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ABSTRACT Hepatitis C virus (HCV) is a single-stranded positive-sense RNA hepato-
tropic virus. Despite cellular defenses, HCV is able to replicate in hepatocytes and to
establish a chronic infection that could lead to severe complications and hepatocel-
lular carcinoma. An important player in subverting the host response to HCV infec-
tion is the viral nonstructural protein NS5A, which, in addition to its role in replica-
tion and assembly, targets several pathways involved in the cellular response to viral
infection. Several unbiased screens identified nucleosome assembly protein 1-like 1
(NAP1L1T) as an interaction partner of HCV NS5A. Here we confirmed this interaction
and mapped it to the C terminus of NS5A of both genotype 1 and 2. NS5A seques-
ters NAP1L1 in the cytoplasm, blocking its nuclear translocation. However, only NS5A
from genotype 2 HCV, and not that from genotype 1, targets NAP1L1 for proteosome-
mediated degradation. NAP1L1 is a nuclear chaperone involved in chromatin remod-
eling, and we demonstrated the NAP1L1-dependent regulation of specific pathways
involved in cellular responses to viral infection and cell survival. Among those, we
showed that lack of NAP1L1 leads to a decrease of RELA protein levels and a strong
defect of IRF3 TBK1/IKKe-mediated phosphorylation, leading to inefficient RIG-I and
Toll-like receptor 3 (TLR3) responses. Hence, HCV is able to modulate the host cell
environment by targeting NAP1L1 through NS5A.

IMPORTANCE Viruses have evolved to replicate and to overcome antiviral counter-
measures of the infected cell. Hepatitis C virus is capable of establishing a lifelong
chronic infection in the liver, which could develop into cirrhosis and cancer. Chronic
viruses are particularly able to interfere with the cellular antiviral pathways by sev-
eral different mechanisms. In this study, we identified a novel cellular target of the
viral nonstructural protein NS5A and demonstrated its role in antiviral signaling. This
factor, called nucleosome assembly protein 1-like 1 (NAP1L1), is a nuclear chaperone
involved in the remodeling of chromatin during transcription. When it is depleted,
specific signaling pathways leading to antiviral effectors are affected. Therefore, we
provide evidence for both a novel strategy of virus evasion from cellular immunity
and a novel role for a cellular protein, which has not been described to date.

KEYWORDS HCV, NAP1L1, innate immunity, IRF3, NF-«B, RIG-I, TLR3, NF-«B, hepatitis
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epatitis C virus (HCV) is a member of the Flaviviridae family, genus Hepacivirus, with

a single-stranded positive-polarity RNA genome of approximately 9.6 kb (1). Seven
viral genotypes (1 to 7) with important differences in geographical distribution, patho-
genesis, and response to treatment have been identified (2). The HCV life cycle is
entirely cytoplasmic and involves entry, uncoating, and translation of the viral RNA to
a polyprotein that is processed by proteolysis into 3 structural (core, E1, and E2) and 7
nonstructural (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins. Viral RNA transla-
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tion and replication and subsequent steps of particle assembly and release takes place
associated with remodeled intracellular membranes and lipid droplets (LD) (3-5).
Nonstructural proteins are required for RNA replication, with NS3-NS4A being the
helicase/proteinase and NS5B being the viral RNA-dependent RNA polymerase. In
addition, HCV nonstructural proteins have also been implicated in perturbing cell
signaling and mediating immune evasion. Among them, NS5A has been implicated in
subverting several cellular pathways and as a candidate viral oncogene.

NS5A is a 447-amino-acid (aa) (genotype 2a [gt2a]) phosphoprotein that is found
associated with endoplasmic reticulum (ER) membranes through an N-terminal amphi-
pathic helix (aa 1 to 27). The rest of the polypeptide is hydrophilic and consists of the
large amino-terminal domain | followed by two smaller, more variable domains, Il and
lIl. Domains | and Il are essential for viral genome replication, while domain Il is
dispensable for genome replication but is required for viral particle assembly via
interaction with core (6-8). A cluster of phosphorylated serine residues at positions 452,
454, and 457 (strain JFH1, gt2a) at the very C-terminal end of NS5A is responsible for
this interaction. In addition to a direct role in HCV genome replication and assembly,
NS5A makes an important contribution to modulating the host cell environment. NS5A
is a promiscuous protein and interacts with several host factors, thus affecting different
signaling pathways that control the cell cycle, apoptosis, and the interferon (IFN)
response to viral infection (reviewed in references 9 and 10).

Chronic infection with HCV is a major risk factor for the development of hepato-
cellular carcinoma (HCC) (11). The leading hypothesis is that malignant transformation
of hepatocytes occurs through increased liver cell turnover induced by chronic liver
injury and regeneration, in a context of inflammation and oxidative DNA damage.
However, increasing experimental evidence suggests that HCV might also contribute to
malignant transformation of hepatocytes through the direct action of viral proteins on
cellular transformation pathways (12). Liver-specific expression in transgenic mice of
the full viral polyprotein (core to NS5B) at low levels, comparable to those found in
patients, has been shown to induce HCC without inflammation (13). Mice transgenic for
NS5A alone may also develop liver cancer, depending on the genetic background of
the mice (14, 15). Furthermore, expression of NS5A in NIH 3T3 fibroblasts promoted
anchorage-independent growth and tumor formation in nude mice (16, 17). These data
support a direct role of HCV proteins, and NS5A in particular, in the development
of HCC.

In a recent attempt to identify host factors that associate with a number of innate
immune-modulating viral proteins, PichImair et al. screened novel proteins that interact
with HCV NS5A (18). Careful inspection of the data led to the unexpected observation
that NS5A interacted with the human nucleosome assembly protein 1-like 1 (NAP1L1 or
hNAP1). The interaction of NS5A with NAP1L1, or with the highly homologous NAP1L4,
was independently identified in at least another three independent reports (19-21).

NAPTL1 was originally identified in Hela cells as the human homolog of the yeast
nucleosome assembly protein 1 (NAP-1) (22). NAP1L1 is a 391-aa polypeptide charac-
terized by nuclear import/export sequences and histone and protein binding domains
(23). NAP1L1 is a chaperone and nucleo-cytoplasmic shuttling factor that facilitates the
delivery and incorporation of two histone H2A-H2B dimers to complete the nucleo-
some (reviewed in references 24, 25, and 26). NAP1L1 is involved in the regulation of
transcription, cell cycle progression, incorporation and exchange of histone variants,
and promotion of nucleosome sliding. In addition, NAP1L1 has been shown to interact
with several host and viral factors, including the coactivator p300 and E2 of papillo-
maviruses (27-29). NAP1L1 interacts with the human immunodeficiency virus type 1
(HIV-1) Tat transactivator and enhances HIV-1 trans-activation (30, 31). NAP1L1 family
proteins are localized in the cytoplasm, but inhibition of nuclear export results in their
accumulation in the nuclei, indicating a shuttling activity that has also been implicated
in the delivery of histones to the nucleus as part of their chaperoning activity. NAP1L1
is involved in the process of nucleosome depletion during embryonic stem cell
differentiation (32). Knockdown of NAP1L1 enhances the differentiation of induced
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pluripotent stem cells (iPSC) into functional cardiomyocytes (33). NAP1L1 expression
has also been shown to be elevated in several cancers (34-36).

