below.

(G) Model of the WIBG-HCYV interaction. See text for details. See also Figure S6.
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