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ABSTRACT Endoglin is part of the TGF-B receptor complex and has a crucial role in
fibrogenesis and angiogenesis. It is also an important protein for tumor growth, sur-
vival, and cancer cell metastasis. In a previous study, we have shown that hepatitis C
virus (HCV) infection induces epithelial-mesenchymal transition (EMT) state and can-
cer stem-like cell (CSC) properties in human hepatocytes. Our array data suggested
that endoglin (CD105) mRNA is significantly upregulated in HCV-associated CSCs. In
this study, we have observed increased endoglin expression on the cell surface of an
HCV core-expressing hepatocellular carcinoma (HepG2) cell line or immortalized hu-
man hepatocytes (IHH) and activation of its downstream signaling molecules. The
status of phospho-SMAD1/5 and the expression of inhibitor of DNA binding protein
1 (ID1) were upregulated in HCV-infected cells or viral core gene-transfected cells.
Additionally, we observed upregulation of endoglin/IDT mRNA expression in chronic
HCV patient liver biopsy samples. CSC generation by HCV core protein was depen-
dent on the endoglin signaling pathway using activin receptor-like kinase 1 (ALKT)
Fc blocking peptide and endoglin small interfering RNA (siRNA). Further, follow-up
from in vitro analysis suggested that the antiapoptosis Bcl2 protein, proliferation-
related cyclin D1 protein, and CSC-associated Hes1, Notch1, Nanog, and Sox2 pro-
teins are enhanced during infection or ectopic expression of HCV core protein.

IMPORTANCE Endoglin plays a crucial role in fibrogenesis and angiogenesis and is
an important protein for tumor growth, survival, and cancer cell metastasis. Endoglin
enhances ALK1-SMAD1/5 signaling in different cell types, leading to increased prolif-
eration and migration responses. We have observed endoglin expression on the HCV
core-expressing cell surface of human hepatocyte origin and activation of phospho-
SMAD1/5 and ID1 downstream signaling molecules. ID1 protein plays a role in CSC
properties, and we found that this pathway is important for antiapoptotic and cell
proliferation signaling. Blocking of endoglin-ALK1-SMAD1/5 might be a good candi-
date for therapy for liver cancer stem cells together with liver cirrhosis.
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epatitis C virus (HCV) often causes persistent infection and disease progression to

hepatocellular carcinoma (HCC). A major global research effort has illuminated
many aspects of the HCV life cycle, facilitating the development of effective direct-
acting antiviral (DAA) regimens with high cure rates. However, many hurdles remain.
Cure of HCV viremia by DAA treatment does not prevent risk of reinfection with the
same or different genotypes and may not reverse virus-associated pathology. Further,
the high cost of DAA treatment results in restricted access. Additionally, the largely
asymptomatic nature of infection facilitates continued transmission in at-risk groups
and resource-constrained settings due to limited surveillance. Approximately 50% of
HCV-infected patients in the United States are not aware that they are infected (1), and
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even those cured of viremia remain at a significantly elevated risk for HCC (2-6).
Increased intrahepatic endoglin and transforming growth factor-B1 (TGF-B1) expres-
sion is significantly associated with progressive hepatic fibrosis in chronic HCV infection
(7). This raises the question of how the endoglin level rises and which cell types
generate it following HCV infection.

Endoglin is an ~180-kDa integral membrane-bound glycoprotein and is found on
many cell surfaces. It forms homodimers and consists of a large extracellular domain, a
hydrophobic transmembrane domain, and a short cytoplasmic tail. This receptor binds
to a large variety of extra- and intracellular binding partners and modulates numerous
cellular properties, including morphology, migration, endocytic vesicular transport,
microtubular structures, and functionality of focal adhesion proteins. Endoglin plays a
crucial role in TGF-B signaling (8, 9) and is enhanced upon TGF-B stimulation and
exposure to hypoxic conditions, such as those found in tumors (10). Endoglin is an
accessory coreceptor for TGF-B, a pleotropic protein involved in cytokine-regulating
cellular proliferation, differentiation, migration, and adhesion. Endoglin plays a role in
fibrosis involving hepatic stellate cells (HSCs) (11). Endoglin is also expressed in renal
cell carcinoma and is predictive of increased tumorigenic potential and disease staging
(12, 13). Endoglin is highly expressed by activated endothelial cells and has a crucial
role in angiogenesis. Endoglin knockout animals die in utero because of defects in the
vascular system (14). Endoglin expression is upregulated in various cancers (8) and
correlates with the development of metastatic disease (15).