In this work, we confirmed the interaction of NS5A with NAP1L1 and its colocaliza-
tion in the cytoplasm of cells replicating HCV. The interaction could be mapped to the
carboxy terminus of domain Ill of NS5A, which is shared among all HCV genotypes.
However, only NS5A from genotype 2, and not that from genotype 1, targets NAP1L1
for proteosome-mediated degradation. Transcriptome RNA sequencing (RNA-seq) of
NAP1L1-depleted cells shows dysregulation of a number of genes from pathways of
innate immunity and cell survival. Among those, we show that depletion of NAP1L1
leads to the downmodulation of NF-kB and to a strong downregulation of IRF3
phosphorylation mediated by the kinase TBK1/IKKe. Both the RIG-I and Toll-like recep-
tor 3 (TLR3) pathways were affected by NAP1L1 depletion. We conclude that HCV is
able to modulate the host cell environment by targeting NAP1L1 through NS5A. We
believe that this may represent a novel strategy deployed by HCV to evade cellular
antiviral responses and possibly to maintain a chronic infection, thus contributing to
the development of HCC.

RESULTS

HCV NS5A binds NAP1L1. In independent reports, the nonstructural protein 5A
(NS5A) from human hepatitis C virus (HCV) has repeatedly been found to interact with
the nucleosome assembly protein NAP1L1 (18-21). However, such studies did not map
the interaction, and additional functional studies were not conducted. To confirm the
interaction, we generated a full-length FLAG-tagged NS5A (f-NS5A) (N terminus) de-
rived from JFH1 genotype 2a (gt2a). Cotransfection of f-NS5A with hemagglutinin
(HA)-NAP1L1 in HEK 293T cells followed by anti-FLAG affinity chromatography resulted
in the detection of HA-NAP1L1 (Fig. 1A). As a positive control for the interaction, we
used the human immunodeficiency virus Tat protein, which has been previously
described to bind NAP1L1 (30, 31). To study the interaction of NS5A with NAP1L1 at the
endogenous levels, we took advantage of the JFH1 subgenomic replicon (SGR-JFH1/
Luc), which efficiently replicates in hepatocytes. As shown in Fig. 1B, the interaction was
preserved, albeit with a very low efficiency of immunoprecipitation (IP), which could be
explained by an effect of NS5A on the stability of the protein (see below). Furthermore,
extensive colocalization of the two proteins was observed in the cytoplasm (Fig. 1Q).
Interestingly, the extent of the colocalization increased from approximately 10% of
NS5A-expressing cells at 48 h postelectroporation (hpe) to more than 70% at 72 hpe
(not shown). We repeated the experiment with a subgenomic replicon that also
expresses HCV core (Luc-JFH1AE1/E2) (37). In this case, NS5A drives the localization of
NAP1L1 to subcellular locations reminiscent of lipid droplets (Fig. 1C, lower panels).
However, the interaction between NS5A and core was not required for the NS5A to
bind NAP1L1, as demonstrated in the experiments conducted in the absence of core
(Fig. 1A, B, and C [upper panels]).

HCV NS5A from gt2 mediates NAP1L1 proteosomal degradation. In order to
investigate whether the interaction with NAP1L1 was shared by NS5A from other HCV
genotypes, we performed an IP with genotype 1 (gt1) Con1- and H77-derived proteins.
Surprisingly, NS5A from gt1 isolates was able to immunoprecipitate higher levels of
NAP1L1 than JFH1 NS5A (Fig. 2A). Furthermore, cotransfection of HA-NAP1L1 with
increasing amounts of JFH1 NS5A (gt2) resulted in a decrease of NAP1L1 levels, while
Con1 NS5A (gt1) did not (Fig. 2B). Hence, NS5A from JFH1 (gt2), but not those from
Con1 or H77 (gt1), resulted in the degradation of NAP1L1. Treatment with the inhibitor
MG132 partially rescued the JFH1 NS5A degradation of NAP1L1, indicating proteasome
involvement (Fig. 2C). Finally, cycloheximide treatment of SGR-JFH1/Luc-transfected
cells showed a progressive decrease of endogenous NAP1L1, although with less efficiency
than with transfection of NS5A alone (Fig. 2B), possibly related to the different levels of
NS5A expression under the two experimental conditions. Degradation of NS5A could
be rescued by MG132, further highlighting the targeting of NAP1L1 for proteosome-
mediated degradation also at physiological levels during HCV replication (Fig. 2D). The
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FIG 1 HCV NS5A binds NAP1L1. (A) Coimmunoprecipitation of FLAG-tagged NS5A and HA-NAP1L1 in
HEK 293T cells. Transfected cells were lysed, coimmunoprecipitated with anti-FLAG-agarose beads, and
blotted against anti-FLAG or anti-HA antibodies as indicated. A plasmid encoding HIV-1 FLAG-tagged Tat
was used as positive control. IgL, immunoglobulin light chain; IgH, immunoglobulin heavy chain. (B)
NS5A interacts with endogenous NAP1L1 during HCV replication. Huh7-Lunet cells were electroporated
with subgenomic SGR-JFH1/Luc or mock transfected. At 72 hpe, cell lysates were incubated with
anti-NAP1L1 antibodies or with matching irrelevant IgGs. Input and co-IP samples were then immuno-
blotted with anti-NAP1L1 and anti-NS5A antibodies as indicated. (C) NS5A and NAP1L1 colocalize during
HCV replication. Huh7-Lunet cells were either mock electroporated or treated with the subgenomic HCV
replicon SGR-JFH1/Luc or with SGR-FK-Luc-JFH1/AE1-E2 and fixed at 72 hpe. Indirect immunofluores-
cence analysis was performed with anti-NAP1L1 (green) and anti-NS5A (red) antibodies and correspond-
ing fluorescent secondary antibodies (scale bars, 10 um). Colocalization is shown in the merge channel
(Pearson’s correlation coefficients of 0.658 for SGR-JFH1/Luc and 0.731 for SGR-FK-Luc-JFH1/AE1-E2). The
inset shows a high-magnification image. Diffused, cytoplasmic localization of NAP1L1 in mock-treated
cells is also shown for comparison (top panels).

inset

major difference between JFH1-derived NS5A and those of the other HCV genotypes
resides in a 20-aa insertion at the carboxy-terminal end of the protein (Fig. 2E), which
also accounts for the differences in molecular weight observed (Fig. 2A).

We conclude that NAP1L1 binding is shared among NS5A derived from g1 and gt2
genotypes but that gt2 NS5A has the additional feature of being able to target NAP1L1
for proteosome-mediated degradation.

The carboxy terminus of NS5A is required for NAP1L1 binding. In order to map
the interaction, NS5A from JFH1 was divided in three domains, domain | (D1) (corre-
sponding to nucleotides [nt] 2003 to 2189), domain Il (D2) (nt 2226 to 2314), and
domain Il (D3) (nt. 2328 to 2442), all linked in various combinations to the N-terminal
amphipathic helix for membrane tethering and FLAG tagged at the N terminus (Fig.
3A). As shown in Fig. 3B, only constructs maintaining D3 could interact with NAP1L1.
Therefore, NS5A was further truncated from the C terminus to generate proteins with
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FIG 2 HCV JFH1 NS5A targets NAP1L1 for proteasome-mediated degradation. (A) HCV NS5A proteins from
Con1 and H77 interact with NAPTL1. HEK 293T cells were transfected with FLAG-tagged NS5A from the
indicated HCV genotypes. Transfected cells were lysed, coimmunoprecipitated with anti-FLAG-agarose
beads, and blotted against anti-FLAG or anti-HA antibodies. (B) HCV NS5A from JFH1 degrades NAP1L1.
293T cells were transfected with an equal amount of HA-NAP1L1 (5 wpg) and increasing amounts of
FLAG-tagged NS5A from JFH1 or from Con1 (0, 2.5, 5, and 10 ug). After 24 h, cell lysates were immuno-
blotted with anti-FLAG, anti-HA, and antiactin antibodies. (C) HCV NS5A-mediated degradation is protea-
some dependent. HEK 293T cells were cotransfected with HA-NAP1L1 and FLAG-NS5A, treated with the
MG132 (5 uM) for 14 h, and lysed. Samples were run and immunoblotted with anti-HA, anti-FLAG, and
antiactin antibodies. (D) HCV replication induces NAP1L1 degradation. Huh7-Lunet cells were electropo-
rated with SGR-JFH1/Luc RNA or mock transfected. Cells were treated with 200 uM cycloheximide (CHX) for
1 and 3 h and lysed. Samples were run and immunoblotted with anti-HA, anti-FLAG, and antiactin
antibodies. (E) CLUSTAL O (1.2.4) multiple-sequence alignment of NS5A proteins from different HCV
genotypes. The asterisks indicates all the sequences that share the same amino acid. Gaps are indicated by
dashes. The cluster of serines implicated in NS5A binding is boxed.

