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Abstract 

Background Chronic hepatitis C virus (HCV) infection causes hepatocellular carcinoma (HCC). The HCC risk, while 
decreased compared with active HCV infection, persists in HCV-cured patients by direct-acting antiviral agents (DAA). 
We previously demonstrated that Wnt/β-catenin signaling remained activated after DAA-mediated HCV eradication. 
Developing therapeutic strategies to both eradicate HCV and reverse Wnt/β-catenin signaling is needed.

Methods Cell-based HCV long term infection was established. Chronically HCV infected cells were treated with 
DAA, protein kinase A (PKA) inhibitor H89 and endoplasmic reticulum (ER) stress inhibitor tauroursodeoxycholic acid 
(TUDCA). Western blotting analysis and fluorescence microscopy were performed to determine HCV levels and com-
ponent levels involved in ER stress/PKA/glycogen synthase kinase-3β (GSK-3β)/β-catenin pathway. Meanwhile, the 
effects of H89 and TUDCA were determined on HCV infection.

Results Both chronic HCV infection and replicon-induced Wnt/β-catenin signaling remained activated after HCV and 
replicon eradication by DAA. HCV infection activated PKA activity and PKA/GSK-3β-mediated Wnt/β-catenin signaling. 
Inhibition of PKA with H89 both repressed HCV and replicon replication and reversed PKA/GSK-3β-mediated Wnt/β-
catenin signaling in both chronic HCV infection and replicon. Both chronic HCV infection and replicon induced ER 
stress. Inhibition of ER stress with TUDCA both repressed HCV and replicon replication and reversed ER stress/PKA/
GSK-3β-dependent Wnt/β-catenin signaling. Inhibition of either PKA or ER stress both inhibited extracellular HCV 
infection.

Conclusion Targeting ER stress/PKA/GSK-3β-dependent Wnt/β-catenin signaling with PKA inhibitor could be a novel 
therapeutic strategy for HCV-infected patients to overcomes the issue of remaining activated Wnt/β-catenin signaling 
by DAA treatment.
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Background
Hepatitis C virus (HCV) is a major cause of chronic liver 
disease. Chronic HCV infection has been recognized as 
a global substantial burden on human health because of 
the major cause of cirrhosis and hepatocellular carci-
noma (HCC) [1, 2]. In recent years, direct-acting antivi-
ral agents (DAA) therapy achieved high rates of sustained 
virologic response (SVR) up to 95%, which is associated 
with a greatly reduced risk of mortality and HCC [3, 4]. 
However, retrospective studies have shown that, despite 
their efficacy, DAAs are not able to fully eliminate the 
risk of HCC [5–13]. The appearance of a measurable 
number of patients who developed HCC with DAA regi-
men urges the discovery of new antivirals. Viruses are 
known to make use of the cell’s signaling pathways to 
facilitated entry, internalization and replication [14]. The 
cellular factors of these signaling pathways involved in 
virus infection have been proposed as attractive targets 
for antiviral agents [15–17]. Among them, kinases are 
major targets with their inhibitors comprising up to 30% 
of drug discovery programs in the pharmaceutical indus-
try [18, 19].

Kinase-mediated protein phosphorylation of viral and 
cellular proteins has been shown to play important roles 
on viral infection, replication, and cytotoxicity in a host 
cell [20]. Kinase-mediated protein phosphorylation can 
regulate a viral protein’s stability, activity, and interac-
tions with other cellular and viral proteins [21]. Upon a 
viral infection, a number of kinase signaling pathways, 
such as mitogen-activated protein kinase, Janus kinase/
signal transducers and activators of transcription, pro-
tein kinase A (PKA) and protein kinase C pathways, are 
activated by viral proteins [22–26]. Viruses exploit the 
activated kinase signaling pathways for their own entry, 
replication and propagation benefits. Studies have indi-
cated the important role of PKA in HCV entry by reor-
ganization of one of the receptors claudin-1 from the 
plasma membrane to an intracellular vesicular location 
[27]. HCV infection increased cAMP levels which is 
required for PKA activation.

The endoplasmic reticulum (ER) is an important 
processing cellular organelle for proteins that need 
to undergo posttranslational modification and fold-
ing. When protein synthesis is increased, the excess of 
unfolded proteins in the ER activates an adaptive sig-
nal transduction pathway known as unfolded protein 
response (UPR) to restore ER homeostasis and promote 
cell survival or to induce apoptosis if ER stress remains 
unmitigated [28, 29]. In mammalian cells, The UPR com-
prises three parallel signaling branches: Protein kinase 
R-like endoplasmic reticulum kinase (PERK), inositol-
requiring enzyme 1 (IRE1) and activating transcrip-
tion factor 6 (ATF6). Once activated, these three branch 

pathways of the UPR initiate transcriptional and transla-
tional signaling to stop protein translation and increase 
degradation of unfolded proteins and expand the ER 
membrane to decrease the load of proteins and increase 
the protein-folding capacity in the ER to promote cell 
survival. Studies have shown that the UPR has been 
implicated in a variety of diseases, particularly viral dis-
eases [30]. For example, after entering the host cell, HCV 
utilizes the ER to complete its life cycles including viral 
protein synthesis and processing, genome replication and 
virus assembly [31]. Studies demonstrate that ER stress 
activates cyclic AMP (cAMP)-dependent protein kinase 
A (PKA) pathway in mammalian cells and fish [29, 32]. 
Studies have shown that inhibition of ER stress with 
inhibitor tauroursodeoxycholic acid (TUDCA) inhibits 
viral replication, such as influenza A virus [33].

It is well known that Wnt/β-catenin signaling strongly 
contributes to tumor initiation and progression in a vari-
ety of tumor types [34–39]. Under normal physiological 
conditions, the N-terminus of cytosolic β-catenin is con-
stitutively phosphorylated by glycogen synthase kinase 
3 beta (GSK-3β) and casein  kinase  1 (CK1) [40]. The 
phosphorylated β-catenin undergoes ubiquitination and 
is degraded by the proteasome pathway. Studies demon-
strated that GSK-3β activity is inactivated through phos-
phorylation by protein kinase A (PKA), Akt (also known 
as protein kinase B), protein kinase C, p70 S6 kinase, and 
other kinases [41].

In previous studies, we demonstrated chronic HCV 
infection activated Wnt/β-catenin signaling pathway due 
to inhibition of GSK-3β activity via serine 9 phospho-
rylation (p-ser9-GSK-3β) leading to a stable non-phos-
phorylated β-catenin [42]. We further determined that 
p-ser9-GSK-3β was PKA-dependent phosphorylation in 
HCV chronic infection. Unexpectedly, Wnt/β-catenin 
signaling remained activated in chronic HCV-infected 
cells after HCV eradication by DAA. Given that DAA 
could not restore Wnt/β-catenin signaling even though 
after HCV was eradicated and that Wnt/β-catenin signal-
ing plays an important role in tumorigenesis [34], there 
is an urgent need to develop therapeutic agents to both 
eradicate HCV and down-regulate β-catenin levels in 
HCV-infected patients.

In the present study, we showed that Wnt/β-catenin 
signaling remained activated after either HCV or HCV 
replicon eradication by DAA in chronic HCV infec-
tion and HCV replicon, respectively. ER stress/PKA/
GSK-3β-dependent Wnt/β-catenin pathway existed in 
both chronic HCV infection and HCV replicon. Inhibi-
tion of either PKA activity with PKA inhibitor H89 or ER 
stress with ER stress inhibitor tauroursodeoxycholic acid 
(TUDCA) both effectively inhibited HCV replication and 
reversed Wnt/β-catenin signaling, as well as inhibited 
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extracellular HCV infection. Our results therefore estab-
lished ER stress/PKA/GSK-3β-dependent Wnt/β-catenin 
pathway as a novel potential therapeutic target for HCV-
infected patients.

