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ABSTRACT Retinoid (vitamin A) is an essential diet constituent that governs a
broad range of biological processes. Its biologically active metabolite, all-trans
retinoic acid (ATRA), exhibits a potent antiviral property by enhancing both in-
nate and adaptive antiviral immunity against a variety of viral pathogens, such
as, but not limited to, HIV, respiratory syncytial virus (RSV), herpes simplex virus
(HSV), and measles. Even though the hepatocyte is highly enriched with retinoid
and its metabolite ATRA, it supports the establishment of efficient hepatitis C vi-
rus (HCV) replication. Here, we demonstrate the hepatocyte-specific cell-intrinsic
mechanism by which ATRA exerts either a proviral or antiviral effect, depending
on how it engages cellular retinoic acid binding proteins (CRABPs). We found
that the engagement of CRABP1 by ATRA potently supported viral infection by
promoting the accumulation of lipid droplets (LDs), which robustly enhanced the
formation of a replication complex on the LD-associated endoplasmic reticulum
(ER) membrane. In contrast, ATRA binding to CRABP2 potently inhibited HCV via
suppression of LD accumulation. However, this antiviral effect of CRABP2 was ab-
rogated due to the functional and quantitative predominance of CRABP1 in the
hepatocytes. In summary, our study demonstrates that CRABPs serve as an on-off
switch that modulates the efficiency of the HCV life cycle and elucidates how
HCV evades the antiviral properties of ATRA via the exploitation of CRABP1 func-
tionality.

IMPORTANCE ATRA, a biologically active metabolite of vitamin A, exerts pleiotropic
biological effects, including the activation of both innate and adaptive immunity,
thereby serving as a potent antimicrobial compound against numerous viral patho-
gens. Despite the enrichment of hepatocytes with vitamin A, HCV still establishes an
efficient viral life cycle. Here, we discovered that the hepatocellular response to
ATRA creates either a proviral or an antiviral environment depending on its engage-
ment with CRABP1 or -2, respectively. CRABP1 supports the robust replication of
HCV, while CRABP2 potently inhibits the efficiency of viral replication. Our biochemi-
cal, genetic, and microscopic analyses reveal that the pro- and antiviral effects of
CRABPs are mediated by modulation of LD abundance, where HCV establishes the
platform for viral replication and assembly on the LD-associated ER membrane. This
study uncovered a cell-intrinsic mechanism by which HCV exploits the proviral func-
tion of CRABP1 to establish an efficient viral life cycle.
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Retinoid, also known as vitamin A, is an essential diet constituent that governs a
broad range of biological processes, including the antimicrobial defense program.

Accordingly, hypovitaminosis A is associated with enhanced virulence, while supple-
mentation improves the clinical outcomes of a variety of viral infectious diseases (1).
The biologically active metabolite of vitamin A, all-trans retinoic acid (ATRA), contrib-
utes to the antiviral defense program by regulating the differentiation, growth, and
migration of both innate and adaptive immune cells. It has also been shown that the
antiviral effect of ATRA is partially mediated by the enhanced expression of antiviral
genes, referred to as interferon (IFN)-stimulated genes (ISGs), which cooperatively
govern intracellular antiviral innate immunity (2–6).

The liver plays a central role in the regulation of systemic retinoid homeostasis, as
it stores up to 80% of total body retinoid (7). The diet-derived retinoid is first taken up
by hepatocytes and stored in the cytoplasm in the form of retinol (ROL) or retinyl ester
(RE). Hepatocytes then secrete ROL or RE into the systemic circulation for the mainte-
nance of the serum retinoid concentration. Alternatively, an excessive amount of
retinoid in hepatocytes is transferred to hepatic stellate cells (HSC), a nonparenchymal
cell of the liver, for additional storage (8). These notions indicate that hepatocytes and
HSC contain a substantially high quantity and concentration of retinoid compared with
other cell types. In hepatocytes, ROL receives two steps of oxidative metabolism by
medium-chain dehydrogenases, such as alcohol dehydrogenases (ADHs) and aldehyde
dehydrogenases (ALDHs), for the biogenesis of ATRA (9, 10).

ATRA regulates the transcription of more than 500 genes through the activation of
the nuclear receptor complex retinoic acid receptor (RAR)-retinoid X receptor (RXR)
heterodimer (11). Given the hydrophobic nature of ATRA, it requires a chaperone
molecule that captures and shuttles it from the cytoplasm to the nucleus in order to
exert gene regulatory activity. Cellular retinoic acid binding proteins (CRABPs), CRABP1
and -2, are the chaperone molecules that capture ATRA in the cytoplasm (12). Although
these two proteins share extremely high homology, a few previous studies suggested
that cellular responses to ATRA exhibit partially differential biological effects depending
on its engagement with CRABP1 or CRABP2. For example, CRABP1 expression appears
to upregulate cellular proliferation, and thus, its abundant expression in cancerous
tissue is associated with poor prognosis (13). In contrast, the abundant expression of
CRABP2 is coupled with growth inhibition and apoptosis of tumor cells (14). Based on
these observations, CRABP1 and -2 appear to have inverse functionality, at least in the
field of cancer biology. To date, however, it remains unexplored how CRABPs modulate
the hepatocellular response to ATRA or whether CRABPs influence the antiviral prop-
erties of ATRA.

Consequently, this study investigated the underlying mechanism by which HCV
establishes an efficient viral life cycle despite hepatocytes consisting of a substantial
amount of antiviral vitamin by focusing on the differential roles of CRABP1 and -2 in
hepatocytes. Of great interest, we found that CRABP1 is a potent proviral host factor,
while CRABP2 greatly limits the hepatitis C virus (HCV) life cycle. Our nutrigenomics
studies of CRABP1- and -2-expressing cells illustrated a grossly redundant transcrip-
tome profile with exceptions seen in a few subsets of genes. Our bioinformatics analysis
followed by in vitro biochemical and virological studies suggested that the proviral
property of CRABP1 is mediated by its capacity to moderate the cellular response to
ATRA. This event results in the accumulation of lipid droplets (LDs), which enhanced the
efficiency of the viral life cyle. In contrast, the antiviral activity of CRABP2 resulted from
the inhibition of LD accumulation. Finally, we found that the effect of CRABP1 surpasses
that of CRABP2 on the regulation of LD abundance. In summary, our results revealed a
novel aspect of retinoid biology regulated by CRABPs, which modulate the efficiency of
the HCV life cycle through the regulation of hepatic lipid homeostasis.