In our previous studies, we have shown that HCV infection of hepatocytes induces
an epithelial-mesenchymal transition (EMT) state and cancer stem-like cell (CSC) prop-
erties (16, 17). HCV core protein has many intriguing properties, including immortal-
ization of primary human hepatocytes (PHH) (18) and induction of EMT (19, 20) and
CSCs (17). Our CSC array result shows that endoglin is upregulated (~850-fold) in
sphere-forming cells compared to primary hepatocytes (17). In HCV patients with
fibrosis, the expression of intrahepatic and circulating endoglin is higher than that in
patients with early fibrosis and normal liver (7). Inhibitor of DNA binding protein 1 (ID1)
proteins, which are downstream molecules of the endoglin and SMAD1/5 pathway, are
important for generation of cancer stem cells (21). In this study, we examined endoglin
expression on the cell surface of HCV core protein-expressing hepatocytes. We also
determined the downstream signaling pathway of endoglin for cell proliferation,
antiapoptosis, and CSC markers. Our results suggest that endoglin and TGF-B1 regu-
lation may lead to HCV-associated liver disease progression.

RESULTS

HCV core protein induces endoglin expression on cell surfaces. We have previ-
ously shown by cancer stem cell-specific PCR array analysis that endoglin is upregu-
lated in sphere-forming cells of HCV-infected primary human hepatocytes (17). HepG2
cells have previously been observed not to express endoglin on the cell surface (11). We
determined whether endoglin is upregulated in HCV core-transfected HepG2 cells and
immortalized human hepatocytes (IHH) which were generated by stable transfection of
the HCV core genomic region into primary human hepatocytes. Interestingly, HepG2
cells stably expressing HCV core displayed a strong expression of endoglin on the cell
surface by immunofluorescence, in contrast to a weak expression level on parental cells.
IHH are expected to display endoglin on the cell surface for transfection of the HCV core
gene. We verified the relationship between HCV core and endoglin with IHH antisense
core-expressing cells. Endoglin expression was decreased on cell surface of antisense
core-expressing IHH compared to parental IHH as determined by immunofluorescence
(Fig. 1A).

Huh7.5 cells are an appropriate cell line for HCV infection. We could not detect
endoglin expression or any significant change in Huh7.5 cells before or after introduc-
tion of the core gene or infection with HCV2a by immunofluorescence. For this, we
analyzed endoglin expression by quantitative reverse transcription-PCR (qRT-PCR) in
transfected or infected Huh7.5 cells (Fig. 1B). These results suggested that HCV core
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FIG 1 Endoglin expression on HCV core- or anticore-expressing hepatocyte surface. Endoglin expression on HCV
core- or anticore-expressing hepatocytes is shown. (A) Immunofluorescence for endoglin on the HepG2 cell surface
(upper left), HepG2 core 1a (upper right), IHH (lower left), and IHH antisense core (lower right). Photomicrographs
taken at a magnification of X20 are shown. Enlarged insets of cells marked with short arrows are shown in the
upper left corners. (B) Results from qRT-PCR analysis for endoglin expression in core-transfected or HCV genotype
2a-infected Huh7.5 cells (panel B).

protein expression upregulates endoglin expression in Huh7.5 cells. The results from
our multiple cell lines of human hepatocyte origin suggest that the enhancement of
endoglin by HCV is not a cell line-specific effect.