Methods
Cell culture and HCV infection and drug treatment
Huh-7.5 cells were obtained from the laboratory of Dr. 
Charles M. Rice (The Rockefeller University, New York). 
R4-GFP HCV replicon cells were generated in our labora-
tory [43]. Huh7.5 cell line and R4-GFP HCV replicon cell 
line were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Life Technologies, Carlsbad, CA) supplemented 
with 2  mM/L glutamine, sodium pyruvate, nonessen-
tial amino acids, 100 U/mL of penicillin, 100 mg/mL of 
streptomycin, and 10% fetal bovine serum. Huh7.5 cells 
were infected with JFH-∆V3-EGFP virus (HCV geno-
type 2a) as previously described [42]. Briefly, Huh7.5 ells 
were incubated with virus at MOI of 1 for 2 h at 37  °C, 
washed and incubated with complete DMEM, and these 
cells were incubated about 6 months and passaged about 
every 3 days. Cells were collected by day 6(d6), d9, d15, 
d20, d36, d40, d72, d110, d129, d135, d140, d163, d168 
post-infection for either western blotting analysis or drug 
treatments later. For testing extracellular HCV infection, 
Huh7.5 cells were infected with infectious extracellular 
HCV virions in the medium without or with either dif-
ferent doses of H89 (2.5, 5 and10 uM) or different doses 
of TUDCA (0.5 and 1 mM). Cells were passaged on day 
3 post-infection and cultured for additional 4  days with 
the same dose of either H89 or TUDCA. At the end of 
treatment, cells were collected for western blotting and 
cytospin slide preparation. All HCV infection experi-
ments were performed in triplicate. For Akt inhibitor 
triciribine, mTOR inhibitor rapamycin and PKA inhibi-
tor H89 treatment, chronically HCV infected cells d129, 
d135 and d140 were treated with different doses of H89 
(6, 8, 20, 40 uM), rapamycin (50, 100 and 200  nM) and 
triciribine (20, 40 and 80 uM), respectively, for 48 h. At 
the end of drug treatment, cells were collected for west-
ern blotting and cytospin slide preparation. For low doses 
of H89 treatment, chronically HCV infected cells (d168) 
were treated with low doses of H89 (6 and 8 uM) for 
12 days and passaged every 3 days with the same doses 
of H89. At the end of drug treatment, cells were collected 
for western blotting. For treatment of R4-GFP HCV rep-
licon cells with H89, cells were treated with 8 uM of H89 
for 14 days and 25 days and passaged every 3 days with 
the same dose of H89. At the end of treatment, cells were 
collected for western blotting and cytospin slide prepara-
tion. For treatment of chronically HCV infected cells and 
R4-GFP HCV replicon cells with TUDCA, chronically 
HCV infected cells (d163) and R4-GFP HCV replicon 

cells were treated with different doses of TUDCA (0.5 
and 1  mM) for 48 and 96  h, respectively. At the end of 
treatment, cells were collected for western blotting.

Western blotting
At the indicated time points, cells were collected, washed 
once with PBS and resuspended in RIPA buffer for cell 
lysate preparation. The whole cell lysates were subjected 
to electrophoresis on 4–12% Bis–Tris gels. After elec-
trophoresis, proteins were transferred to nitrocellulose 
membranes, after protein transfer, the resulting nitro-
cellulose membrane was incubated in blocking buffer, 
washed in TBST, wrapped with stretch-tite plastic wrap 
and cut into different strips, each of which covers an area 
with a protein of interest located in the middle accord-
ing to the molecular weight of prestained marker on the 
flanking lanes of the gel, across the entire width of the 
membrane. The different strips were incubated with dif-
ferent primary antibodies interested including anti-HCV-
core (Invitrogen, Waltham, MA, USA, Cat. No. MA−080, 
diluted 1:1000), β-catenin (Cell Signaling, Danvers, MA, 
USA, Cat. No. 9562, diluted 1:1000), phospho-GSK-3β 
(Ser9) (Cell Signaling, Cat. No. 9323, diluted 1:1000), 
mTOR, phospho-P70 S6 (Cell Signaling, Cat. No. 9205, 
diluted 1:1000), phosphor-AKT (S473), phospho-PKA 
substrates (Cell Signaling, Cat. No. 9624, diluted 1:1000), 
GFP (Santa Cruz, Cat. No. SC-9996, diluted 1:1000), 
PERK (Cell Signaling, Cat. No. 3192, diluted 1:1000), 
IRE1α (Cell Signaling, Cat. No. 3294, diluted 1:1000), 
ATF-6α (Santa Cruz, Cat. No. SC-22799, diluted 1:1000) 
antibodies, followed by incubation with a secondary anti-
body, and visutalized by the ECL western blotting detec-
tion system (Amersham).

Cell proliferation assay
For MTT assay, cells were plated at a density of 7500 
cells/well in a 96-well plate in 100ul of media without or 
with H89 or TUDCA treatment and cultured for 48  h. 
20  μl of 5  mg/ ml MTT (MTT was prepared in PBS) 
was added to each well. Cells were incubated for 3.5  h 
at 37  °C. Remove media and add 150  μl MTT solvent 
(4 mM HCl, 0.1% of NP-40 all in isopropanol) to the cells. 
Cover with tinfoil and agitate cells on orbital shaker for 
15  min. Read absorbance at 595  nm. For cell counting, 
seed chronic HCV-infected cells (d168) in growth media 
about 30% confluence without or with H89 treatment (6 
or 8 uM). After reaching 75–80% confluence, they are 
split 1:3 and grown to 75–80% confluence again without 
or with the same doses of H89 treatment and repeat this 
“split-grown” step until day 12. The cells were harvested 
for cell counting using EVE Automated Cell Counter and 
western blot.
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Cytospin slide preparation and fluorescence microscopy
Cells were harvested, resuspended in PBS and spun onto 
cytospin slides in a Cytospin 4 centrifuge (Thermo Sci-
entific) at 1000 rpm for 5 min. The cytospin slides were 
dried out at room temperature. The cells were mounted 
using Vecta shield antifade mounting medium with 
DAPI (VECTOR laboratories). Fluorescence microscopy 
of green fluorescent protein (GFP)-tagged HCV were 
obtained by OLYMPUS IX73Microscope System (Tokyo, 
Japan).

HCV eradication
Chronic HCV (JFH-∆V3-EGFP)-infected Huh7.5 cells, 
uninfected control Huh7.5 cells and R4-GFP HCV repli-
con cells were treated with either a combination of two 
DAA: Ledipasvir (LED) (400 nM) and Sofosbuvir (SOF) 
(400 nM) or interferon-α (IFN) (1 IU) to eradicate HCV 
for three rounds. Cells were passaged every 3  days for 
each round and cultured with the same doses of drug 
treatment. After the treatment, cells were collected for 
western blotting.

Statistical analysis
Error bars in the figures represent the mean and SD of 
three biological samples. Student’s t test was performed 
to evaluate whether the difference between two condi-
tions was significant. Significant differences were marked 
with ns P > 0.05 * P ≤ 0.05 ** P ≤ 0.01 *** P ≤ 0.001 **** 
P ≤ 0.0001.

Results
Wnt/β‑catenin pathway remains activated after HCV 
clearance by DAA which triggers Wnt/β‑catenin signaling. 
HCV infection activates PKA/GSK‑3β‑dependent Wnt/
β‑catenin pathway
In previous studies, we have shown that Wnt/β-catenin 
signaling is activated in chronic HCV infection [42]. 
Unexpectedly, β-catenin signaling activation remains 
even after HCV eradication by direct-acting antiviral 
agents (DAA) in chronic HCV infection as shown in 
Fig. 1A. We wanted to test whether this β-catenin sign-
aling activation phenomenon also occurred after HCV 
clearance by DAA in another cell line. To this end, we 
used interferon-alpha (INF)-resistant HCV replicon 
cell line (R4-GFP) [43–45]. These viral self-replicating 
sub-genomic replicons were derived from sub-genomic 
viral genomes with deletion of all structural genes. Due 
to the lack of viral structural genes, viral proteins are 
not synthesized in the cells resulting no production of 
infectious viral particles. However, since all trans- and 
cis-acting elements for HCV viral RNA synthesis are 
retained, these partial HCV viral RNAs could replicate 
autonomously in the cells. As shown in Fig. 1B, western 

