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Highlights: Impact and implications:
� HCV-infected livers exhibit elevated lysophosphatidylcho-
line levels and reduced phosphatidylcholine levels in HCV-
positive regions.

� HCV infection, particularly Core-NS2, induces PLA2G4C
mRNA expression through NF-jB activation and c-
Myc upregulation.

� TG accumulation and LD formation following HCV infection
are suppressed in PLA2G4C-knockout cells.

� PLA2G4C expression leads to the dissociation of ATGL,
PLIN1 and ABHD5 – key genes associated with lipolysis –

from LDs.
https://doi.org/10.1016/j.jhepr.2024.101225
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The involvement of phospholipid metabolism pathways in the
pathogenesis of hepatitis C virus (HCV)-related liver diseases
remains unclear. We found that PLA2G4C expression is upre-
gulated through NF-jB and c-Myc activation upon HCV
infection, and this upregulation is associated with a decrease in
phosphatidylcholine species. The increased expression of
PLA2G4C resulted in changes in the phospholipid composition
of lipid droplets, led to the dissociation of lipolysis-related
factors from the lipid droplet surface and the accumulation of
lipid content within the droplets. These findings suggest that
the disruption of the phospholipid metabolism pathway caused
by HCV infection may contribute to the development of HCV-
associated fatty liver. It would be interesting to determine
whether alcohol- and/or metabolic dysfunction-associated
steatohepatitis are also associated with increased PLA2 ac-
tivity, altered phospholipid composition and decreased levels
of ATGL and its cofactors in lipid droplet membranes.
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Background & Aims: Hepatic steatosis, characterized by lipid accumulation in hepatocytes, is a key diagnostic feature in patients
with chronic hepatitis C virus (HCV) infection. This study aimed to clarify the involvement of phospholipid metabolic pathways in
the pathogenesis of HCV-induced steatosis.

Methods: The expression and distribution of lipid species in the livers of human liver chimeric mice were analyzed using imaging
mass spectrometry. Triglyceride accumulation and lipid droplet formation were studied in phospholipase A2 group 4C (PLA2G4C)
knockout or overexpressing cells.

Results: Imaging mass spectrometry of the infected mouse model revealed increased lysophosphatidylcholine levels and
decreased phosphatidylcholine levels in HCV-positive regions of the liver. Among the transcripts associated with phosphatidyl-
choline biosynthesis, upregulation of PLA2G4C mRNA was most pronounced following HCV infection. Activation of the tran-
scription factor NF-jB and upregulation of c-Myc were important for activation of PLA2G4C transcription by HCV infection and
expression of the viral proteins Core-NS2. The amount and size of lipid droplets were reduced in PLA2G4C-knockout cells. In-
hibition of NF-jB or c-Myc activity suppressed lipid droplet formation in HCV-infected cells. HCV infection promoted the stabi-
lization of lipid droplets, but this stability was reduced in PLA2G4C-knockout cells. Overexpression of PLA2G4C decreased the
levels of phosphatidylcholine species in the lipid droplet fraction and led to lower levels of key factors involved in lipolysis
(breakdown of triglycerides into glycerol and free fatty acids), such as ATGL, PLIN1 and ABHD5 on the lipid droplets.

Conclusions: HCV infection markedly increases PLA2G4C expression. This may alter the phospholipid composition of the lipid
droplet membrane, leading to stabilization and enlargement of the droplets.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Hepatitis C virus (HCV) is a major pathogen in chronic liver
diseases, including cirrhosis and hepatocellular carcinoma.1

Hepatic steatosis, characterized by fat deposition within he-
patocytes, is also frequently observed in individuals with
chronic hepatitis C.2 HCV protein expression alters cholesterol
and lipid metabolism in host cells.3 HCV core protein disrupts
lipid metabolism pathways, contributing to HCV-associated
steatosis.4,5 Additionally, the non-structural proteins NS2,
NS4B, and NS5A modulate the expression of genes involved
in lipogenesis.6–8

Lipid droplets (LDs) are cytoplasmic organelles that store fat
and are formed when triglycerides (TG) and cholesterol esters
(CE) accumulate between the bilayers of the endoplasmic re-
ticulum membrane. LDs act as hubs for metabolic processes.
Notably, HCV utilizes host LDs as scaffolds for viral assembly;9

increases in LD number and/or size have been observed in cells
expressing HCV proteins.9 The total number of LDs is
controlled by the relative balance between lipogenesis and
lipolysis. The expression of genes related to lipogenesis and
* Corresponding author. Address: Department of Microbiology and Immunology, Hamamat
4313192, Japan; Tel.: (81)-53-4352336.
E-mail address: tesuzuki@hama-med.ac.jp (T. Suzuki).
https://doi.org/10.1016/j.jhepr.2024.101225
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lipolysis, and the activities of their encoded proteins, are
involved in the HCV life cycle. Among lipogenesis-related
genes, the gene encoding sterol regulatory element binding
protein 1c (SREBP-1c) shows increased expression following
HCV infection, leading to LD accumulation.10,11 Diacylglycerol
acyltransferases (DGATs) are crucial for endogenous TG
biosynthesis and LD formation. DGAT1, a host factor essential
for HCV assembly, interacts with the HCV core and NS5A
proteins, facilitating their co-loading onto LDs generated via
DGAT1’s enzymatic activity.12 Consistent with these observa-
tions, knockdown of DGAT1 and DGAT2 expression decreases
neutral lipid content and LD number in virus-infected cells.13

