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ABSTRACT

Individuals chronically infected with hepatitis C virus (HCV) commonly exhibit hepatic intracellular lipid accumulation,
termed steatosis. HCV infection perturbs host lipid metabolism through both cellular and virus-induced mechanisms, with the
viral core protein playing an important role in steatosis development. We have recently identified a liver protein, the cell death-
inducing DFFA-like effector B (CIDEB), as an HCV entry host dependence factor that is downregulated by HCV infection in a
cell culture model. In this study, we investigated the biological significance and molecular mechanism of this downregulation.
HCYV infection in a mouse model downregulated CIDEB in the liver tissue, and knockout of the CIDEB gene in a hepatoma cell
line results in multiple aspects of lipid dysregulation that can contribute to hepatic steatosis, including reduced triglyceride se-
cretion, lower lipidation of very-low-density lipoproteins, and increased lipid droplet (LD) stability. The potential link between
CIDEB downregulation and steatosis is further supported by the requirement of the HCV core and its LD localization for CIDEB
downregulation, which utilize a proteolytic cleavage event that is independent of the cellular proteasomal degradation of CIDEB.

IMPORTANCE

Our data demonstrate that HCV infection of human hepatocytes in vitro and in vivo results in CIDEB downregulation via a pro-
teolytic cleavage event. Reduction of CIDEB protein levels by HCV or gene editing, in turn, leads to multiple aspects of lipid dys-
regulation, including LD stabilization. Consequently, CIDEB downregulation may contribute to HCV-induced hepatic steatosis.

H epatitis C virus (HCV) is a positive-strand RNA virus and a
significant human pathogen. Chronic HCV infection causes
liver complications, such as steatosis, cirrhosis, and hepatocellular
carcinoma. The arrival of new directly acting antivirals (DAAs)
has resulted in markedly improved virologic response in patients
with access to these new drugs, but the high cost of the new ther-
apy and the low diagnosis rate of HCV-infected individuals pres-
ent new challenges for hepatitis C management (1). Furthermore,
chronic liver damage can persist even after the infection has been
cleared, so HCV pathogenesis remains an area of research highly
significant for human health.

The HCV life cycle and pathogenesis are intimately linked to
host lipid metabolism (2). On one hand, lipids are involved in
multiple stages of the infection cycle. HCV virions are assembled
on lipid droplets (LDs) (3) and associated with host lipoproteins
to form lipoviral particles (LVP) for infection (4). The productive
entry of HCV is aided by several molecules involved in lipid up-
take (5-7); replication of HCV genome critically depends on a
lipid kinase (8, 9) and is regulated by lipid peroxidation (10). On
the other hand, HCV infection profoundly disturbs lipid metab-
olism pathways (11). HCV patients exhibit enhanced lipogenesis
(12), consistent with in vitro results showing that HCV infection
upregulates genes encoding sterol regulatory element binding
protein 1c (SREBP-1c¢) and fatty acid synthase (FASN), both im-
portant for the intracellular lipid synthesis pathway (13-16).
More recently, the 3’ untranslated region (UTR) of HCV was
shown to, upon binding of DDX3, activate IkB kinase a and trig-
ger biogenesis of LDs (17). Consequently, liver steatosis, the intra-
cellular accumulation of lipids, is a common histological feature
of patients with chronic hepatitis C, especially in those with geno-
type 3 (GT3) infection (18, 19). The mechanisms of virus-induced
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steatosis may involve both increased lipogenesis and reduced li-
polysis and secretion (20, 21). The expression of HCV core protein
was shown to recapitulate HCV-induced steatosis in a transgenic
mouse model (22, 23), and the localization of core protein to LDs
may be important for intracellular LD accumulation and steatosis
induction (24-26).

The cell death-inducing DFFA-like effector (CIDE) family
proteins, CIDEA, CIDEB, and CIDEC/fat-specific protein 27
(Fsp27), were originally identified using a bioinformatics ap-
proach based on their homology to the N-terminal domain of
DNA fragmentation factors (27). While CIDEA and CIDEC are
more widely expressed, CIDEB is mostly expressed in liver cells
(27) and induced during hepatic differentiation of stem cells (28,
29). Although these proteins can induce cell death when overex-
pressed (27, 30, 31), gene knockout (KO) experiments with mice
indicate that their function relates mostly to lipid metabolism in
vivo (32-34). A role for CIDEB in very-low-density lipoprotein
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(VLDL) lipidation, VLDL transport, and cholesterol metabolism
in nonprimate cell culture models has been reported (34-36). We
previously characterized a role for CIDEB in a late step of HCV
entry into hepatocytes (29). In this study, we investigated the mo-
lecular mechanism and biological consequence of HCV-induced
downregulation of CIDEB. We demonstrate that CIDEB protein
is normally regulated through the ubiquitin-mediated protea-
some pathway and that HCV infection further downregulates
CIDEB by inducing CIDEB protein degradation, most likely
through proteolytic cleavage. This HCV-mediated degradation of
CIDEB requires the expression of the HCV core, and downregu-
lation of CIDEB protein was observed in an HCV-infected hu-
manized mouse model. In addition, we demonstrate that gene
knockout of CIDEB in a human hepatoma cell line reduces the
secretion of triglycerides (TGs) and stabilizes cytoplasmic LDsin a
manner similar to HCV infection. Core-dependent CIDEB down-
regulation i1 vivo may contribute to hepatic steatosis in the setting
of HCV infection.