blot analysis indicated that Wnt/β-catenin signaling 
remained activated even after HCV replicon eradication 
by DAA in R4-GFP HCV replicon cells, consistent with 
the results obtained from chronic HCV infected cells. 
Given that Wnt/β-catenin signaling remained activated 
despite virus or replicon clearance by DAA, one possi-
bility for this phenomenon is that DAA eradicates HCV 
or replicon and simultaneously activates Wnt/β-catenin 
signaling. In order to confirm this possibility, we treated 
the uninfected Huh7.5 control cells with DAA. West-
ern blot analysis indicated that DAA activated Wnt/β-
catenin signaling as shown by increased β-catenin levels 
in uninfected control Huh 7.5 cells (Fig. 1C). Given that 
β-catenin signaling is a key cancer-associated pathway, 
development of new antivirals is needed. Our overall 
goal in this study was to identify novel antiviral drug for 
HCV that not only eradicates viruses but also inhibits 
Wnt/β-catenin signaling. Our previous studies showed 
that the elevated β-catenin protein in chronic HCV infec-
tion was due to the inhibition of GSK-3β activity via ser-
ine 9 phosphorylation (p-Ser9-GSK-3β) leading to stable 
non-phosphorylated β-catenin accumulation. Studies 
indicated that GSK-3β activity is inhibited through phos-
phorylation of serine 9 by protein kinase A (PKA), Akt 
(also known as protein kinase B), protein kinase C, p70 
S6 kinase, and other kinases [41]. We observed, however, 
that metformin reversed the β-catenin signaling through 
PKA/GSK-3β-mediated β-catenin degradation [42]. To 
further verify the PKA/GSK-3β-mediated β-catenin deg-
radation pathway, three different drugs triciribine (Akt 
inhibitor), rapamycin (mTOR inhibitor which blocks 
mTOR-initiated phosphorylation of p70S6 kinase) and 
H89 (PKA inhibitor) were used to treat chronic HCV-
infected cells. Western blotting analysis showed that 
only H89 PKA inhibitor decreased β-catenin levels as 
indicated by decreased β-catenin levels in chronic HCV 
infected-cells (d129) (Fig.  1D), suggesting that p-Ser9-
GSK-3β depends on the activation of PKA, instead of 
AKT and mTOR, leading to activation of Wnt/β-catenin 
signaling in chronic HCV infection. Given the results 
above, we hypothesized that HCV infection activates 
PKA pathway. Western blotting analysis showed that 
PKA pathway was activated in HCV infection as indi-
cated by increased phosphorylation of PKA substrates 
(Fig. 1E). Taken together, these results demonstrated that 
chronic HCV infection activated Wnt/β-catenin signal-
ing in Huh7.5 cells via PKA/GSK-3β-dependent pathway.

Inhibition of PKA activity with inhibitor H89 both represses 
HCV replication and reverses Wnt/β‑catenin signaling 
in chronic HCV infection
Next, we evaluated whether inhibition of PKA activity 
both inhibited HCV replication and decreased β-catenin 
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Fig. 1 Wnt/β-catenin signaling in chronically HCV-infected Huh7.5 cells and R4-GFP HCV replicon Huh7 cells after HCV clearance by DAA which 
induced Wnt/β-catenin signaling and chronic HCV infection-induced PKA/GSK-3β/β-catenin signaling in HCV-infected Huh7.5 cells. A Chronic 
HCV-infected Huh7.5 cells (day 110) were treated with either DAA or interferon-α (IFN). After the treatment, cell lysates were collected for western 
blotting with indicated antibodies. UT, untreated. B R4-GFP replicon Huh7 cells were treated with DAA. After the treatment, cell lysates were 
collected for western blotting with indicated antibodies. Parental, Huh7 cells without HCV replicon. UT, untreated. C Uninfected Huh7.5 control 
cells were treated with DAA. Cell lysates were collected on day 2 and day 9 after treatment for western blotting with indicated antibodies. UT, 
untreated. D Chronic HCV-infected Huh7.5 cells d135, d140 and d129 were treated with mTOR inhibitor rapamycin, AKT inhibitor triciribine and PKA 
inhibitor H89, respectively. After 48 h, cell lysates were collected for western blotting with indicated antibodies. E Huh 7.5 cells were infected with 
GFP-tagged HCV. Cell lysates were taken at the indicated time points after HCV infection for western blotting with indicated antibodies
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levels. Cytotoxicity of the different concentration of 
PKA inhibitor H89 in chronic HCV-infected cells was 
performed. After treatment with H89 at concentrations 
of 6 and 8 uM, the relative cell viability was above 90%, 
whereas the relative cell viability was under 80% at the 
concentrations of more than 10 uM (Fig.  2A). No dif-
ference in cell morphology was observed between the 
treated and untreated cells at a concentration of ≤ 8 uM 
(data not shown). After 48  h of treatment at high dose 
of H89 at concentrations of 20 and 40 uM, western blot 
analysis showed that both the levels of HCV core pro-
tein and β-catenin were significantly decreased in dose-
dependent manner compared with the untreated control 
in chronic HCV-infected cells (d129) (Figs. 1D, 2B). Fluo-
rescence microscopy also revealed a marked reduction of 
HCV-GFP expression in treated cells in a dose-depend-
ent manner compared with the untreated cells (Fig. 2C). 
For long-term treatment with low dose of H89 at con-
centrations of 6 and 8 uM, as shown in Fig. 2D, western 
blot analysis demonstrated that prolonged treatment for 
12  days also significantly decreased both the levels of 
HCV core protein and β-catenin in a dose-dependent 
manner compared with the untreated control. The con-
centration of 8 uM completely suppressed viral replica-
tion and decreased β-catenin levels in day 12. Although 
relative cell viability in the cells treated with low dose of 
H89 at concentrations of 6 and 8 uM for 48 h was above 
90%, we still wanted to determine the cytotoxicity after 
12-day treatment. We performed cell counting assay for 
cytotoxicity with the cells treated by low dose of H89 for 

12 days. As shown in Fig. 2E, the cell counting assay indi-
cated that the results of the relative cell numbers after 
12-day treatment were similar to those of the relative 
cell viability of H89 treatment for 48 h (6 and 8 uM, cell 
viability 94 and 91.1%, respectively, for 48 h treatment vs. 
95.3 and 92.2%, respectively, for 12-day treatment). These 
findings reveal a novel therapeutic potential of PKA inhi-
bition with inhibitor H89 for HCV-infected patients to 
both eradicate HCV and inhibit Wnt/β-catenin pathway 
activated by chronic HCV infection.

Inhibition of PKA activity with low dose of inhibitor H89 
both inhibits HCV replicon replication and blocks Wnt/
β‑catenin signaling in R4‑GFP HCV replicon cell line
Replicon systems have been used in low- and high-
throughput screens of compound libraries and have been 
shown to be reliable to screen and identify viral replica-
tion inhibitors [46, 47]. Nonstructural protein 3 (NS3), 
NS4A, NS4B, NS5A, and NS5B are sufficient for HCV 
RNA replication in cell culture [48, 49], which is called 
HCV replicon. NS5A is critical to regulate viral replica-
tion and assembly. NS5A is an essential component for 
the formation of endoplasmic reticulum-derived mem-
branous web where HCV replication takes place. NS5A 
is known to be highly phosphorylated in cell culture as 
basally phosphorylated (p56) and hyperphosphorylated 
(p58) forms [50]. Studies have shown that NS5A phos-
phorylation is important for HCV replication [51, 52]. 
The inhibition of NS5A phosphorylation using inhibi-
tors of host cell kinases have been shown to impact HCV 