progressive deletions. With this approach, we found that deletions starting from the
acidic motif 458-EEDD-461 (AH-D3.5 in Fig. 3C) completely abolished the interaction
with NAP1L1. Since the acidic motif is a perfect consensus for casein kinase 2-mediated
serine phosphorylation (S-D/E-X-E/D), we reasoned that NAPIL1 interacts with the
C-terminal cluster of serines already implicated in the interaction with HCV core (6-8).
Therefore, we tested both the delB deletion mutant with deletion of aa 2419 to 2433
(residues are numbered according to the positions within the original JFH1 polyprotein
corresponding to aa 443 to 457 of NS5A) (7) and the triple mutant of cluster 3B
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FIG 3 NAP1L1 interacts with the extreme carboxy terminus of NS5A. (A) Diagram of NS5A and mutants
produced in this work. The full length of JFHT NS5A is shown with the FLAG tag at the N terminus, the
amphipathic helix (AH) for membrane tethering, and domains |, Il, and lll with the low-complexity
sequences (LCS) | and Il. AH-fused domain Il (AH-D3-FL) is deleted from the C terminus in 6 fragments
(AH-D3.1 to AH-D3.6). The amino acid sequence of the C-terminal region of NS5A encompassing S452/
454/457A (serines are in bold) is also shown, together with the sequences of the deletion mutant NS5A-delB
and the triple S—A mutant NS5A-m2. (B) NAP1L1 binds domain Ill of NS5A. HEK 293T cells were transfected
with the indicated domains fused to AH together with HA-NAP1L1. Transfected cells were lysed, coimmu-
noprecipitated with anti-FLAG-agarose beads, and blotted against anti-FLAG or anti-HA antibodies. Aster-
isks indicate the positions of the NS5A mutants that are distinguishable from the heavy (IgH) and light (IgL)
immunoglobulin chains. (C) NAP1L1 binds the extreme C terminus of NS5A. HEK 293T cells were transfected
with expression plasmids encoding NS5A domain Il fused to AH carrying progressive deletions from the C
terminus as indicated in panel A. Co-IP was conducted as for panel B. (D) NS5A mutants delB and m2 do
not bind NAP1L1. HEK 293T cells were transfected with the expression plasmids for NS5A mutants delB and
m2 described in panel A. Co-IP was conducted as for panel B. (E) NS5A mutants delB and m2 lose
colocalization with NS5A. Huh7-Lunet cells were electroporated with SGR-JFH1/Luc and with mutants
SGR-JFH1/Luc_m2 and SGR-JFH1/Luc_delB and fixed at 72 hpe. Indirect immunofluorescence analysis was
performed with anti-NAP1L1 (green) and anti-NS5A (red) antibodies and corresponding fluorescent sec-
ondary antibodies (scale bars, 10 um). Colocalization is shown in the merge channel.
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(CL3B/SA or m2) (corresponding to S2428/2430/2433A, aa S452/454/457A of NS5A) (6).
Co-IP analysis showed loss of interaction for both mutants (Fig. 3D), further suggesting
that these residues are crucial for NAP1L1 interaction. To further demonstrate that the
colocalization requires the interaction of NS5A with NAP1L1 through the C-terminal
serine-rich region, we exploited two subgenomic constructs, SGR-delB, and SGR-m2 (6,
7). NS5A from both constructs localized in clusters in the cytoplasm, like the wild-type
replicon, but did not colocalize with NAP1L1, which remained diffused in the cytoplasm
(Fig. 3E). We conclude that NAP1L1 binds to the same cluster of serine residues at the
carboxy terminus of NS5A as the HCV core protein.

NAP1L1 is not required for HCV replication and infectivity in Huh7 cells. In
order to assess the potential role of NAP1L1 in HCV replication, we overexpressed the
enhanced yellow fluorescent protein (EYFP)-tagged version of NAP1L1 in Huh7-Lunet
cells by lentiviral vector (LV) transduction. NAP1L1-EYFP had the expected cytoplasmic
localization and colocalized with NS5A when cells were transfected with SGR-JFH1 RNA
(Fig. 4A). However, there was no difference between cells overexpressing NAP1L1-EYFP
or EYFP alone in the levels of luciferase from SGR-JFH/Luc, which is a measure of HCV
genome replication (Fig. 4B). Next, we efficiently depleted NAP1L1 by using lentiviral
vectors delivering a specific short hairpin RNA (shRNA) (Fig. 4C). Again, Huh7-Lunet cells
replicated SGR-JFH/Luc under conditions of NAP1L1 depletion as well as under mock
conditions (Fig. 4D). To further confirm these results, we introduced full-length genomic
HCV JFH1 RNA into Huh7-Lunet cells which had been treated with shRNA as described
above. Cell culture supernatants at the indicated time points were used to infect naive
Huh7.5 cells to measure infectivity. As shown in Fig. 4E, HCV infectivity also was not
affected by NAP1L1 depletion in Huh7-Lunet cells. Finally, we investigated the repli-
cation of HCV SGR-JFH/Luc carrying the m2 mutation of NS5A. As shown in Fig. 4F,
wild-type and m2 replicons replicated equally well in Huh7-Lunet cells compared to the
nonreplicative control mutated in the polymerase NS5B GND.

We took the inverse approach to investigate the effect of NS5A on NAP1L1 activity.
Under physiological conditions in cell culture, NAP1L1 is found predominantly in the
cytoplasm (Fig. 1C). However, incubation of cells with the nuclear export inhibitor
leptomycin B (LMB) results in the accumulation of NAP1L1 in the nucleus (Fig. 5A) (31).
Therefore, we transfected cells with SGR-JFH1 and its mutant m2 and monitored the
localization of endogenous NAP1L1 in the nucleus. As shown in Fig. 5A and B, SGR-driven
NS5A, but not the m2 mutant, significantly inhibited nuclear localization of NAP1L1. To
further analyze this phenotype in the context of HCV gt1, we also engineered the
corresponding m2 mutations in Con1-derived NS5A (see Fig. 2E for an alignment of the
carboxy terminus of NS5A from the different genotypes). As shown in Fig. 5C, Con1-
derived NS5A m2 lost the ability to interact with NAP1L1, as expected. Interestingly,
both JFH1- and Con1-derived NS5A equally inhibited nuclear translocation of NAP1L1
(Fig. 5D and E).

We conclude that NAP1L1 is not directly involved in HCV replication and infectivity
but that NS5A from both genotypes affects NAP1L1 nuclear localization, possibly by
sequestering NAP1L1 in the cytoplasm. Hence, we set to investigate the nuclear activity
of NAP1L1.