MATERIALS AND METHODS

Antibodies, compounds, and inhibitors. The following antibodies and
chemicals were used in this study: anti-JFH-1 core and anti-NS3 (Bio-
Front Technologies Inc., FL); anti-CIDEB, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and Ku80 (Santa Cruz Biotechnology, TX);
anti-dengue virus (DENV)-NS3 (Genetex, CA); fluorescein isothiocya-
nate (FITC)- and tetramethyl rhodamine isothiocyanate (TRITC)-conju-
gated anti-rabbit and anti-mouse IgGs (Sigma-Aldrich, MO); oleic acid
(OA), oil red O (ORO), cycloheximide (CHX), Triacsin C (TriC), and
4-([diethylamino]methyl)-N-[2-(2-methoxyphenyl)ethyl]-N-(3R)-
3-pyrrolidinylbenzamide (PF-429242) (Sigma-Aldrich, MO); and
MG132 (EMD-Millipore, MA).

Cell culture and HCVcc infection. Huh-7.5 cells were provided by
Charles Rice (Rockefeller University) and Apath LLC (NY). Generation of
the CIDEB knockdown and knockout cell lines has been previously de-
scribed (29). FLAG-CIDEB stable cells were generated using a human
immunodeficiency virus (HIV)-based lentiviral vector expressing FLAG-
CIDEB cDNA. Briefly, we transduced Huh-7.5 CIDEB-KO cells with
pHIV-7-IRES-FLAG-CIDEB, selected stable populations with 1.2 wg/ml
of puromycin for 3 weeks, and then obtained single cell clones. For infec-
tion with genotype 2 cell culture-derived HCV (HCVcc), cells were inoc-
ulated with either wild-type JFH-1 or several high-titer variants—JFH-1/
Ad16 (provided by Guangxiang Luo, University of Alabama at Birmingham),
Mut4-6, and JLSO-III (37, 38)—for 6 to 8 h at 37°C, followed by three
phosphate-buffered saline (PBS) washes before being changed to fresh
media. The cell lines harboring infection by genotype 3 viruses have been
described previously (39).

Infection with other viruses. Huh-7.5 cells were seeded onto glass
coverslips in 12-well plates and infected for 16 h with green fluorescent
protein (GFP)-tagged vesicular stomatitis virus (VSV-GFP) (kindly pro-
vided by Fanxiu Zhu, Florida State University) or DENV for 48 h.

Plasmid construction and mutagenesis. The hemagglutinin (HA)-
ubiquitin plasmid was a gift from Fanxiu Zhu (Florida State University).
For generation of the K173A CIDEB construct, mutagenesis was per-
formed using the QuikChange site-directed mutagenesis kit (Agilent
Technologies, CA) according to the manufacturer’s instructions.

Immunofluorescence analysis. Cells seeded on slides were fixed in
4% paraformaldehyde for 10 min, followed by three 10-min washes in
PBS at room temperature and blocking in PBTG (PBS containing 0.1%
Triton X-100, 10% normal goat serum, and 1% bovine serum albumin
[BSA]) at room temperature for 2 h. Slides were then incubated with
primary antibody either at room temperature for 1 h or at 4°C overnight.
Following primary antibody incubation, slides were washed with PBS for
three subsequent 15-min washes and then incubated with secondary an-
tibody for 1 h at room temperature, followed by three subsequent 15-min
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washes with PBS. Slides were mounted and nuclei were stained using
VECTASHIELD (Vector Laboratories, CA). ORO staining was carried out
according to the supplier’s instructions.

Western blotting. Cells were harvested by trypsinization, pelleting,
and subsequent lysis in 1 X Laemmli buffer and boiled or directly lysed in
1X Laemmli buffer and boiled.

Electroporation of viral RNA. In vitro transcription and electropora-
tion of HCV RNAs were performed as previously described (29). Viral
J6/JFH-1/Gluc and deletion mutant (AE1/E2, Acore, and GNN) RNAs
were generated in vitro using a MEGAscript T7 kit (Ambion, TX) and
purified by phenol-chloroform extraction. For electroporation, 10 pg of
RNA was used for 4 X 10° cells in a volume of 400 pl of low-serum
medium in a 4-mm cuvette (VWR) using the Gene Pulser Xcell electro-
poration system (Bio-Rad, CA). Medium was changed 4 h postelectropo-
ration. Samples were collected at 4 h postelectroporation to control for
electroporation efficiency. Samples were collected either by direct lysis
with 1X Laemmli buffer and boiling or by incubation with trypsin, fol-
lowed by pelleting and lysis by boiling in 1 X Laemmli buffer for Western
blot analysis. The Jc1/GLuc constructs were provided by Brett Lindenbach
(Yale University).

Cell viability assay. Huh-7.5 cells were seeded into 96-well plates be-
fore treatment with the desired compound for 24 h. Cells were then as-
sayed in biological triplicate using the CellTiter-Glo luminescent cell via-
bility kit according to the manufacturer’s instructions (Promega, WI).

