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Abstract

The cellular mechanisms by which hepatitis C virus (HCV) replication might mediate cytopathic effects are
controversial and not entirely clear. In this study, we found that blood-borne HCV (bbHCV) infection could lead
to endoplasmic reticulum (ER)-stress and mitochondria-related/caspase-dependent apoptosis at the early stages
of infection based on use of the highly efficient bbHCV cell culture model established previously. Sections of
bbHCV-infected human fetal liver stem cells (hFLSCs) revealed convolution and nonlinear ER, cell vacuolization,
swelling of mitochondria, and numerous double membrane vesicles (DMVs). The percentage of apoptotic hFLSCs
infected by bbHCV reached 29.8% at 16 h postinfection, and the amount of cytochrome c increased remarkably
in the cytosolic protein fraction. However, over time, apoptosis was inhibited due to the activation of NF-«B. The
expression of NF-kB-p65, Bel-xL, XIAP, and c-FLIPL in hFLSCs was increased significantly 24 h after in infection
by bbHCV. The accelerated cell death cycles involving apoptosis, regeneration and repair by bbHCV infection might
give rise to the development of cirrhosis, and ultimately to hepatocellular carcinogenesis.
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Introduction

With 200 million people infected worldwide, hepatitis
C virus (HCV) has become a global health prob-
lem and a major cause of viral hepatitis. Persistent
infection occurs in 70% of infected patients followed
by some serious complications such as inflammation,
insulin resistance, steatosis, fibrosis, and hepatocellular
carcinoma. The pathology associated with chronic
HCV infection was initially thought to be related
with HCV-specific immune responses [1,2]. But now
there are some who view that direct cytopathic effects
(CPEs) in virally infected cells also contribute substan-
tially to HCV-associated liver injury [3,4]. The cellular
mechanisms by which HCV replication might mediate
liver injury are not entirely clear. Sekine-Osajima et al
investigated the cellular effects of HCV infection and
replication using the HCV-JFH1 cell culture system and
found that HCV-JFHI1 infected cells contained substan-
tial CPE that was characterized by massive apoptotic
cell death with much expression of several endoplasmic
reticulum (ER) stress-induced proteins [5]. Moreover, in
HCV-JFH]1 transfected Huh-7.5.1 cells, death occurred
when all the cells were infected and the intracellular
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HCV RNA reached maximum levels [6]. Mishima et al
further identified that mutant viruses with individual
C24418S, P2938S, or R2985P signature substitutions
enhanced virus replication and protein expression in
the early/acute stages of infection, which finally led
to massive cell death [7]. In addition, they also found
that HCV-induced cytopathogenicity was closely asso-
ciated with the level of intracellular viral replication
and determined by certain amino acid substitutions in
HCV-NS5A and -NS5B regions. Unfortunately, all of
these studies were based on a recombinant virus model
of liver cancer cells, and there are inevitable metabolic
differences existing between hepatoma cell lines and
quiescent primary hepatocytes. It is apparent that these
cell lines cannot fully recapitulate all aspects of HCV
infection in the liver, or the host responses playing
important roles in determination of viral persistence or
clearance [8]. In our previous study, we have established
an infection system based on human fetal liver stem
cells (hFLSCs) which could completely exhibit the
entire blood-borne HCV (bbHCV) life cycle including
transmission of the virus efficiently between cells. In the
process of model building, we found that mitochondrial
alterations and ER stress contribute a lot to our better
understanding of HCV pathogenesis and provide insight
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into the HCV life cycle. Therefore, we focused on using
this cell model to investigate the effect of HCV infection
on cells in vitro.