Other research shows that the expression of lipin1, a key
enzyme in glycerophospholipid biosynthesis, is induced by
HCV infection, and is involved in forming the membranous
web that hosts the HCV replication complex.14 Among
lipolysis-related proteins, a-b hydrolase domain-containing
protein 5 (ABHD5) works with adipose triglyceride lipase
(ATGL) to mobilize TGs for HCV assembly and infectious par-
ticle production.15,16
su University School of Medicine, 1-20-1 Handayama, Higashi-ku, Hamamatsu
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Role of PLA2G4C in lipid droplet formation in HCV Infection
Huh-7, a cell line derived from human hepatoma, is
permissive for HCV infection. Huh-7 cells were subjected to
lipidomic analyses using mass spectrometry (MS) techniques
(e.g., liquid chromatography-tandem MS), identifying lipid
molecules with altered levels following HCV infection. For
example, there was an enrichment of phosphatidylinositol- and
phosphatidylcholine (PC)-based lipid species at selected time
points of HCV infection.17,18 Phospholipid monolayers con-
taining PC, phosphatidylethanolamine (PE), and associated
proteins surround LDs, and play a key role in the morphogen-
esis and maintenance of these organelles.19 Additionally,
transcriptome analysis identified mRNA encoding cytosolic
phospholipase A2 group 4C (PLA2G4C) as a host factor that
accumulates following HCV infection. This protein is involved in
HCV replication and assembly as well as LD biogenesis.20,21

PLA2G4C is a member of the phospholipase A2 (PLA2)
enzyme family, which hydrolyze glycerophospholipids to pro-
duce free fatty acids and lysophospholipids. However, the
molecular mechanism by which HCV infection induces changes
in LD morphogenesis remains poorly understood.

For the present study, we employed imaging MS (IMS) to
characterize the levels of specific lipids in liver tissues. IMS
allows visualization of lipid, metabolite, and peptide distribu-
tions by defining analysis areas based on images from an op-
tical microscope. The material is then analyzed through laser
irradiation of the targeted area. Thus, IMS is suitable for the
selective analysis of liver samples from chimeric mice with
human liver tissues, which may contain a mixture of human-
and mouse-derived tissues.

In the present study, we first used IMS to analyze changes in
the levels of PC and lysophosphatidylcholine (LPC) in
noncancerous liver tissues from HCV-infected chimeric mice.
Specifically, samples were obtained from an HCV infection
model created in chimeric (PXB) mice with human liver tissues.
We found that LPC levels tended to increase, while PC levels
decreased, in regions of the chimeric mouse livers positive for
HCV core protein compared to adjacent non-infected sites.
Subsequent analysis of cultured human liver cells revealed that,
among 32 assayed transcripts encoding factors involved in PC
biosynthesis regulation, PLA2G4C showed the highest mRNA
accumulation following HCV infection. We further demon-
strated that the activation of the transcription factors NF-jB
and c-Myc by HCV protein expression is crucial for the accu-
mulation of PLA2G4C mRNA. This increase in PLA2G4C pro-
tein levels led to changes in the phospholipid composition of
LDs, resulting in the depletion of lipolysis-related factors
associated with the LD surface and increased lipid accumula-
tion within LDs.

Materials and methods
Detailed materials and methods are provided in the
supplementary materials and methods.

Results

IMS analysis of HCV-infected human hepatocyte
chimeric mice

The mechanism by which HCV infection alters lipid metabolism
and composition in liver tissues remains unclear. Therefore,
PXB mice were infected with serum from patients with hepatitis
JHEP Reports, January
C (genotype 1b), and their liver tissues were harvested at 14
and 35 dpi (Fig. 1). Immunohistochemical staining of PXB
mouse livers with antibodies against human cytokeratin 8/18
(CK8/18) and mouse cytochrome P450 3A (CYP3A) revealed
that approximately 70–80% of the liver was of human origin
and interspersed with clusters of mouse-derived cells (Fig. S1).
Notably, IMS is particularly useful for the selective analysis of
lipid species in human-derived portions of such organs. Im-
munostaining was performed on serial liver sections of PXB
mice to confirm human/mouse tissue identity and HCV protein
expression. Using IMS on adjacent serial sections, areas of
human origin were quantitatively assessed to determine the
distribution of LPC and PC. A typical immunostaining result is
shown in Fig. 1A. Notably, LPCs and PCs include diverse
molecular species distinguishable by their polar groups and
fatty acid compositions. In this study, six LPCs and ten PCs
were detected in human-derived tissues from HCV-infected
and uninfected mice. Total LPC and PC amounts were calcu-
lated for each liver sample. The total LPC levels at 14 and 35
dpi were elevated by 1.04-fold and 1.20-fold, respectively,
compared to uninfected mice. Conversely, the total PC levels at
14 and 35 dpi decreased to 0.86-fold and 0.75-fold, respec-
tively, compared to uninfected mice (Fig. 1B). In infected liver
tissues, IMS images of HCV core-positive and adjacent non-
infected regions showed nominally higher LPC levels and
nominally lower PC levels in HCV core-positive areas compared
to non-infected areas (Fig. S2). Focusing on individual LPC and
PC species in the HCV core-positive areas compared with the
non-infected areas, LPC (18:2) levels increased significantly
from 14 dpi to 35 dpi (Fig. 1C), while levels of PC (16:1/16:1)
and PC (16:0/16:1) decreased significantly over the same
period, with differences growing over time (Fig. 1D).
HCV infection induces accumulation of the PLA2-encoding
PLA2G4C transcript

Notably, PC species are synthesized via a de novo phospho-
lipid synthesis pathway (Fig. S3); the resulting PC species are
subsequently hydrolyzed by cytosolic PLA2G4s to generate
LPC species. The LPC species are then converted back to PC
species by LPC acyltransferase (LPCAT) activity via a recycling
pathway. Phospholipid composition is primarily regulated by
the balance between PLA2G4s and LPCATs.