Coimmunoprecipitation. Huh-7.5 cells were cotransfected with
FLAG-CIDEB or HA-ubiquitin constructs. Eighteen to 24 h after trans-
fection, cells were treated with 10 wM MG132, then washed three times
with ice-cold PBS, solubilized with lysis buffer (50 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1.0% NP-40, 5 mM EDTA, 5mM EGTA, 15 mM MgCl,, 60
mM B-glycerophosphate, 0.1 mM sodium orthovanadate, 0.1 mM NaF, 1
mM phenylmethylsulfonyl fluoride [PMSF], 1X proteinase inhibitor
cocktail) for 5 min on ice, and then rotated for 1 h at 4°C. The cell lysate
was centrifuged at 12,000 X g for 10 min at 4°C to remove any insoluble
material and then subjected to immunoprecipitation (IP) with EZview
anti-Flag M2 or anti-HA affinity beads (Sigma-Aldrich, MO) according to
the manufacturer’s instructions. The beads were collected by centrifuga-
tion and then washed gently three times with lysis buffer supplemented
with protease inhibitors. Beads and bound protein were boiled in 2X
Laemmli buffer and analyzed by Western blotting.

CIDEB stability assays. To analyze stability of endogenous CIDEB,
Huh-7.5 cells were treated with 2.5 pg/ml of CHX for various amounts of
time before being directly boiled in 1X Laemmli buffer and analyzed by
Western blotting. For CIDEB mutants, cells were transfected with the
mutant constructs for 18 h, treated with 2.5 pg/ml of CHX for 4 h, and
analyzed similarly. For proteasome inhibition, cells were treated with 10
wM MG132 for 18 h. For lipid loading, cells were electroporated with
JFH-1 or infected with JFH-1/AD16 for 24 h and then incubated in media
containing 0 pM, 100 uM, or 400 M OA for 20 h before Western blot
analysis.

Lipid droplet purification. Huh-7.5 cells were infected with JFH-1/
ADI16 for 42 h and then treated with 375 uM OA for 14 h. Cells were
harvested in ice-cold PBS and stored at —80°C. Cell pellets were fraction-
ated by following a modified previously published protocol (40). Briefly,
cell pellets were Dounce homogenized in buffer A (20 mM Tricine, 250
mM sucrose, 1 mM PMSF [pH 7.8]), overlaid with buffer B (20 mM
HEPES, 100 mM KCl, 2 mM MgClL,, [pH 7.4]), and ultracentrifuged at
270,000 X gfor 1 h. The floating crude LD fraction was collected and then
centrifuged at 14,000 X g for 10 min, and residual underlying liquid and
pellet were removed. Total LD was then washed with buffer B four times.
Lipids were dissolved with equal amounts of chloroform and acetone, and
the resulting protein pellet was resuspended in 1X Laemmli buffer. The
total protein amount was measured using the Bio-Rad DC protein assay.
For Western blot analysis, 15 g of whole-cell lysate and 7.5 g of purified
LD proteins were used.
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FIG 1 HCV infection downregulates CIDEB in vitro and in vivo. (A) Immunofluorescence staining of viral proteins and CIDEB. Huh-7.5-based CIDEB-KO cells (clone
3) stably expressing FLAG-CIDEB were infected with a high-titer JFH-1 (HCV) variant, JFH-1/AD16 (genotype 2), for 3 days before costaining for FLAG and HCV NS3.
FLAG-CIDEB CBKO#3 cells were infected with VSV-GEFP for 16 h, stained for FLAG-CIDEB, and analyzed for coexpression of FLAG-CIDEB and GFP. FLAG-CIDEB
CBKO#3 cells were infected with DENV for 48 h and costained for FLAG-CIDEB and DENV NS3. (B) Immunoblot of CIDEB in genotype 2-infected (top) or genotype
3-infected (bottom) cells. Cells were infected for 3 days with various genotype 2a viruses before analysis by Western blotting or for 8 days with various genotype 3a-based
(S310) clones or the S310/JFH-1 chimera. On day 8 postinfection, core protein was measured from the supernatants by HCV core-specific ELISA, and cell lysates were
analyzed by Western blotting for CIDEB. Beta-actin was included as a loading control. (C) CIDEB protein levels in the HCV-infected uPA/SCID humanized mouse
model. Liver tissue lysates from primary human hepatocytes (PHH)-transplanted uPA/SCID mice, either uninfected (n = 5) or HCV infected (1 = 5), were subjected
to Western blotting to measure CIDEB protein levels. Data from individual mice are plotted as CIDEB protein normalized to GAPDH protein (control). Quantification
of band intensity was performed using Image]J software (National Institutes of Health). HCV-infected versus uninfected humanized mice showed statistically significant
levels of CIDEB protein (P = 0.01). Measured HCV titers (in RNA copies per milliliter) are listed in the adjacent table.

