
PNAS  2025  Vol. 122  No. 10 e2419632122� https://doi.org/10.1073/pnas.2419632122 1 of 9

RESEARCH ARTICLE | 

Significance

 Like all (+)RNA viruses, HCV 
modifies the cytosolic membrane 
of infected cells to establish RCs. 
Multiple (+)RNA viruses induce 
PC accumulation at RCs. We find 
that HCV infection induces de 
novo PC synthesis at the viral 
replicating site. HCV infection and 
expression of NS3/4A result in 
the relocalization of the rate-
limiting enzyme CCTα, from the 
nucleus, where it is inactive, to 
viral RCs, suggesting the role of 
the Kennedy pathway in HCV-
specific PC synthesis. This study 
connects the HCV protease to 
modulation of the Kennedy 
pathway to stimulate PC 
synthesis localized to RCs. It also 
highlights the Kennedy pathway 
as a potential broad-spectrum 
antiviral therapeutic target.
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Positive-sense single-stranded RNA [(+)RNA] viruses constitute more than one-third 
of all virus genera, including numerous pathogens of clinical significance. All (+)RNA 
viruses reorganize cellular membranes from organelles to establish replication com-
partments (RCs). These RCs are thought to form a platform for membrane-associated 
replicases, in addition to protecting the viral RNAs from cytosolic innate immune sign-
aling and RNA-degradation machinery. Previous work demonstrated that three families 
of (+)RNA viruses, namely Bromoviridae, Picornaviridae, and Flaviviridae, commonly 
induce the accumulation of phosphatidylcholine (PC) at their RCs. This phenome-
non suggests a potential avenue for a broad-spectrum antiviral strategy targeting PC 
metabolism. Our study elucidates three key observations: i) hepatitis C virus (HCV) 
infection prompts the relocalization of CCTα, the rate-limiting enzyme in PC synthe-
sis, to the RCs; ii) the enhancement of PC synthesis is contingent upon the protease 
activity of the NS3/4A protein; and iii) utilizing click chemistry, we demonstrate that 
HCV infection stimulates de novo PC synthesis at the viral replication site through the 
Kennedy pathway. These findings provide significant insights into the manipulation of 
lipid metabolism by HCV during RC formation, a mechanism likely conserved across 
various (+)RNA virus families.

viral replication compartments | viral proteases | lipid synthesis

 Chronic hepatitis C virus (HCV) infection causes serious life-threatening liver diseases like 
cirrhosis and hepatocellular carcinoma ( 1 ). Despite effective antivirals, 1.75 million new 
HCV infections and 400,00 related deaths occur annually, and an estimated 51 million 
people are living with chronic HCV infection worldwide ( 2 ,  3 ). Chronic HCV infections 
are also often associated with hyperlipidemia, one of the major risk factors of cardiovascular 
diseases ( 4 ,  5 ). Thus, HCV infection is a major socioeconomic burden to our society.

 HCV, the causative agent of chronic HCV infection, is a positive-strand RNA virus of 
the family Flaviviridae . Positive-strand RNA viruses are well known for remodeling the 
host intracellular membranes to form replication compartments (RCs) ( 6 ). These RCs 
provide a platform for membrane-associated replicases and protect viral RNAs from cyto-
solic innate immune signaling and RNA-degradation machinery ( 7 ). RNA replication of 
Dengue virus ( 8 ) or West Nile virus ( 9 ) occurs within the ER membrane invaginations, 
and that of Flock House virus (FHV) ( 10 ) and Semliki Forest virus ( 11 ,  12 ) takes place 
on the outer mitochondrial membrane and the plasma membrane, respectively. In contrast, 
HCV proteins induce ER membrane rearrangement eventually forming heterogeneous 
membranous vesicles that resembles membranous web ( 13 ). Though all positive-strand 
RNA virus shares a common feature of membrane rearrangement, they differ in the origin 
and the biogenesis of these compartments.