Fig. 2 Both repression of HCV replication and reversion of PKA/GSK-3β/β-catenin pathway by PKA inhibition with H89 in chronic HCV-infected 
Huh7.5 cells. A Cytotoxicity of H89 after 48 h of treatment in Chronic HCV-infected Huh7.5 cells (d129) was performed by MTT assay. B Chronic 
HCV-infected Huh7.5 cells (d129) were treated with high doses of H89 (20 and 40 μM). After 48 h, cell lysates were collected for western blotting 
with indicated antibodies. It is noticed that the internal loading control for western blot analysis are in Fig. 1D. C Chronic HCV-infected Huh7.5 
cells (d129) were treated with high doses of H89 (20 and 40 μM). After 48 h, fluorescence microscopy was taken. Scale bar = 25 μm. D Chronic 
HCV-infected Huh7.5 cells (d168) were treated with low doses of H89 (6 and 8 μM). After 12 days, cell lysates were collected for western blotting 
with indicated antibodies. E Cell counting assay was performed in chronic HCV-infected Huh7.5 cells treated with low doses of H89 for 12 days
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replication [53, 54]. Furthermore, the mechanisms of the 
anti-HCV drug daclatasvir target NS5A by altering the 
phosphorylation state of the protein [55, 56]. Therefore, 
inhibition of PKA activity with inhibitor H89 may inhibit 
HCV replicon replication, as well as block Wnt/β-catenin 
signaling in R4-GFP HCV replicon cell line as it has in 
chronic HCV-infected cells. In order to exclude the possi-
bility that the antiviral activity might depend on cytotox-
icity of the chemical, a cytotoxicity assay of R4-GFP cells 
was determined using MTT assay. As shown in Fig. 3A, 
the results were similar to those achieved in chronic 
HCV-infected cells with low dose of H89, showing cell 
viability of > 90% at concentrations of 6 and 8 uM and cell 
viability of < 80% at concentration of more than 10 uM. 
The concentrations of H89 without deleterious effects 
were used for further experiments. H89 treatment at con-
centration of 8 uM for 14 days markedly both repressed 
HCV replicon replication as indicated by decreased GFP-
tagged HCV NS5A nonstructural protein and inhibited 
Wnt/β-catenin signaling as shown by reduced β-catenin 
levels (Fig. 3B). Further repression and inhibition of HCV 
replication and Wnt/β-catenin signaling, respectively, 
were observed as the H89 treatment lasted longer up 
to 25  days (Fig.  3B). Taken together, these results dem-
onstrated that inhibition of PKA activity with low dose 
of H89 not only repressed HCV replicon replication but 
also inhibited Wnt/β-catenin signaling in R4-GFP HCV 
replicon cell line.

HCV triggers ER stress/UPR pathway, however, inhibition 
of ER stress by inhibitor TUDCA not only represses HCV 
but also inhibits ER stress/PKA/GSK‑3β‑dependent 
Wnt/β‑catenin signaling
Studies demonstrate that HCV induces formation of a 
membrane-associated replication complex and HCV 
proteins associate with endoplasmic reticulum (ER) 
membranes [57, 58]. HCV replication and assembly in 
the ER causes ER stress that activates cytoprotective 
signaling pathway called the unfolded protein response 
(UPR) mediated by three ER transmembrane proteins 
PERK, ATF6 and IRE1 [59–61]. However, it is unclear 
whether PKA/GSK-3β-dependent Wnt/β-catenin sign-
aling is activated by HCV-induced ER stress in chronic 
HCV infection. To this end, first of all, we investigated 
if chronic HCV infection triggers ER stress/UPR path-
way. As shown in Fig. 4A, western blot analysis revealed 
that PERK and ATF6α, but not IRE1α, were activated on 
ER stress in chronic HCV infection as indicated by the 
upregulation of PERK and ATF6α levels, suggesting that 
chronic HCV infection triggers ER stress/UPR pathway. 
In order to eliminate the possibility that ER stress acti-
vation by chronic HCV infection is due to the long-term 
cell culture, we tested the ER stress status with the long-
term culture of uninfected Huh7.5 cells.

We showed that there was no significant difference of 
PERK, ATF6α and IRE1α among do, d40 and d72 (Addi-
tional file  1: Figure S1). We next investigated whether 

Fig. 3 Both repression of HCV replicon replication and reversion of PKA/GSK-3β/β-catenin pathway by PKA inhibition with H89 in R4-GFP HCV 
replicon Huh7 cells. A Cytotoxicity of H89 in R4-GFP HCV replicon Huh7 cells in a concentration-dependent manner by MTT assay. B R4-GFP 
HCV replicon Huh7 cells were treated with low dose of H89 (8 uM). After 14 days and 25 days, cell lysates were collected for western blotting 
with indicated antibodies. UT, untreated. C R4-GFP HCV replicon Huh7 cells were treated with low dose of H89 (8 μM). After 14 days and 25 days, 
fluorescence microscopy was taken. Scale bar = 50 μm. UT, untreated
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inhibition of ER stress affects HCV replication and 
Wnt/β-catenin signaling in chronic HCV infection. We 
showed that inhibition of ER stress by TUDCA attenu-
ated both PERK and ATF6α signaling as indicated by 
decreased both PERK and ATF6α levels, repressed HCV 
replication as shown by decreased HCV core protein and 
inhibited PKA/GSK-3β-dependent Wnt/β-catenin sign-
aling as indicated by decreased phosphorylation of both 
PKA substrates and GSK-3β at serine 9 and β-catenin 
levels in dose-dependent manner (Fig.  4B), suggesting 
that chronic HCV infection activated ER stress/PKA/
GSK-3β-dependent Wnt/β-catenin pathway, however, 
inhibition of ER stress with TUDCA not only repressed 
HCV replication but also inhibited ER stress/PKA/GSK-
3β-dependent Wnt/β-catenin pathway. Additionally, 
MTT assay indicated that TUDCA had low cytotoxic-
ity (Additional file  1: Figure S2). We wanted to know 

whether this phenomenon also occurred in R4-GFP HCV 
replicon cells. To this end, we tested whether R4-GFP 
HCV replicon triggers ER stress. As shown in Fig.  4C, 
the results of western blot analysis indicated that PERK, 
ATF6α and IRE1α were robustly activated on ER stress in 
R4-GFP HCV replicon cells as shown by increased PERK, 
ATF6α and IRE1α levels, suggesting that HCV replicon 
triggered ER stress/UPR pathway. Furthermore, we indi-
cated that inhibition of ER stress with TUDCA attenu-
ated ER stress/UPR pathway as indicated by decreased 
PERK, ATF6α and IRE1α protein levels, inhibited HCV 
replicon replication as shown by decreased HCV non-
structural protein GFP-tagged NS5A levels and inhib-
ited PKA/GSK-3β-dependent Wnt/β-catenin signaling 
as shown by decreased phosphorylation of both PKA 
substrates and GSK-3β at serine 9 and β-catenin levels in 
dose-dependent manner in R4-GFP HCV replicon cells 

Fig. 4 ER stress induction and both repression of HCV replication and reversion of ER stress/PKA/GSK-3β/β-catenin pathway by ER stress inhibitor 
TUDCA in both chronic HCV-infected Huh7.5 cells and R4-GFP HCV replicon Huh7 cells. A Whole cell lysates were taken from chronic HCV-infected 
Huh7.5 cells (d40 and d72) and uninfected control cells for western blotting with indicated antibodies. B Chronic HCV-infected Huh7 cells (d163) 
were treated with TUDCA. After 48 h, cell lysates were collected for western blotting with indicated antibodies. C Whole cell lysates were taken from 
R4-GFP HCV replicon Huh7 cells and parental cells (without HCV replicon) for western blotting with indicated antibodies. D R4-GFP HCV replicon 
Huh7 cells were treated with TUDCA. After 96 h, cell lysates were collected for western blotting with indicated antibodies
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(Fig. 4D). Taken together, these results demonstrated that 
either chronic HCV infection or HCV replicon triggered 
ER stress/UPR pathway, however, inhibition of ER stress 
by TUDCA not only repressed HCV and HCV replicon 
replication but also inhibited ER stress/ PKA/GSK-3β-
dependent Wnt/β-catenin signaling.

Targeting ER stress/PKA/GSK‑3β‑dependent Wnt/β‑catenin 
pathway by inhibition of either PKA activity or ER stress 
inhibits extracellular HCV infection
We next studied the effects of targeting ER stress/PKA/
GSK-3β-dependent Wnt/β-catenin signaling with either 
PKA activity or ER stress inhibitors on inhibition of the 
infection of infectious extracellular HCV. To investigate 
the effects of targeting PKA on HCV infection, Huh7.5 
cells were infected with infectious extracellular HCV-
GFP virions in the presence of different concentrations 
of PKA inhibitor H89 in the cell culture medium. After 
3  days of infection, the medium was changed in the 
continued presence of PKA inhibitor H89. Cells were 
incubated for additional 4  days. In the end of 7  days of 
infection, cells were harvested for both western blot 
and microscopy of cyto-spin preparation. As shown in 
Fig. 5A, western blotting analysis indicated dose-depend-
ent reduction of HCV infection by PKA inhibitor H89. 