Lipid droplet stability analysis. Naive Huh-7.5 cells, Huh-7.5 cells 60 ~ medium containing 5.5 uM TriC or 40 wM PF-429242 for 24 h before LDs
h post-JFH-1/AD16 infection, or naive Huh-7.5 CIDEB-KO cells (single-  were visualized using ORO staining.
cell clones 3 and 11) were seeded at low confluence (10%) onto coverslips VLDL density analysis. Naive Huh-7.5 cells, Huh-7.5 cells 60 h post-
in 12-well plates and treated with 375 wM OA for 14 to 20 h. The cellswere ~ JFH-1/AD16 infection, or naive Huh-7.5 CIDEB-KO clone 11 cells were
then washed three times with PBS and further incubated in fresh, OA-free  incubated in a lipid-rich medium (Dulbecco modified Eagle medium
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FIG 2 Endogenous CIDEB is a short-lived protein that is posttranslationally regulated via the ubiquitin-proteasome pathway. (A) Cells were treated with the
protein synthesis inhibitor CHX for 0, 1, 2, or 3 h, then lysed, and analyzed by Western blotting for CIDEB protein levels. GAPDH was included as a loading
control. (B) Treatment with the proteasome inhibitor MG132 blocked CIDEB degradation in both wild-type cells and cells harboring a lentivirus encoding
shRNA targeting CIDEB mRNA. (C) Analysis of CIDEB ubiquitination. Cells were cotransfected with FLAG-CIDEB or a FLAG-control protein (Prp31c) and
HA-ubiquitin constructs, followed by MG132 treatment, coimmunoprecipitation with anti-FLAG beads, and Western blotting. (D) Schematic of FLAG-CIDEB
deletion constructs used for stability analysis. (E) Stability of CIDEB deletion mutants. Cells were transfected with various FLAG-CIDEB-encoding constructs
(represented in panel D) and subsequently treated with CHX, 24 h posttransfection, for 4 h, before immunoblot analysis using FLAG-specific antibody. (F) The
point mutation K173A enhanced CIDEB stability. Cells transfected with wild-type or K173A CIDEB mutant cDNA were treated with CHX, collected at the
indicated times, and analyzed similarly to the cells for panel A.

[DMEM] containing 375 pM OA, 10% fetal bovine serum [FBS], and
nonessential amino acids) for 14 h, washed three times with PBS, and then
changed to DMEM for 8 h. Collected supernatant was fractionated into 11
fractions using a continuous 10 to 40% iodixanol gradient (77,160 X g for
17 h at 4°C). The fractions were analyzed for ApoB content using an
ApoB100 detection kit (Mabtech, OH).

Triglyceride storage and secretion. Huh-7.5 or Huh-7.5 CIDEB-KO
clone 11 cells were incubated in the lipid-rich medium for 20 h, washed
three times with PBS, incubated in DMEM, collected by scraping in ice-
cold PBS, and lysed via sonication. The cell lysate and supernatant were
analyzed for TG content using a TG detection kit (Sigma-Aldrich, MO).

April 2016 Volume 90 Number 8

Journal of Virology

Humanized mouse model sample collection. Methods for collection
of humanized mouse model samples have been described previously (41).

RESULTS

HCV infection downregulates CIDEB in vitro and in vivo. We
have previously observed that JFH-1/HCVcc infection resulted in
a lower CIDEB protein level on Western blots without reducing
CIDEB mRNA in cultured cells (29). To facilitate single-cell, im-
munofluorescence-based detection of CIDEB, we generated a sta-
ble FLAG-CIDEB-expressing Huh-7.5-based cell line (FLAG-
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FIG 3 HCV-infected cells exhibit lower levels of CIDEB protein than do uninfected cells, likely through a proteolytic cleavage event. (A) Effect of HCV infection
on endogenous CIDEB protein. Western blot analysis of Huh-7.5 cells infected with JFH-1/AD16 for 3 days revealed a faster-migrating band recognized by the
CIDEB antibody, in addition to the full-length product. The asterisk indicates a degradation product occasionally seen from uninfected (mock) Huh-7.5 cells. (B)
Effect of proteasome inhibition on CIDEB protein levels in HCV-infected cells. Huh-7.5 cells were infected with JFH-1/AD16 for 48 h and then treated with
MG132 for 18 h before analysis by Western blotting. Results obtained with a longer exposure of GAPDH, CIDEB, and the CIDEB cleavage product are shown to
the right. (C) Effect of HCV infection on N-terminally FLAG-tagged CIDEB. Shown are the results of Western blot analysis of CIDEB-KO cells (clone number
3) stably expressing FLAG-CIDEB and electroporated with JFH-1 for 3 days. FLAG-CIDEB was detected by anti-CIDEB antibody. (D) Western blot analysis of
endogenous CIDEB and NS3 levels in Huh-7.5 cells with various HCV RNAs. Cells were electroporated with 10 pg of RNA generated from either wild-type or
mutant genomes and then analyzed 48 h later for the ability to downregulate CIDEB. The Acore mutant is a Jc1/GLuc variant lacking the intact HCV capsid
protein; the GNN mutant is a Jc1/GLuc variant harboring a replication-deficient replicase. (E) Similar analysis of endogenous CIDEB and NS3 levels in Huh-7.5
cells 48 h after cells were electroporated with 10 g of RNA generated from either wild-type JFH-1 or the AE1/E2-JFH-1 mutant, a viral construct lacking the two

HCV envelope proteins.