 HCV encodes a polyprotein inside the cells, which is co-, and posttranslationally cleaved 
by cellular and viral protease into four structural (core, E1, E2, and p7) and six nonstructural 
proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The 3D architecture of the 
HCV-induced membranous web appears to consist of single membrane vesicles (SMV) and 
double-membrane vesicles (DMV). The DMVs are thought to represent the functional RC 
and are a shared property of many (+)RNA viruses ( 14 ). The ectopic expression of individual 
HCV proteins suggests that NS3/4A can induced complex large SMVs, NS4B induced 
smaller and more homogenous SMVs, NS5A can form DMVs and multiple-membrane 
vesicles (MMVs) while NS5B expressing cells shows some ER invaginations ( 15 ). Thus, 
formation of membranous web is a concerted action of viral NS3-5B proteins ( 16 ).

 Our lab and others have shown that a key component in the viral mechanism of RC 
formation is the modulation of RC membrane lipid composition ( 17 ). In the case of the 
HCV, the NS5A protein binds to and activates a cellular phosphatidyl inositol (PI) kinase, 
which then recruits lipid transfer proteins to modify the ER cholesterol content ( 18   – 20 ). 
While this mechanism is critical for HCV replication, we are beginning to appreciate D
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that it is also far from a complete description of viral alterations 
in lipid metabolism. Several studies have shown that HCV infec-
tion perturbs host lipid biosynthetic pathways ( 21 ). Shotgun 
lipidomic analysis indicated an increase in membrane lipids, 
especially phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), and phosphatidylinositol (PI) levels in the microsomal frac-
tion of HCV-infected cells ( 22 ). Additionally, one study using a 
metabolomic-based approach highlights elevated levels of phos-
phatidylinositol and phosphocholine-based lysophospholipids 
(LPLs) in HCV-infected hepatocytes ( 23 ). Also, in collaboration 
with Wang lab, we previously published that (+)RNA viruses such 
as BMV, poliovirus, and HCV share the property of stimulating 
PC synthesis/ accumulation at RCs ( 24 ). This suggests that under-
standing viral modulation of PC synthesis may have broad impli-
cation as a conserved mechanism in RC formation. We have 
extended this observation in HCV to gain significant mechanistic 
insight into this process.

 PC constitutes half of the total phospholipid content of eukar-
yotic host cell and subcellular organelle membranes ( 25 ). In eukar-
yotes, PC is synthesized via the cytidine diphosphate-diacylglycerol 
(CDP-DAG) and Kennedy pathways, the latter responsible for 
70% PC production in mammalian liver cells ( 26 ). There are 
several reports supporting the elevated level of PC during HCV 
infection, but the exact significance and the mechanism of HCV 
infection–specific activation of PC synthesis are still to be deter-
mined. Besides, PC is also a precursor for the biosynthesis of lipid 
signaling molecules and thus of utmost importance to understand 
host–HCV interaction better. In this article, we use click chem-
istry to show that HCV infection induces de novo synthesis of 
PC at the viral replication site via the Kennedy pathway. Our study 
also reveals that HCV NS3-4A protease orchestrates relocalization 
of CTP-phosphocholine-cytidyl transferase alpha (CCTα) from 
the nuclei of infected cells to viral RCs, stimulating PC synthesis. 
This broadly expands our appreciation of potential roles for viral 
proteases during replication. 

Results

HCV Infection Induces De Novo PC Synthesis. Previously, we 
demonstrated that PC accumulates at the HCV RC, using 
immunostaining with anti-PC antibody (JE-1) (23). This 
observation motivated us to check whether there is de novo synthesis 
of PC at the site of HCV replication. To do so, we metabolically 
pulse-labeled the de novo synthesized PC with propargylcholine, 
a choline analog consisting of a terminal alkyne moiety (Fig. 1B). 
The incorporated propargylcholine can then be covalently linked 
with a fluorescent- (Alexa 488) labeled azide via click chemistry 
(Fig. 1C) (27–29). Briefly, we imaged newly synthesized PC in 
HCV-infected Huh7.5 cells by culturing the cells with 100 µM 
propargylcholine for 1 h in serum-free media, followed by fixation 
and labeling with click reaction. Quantification of PC fluorescent 
intensity suggested that HCV infection significantly stimulated 
PC synthesis by approximately 2.5-fold per cell (Fig. 1 D and E). 
Furthermore, the PC signal was found to be diffused throughout 
the cellular membranes in mock-infected cells, whereas in HCV-
infected cells, the PC signal was concentrated in the perinuclear 
region and colocalized with the HCV NS5A protein (Fig. 1F).