Bang et al. Journal of Virology

April 2019 Volume 93 Issue 8 e02302-18 jvi.asm.org 2

https://jvi.asm.org


RESULTS
CRABP1 and -2 differentially regulate HCV infection in hepatocytes. Both CRABP1

and -2 are known to serve as chaperone molecules of ATRA in the cytoplasm and
modulate the cellular responses to vitamin A (12). As in vitro study of the HCV life cycle
is restricted to the use of Huh7-derived cells, we first evaluated the relative expression
of CRABP1 and -2 in Huh7 cells in comparison with that in freshly isolated primary
human hepatocytes (PHH). The result demonstrated that Huh7 cells barely express
CRABP1 and -2 at both the transcript and protein levels (Fig. 1A). In contrast, PHH
abundantly expressed CRABP1 and, to a much lesser extent, CRABP2 (Fig. 1A; see also
Fig. S1A in the supplemental material). To investigate the significance of CRABPs in the
HCV life cycle, we established a set of Huh7 cells that were individually reconstituted for
the expression of CRABP1 or -2 (Fig. 1B and Fig. S1B and S1C). First, we assessed
whether the expression of CRABPs in Huh7 cells influences cell proliferation or suscep-
tibility to cell death, which may nonspecifically impact the efficiency of the viral life
cycle given its heavy reliance on the general cellular machinery. The result demon-
strated that the reconstitution of CRABP1 and -2 in Huh7 cells had a negligible
influence on cell viability and the rate of growth/proliferation (Fig. S1D and S1E). Next,
we challenged Huh7-CRAPB1 or -2 cells with an HCV infectious clone, and infectivity
was compared with that in control cells by assessing the abundances of viral RNA and
protein. The results demonstrated that CRABP1 expression in Huh7 cells substantially
enhances the efficiency of HCV infection, while CRABP2 expression is coupled with a
potent antiviral effect (Fig. 1C to E). These results indicate that CRABP1 and -2 have an
inverse biological effect, at least for the regulation of the HCV life cycle in hepatocytes.

CRABPs regulate HCV infection at the stage of viral replication. To further under-
stand how the expression of CRABPs in Huh7 cells differentially regulates the efficiency
of HCV infection, we tested their effect at each stage of the viral life cycle. First, an HCV
pseudoparticle (HCVpp) system that encodes a firefly luciferase reporter was utilized to
test the effect of CRABPs on viral entry. The result indicated that the expression of

FIG 1 CRABP1 and -2 differently regulate HCV infection. (A) Freshly isolated primary human hepatocytes (PHH) and
Huh7 cells were used for the assessment of CRABP1 and -2 expression levels via RT-qPCR (top panel) and
immunoblot analysis (bottom panel). The relative CRABP transcript abundances in Huh7 cells compared to those
in PHH are shown as percentages after normalization with GAPDH of each cell type. (B) Immunoblot analysis for
the detection of stably expressed Flag-tagged CRABPs in Huh7 cells. (C and D) Immunoblot analysis of HCV proteins
(NS2 and NS3) (C) or relative HCV genome abundances (D) in CRABP-expressing Huh7 cells infected with HCV (MOI
of 0.1) for 48 h. **, P � 0.01; ***, P � 0.001. (E) Immunofluorescence microscopic analysis of CRABP-expressing Huh7
cells infected with HCV (MOI of 0.1) for 48 h. Blue, DAPI; green, anti-HCV core. The percentages shown below the
images indicate the number of HCV-positive cells/total number of cells. Bars, 100 �m. See also Fig. S1 in the
supplemental material.
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CRABPs has a negligible effect at the stage of viral entry (Fig. 2A). Next, an HCV
subgenomic replicon (SGR) transduction assay was employed to assess the influence of
CRABPs on HCV replication, which involves both viral protein translation and genome
amplification. Similar to the result from the HCV infectious clone experiment (Fig. 1C to
E), the results with the HCV SGR transduction assay with two distinct viral genotypes
(GTs) (H77, GT1a; JFH1, GT2a) demonstrated the proviral effect of CRABP1 as well as the
antiviral effect of CRABP2 (Fig. 2B and Fig. S2A and S2B).

Consequently, we investigated whether CRABPs modulate the HCV life cycle at
the stage of viral protein translation using a luciferase reporter system that is
regulated by the HCV internal ribosome entry site (IRES) (Fig. 2C and D and Fig.
S2C). The result indicated that CRABP1 expression greatly upregulated the effi-
ciency of HCV IRES-dependent protein translation, while it showed a modest
suppression of cap-dependent protein translation (Fig. 2C and Fig. S2C). Of note, we
also found that the enhancement of IRES-dependent translation by CRABP1 is not
unique to the HCV IRES, as an experiment using an encephalomyocarditis virus
(EMCV) IRES luciferase reporter system also demonstrated a similar outcome (Fig. 2D and
Fig. S2D). In addition, we observed that the expression of CRABP2 showed an inhibitory
effect on both IRES- and cap-dependent protein translation (Fig. S2C and S2D). Finally,

FIG 2 CRABPs regulate HCV infection at the stage of viral replication. (A) Huh7 cells stably expressing CRABPs were
challenged with HCVpp (p24; 20 ng/ml), followed by a firefly luciferase reporter assay 96 h after transduction. NS,
not significant. (B) Huh7 cells stably expressing CRABPs were electroporated with in vitro-transcribed HCV
subgenomic replicon (SGR) genomes (top, GT1a H77; bottom, GT2a JFH1) followed by G418 selection for 3 weeks
prior to crystal violet staining. (C and D) Huh7 cells stably expressing CRABPs were transfected with a bicistronic
vector containing cap-dependent Renilla and HCV IRES-dependent firefly luciferases (C) or EMCV IRES-dependent
firefly luciferase (D). *, P � 0.05; **, P � 0.01. Relative luciferase activity is presented as the ratio of IRES-dependent
luciferase activity to cap-dependent luciferase activity. RLU, relative luciferase units. (E) Cell lysates and superna-
tants of CRABP-expressing cells infected with HCV for 72 h at an MOI of 0.1 were subjected to an HCV infection titer
assay using Huh7.5 cells. The titers of intracellular and extracellular infectious particles were determined as
focus-forming units (FFU) per milliliter. *, P � 0.05. See also Fig. S2 in the supplemental material.
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we evaluated the influence of CRABP expression on the abundance of intracellular and
extracellular infectious particles (Fig. 2E). We found that CRABP1-expressing cells had
increased abundances of both intracellular and extracellular virions, while CRABP2-
expressing cells contained significantly smaller amounts of infectious particles. Taken
together, these observations suggest that CRABP1 and -2 inversely modulate the
efficiency of the HCV life cycle at the stage of viral replication, likely at IRES-dependent
protein translation.

HCV-specific regulation of the viral life cycle by CRABPs. We next tested whether
the pro- and antiviral effects of CRABPs could be generalized to other RNA viruses that
belong to different viral families, such as vesicular stomatitis virus (VSV) and Sendai
virus (SeV). The results showed that neither the cytopathic effects nor the replication
efficiencies of these pathogens were influenced by the expression of CRABPs (Fig. 3A
and B and Fig. S3A). Next, we tested the pro- and antiviral effects of CRABPs on another
member of the Flaviviridae, dengue virus (DENV). The result showed that the expression
of CRABPs had no significant effect on the efficiency of DENV infection (Fig. 3C and Fig.
S3B and S3C). Subsequently, we extended our investigations to test whether the