To explore the mechanism by which PC levels decrease
upon HCV infection, the expression of genes encoding en-
zymes involved in these pathways was analyzed by quantitative
reverse-transcription PCR in HCV J6/JFH-1-infected Huh7.5.1
cells (Fig. 2A and Fig. S3). PLA2G4C mRNA, encoding a
PLA2G4 family member, accumulated at significantly higher
levels in HCV-infected Huh7.5.1 cells than in uninfected cells
(Fig. 2A). The change in PLA2G4C transcript levels, which
exceeded 100-fold at 3 dpi, was the most pronounced among
the 32 assessed genes. Similarly, in the livers of HCV-infected
PXB mice, the mRNA expression of PLA2G4C, but not of
another PLA2-encoding gene (PLA2G4B), was significantly
higher than that in the livers of uninfected chimeric mice
(Fig. 2B). No remarkable change was observed in LPCAT
expression in response to HCV infection in the cell culture
model (Fig. 2A).

In the cell lines harboring a knockout of the PLA2G4C locus
(PLA2G4C-KO1 and -KO2) (Fig. S4), the total PLA2 activity in
2025. vol. 7 j 101225 2
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the cells was significantly lower than that in the parental cells
(Fig. 2C). Notably, this deficiency was alleviated in KO cells
rescued by the retroviral transduction of PLA2G4C (Fig. 2C),
whereas transfection of the KO cells with a construct encoding
a catalytically inactive PLA2G4C enzyme (G4C/S82A) resulted
in a dominant-negative effect, with the transfectant exhibiting
decreased PLA2 activity than that of the parent (Fig. 2D).
Furthermore, we observed that HCV infection of Huh7.5.1 cells
resulted in a significant elevation of intracellular PLA2 activity,
which was proportional to the infecting dose (Fig. 2E). We
inferred that HCV infection induces the expression of PLA2G4
family members, especially PLA2G4C, leading to an increase in
PLA2 activity.
Mechanism of transcriptional regulation of PLA2G4C upon
HCV infection

To elucidate the mechanism by which HCV infection potenti-
ates PLA2G4C transcript levels, we first expressed each HCV
protein alone or various polyproteins in Huh7.5.1 cells and
analyzed their effects on PLA2G4C mRNA levels (Fig. 3A). The
expression of either HCV core-p7 or core-NS2 resulted in an
eight-fold or greater increase in PLA2G4C mRNA levels. To
determine whether PLA2G4C transcript accumulation was
altered by HCV protein expression in liver tissues (in vivo),
C57BL/6J mice were administered recombinant adenoviruses
encoding HCV core-NS2 or a control GFP protein; then, hepatic
PLA2G4C transcript levels were assessed. The results showed
that HCV core-NS2 expression was associated with a
PLA2G4C mRNA accumulation of up to 4-fold, whereas the
effect on the mRNA level of another PLA2-encoding gene
JHEP Reports, January
(PLA2G4B) was comparable to that observed in mice injected
with the control (GFP-encoding) adenovirus (Fig. S5A).

To clarify the regulatory regions and sequences involved in
PLA2G4C transcript accumulation by HCV infection, promoter
reporter vectors were generated, and promoter activity was
assessed in Huh7.5.1 cells. The results showed that the
expression from the PLA2G4C promoter was significantly
elevated in response to HCV infection and was proportional to
the dose (Fig. 3B). Notably, PLA2G4C promoter activity was
markedly elevated in cells harboring constructs encoding HCV
core-p7 or core-NS2 proteins (Fig. S5B). Partial deletion ana-
lyses of the PLA2G4C promoter region revealed that the 114
base pairs upstream of the transcription start site are important
for activation by HCV infection and viral protein expression
(Fig. 3C). In silico analysis (not shown) of this promoter region
indicated the presence of possible binding sites for the c-Myc,
FOXP3, and NF-jB transcription factors. Using PLA2G4C
promoter reporter constructs, we then demonstrated that
introducing point mutations in the predicted binding sites for c-
Myc and NF-jB (but not that for FOXP3) in this region attenu-
ated the HCV-induced activation of PLA2G4C promoter activity
(Fig. 3C). These results suggest that c-Myc and NF-jB are
involved in the activation of PLA2G4C transcription following
HCV infection.

The involvement of NF-jB and c-Myc in transcriptional
regulation of the PLA2G4C gene was analyzed using the
chromatin immunoprecipitation assay, which revealed that
HCV infection enhanced NF-jB and c-Myc recruitment to this
PLA2G4C promoter segment (Fig. 4A). Notably, the recruit-
ment of c-Myc was less pronounced than NF-jB. The
potentiation of NF-jB transcriptional activity by HCV infection
2025. vol. 7 j 101225 3
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Role of PLA2G4C in lipid droplet formation in HCV Infection
was further demonstrated using a NanoLuc reporter plasmid
containing an NF-jB response element (Fig. S6A). The NF-jB
response element was activated by HCV core-p7 and core-
NS2 in Huh7.5.1 cells (Fig. S6B). HCV infection led to de-
creases in IjB (inhibitor of NF-jB) phosphorylation and protein
levels and an increase in phosphorylated p65 levels, indicating
activation of the classical NF-jB pathway (Fig. 4B). Consistent
with these observations, imiquimod, an NF-jB activator that
induces p65 phosphorylation, also resulted in endogenous
PLA2G4C mRNA accumulation (Fig. 4C). Furthermore, our
results showed that imiquimod enhanced PLA2G4C promoter
activity in a dose-dependent manner, and that this effect was
abolished by a point mutation in the predicted NF-jB-binding
site in the PLA2G4C promoter (Fig. S6C). Exposure to non-
cytotoxic concentrations of Bay 11-7082, a known NF-jB
inhibitor, also dose-dependently attenuated of HCV infection-
induced accumulation of the PLA2G4C transcript (Fig. 4D
and Fig. S6D).