CIDEB CBKO#3) that lacked endogenous CIDEB expression.
Indeed, infection of this cell line and subsequent dual staining of
HCV-infected cells for HCV NS3 and CIDEB revealed a pattern of
mutual exclusivity between HCV expression and CIDEB protein
(Fig. 1A, top row), consistent with HCV-mediated CIDEB down-
regulation. The uninfected cells exhibited a more uniform expres-
sion pattern of CIDEB (Fig. 1A, second row), and VSV or dengue
virus infection of the FLAG-CIDEB CBKO#3 cells did not result in
this pattern of exclusion between infection and CIDEB protein
(Fig. 1A, third and fourth rows). Western blotting confirmed the
downregulation of CIDEB protein by JFH-1, a genotype 2 virus,
and its derivatives (Fig. 1B).We also tested a genotype 3 virus (39)
for CIDEB downregulation. Infection of Huh-7.5.1 cells, a deriv-
ative of the Huh-7.5 cell line, with three different clones of a GT3a
virus resulted in virus production with different efficiencies.
Higher levels of core protein (as measured by enzyme-linked im-
munosorbent assay [ELISA]) were correlated with a reduction of
the endogenous intracellular CIDEB protein level, similar to what
was observed in the JFH-1-infected cells (Fig. 1B). The less pro-
nounced downregulation of CIDEB protein by these GT3 viruses
is likely a result of lower infection efficiencies of these isolates,
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rather than a genotype-specific effect on CIDEB degradation (Fig.
1B). Finally, we investigated if endogenous human CIDEB is
downregulated by HCV infection in vivo. We analyzed liver sam-
ples of human-liver SCID/uPA mice with or without infection by
genotype la HCV derived from human serum (41). As shown in
Fig. 1C, liver tissues from HCV-infected mice expressed lower
overall CIDEB proteins than those from similarly transplanted
but uninfected animals. Together, these results suggest that
CIDEB downregulation by HCV infection occurs with multiple
genotypes and within the liver environment.

CIDEB is normally regulated at the cellular level by ubiqui-
tin-mediated proteasomal degradation. In addition to HCV in-
fection, the expression level of CIDEB in liver cells is also regulated
by a variety of stimuli (29, 42). In order to understand whether
HCYV enhances normal cellular degradation of CIDEB or utilizes a
separate, distinct mechanism, we investigated the cellular mecha-
nism of CIDEB regulation in uninfected hepatocytes. We per-
formed CHX inhibition experiments to determine the half-life of
the CIDEB protein in uninfected cells. As shown in Fig. 2A,
CIDEB is a short-lived protein, with an estimated half-life of <60
min, which is near the low end of the spectrum of mammalian
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FIG 4 Intracellular lipid abundance affects CIDEB protein stability. (A) Effect of two structurally distinct lipid droplet inhibitors, PF-429242, a reversible
inhibitor of cholesterol synthesis, and Triacsin C, an inhibitor of long-chain-fatty-acid acyl-CoA synthetase, on LDs in Huh-7.5 cells. Cells were treated with 40
WM PF-429242 or 5.5 wM TriC for 24 h before staining with ORO. (B) Cell viability was measured after 24 h of treatment with the indicated compounds. (C and
D) Western blot analysis of CIDEB protein levels in Huh-7.5 cells treated with PF-429242 or TriC for 24 h. Shown is quantification of CIDEB protein levels on
a Western blot by Image] analysis (analyzed from biological triplicates). Ku80 was used as a loading control. (E) A 24-h treatment of Huh-7.5 cells with PF-429242
or TriC does not significantly alter CIDEB mRNA levels. (F and G) Effect of exogenous lipid loading on CIDEB protein in infected cells. Uninfected or (24-h)
JFH-1/AD16-infected Huh-7.5 cells were treated with 100 uM OA for 20 h before being fixed for ORO staining or lysed for Western blot analysis.

protein half-lives and well below the average protein turnover rate
(10 to 20 h) in human cells reported previously (43). The GAPDH
protein was used as a loading control because it has been reported
to have a long half-life, 40 to 50 h, and was thus unlikely to change
for the duration of the experiments performed in this study (44).
To determine whether the rapid turnover of CIDEB is mediated by
proteasomes, we treated the cells with MG132, a proteasome in-
hibitor, and determined the CIDEB protein level with immuno-
blotting. An increase of CIDEB level was observed with MG132
treatment in both Huh-7.5 cells and a derivative cell line that
harbored a small hairpin RNA (shRNA) against the CIDEB
mRNA (Fig. 2B), suggesting that proteasomes play a role in regu-
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lating CIDEB protein stability. Because canonical proteasome tar-
geting is mediated by polyubiquitylation of the target protein, we
tested whether inhibition of proteasome-mediated protein degra-
dation results in accumulation of polyubiquitylated CIDEB.
Treatment of cells cotransfected with FLAG-CIDEB and HA-
ubiquitin with MG132 resulted in accumulation of polyubiquity-
lated CIDEB (Fig. 2C), indicating that the CIDEB protein level is
regulated by ubiquitylation and the proteasome. Ubiquitins are
commonly linked to lysine residues on target proteins. To identify
the lysine residue(s) responsible for CIDEB ubiquitylation, we
generated truncation mutants of CIDEB cDNA in which regions
containing specific lysine residues were removed (Fig. 2D). The
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electroporation of cells with 10 g of wild-type JFH-1 (WT) or JFH,, RNA. (B) Localization of endogenous CIDEB and HCV core after HCV infection assayed
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deletion of amino acids 166 through 195, which contained two
lysine residues, K172 and K173, significantly stabilized the protein
(Fig. 2E). Site-directed mutagenesis further confirmed that lysine
173 is important for CIDEB degradation, because its replacement
by an alanine residue stabilized the protein (Fig. 2F).