Fluorescence microscopy revealed a decrease at con-
centration of 5 uM and 10 uM H89 by 59.7% (untreated 
control, 75.1 vs. 5 uM H89 treatment, 30.3, P = 0.0009) 
and 97.3% (untreated control, 75.1 vs. 10 uM H89 treat-
ment, 2.0, P = 0.0004), respectively (Fig.  5B), suggesting 
that PKA inhibitor could effectively inhibit extracellu-
lar HCV infection, probably through inhibition of viral 
either entry or replication or both. Then, we investigated 
the effects of targeting the ER stress on extracellular 
HCV infection. As shown in Fig.  5C, western blotting 
results indicated dose-dependent reduction of extra-
cellular HCV infection by ER stress inhibitor TUDCA 
(Fig. 5C). Fluorescence microscopy displayed a decrease 
at concentration of 0.5 mM and 1 mM TUDCA by 52.4% 
(untreated control, 75.1 vs. 0.5 mM TUDCA treatment, 
35.7, P = 0.0008) and 98.9% (untreated control, 75.1 vs. 
1  mM TUDCA treatment, 0.8, P = 0.0003), respectively 
(Fig. 5D), suggesting that targeting ER stress with inhibi-
tor TUDCA could effectively inhibit extracellular HCV 
infection, probably through inhibition of viral either 
entry or replication or both. Taken together, these results 
demonstrated that targeting the ER stress/PKA/GSK-
3β-dependent Wnt/β-catenin pathway with either PKA 
inhibitor H89 or ER stress inhibitor TUDCA effectively 
inhibited extracellular HCV infection in Huh7.5 cells.

Fig. 5 Dose-dependent inhibition of extracellular HCV infection in Huh7.5 cells by targeting ER stress/PKA/GSK-3β/β-catenin pathway by either 
TUDCA or H89. Huh7.5 cells were infected with contagious extracellular GFP-tagged HCV virions in medium containing different concentration of 
H89. After 7 days of infection, cell lysates were taken for western blotting with indicated antibodies (A) and cells were prepared for cytospin slides, 
stained with DAPI and carried out imaging microscopy (Scale bar = 25 μm) (B). Huh7.5 cells were infected with contagious extracellular GFP-tagged 
HCV virions in medium containing different concentration of TUDCA. After 7 days of infection, cell lysates were taken for western blotting with 
indicated antibodies (C) and cells were prepared for cytospin slides, stained with DAPI and carried out imaging microscopy (Scale bar = 25 μm.) (D)
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Discussion
Chronic HCV infection has been recognized as the 
most significant predisposing factors for HCC. DAA is 
highly effective for HCV treatment. However, retrospec-
tive studies have indicated incidence and recurrence 
of HCC among HCV-associated patients who received 
DAA treatment despite HCV eradication [5–13, 62, 
63]. We previously showed that Wnt/β-catenin signal-
ing is activated in chronic HCV infection [42]. However, 
Wnt/β-catenin signaling remains activated even after 
HCV clearance by DAA in chronic HCV-infected cells 
(Fig. 1A), as well as in R4-GFP HCV replicon cells after 
HCV replicon clearance by DAA (Fig.  1). Studies have 
shown that the Wnt/β-catenin signaling strongly con-
tributes to tumor initiation and progression in a variety 
of tumor types. Thus, there is an urgent need to develop 
new antiviral strategy for HCV-infected patients to both 
eradicate HCV and inhibit Wnt/β-catenin signaling. We 
demonstrated HCV-induced PKA activation and PKA/
GSK-3β-mediated, instead of AKT/GSK-3β-mediated 
and mTOR/GSK-3β-mediated, Wnt/β-catenin signaling 
in chronic HCV infection (Fig. 1D, E). Inhibition of PKA 
activity with H89 inhibitor not only repressed HCV rep-
lication but also reversed PKA/GSK-3β-mediated Wnt/
β-catenin signaling in chronic HCV infection (Fig.  2). 
As expected, we indicated that inhibition of PKA activ-
ity with H89 inhibitor not only repressed HCV replicon 
replication but also inhibited PKA/GSK-3β-mediated 

Wnt/β-catenin signaling in R4-GFP HCV replicon cells 
(Fig.  3). Moreover, we observed that ER stress/UPR 
pathway was induced by both chronic HCV infection 
and HCV replicon (Fig. 4A, C). Furthermore, inhibition 
of ER stress with inhibitor TUDCA not only repressed 
HCV and HCV replicon replication but also inhibited 
ER stress/PKA/GSK-3β-dependent Wnt/β-catenin sign-
aling (Fig.  4B, D). Furthermore, targeting the ER stress/
PKA/GSK-3β-dependent Wnt/β-catenin pathway with 
either PKA activity inhibitor H89 or ER stress inhibi-
tor TUDCA effectively inhibited extracellular HCV 
infection in Huh7.5 cells (Fig.  5). Taken together, these 
results indicated that chronic HCV infection, as well as 
R4-GFP HCV replicon, activated ER stress/PKA/GSK-
3β-dependent Wnt/β-catenin pathway, and that target-
ing this pathway with either PKA activity inhibitor H89 
or ER stress inhibitor TUDCA not only repressed HCV 
replication but also reversed the ER stress/PKA/GSK-
3β-dependent Wnt/β-catenin signaling in both chronic 
HCV-infected cells and HCV replicon cells, as well as 
inhibited extracellular HCV infection (Fig. 6), suggesting 
that targeting ER stress/PKA/GSK-3β-dependent Wnt/β-
catenin pathway may be a potential novel therapeutic 
strategy for HCV-infected patients.

Studies have indicated that HCV replication is associ-
ated with activation of Wnt/β-Catenin Signaling [64]. 
As a component of the HCV RNA replication complex, 
NS5A stimulates Wnt/β-catenin pathway directly by 

Fig. 6 Schematic diagram of the ER stress/PKA/GSK-3β-dependent Wnt/β-catenin pathway. A Chronic HCV infection activates ER stress/PKA/
GSK-3β-dependent Wnt/β-catenin signaling. B Targeting ER stress/PKA/GSK-3β-dependent Wnt/β-catenin pathway by either PKA or ER stress 
inhibitor both represses HCV replication and reverses Wnt/β-catenin signaling. C Targeting ER stress/PKA/GSK-3β-dependent Wnt/β-catenin 
pathway by either PKA or ER stress inhibitor both inhibits extracellular HCV infection, probably through inhibition of viral either entry or replication 
or both
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binding and stabilizing the β-catenin protein [65], and 
indirectly by activating the PI3K/Akt signaling, which in 
turn to mediate the inactivation of GSK3β and stabiliza-
tion of β-catenin [66–68]. On the other hand, HCV infec-
tion promotes microRNA-155 (miR-155) expression, 
which inhibits APC expression, one of the negative reg-
ulators in the destruction complex to regulate the cyto-
plasmic levels of β-catenin [69].

HCV genome replication occurs at the ER-associated 
membranous webs [31]. HCV causes massive rearrange-
ments of intracellular membranes in the ER for viral rep-
lication and accumulation of unfolded viral proteins [70]. 
Both studies in vitro and in vivo have indicated that HCV 
induces ER stress [71–73]. HCV further utilizes ER stress 
and manipulate the cellular responses to ER stress to 
promote its persistence and pathogenesis such as HCV-
related insulin resistance [74, 75].

In vitro phosphorylation studies have indicated that 
HCV core protein is a substrate of PKA and protein 
kinase C [76, 77]. HCV core protein has two phospho-
rylation sites: serine 53 and serine 116. Phosphorylation 
of serine 116 by PKA can regulate HCV core levels in 
infected cells [78]. Farquhar et  al. reported that intra-
cellular levels of cAMP, which binds and activates PKA, 
were increased in HCV-infected cells (27). Studies with 
viral subgenomic replicons showed that HCV NS2 pro-
tein activated cAMP-dependent pathways in Huh7 cells 
[79]. We and others demonstrated that HCV infection 
activated PKA activity as indicated by increased lev-
els of phosphorylation of PKA substrates (Fig. 1D) (33). 
Also, here we showed that inhibition of PKA activity 
with inhibitor H89 in subgenomic HCV replicon cells 
repressed HCV replicon replication (Fig. 3B, C), suggest-
ing that HCV replication is PKA-dependent. In addition, 
Michelle et  al. reported the effects of PKA activity on 
HCV entry and infectivity (33). Inhibition of PKA activ-
ity induced a change of localization of receptor claudin-1, 
one of the host cell receptors required for HCV infection, 
from plasma membrane to intracellular vesicles leading to 
inhibition of HCV infection, suggesting that the plasma 
membrane localization of claudin-1 is PKA-dependent 
and is essential for viral receptor activity. We showed that 
targeting the ER stress/PKA/GSK-3β-dependent Wnt/β-
catenin pathway with either PKA activity inhibitor H89 
or ER stress inhibitor TUDCA both inhibited extracellu-
lar HCV infection (Fig. 5). Taken together, these results 
demonstrated that both PKA activity and ER stress is 
critical for HCV entry and replication.