HCV core protein activates downstream of the endoglin/ALK1 pathway. En-
doglin promotes signaling mechanisms for cancer stem cell generation by activating
the ALK1 receptor and SMAD 1/5 phosphorylation (Fig. 2A). We analyzed the HCV
core-mediated effect on hepatocytes by examining the status of SMAD phosphoryla-
tion in mock-transfected and stably HCV core 1a-transfected HepG2 cells. Phospho-
SMAD1/5 (Ser463/465) was induced in HepG2 core 1a-transfected cells compared to in
parental HepG2 cells (Fig. 2B). We further verified whether HCV core protein induces the
endoglin-mediated SMAD1/5 signaling pathway using IHH or IHH transfected with an
antisense core gene. Our observations suggested that the phospho-SMAD1/5 (Ser463/
465) expression was higher in IHH than in IHH transfected with the antisense core gene.
Interestingly, PHH may not express detectable SMAD1 and are stimulated upon HCV
core protein expression. Subsequently, we examined expression of ID1, which is one of

November 2017 Volume 91 Issue 21 e01235-17

Journal of Virology

jviasm.org 3


http://jvi.asm.org

Kwon et al. Journal of Virology

Gene expression (ID protein)

o
pa £
g o 2 k% 1.5 4
Q _‘_? T
g 8 5
Q Q - 1.5 4
: 2 T I g2 ge 1]
.SMAD1/5 §§ "o 53
- — L p £ 2 £ 3 * %
(8463/465) 57 5 | 5 205
e e - = |l SMAD1 S% S%
0 p
— 200 e @ = L Actin HepG2 HepG2 e
bt IHH lH:Ioar:tl-
C -
vé g 50 *f* 1.5
3 & 40
N o € 3 8
0O o s 2 e 1 Z
F &£ =z 3 30 S e
r T = Ry 3o
= = £ 2 0 ok
% 20 - 3%
- - - “-1D1 © k=) 0.5 -
S 10 4
- e © ® | Actin
0 - 0 -
HepG2 HepG2 IHH  IHH anti-
core 1a core
[\
D = E 9000 -
2 7 . 8000 - T
3 . so' 7000 -
N N
) ) 2. : .E 6000 -
e & : $ g 5000
T T €541 S 4000 -
2 = ?_ 3 > 3000 -
, '|<—HCVcore <352 - 2 2000 -
_ 1 -
. |« Actin o - 1003
HepG2 HepG2 HepG2 HepG2
corela corela

FIG 2 HCV core 1a protein promotes SMAD1/5 phosphorylation and ID1. (A) Schematic representation of the downstream portion
of the endoglin-mediated signaling pathway. (B). Phospho-SMAD1/5 (S463/465) status in HepG2 cells, HepG2 core 1a-transfected
cells, primary human hepatocytes (PHH), IHH, and IHH antisense core-transfected cells cell lines as determined by Western blotting.
Densitometric scanning of the Western blot results is shown on the right. Actin was used as an internal control for comparison of
protein load in each lane. (C) ID1 protein expression in these cells was analyzed similarly. (D) HCV core 1a protein expression in
transfected cells was analyzed by Western blotting. Densitometric scanning of the Western blot results is shown on the right. The
negative-control HepG2 value was arbitrarily considered to be 1 for comparison of core expression in transfected cells. (E) Core
protein expression was separately analyzed by ELISA.
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FIG 3 HCV infection induces SMAD1/5 phosphorylation and ID1 expression. (A and B) P-SMAD1/5 (5463/5465) (A)
and ID1 (B) expression status in Huh7.5 cells and HCV 2a (JFH1)-infected Huh7.5 cells. The actin expression status
was determined and included as an internal control for comparison of protein expression. Densitometric scanning
of Western blot results is shown on the right. Values are means from three independent experiments * SD.
Statistical significance was analyzed using the two-tailed Student t test: *, P < 0.05; **P < 0.01. (C and D) qRT-PCR
data from nine liver biopsy RNAs for endoglin (C) and ID1 (D). Results from control liver RNAs (n = 2) are shown
for comparison.

the downstream molecules of SMAD1/5 and acts as transcription factor, by Western
blotting for protein expression and densitometric scanning. ID1 was upregulated in
HepG2 core 1a-transfected compared to parental HepG2 cells and was downregulated
in antisense core-transfected IHH compared to IHH (Fig. 2C).

The HCV core protein expression status in transfected HepG2 cells was analyzed by
Western blotting (Fig. 2D) and enzyme-linked immunosorbent assay (ELISA). HCV core
protein expression was detected in transiently HCV core-transfected cells by Western
blotting and ELISA. We have used different transfection reagents in the past. However,
the HCV core genomic region from the H77 clone always displays lower expression than
JFH1 core. This could be due to the differences or sequence variations between HCV
clones used.