HCV infection triggers a proteolytic cleavage of CIDEB in a
core-dependent manner. Consistent with our previous report
(29), immunoblot analysis of HCVcc-infected Huh-7.5 cells
showed reduced CIDEB levels compared to those of uninfected
Huh-7.5 cells. Interestingly, in experiments where the samples
were directly lysed in protein loading buffer and where protein
degradation was minimized after cell lysis, the reduction of
CIDEB full-length protein coincided with the appearance of a fast-
er-migrating species that is recognized by the anti-CIDEB anti-
body (Fig. 3A). This species was not observed when immunoblot
analysis was performed with an IgG control instead of anti-CIDEB
(data not shown), indicating that this faster-migrating species is a
CIDEB cleavage product and that HCV infection may trigger pro-
teolytic cleavage of CIDEB. MG132 treatment did not reduce the
HCV-activated proteolytic cleavage of CIDEB (Fig. 3B), indicat-
ing that the mechanisms of cellular and virus-induced CIDEB
downregulation are distinct. A similar band was also observed in
the aforementioned FLAG-CIDEB CBKO#3 cells infected with
HCVcc that was detectable by anti-CIDEB antibody (Fig. 3C) but
not by anti-FLAG antibody. Note that the FLAG epitope was fused
to the N terminus of CIDEB, which is unstable upon cleavage and
cannot be detected with the anti-FLAG antibody either in immu-
nofluorescence assays (IFA) (Fig. 1A) or on Western blots (data
not shown). To identify viral determinants involved in CIDEB
downregulation and cleavage, immunoblot analysis of CIDEB was
performed following electroporation of cells with one of three
different mutant HCV genomes: one with an internal in-frame
deletion in the HCV core gene (Acore), one with mutations in the
active site of the viral polymerase (GNN), and one with deletion of
the E1E2 genes (AE1/E2). While the wild-type genome efficiently
downregulated CIDEB full-length protein and resulted in the ap-
pearance of the cleavage product (Fig. 3D), the Acore mutant
failed to reduce the CIDEB level or trigger cleavage despite ex-
pressing similar amounts of the HCV NS3 protease (Fig. 3D). The
polymerase-deficient GNN mutant failed to replicate and did not
express detectable amounts of HCV proteins. It also failed to
downregulate CIDEB as expected (Fig. 3D). On the other hand,
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the AE1/E2 mutant was still able to downregulate CIDEB and to
activate cleavage (Fig. 3E). These results demonstrate that the
HCV core, but not the glycoproteins, is required for CIDEB
downregulation via a mechanism independent of the HCV pro-
tease.

Role of LDs and the core’s LD localization in CIDEB down-
regulation. The HCV core localizes to the surface of LDs in HCV
infected cells, which may result in a competition with other LD-
localized proteins, such as CIDEB. To address this possibility, we
investigated whether the amounts of intracellular lipids and LDs
affect CIDEB protein stability. First, we inhibited LD formation in
Huh-7.5 cells using lipid inhibitors and then determined whether
the CIDEB level was reduced. Two structurally distinct inhibitors
were used. 4-([Diethylamino]methyl)-N-[2-(2-methoxyphenyl)
ethyl]-N-(3R)-3-pyrrolidinylbenzamide (PF-429242) is a revers-
ible inhibitor of cholesterol and fatty acid synthesis, acting by
blocking SREBP cleavage; Triacsin C (TriC) is an inhibitor of
long-chain-fatty-acid acyl coenzyme A (acyl-CoA) synthetase.
Both compounds inhibited LD formation as expected, without
significantly affecting cell viability (Fig. 4A and B), and more im-
portantly, they also effectively reduced CIDEB protein in Huh-7.5
cells (Fig. 4C and D). The reduction of CIDEB protein was not due
to a decrease in CIDEB mRNA level upon treatment (Fig. 4E), and
we did not detect the putative cleavage product (data not shown)
in these experiments. In the second line of experiments, we aug-
mented intracellular LD formation by feeding the cells with excess
oleic acid (OA) and then determined if this lipid loading, which
significantly increased the number of LDs in Huh-7.5 cells
(Fig. 4F), could modulate the CIDEB level in HCV-infected cells.
Loading the cells with OA restored the CIDEB protein level in
HCV-infected cells to a level similar to that in uninfected, un-
loaded cells (Fig. 4G), consistent with the hypothesis that in-
creased LD availability can counteract the effect of HCV infection
on the CIDEB level. To directly address if the localization of HCV
core protein to LDs is required for CIDEB downregulation, we
took advantage of a core double proline mutant that reduced its
LD association without significantly affecting its expression level
(45). Electroporation of the full-length HCV genome containing
these core mutations (JFHp,p) was still capable of activating the
pathway that leads to CIDEB cleavage, but the extent of down-
regulation was reduced compared to that of the wild type (Fig.
5A). The NS3 expression levels were comparable, suggesting
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FIG 6 CIDEB modulates LD stability. (A) LD stability in naive or JFH-1/AD16-infected Huh-7.5 cells. Cells were incubated in lipid-rich medium for 14 h,
washed with PBS, and cultured in DMEM with 5.5 pM TriC for 24 h before staining with ORO (red, 100X) and 4’,6-diamidino-2-phenylindole (DAPI) (blue)
or with anti-NS3 (green, 40X) and DAPI. (B) Formation of LDs in Huh-7.5 or Huh-7.5 CIDEB-KO cells after lipid loading. Cells were incubated in lipid-rich
medium for 20 h, washed with PBS, and stained for LDs using ORO (red, 100X). (C) LD stability in wild-type and CIDEB KO cells. After lipid loading as described
above, cells were cultured in DMEM with or without 5.5 uM TriC for 24 h and then stained for LDs using ORO (red, 100X ). Panels 1, 2, and 3 are separate frames.