Transcriptome analysis of NAP1L1-depleted cells. NAP1L1 is a nucleosome chap-
erone involved in several nuclear processes, including transcription. Genome-wide
analysis of yNAP1-deleted Saccharomyces cerevisiae showed that about 10% of all yeast
open reading frames changed the transcription levels more than 2-fold (38). To
investigate the transcriptome of hepatocytes, we depleted NAP1L1 with shNAP1L1 (Fig.
4(Q). Differential analysis of the shNAP1L1 transcriptome versus cells transduced with
the control shRNA (shCTRL) showed significant upregulation of 144 genes (fold change
of >2) and downregulation of 358 genes (fold change of <—2), with a false-discovery
rate of less than 0.05 (data are derived from the most stringent DESEQ2 statistical
analysis in Table S1, which also shows the EDGR statistical analysis of the same data for
comparison). These numbers correspond to approximately 1% of the total reads in the
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FIG 4 HCV does not require NAP1L1 for replication and infectivity. (A) NS5A and NAP1L1-EYFP
colocalize during HCV replication. Huh7-Lunet cells were transduced with a lentiviral vector (LV)
expressing NAP1L1-EYFP and then either mock electroporated or treated with the subgenomic HCV
replicon SGR-JFH1/Luc and fixed at 72 hpe. Indirect immunofluorescence analysis was performed
with anti-NS5A antibody (red) (scale bars, 10 um). (B) NAP1L1 overexpression does not affect HCV
genome replication. Huh7-Lunet cells were transduced with a lentiviral vector (LV) expressing EYFP
or NAP1L1-EYFP at an efficiency of >85% on average as measured by cytofluorimetric analysis. Cells
were then electroporated with the HCV SGR JFH1/Luc RNA, and luciferase was monitored at the
indicated time points. Values are normalized to the luciferase signal at 4 h postelectroporation.
Averages for 3 independent replicates are shown with standard deviations. (C) Depletion of NAP1L1
by shRNA. Huh7-Lunet cells were transduced with an LV expressing shRNA targeting NAP1L1
(shNAP1L1) or a nontargeting control (shCTRL). After selection with puromycin, cells were electro-
porated with HCV SGR JFH1/Luc RNA, and protein levels were detected by WB. (D) Depletion of
NAP1L1 does not affect HCV genome replication. Huh7-Lunet cells were treated as for panel C, and
the luciferase signal was measured as for panel B. (E) Depletion of NAP1L1 does not affect HCV
infectivity. Huh7-Lunet cells treated with shRNAs as for panel C were electroporated with full-length
HCV JFH1 RNA. At the indicated time points, the supernatant was collected and used to infect naive
Huh7.5 cells at various dilutions. The 50% tissue culture infective dose (TCID;,) was then calculated
by counting cells stained with the NS5A antiserum. (F) Mutagenesis of the NAP1L1 binding site of
NS5A does not affect HCV genome replication. Huh7-Lunet cells were electroporated with HCV SGR
JFH1/Luc RNA from the wild type (wt), the m2 mutant of NS5A, or the GND mutant of NS5B, which
is replication defective. Luciferase was measured as for panel B.
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FIG 5 The interaction with HCV NS5A inhibits NAP1L1 nuclear translocation. (A) SGR-JFH1 NS5A inhibits
NAP1L1 nuclear localization. Huh7-Lunet cells were electroporated with HCV SGR-JFH1/Luc RNA, the
mutant replicon SGR-JFH1/m2, or control SGR-JFH1/GND as indicated. At 63 hpe, cells were treated with
150 nM LMB for 9 h. Cells were then fixed and stained for NS5A and NAP1L1. Scale bars 10 um. (B)
Quantification of SGR-JFH1 NS5A inhibition of NAP1L1 nuclear localization. Three hundred cells treated as
for panel A were visually scored for NAP1L1 nuclear localization in the presence of NS5A. The investigator
was blinded to the group allocation during visual counting. Averages for 3 independent replicates are
shown with standard deviations. (C) ConT NS5A mutant m2 does not bind NAP1L1. HEK 293T cells were
transfected with expression plasmids for Con1 NS5A and m2. Co-IP was conducted as for panel B. (D) Both
JFH1- and Con1-derived NS5A proteins inhibit nuclear translocation of NAP1L1. Huh7-Lunet cells were
transfected with expression plasmids for NS5A from JFH1 or Con1 and their respective m2 mutants. Cells
were treated with LMB as described above, fixed, and stained for ectopic FLAG-tagged NS5A and
endogenous NAP1L1. Scale bars, 10 um. (E) Quantification of NS5A inhibition of NAP1L1 nuclear localiza-
tion. Cells treated as for panel C were visually scored as described for panel B.
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FIG 6 NAP1L1 is involved in the innate immune response. (A) Whole-genome transcriptome analysis in
NAP1L1-depleted cells. Huh7-Lunet cells were treated with shNAP1L1/shCTRL, followed by RNA-seq
analysis. Black bars show the levels of 15 downregulated genes (fold change, <—2) and 2 upregulated
genes (fold change, >2), which were further validated by qRT-PCR (gray bars) normalized for B-actin. (B)
Induction of ISGs is not NAP1L1 dependent. Huh7-Lunet cells were treated with 1000 U/ml of IFN-« for
8 h. UBD, GBP2, IFITM3, and GAPDH mRNAs were measured by gRT-PCR, normalized for B-actin in
triplicate independent experiments. Shown are fold changes over basal, noninduced levels = SD. (C) IFN
induction following poly(l-C) transfection in different cell lines. U20S, Huh7-Lunet, and Huh7.5 cells were
transfected with 1 ug poly(l-C) for 8 h. IFN-B mRNA levels were measured by qRT-PCR, normalized for
B-actin, and plotted against those for mock-treated cells (Lipofectamine). Average for 3 independent
replicates are shown with standard deviations. (D) NAP1L1 depletion affects the induction of IFN-B mRNA
by poly(l-C). U20S cells treated with shNAP1L1/shCTRL for 3 days were transfected with 1 pg poly(I-C) for
8 h. IFN-B mRNA levels were measured as described above. (E) NAP1L1 depletion affects the induction
of IFN-B by poly(I-C). U20S cells were treated as for panel C. Secreted IFN-B protein was measured by a
commercial enzyme-linked immunosorbent assay (ELISA) in triplicate and quantified against a standard
curve, and results were plotted.

analysis (46,623 reads), suggesting a good degree of specificity for the genes regulated
by NAP1L1. To validate the sequencing data, we retested a number of modulated genes
by reverse transcription-PCR (RT-PCR) (Fig. 6A). Ingenuity pathway analysis of down-
regulated genes indicated that top canonical pathways involved in cancer and signal-
ing were mostly affected (Table S1). Interestingly, we also noticed downmodulation
of interferon-stimulated genes (ISGs) such as IFITM3, GBP2, and UBD, as well as
genes involved in interferon (IFN) transcriptional activation such as RELA (p65 subunit
of NF-kB), c-Jun, and GEF2 (39, 40). To investigate whether the expression of the
NAP1L1 target genes is reduced in HCV-infected cells we conducted a meta-analysis
of published data obtained in a similar setting (41) (see Table S2 in the supple-
mental material). We found an overlap of 40 genes between the two analysis, with
5 upregulated genes, 27 downregulated genes, and 8 genes showing opposed
regulation. Interestingly, among the overlapping downregulated genes we found
again genes implicated in innate immunity regulation, such as RELB, c-Jun, and
GEF2 (see Table S2). We also compared Huh7 cells stably replicating SGR JFH-1 with
the homologous cured cells for the expression of some NAP1L1-regulated genes
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(not shown). We found that two significantly downregulated genes in the context
of NAP1L1 depletion, GEF2 and IFTM1, were also downregulated under conditions
that favor HCV replication. However, other genes were not affected (CFL2 and
HEPACAM?2) or showed opposite regulation (UBD).