Notably, c-Myc forms a heterodimer with the Max protein,
and the c-Myc/Max complex functions as a transcription factor.
JHEP Reports, January
In general, Max is abundant in cells and we observed that the
levels of this protein did not vary significantly upon HCV
infection (data not shown). Therefore, we inferred that the
regulation of c-Myc/Max transcriptional activity depends pri-
marily on c-Myc protein level. Consistent with this hypothesis,
c-Myc overexpression led to the accumulation of the endoge-
nous PLA2G4C mRNA (Fig. 4E) and potentiated PLA2G4C
promoter activity (Fig. S6E). As demonstrated above (via pro-
moter assays), point mutations in the predicted c-Myc binding
site of the PLA2G4C promoter significantly attenuated HCV
infection-induced activation of the PLA2G4C promoter
(Fig. S6E). Furthermore, HCV infection of Huh7.5.1 cells resul-
ted in c-Myc mRNA accumulation, which was proportional to
the HCV titer (Fig. 4F). Furthermore, the expression of HCV
core-p7 or core-NS2 in Huh7.5.1 cells resulted in 2.0- and 1.7-
fold increases in c-Myc mRNA levels, respectively (Fig. S6F).
Induction of c-Myc transcriptional activity by HCV infection was
confirmed using a reporter plasmid containing a c-Myc-
responsive element (Fig. S6G). Together, these results sug-
gested that NF-kB- and c-Myc-mediated transcription
2025. vol. 7 j 101225 4
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Research article
pathways are activated by HCV infection, contributing to the
induction of PLA2G4C gene expression.
Involvement of PLA2G4C in HCV production and LD
biosynthesis

PLA2G4C is known to be involved in both LD biosynthesis
and HCV production.21 In our analysis of the cell lines
harboring mutations in PLA2G4C, HCV infection level and the
mean fluorescence intensity (MFI) of LD and TG content were
decreased in HCV-infected PLA2G4C-KO1 and -KO2 cells
compared to parental (non-KO) control cells (Fig. 5A,B and
Fig. S7). Retroviral transduction of PLA2G4C in KO cells
restored viral RNA levels and MFI of LD and TG content
(Fig. 5A,B and Fig. S7), confirming PLA2G4C’s role in both the
HCV infection cycle and LD biosynthesis. In contrast, an in-
crease in the average fluorescence intensity of LDs with oleic
acid addition was observed not only in wild-type (WT) and
rescued KO cells, but also in PLA2G4C-KO cells (Fig. 5C and
Fig. S8), suggesting that, in these cells, fatty acid uptake is
independent of PLA2G4C expression. These findings sug-
gested that increased TG levels following HCV infection
are likely due to inhibition of the lipolysis pathway rather
than upregulation of the lipogenic pathway due to elevated
JHEP Reports, January
PLA2G4C levels. We further investigated whether LD gener-
ation and HCV infection were altered by exposure to small-
molecule compounds inhibiting PLA2G4C expression. Treat-
ment of HCV-infected WT cells with c-Myc inhibitor 10058-F4
and NF-kB inhibitor BAY 11-7082 reduced HCV RNA levels in
cells, whereas no anti-HCV activity was observed in
PLA2G4C-KO or rescued KO cells (Fig. 5D and Fig. S9). The
reduction of total LD content in WT cells induced by 2.5 lM
and 5 lM of 10058-F4 and 2.5 lM of BAY 11-7082 was not
observed in PLA2G4C-KO and rescued KO cells (Fig. 5E and
Fig. S10). Since the inhibitory effect of these two drugs
was not observed in the rescued KO cells in which the
PLA2G4C gene was not expressed from the native tran-
scriptional regulatory system but from the EF1a promoter,
10058-F4 and BAY 11-7082 possibly inhibited PLA2G4C
promoter activity and reduced its production, resulting in
suppression of LD levels and virus production. The reduction
of LD content upon 5 lM BAY 11-7082 treatment was
observed not only in WT cells but also in the KO and
rescued KO cells (Fig. 5E), suggesting that high concentra-
tions of BAY11-7082 effects a factor other than PLA2G4C.
These data suggested that PLA2G4C inhibitors might
be a starting point for developing drugs against HCV-
induced steatohepatitis.
2025. vol. 7 j 101225 5
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Role of PLA2G4C in lipid droplet formation in HCV Infection
To elucidate the effects of PLA2G4C and HCV on LD for-
mation, we investigated changes in LD size and number in
PLA2G4C-KO or parental Huh7.5.1 cells. Notably, in
PLA2G4C-KO cells, the mean LD size was 0.77-fold smaller
than that in parent cells, correlating well with a decrease in the
MFI of LD (Fig. 6A and Fig. S11), whereas the mean LD number
was nominally higher in PLA2G4C-KO cells than in the parental
control cells (Fig. 6A and Fig. S11). In contrast, the effect of
HCV infection on LD morphology was opposite to that of
PLA2G4C KO. Specifically, the mean LD size increased
following HCV infection compared to uninfected control cells,
consistent with the changes in the MFI of LD observed in
infected cells, and the mean LD number in infected cells was
lower than that in uninfected cells (Fig. 6B and Fig. S12A). This
increase in the MFI of LD was observed with overexpression of
HCV core-NS2 proteins in WT cells. The LD level further
JHEP Reports, January
increased when the HCV subgenomic replicon expression
plasmid (pHH/SGR-Gluc) was introduced together with the
core-NS2 expression plasmid (pCAG/C-NS2) (Fig. 6C and
Fig. S12B). This result is consistent with the fact that not only
core-NS2 but also NS3/4A expression contributes to the in-
duction of PLA2G4C mRNA expression, as shown in Fig. 3A.
While PLA2G4C KO resulted in a 0.49-fold decrease in the MFI
of LD compared to control cells, PLA2G4C-KO cells expressing
core-NS2 and harboring the subgenomic construct did not
exhibit this attenuation of HCV production until at least 3 days
post-transfection (Fig. S13). However, these cells still exhibited
nominal attenuation of the increase in the MFI, which were
otherwise observed in HCV-infected cells. Together, these
results demonstrated that PLA2G4C contributes to the
changes in LD production and morphology observed following
HCV infection.
2025. vol. 7 j 101225 6
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Research article
PLA2G4C expression induces a decrease in LD localization
of lipolysis-related factors