FIG 3 HCV-specific regulation of the viral life cycle by CRABPs. (A) Huh7 cells stably expressing CRABPs
were infected with vesicular stomatitis virus (VSV) at the indicated PFU per milliliter for 24 h, followed by
crystal violet staining. Images are representative of results from three independent experiments. (B) Cell
lysates from Huh7 cells stably expressing CRABPs and infected with Sendai virus (SeV) at 100 hemag-
glutinating units (HAU)/ml for 24 h were subjected to immunoblot analysis for the detection of the
indicated proteins. (C) Cell lysates from Huh7 cells stably expressing CRABPs and infected with dengue
virus (DENV) at an MOI of 0.2 for 72 h were subjected to assessment of viral genome abundance by
RT-qPCR. NS, not significant. (D) Huh7 cells stably expressing CRABPs were transfected with the p1.3x
HBV DNA-encoding plasmid (HBV) or pUC19 (vector control) for 48 h, followed by immunoblot analysis
for the detection of HBV core proteins. (E) Total RNAs extracted from Huh7 cells stably expressing CRABPs
and infected with hepatitis E virus (HEV) at 6 � 108 genome equivalents (GE)/ml for 5 days were
subjected to a probe-based RT-qPCR assay for the quantification of HEV genome copies. Each bar
represents the mean � SD from triplicate samples. NS, not significant. See also Fig. S3 in the supple-
mental material.
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regulatory effects of CRABPs are specific to the life cycle of hepatotropic viral patho-
gens. To test this possibility, we overexpressed the hepatitis B virus (HBV) genome or
performed a challenge with hepatitis E virus (HEV) in Huh7-CRABP1 and -2 cells.
Similarly to VSV and SeV, the expression of CRABP1 and -2 had a negligible effect on
HBV replication and HEV infection (Fig. 3D and E and Fig. S3D and S3E). Taken together,
our data suggest that the regulatory effect of CRABP expression is unique to the HCV
life cycle but not other DNA or RNA viruses.

Transcriptome analysis reveals the cell biology governed by CRABP1 and -2. In
order to better understand the mechanism by which the expression of CRABP1 and -2
inversely regulates the viral life cycle in an HCV-specific manner, we conducted an RNA
sequencing (RNA-seq)-based transcriptome analysis of Huh7-CRABP1 and -2 cells. The
volcano analysis revealed that Huh7-CRABP1 and -2 cells differentially express 168 and
148 genes, respectively (Fig. 4A). The subsequent heat map analysis indicated that
these genes differentially expressed in CRABP1 and -2 cells grossly overlap (Fig. 4B and
Fig. S4A), suggesting that the functions of CRABP1 and -2 may largely be redundant. Of
note, however, the heat map analysis also demonstrated that there are subsets of genes
that are uniquely up- or downregulated in cells stably expressing CRABP1 or -2 (Fig. 4B
and Tables S1 to S3).

It is plausible that these differences seen between Huh7-CRABP1 and -2 cells are
likely the factors, at least in part, that inversely regulate the efficiency of the HCV life
cycle. We therefore conducted an Ingenuity Pathway Analysis (IPA) for the cellular and
molecular functions of CRABP1- and -2-expressing cells using the genes that are
differentially expressed in these cells (Fig. 4C and Tables S1 to S3). The result recapit-
ulated the redundancy seen in the heat map analysis, with a few exceptions, such as
lipid metabolism, cell death, cell morphology, and the cell cycle (Fig. 4B and C). To
further characterize the functional difference between CRABP1 and -2, the uniquely
expressed genes were subjected to canonical signaling pathway analysis using IPA
software (Fig. 4D and Tables S1 and S2). The result indicated that the expression of
CRABP1 has broader influences on the nuclear receptor pathways involving heterodimer
complex formation with RXR (Fig. 4D). In contrast, CRABP2 expression had a selective
influence on a few RXR heterodimer complex pathways, such as the conventional ATRA
response pathway, which utilizes the RAR-RXR heterodimer complex (Fig. 4D). Finally,
a disease association analysis of the genes uniquely expressed in CRABP1- and -2-
expressing cells showed that the expression of CRABP1 is significantly associated with
liver steatosis and cholestasis, which are both known to be associated with lipid
metabolism (Fig. S4B).

Given that the association noted in the pathway analysis could be either positive or
negative regulation, further functional assessment is required to better understand the
differential functionality between CRABP1 and -2. For assessment of the conventional
ATRA response pathway, which was influenced by both CRABP1 and -2 expressions (Fig.
4D), we employed a RARE-DR5 luciferase reporter construct that is regulated by the
RAR-RXR heterodimer complex. The result showed that CRABP2 expression enhanced
the induction of the luciferase reporter both under homeostatic conditions and in
response to exogenous ATRA treatment (Fig. S4C). This result suggests that CRABP2
indeed serves as a chaperone that supports the translocation of ATRA into the nucleus,
thereby potentiating the ATRA response pathway. In contrast, the expression of
CRABP1 modestly but significantly suppressed the activation of luciferase reporter
activity under basal conditions or upon exogenous ATRA treatment, indicating that
CRABP1 negatively regulates the ATRA response (Fig. S4C). Next, we assessed the
pathways that are uniquely influenced by CRABP1, such as the farnesoid X receptor
(FXR)-RXR, peroxisome proliferator-activated receptor (PPAR)-RXR, and liver X receptor
(LXR)-RXR pathways, using a luciferase reporter system (Fig. S4D to S4F). We found that
CRABP1 expression has an inhibitory effect on FXR-RXR and PPAR-RXR. In contrast, the
expression of CRABP1 enhanced the activation of the LXR pathway. It is known that the
activation of the FXR-RXR and PPAR-RXR pathways suppresses the accumulation of LDs,
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FIG 4 Transcriptome analysis reveals the cell biology governed by CRABP1 and -2. (A and B) Total RNAs extracted from Huh7 cells stably
expressing the control vector or CRABPs were subjected to mRNA sequencing. (A) A volcano plot illustrating the gene-specific analysis
results, which revealed the genes differentially expressed in CRABP1- or -2-expressing cells. Cutoffs used were a P value of 0.01 and a fold
change of �1.5 or �1.5. (B) Hierarchical clustering demonstrates the differentially regulated genes in CRABP1- or -2-expressing cells. (C)
Functional enrichment analyses of the differentially expressed genes in either CRABP1- or -2-expressing cells were performed using IPA.
Overrepresented functional processes are shown in a radar plot, with their enrichment P values. The dotted line indicates the threshold
for statistical significance (enrichment P value of �0.05). (D) IPA canonical pathway analysis shows the enrichment of selective
retinoid-relative pathways in CRABP-expressing cells. The color intensity reflects the �log of the enrichment P values. See also Fig. S4 and
Tables S1 to S3 in the supplemental material.
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while the activation of the LXR-RXR pathway results in an increase in the abundance of
LDs (15–17). Thus, the results from our bioinformatics analyses and the reporter assays
collectively suggest that the expression of CRABP1 may result in the accumulation of
LDs in hepatocytes.

CRABP1 and -2 differentially regulate the abundance of LDs. It is well known that
HCV infection induces the accumulation of LDs, a triglyceride-rich cellular organelle, and
exploits the accumulated LDs as a platform for the formation of the viral replicase complex
and for virion assembly (18–23). Thus, we hypothesized that the proviral effect of CRABP1
might result from an alteration in the abundance of LDs. Consequently, we tested this idea
by the visualization of CRABP-expressing Huh7 cells by a transmission electron microscopy
(TEM) approach. The result demonstrated that the expression of CRABP itself did not show
notable alterations in the internal structures of the cells and organelles under homeostatic
conditions. However, of great interest, the expression of CRABP1 markedly increased the
number and size of LDs upon HCV infection (Fig. 5A). In contrast, CRABP2-expressing cells
did not demonstrate an accumulation of LDs both under resting conditions and upon HCV
infection. This result suggests that the expression of CRABP1 lowers the threshold for the
accumulation of LDs upon HCV infection, while the expression of CRABP2 results in the
suppression of LD accumulation.