Materials and methods

Serum samples

HCV-positive serum samples were obtained from
patients with chronic HCV infection treated at the
Peking Union Medical College Hospital. Informed
consent was obtained from all patients, and patients did
not receive any antiviral therapy prior to this study. All
donors had been serologically screened for syphilis,
toxoplasmosis, rubella, hepatitis B, human immunode-
ficiency virus 1, cytomegalovirus, parvovirus, as well
as herpes simplex types 1 and 2. Donor information is
shown in supplementary material, Table S1.

hFLSCs infected by bbHCV and the progeny virus

hFLSCs were infected by bbHCV according to a previ-
ously described protocol [9]. In brief, sera or supernatant
containing progeny virus were filtered through 0.22 pm
polarized filters before infection. hFLSCs were grown to
a 1 x 10° density in 6-well plates; and 2.4 X 10° genome
copies (GCs)/ml of bbHCV or 2.3 x10°GCs/ml of
progeny virus with 1 ml of serum-free culture media
were added into each well. After incubating for 8 h,
cells were rinsed with DMEM/F,. The final wash
was collected and analyzed using RT-qPCR to confirm
the absence of HCV RNA. Then, we added 1 ml of
DMEM/F,, with 10% FBS for culturing. The super-
natant was collected every other day during the cul-
ture period, and was stored at —80°C. The detection
and quantification of virus in hFLSCs or supernatant of
infected cells were according to a previously described
protocol [9].

Details of the protocol are presented in supplementary
material, Supplementary materials and methods.

Electron microscopy observations

bbHCV- or mock-infected hFLSCs were fixed by incu-
bation in 3% paraformaldehyde in 0.1 M PBS (pH
7.2) for 24h. Cells were collected by centrifuga-
tion, the cell pellet was dehydrated in a graded series
of ethanol solutions at —20°C using an automatic
freezing substitution system (AFS; Leica, Vienna, Aus-
tria), and embedded in London Resin Gold (LR Gold;
Electron Microscopy Science, Basingstoke, UK). The
resin was allowed to polymerize at —25°C under UV
light for 72 h. Ultra-thin sections were cut and blocked
by incubation with 3% BSA (Sigma, St. Louis, MO,
USA) in PBS; then, they were incubated with anti-E1
antibody as described above diluted at 1:50 in PBS
supplemented with 1% BSA. Sections were washed
and incubated with an appropriate volume of 10 nm
gold particle-conjugated secondary antibody (British
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Biocell International, Cardiff, UK) diluted at 1:50
in PBS supplemented with 1% BSA. Ultra-thin sections
were cut, stained with 5% uranyl acetate, 5% lead
citrate, placed on EM grids coated with collodion,
and examined.

Western blotting analyses

Proteins were prepared by using a Qproteome Mam-
malian Protein Prep Kit Column (Qiagen, Hilden,
Germany). Total protein from cells and culture
media were separated by 5-10% Bis-Tris sodium
dodecyl sulfate-polyacrylamide gel -electrophoresis
(SDS-PAGE) and transferred to 0.45 pm PVDF mem-
branes. Blots were blocked with 5% nonfat dry milk
in Tris—HCI buffer saline (pH 7.5) containing 0.1%
Tween-20 (TBST); and then, probed with primary
antibodies for 1 h.

Western blotting was performed using the following
antibodies: anti-HCV core (sc-81588, 1:500, Santa Cruz
Biotechnology Inc., Dallas, TX, USA), anti-CHOP
(sc-166682, 1:500, Santa Cruz Biotechnology Inc.),
anti-GRP78 (sc-13539, 1:1000, Santa Cruz Biotech-
nology Inc.), anti-caspase-3 (sc-271759, 1:500, Santa
Cruz Biotechnology Inc.), and anti-elF2a proteins
(sc-133227, 1:500, Santa Cruz Biotechnology Inc.),
anti-IkB-o (W16166B, 1:600, Biolegend, San Diego,
CA, USA), anti-IKK-p (2678, 1:2000, CST, Beverly,
MA, USA), anti-NF-kB-p65 (8242, 1:1000, CST),
anti-Bel-xL (2762, 1:1000, CST), anti-XIAP (2042,
1:600, CST), anti-c-FLIPL (3210, 1:600, CST), anti-Akt
(9272, 1:1000, CST), anti-PI-3K (4225, 1:1000, CST),
and anti-JNK proteins (4668, 1:800, CST). After exten-
sive washes, blots were incubated with secondary
antibodies conjugated with horseradish peroxidase for
1 h then washed four times with TBST. Protein bands
were detected using an enhanced chemiluminescence
reagent and X-ray films.