Next, we analyzed the molecular mechanisms by which
PLA2G4C expression induces changes in LD abundance and
morphology. We hypothesized that the enhanced production
or suppressed degradation of neutral lipids associated with
PLA2G4C activity leads to an increase in the MFI of LD, and
that mechanisms such as LD fusion and neutral lipid transfer
between LDs are involved in the observed changes in LD size
and number. To test this hypothesis, we examined whether
PLA2G4C expression affected the levels of mRNAs encoding
factors involved in the synthesis of neutral lipids, LD budding,
and TG transfer. Although PLA2G4C overexpression had a
limited effect on the mRNA expression of the tested genes,
PLA2G4C knockdown increased the mRNA levels of DGAT1,
HMGCR, LPIN1, LPIN2, LPIN3, FITM2, CIDEB, PLIN1 and
PLIN2 by more than 1.5-fold compared to the siControl
JHEP Reports, January
(Fig. S14), suggesting that PLA2G4C expression repressed
TG and CE synthesis, TG transfer and/or LD budding. To
investigate whether PLA2G4C expression or HCV infection is
involved in LD stability, we monitored the changes in the MFI
of LD over time in Huh7.5.1 cells (both HCV-infected and
uninfected) grown with triacsin C, a known inhibitor of TG and
CE biosynthesis (Fig. 7A). In HCV-uninfected Huh7.5.1 cells
(not mutated for PLA2G4C), the MFI of LD slowly decreased
after triacsin C addition, decreasing by 15% after 9 h of drug
exposure. In contrast, in PLA2G4C-KO cells, nominally
greater attenuation of the MFI of LD was observed after tri-
acsin C addition, with values decreasing by 50% after 6 h of
drug exposure. No such decrease in the MFI of LD was
observed in HCV-infected Huh7.5.1 cells, but a similar
decrease was observed in HCV-infected PLA2G4C-KO cells.
Overexpression of PLA2G4C in Huh7.5.1 cells, which
leads to enhanced LD stability, strengthens our hypothe-
sis (Fig. S15A).
2025. vol. 7 j 101225 7
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Role of PLA2G4C in lipid droplet formation in HCV Infection
ATGL is a TG lipase responsible for TG degradation and
localizes to the LD surface. The activity of this lipase is
enhanced by interaction with ABHD5, whose localization is
regulated by its interaction with PLIN1. We found that ATGL,
ABHD5, and PLIN1 transcript levels increased after HCV
infection (Fig. S15B), However, these levels did not increase in
the cells overexpressing PLA2G4C or its catalytically inactive
mutant (Fig. S15C). The effects of c-Myc overexpression or
imiquimod treatment on ATGL, PLIN1, and ABHD5 transcript
levels were further assessed. c-Myc overexpression did not
induce these transcripts. While moderate upregulation of PLIN1
and ABHD5 mRNA was observed upon imiquimod treatment,
the upregulation of their mRNAs was less than 1.5-fold, even in
cells treated with 8 ng/ml of imiquimod, which induced a >10-
fold increase in PLA2G4C expression (Fig. S15D). These re-
sults suggested that the mechanism by which mRNA expres-
sion of ATGL, PLIN1, and ABHD5 is induced by HCV infection
differs from that of HCV-mediated PLA2G4C induction. How-
ever, PLA2G4C may alter the LD localization of ATGL, ABHD5,
and PLIN1. To test this hypothesis, these three factors were
expressed as fusion proteins harboring epitope tags, and the
cells were subjected to immunofluorescence imaging to
analyze the subcellular localization. Confocal microscopy of
PLA2G4C-overexpressing cells showed nominal decreases of
approximately 40%, 83% and 55% in the LD localization of
ATGL, PLIN1, and ABHD5, respectively, than control cells
lacking such overproduction (Fig. 7B). Furthermore, decreased
levels of endogenous ABHD5 associated with LDs were
observed in both HCV-infected and PLA2G4C-overproducing
cells compared to control cells (Fig. 7C). However, the
expression of endogenous ATGL and PLIN1 were not detected,
possibly because of insufficient sensitivity of the antibodies
JHEP Reports, January
used in Huh7.5.1 cells. In contrast, the level of LD-associated
PLA2G4C increased in PLA2G4C-overproducing cells, sug-
gesting that the abundance of PC in these cells may be
attenuated in response to increased PLA2 activity in the LD.
Consistent with this inference, the LD levels of several PC
species were clearly decreased in PLA2G4C-overproducing
cells, as assessed by MS of the LD fractions isolated from
PLA2G4C-overproducing and control cells (Fig. S16).