Next, we investigated whether the enhanced LD accumulation in CRABP1-
expressing cells is unique to HCV infection, which is known to induce the accumulation
of LDs through the upregulation of the de novo fatty acid synthesis pathway in an
SREBP1-dependent manner (20). Our fluorescence microscopic analysis demonstrated
that the cells expressing CRABP1 substantially increased the abundance of LDs, while
the expression of CRABP2 suppressed LD accumulation in response to monounsatu-
rated free fatty acid (FFA) treatment, such as that with oleic acid (OA) (Fig. 5B and C).

Our reporter analysis indicated that CRABP1 expression enhances the prosteatotic
(LXR-RXR) pathway while suppressing the antisteatosis (FXR-RXR and PPAR-RXR) path-
ways (Fig. S4D to S4F). As noted above, we also found that CRABP1 attenuates, but
CRABP2 augments, the conventional ATRA response (RAR-RXR) pathway (Fig. S4C).
Accordingly, we assessed the significance of these pathways in the regulation of LD
abundance. Naive Huh7 cells were cultured with the ligands for LXR, FXR, PPAR, and
RAR in the absence or presence of OA. The result showed that the LXR agonist
significantly augmented the accumulation of LDs, while FXR, PPAR, and RAR agonists all
reduced the abundance of LDs (Fig. 5D and Fig. S5B). Similar to the experiments
described above, we assessed the potential involvement of the other RXR-related
pathways, which are influenced by the expression of CRABPs (Fig. 4D), in the regulation
of LD abundance. Our results indicate that the activation of the constitutive androstane
receptor (CAR)-RXR, pregnane X receptor (PXR)-RXR, thyroid receptor (TR)-RXR, and
vitamin D receptor (VDR)-RXR pathways has a negligible influence on the modulation
of LD abundance (Fig. S5A and S5B). Taken together, our results suggest that CRABP1
expression promotes the accumulation of LDs, likely via the activation of the LXR-RXR
pathway along with the suppression of the PPAR-RXR, FXR-RXR, and RAR-RXR pathways.
In addition, our results also suggest that CRABP2 expression likely inhibits LD accumu-
lation via stimulation of the RAR-RXR pathway.

HCV exploits the function of CRABP1 for the establishment of the viral repli-
case complex. Our results together led us to hypothesize that HCV takes advantage of
the prosteatotic function of CRABP1 for the efficient establishment of the viral life cycle.
To test this idea, we investigated whether the formation of LDs upregulated by the
expression of CRABP1 indeed supports the establishment of an HCV replicase complex.
Consistent with data from previous studies by others (20), HCV infection of Huh7 cells
increased the abundance of LDs (Fig. 6A and Fig. S6A). As seen in the experiment with
TEM (Fig. 5A), the expression of CRABP1 robustly accentuated the accumulation of LDs
upon HCV infection. We also noted that the size of LDs formed in HCV-infected
CRABP1-expressing cells was substantially larger than that of LDs in control cells
(Fig. 6A and Fig. S6B). Of note, it was impossible to observe the change in the degree
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of LD accumulation in CRABP2-expressing cells upon HCV challenge, as it did not
support the establishment of efficient and stable infection (Fig. 6A).

The HCV replicase complex, comprised of nonstructural (NS) proteins, is anchored
on the endoplasmic reticulum (ER) membrane adjacent to HCV core protein-coated LDs
(19). Of note, it has been believed that the proximity between the HCV core-coated LDs
and the replicase complex is essential for efficient viral replication and virion assembly
(19, 22, 23). Accordingly, we investigated whether the pronounced LDs in CRABP1-
expressing cells are indeed being utilized for the HCV life cycle. Our confocal micro-
scopic analysis demonstrated that the LDs were surrounded by HCV core protein in
CRABP1-expressing cells and, to a much lesser extent, in control cells (Fig. 6B). We also
found a marked increase in the abundance of HCV NS5A protein on the edge of the LDs

FIG 5 CRABPs inversely regulate the abundance of LDs. (A) TEM analysis of CRABP-expressing Huh7 cells infected with
HCV for 48 h. N, nucleus; yellow arrows, mitochondria; red arrows, lipid droplets. Bars, 1 �m (top panels) and 600 nm
(bottom panels). (B) Huh7 cells stably expressing CRABPs were treated with or without oleic acid (OA) (50 �M) for 24 h,
followed by fluorescence microscopic analysis for the assessment of LD abundance via BODIPY (green) and DAPI (blue)
staining. Bars, 10 �m. (C) The abundances of LDs in CRABP-expressing cells were quantified as median fluorescence
intensity (MFI) values for 50 representative cells. **, P � 0.01. (D) Huh7 cells were cultured with the indicated nuclear
receptor agonists (LXR, TO901317 [10 �M]; FXR, GW4064 [10 �M]; PPAR, WY-14643 [100 �M]; RAR, ATRA [1 �M]) for 72
h in the presence of OA (50 �M), followed by BODIPY (green) and DAPI staining for fluorescence microscopic analysis.
Bars, 20 �m. DMSO, dimethyl sulfoxide. See also Fig. S5 in the supplemental material.
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FIG 6 CRABPs modulate lipid droplet formation, which is a platform of HCV replicase. (A and B) Huh7 cells
stably expressing CRABPs were either mock infected or infected with HCV JFH1 for 48 h at an MOI of 0.1. (A)
The cells were stained with HCV core (red), and LDs were stained with BODIPY (green) and DAPI (blue), to
evaluate LD formation in uninfected and infected cells. Bars, 10 �m. (B) Cells were stained with HCV core (red)
and HCV NS5A (cyan), and LDs were stained with BODIPY (green) and DAPI (blue), to evaluate the colocal-
ization of HCV proteins and LDs. Bars, 2 �m. (C) Huh7 cells were treated with either an LXR agonist (TO901317;
10 �M) or inhibitor (GSK2033; 10 �M) for 3 days, followed by HCV infection at an MOI of 0.1 for 48 h. The
infected cells were subjected to immunoblot analysis for the detection of the indicated proteins. (D) Huh7 cells
stably expressing CRABP1 were pretreated with an LXR inhibitor (GSK2033; 10 �M) for 3 days and infected with
HCV at an MOI of 0.1 for 48 h, followed by immunofluorescence staining with HCV core (red) and staining of
LDs with BODIPY (green) and DAPI (blue). Bars, 20 �m. (E) The abundances of LDs in CRABP1-expressing cells
were quantified as median fluorescence intensity (MFI) values for 100 representative cells. *, P � 0.05; **, P �
0.01. (F) Huh7 JFH1 SGR cells stably expressing scrambled shRNA or shRNA against LXR-� via lentiviral particle
transduction were subjected to immunoblot analysis for the detection of the indicated proteins. See also Fig.
S6 in the supplemental material.
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coated with HCV core protein in CRABP1-expressing cells. These results indicate that
the enhanced accumulation of LDs serves, at least in part, as the explanation for the
proviral properties of CRABP1.