DAPI (blue) was used as a counterstain.

that core protein and its association with LDs, but not overall
viral protein expression, is correlated with CIDEB downregu-
lation. In addition, the reduction of CIDEB protein upon HCV
infection was even more pronounced in the LD fractions (Fig.
5B). Localization of both CIDEB and core onto the surface of
the same LDs could also be detected when we coexpressed these
proteins to a high level in uninfected cells (Fig. 5C).

CIDEB knockout stabilizes LDs in the presence of excess lip-
ids. A mechanism by which HCV core may contribute to hepatic
steatosis is through the stabilization of cytoplasmic LDs (25, 26).
Consistent with previous reports, we also observed increased LD
stability in hepatoma cells infected with HCV compared to that in
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uninfected cells (Fig. 6A). We determined if suppression of
CIDEB could similarly affect LD stability. We recently generated
Huh-7.5 cell clones that have the CIDEB gene knocked out using
transcription activator-like effector nuclease (TALEN)-based ge-
nome editing (29). In the absence of lipid loading, both the CIDEB
shRNA and the CIDEB KO reduced the number of LDs (29).
When the cells were fed with lipid-rich medium that contained
oleic acid, however, both parental and KO cells were able to form
LDs (Fig. 6B). To determine if CIDEB KO affects LD stability, we
used TriC to block the synthesis of fatty acids after lipid loading.
Under these conditions, the KO cells contained many more large
LDs than the wild-type cells did (Fig. 6C), likely due to the reduced
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FIG 7 Knockout of CIDEB in human hepatoma cells results in altered VLDL secretion and TG storage. (A) Secreted and intracellular TG in Huh-7.5 or Huh-7.5
CIDEB-KO (clone 11) cells. Cells were cultured in a lipid-rich medium (supplemented with 375 uM OA) for 20 h, washed with PBS, and then either collected
for lysate or further incubated in fresh DMEM for 2 h for supernatant collection. Both the lysate and supernatant were analyzed for TG contents. (B) Analysis of
secreted and intracellular ApoB levels. Huh-7.5 cells or or Huh-7.5 CIDEB-KO (clone 11) cells were cultured in a lipid-rich medium (supplemented with 375 wM
OA) for 14 h, washed with PBS, and then further incubated in fresh DMEM for 8 h for supernatant collection. (C) Lipid density profile of secreted ApoB-
associated VLDL particles. Fractions of the supernatant collected as described above were analyzed for the amount of ApoB protein in each fraction. Distribution
of ApoB-containing particles of different densities are quantified and plotted. Data from three replicate experiments are shown. (D) Lipid density profile of
secreted ApoB-associated VLDL particles in HCV-infected cells. Naive Huh-7.5 cells and and Huh-7.5 cells 60 h post-JFH-1/AD16 infection were cultured in
lipid-rich medium (supplemented with 375 uM OA) for 14 h, washed with PBS, and then further incubated in fresh DMEM for 8 h for supernatant collection.
Fractions of the supernatant collected as described above were analyzed for the amount of ApoB protein in each fraction. Distributions of ApoB-containing
particles of different densities are quantified and plotted. Data from two biological replicate experiments are shown.

secretion of the VLDLs or LDLs, which can slow down the deple-
tion of their intracellular reservoir (the cytoplasmic LDs) in the
absence of new lipid synthesis.

CIDEB knockout in vitro phenocopies the alteration of lipid
profiles caused by HCV infection. Given the involvement of
CIDE family proteins in lipid metabolism, we determined the ef-

fect of CIDEB deficiency on the VLDL secretion and intracellular
TG levels in a human hepatoma cell line. It has previously been
shown that Huh-7.5 cells secrete very small amounts of TG; how-
ever, these cells can be used for VLDL studies if supplemented
with exogenous OA in order to first expand the intracellular TG
pool (21). Therefore, we supplied cells with exogenous OA prior
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to measuring TG secretion. Compared with wild-type Huh-7.5
cells, the CIDEB KO cells had a reduced level of TG secretion
accompanied by a slight increase of intracellular TG level after
lipid loading (Fig. 7A). In addition, the CIDEB KO cells secreted
less ApoB-containing VLDLs (Fig. 7B). Analysis of secreted ApoB
particles revealed an overall increase of density of the ApoB parti-
cles secreted from the CIDEB KO cells (Fig. 7C), suggesting a
reduction in intracellular lipidation of ApoB. Overall, the VLDL
density profile of ApoB particles secreted from CIDEB KO cells is
similar to the density profiles for ApoB secreted from HCV-in-
fected cells (Fig. 7D) and differs from that of wild-type, uninfected
cells.