Therefore, we speculate that the accumulation of PLA2G4C
induced by HCV infection leads to decreased levels of PC
species, which are major components of biological mem-
branes, in LDs. This effect leads to a decrease in the associ-
ation with LDs of membrane proteins, including ATGL, PLIN1,
and ABHD5. Additionally, we found that lipase activity
decreased after HCV infection or core-NS2 expression
(Fig. S17). ABHD5 enhances the lipase activity of ATGL, while
PLIN1 regulates the access of ABHD5 to ATGL, thereby con-
trolling its lipase activity on the LD surface. The localization of
these proteins at the LD is important for ATGL lipase activity.
Collectively, these changes in protein level and/or localization
are expected to result in decreased lipolysis efficiency in LDs,
leading to stabilization of neutral lipids in these organelles and
an increase in LD intensity and size compared to control cells.
Discussion
Cellular LDs have a neutral lipid core protected from the
aqueous environment by a protein-containing phospholipid
monolayer. Accelerated LD formation in hepatocytes is a
common feature of the liver pathology in patients with chronic
HCV infection. Liver tissue from human liver chimeric mice is
suitable for studying phospholipid changes because the livers
2025. vol. 7 j 101225 8



C
37

EV G4C

50

50

50

37

37

50

(kDa)

20

ABHD5

LDPLA2G4C

PLIN2

WCL
PLA2G4C

GAPDH

ABHD5

PLIN2

Core

mock HCV

B

0

50

100

150

200

Fl
uo

re
sc

en
t i

nt
en

si
ty

 o
f

M
yc

-A
TG

L 
at

 L
D

(691)

(718)

FLAG-PLA2G4C
EV

Myc-ATGL
+-

+

+ +

-

Bodipy

M
yc

-A
TG

L EV
FL

AG
-

PL
A2

G
4C

Myc Merged FLAG

FLAG-PLA2G4C
EV

HA-PLIN1
+-

+

+ +

-
0

100

200

300

400

(634)

(437)

*

Fl
uo

re
sc

en
t i

nt
en

si
ty

 o
f

H
A-

PL
IN

1 
at

 L
D

H
A-

PL
IN

1

Bodipy

EV
FL

AG
-

PL
A2

G
4C

HA Merged FLAG

FLAG-PLA2G4C
EV

ABHD5-His
+-

+

+ +

-
0

50

100

150
(480)

(423)
*

Fl
uo

re
sc

en
t i

nt
en

si
ty

 o
f

AB
H

D
5-

H
is

 a
t L

D

AB
H

D
5-

H
is

Bodipy
EV

FL
AG

-
PL

A2
G

4C
His Merged FLAG

A

0

0.4

0.8

1.2

1.6

0 3 6 9

* * *

Huh7.5.1_HCV(-)
PLA2G4CKO_HCV(+)
PLA2G4CKO_HCV(-)

Huh7.5.1_HCV(+)Fo
ld

 m
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

Time after triacsin C
treatment (h)

Fig. 7. Decreases in lipolysis-related proteins associated with LDs following PLA2G4C overproduction. (A) Huh7.5.1 cells and PLA2G4C-KO cells, with (+) and
without (-) HCV infection, were cultured with triacsin C for 9 h. Samples were collected every 3 h, stained for nuclei and LDs, and the MFI of LDs were analyzed using an
IN Cell Analyzer. (B) Huh7.5.1 cells were transfected with pCAG-Myc-ATGL, pCAG-HA-PLIN1, or pCAG-ABHD5-His, along with pCAG-FLAG-PLA2G4C or EV. At 2
days post-transfection, cells were fixed, immunostained with antibodies against Myc, HA, His, and FLAG tags, and BODIPYTM 493/503 for LDs, and imaged by
confocal laser scanning microscopy; representative images are shown for a sample from each group. Scale bar: 5 lm (Left panel). Fluorescence intensities of Myc-
ATGL, HA-PLIN1, and ABHD5-His associated with LDs were analyzed (Right panel). Values in parentheses indicate the numbers of LDs examined. (C) Huh7.5.1 cells
were transfected with pCAG-PLA2G4C (G4C) or EV and infected with HCV at MOIs of 0 (mock) or 1 (HCV). At 2 days post-transfection or infection, cells were harvested
for immunoblotting of whole cell lysates and LD fractions. Equal amounts of triglycerides (4 lg/lane) were loaded for LD fraction (see Table S4). Data are presented as
mean ± SEM (n = 3). Statistical analysis was conducted using two-tailed one-way ANOVA with post hoc Tukey’s tests. *p <0.05 vs. 0 h (A) or EV (B). EV, empty vector;
HCV, hepatitis C virus; KO, knockout; LD, lipid droplet; MFI, mean fluorescence intensity; MOI, multiplicity of infection; RT-qPCR, quantitative reverse-transcription
PCR; WT, wild-type.