HCV Modulates the Cellular Kennedy Pathway to Stimulate PC 
Synthesis. The majority of PC is synthesized in the liver via the 
Kennedy pathway. CCTα catalyzes the rate-limiting step in the 
pathway and shuttles between the nucleus and cytosol depending 
on the status of membrane biogenesis (30, 31). To understand 
the involvement of the Kennedy pathway in HCV-induced PC 
synthesis, we characterized the localization pattern of CCTα. 
Under normal physiological conditions, CCTα shuttles between a 
predominant nuclear and a less abundant cytosolic pool. When cells 
proliferate and require PC for membrane biogenesis, CCTα relocates 
from the nucleus (in soluble form) to a perinuclear/ER membrane 
(in membrane-bound form) and becomes activated (32, 33).  
Huh 7.5 cells were infected with HCV for 18 h, then fixed and 

A

D E F

B C

Fig. 1.   HCV infection induces PC synthesis at the viral replication site. (A) Schematic representation of the Kennedy pathway. (B) Chemical formula of choline and 
propargylcholine. (C) Schematic representation of the synthesis of phosphatidyl-propargylcholine, followed by labeling with click reaction. (D) Immunofluorescence 
of PC and NS5A in Huh 7.5 cells at 18 h after HCV infection (MOI 3). Growth medium was supplemented with 100 μM of propargyl-choline at 17 hpi and incubated 
for 1 h. Propargyl-choline–labeled PCs and HCV NS5A protein were detected by Alexa Fluor 488–conjugated azide and anti-HCV NS5A mAb (9E10, IgG), respectively. 
Nuclei were stained with DAPI. Images are z-projection of 3D images. (E) Quantitation of the newly synthesized PC signal intensity per cell from multiple images in 
mock- and HCV-infected Huh-7.5 cells. (F) Mander’s coefficient of colocalization showing the colocalized red and green pixels of NS5A and PC, as analyzed by JaCoP 
software. All the data represent the mean ± SD from three biological replicates. n denotes the number of cells from three independent biological experiments.D
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probed with antibodies to CCTα and NS5A. In mock-infected 
cells, CCTα was predominantly nuclear, whereas in HCV-infected 
cells, it was enriched in the perinuclear region and colocalized with 
the viral protein NS5A. Determination of the cytoplasmic to 
nuclear ratio (C/N) for HCV-infected samples indicated a value 
of approximately 2, significantly greater than that in mock cells, 

implying that HCV infection relocalizes CCTα from the nucleus 
to the cytosol near HCV replication sites (Fig. 2 A–C).

 We also examined the expression of CCTα and observed a 2- to 
4-fold increase in CCTα mRNA and protein expression at 18 and 
24 h postinfection ( Fig. 2 D  and E  ). Further, to confirm the relo-
calization of CCTα, we fractionated mock- and HCV-infected 