In order to explore the impact of NAP1L1 depletion on the interferon response
pathway, we explored IFN-a-mediated induction of IFITM3, GBP2, and UBD (as well as
IFIT1, IFIT3, OASL, interleukin-8 [IL-8], and CXCL11 [not shown]). We found that these
genes were not impaired in their IFN-dependent induction by NAP1L1 depletion, ruling
out a specific role for NAP1L1 in ISG transcriptional activation (Fig. 6B). Finally, in order
to assess the effect of NAP1L1 depletion on the induction of IFN-B, we needed a
different cell line than Huh7-derived cells. To this end, we used U20S cells, which
maintain an intact IFN signaling pathway following poly(l-C) transfection, compared to
cells more permissive to HCV such as Huh7-Lunet or Huh7.5 (Fig. 6C) (42, 43). However,
as shown in Fig. 6D and E, the IFN-3 response to poly(l-C) transfection in U20S cells was
completely obliterated in the absence of NAP1L1, at both the mRNA and protein levels.
Similar results were also obtained in the context of vesicular stomatitis virus infection
(not shown). These data indicate that NAP1L1 is involved in regulating pathways that
lead to interferon induction.

Involvement of NAP1L1 in the induction of IFN. Pattern recognition receptors
(PRRs) such as RIG-I/MDA5 and TLR3 respond to viral RNA agonists as well as to poly(l-C)
by activating transcription factors such as NF-«B and IRF3. We observed previously that
the NF-«B subunit RELA mRNA levels were reduced in the context of NAP1L1 depletion
(Fig. 6A), and we confirmed this also at the protein level (Fig. 7A and B). Following
activation, RELA translocates into the nucleus as a phosphorylated protein. As shown in
Fig. 7A and C, phosphorylation of RELA occurs 1 to 4 h after poly(l-C) induction. Under
conditions of NAP1L1 depletion, albeit under conditions of reduced RELA protein
content, phosphorylation occurs normally up to 4 h posttreatment, when a slight
decrease was consistently observed (Fig. 7A and C). Nuclear translocation of RELA
showed a significant decrease in the context of NAP1L1 depletion following poly(l-C)
induction (Fig. 7D and E). At variance with RELA, IRF3 protein levels were not changed
by NAP1L1 depletion (Fig. 7A). However, IRF3 phosphorylation was profoundly affected
(Fig. 7A and Q), as was IRF3 nuclear translocation (Fig. 7F and G). Finally we wished to
recapitulate the phenotype of NAP1L1 depletion using HCV NS5A. Wild-type NS5A
inhibits TBK1-mediated activation of the IFN response (Fig. 7H), but the activity was
rescued by the NS5A mutant that cannot bind NAP1L1. These results suggest that
NAP1L1 depletion regulates the innate immune response by downmodulating RELA
protein levels and by inhibiting IRF3 phosphorylation.

Molecular basis of NAP1L1 depletion on IRF3 phosphorylation. IRF3 phosphor-
ylation is the consequence of a complex series of molecular events (Fig. 8A). PRRs such
as RIG-I recognize the RNA agonist in the cytoplasm and bind the adaptor protein
IPS-1/MAVS to trigger the downstream kinases TBK1/IKKe, which then phosphorylate
IRF3. TLR3 instead recognizes the RNA agonist within endosomes and signals through
the adaptor TIR-domain containing adaptor-inducing IFN-B (TRIF) to induce IRF3 phos-
phorylation. Since NAP1L1 depletion could affect each of these steps, we proceeded to
dissect the whole signaling pathway. First, we took advantage of the constitutively
active phosphomimetic IRF3-5D (44). Consistent with our interpretation, induction of
IFN-B by IRF3-5D was not affected by NAP1L1 depletion (Fig. 8B and C). Conversely,
depletion of NAP1L1 resulted in the inhibition of each step of the RIG-I pathway, from
MAVS down to TBK1/IKKe kinases. With a similar approach, we could demonstrate that
the TLR3 adaptor protein TRIF activity is inhibited by NAP1L1 depletion (Fig. 9A). To
further investigate this pathway, we reconstituted the TLR3 pathway in Huh7-Lunet
cells depleted of NAP1L1 (Fig. 9B and C). Stimulation with exogenous poly(l-C) induced
high levels of the ISG IFIT1 (interferon-induced protein with tetratricopeptide repeats
1), which was severely affected by NAP1L1 depletion (Fig. 9D). We conclude that
NAPTL1 controls both arms of innate sensing at the IRF3 crossroad.
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FIG 7 NAP1L1 controls RELA levels and IRF3 activation. (A) NAP1L1 depletion affects RELA levels and IRF3
phosphorylation. U20S cells were transduced with LV for shNAP1L1 or shCTRL and subsequently transfected
with 1 ug poly(l-C) using Lipofectamine (lipo). Protein levels as indicated were monitored by WB at 1, 2, and
4 h posttransfection of poly(l-C). (B) NAP1L1 depletion decreases RELA protein levels. Blots as in panel A were
quantified to measure RELA and IRF3 protein levels using ImageJ. Shown is the shNAP1L1/shCTRL ratio in cells
not transfected with poly(l-C). Averages for 3 independent replicates are shown with standard deviations. (C)
NAP1L1 depletion affects IRF3 phosphorylation. Blots as in panel A were quantified to measure RELA and IRF3
phosphorylation levels using ImageJ. Shown is the ratio of phosphorylated protein to total protein in cells
transfected with poly(l-C). Averages for 3 independent replicates are shown with standard deviations. (D)
NAP1L1 depletion reduces RELA nuclear translocation. U20S cells were transduced with LV for shNAP1L1 or
shCTRL and subsequently transfected with 1 pg poly(l-C) for 8 h. Cells were then fixed and stained for RELA.
(E) NAP1L1 depletion reduces RELA nuclear translocation. Around 500 cells from the experiment for panel D
were counted for each condition to calculate the percentage of RELA nuclear translocation. Averages for 3
independent replicates are shown with standard deviations. (F) NAP1L1 depletion reduces IRF3 nuclear
translocation. U20S cells were transduced with LV for shNAP1L1 or shCTRL and subsequently transfected with
1 ug poly(l-C) for 8 h. Cells were then fixed and stained for IRF3. (G) NAP1L1 depletion reduces IRF3 nuclear
translocation. Around 500 cells from the experiment for panel F were counted for each condition to calculate
the percentage of IRF3 nuclear translocation. Averages for 3 independent replicates are shown with standard
deviations. (H) HCV NS5A inhibits TBK1-mediated activation of IFN-B. HEK 293T cells were transfected with
expression vectors for FLAG-tagged TBK1, NS5A, or the NS5A-m2 mutant together with a reporter plasmid
carrying the firefly luciferase (Fluc) gene under the control of the IFN-B promoter (pIFNB-Luc) and the control
pCMV-Renilla. Relative light units (RLUs) of luciferase activity were measured in quintuplicate independent
experiments, normalized for Renilla, and represented as fold change over mock treatment =+ SD.
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FIG 8 NAP1L1 controls IRF3 phosphorylation at the TBK1/IKKe level. (A) Schematic representation of the
RIG-I and TLR3 pathways. Both lead to activation of NF-kB and phosphorylation of IRF3 through
MAVS/TBK1/IKKe or TRIF, respectively. NF-«kB and pIRF3 translocate to the nucleus and activate IFN-B3 and
other ISGs. (B) NAP1L1 does not affect constitutive IRF3-5D activity. Huh7-Lunet cells were transduced
with LV for shNAP1L1 or shCTRL and subsequently transfected with an expression vector for IRF3-5D, the
reporter IFN-B-Luc, and the Renilla control. Cell lysates were blotted as indicated. (C) NAP1L1 does not
affect constitutive IRF3-5D activity. Luciferase activity of cells from the experiment for Fig. 7H was
measured in triplicate independent experiments, normalized for Renilla. Average values are shown with
standard deviations. (D) Depletion of NAP1L1 affects TBK1/IKKe-mediated activation of IFN-B. HEK 293T
cells were transduced with LV for shNAP1L1 or shCTRL and subsequently transfected with expression
vectors for FLAG-tagged RIG-I, IPS-1/MAVS, TBK1, and IKKe together with the reporter IFN-B-Luc and the
Renilla control. Cell lysates were blotted with anti-FLAG antibody as indicated. Luciferase activity was
measured in triplicate independent experiments, normalized for Renilla, and represented as fold change
over mock treatment * SD.