Similar enhanced p-SMAD1/5 and ID1 expression was observed in HCV genotype
2a-infected Huh7.5 cells (Fig. 3A and B). Densitometric scanning results suggested that
HCV infection induces SMAD1/5 phosphorylation and ID1 to approximately 6-fold-
higher levels than in mock-treated parent Huh7.5 cells. Together, our results suggested
that HCV core expression promotes SMAD1/5 phosphorylation and ID1 expression in
hepatocytes.

Endoglin and ID1 enhancement in chronically HCV-infected patient liver. We
examined whether liver biopsy samples from chronically infected HCV patients have a
higher expression of endoglin or ID1 at the mRNA level. RNAs from archived liver biopsy
samples from nine patients with chronic HCV genotype 1a or 1b infection with a viral
titer between 3.9 X104 and 2.8 X106 IU/ml were used (before treatment) to investigate
the status of endoglin and ID1 by gqRT-PCR. Endoglin was upregulated (2.7- to 34-fold)
in all infected liver specimens compared to control liver RNA (Fig. 3A). ID1, which is
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FIG 4 HCV core-induced SMAD1/5 phosphorylation and ID1 increase are inhibited by ALK1-Fc. HCV
core from genotype 1a transfected into HepG2 cells was analyzed by Western blotting for induction
of SMAD1/5 phosphorylation (A), ID-1 upregulation (B), and inhibition by ALK1-Fc. Actin expression
status was determined and included as an internal control for comparison of protein expression and
densitometric scanning. Statistical significance was analyzed using the two-tailed Student t test: *,
P < 0.05; **P < 0.01.

downstream of the endoglin/ALK pathway, was also upregulated (1.6- to 23-fold) in
seven out of nine samples (Fig. 3D). The status of endoglin or ID1 was not related to the
genotype of the infecting HCV, liver fibrosis stage, or viral load in blood.

ALK1-Fc acts downstream of the endoglin/ALK pathway, impairing SMAD1/5
phosphorylation and ID1 expression in HCV core-expressing cells. To investigate the
role of ALK1, we examined the status of SMAD1/5 phosphorylation and ID1 expression in
HepG2 cells transiently transfected with the HCV core genomic region from genotype 1a
using the peptide inhibitor ALK1-Fc. Phospho-SMAD1/5 (Ser463/465) and ID1 expression
was induced in HepG2 cells transiently transfected with HCV core 1a and was downregu-
lated upon treatment with AKL1-Fc (Fig. 4A and B). Together, the results show that ALK1-Fc
inhibited induction of both SMAD1/5 phosphorylation and ID1 expression, indicating a role
of endoglin in regulating signaling pathways for HCV core protein.

HCV infection acts downstream of ID1-related antiapoptosis, cell proliferation,
and CSC marker proteins. We focused on the ID1 family of proteins, which are
induced by the endoglin-ALK1-SMAD1/5 pathways. ID1 is related to antiapoptosis, cell
cycle progression, and cancer stem cell-associated properties (21). We analyzed the
protein expression status of an antiapoptosis-related protein (Bcl-2) and cancer stem
cell property-associated proteins (N-cadherin, Notch1, Nanog, and Sox2) in Huh7.5 cells
infected with HCV by Western blotting (Fig. 5A and B). Cell cycle regulatory proteins
(cyclins E and D1) and cancer stem cell property-related protein (HES1) in Huh7.5 cells
infected with HCV were separately analyzed (Fig. 5C). Interestingly, the antiapoptosis
marker protein (Bcl-2) and cancer stem cell marker (Hes1) were upregulated in HCV-
infected Huh7.5 cells compared with parental Huh7.5 control cells.