A

B

D

F G

E

C

Fig. 2.   HCV infection hijacks the Kennedy pathway. (A) Confocal imaging of CCTα and NS5A proteins in mock- and HCV-infected Huh 7.5 cells at 18 hpi. (B) The ratio 
of CCTα intensity in the cytoplasm to that in the nucleus of the mock- and HCV-infected cells was calculated from random fields of view. (C) Mander’s coefficient 
of colocalization showing the colocalized red and green pixels of NS5A and CCTα, identified with JaCoP software. (D) Bar graphs demonstrating fold-change of 
CCTα mRNA level by quantitative RT-PCR, normalized against 18S rRNA, in mock- and HCV-infected Huh 7.5 cells at different time points. (E) Immunoblot of CCTα 
and β-tubulin protein from the whole cell lysates of mock- and HCV-infected Huh7.5 cells. Normalized CCTα protein level against b-tubulin protein is indicated 
at the bottom of their respective lanes. (F) Immunoblot showing CCTα protein expression in the cytoplasm and nucleus fraction of the mock- and HCV-infected 
Huh7.5 cells at 18 hpi. Stat1 and H2A were used to confirm equal loading of cytoplasm and nuclear extract proteins, respectively. (G) Quantitation of the CCTα 
protein level from panel Fig. 2F, normalized against respective loading controls. All the data represent the mean ± SD from three biological replicates, and n 
denotes the number of cells from three independent biological experiments.D
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cells at 18 hpi into their nuclear and cytoplasmic compartments 
and checked for the abundance of CCTα through immunoblot-
ting. It was observed that the cytosolic fraction of HCV-infected 
cells had an elevated level of CCTα protein compared to mock, 
whereas no significant difference was observed in the nucleus frac-
tion ( Fig. 2 F  and G  ). These data primarily suggest that to cope 
up with the PC demand during HCV infection, expression of the 
rate-limiting enzyme of the Kennedy pathway is stimulated.  

CCTα Is Recruited to the Viral Replication Site for PC Synthesis. 
HCV RNA replication occurs within DMVs that are mainly derived 
from the ER membrane, with 50% of the DMVs remaining attached 
to the ER membrane (13, 34). To determine the association of 
CCTα with the HCV-induced membranous compartments during 
HCV replication, we performed membrane flotation assays (35) in 
naïve or Huh7.5 cells containing HCV subgenomic replicon (sg-
Replicon). The fractions obtained were categorized as lipid droplet 
(LD)-rich and ER/endosome-rich based on the presence of different 
organelle-specific markers. In naïve Huh7.5 cells, CCTα was found 
to be distributed in both the fractions. However, in sg-Replicon 
cells, CCTα was significantly enriched in the ER/endosome-rich 
fraction, with a concentration approximately two-fold higher. 
In contrast, the subcellular distributions of LD- and ER-specific 
markers, ADRP and calnexin, did not change significantly upon 
HCV RNA replication (Fig. 3 A and B).

 Next, we quantified the PC level in the crude ER fractions of 
naïve Huh 7.5 cells and sg-Replicon cells using a PC assay kit that 
utilizes phospholipase D to cleave choline from PC. The released 
choline oxidizes the OxiRed probe, producing fluorescence that 
was quantified (Ex/Em 535 nm/587 nm) (Abcam, ab83377). 
Consistent with our previous data, we observed an increase in PC 
level in cells engaged in active replication ( Fig. 3C  ). The distribu-
tion of CCTα together with the enhancement of PC suggests that 
HCV replication mimics the condition that occurs during mem-
brane biogenesis and indicates the involvement of CCTα-directed 
PC synthesis at HCV replication sites.

 To further confirm whether CCTα is recruited to RCs, we exam-
ined the localization of CCTα with respect to markers involved in 

different phases of the HCV life cycle, such as NS5A (a multifunc-
tional protein involved in both viral RNA replication and infectious 
virus assembly) ( 36 ), dsRNA (the HCV replication intermediate 
and a marker of viral RCs) ( 37 ), core protein ( 38 ), and lipid droplet 
( 39 ) (both associated with HCV virion assembly). The Manders 
overlap coefficient analysis of CCTα colocalization with each of 
these proteins suggested that it colocalized more significantly with 
dsRNA (0.92) and NS5A (0.852) than with core (0.136) and LD 
(0.249) particle ( Fig. 4 ). All these findings provide evidence that 
in cells involved with active HCV replication, CCTα membrane 
association is enhanced, with enrichment in ER/endosome-rich 
membranes, as defined by cofractionation and colocalization with 
NS5A and dsRNA, respectively. Hence, we conclude that CCTα 
is relocalized to the sites of active HCV replication.          