Conclusion
We demonstrated that Wnt/β-catenin signaling 
remained activated after HCV and replicon eradi-
cation by DAA in chronic HCV infection and HCV 

replicon. HCV infection activated PKA and PKA/GSK-
3β-mediated Wnt/β-catenin signaling. PKA inhibition 
with H89 both repressed HCV and replicon replication 
and reversed PKA/GSK-3β-mediated Wnt/β-catenin 
signaling in chronic HCV infection and replicon. Both 
chronic HCV infection and replicon induced ER stress. 
ER stress inhibition with TUDCA repressed both HCV 
and replicon replication and reversed ER stress/PKA/
GSK-3β-dependent Wnt/β-catenin signaling. Inhibi-
tion of either PKA or ER stress both inhibited extra-
cellular HCV infection probably through inhibition of 
viral either entry or replication or both. Taken together, 
these results provide a potential novel therapeutic 
strategy for HCV-infected patients by targeting the ER 
stress/PKA/GSK-3β-dependent Wnt/β-catenin path-
way not only to eradicate viruses but also reverse the 
Wnt/β-catenin pathway that is widely thought to be a 
major pathway in HCC, which overcomes the issue of 
DAA treatment that Wnt/β-catenin signaling remains 
activated despite HCV clearance.

Abbreviations
ATF6  Activating transcription factor 6
DAA  Direct-acting antiviral agents
ER  Endoplasmic reticulum
HCV  Chronic hepatitis C virus
PKA  Protein kinase A
TUDCA  Tauroursodeoxycholic acid
GSK-3β  Glycogen synthase kinase-3β
HCC  Hepatocellular carcinoma
UPR  Unfolded protein response
PERK  Protein kinase R-like endoplasmic reticulum kinase
IRE1  Inositol-requiring enzyme 1

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12964- 023- 01081-9.

Additional file 1. Supplementary materials.

Acknowledgements
Not applicable.

Author contributions
DL, SD and YA designed the experiments. DL and YC performed western blot-
ting and fluorescence microscopy. ARK coordinated data generation. YA and 
SD supervised analysis. DL and YC performed MTT assay. DL wrote the paper. 
All authors read and approved the final manuscript.

Funding
This work was supported by National Institute of Health Grant (1P20GM11288), 
Veterans Affairs Merit Review Grant (1101BX004516-01A1, 1P20GM121288).

Availability of data and materials
Data will be available upon reasonable request from the corresponding 
author.

https://doi.org/10.1186/s12964-023-01081-9
https://doi.org/10.1186/s12964-023-01081-9


Page 12 of 13Lin et al. Cell Communication and Signaling          (2023) 21:102 

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Pathology and Laboratory Medicine, Tulane University School 
of Medicine, New Orleans, LA 70112, USA. 2 The College of Liberal Arts and Sci-
ences, Arizona State University, Tempe, AZ 85281, USA. 

Received: 16 July 2022   Accepted: 13 February 2023

References
 1. Goto K, Roca Suarez AA, Wrensch F, Baumert TF, Lupberger J. Hepatitis C 

virus and hepatocellular carcinoma: when the host loses its grip. Int J Mol 
Sci. 2020;21:3057.

 2. Axley P, Ahmed Z, Ravi S, Singal AK. Hepatitis C virus and hepatocellular 
carcinoma: a narrative review. J Clin Transl Hepatol. 2018;6:79–84.

 3. Carrat F, Fontaine H, Dorival C, Simony M, Diallo A, Hezode C, De Led-
inghen V, Larrey D, Haour G, Bronowicki JP, et al. Clinical outcomes in 
patients with chronic hepatitis C after direct-acting antiviral treatment: a 
prospective cohort study. Lancet. 2019;393:1453–64.

 4. Hsu SJ, Yang SS, Kao JH. Risk of hepatocellular carcinoma development 
after hepatitis C virus eradicated by direct-acting antivirals: fact or fiction? 
J Formos Med Assoc. 2020;119:3–11.

 5. Nahon P, Layese R, Bourcier V, Cagnot C, Marcellin P, Guyader D, Pol S, 
Larrey D, De Ledinghen V, Ouzan D, et al. Incidence of hepatocellular 
carcinoma after direct antiviral therapy for HCV in patients with cirrhosis 
included in surveillance programs. Gastroenterology. 2018;155:1436.

 6. Zou WY, Choi K, Kramer JR, Yu X, Cao YM, El-Serag HB, Kanwal F. Risk of 
hepatocellular cancer recurrence in hepatitis C virus plus patients treated 
with direct-acting antiviral agents. Dig Dis Sci. 2019;64:3328–36.

 7. Kanwal F, Kramer JR, Asch SM, Cao YM, Li L, El-Serag HB. Long-term risk 
of hepatocellular carcinoma in HCV patients treated with direct acting 
antiviral agents. Hepatology. 2020;71:44–55.

 8. Reig M, Marino Z, Perello C, Inarrairaegui M, Ribeiro A, Lens S, Diaz A, 
Vilana R, Darnell A, Varela M, et al. Unexpected high rate of early tumor 
recurrence in patients with HCV-related HCC undergoing interferon-free 
therapy. J Hepatol. 2016;65:719–26.

 9. Cardoso H, Vale AM, Rodrigues S, Goncalves R, Albuquerque A, Pereira P, 
Lopes S, Silva M, Andrade P, Morais R, et al. High incidence of hepatocel-
lular carcinoma following successful interferon-free antiviral therapy for 
hepatitis C associated cirrhosis. J Hepatol. 2016;65:1070–1.

 10. Conti F, Buonfiglioli F, Scuteri A, Crespi C, Bolondi L, Caraceni P, Foschi FG, 
Lenzi M, Mazzella G, Verucchi G, et al. Early occurrence and recurrence 
of hepatocellular carcinoma in HCV-related cirrhosis treated with direct-
acting antivirals. J Hepatol. 2016;65:727–33.

 11. Kolly P, Waidmann O, Vermehren J, Moreno C, Vogeli I, Berg T, Semela D, 
Zeuzem S, Dufour JF. Hepatocellular carcinoma recurrence after direct 
antiviral agent treatment: a European multicentre study. J Hepatol. 
2017;67:876–8.

 12. Kozbial K, Moser S, Schwarzer R, Laferl H, Al-Zoairy R, Stauber R, Stat-
termayer AF, Beinhardt S, Graziadei I, Freissmuth C, et al. Unexpected high 
incidence of hepatocellular carcinoma in cirrhotic patients with sustained 
virologic response following interferon-free direct-acting antiviral treat-
ment. J Hepatol. 2016;65:856–8.

 13. Torres HA, Vauthey JN, Economides MP, Mahale P, Kaseb A. Hepatocellular 
carcinoma recurrence after treatment with direct -acting antivirals: first, 
do no harm by withdrawing treatment. J Hepatol. 2016;65:862–4.

 14. Cirone M, Angeloni A, Barile G, Zompetta C, Venanzoni M, Torrisi MR, Frati 
L, Faggioni A. Epstein–Barr-virus internalization and infectivity are blocked 
by selective protein kinase-C inhibitors. Int J Cancer. 1990;45:490–3.

 15. Konig R, Stertz S. Recent strategies and progress in identifying host fac-
tors involved in virus replication. Curr Opin Microbiol. 2015;26:79–88.

 16. Ludwig S. Targeting cell signalling pathways to fight the flu: towards a 
paradigm change in anti-influenza therapy. J Antimicrob Chemother. 
2009;64:1–4.

 17. de Chassey B, Meyniel-Schicklin L, Vonderscher J, Andre P, Lotteau V. Virus-
host interactomics: new insights and opportunities for antiviral drug 
discovery. Genome Med. 2014;6:115.

 18. Schor S, Einav S. Repurposing of kinase inhibitors as broad-spectrum 
antiviral drugs. DNA Cell Biol. 2018;37:63–9.

 19. Knight ZA, Shokat KM. Features of selective kinase inhibitors. Chem Biol. 
2005;12:621–37.

 20. Keating JA, Striker R. Phosphorylation events during viral infections 
provide potential therapeutic targets. Rev Med Virol. 2012;22:166–81.