ALK1-Fc and endoglin small interfering RNA (siRNA) act downstream of the
endoglin/ALK pathway, impairing SMAD1/5 phosphorylation and ID1 expression
in HCV-infected cells. To investigate the role of ALK1-Fc, we examined the phosphor-

November 2017 Volume 91 Issue 21 e01235-17

Journal of Virology

jviasm.org 6


http://jvi.asm.org

Endoglin Upregulation by HCV Core Protein

Huh7.5

A

Huh7.5+HCV2a

Huh7.5

Huh7.5+HCV2a

’ « Notch1 ;g 31
2 4
|— Nanog E‘z‘)
e |« Sox2 3511
0 4
E] - acn
C .
o~
>
O
x
+
w w
: 3
T x
L
¥
— i
Cyclin D1 % g
«— Hes1 § 505

g

Actin

Huh7.5 Huh7.5
HCV2a

8
3
2 6
B
Q
Emgy
T
o o
2 2
Bcl-2
0
Actin
100 .
= ° 80 -
£5% ]
Ezdo
%
2.
0 ——
Huh7.5 Huh7.5 Huh7.5
HCV2a HCV2a
. 4 -
o 3
O -
] go
g5
'
1 = vl
co1l-
w
] 0 -

)

E X 3
Huh7.5 Huh7.5
HCV2a
1 *%
o 15 4
)
s
0 - ,
Huh7.5 Huh7.5
HCV2a
*
3
T
T o
4

Huh7.5 Huh7.5
HCV2a

Journal of Virology

15 5
b4 |
EN 10
»
§3
°
54
3 °
0
Huh7.5 Huh7.5
HCV2a
40 -
- * ok
20
10 -

Huh7.5 Huh7.5
HCV2a

FIG 5 HCV infection alters the ID1 downstream antiapoptosis Bcl-2 protein and enhances cell proliferation and CSC marker proteins. (A and B) Infection of
Huh7.5 cells with cell culture-grown HCV genotype 2a (clone JFH1) enhanced Bcl2 (A) and CSC marker proteins (N-cadherin, Notch1, Nanog, and Sox2) (B) as
determined by Western blotting. (C) Cell cycle progression markers (cyclin E and cyclin D1) and a Notch signaling marker (Hes1) were examined similarly from
infected cells by Western blotting. Densitometric scanning for comparison of protein status is shown on the right. Statistical significance was analyzed using

the two-tailed Student t test: *, P < 0.05; **P < 0.01.

ylation status of SMAD1/5 and ID1 and Bcl-2 expression in Huh7.5 cells infected with
HCV using peptide inhibitor ALK1Fc and Western blotting for protein expression status
(Fig. 6A and B). Phospho-SMAD1/5 (Ser463/465) and ID1 expression was downregu-
lated by AKL1-Fc in Huh7.5 cells infected with HCV compared to parental Huh7.5
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FIG 6 Inhibitory role of ALK1 peptide on downstream ID1 signaling molecules in HCV-infected cells. Phosphorylation status of SMAD1/5 and
ID1 (A) and anti-apoptotic protein Bcl2 and stem cell-associated proteins Notch1 and Hes1 (B) was inhibited by ALK1 peptide. Densitometric
scanning for comparison of protein status is shown on the right. Statistical significance was analyzed using the two-tailed Student t test:

*, P < 0.05; **P < 0.01.

cells. The antiapoptosis marker Bcl-2 and cancer stem cell-associated proteins
(Notch1 and Hes1) were also downregulated following ALK1-Fc treatment of Huh7.5
cells infected with HCV.

Similar inhibition of p-SMAD1/5, ID1, or Bcl2 was noted in Huh7.5 cells infected with
HCV2a after treatment of cells with endoglin-specific siRNA (Fig. 7A). ID1 and pSMAD1/5
expression was also observed using endoglin-specific siRNA in core-transfected Huh7.5 cells
(Fig. 7B). These results suggested that the endoglin/ALK pathway may be related to
HCV-induced hepatoma cell viability and cancer stem cell properties.

DISCUSSION

Endoglin expression and dysregulation have been shown in a number of cell
types (22). Endoglin can be detected in HCV-infected serum (7, 23). In this study, we
observed endoglin expression and activation of phospho-SMAD1/5 and ID1 down-
stream signaling molecules in HCV core-expressing cells of human hepatocyte
origin (Fig. 8). Endoglin is not detected on HepG2 and Hep3B cell surfaces (11).
Since ID1 protein plays a role in CSC properties, we further examined whether CSC
generation by HCV core protein is dependent on the endoglin signaling pathway,
using ALK1-Fc blocking peptide and endoglin siRNA, and found that this pathway
is important for antiapoptotic and cell proliferation signaling. Additionally, we
observed upregulated mRNA expression of endoglin/ID1 in chronically HCV in-
fected patient liver.