Based on our study results (Fig. 4 and 5), we extended our hypothesis that HCV
exploits the enhanced accumulation of LDs resulting from the activation of the LXR-RXR
pathway in CRABP1-expressing cells. To further assess the significance of the enhanced
LXR-RXR pathway in the regulation of HCV infection, we first challenged naive Huh7
cells with HCV in the presence of an LXR agonist or antagonist. We found that Huh7
cells treated with an LXR agonist or antagonist changed the efficiency of HCV infection
(Fig. 6C). Subsequently, we examined whether the LXR signaling pathway is indeed
involved in the regulation of HCV infection in CRABP1-expressing cells. As expected, we
found that LXR antagonist treatment or LXR knockdown (KD) via short hairpin RNA
(shRNA) substantially suppressed HCV infection, which appeared to be in parallel with
the change in LD abundance (Fig. 6D and E). In addition, the LXR-� KD substantially
suppressed the replication of the HCV SGR (Fig. 6F and Fig. S6C and S6D). These
observations suggest that CRABP1 exhibits its proviral property by the enhancement of
LD formation, likely via the activation of the LXR-RXR pathway. Moreover, we also
observed that the accumulation of LDs via supplementation with exogenous OA
overpowers the proviral effect of CRABP1 (Fig. S6E to S6G), further indicating that the
regulation of HCV by CRABPs primarily results from its effect on the modulation of LD
abundance. Finally, the induction of LDs by OA treatment also potentiated HCV
IRES-dependent protein translation (Fig. S6H). Taken together, our results suggest that
the activation of the LXR-RXR pathway by CRABP1 supports HCV replication by pro-
viding the platform for the formation of the HCV replicase complex as well as the
enhancement of IRES-dependent viral protein translation.

The CRABP2-RAR-RXR pathway inhibits HCV via reduction of LD abundance.
Our results indicated that the expression of CRABP2 is coupled with resistance to the
accumulation of LDs upon HCV infection as well as FFA treatment (Fig. 5 and 6). We also
found that the antisteatotic effect of CRABP2 is primarily governed by the activation of
the RAR-RXR pathway (Fig. 5). To better understand whether the inhibition of LD
accumulation by the RAR-RXR pathway serves as an explanation for the suppression of
HCV infection, we conducted a series of investigations. First, we assessed the effect of
a pan-RAR inhibitor, IRX4310, on the efficiency of HCV infection. The inhibition of the
RAR-RXR pathway resulted in a marked enhancement of the viral replication efficiency,
while the activation of RAR-RXR with ATRA resulted in the potent suppression of HCV
(Fig. 7A). Moreover, the activation of the RAR-RXR pathway with a synthetic ATRA
(EC23), which is known to have a much longer half-life, demonstrated further enhance-
ment of the antiviral property (Fig. S7A). Next, we assessed the change in LD abundance
upon IRX4310 treatment. Although we did not observe a significant change in LD
abundance under resting conditions, the inhibition of the RAR-RXR pathway resulted in
a marked increase in the quantity of LDs upon HCV infection (Fig. 7B and C).

Finally, we examined whether the inhibition of the RAR-RXR pathway results in the
accumulation of LDs in response to exogenous OA treatment. Similar to the results seen
with HCV infection, Huh7 cells treated with IRX4310 increased the abundance of LDs
(Fig. 7D and E). Taken together, our results suggest that CRABP2 expression achieves
the suppression of HCV infection via the suppression of LD accumulation through the
activation of the RAR-RXR pathway.

DISCUSSION

The cellular response to nutrients significantly influences various aspects of cell
biology beyond its fundamental role for homeostatic energy production. One of the
essential micronutrients, vitamin A, also referred to as retinoid, has been known as an
antimicrobial compound for many decades, since 1928 (24). Accordingly, numerous
epidemiological studies have demonstrated that supplementation with vitamin A or its
final metabolite, ATRA, improves the clinical outcomes of numerous viral infectious
diseases, such as, but not limited to, measles, herpes simplex virus (HSV), HIV, and
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respiratory syncytial virus (RSV) infections (1, 25–28). The antiviral properties of ATRA
have been explained, at least in part, by its effect on the activation of innate and
adaptive immune cells (29). Also, several studies have shown that ATRA potentiates the
expression of ISGs, which play a central role in intracellular antiviral innate immunity (2,
3, 5, 6, 30).

The antiviral effect of retinoid has also been implicated in the suppression of HCV

FIG 7 The CRABP2-RAR-RXR pathway inhibits HCV via reduction of LD abundance. (A to C) Huh7 cells
were pretreated with an RAR agonist (ATRA; 1 �M) or an RAR inhibitor (IRX4310; 1 �M) for 72 h, followed
by HCV infection at an MOI of 0.1 for 48 h. (A and B) Cell lysates were subjected to immunoblot analysis
for the detection of the indicated proteins (A), or the cells were costained with LDs with BODIPY (green),
anti-HCV core (red), and DAPI (blue) (B). Bars, 10 �m. (C) Fluorescence microscopic images of 50
representative cells were used for analysis of the MFI of LDs per cell. **, P � 0.01. (D and E) Huh7 cells
were treated with an RAR inhibitor (IRX4310; 1 �M) at the indicated concentrations for 48 h, followed by
oleic acid (OA) (50 �M) treatment for 24 h. (D) The cells were then stained with BODIPY (green) and DAPI
(blue). Bars, 20 �m. (E) Fluorescence microscopic images of 50 representative cells were used for analysis
of the MFI values of LDs per cell. **, P � 0.01. (F) Proposed model of CRABP regulation of the HCV life
cycle via modulation of the nuclear receptor (NR) complex pathways, which governs the abundance of
LDs in hepatocytes. See also Fig. S7 in the supplemental material.
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infection (2, 6, 31, 32). On the other hand, it is also true that HCV establishes a highly
efficient viral life cycle in hepatocytes, which store a substantial amount of retinoid.
These somewhat conflicting notions might be attributed to the experimental condi-
tions employed in in vitro studies wherein the physiological intracellular trafficking of
ATRA had not been taken into consideration. Upon uptake by hepatocytes, the pro- or
preformed vitamin A undergoes oxidative metabolism, resulting in the biogenesis of
ATRA in the cytoplasm. Given the hydrophobic characteristics of ATRA, it requires a
chaperone molecule that facilitates its translocation into the nucleus for the activation
of nuclear receptor complexes (12). CRABPs have been considered the carrier proteins
that shuttle ATRA from the cytoplasm to the nuclear receptors. As CRABP1 and -2 share
high amino acid sequence identity (76%) (33), it has been considered that CRABP1 and
-2 play redundant roles. In fact, our transcriptome analysis of CRABP-expressing cells
demonstrated a grossly identical pattern of gene expression except for a few subsets
of genes (Fig. 4). Of note, however, previous studies by others also suggested that
CRABPs may have differential or perhaps opposed functions. First, a few studies
demonstrated that CRABP1 has a much higher affinity for ATRA than does CRABP2 (34,
35). In addition, apo-CRABP2 predominantly localizes in the cytoplasm and rapidly
translocates into the nucleus upon binding of ATRA, whereas apo- and holo-CRABP1s
tend to remain in the cytoplasm, even in the presence of ATRA at a high concentration
(36). Furthermore, CRABP2 is capable of directly transferring ATRA to RAR through
protein-protein interaction, whereas CRABP1 delivers ATRA to the nuclear receptor in a
diffusion-dependent manner (36, 37). Finally, it has been suggested that CRABP1 not
only halts ATRA but also allocates it to cytochrome P450 enzymes, thereby promoting
the conversion of ATRA to 9-cis RA or to polar metabolites such as 4-OH RA (12, 38).
These observations together suggest that CRABP1 moderates the cellular response to
ATRA via sequestrations; in contrast, CRABP2 shuttles ATRA from the cytoplasm to the
RAR-RXR complex, thereby augmenting the cellular response to vitamin A. In fact, our
reporter analysis well supported this notion (see Fig. S4C in the supplemental material).