Equal amounts of mitochondrial and cytosolic
proteins (10 mg), prepared as previously described
by Minczuk etal [10], were separated on 14%
SDS—-PAGE and then transferred to 0.22pm PVDF
membranes. For immunodetection, cytochrome ¢
monoclonal antibody (556433, 1:1000, Pharmingen,
San Diego, CA, USA) and actin polyclonal anti-
body (sc-70319, 1:5000, Santa Cruz Biotechnology
Inc.) were used as primary antibodies. Mitochondrial
fraction purity was verified by immunoblotting with
antibodies specific to human cytochrome oxidase sub-
unit [T (COX II) (MAS5-14568, 1:800, Molecular Probes,
Waltham, MA, USA).

Flow cytometry

To measure HCV protein levels on the surface
of hFLSCs, 5 x 10° cells were blocked with 1:50 BSA
(Sigma) for 30min prior to staining. Progression of
primary and secondary antibody combinations was the
same with the immunofluorescence process. Cells were
stained with 4 pg/ml of propidium iodide in PBS before
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being passed through a FACSCalibur flow cytome-
ter (BD Biosciences, CA, USA). Mouse 1gG,x—FITC
(ab106163, 1:5000, Abcam, Cambridge, MA, USA) and
rabbit IgG,,k—TRITC (ab18446, 1:5000, Abcam) were
used as isotype controls. Experiments were repeated
three times.

Bax activation analyses

To estimate the percentage of cells with activated Bax,
bbHCV infected hFLSCs and control hFLSCs in the
indicated time periods were incubated with rabbit
polyclonal anti-Bax (sc-20067 1: 100, Santa Cruz
Biotechnology Inc.) antibodies. Cells were then washed
three times with PBS and stained with Texas Red
conjugated-goat anti-rabbit IgG antibody (1:50).
Finally, cells were washed three times with PBS
and analyzed using a flow cytometer.

Oxidative stress analyses

To estimate production of ROS, bbHCV mock-infected
and infected hFLSCs in the indicated time periods
were exposed to MitoSOX Red, a fluorochrome spe-
cific to anion superoxide produced in the inner mito-
chondrial compartment (Invitrogen, Grand Island, NY,
USA). Approximately 1x 10°cells were trypsinized,
incubated with MitoSox for 30 min at 37 °C, washed
twice with PBS and resuspended in 500 pl of PBS and
cytofluorometric analysis was performed using a flow
cytometer.

ATP level measurement

The ATP level was examined by a firefly luciferase-
based ATP assay kit (Beyotime, Haimen, China). The
assay was conducted according to the manufacturer’s
instructions. In brief, after mitochondrial lysis, mito-
chondrial fractions were centrifuged at 10 000X g
for 10 min, and the supernatant was removed for
the ATP assay. ATP reagents (100pl) were added
into a microwell for 5min at 37°C. The samples
(50 pl) were then added and mixed for 10 s and mea-
sured using a Synergy HT multi-mode microplate
reader. The ATP concentrations were calculated from
standard curve data and expressed as nmol per mg
protein.

Mitochondrial membrane potential (AW m)
assessment

Mitochondrial membrane potential was determined
by MitoProbe™ JC-1 Assay Kit for Flow Cytometry
(Invitrogen) according to the manufacturer’s instruc-
tions. In brief, 1 x 10° cells were suspended, incubated
with 1 pl of 50 mM CCCP (control) or 10 pl of 200 pM
JC-1at37°C, 5% CO, for 15 min, and then washed once
with 2 ml of warm PBS. Finally, the cells were resus-
pend by 500 pl PBS and analyzed by flow cytometer
using 488 nm excitation.
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Statistical analysis

All experiments were conducted in at least three sepa-
rate experiments, and in duplicates. Data are expressed
as mean + SD, and was analyzed using SPSS for Win-
dows version 17.0 (SPSS Inc., Chicago, IL, USA). P
values < 0.05 were considered statistically significant.

Details for RT-qPCR assays, serum characteristics,
primers and probes sequences are presented in sup-
plementary material, Supplementary materials and
methods.