Overexpression of endoglin leads to increased SMAD1/SMAD5 phosphorylation (22).
Endoglin enhances ALK1/SMAD1/5 signaling in different cell types (24), leading to
increased proliferation and migration responses. The characteristic activation phase of
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FIG 7 Endoglin-specific siRNA inhibits downstream ID1 signaling molecules in HCV-infected or core-transfected
cells. The P-SMAD1/5, ID1, or Bcl2 status was altered upon treatment of HCV-infected (A) or core-transfected (B)
cells with endoglin siRNA. Actin was detected and used as an internal control for densitometric scanning and
comparison of protein status (shown on the right). Statistical significance was analyzed using the two-tailed
Student t test: *, P < 0.05; **P < 0.01.

angiogenesis is negatively affected upon endoglin reduction (25-27). On the other
hand, ALK5/SMAD3 signaling, which inhibits proliferation and migration (characteristics
of the resolution phase of angiogenesis), is blocked by endoglin (26, 28, 29). Blocking
of endoglin-ALK1-SMAD1/5 might be a good candidate for therapy of liver cancer stem
cells together with liver cirrhosis.

HCC, a typical hypervascular tumor, is the most common hepatic malignancy
worldwide. Approximately 80% of HCC patients have pathology associated with liver
cirrhosis (30). The expression of endoglin at the mRNA and protein levels was higher in
tumor tissues than in normal liver but was lower than in nontumor tissues with cirrhosis
(31). High vascularity could be one of the reasons for the poor prognosis (32). Most
malignant tumors, as well as HCCs, have developed efficient strategies to promote fast
blood vessel growth for supply of nutrients and oxygen. Angiogenesis is a highly
regulated, complex process modulated by many intersecting pathways, including
vascular endothelial growth factor (VEGF), TGF-B, and endoglin (33), angiopoietins (34),
Notch (35), and integrins (36). By modulating TGF- signaling, endoglin plays a crucial
role in angiogenesis and tumor growth and could be linked to HCC (37) and other
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FIG 8 Schematic diagram showing the observed changes induced by HCV in endoglin-associated cell
signaling pathways.

cancers (38-41). Endoglin is an angiogenesis marker in breast cancer (42), malignant
melanoma (43), non-small-cell lung cancer (44), and colorectal carcinoma (45). These
findings have shown the usefulness of targeting endoglin in antiangiogenic therapy of
cancer (46, 47).

In the pathogenesis of liver fibrosis, TGF-B is the most potent fibrogenic cytokine. It
induces fibrosis through multiple mechanisms, including direct activation of HSCs,
stimulation of ECM production, and prompting the synthesis of tissue inhibitors of
matrix metalloproteases (TIMPs), thereby inhibiting ECM degradation (48). Endoglin is
a marker of angiogenesis in HCC (49, 50) and might be appropriate target for antian-
giogenesis therapy in HCC. Understanding the underlying mechanisms associated with
alterations in endoglin expression will be of interest in establishing new therapeutic
modalities for chronic liver disease. Intrahepatic and circulating levels of endoglin are
elevated in patients with chronic hepatitis C infection, liver cirrhosis, and HCC (7, 31, 37).
Our results suggest that endoglin and TGF-B1 regulation by HCV core in hepatocytes
may initiate as a molecular basis for development of HCV-associated liver disease
progression. Endoglin has been used as a target in clinical trials for development of
therapy in fibrosis/cirrhosis. Therefore, our results suggest the potential for use of
endoglin as an additional target for HCV-associated HCC.

MATERIALS AND METHODS

Liver biopsy specimens and RNA isolation. Archived liver biopsy samples from nine patients with
chronic HCV infection were kindly provided by Adrian M. Di Bisceglie (Saint Louis University, MO). The
biopsy specimens were obtained from patients infected with HCV genotype 1a (n = 5) or 1b (n = 4), and
liver fibrosis stages were 1 (n = 3) and 2 (n = 6). Specimens were collected from subjects with their
written consent, and the human studies protocol was approved by the Saint Louis University Institutional
Review Board. RNA was prepared from liver specimens using TRIzol (Invitrogen), as previously described
(17). Commercially available control liver RNAs (Clontech, Mountain View, CA; Lonza, Allendale, NJ) were
included in experiments for comparison.