CCTα Is Critical for PC Synthesis and HCV Replication. Next, 
we investigated the effects of depleting CCTα protein on HCV 
replication. We reduced the expression of CCTα in Huh 7.5 cells 
using lentivirus expressing shRNA against CCTα. The cells were 
subsequently infected with J6/JFH-1 HCV, and viral RNA, intra- and  
extracellular infectious virus, and specific infectivity were quantified 48 h  
postinfection. Immunoblot analysis confirmed efficient reduction of 
endogenous CCTα protein levels in cells expressing CCTα shRNA, 
compared to WT (Fig. 5A). We found that knockdown of CCTα 
significantly attenuated HCV RNA replication in CCTα KD cells 
by 1-log relative to control cells (Fig. 5B). Additionally, there was 
a significant 1-log reduction in infectious extracellular (Fig.  5C) 
and intracellular virus (Fig. 5D) production in HCV-infected cells. 
Specific infectivity was modestly decreased in the CCTα KD cells, 
indicating a possible secondary effect on virion lipid composition and 
infectivity (Fig. 5E). These findings define a significant role of CCTα 
in HCV RNA replication.

 We further validated the role of CCTα in HCV replication 
by reducing the expression of CCTα, followed by transduction 
with a CCTα expression construct, which consists of modified 
shRNA target site and is thus resistant to shRNA-mediated 
silencing. We observed similar results, demonstrating that HCV 
replication was abrogated in CCTα-KD cells, while KD cells 

A B

C

Fig. 3.   CCTα cofractionates with HCV nonstructural protein NS5a during active HCV replication. (A) Immunoblot of the fractions collected following the membrane 
flotation assay in an iodixanol gradient of the naïve Huh 7.5 cells or Huh 7.5 cells harboring HCV-subgenomic replicon (sg-Replicon). Antibodies specific for 
calnexin, ADRP, NS5A, and CCT are used. (B) Profile of CCTα protein expression from western blot in (A). Protein quantification was done in ImageJ. (C) Quantitation 
of PC performed in the crude ER fraction of naïve Huh7.5 or Huh 7.5 cells harboring sg-Replicon using the manufacturer’s protocol (Phosphatidylcholine Assay 
Kit, ab83377). All the data represent the mean ± SD from three independent biological replicates.D
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complemented with WT CCTα were refractory to HCV repli-
cation ( Fig. 6 A  and B  ). To further confirm that CCTα directed 
PC synthesis during HCV replication, we quantified PC levels 
using click chemistry. We performed immunofluorescence stain-
ing of PC and HCV NS5A proteins in CCTα KD cells and KD 
cells that were transcomplemented for CCTα expression. We 
compared these results with the PC enhancement observed in 

WT Huh 7.5 cells upon HCV infection. Interestingly, we 
observed no increase in PC levels in HCV-infected CCTα KD 
cells compared to WT cells. However, the PC level increased 
significantly in HCV-infected CCTα KD cells that were 
transcomplemented with shRNA-resistant CCTα ( Fig. 6 C  and 
﻿D  ). This provides further evidence that CCTα is necessary for 
induced PC synthesis during HCV replication.          

Fig. 4.   HCV infection relocalizes CCTα to its active replication site. Indirect immunofluorescence of CCTα and NS5A/dsRNA/core/LD in HCV-infected Huh 7.5 
cells at 18 hpi. Mander’s coefficient of colocalization showing the colocalized red and green pixels of NS5A/ dsRNA/core/LD and CCTα, as identified with JaCoP 
software, are indicated at the Bottom of each image panel.