DISCUSSION

The coevolution of viruses with their host results in a number of defense strategies
and countermeasures. Particularly for chronic infections, where the virus persists for
long periods of time, a delicate equilibrium is established to permit limited virus
replication in the context of a permissive cellular environment. HCV is highly successful
at establishing a chronic infection, with about 80% of patients becoming chronically
infected. In this work, we describe several lines of evidence that identify NAP1L1 as a
key cellular effector of innate sensing and propose a novel mechanism that the virus
deploys to subvert innate immunity in infected hepatocytes.

First, we confirmed that NAP1L1 is a bona fide interactor of NS5A. These data are in
support of a series of independent observations from other groups that indicated
NAPTL1 and/or NAP1L4 as a binding partner for NS5A but failed to identify a functional
role (18-21). We mapped the interaction at the extreme carboxy terminus of NS5A, in
a conserved motif encompassing three serine residues that have been implicated in the
interaction of NS5A with core, which is essential for virus assembly but dispensable for
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FIG 9 NAP1L1 controls the TLR3 pathway. (A) Depletion of NAP1L1 affects TRIF-mediated activation of
IFN-B. Huh7-Lunet cells were transduced with LV for shNAP1L1 or shCTRL and subsequently transfected
with expression vectors for TRIF together with the reporter IFN-B-Luc and the Renilla control. Luciferase
activity was measured in triplicate independent experiments, normalized for Renilla, and represented as
fold change over mock treatment *+ SD. (B) Depletion of NAP1L1 by LV shRNA treatment. Huh7-Lunet
cells were transduced with LV for shNAP1L1 or shCTRL and then with LV expressing TLR3 or EGFP as a
control. Fifty micrograms of poly(l-C) was added to the medium and left for 24 h. IFN-B mRNA levels for
NAP1L1 were measured by qRT-PCR, normalized for B-actin, and plotted against those for mock
treatment. Averages for 3 independent replicates are shown with standard deviations. (C) Reconstitution
of the TLR3 pathway. Cells were processed and TLR3 mRNA quantified as for panel B. (D) Depletion of
NAP1L1 affects TLR3 signaling. Cells were processed and IFITT mRNA quantified as for panel B.

HCV genome replication (Fig. 4F) (6-8). Interestingly, NAP1L1 has also been identified
as a binding partner of core in the same proteomic screenings that identified it as a
binding partner of NS5A (18, 21). Indeed, in the presence of core, we could visualize
NAP1L1 on the surface of lipid droplets together with NS5A and core. However,
interaction with core appears not to be essential for NAP1L1 and NS5A interaction,
since experiments conducted in the absence of core showed efficient interaction and
colocalization. Therefore, core and NAP1L1 bind independently to the same region of
NS5A. Unfortunately, mutagenesis of the binding motif in NS5A results in the disruption
of both core and NAP1L1 interactions and in a defect in assembly for viruses generated
with these mutations, thus precluding their use unless these two interactions are
uncoupled, if at all possible.

Next we questioned the functional role of the interaction. We discovered that NS5A
from genotype 2 was able to bind and degrade NAP1L1 through a proteosome-
dependent mechanism. NS5A from genotype 1 was also able to bind efficiently but was
unable to degrade NAP1L1. Furthermore, wild-type NS5A from both genotypes, but not
the mutated version defective for NAP1L1 binding, inhibited the nuclear relocalization
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of NAP1L1. It is well established that acutely infected patients respond well to IFN
therapy, while in chronically infected ones the response to IFN is variable and depends
on the viral genotype (39, 45). Patients infected with HCV genotypes 2 and 3 show a
better response than those infected with genotypes 1 and 4, which correlates with
higher levels hepatic ISG expression in HCV genotype 1- and 4-infected patient liver
before therapy (46-49). The ability of different genotypes to subvert the innate
response has been attributed to the genetic variability of NS3 and NS5A, which could
affect their known activities in targeting innate immunity effectors such as MAVS (NS3)
or protein kinase R (PKR) and possibly NAP1L1 (NS5A). For example, the levels of MAVS
cleavage in vivo showed a positive correlation with the decrease of the interferon
response (50). In that report, HCV genotypes 2 and 3 were more efficient than
genotypes 1 and 4 in MAVS cleavage and blockage of the endogenous IFN system,
which determines the response to treatment with pegylated IFN and ribavirin. There-
fore, we could speculate that also the differential ability of NS5A from genotypes 1
(binding of NAP1L1) and 2 (binding and degradation of NAP1L1) contributes to the
observed responses following IFN treatment. However, the interaction of NS5A and
NAP1L1 appears to be functionally dominant over JFH1-dependent degradation. In fact,
NS5A proteins from the two genotypes were observed to be equally efficient in
blocking NAP1L1 translocation into the nucleus (Fig. 5D and E).

Depletion of NAP1L1 by shRNA, which recapitulates NS5A-mediated inhibition,
resulted in the modulation of several genes at the transcription level. In particular, we
noticed downmodulation of interferon-stimulated genes (ISGs), such as GBP2, IFITM3,
and UBD, and of genes involved in the transcriptional activation of IFN-B, such as RELA,
the p65 subunit of NF-«B. Indeed, depletion of NAP1L1 strongly affected poly(l-C)-
mediated induction of IFN-B, while no effect was observed for IFN-B induction of ISGs.
These findings restrict the functional role of NAP1L1 for HCV to the modulation of the
innate sensing of the virus in infected cells. It is worthwhile to note that the latter
experiments were conducted in U20S cells, which are competent for the interferon
response (43). Huh7-derived cell lines adapted for HCV growth are instead defective for
the sensing of HCV replication (Fig. 6C) (42, 43). Hence, NS5A control of NAP1L1 results
in the inhibition of the cellular innate response pathway leading to IFN-B transcription,
which is appreciable only in cells that maintain this pathway active. This observation
clearly explains why we failed to observe any effect of NAP1L1 overexpression or
depletion on HCV replication and infectivity in Huh7-derived cells.