Cells, virus, and transfection. Cells of human hepatocyte origin (Huh7.5 and HepG2) were used.
Immortalized human hepatocytes (IHH) were generated by transfection of a plasmid DNA expressing the
HCV core genomic region of genotype 1a (GenBank accession number M62321) into primary human
hepatocytes under the control of a cytomegalovirus (CMV) promoter (51). Inhibition of core protein
expression in IHH (antisense core IHH) was done as previously described (52). For infection, Huh7.5 cells
were treated with cell culture-grown HCV genotype 2a, clone JFH1 (multiplicity of infection [MOI] of 0.2),
in a minimum volume of medium and incubated for 3 to 5 days. Infected cells were lysed and processed
for either RNA isolation or protein lysate preparation. For transient expression, HepG2 cells were
transfected with pBabe HCV core plasmid DNA using jetPrime reagent (Polyplus-transfection, NY). Huh7.5
cells were transfected with endoglin siRNA using Lipofectamine RNAIMAX reagent (Thermo Fisher
Scientific).

RNA isolation and qRT-PCR. Total RNA was isolated using a Qiagen RNeasy minikit (Qiagen, CA).
RNA was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). cDNA was
synthesized using random hexamers and a Superscript Ill reverse transcriptase kit (Invitrogen, CA).
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Quantitative reverse transcription-PCR (qRT-PCR) was performed with ¢cDNA for quantitation using
TagMan gene expression PCR master mix and 6-carboxyfluorescein (FAM)-MGB probes for ENG (assay ID,
Hs00923996_m1) and ID1 (assay ID, Hs03676575_s1) (Thermo Fisher Scientific). A FAM-MGB probe for
18S rRNA (assay ID, Hs03928985_g1) was used as an endogenous control. The relative gene expression
levels were normalized with housekeeping gene 18S rRNA level by using the 2-24¢T formula (AAC; = AC,
for sample — AC; for untreated control).

Immunofluorescence. Cells were stained with antiendoglin antibody (Santa Cruz, CA) in blocking
buffer for 1 h at 4°C, washed with phosphate-buffered saline (PBS), and incubated for 1 h with Alexa
488-conjugated anti-mouse IgG (Molecular Probes, CA). The cells were fixed with 3.7% formaldehyde,
stained with 1 wg/ml DAPI (4',6'-diamidino-2-phenylindole) in PBS, and washed with PBS. Images were
captured with a fluorescence microscope (Leica, model DMI4000B).

Western blot analysis. Cells were lysed in sample-reducing buffer and subjected to SDS-PAGE, and
separated proteins were transferred onto a nitrocellulose membrane (Bio-Rad Laboratories). The blot was
blocked with 5% skim milk and incubated with a primary antibody, followed by treatment with a
secondary antibody conjugated to horseradish peroxidase (Bio-Rad Laboratories). The membrane was
probed with antibodies to phospho-Smad1/5, Smad1, Hes1, and Notch1 (Cell Signaling), ID1, Bcl-2, cyclin
E, and cyclin D1 (Santa Cruz), and N-cadherin, Notch, Nanog, and Sox2 (Cell Signaling), and HCV core
protein was detected by a specific rabbit antiserum, followed by treatment with a secondary antibody
conjugated with horseradish peroxidase. The membrane was reprobed with actin as an internal control.
The protein bands were detected with SuperSignal West Pico ECL reagents (Pierce). Densitometric
scanning of Western blots was performed by ImageJ software (NIH).

HCV core ELISA. Cells were lysed in Triton X lysis buffer and subjected to an HCV ELISA test (Ortho
Clinical Diagnostics, Tokyo, Japan).

Statistical analysis. The results are presented as means * standard deviations (SD). Data were
analyzed by Student’s t test with a two-tailed distribution in Microsoft Excel. A P value of <0.05 was
considered statistically significant.
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