 21. Jakubiec A, Jupin I. Regulation of positive-strand RNA virus replication: 
the emerging role of phosphorylation. Virus Res. 2007;129:73–9.

 22. Herbein G, Gras G, Khan KA, Abbas W. Macrophage signaling in HIV-1 
infection. Retrovirology. 2010;7:34.

 23. Brinkmann MM, Schulz TF. Regulation of intracellular signalling by the 
terminal membrane proteins of members of the Gammaherpesvirinae. J 
Gen Virol. 2006;87:1047–74.

 24. Xia K, Knipe DM, DeLuca NA. Role of protein kinase a and the serine-rich 
region of herpes simplex virus type 1 ICP4 in viral replication. J Virol. 
1996;70:1050–60.

 25. Rabbi MF, Al-Harthi L, Saifuddin M, Roebuck KA. The cAMP-dependent 
protein kinase A and protein kinase C-beta pathways synergistically inter-
act to activate HIV-1 transcription in latently infected cells of monocyte/
macrophage lineage. Virology. 1998;245:257–69.

 26. Andrade AA, Silva PNG, Pereira ACTC, De Sousa LP, Ferreira PCP, Gazzinelli 
RT, Kroon EG, Ropert C, Bonjardim CA. The vaccinia virus-stimulated 
mitogen-activated protein kinase (MAPK) pathway is required for virus 
multiplication. Biochem J. 2004;381:437–46.

 27. Farquhar MJ, Harris HJ, Diskar M, Jones S, Mee CJ, Nielsen SU, Brima-
combe CL, Molina S, Toms GL, Maurel P, et al. Protein kinase A-dependent 
step(s) in hepatitis C virus entry and infectivity. J Virol. 2008;82:8797–811.

 28. Hinte F, van Anken E, Tirosh B, Brune W. Repression of viral gene expres-
sion and replication by the unfolded protein response effector XBP1u. 
Elife. 2020;9:e51804.

 29. Aguileta MA, Rojas-Rivera D, Goossens V, Estornes Y, Van Isterdael G, Van-
denabeele P, Bertrand MJM. A siRNA screen reveals the prosurvival effect 
of protein kinase A activation in conditions of unresolved endoplasmic 
reticulum stress. Cell Death Differ. 2016;23:1670–80.

 30. Choi JA, Song CH. Insights into the role of endoplasmic reticulum stress 
in infectious diseases. Front Immunol. 2020;10:3147.

 31. Moradpour D, Penin F, Rice CM. Replication of hepatitis C virus. Nat Rev 
Microbiol. 2007;5:453–63.

 32. Song YF, Hogstrand C, Wei CC, Wu K, Pan YX, Luo Z. Endoplasmic reticu-
lum (ER) stress and cAMP/PKA pathway mediated Zn-induced hepatic 
lipolysis. Environ Pollut. 2017;228:256–64.

 33. Hassan IH, Zhang MS, Powers LS, Shao JQ, Baltrusaitis J, Rutkowski DT, 
Legge K, Monick MM. Influenza A viral replication is blocked by inhibition 
of the inositol-requiring enzyme 1 (IRE1) stress pathway. J Biol Chem. 
2012;287:4679–89.

 34. Ying Y, Tao Q. Epigenetic disruption of the WNT/beta-catenin signaling 
pathway in human cancers. Epigenetics. 2009;4:307–12.

 35. Yang LH, Xu HT, Han Y, Li QC, Liu Y, Zhao Y, Yang ZQ, Dong QZ, Miao Y, Dai 
SD, Wang EH. Axin downregulates TCF-4 transcription via beta-catenin, 
but not p53, and inhibits the proliferation and invasion of lung cancer 
cells. Mol Cancer. 2010;9:1–14.

 36. Hsieh IS, Chang KC, Tsai YT, Ke JY, Lu PJ, Lee KH, Yeh SD, Hong TM, Chen 
YL. MicroRNA-320 suppresses the stem cell-like characteristics of prostate 
cancer cells by downregulating the Wnt/beta-catenin signaling pathway. 
Carcinogenesis. 2013;34:530–8.

 37. Hallett RM, Kondratyev MK, Giacomelli AO, Nixon AML, Girgis-Gabardo A, 
Ilieva D, Hassell JA. Small molecule antagonists of the Wnt/beta-catenin 
signaling pathway target breast tumor-initiating cells in a Her2/Neu 
mouse model of breast cancer. PLoS ONE. 2012;7:e33976.



Page 13 of 13Lin et al. Cell Communication and Signaling          (2023) 21:102  

 38. Ji JF, Yamashita T, Wang XW. Wnt/beta-catenin signaling activates micro-
RNA-181 expression in hepatocellular carcinoma. Cell Biosci. 2011;1:1–8.

 39. Chien AJ, Moore EC, Lonsdorf AS, Kulikauskas RM, Rothberg BG, Berger 
AJ, Major MB, Hwang ST, Rimm DL, Moon RT. Activated Wnt/beta-catenin 
signaling in melanoma is associated with decreased proliferation in 
patient tumors and a murine melanoma model. Proc Natl Acad Sci USA. 
2009;106:1193–8.

 40. Monga SP. Beta-catenin signaling and roles in liver homeostasis, injury, 
and tumorigenesis. Gastroenterology. 2015;148:1294–310.

 41. Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): regula-
tion, actions, and diseases. Pharmacol Ther. 2015;148:114–31.

 42. Lin D, Reddy V, Osman H, Lopez A, Koksal AR, Rhadhi SM, Dash S, Aydin 
Y. Additional inhibition of Wnt/beta-catenin signaling by metformin in 
DAA treatments as a novel therapeutic strategy for HCV-infected patients. 
Cells. 2021;10:790.

 43. Hazari S, Chandra PK, Poat B, Datta S, Garry RF, Foster TP, Kousoulas G, 
Wakita T, Dash S. Impaired antiviral activity of interferon alpha against 
hepatitis C virus 2a in Huh-7 cells with a defective Jak-Stat pathway. Virol 
J. 2010;7:1–16.

 44. Moradpour D, Evans MJ, Gosert R, Yuan ZH, Blum HE, Goff SP, Lindenbach 
BD, Rice CM. Insertion of green fluorescent protein into nonstructural 
protein 5A allows direct visualization of functional hepatitis C virus repli-
cation complexes. J Virol. 2004;78:7400–9.

 45. Schaller T, Appel N, Koutsoudakis G, Kallis S, Lohmann V, Pietschmann T, 
Bartenschlager R. Analysis of hepatitis C virus superinfection exclu-
sion by using novel fluorochrome gene-tagged viral genomes. J Virol. 
2007;81:4591–603.

 46. Hannemann H. Viral replicons as valuable tools for drug discovery. Drug 
Discov Today. 2020;25:1026–33.

 47. Fernandes RS, Freire M, Bueno RV, Godoy AS, Gil L, Oliva G. Reporter rep-
licons for antiviral drug discovery against positive single-stranded RNA 
viruses. Viruses. 2020;12:598.

 48. Blight KJ, Kolykhalov AA, Rice CM. Efficient initiation of HCV RNA replica-
tion in cell culture. Science. 2000;290:1972–4.

 49. Lohmann V, Korner F, Koch J, Herian U, Theilmann L, Bartenschlager R. 
Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell line. 
Science. 1999;285:110–3.

 50. Kaneko T, Tanji Y, Satoh S, Hijikata M, Asabe S, Kimura K, Shimotohno K. 
Production of two phosphoproteins from the NS5A region of the hepati-
tis C viral genome. Biochem Biophys Res Commun. 1994;205:320–6.

 51. Fridell RA, Qiu D, Valera L, Wang C, Rose RE, Gao M. Distinct functions of 
NS5A in hepatitis C virus RNA replication uncovered by studies with the 
NS5A inhibitor BMS-790052. J Virol. 2011;85:7312–20.

 52. Cordek DG, Croom-Perez TJ, Hwang J, Hargittai MR, Subba-Reddy CV, Han 
Q, Lodeiro MF, Ning G, McCrory TS, Arnold JJ, et al. Expanding the pro-
teome of an RNA virus by phosphorylation of an intrinsically disordered 
viral protein. J Biol Chem. 2014;289:24397–416.