Research article
of such animals exhibit protein expression and lipoprotein
cholesterol profiles similar to those of the human liver.22

Phospholipids, especially PC species, act as physiological
solubilizers of cholesterol and are an important component of
lipoprotein cholesterol.23 Based on our findings in chimeric
mice and cultured cells, we propose the following model as a
mechanism by which HCV infection triggers an increase in LD
size in infected cells (Fig. 8). Notably, HCV infection activates
NF-jB and c-Myc, and induces PLA2G4C transcription. Other
studies have shown that oxidative stress contributes to ca-
nonical NF-jB activation and increased c-Myc expression, and
several HCV proteins increase oxidative stress in the liver and
in cultured cells.24 Increased accumulation of PLA2G4C leads
to increased PLA2 activity in HCV-infected cells and the con-
version of PC species to LPCs. Notably, PCs are the most
abundant phospholipids in LD monolayers, accounting for
approximately 60% of total phospholipids in LD membranes.
Given that PLA2G4C is localized to cytoplasmic membranes,
including LD membranes, increased accumulation of this pro-
tein may deplete membrane PCs and alter the dynamic
JHEP Reports, January
phospholipid-protein interactions that occur on the LD mem-
brane. As a result, the LD membrane localization of TG
degradation-related factors (e.g., ATGL, PLIN1, and ABHD5) is
decreased, leading to the attenuation of TG degradation in the
LD and increased LD size. ATGL and PLIN1 have LD affinity
domains,25,26 and ABHD5 associates with LDs via binding to
ATGL or PLIN.27 The observed change in the PC/LPC ratio
presumably leads to changes in the hydrophobicity of the LD
surface, resulting in the dissociation of ATGL and PLIN1 from
the LD, as well as the release of ABHD5 from these organelles.

LDs are dynamic cellular organelles that dramatically
change their volume according to the metabolic state. Although
the mechanisms of LD formation and expansion are poorly
understood, studies on the link between phospholipid synthe-
sis and LD growth have shown that PC acts as a surfactant and
is crucial for stabilizing LDs and preventing their coalescence;
attenuation of PC levels leads to larger LDs.28 Therefore, we
infer that HCV infection indirectly promotes LD expansion by
inducing PLA2G4C expression, which reduces PC levels and
attenuates the inhibitory effect of PC on LD swelling. In
2025. vol. 7 j 101225 9



PLA2G4C

HCV infection

c-Myc
NF-κB 

p65

P

TG

DG
FA

G4C

G4C

G4C

TG

DG

FA

DG

FA

TGTG

MAX

PC LPC

NF-κB p65
NF-κB p50
c-Myc
MAX
ABHD5
ATGL
PLIN1
PLA2G4C

Nucleus

Cytoplasm

G4C

LDLD

ABHD5

ABHD5

ABHD5

ABHD5

ABHD5

ABHD5

ABHD5

ABHD5
ATGL

ATGL

ATGL

ATGL

ATGL

ATGL

ATGL

ATGL

PLIN1

PLIN1

PLIN1

PLIN1

PLIN1

PLIN1

Fig. 8. Schematic model of PLA2G4C-mediated stabilization and enlarge-
ment of LDs in HCV-infected cells. This model illustrates the mechanism for TG
accumulation and LD enlargement in HCV-infected liver tissues. PLA2G4C is
significantly upregulated (>100-fold) in response to HCV infection, with NF-jB
and c-Myc activation as key factors. Increased PLA2G4C leads to enhanced
phospholipase activity, depleting membrane PC, altering LD surface hydropho-
bicity, and reducing the localization of TG degradation-related factors such as
ATGL, PLIN1, and ABHD5 to the LD membrane. Consequently, TG degradation in
LDs is attenuated, leading to increased LD size. HCV, hepatitis C virus; LD, lipid
droplet; PC, phosphatidylcholine; TG, triglyceride.

Role of PLA2G4C in lipid droplet formation in HCV Infection
contrast, PLA2G4A facilitates LD accumulation and core pro-
tein envelopment by activating p38 and JNK via arachidonic
acid production.29 However, endogenous PLA2G4A protein is
difficult to detect, and GFP-PLA2G4A does not localize to LDs
upon HCV infection.29 Overexpression of PLA2G4A in
PLA2G4C knockdown cells did not rescue LD formation, indi-
cating distinct roles for PLA2G4C and PLA2G4A in LD dy-
namics.21 We found that PLA2G4C is upregulated during HCV
infection, localizes to LDs, and suppresses lipolysis, thereby
increasing LD content. Despite a 5-fold increase in PLA2G4A
mRNA expression after HCV infection (Fig. 2A), PLA2G4A may
still contribute to LD accumulation to some extent.

The results of the present study are consistent with those of
previous reports, indicating that HCV infection increases
PLA2G4C expression, leading to increased LD produc-
tion.20,21 Our work expands on those observations by eluci-
dating the molecular mechanism by which HCV potentiates
PLA2G4C expression. This study shows for the first time that
PLA2G4C expression can influence the LD number and size by
affecting the PC composition of LD membranes and localiza-
tion of TG degradation-related factors in the LD membrane.
The compositions of PCs and LPCs in the LD fraction were
altered by HCV infection and PLA2G4C expression, with the
strongest effects observed for PC (16:1/20:4) and PC (18:2/
18:1) (Fig. S16). Changes in membrane phospholipid content
and the PC:LPC ratio are expected to affect membrane
morphogenesis, such as membrane curvature. Analysis of the
JHEP Reports, January 2
effects of PLA2G4C on the mRNA expression of the genes
associated with neutral lipid synthesis, LD budding, and TG
transfer showed that the expression of several genes was
induced by knockdown but not by overexpression of
PLA2G4C (Fig. S14), suggesting that the changes in gene
expression are not the primary mechanism driving LD forma-
tion following HCV infection. Nevertheless, some effects on LD
accumulation may exist owing to changes in the expression of
lipid metabolism-related genes associated with increased
PLA2G4C expression following HCV infection.