HCV infection triggers a number of innate immune pathways (39). The 5'-ppp and
the poly(U/UC) sequence of viral RNA are potent activators of RIG-I signaling through
MAVS/IPS-1, leading to the activation of the transcription factors IRF3 and NF-«B, which
in turn drive transcription of IFN-B. HCV infection is also monitored in the host by the
Toll-like receptors (TLRs). Viral RNA activates TLR3, and signals are transduced through
the TIR-domain containing adaptor-inducing IFN-B (TRIF), leading to activation of the
transcription factors IRF3 and NF-«B for the induction of innate immunity (51, 52).
Another recently described sensor protein for HCV is the antiviral protein kinase R (PKR).
Kinase-independent PKR signaling activates specific ISGs and IFN-B early during HCV
infection (53). This signaling induces protein-protein interactions between PKR and
MAVS, which has been previously described as a signaling adaptor protein also for PKR
(54-56). Interestingly, all these pathways converge on the activation of transcription
factors NF-«B and/or IRF3. We found that depletion of NAP1L1 not only results in a
significant reduction of the mRNA and protein levels of NF-«B but also severely impairs
IRF3 phosphorylation. Furthermore, nuclear translocation of both NF-«B and IRF3
following poly(l-C) stimulation of RIG-I is reduced when NAP1L1 is depleted. Therefore,
NAP1L1 affects a step leading to IRF3 phosphorylation, a conclusion that is further
substantiated by an experiment where IFN-B expression induced by a constitutively
active phosphorylated form of IRF3 (IRF3-5D) remained unaffected by NAP1L1 deple-
tion, which rules out inhibitory effects downstream of IRF3 phosphorylation. In order to
understand at which step NAP1L1 depletion was inhibiting the pathway upstream of
IRF3, we proceeded to dissect the major RIG-I-dependent axis leading to IFN-$3 expres-
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sion. We could consistently observe that depletion of NAP1L1 reduces IFN-B expression
induced by activated RIG-I, MAVS, TBK1, and IKKe. Hence, we can hypothesize that
NAP1L1 depletion affects the RIG-I pathway at the level of TBK1/IKKe phosphorylation
of IRF3. As mentioned above, at this step all three pathways of IFN- activation by HCV,
i.e,, RIG-l, TLR3, and PKR, converge. Indeed, the TLR3 pathway was also inhibited by
NAP1L1 depletion. Finally, to demonstrate that NS5A targeting of NAP1L1 is sufficient
to inhibit this phosphorylation step, we showed that wild-type NS5A, but not NS5A
mutants defective for NAP1L1 binding, are able to inhibit IFN-B induction by TBK1.

The master viral regulator of the HCV immune evasion program is the HCV NS3/4A
protease. To regulate innate immune signaling, NS3/4A utilizes its protease domain to
cleave key innate immune signaling adaptor proteins such as MAVS (57-60) and TRIF
(61, 62). However, hepatitis A virus, a hepatotropic virus which does not usually become
chronic, encodes a protease that also cleaves MAVS (63). Thus, MAVS/TRIF cleavage is
probably necessary but not sufficient for viral chronicity. HCV also regulates PKR activity
during viral infection. HCV has several PKR inactivation strategies that probably con-
tribute to viral persistence in addition to NS3-NS4A cleavage of MAVS, which depend
on the activity of NS5A and E2 (64-66). In this work we add another mechanism that
could be deployed by HCV to subvert the host response to infection. We could not fully
recapitulate the functional role of NAP1L1 in the infectious HCV life cycle due to a
number of limitations of our experimental tools. First, mutations in NS5A that abolish
NAP1L1 binding are not compatible with a fully infectious virus (6-8). Second, Huh7-
derived cells that support HCV replication are impaired in the interferon response (Fig.
6C). Third, infection with full-length HCV would lead to several additional mechanisms
of inhibition of the interferon response in addition to the NS5A/NAP1L1 axis, such as
NS3/4A targeting MAVS and TRIF or NS2 inhibiting TBK/IKKe (39, 67). However, not-
withstanding the limitations outlined above, we could clearly identify NAPIL1 as a
target for HCV NS5A and define its novel role in the innate response. Notably, a very
recent report confirmed the interaction of HCV NS5A with NAP1L1 and showed some
effect of NAP1L1 depletion on viral replication in the context of cells stably harboring
an SGR HCV (68). It is possible that chronically replicating HCV is somehow more
sensitive to NAP1L1 depletion.

NAP1L1 is a cytoplasmic protein unless it is stimulated to translocate into the
nucleus. Therefore, we initially hypothesized a direct participation of NAP1L1 in the
TBK1/IKKe kinase complex that phosphorylates IRF3. However, we failed to immuno-
precipitate NAP1L1 together with TBK1 and IKKe (not shown). Most probably, the
activity of NAP1L1 is at the transcriptional level instead, as we observed for the down-
modulation of NF-«kB. NAP1L1 depletion and/or sequestration in the cytoplasm would
result in the decrease of an as-yet-unknown cellular factor that promotes TBK1/IKKe
phosphorylation of IRF3. Targeting general transcription factors to subvert innate
sensing is not unusual. Several examples of viral proteins that target host cell tran-
scription have been described. NSs from La Crosse encephalitis virus act downstream
of IRF3 by specifically inhibiting RNA polymerase Il (RNAPII)-mediated transcription by
proteasomal degradation of the RBP1 subunit (69). Other bunyaviruses interfere with
RNAPII CTD Ser2 phosphorylation or target TFIIH (70-72). The NS1 of the influenza A
virus H3N2 subtype mimics a histone tail and suppresses hPAF1C-mediated transcrip-
tional elongation of a subset of inducible genes involved in the antiviral response (73).
Therefore, targeting transcription appears to be a generalized strategy to fine-tune
transcriptional programs triggered by infection, which puts the cell in the optimal state
to overcome the invaders’ attack. HCV makes no exception and we demonstrate here
that by targeting NAP1L1, it is able to control a subset of host genes, including key
components of the antiviral innate sensing. It will be important to investigate at the
transcriptional level the mechanism of action of NAP1L1 and to identify the factor(s)
involved in TBK1/IKKe IRF3 phosphorylation that is downmodulated when NAP1L1 is
depleted.
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MATERIALS AND METHODS

Cells and viruses. The human hepatocarcinoma Huh7 cell line, its derivative Huh7-Lunet (kindly
provided by Ralf Bartenschlager, University of Heidelberg, Germany) (74), the HEK 293T cell line, and the
osteosarcoma cell line U20S were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and antibiotics. Cell cultures were maintained at 37°C under
5% CO,. Cells were routinely tested for mycoplasma contamination.

In vitro-transcribed JFHT RNA was introduced into Huh7-Lunet cells by electroporation as described
previously (75). The supernatants from cells electroporated with JFH1 RNA were removed at the required
time points and used to infect monolayers of naive Huh7.5 cells. Infected cells were detected at 3 days
postinoculation by indirect immunofluorescence using a polyclonal NS5A antiserum. The 50% tissue
culture infective dose (TCID,,) was determined by limiting dilution assay (76).

IFN-a was obtained from the Biotechnology Development Group of the ICGEB.

Plasmids. Plasmid pJFH1 was provided by T. Wakita (77). Plasmids encoding SGR-JFH1/Luc and the
nonreplicating control SGR-JFH1/Luc-GND were described previously (78). Plasmid pFKLuc-JFH/AE1-E2
was provided by R. Bartenschlager (37), plasmid SGR-JFH/m2 was provided by T. Masaki (6), and plasmid
SGR-JFH1/delB was provided by T. Tellinghuisen (7). The pHA-NAP1L1 and pNAP1L1-EYFP expression
vectors were described previously (30, 31). pFLAG CMV-2 (Sigma-Aldrich) was used as the backbone for
all NS5A constructs. FLAG-tagged NS5A from HCV JFH1, Con1, and H77 were cloned by PCR of the
corresponding HCV genotypes. Mutagenesis of NS5A (JFH1 and Con1) was performed by PCR (detailed
information is available on request). The reporter plasmid carrying the firefly luciferase (Fluc) gene under
the control of the IFN-B promoter (pIFNB-Luc) was provided by J. Jung (44). T. Fujita kindly provided
FLAG-tagged expression vectors for RIG-I, RIG-I-N, TBK1, IKKe, IPS-1/MAVS, and HA-IRF3-5D. The control
pCMV-Renilla was from Promega.