A B C D E

Fig. 5.   CCTα is essential for HCV replication. (A) Immunoblot of CCTα in wild-type Huh 7.5 cells or Huh 7.5 cells stably expressing CCTα shRNA. b-tubulin is used 
as a loading control. (B–E) WT and CCTα KD- Huh 7.5 cells were infected with an MOI of 1 for 48 h followed by (B) quantitation of intracellular HCV RNA levels by 
real-time PCR and normalized to control values (18S rRNA) and (C) quantitation of extracellular and (D) intracellular infectious virions produced by calculating 
TCID50/ml. (E) Specific infectivity. All the data represent the mean ± SD from three independent biological replicates.D
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NS3-4A Protease Activity Is Critical for Inducing De Novo PC 
Synthesis During HCV Infection. We then aimed to identify the 
specific HCV protein(s) responsible for modulating PC levels 
in the cells. We utilized U2OS cell lines that express individual 
genotype 1a HCV proteins or the entire polyprotein (UHCV) 
upon induction by removing tetracycline from the cell culture 
media. These cell lines are well-established models for studying 
HCV gene expression and RC formation, allowing us to study 
HCV-induced membranous web formation without interference 
from viral entry, assembly, or egress (40, 41). Specifically, we 
examined UHCVcon-57.3 cells which express the entire ORF, 
UNS3-4A-24 cells, which express the NS3-4A complex, and 
UNS5Acon-37.2 cells, which express the NS5A protein in a 
tightly regulated manner. Using click chemistry followed by 
immunofluorescence, we observed an enhanced PC signal in 
induced UHCVcon-57.3 cells and UNS3-4A-24 cells compared 
to their respective uninduced counterparts. However, no enhanced 
PC signal was detected in induced UNS5Acon-37.2 cells (Fig. 7). 
This suggests that the expression of NS3-4A is sufficient to induce 
PC synthesis.

 NS3 possesses helicase and serine protease activities, while 
NS4A acts as a cofactor. To test the essential role of protease activ-
ity of NS3 in this process, we chemically perturbed its activity 

using telaprevir ( 42 ), an FDA-approved NS3-4A protease inhib-
itor. We evaluated PC synthesis and CCTα relocalization through 
immunofluorescence. Strikingly, we observed that neither PC 
signal was enhanced in cells induced to express NS3-4A proteins 
in the presence of telaprevir, nor was there relocalization of CCTα 
from the nucleus to the ER membrane ( Fig. 8 ). This strongly 
concludes that the protease activity of NS3 is crucial in modulat-
ing the Kennedy pathway for HCV-mediated de novo synthesis 
of PC in UNS3-4A-24 cells.           

Discussion

 Our study elucidates the mechanisms by which HCV manipulates 
host lipid metabolism, specifically PC metabolism, to facilitate its 
replication. We demonstrated that HCV infection relocalizes 
CCTα to RCs, inducing de novo PC synthesis at the replication 
site. Our findings also highlight the crucial role of the HCV 
NS3-4A protease in orchestrating de novo PC synthesis by hijack-
ing the Kennedy pathway. This finding extends our understanding 
of the molecular mechanisms that HCV employs to create a 
favorable lipid niche for its replication inside the host cells and 
emphasizes the importance of spatial specificity of lipid synthesis 
during viral replication.

A

C

D

B

Fig. 6.   CCTα-directed PC synthesis mediates HCV replication. (A) Immunoblot of CCTα in wild-type Huh 7.5 cells or Huh 7.5 cells stably expressing CCTα shRNA. 
b-tubulin is used as a loading control. (B) WT, CCTα KD-, and CCTα KD- cells expressing shRNA resistant CCTα plasmid cells were infected with an MOI of 1 for 96 
h followed by quantitation of intracellular HCV RNA levels by real-time PCR and normalized to control values (18S rRNA) and quantitation of infectious virions 
produced by calculating TCID50/ml. (C) Immunofluorescence of PC and NS5A in WT or CCTα KD or transcomplemented CCTα KD Huh 7.5 cells at 24 hpi. (D) 
Quantitation of PC signal intensity per cell from multiple images in mock- and HCV-infected cells from panel C. All the data represent the mean ± SD from three 
biological replicates. n denotes the number of cells from three independent biological experiments.
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 Comparative studies with other positive-strand RNA viruses high-
light the significance of PC synthesis at the viral replication sites. For 
instance, Zhang et al. showed that brome mosaic virus (BMV) 
increases PC content at its replication sites by recruiting the host 
enzyme Cho2p, critical for PC synthesis, to the viral replication 
complexes (VRCs) ( 24 ). This finding is consistent with our obser-
vation of enhanced PC synthesis in HCV-infected cells, suggesting 
a conserved strategy among positive-strand RNA viruses to manip-
ulate host lipid metabolism for efficient replication. Another study 
on FHV found that FHV RNA replication in Drosophila cells is 
associated with increased PC accumulation, highlighting the role of 
specific lipid metabolism pathways in viral replication ( 43 ). Similarly, 
Xu and Nagy demonstrated that Tomato bushy stunt virus (TBSV) 
replication requires phosphatidylethanolamine (PE)-enriched mem-
brane microdomains, highlighting the importance of membrane lipid 
composition in the replication of positive-strand RNA viruses ( 44 ). 
These insights collectively advance our understanding of the complex 
interplay between viral proteins and host lipid metabolism, offering 