Metabolic syndrome may have a greater impact on hepa-
tocellular lipid accumulation in chronic viral hepatitis than the
virus itself. However, despite most hepatitis C cases with
steatosis occurring in individuals of normal weight, patients
infected with genotype 3 often exhibit more frequent and higher
levels of liver lipid accumulation than those with other geno-
types.30 These observations suggest the direct involvement of
HCV in lipid regulatory mechanisms. Several lines of evidence
indicate that HCV interacts with LDs in infected cells. For
example, the HCV core protein binds to LDs by interacting with
DGAT1,13 and NS5A associates with LDs by binding to
PLIN3.31 While crucial for HCV propagation, the mechanistic
role of these HCV-LD interactions in liver disease pathogenesis
remains unclear. Our study demonstrated that enhanced PLA2
activity induced by HCV protein expression rather than direct
viral protein-LD binding disrupts LD homeostasis. Whether this
mechanism varies between HCV genotypes warrants further
investigation in future studies.

HCV-related steatosis involves various mechanisms,
including activation of lipogenesis pathways, impaired lipo-
protein secretion, mitochondrial dysfunction, and membrane
lipid peroxidation.32,33 However, relatively little is known about
how HCV infection affects the lipolytic system associated with
LD membranes. In addition to the enzymes involved in TG
synthesis and storage, lipolytic enzymes (e.g. hormone-
sensitive lipase, monoacylglycerol lipase, and ATGL) and LD-
related proteins (e.g. PLIN1, PLIN3, and ABHD5) regulate LD
size and number. For instance, PLIN1 inhibits lipolysis by
enveloping LDs.34 Our study revealed that PLA2G4C accu-
mulation causes PLIN1 dissociation from LDs. However, this
dissociation from LDs may not have any functional conse-
quences, given that ATGL is also absent from LDs. Although
ABHD5 is a major effector of ATGL in adipocytes, its contri-
bution to the lipolytic pathway in hepatocytes remains
controversial. Mutations in ABHD5 are the cause of Chanarin-
Dorfman syndrome, a neutral lipid storage disorder. Many pa-
tients with this condition develop fatty liver disease.35 Addi-
tionally, HCV studies suggest that ATGL and ABHD5 cooperate
in LD degradation and HCV morphogenesis.15 However,
changes in phospholipid metabolism have not been shown to
affect the regulation or disruption of LD homeostasis via the
ABHD5-ATGL axis. Our study demonstrated that the accumu-
lation of PLA2G4C mRNA led to a decrease in the LD-
associated levels of ABHD5 and ATGL in liver cells, possibly
by altering the phospholipid composition of the LD membranes.
Since PLA2G4C expression is induced by HCV infection, we
inferred that LD hypertrophy associated with increased PLA2
activity persists in patients with chronic hepatitis C. The elimi-
nation of HCV by direct-acting antiviral treatment in patients
with hepatitis C is known to lead to the resolution of lipid
metabolism abnormalities, suggesting that host factors whose
025. vol. 7 j 101225 10
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expression is induced or activated by infection play a key role in
HCV-associated steatosis.

In this study, we demonstrated that NF-jB activation and c-
Myc upregulation are involved in the transcriptional induction of
PLA2G4C following HCV infection. We also found that the
addition of NF-jB or c-Myc inhibitors to HCV-infected cells
resulted in the attenuation of LD accumulation. NF-jB activa-
tion in response to HCV infection involves intricate molecular
mechanisms mediated by both viral and host factors. While NF-
jB activation by HCV infection has been documented,36

emerging evidence suggests that the viral proteins, including
core, NS4B, NS5A, and NS5B, cause the phosphorylation and
subsequent degradation of IjBa, an inhibitory protein that se-
questers NF-jB in the cytoplasm.37–41 To date, NF-jB activa-
tion has only been investigated in the context of HCV infection
and individual expression of each HCV protein. In this study, we
found that the expression of core-p7 polyprotein induced
PLA2G4C mRNA expression and activated NF-jB and c-Myc,
more effectively than that of individual HCV proteins. The
JHEP Reports, January
accumulation of incompletely cleaved proteins and misfolded
molecules during the processing of viral precursor polyproteins
that associate with the endoplasmic reticulum membrane is
more likely to induce stress leading to NF-jB activation, a
downstream event of the unfolded protein response, than the
expression of individual proteins in mature forms.42 In addition,
oxidative stress, a major cause of NF-jB and c-Myc activation
in liver diseases, is known to be induced not only by HCV
infection but also by liver steatosis resulting from lifestyle-
related diseases. In patients with non-alcoholic steatohepati-
tis, oxidative phosphorylation is impaired, resulting in
decreased hepatic ATP synthesis and increased reactive oxy-
gen species production. Therefore, investigating whether
alcohol- and metabolic fatty liver diseases are accompanied by
the molecular events observed during the development of viral
hepatitis-related fatty liver – including potentiation of PLA2
activity, changes in the phospholipid composition of LD
membranes, and attenuation of LD localization of ATGL and its
cofactors – will be interesting.
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