Consequently, our study discovered that CRABP1 and -2 exhibit potent pro- and
antiviral properties, respectively. We found that the proviral effect of CRABP1 is coupled
with an increased abundance of a triglyceride-rich organelle, the LD, which has been
known to serve as a platform for the HCV life cycle, especially for the stages of viral
replication and virion assembly (19, 22, 23). Accordingly, the antiviral effect of CRABP2
is accompanied by a significant reduction of LDs (Fig. 5B and Fig. 6A and B). Thus, the
pro- and antiviral effects of CRABPs appeared to correlate well with their influence on
the abundance of LDs. This notion is also well supported by our study results demon-
strating that the expression of CRABPs had a negligible effect on the viral pathogens
that are not dependent on LDs (Fig. 3). Based on these observations, we conclude that
the regulation of viral life cycle efficiency by CRABPs is unique and specific to HCV given
its life cycle’s heavy reliance on LD abundance in hepatocytes.

Regarding the potential mechanism by which CRABP expression modulates the
abundance of LDs, it has been suggested that ATRA enhances lipolysis via activation of
the PPAR�/�-RXR and RAR-RXR pathways, thereby depleting lipid stores (39). Moreover,
the inhibition of C/EBP by ATRA serves as an alternative explanation for the inhibition
of liver steatosis (40–42). In fact, the significance of intrahepatic ATRA in the suppres-
sion of LDs is well supported by an in vivo study that showed that vitamin A deficiency
in mice promoted a marked accumulation of macrocytic LDs in the liver (43). Con-
versely, ATRA-treated mice showed a reduction of adiposity with enhanced gene
expression of UCP1, which serves as the signature gene of PPAR� activation (44, 45).
Thus, it is plausible to conclude that CRABP2 expression inhibits HCV by decreasing the
abundance of LDs through the enhancement of the antisteatotic effect of ATRA.
Accordingly, we propose that the expression of CRABP1 supports the HCV life cycle by
increasing the abundance of LDs. Our data suggest that there may be at least two
mechanisms that govern the prosteatotic effect of CRABP1: (i) the sequestration of
ATRA and (ii) the upregulation of the LXR pathway. In fact, our results (Fig. 6C to F) and
observations by others support our conclusion well, as these studies demonstrated that
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the LXR-RXR pathway modulates the efficiency of HCV infection via LD abundance or
the formation of virus-associated membrane compartments (46, 47). We believe that
these observations justify our proposed mechanisms well.

Based on a seminal study by others, it has been thought that LD abundance plays
a critical role in the regulation of HCV virion assembly (19). Of great interest, however,
our data indicated that the accumulation of LDs by CRABP1 expression greatly en-
hances the efficiency of IRES-dependent, but not cap-dependent, protein translation
(Fig. 2C and D). This result suggests that LD abundance modulates the efficiency of the
HCV life cycle, at least in part, at the stage of viral protein translation in addition to its
influence on HCV virion assembly. In fact, our result with the HCV SGR system (Fig. 2B),
which does not involve virion assembly, showed marked changes in HCV replication
efficiency in the CRABP-expressing cells. While it is beyond the scope of this study to
delineate the underlying mechanism of this interesting phenomenon, previous studies
implied that FFA treatment, perhaps the accumulation of LDs, enhances IRES-
dependent translation via induction of an IRES trans-acting factor (ITAF) (48–50). While
we believe that this mechanism serves as an underlying mechanism by which CRABPs
regulate HCV replication, previous studies suggested that components of the LD, such
as Rab18 and TIP47, but not the LD itself, support HCV replication by enhancing the
amplification of the HCV genome (22, 23). Thus, further investigation is required to
precisely understand the complexity of how LDs regulate the HCV life cycle.

Previous studies, including ours, also indicated that the antiviral effect of ATRA is
partially explained by the enhanced expression of innate immune genes, ISGs (2, 31,
32), which are comprised of over 300 antiviral effectors (51). Therefore, we initially
hypothesized that CRABP2 expression, which augments the cellular response to ATRA,
may exhibit an antiviral effect by enhancing the expression of ISGs. However, our
transcriptome analysis of CRAPB2-expressing cells did not demonstrate the upregula-
tion of any ISGs under resting conditions (Table S2). Similarly, CRABP1-expressing cells
also did not show a reduction of ISG expression under basal conditions (Table S1). On
the other hand, we found that CRABP2-expressing cells have greater capacity for the
induction of some but not all ISGs in response to IFN treatment and, to a lesser extent,
treatment with RIG-I ligands (52) (Fig. S7B and S7C). Based on these results, we propose
that the augmentation of ISG expression by ATRA, or CRABP2 expression, does not
serve as the primary means to restrict HCV infection; however, this mechanism may play
a role in the event that infected cells are exposed to IFN secreted from surrounding
innate immune cells (52–54).

While our observations led us to conclude that the regulation of HCV by CRABPs is
primarily mediated by their effect on the modulation of LD abundance, further studies
are required to precisely understand the mechanisms by which CRABPs regulate the
abundance of LDs via regulation of the nuclear receptor pathways. In addition, in vitro
and in vivo studies with loss-of-function approaches are necessary to validate the
importance of our study results.

In summary, our observations collectively indicated that the cellular environment
favors HCV in the event that the abundance of CRABP1 dominates that of CRABP2. With
regard to the potential explanations of how HCV establishes an efficient life cycle in
hepatocytes, our data suggest the predominant abundance of CRABP1 over CRABP2
(Fig. 1A and Fig. S1A) as well as CRABP1’s high capacity to attenuate the ATRA response
pathway (Fig. S4C and S6I). This notion also leads to a new concept: CRABPs serve as
an on-off switch for the regulation of the HCV life cycle and thus can be exploitable for
the development of a novel antiviral strategy. Moreover, our discovery also has a great
implication in the broader context, such as for the management of metabolic liver
diseases, beyond its implication in the management of HCV infection.

MATERIALS AND METHODS
Cells. Primary human hepatocytes were obatined from Lonza. The human hepatoma Huh7 cell line

(a gift from T. Wakita, Japan), the Huh7-derived Huh7.5 cell line (a gift from T. Wakita, Japan), and human
embryonic kidney 293T cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with L-glutamine (2 mM), sodium pyruvate (1 mM), HEPES (10 mM), penicillin (10,000 IU/
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ml), streptomycin (10,000 �g/ml), amphotericin (25 �g/ml), and 10% fetal bovine serum (FBS) at 37°C
with 5% CO2. For the establishment and maintenance of cells stably expressing CRABPs, puromycin
(2 �g/ml) was added to the culture medium.