a broader perspective on how positive-strand RNA viruses exploit 
host cellular machinery. Targeting these lipid biosynthesis pathways 
represents a promising approach for developing broad-spectrum 
antiviral therapies that could potentially mitigate the replication of 
diverse viruses within this group.

 One of the key findings in our study is the relocation of CCTα, 
the rate-limiting enzyme in the Kennedy pathway of PC synthesis. 
HCV infection triggers the translocation of CCTα from the 
nucleus to the replication sites, specifically DMVs. This relocali-
zation is crucial for meeting the elevated PC demand during viral 
replication. The increased expression and redistribution of CCTα, 
coupled with elevated PC levels at replication sites, suggest that 
HCV effectively hijacks the host’s lipid biosynthesis machinery to 
ensure an early infection supply of membrane components essen-
tial for its replication.

 The other most conceptually innovative aspect of this study is 
the requirement of the viral protease activity of NS3/4A. NS3/4A 
is a key component of the viral replication complex, known for 

A

B

Fig. 7.   HCV NS3/4A protease is essen-
tial for inducing PC synthesis. (A) Immu-
nofluorescence of PC and NS3/NS5A in 
U2OS osteosarcoma UHCV (polyprotein), 
UNS5A, and UNS5B cell lines grown in 
either uninduced conditions (Top panel) 
or induced expression conditions (the 
other three panels) and imaged 24 h 
postinduction. (B) Bar graph showing the 
newly synthesized PC signal intensity per 
cell from multiple images in panel A. All 
the data represent the mean ± SD from 
three biological replicates. n denotes the 
number of cells from three independent 
biological experiments.
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cleaving and inactivating host factors. This activity disrupts host 
antiviral defenses, thereby facilitating viral persistence ( 45         – 50 ). 
We identified that NS3-4A directly or indirectly influences 
CCTα’s relocalization. The inhibition of NS3-4A protease activity 
using telaprevir abrogated this effect, suggesting the protease’s 
essential role in this process. Interestingly, picornavirus modula-
tion of PC synthesis requires the unrelated viral protease 2A 
(mechanism unknown) ( 51 ). Thus, picornaviruses and HCV may 
have converged evolutionarily on a common protease-dependent 
strategy. Additionally, the HCV NS3-4A protease also modulates 
the host lipid environment by cleaving 24-dehydrocholesterol 
reductase (DHCR24), an enzyme critical for cholesterol biosyn-
thesis. As described by Tallorin et al., NS3-4A protease cleaves 
DHCR24 between residues Cys91 and Thr92, leading to the 
accumulation of desmosterol, an immediate precursor to choles-
terol. This cleavage results in reduced conversion of desmosterol 
to cholesterol, increasing membrane fluidity at replication sites, 
which is beneficial for viral RNA replication ( 52 ). This dual role 
of NS3-4A in modulating both PC and desmosterol synthesis 
highlights its central role in creating a favorable lipid environment 
for HCV replication.

 In conclusion, this study identifies a role for NS3/4A in mod-
ulating the Kennedy pathway to stimulate PC synthesis at RCs. 
Future studies will focus on identifying the molecular target of 
the protease. These insights not only enhance our understanding 
of HCV biology but also pave the way for developing antiviral 
therapies targeting lipid metabolic pathways.  

Materials and Methods

Labeling of Newly Synthesized PC via Click Chemistry. At 16 hpi, Huh 7.5 
cells were rinsed with PBS and incubated for 1 h in serum-free media at 37 
°C. After depriving cells of serum for 1 h, 100uM propargylcholine (Aobious, 
AOBT7378) was added into the media, and cells were incubated for another 1 
h at 37 °C, followed by fixation with 4% paraformaldehyde in PBS for 10 min. 
Subsequently, incorporated propargylcholine was stained with Alexa 488 azide 
(Molecular Probes™, A10266) by using the click chemistry method following the 
Click-iT Cell Reaction Buffer Kit protocol (Invitrogen, C10269).