DISCUSSION

In this study, we demonstrated that HCV infection reduces full-
length CIDEB protein by activating a proteolytic cleavage event.
This downregulation is independent of HCV glycoproteins but
requires the HCV core and may play a role in HCV-induced lipid
accumulation in HCV pathogenesis.

HCV-induced modulation of CIDEB protein is distinct from
the normal ubiquitin-proteasomal regulation of the protein,
which has also been shown to modulate CIDEA and CIDEC pro-
teins in other cell types (46, 47). The fine-tuning of CIDE family
proteins by proteasomes may be critical for maintaining normal
cell physiology. On one hand, the CIDE proteins readily induced
cell death in a variety of cell types when overexpressed (27, 30, 31);
on the other hand, suboptimal levels of CIDEB can lead to an
imbalance of lipid metabolism. Notably, apoptosis induction
likely accounts for a reported antiviral effect of CIDEB overex-
pression in cell culture (48); Singaravelu et al. concluded that
CIDEB’s ability to reduce HCV RNA levels in replicon cells was
correlated with its proapoptotic function.

A specific cleavage in response to a stimulus such as viral infec-
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tion has not been reported for any CIDE proteins but appears to be
the mechanism of HCV-mediated downregulation of CIDEB.
Previous studies have shown CIDEB KO mice to exhibit increased
resistance to diet-induced steatosis and reduced lipogenesis (34).
Similarly, we have observed LD formation being impaired in un-
infected human hepatoma cells when CIDEB expression is re-
duced by shRNA or eliminated by gene knockout (29). Upon
HCV infection, which increases lipogenesis (12, 14, 23), however,
CIDEB depletion causes altered VLDL profiles and leads to intra-
cellular lipid accumulation. Similarly, when cells were fed with
excess lipids, suppression of CIDEB stabilized cytoplasmic LDs.
The observation that genetic ablation led to perturbations of the
lipid secretion pathway similar to those caused by HCV infection
suggests a connection between CIDEB modulation and lipid reg-
ulation in infected cells. Consistent with this hypothesis, HCV-
induced CIDEB downregulation was observed in cultured cells
infected with a genotype 3 virus as well as in infected liver tissues of
an HCV mouse model. The in vivo data are consistent with a
previous report showing that transgenic expression of HCV pro-
teins in mice led to a reduction of CIDEB protein (31), even
though the cleavage product was not detectable from the in vivo
samples, which could be due to the labile nature of the protein,
especially considering the fixing and processing necessary for the
live tissues. Combined with a growing body of evidence support-
ing the function of the CIDE proteins in lipid regulation and the
reported role of the HCV core in virus-induced steatosis, our re-
sults support a model (Fig. 8) in which chronic HCV infection of
human hepatocytes results in sustained reduction of CIDEB pro-
tein, which, in turn, contributes to hepatic lipid dysregulation and
steatosis.

Localization of HCV core to the surface of LDs is important for
HCYV assembly (3), and colocalization of an LD-targeted cellular
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factor, TIP47, with NS5A and the core on LDs may be required for
HCV replication and release (49). On the other hand, the exten-
sive coating of the LD surface by HCV core protein in the infected
hepatocytes can lead to displacement of native LD proteins, such
as CIDEB and perilipins. Such a competition has been shown to
play a role in the downregulation of perilipin 2 (PLIN2) protein,
also known as adipocyte differentiation-related protein (ADRP).
The dissociation of ADRP from LDs, as a result of core competi-
tion, led to reduced stability of ADRP (50), presumably due to
increased exposure to protease(s). Our results suggest a role for
HCV core’s LD localization in CIDEB downregulation, consistent
with such a competition-displacement model that is distinct from
HCV NS3/4A-mediated cleavage of critical antiviral signaling
proteins (51, 52). Of note, no specific interaction between CIDEB
and the HCV core was detected in co-IP experiments (data not
shown).

The displacement of CIDEB from the LD surface may expose
the protein to a protease that normally does not have access to
CIDEB. Alternatively, the presence of the HCV core during infec-
tion may activate a protease that can cleave CIDEB. Preliminary
experiments testing different classes of protease inhibitors, in-
cluding calpain and caspase inhibitors, have yielded inconclusive
results. The Acore mutant genome expresses both NS2 and the
NS3/4A proteases encoded by HCV but failed to downregulate
CIDEB protein or trigger the proteolytic cleavage, suggesting the
involvement of cellular, rather than viral, proteases. The identifi-
cation of the specific protease(s) that is responsible for cleaving
CIDEB in an HCV-dependent manner can provide promising
candidates for targeted interventions of lipid dysregulation.
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