Nucleic acid. (i) Plasmids. The transient-expression or lentiviral expression constructs were gener-
ated in pEF Myc/His Version C (Life Technologies) with or without the Flag gene or in pCDH-CMV-MCS-
EF1-Puro (System Bioscience), respectively. Human CRABP1 and CRABP2 were cloned using total RNA of
primary human hepatocytes. All plasmids were propagated in Escherichia coli DH5� cells under ampicillin
(100 �g/ml) selection and prepped with a ZR plasmid miniprep or a ZymoPure plasmid midiprep kit
(Zymo Research).

(ii) RT-qPCR. RNA extraction was carried out using the Quick-RNA miniprep kit followed by cDNA
synthesis using qScript cDNA SuperMix (Quantabio). Quantitative PCR (qPCR) was conducted using SYBR
green supermix (Quantabio) along with the primers for human CRABP1 (forward primer 5=-TCAACTTCA
AGGTCGGAGAAG-3= and reverse primer 5=-CTCCCAAGTGGCTAAACTCCT-3=), human CRABP2 (forward
primer 5=-ATCGGAAAACTTCGAGGAATTGC-3= and reverse primer 5=-AGGCTCTTACAGGGCCTCC-3=), hu-
man LXR-� (forward primer 5=-GTTATAACCGGGAAGACTTTGCCA-3= and reverse primer 5=-GCCTCTCTAC
CTGGAGCTGGT-3=), human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward primer 5=-
CTGGGCTACACTGAGCACCAG-3= and reverse primer 5=-CCAGCGTCAAAGGTGGAG-3=), and SeV (forward
primer 5=-GACGCGAGTTATGTGTTTGC-3= and reverse primer 5=-TTCCACGCTCTCTTGGATCT-3=). One-step
reverse transcription-qPCR (RT-qPCR) was performed using qScript XLT 1-Step RT-qPCR ToughMix ROX
(Quantabio) along with primers and probes for HCV (forward primer 5=-CGGGAGAGCCATAGTGG-3=,
reverse primer 5=-AGTACCACAAGGCCTTTCG-3=, and probe 5=-FAM [6-carboxyfluorescein]-CTGCGGAAC-
ZEN-CGGTGAGTACAC-3IABkFQ [Iowa Black FQ]-3=), HEV (forward primer 5=-GGTGGTTTCTGGGGTGAC-3=,
reverse primer 5=-AGGGGTTGGTTGGATGAA-3=, and probe 5=-FAM-TGATTCTCAGCCCTTCGC-TAMRA
[6-carboxytetramethylrhodamine]-3=), and DENV (forward primer 5=-CCGTCACACTGGGTTCCAA-3= and
reverse primer 5=-CCGTCGTCATCCATTCATGCT-3=). The serially diluted in vitro-transcribed 5= untranslated
region (UTR) of the HCV genome, the full-length HEV genome encoding the Kernow C1 P6 plasmid, and
a DENV2-GFP (green fluorescent protein) plasmid were used for the determination of the standard curve.

Chemicals. Agonists and inhibitors of nuclear receptors, including a CAR agonist (Citco), an FXR
agonist (GW4064), an LXR agonist (TO901317), a PPAR agonist (WY-14643), a PXR agonist (rifampin), an
RAR agonist (ATRA), a TR agonist (T3), a VDR agonist (vitamin D3 [Vit D3]), and an LXR inhibitor (GSK2033),
were purchased from MilliporeSigma. The RAR agonist (EC23) was purchased from Tocris, and the RAR
inhibitor (IRX4310) was a gift from Michael Underhill (University of British Columbia, Canada). Free fatty
acid treatment was conducted with oleic acid (MilliporeSigma) following serum starvation for 8 h at the
concentrations and durations indicated in the corresponding figure legends.

Virus infection. (i) HCV-JFH1 infectious clone propagation and infection. Infectious JFH1 parti-
cles, which were a gift from Takaji Wakita (Tokyo, Japan), were propagated and titers were determined
as described previously (55). Briefly, Huh7.5 cell transfected with the in vitro-transcribed HCV-JFH1
genome were incubated in DMEM containing 2% FBS for 48 h, and the HCV-containing supernatant was
then filtered through a 0.22-�m filter and concentrated 100-fold using Centricon 100,000-molecular-
weight (MW)-cutoff filters (Millipore). Titers of virus stocks were determined with naive Huh 7.5 cells using
a focus-forming unit assay and stored at �80°C.

(ii) HCV pseudoparticle propagation and infection. HCV pseudoparticles (HCVpp) were propa-
gated as previously described (56). Briefly, HCVpp were generated by cotransfection of plasmids
(pJFH1pp-E1E2, pMD2-VSVG, and pNL4.3_Luc-R-E-) into 293T cells for 48 h, followed by concentration of
supernatants (100-fold) by ultracentrifugation (47,000 � g for 2 h at 16°C). The titer of the concentrated
HCVpp was determined by using an HIV p24 enzyme-linked immunosorbent assay (ELISA) kit (Lenti-X p24
rapid titer kit; TaKaRa). HCVpp transduction was carried out with 20 ng/ml p24 for 5 days in the presence
of Polybrene (10 �g/ml).

(iii) HCV subgenomic replicon transduction assay. H77 H/SG-Neo(L�1) and pSGR JFH1 plasmids,
which were gifts from Charles M. Rice (Rockefeller University, NY), were linearized using Xbal followed by
in vitro transcription of the subgenomic replicon (SGR) genome using a MEGAscript T7 transcription kit
(Life Technologies). The purification of SGR RNA was carried out with the phenol-chloroform-ethanol
precipitation method. The SGR genome (1 �g) was transduced into Huh7 cells (4 � 106 cells) via RNA
transfection with a TransIT-mRNA transfection kit (Mirus) or electroporation and cultured in the presence
of G418 (400 �g/ml).

(iv) Lentiviral particles. The propagation and titer determination of lentiviral particles were carried
out as described previously (55). In brief, the pCDH-CMV-MCS-EF1-Puro (System Bioscience) vector
harboring open reading frames (ORFs) of CRABPs and pPACK packaging mix were cotransfected into the
293T cell line for 72 h. For the production of shRNA-expressing stable cell lines, pLKO.1 vectors encoding
scrambled shRNA and LXR-� (clone 1, 5=-CCGGAGTTCTCCAGGGCCATGAATGCTCGAGCATTCATGGCCCTG
GAGAACTTTTTTTG-3=; clone 2, 5=-CCGGCCGACTGATGTTCCCACGGATCTCGAGATCCGTGGGAACATCAGTC
GGTTTTT-3=; clone 3, 5=-CCGGCCTTCCTCAAGGATTTCAGTTCTCGAGAACTGAAATCCTTGAGGAAGGTTTTT-
3=) (MilliporeSigma) were transfected into 293T cells according to the manufacturer’s protocol. The
culture supernatant was collected and filtered with a 0.45-�m filter to remove cell debris, followed by
infection of Huh7 cells at a multiplicity of infection (MOI) of 5 � 107 transduction units (TU)/ml,
determined by using an HIV p24 ELISA kit (Lenti-X p24 rapid titer kit; TaKaRa), followed by selection in
the presence of puromycin (2 �g/ml) without clonal selection. Upon completion of selection, the bulk
puromycin-resistant cell population was expanded and used for in vitro studies.