Immunofluorescence. Cells grown on a coverslip in 24-well plates were either 
infected with HCV or induced to express HCV proteins for the indicated time, fixed 
with 4% formaldehyde in PBS for 10 min, and washed for 3 times with PBS. To detect 
CCTα immunostaining, cells were permeabilized with 0.1% Triton X-100 for 10 min, 
followed by blocking with 10% goat serum for 1 h. For staining other proteins, cells 
were incubated with 10% goat serum along with 0.05% saponin for 1 h. Following 
blocking and permeabilizing, cells were stained overnight with primary antibodies 
in blocking buffer at 4 °C. Subsequently, cells were washed 3 times with PBS, fol-
lowed by incubation with secondary antibody for 1 h. After several washes, coverslips 
were mounted in ProLong Gold AntiFade with DAPI (4′,6′-diamidino-2-phenylin
dole) nuclear stain (Invitrogen). The samples were imaged using an Olympus DSU 
spinning disc confocal microscope, and images were taken using Slidebook v6.0 
software and processed using ImageJ (NIH). Quantification of fluorescence intensity 
was determined from multiple images taken from triplicate coverslips using ImageJ.

HCV Quantification. Virus titers were determined by analyzing a limiting dilu-
tion assay for NS5A expression as described (53). Viral RNA was quantified by 
real-time RT-PCR analysis using the NucleoSpin 96 RNA kit per the manufacturer’s 

A B

DC

Fig. 8.   HCV NS3/4A protease activity 
is essential for inducing CCTα-directed 
PC synthesis. (A) Immunofluorescence 
of NS3 and PC in U2OS cells carrying 
HCV NS3-4A protein only. Cells were 
left uninduced (Top panel) or induced 
in the presence of DMSO (Middle 
panel) and telaprevir (10 mM) (Bottom 
panel). (B) Quantitation of PC signal 
intensity per cell from multiple images 
in panel A. (C) Immunofluorescence 
of NS3 and CCTα in cells treated as 
in panel A. (D) Quantitation of CCTα 
cytoplasmic/nuclear signal intensity in 
panel C. n denotes the number of cells 
from three independent biological 
experiments.
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instructions. Eluted RNAs were reverse transcribed and PCR amplified for HCV 
NS4B and 18S rRNA using the Superscript III Platinum one-step RT-PCR system 
with Platinum Taq (Life Technologies) as described (54). 18S rRNA served as an 
internal control and was used to normalize the data. Relative quantitation was 
calculated using the standard curve method.

Membrane Flotation Assay. Membrane flotation was performed as previously 
described by Vogt et al. (35). Briefly. Huh 7.5 cells or Huh 7. 5 cells carrying HCV 
subgenomic replicon were washed, scraped, and counted. An equal number of 
cells for each sample were resuspended in 1.5 ml PBS containing 0.25 M sucrose 
and lysed using a tight-fitting Dounce homogenizer (Wheaton). The cell lysate was 
cleared of cellular debris and nuclei by spinning at 2500×g for 10 min at 4 °C.  
7 mg of the cleared lysate for each sample was mixed with an equal volume of 
60% iodixanol (Sigma) such that it resulted in a 30% iodixanol concentration and 

poured at the bottom of the tube. Then, a discontinuous iodixanol gradient was 
prepared by layering 20 and 10% iodixanol on top of it. The 30–20–10% iodixanol 
gradient was then spun at 30,000 rpm for 16 h at 4 °C in a SW41T Rotor. 22 fractions 
were collected from top to bottom, and samples were analyzed by performing 
immunoblot using different antibodies. Quantification of protein expression was 
done in ImageJ Software.

Data, Materials, and Software Availability. All data in this manuscript data 
have been deposited in Mendeley Data (https://doi.org/10.17632/g3yhhf-
ht2t.1) (55).
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