 53. Quintavalle M, Sambucini S, Di Pietro C, De Francesco R, Neddermann P. 
The alpha isoform of protein kinase CKI is responsible for hepatitis C virus 
NS5A hyperphosphorylation. J Virol. 2006;80:11305–12.

 54. Neddermann P, Quintavalle M, Di Pietro C, Clementi A, Cerretani M, Alta-
mura S, Bartholomew L, De Francesco R. Reduction of hepatitis C virus 
NS5A hyperphosphorylation by selective inhibition of cellular kinases 
activates viral RNA replication in cell culture. J Virol. 2004;78:13306–14.

 55. Gao M, Nettles RE, Belema M, Snyder LB, Nguyen VN, Fridell RA, Serrano-
Wu MH, Langley DR, Sun JH, O’Boyle DR 2nd, et al. Chemical genetics 
strategy identifies an HCV NS5A inhibitor with a potent clinical effect. 
Nature. 2010;465:96–100.

 56. Lemm JA, O’Boyle D 2nd, Liu M, Nower PT, Colonno R, Deshpande MS, 
Snyder LB, Martin SW, St Laurent DR, Serrano-Wu MH, et al. Identification 
of hepatitis C virus NS5A inhibitors. J Virol. 2010;84:482–91.

 57. Kapadia SB, Chisari FV. Hepatitis C virus RNA replication is regulated 
by host geranylgeranylation and fatty acids. Proc Natl Acad Sci USA. 
2005;102:2561–6.

 58. Dubuisson J, Penin F, Moradpour D. Interaction of hepatitis C virus 
proteins with host cell membranes and lipids. Trends Cell Biol. 
2002;12:517–23.

 59. Tardif KD, Mori K, Siddiqui A. Hepatitis C virus subgenomic replicons 
induce endoplasmic reticulum stress activating an intracellular signaling 
pathway. J Virol. 2002;76:7453–9.

 60. Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded 
protein response. Nat Rev Mol Cell Biol. 2007;8:519–29.

 61. Merquiol E, Uzi D, Mueller T, Goldenberg D, Nahmias Y, Xavier RJ, Tirosh B, 
Shibolet O. HCV causes chronic endoplasmic reticulum stress leading to 
adaptation and interference with the unfolded protein response. PLoS 
ONE. 2011;6:e24660.

 62. Nagata H, Nakagawa M, Asahina Y, Sato A, Asano Y, Tsunoda T, Miyoshi 
M, Kaneko S, Otani S, Kawai-Kitahata F, et al. Effect of interferon-based 
and -free therapy on early occurrence and recurrence of hepatocellular 
carcinoma in chronic hepatitis C. J Hepatol. 2017;67:933–9.

 63. Bielen R, Moreno C, Van Vlierberghe H, Bourgeois S, Mulkay JP, Vanwol-
leghem T, Verlinden W, Brixco C, Decaestecker J, de Galocsy C, et al. The 
risk of early occurrence and recurrence of hepatocellular carcinoma in 
hepatitis C-infected patients treated with direct-acting antivirals with 
and without pegylated interferon: a Belgian experience. J Viral Hepatitis. 
2017;24:976–81.

 64. Wang W, Smits R, Hao H, He C. Wnt/beta-catenin signaling in liver can-
cers. Cancers (Basel). 2019;11:926.

 65. Park CY, Choi SH, Kang SM, Kang JI, Ahn BY, Kim H, Jung G, Choi KY, 
Hwang SB. Nonstructural 5A protein activates beta-catenin signaling 
cascades: implication of hepatitis C virus-induced liver pathogenesis. J 
Hepatol. 2009;51:853–64.

 66. Street A, Macdonald A, Crowder K, Harris M. The Hepatitis C virus NS5A 
protein activates a phosphoinositide 3-kinase-dependent survival signal-
ing cascade. J Biol Chem. 2004;279:12232–41.

 67. Macdonald A, Harris M. Hepatitis C virus NS5A: tales of a promiscuous 
protein. J Gen Virol. 2004;85:2485–502.

 68. Street A, Macdonald A, McCormick C, Harris M. Hepatitis C virus NS5A-
mediated activation of phosphoinositide 3-kinase results in stabilization 
of cellular beta-catenin and stimulation of beta-catenin-responsive 
transcription. J Virol. 2005;79:5006–16.

 69. Zhang Y, Wei W, Cheng N, Wang K, Li B, Jiang X, Sun S. Hepatitis C virus-
induced up-regulation of microRNA-155 promotes hepatocarcinogenesis 
by activating Wnt signaling. Hepatology. 2012;56:1631–40.

 70. Paul D, Bartenschlager R. Architecture and biogenesis of plus-strand RNA 
virus replication factories. World J Virol. 2013;2:32–48.

 71. Sir D, Chen WL, Choi J, Wakita T, Yen TS, Ou JH. Induction of incomplete 
autophagic response by hepatitis C virus via the unfolded protein 
response. Hepatology. 2008;48:1054–61.

 72. Joyce MA, Walters KA, Lamb SE, Yeh MM, Zhu LF, Kneteman N, Doyle JS, 
Katze MG, Tyrrell DL. HCV induces oxidative and ER stress, and sensi-
tizes infected cells to apoptosis in SCID/Alb-uPA mice. PLoS Pathog. 
2009;5:e1000291.

 73. Asselah T, Bieche I, Mansouri A, Laurendeau I, Cazals-Hatem D, Feldmann 
G, Bedossa P, Paradis V, Martinot-Peignoux M, Lebrec D, et al. In vivo 
hepatic endoplasmic reticulum stress in patients with chronic hepatitis C. 
J Pathol. 2010;221:264–74.

 74. Christen V, Treves S, Duong FH, Heim MH. Activation of endoplasmic 
reticulum stress response by hepatitis viruses up-regulates protein phos-
phatase 2A. Hepatology. 2007;46:558–65.

 75. Bernsmeier C, Duong FH, Christen V, Pugnale P, Negro F, Terrac-
ciano L, Heim MH. Virus-induced over-expression of protein phos-
phatase 2A inhibits insulin signalling in chronic hepatitis C. J Hepatol. 
2008;49:429–40.

 76. Shih CM, Chen CM, Chen SY, Lee YHW. Modulation of the trans-suppres-
sion activity of hepatitis-C virus core protein by phosphorylation. J Virol. 
1995;69:1160–71.

 77. Lu W, Ou JH. Phosphorylation of hepatitis C virus core protein by protein 
kinase A and protein kinase C. Virology. 2002;300:20–30.

 78. Majeau N, Bolduc M, Duvignaud JB, Fromentin R, Leclerc D. Effect of 
cAMP-dependent protein kinase A (PKA) on HCV nucleocapsid assembly 
and degradation. Biochem Cell Biol Biochim Biol Cell. 2007;85:78–87.

 79. Kim KM, Kwon SN, Kang JI, Lee SH, Jang SK, Ahn BY, Kim YK. Hepatitis 
C virus NS2 protein activates cellular cyclic AMP-dependent pathways. 
Biochem Biophys Res Commun. 2007;356:948–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Targeting ER stressPKAGSK-3ββ-catenin pathway as a potential novel strategy for hepatitis C virus-infected patients
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Cell culture and HCV infection and drug treatment
	Western blotting
	Cell proliferation assay
	Cytospin slide preparation and fluorescence microscopy
	HCV eradication
	Statistical analysis

	Results
	Wntβ-catenin pathway remains activated after HCV clearance by DAA which triggers Wntβ-catenin signaling. HCV infection activates PKAGSK-3β-dependent Wntβ-catenin pathway
	Inhibition of PKA activity with inhibitor H89 both represses HCV replication and reverses Wntβ-catenin signaling in chronic HCV infection
	Inhibition of PKA activity with low dose of inhibitor H89 both inhibits HCV replicon replication and blocks Wntβ-catenin signaling in R4-GFP HCV replicon cell line
	HCV triggers ER stressUPR pathway, however, inhibition of ER stress by inhibitor TUDCA not only represses HCV but also inhibits ER stressPKAGSK-3β-dependent Wntβ-catenin signaling
	Targeting ER stressPKAGSK-3β-dependent Wntβ-catenin pathway by inhibition of either PKA activity or ER stress inhibits extracellular HCV infection

	Discussion
	Conclusion
	Anchor 23
	Acknowledgements
	References