Results

bbHCV induced cytopathogenicity in hFLSCs

We assessed electron microscopic images to determine
whether a CPE existed in bbHCV-infected hFLSCs. In
contrast to control sections where the ER was linear
and the typical cytoplasmic distribution of mitochon-
dria with intact cristae was observed (Figure 1A),
cell sections infected by bbHCV had ER distention
and mitochondrial swelling (Figure 1B,C and sup-
plementary material, Figure S1A). Numerous double
membrane vesicles (DMVs) and the presence of more
discrete multivesicular units had features similar to
those that were observed in other RNA viruses such as
poliovirus and coronavirus (Figure 1D and supplemen-
tary material, Figure S1B). However, this effect could
not be observed in cells exposed to UV-inactivated
bbHCV (see supplementary material, Figure S1C,D),
which indicated that these phenomena were definitively
caused by active viral replication.

bbHCV infection sensitizes cells to cellular
apoptosis

The majority of hFLSCs infected with bbHCV did
not eventually show cell death. When the cells were
stained with DAPI for nuclear morphology at various
times postinfection, only cells with bbHCV infection
at 16 h postinfection revealed nuclear shrinkage, a fea-
ture of cellular apoptosis (Figure 2A). In order to further
assess whether infected cells were involved in an apop-
totic process, we performed annexin V staining with
flow cytometry analysis; and found that the levels of
annexin V positivity increased with the extending of
time and reached a peak of 29.8% within hFLSC at 16 h
postinfection, and then declined after 48 h postinfection
(Figure 2B,C and supplementary material, Figure S2).

ER stress-related proteins in hFLSCs following
bbHCV infection

We then explored the role ER stress plays in cells
apoptosis. The expression of ER stress-related proteins,
GRP78 and phosphorylated elF2-alpha were assessed
in bbHCV-infected cells. The overexpression of GRP78
and phosphorylated elF2-alpha strongly suggested that
bbHCYV infection could induce ER stress as an early cell
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Figure 1. bbHCV induced cytopathogenicity in hFLSCs. (A and B) Normal ER and mitochondria of hFLSCs in control sections (arrows).
(C-E) bbHCV-infected hFLSCs sections revealed: (C) convolution and nonliner ER (arrows), (D) cell vacuolization (arrowheads), swelling

mitochondria (arrows), (E) numerous DMVs (arrows).

response (Figure 3). Persistence of ER stress activated
apoptosis signaling pathways, including the induction of
C/EBP homologous protein (CHOP) and the activation
of caspase 3 (Figure 3) closely related with cell death.
Similar to annexin V, these proteins peaked at 16 h or
24 h postinfection and declined at 48 h postinfection.

It has been reported that CHOP overexpression may
lead to Bax activation and translocation from the cytosol
to mitochondria [11]. We found that Bax activation and
clustering to mitochondria occurred in 20% of bbHCV
infected cells at 16h postinfection (Figure 4A), but
decreased after 24 h postinfection. It is well known that
Bax activation could induce mitochondrial membrane
depolarization [12]. We then investigated the effect of
bbHCV infection on mitochondrial membrane poten-
tial (AWm). The proportion of cells with decreased
AWm in bbHCV-infected cells is much higher than
that in controls (Figure 4B and supplementary material,
Figure S3). Meanwhile, levels of mitochondrial ROS
and intracellular ATP displayed similar results as AWm
(Figure 4C,D).

Cytochrome c associated with HCV replication could
be released into the cytosol in bbHCV-infected cells
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(Figure 5A). Finally, we sought to determine whether
HCV could lead to the activation of terminal caspases
by using anti-caspase-3 antibody which could recognize
both the procaspase and the cleaved active caspase 3
pl1 subunit. We found the pl1 cleaved active subunit
of the caspase-3 at 16 h postinfection (Figure 5B). These
results demonstrated that bbHCV infection could defini-
tively induce an advanced apoptotic process at the early
stage of infection.

bbHCV infection activates anti-apoptotic proteins

Apoptosis proteins were decreased at 24 h postinfec-
tion. The majority of cells recovered and did not show
apparent death afterwards. The expression of NF-kxB
dependent anti-apoptotic proteins and phosphorylation
status of AKT in infected hFLSCs were investigated.
Immunoblotting analysis revealed that the expressions
of the well-known anti-apoptotic proteins, NF-kB-p635,
Bcl-xL and XIAP, and the long form of cFLIP (c-FLIPL)
[13], were markedly activated in bbHCV-infected cells
after 24h post infection (Figure 5C,D). Meanwhile,
Ser*’? phosphorylation of AKT increased in bbHCV