(v) SeV, VSV, HEV, and DENV infection and HBV transfection. Vesicular stomatitis virus (VSV) and
EMCV were gifts from Michael Gale, Jr. (University of Washington, Seattle, WA). HEV was a gift from
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Zongdi Feng (Nationwide Children’s Hospital, OH). The infection titers of Sendai virus (SeV; Charles River
Laboratories), VSV, hepatitis E virus (HEV), and dengue virus (DENV2 strain 16681) are described in the
corresponding figure legends. An HBV replication assay was conducted by the transfection of plasmid
p1.3x HBV, encoding the 1.3-mer overlength HBV genome, with Bio-T (Bioland).

Luciferase reporter assay. pRL-HL and pIRES-Luc plasmids were gifts from Stanley M. Lemon
(University of North Carolina) and Michael Gale, Jr. (University of Washington), respectively. Plasmids
(LXRE-Luc [LXR-response element-luciferase], FXRE-Luc [FXR-response element-luciferase], and PPRE-Luc
[PPAR-response element-luciferase]) for luciferase reporter assays were kindly provided by Steven L.
Sabol (NIH) (57), Jongsook Kim Kemper (University of Illinois at Urbana-Champaign), and Christopher K.
Glass (UCSD), respectively. Cells were either transfected with a bicistronic IRES reporter (pRL-HL or
pIRES-Luc) or cotransfected with nuclear receptor response element-regulated firefly luciferase plasmids
(LXRE-Luc, FXRE-Luc, and PPRE-Luc) and a cytomegalovirus (CMV) promoter-regulated Renilla luciferase
plasmid. The firefly luciferase activity was normalized with Renilla luciferase activity to determine relative
luciferase units using a dual-luciferase reporter assay system (Promega).

Transcriptome analysis. RNA extraction was carried out with a Quick-RNA miniprep kit (Zymo
Research), followed by RNA quality assessment using the Agilent Bioanalyzer 2100 system (Agilent
Technologies). cDNA libraries were prepared with a Kapa mRNA HyperPrep kit (Kapa Biosystems) and
then quality controlled via a Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc.) and the Bioanalyzer. The
libraries were then pooled equimolarly, and the final pool was quantified via qPCR using the Kapa
Biosystems library quantification kit, according to the manufacturer’s instructions. The pool was se-
quenced across two lanes of high-output paired-end (PE) 50 cycles on an Illumina HiSeq 2500 platform.
Library preparation, pooling, quality control, and sequencing were all performed at the USC Genome
Core (University of Southern California, Los Angeles, CA, USA).

Bioinformatics. RNA-Seq data were analyzed with Partek Flow version 6 (Partek Inc.). Raw sequenc-
ing reads were first trimmed from both ends with a quality score method (bases with a quality score of
�20 were trimmed from both ends, and trimmed reads shorter than 25 nucleotides [nt] were excluded
from downstream analyses). Trimmed reads were then mapped to human genome hg38 using Star
version 2.4.1d with default parameter settings and using Gencode v25 annotation as guidance (58).
Gencode v25 annotation was used to quantify the aligned reads to genes using Partek’s optimization of
the expectation-maximization algorithm (Partek E/M) method. Genes with fewer than 10 raw reads in all
samples were excluded from downstream analysis. Finally, read counts per gene in all samples were
normalized using upper quartile normalization (59) and analyzed for differential expression using the
Partek gene-specific analysis method. Significantly differentially expressed genes were selected using a
P value of �0.01 and a fold change (FC) of more than 1.5 (or less than �1.5).

Protein analysis. (i) Immunoblotting. Cell lysates were prepared in modified radioimmunoprecipi-
tation assay (RIPA) buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, and 1% Triton
X-100) supplemented with a protease inhibitor mixture (Roche) and phosphatase inhibitor mixture II
(Calbiochem), followed by SDS-PAGE-based immunoblot analysis with the indicated primary antibodies
along with horseradish peroxidase (HRP) conjugated with a secondary antibody. The specific protein
signal was detected using SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific
Inc.).

(ii) Immunofluorescence microscopic analysis. Cells plated in 8-chamber slides (Falcon) were fixed
with 4% paraformaldehyde (PFA), followed by permeabilization with 0.2% Triton X-100 in phosphate-
buffered saline (PBS). The slides were then treated with blocking buffer prior to incubation with primary
and secondary antibodies. The immunostained slides were mounted with 4=,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium (Vector Laboratories). The images from the immunofluorescence
confocal microscopy analysis were acquired using a Leica confocal microscope system. The mean
fluorescence intensity (MFI) of lipid droplets was measured using ImageJ (NIH), and the diameter of LDs
was measured using LAS X software (Leica).

(iii) Antibodies. The following antibodies were used for this study: mouse monoclonal anti-
GAPDH (clone GT239; GeneTex), mouse monoclonal anti-CRABP1 (clone C-1; GeneTex), mouse
monoclonal anti-CRABP2 (Millipore), mouse monoclonal anti-Flag (clone M2; Sigma), mouse mono-
clonal anti-HCV NS3 (clone 8 G-2; Abcam), Mouse monoclonal anti-HCV core (clone C7-50), rabbit
polyclonal anti-HCV core, rabbit polyclonal anti-HBV core, rabbit whole-serum anti-SeV (MBL), mouse
anti-DENV (MilliporeSigma), Rabbit polyclonal anti-IFITM1 (ProSci), rabbit anti-ISG15 (Cell Signaling
Technology), and mouse monoclonal anti-OAS1 (clone 1.3.3; Kineta). Mouse monoclonal anti-HCV
NS2 (clone 6H6) and mouse monoclonal anti-HCV NS5A (clone 9E10) were gifts from Charles M. Rice
(Rockefeller University). Rabbit polyclonal anti-ISG56 was a gift from Ganes C. Sen (Lerner Research
Institute).

Electron microscopy. Cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
for 30 min at room temperature and scraped off from the culture dish. The samples were then kept in
fixative solution for another 90 min at 4°C followed by incubation in 1% OsO4 in phosphate buffer (pH
7.4) for 2 h, embedded in 2% agar, dehydrated in ethanol, and embedded in Epon 812. Ultrathin sections
were double stained with uranyl acetate and lead citrate and examined using a transmission electron
microscope (H-7100; Hitachi Ltd., Tokyo, Japan).

Cell growth rate and viability. To assess the cell growth rate, cells plated in a 96-well plate were
cultured for 24, 48, and 72 h, followed by assessment of cell viability, and the average cell growth rate
was then calculated with the cell viability at each time point. To assess the sensitivity of cell death to
tumor necrosis factor (TNF), cells plated in a 96-well plate were treated with human recombinant TNF in
the absence or presence of actinomycin D (ActD) or cycloheximide (CHX) for 24 h, followed by
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assessment of cell viability. Cell viability was measured by using a CellTiter 96 nonradioactive cell
proliferation assay [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)] (Promega).

Statistical analysis. All data are presented as means � standard deviations (SD) and were analyzed
by two-tailed Student’s t test using Prism version 5 (GraphPad). P values of �0.05 were considered
significant.

Data availability. The RNA-seq data have been deposited in the NCBI Gene Expression Omnibus
(GEO) under accession number GSE101934.
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