LV production and shRNA delivery. Overexpression of NAP1-EYFP and control EYFP was obtained
by lentiviral vector (LV) transduction on a pWPI backbone with blasticidin resistance (BLR), kindly
provided by D. Trono. Lentiviral silencing vectors were derived from pLKO.1 TRC (Addgene). The control
short hairpin RNA (shRNA) was the pLKO.1 scramble from Addgene, while for NAP1L1 targeting, a specific
targeting sequence was designed and cloned into pLKO.1 TRC (shNAP1L1) using the oligonucleotides
5'-CCGGCCTATTCTGAAGCACTTGAAACTGCAGTTTCAAGTGCTTCAGAATAGGTTTTTG-3' and 5'-GGATAAGA
CTTCGTGAACTTTGACGTCAAAGTTCACGAAGTCTTATCCAAAAACTTAA-3'.

An LV for TLR3 reconstitution together with its green fluorescent protein (GFP) control was obtained
from Sam Wilson (MRC-University of Glasgow Centre for Virus Research). Packaging in HEK 293T was
performed according to standard procedures using the packaging plasmid psPAX2 and pMD2. G
(Addgene). Cell supernatants were filtered and kept at —80°C in small aliquots until use.

In vitro transcription and electroporation of HCV SGR RNA. The HCV SGR constructs were
linearized with Xbal and treated with mung bean nuclease as described previously (79). RNA was
transcribed in vitro from linearized constructs using the MEGAscript T7 kit (Ambion). Synthesized RNA
was treated with DNase | and transfected into cells by electroporation.

Polyinosinic-polycytidylic acid sodium salt [poly(I-C)] (InvivoGen) was also transfected into cells by
lipofection (Lipofectamine Plus; Life Technologies) according to the manufacturer’s instructions.

WB, IP, and IF. Indirect immunofluorescence analysis (IF) and Western blotting (WB) were performed
essentially as previously described (80). Immunoprecipitation (IP) was performed by lysis of cells in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 1% SDS,
1 M phenylmethylsulfonyl fluoride [PMSF], 1 mM EDTA, and proteinase inhibitors [cOmplete Mini; Roche]).
Lysates were cleared by centrifugation and incubated with anti-FLAG M2 agarose beads (Sigma-Aldrich) or
with anti-NAP1L1 antibody/IgG control and protein A/G agarose beads, washed several times in RIPA
buffer, and eluted in SDS-PAGE sample buffer. The following antibodies were used in this study: a sheep
polyclonal antibody against NS5A, kindly provided by M. Harris (1:200 for IF and 1:2,000 for WB) (81); a
rabbit polyclonal antibody against human NAP1L1 (Ab33076; Abcam) (1:200 for IF; 1:1,000 for WB; and
1:100 for IP); a rabbit polyclonal antibody against human IRF3, kindly provided by T. Fujita (1:100 for IF);
a rabbit monoclonal antibody against human IRF3 (4302; Cell Signaling) (1:500 for WB); a rabbit monoclonal
antibody against phosphorylated human IRF3 (4947; Cell Signaling) (1:500 for WB); a rabbit monoclonal
antibody against human NF-«B p65/RELA (8242; Cell Signaling) (1:100 for IF and 1:1,000 for WB); a rabbit
monoclonal antibody against phosphorylated human NF-«B p65/RELA (3033; Cell Signaling) (1:1,000 for WB);
a mouse monoclonal antibody against human B-actin conjugated with peroxidase (A3854; Sigma-Aldrich)
(1:10,000 for WB); a mouse monoclonal antibody against the FLAG tag (F1804; Sigma-Aldrich) (1:1,000 for WB);
and a mouse monoclonal antibody against the HA tag conjugated with peroxidase (H6533; Sigma-Aldrich)
(1:10,000 for WB). Secondary antibodies conjugated with Alexa Fluor 488/594 were from Life Technologies
(1:500 for IF), and peroxidase conjugates were from Dako (1:5,000 WB).

Luciferase assay and real-time qPCR. Luciferase assays were conducted essentially as described
previously (79, 80). For real-time quantitative reverse transcription-PCR (qPCR), total cellular RNA was
extracted with the isol-RNA reagent (5 Prime) and treated with DNase | (Life Technologies), and 500 ng
was then reverse transcribed with random primers and Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Life Technologies). Quantification of mMRNA was done by real-time PCR using the Kapa Sybr
Fast qPCR kit on a CFX96 Bio-Rad thermocycler. Primers for amplification are available upon request.

Transcriptome analysis by RNA-seq. Huh7-Lunet cells were transduced with shNAP1L1 or shCTRL
in triplicate and incubated with puromycin for 3 days. Total RNA (isol-RNA lysis reagent; 5 Prime,
Hamburg, Germany) was extracted. The quality of extracted RNA was checked by gel electrophoresis
(ribosomal 18S and 28S), spectrophotometric analysis (260/280 > 1.8), and Agilent Bioanalyzer (RNA
integrity number [RIN] = 8). A cDNA library of poly(A)-containing mRNA molecules was prepared (TruSeq;
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lllumina) and sequenced on the lllumina platform (Hiseq2000 4-plex run, 50-bp reads, about 30 million
reads/sample) at IGA Technology Services (Udine, Italy). Raw data were subjected to quality control
(FastQC) and mapped against the human genome RNA reference from NCBI using CLCbio software.

The Bioconductor packages DESeq2 version 1.4.5 (82) and EdgeR (83) version 3.6.2 in the framework

of R software version 3.1.0 were used to perform the differential gene expression analysis of mRNA-seq
data. Both the packages are based on the negative binomial distribution (NB) to model the gene reads
counts and shrinkage estimator to estimate the per-gene NB dispersion parameters. Specifically, we used
rounded gene counts as input, and we estimated the per-gene NB dispersion parameter using the
function DESeq for DESEQ2, while, for EdgeR we used the function calcNormFactors with the default
parameters. To detect outlier data after normalization, we used the R package arrayQualityMetrix (84),
and before testing differential gene expression, we dropped all genes with normalized counts below 14
to improve testing power while maintaining type | error rates. Estimated P values for each gene were
adjusted using the Benjamini-Hochberg method (85). Genes with adjusted P values of <0.05 and
absolute logarithmic base 2-fold changes of >1 were selected. Data were finally analyzed with the
Ingenuity Pathway Analysis software. The significance values for the canonical pathway across the data
set shown in the Table S1 in the supplemental material were calculated by Fisher’s right-tailed exact test.
The significance indicates the probability of association of molecules from our data set with the canonical
pathway by random chance alone.

Statistics. Three independent experiments in triplicate repeats were conducted for each condition

examined, unless otherwise indicated in the figure legends. Mean values are shown with standard
deviations (SD) and P values, measured with a paired two-tailed t test. Only significant P values are
indicated by the asterisks above the graphs (**, P < 0.01 [highly significant]; *, P < 0.05 [significant]).

Where asterisks are missing, the differences were calculated as nonsignificant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.00880-17.

SUPPLEMENTAL FILE 1, XLS file, 5.8 MB.
SUPPLEMENTAL FILE 2, XLS file, 0.1 MB.
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