J Pathol 2019; 248: 155—163
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Figure 2. HCV infection caused hFLSCs apoptosis. (A) hFLSCs were infected with or without bbHCV for different times as indicated. The
cells were harvested and stained with DAPI. The scale bar represents 5 pm. (B and C) Kinetics of apoptosis in bHCV-infected hFLSCs was
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Figure 3. The expression of ER stress-related proteins in bbHCV infected cells. Western blotting was performed using anti-GRP78,

anti-p-elF2a, anti-elF2-o, anti-CHOP, and anti-GAPDH.

infected cells, whereas Thr’*® phosphorylation lev-
els were not significantly altered after infection with
bbHCV (Figure 5E). Simultaneously, increased expres-
sion of TYMS, JUND, and UBD mRNAs, whose protein
functions relate to the decrease of p53 levels and the
supply of a protective effect against p53-dependent
apoptosis, suggested that the cell counteracted the
activation of the p53 signaling pathway (Figure 5F).
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Discussion

HCV infection induced CPE is part of the infection
process. Whether the established infection model could
simulate and undergo CPE similar to lesions observed
in hepatitis patients could be a measure of the model’s
success. The presentation of HCV-induced CPE is vital
in cell culture systems, and could contribute to the
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Figure 4. bbHCV infection induced mitochondrial stress in hFLSCs. (A) Bax activation after bbHCV infection at indicated times was analyzed
by flow cytometry, and data were presented as percentage of cells with activated Bax clustering within mitochondria. (B) bbHCV infection
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understanding of HCV pathogenesis. In our system,
CPEs induced by bbHCV infection including ER dis-
tention, mitochondrial swelling and cell vacuolization
were similar to cell lesions derived from chronic HCV
patients. The mechanisms of the pathogenesis induced
by bbHCV infection might be traced back to ER-stress
and mitochondria-related/caspase-dependent apopto-
sis in hFLSCs at the early stages of infection. With
time going on, apoptosis would gradually be inhibited
by the increasing expression of bcl-XL, the activa-
tion of NF-kB, the survival pathway of PI3-kinase-
AKT/PKB, and the sequestering of p53. NF-xB
activation disrupts the balance between the survival
cells and the infected cells by inhibiting apoptosis.
The accelerated cycles of cell apoptosis, regeneration
and repair resulting from HCV infection could shorten
the cell death cycle and give rise to the development
of cirrhosis, and ultimately lead to hepatocellular
carcinogenesis.

It has been reported that the PI3K/AKT and/or
NF-xB signaling pathways could lead to upregulation
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of HIF-1a [14]. Then, the HIF-1a subunit being located
in nuclei could cause inhibition of respiratory activ-
ity, with depression of the mitochondrial complex
I along with uncoupling of mitochondrial oxidative
phosphorylation efficiency [15]. Our data also provided
a strong demonstration that ATP production increased
in cells infected by bbHCV. An over-compensatory
glycolytic metabolic response might be responsible
for the phenomenon above by impairing mitochon-
drial oxidative phosphorylation efficiency. In addition,
bbHCV-induced mitochondrial oxidative phosphory-
lation impairment is associated with oxidative stress
that clearly tracks to the mitochondrial compartment
where the ROS 0% is first formed; then the ROS O~
triggers the permeability transition pore through which
cytochrome ¢ could be released and diffuse into the
cytosol. Ultimately, the cytochrome ¢ would induce the
apoptotic program and cause subsequent cell damage.
It has been reported that hepatocytes are injured in
HCV-infected patients. High serum HCV levels pre-
and postliver transplant were associated with cholestatic
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Figure 5. (A) Mitochondrial and cytosolic fractions prepared from hFLSCs mock-infected or infected with bbHCV were analyzed by western
blotting using anti-cytochrome c, anti-COXII (reference of mitochondrial fraction purity), anti-actin and anti-HCV core. Western blotting
analysis with anti-cytochrome c antibody revealed an increased amount of cytochrome c in the cytosolic protein fraction of bbHCV-infected
hFLSC compared to control. (B) bbHCV infection activates caspase 3. Western blotting analysis was performed using anti-caspase-3 after
hFLSCs mock-infected or infected with bbHCV at the indicated times. (C) bbHCV infection induced NF-xB activation in hFLSCs after 24 h,
the expression of NF-kB-p65, Bel-xL, XIAP, and c-FLIPL were evaluated by western blotting in hFLSCs with or without bbHCV infection. (D
and E) bbHCV infection induced activation of NF-kB and the PI3-kinase-Akt/PKB survival pathway as well as sequestering of p53. bbHCV
infected or noninfected hFLSCs were cultured for various periods (0-72 h). Cell lysates were subjected to immunoblotting analyses of (D)
IKK, IxB, and JNK and (E) AKT and PI3 K. GAPDH was used as a loading control. (F) Induction of genes (TYMS, JUND, and UBD) encoding
proteins which function to either decrease p53 levels or serve as a protective effect against p53-dependent apoptosis in hFLSCs with or
without bbHCV infection were measured by RT-qPCR and normalized against GAPDH. The results were the fold induction relative to day 1.

The results are representative of three independent experiments. Error bars represent the mean + SD. NC, negative control.

fibrosis, a severe form of hepatitis [16]. EM of HCV
RNA-positive liver biopsies showed that the hepato-
cytes would undergo vacuolation and lysis of membrane
organelles, degeneration of mitochondria, dilatation of
cytoplasmic reticulum tubules, and formation of an
appreciable amount of large polymorphic secondary
phagosomes [17]. Kasprzak et al summed up the data
on nuclear lesions of liver biopsies with chronic HCV
infection, involving swelling, altered shape, hyper-
chromasia, disturbed nuclear chromatin structure; and
the nuclear lesions always occurred in the cells with
changes in rough ER within long tubular structures or
branching fibrils inside [18]. Other cytoplasmic changes
included mitochondrial lesions, numerous lipid vac-
uoles and free tubular structure of a highly osmiophilic
character [18]. Similarly, Falcén et al studied liver
biopsies from patients with chronic HCV infection [19].
They found that all liver biopsy samples from these
13 chronically HCV-infected patients showed ultra-
structural cell damage. Ballooning hepatocytes with
dilatation of the ER and mitochondria were observed.
More importantly, studies have shown that fibrosis
progress was more vulnerable in coinfected patients
with HIV than that in monoinfected patients, leading

Copyright © 2019 Pathological Society of Great Britain and Ireland.
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to the increasing rates of cirrhosis and complications
[20,21]. The loss of secondary immunity against HCV
could provide a possible explanation for the higher
persistence rate of HCV in the coinfection patients with
HIV, and histologic variants in liver biopsy specimens
of coinfected individuals might be due to the direct cyto-
pathic activity of HCV [22]. In contrast, Seong-Jun et al
conducted EM to observe Huh7 cells harboring HCV
full length replicon (JFH1), which revealed prominent
clustering of mitochondria in the perinuclear regions
within HCV infected cells and a dramatic loss of mito-
chondrial cristae compared with the uninfected cells
[23]. Katze et al attempted to gain insight into the mech-
anisms of HCV-associated cell death by performing
microarray experiments on Huh-7.5 cells infected with
HCV-J6/JFH [24]. The presence of activated caspase-3
and cell death-related genes both strongly indicated
that HCV infection was associated with a direct CPE.
A wealth of published literature has referred to some
experiments in which one or more HCV proteins could
induce cytopathogenicity in cultured hepatocytes.
Core protein has been reported to have both pro- and
anti-apoptotic effects on death ligand mediated hepa-
tocyte apoptosis [25,26]. The HCV envelope protein
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E2 has been found to inhibit TRAIL-induced apoptosis
and induce mitochondria-related/caspase-dependent
apoptosis in hepatoma cell line [27]. Perturbations of
apoptotic pathways have also been demonstrated with
the nonstructural proteins [28—31].

The above situation suggested that HCV could induce
cell damage in vivo and in vitro. And the main CPEs
described previously were similar to those we observed
in bbHCV infected hFLSCs including ER distention,
mitochondrial swelling and cell vacuolization. This
model is expected to provide a more powerful tool for
studying the cytological mechanisms of HCV infection
in vitro and exploring the development of cirrhosis and
hepatocellular carcinogenesis.
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