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Abstract

Background Crosstalk between tumor cells and their

microenvironment plays a crucial role in the progression

of hepatocellular carcinoma (HCC). Hypoxia, a common

feature of advanced HCC, has been shown to modulate the

evolution of the tumor microenvironment. In this study, we

investigated the effect of hypoxia on tumor-stroma cross-

talk in HCC.

Methods Human HCC cell lines (Huh-BAT, SNU-475)

were cocultured with an activated human hepatic stellate

cell line (HSCs; LX-2) under either normoxic or hypoxic

conditions. Cell growth was evaluated with the MTS assay.

Apoptotic signaling cascades were assessed by immunoblot

analysis. Expression of CD31 and phosphorylated (p-) Akt

in HCC tissues was detected by immunohistochemistry.

Results Coculturing HCC cells with HSCs under hypoxic

conditions enhanced their proliferation, migration, and

resistance to bile acid (BA)-induced apoptosis compared to

coculturing under normoxic conditions. Under hypoxia, of

various HSC-derived growth factors, PDGF-BB was the

most up-regulated, leading to the activation of the phos-

phatidylinositol 3-kinase (PI3K)/Akt pathway in HCC

cells. Immunohistochemical study also revealed that p-Akt

was highly expressed in hypoxic, hypovascular HCC as

compared to hypervascular HCC. Neutralizing antisera to

PDGF-BB or a PI3K inhibitor attenuated the proliferation

of HCC cells cocultured with HSCs, and sensitized HCC

cells to BA-induced apoptosis, especially under hypoxic

conditions.

Conclusions In conclusion, hypoxic HSC-derived PDGF-

BB stimulates the proliferation of HCC cells through

activation of the PI3K/Akt pathway, while the inhibition of

PDGF-BB or PI3K/Akt pathways enhances apoptotic cell

death. Targeting tumor-stroma crosstalk might be a novel

therapy in the management of human HCCs.
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Abbreviations

HCC Hepatocellular carcinoma

HSC Hepatic stellate cell

MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxy-

methoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium

DAPI 40,6-Diamidino-2-phenylindole

BA Bile acid

ELISA Enzyme-linked immunosorbent assay
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RT-PCR Reverse transcription-polymerase chain

reaction

Akt Protein kinase B

PTEN Phosphatase and tensin homolog

PI3K Phosphoinositide 3-kinase

PDGF Platelet-derived growth factor

FGF Fibroblast growth factor

TGF Transforming growth factor

CTGF Connective tissue growth factor

MAPK Mitogen-activated protein kinase

OD Optical density

SD Standard deviation

IHC Immunohistochemical

FOXO Forkhead transcription factors

Introduction

Hepatocellular carcinoma (HCC) is one of the most fatal of

cancers with an increasing global incidence [1]. The

majority of HCC patients are treated for chronic liver

disease or liver cirrhosis (LC), both of which are major risk

factors for the development of HCC [2].

A remodeling of the microenvironment of liver in the

patients with chronic liver disease or LC is a hallmark of

HCC [3]. It is well known that activation of hepatic stellate

cells (HSCs) plays a vital role in the development of

hepatic fibrosis. In addition, crosstalk between HCC cells

and the surrounding microenvironment is believed to play a

pivotal role in modulating the biological behavior of the

tumor [4, 5]. During chronic liver damage, HSCs become

activated and assume a myofibroblast-like phenotype.

These cells proliferate and migrate towards the area of

ongoing tissue remodeling and secrete extracellular matrix

proteins [6]. Moreover, the stroma of the HCC is infiltrated

by both activated HSCs and myofibroblasts. The interac-

tion between them affects HCC development by triggering

cell proliferation and survival of surrounding tissues [4, 7].

Hypoxia induces survival in HCC by activating a variety

of growth factor signals. Hypoxia stimulates angiogenesis

by hypoxia-inducible factor-1 (HIF-1), vascular endothelial

growth factor (VEGF), basic fibroblast growth factor

(bFGF), and angiopoietin-1 (ANG-1) [8]. In addition,

hypoxia stimulates HCC cell proliferation by inducing

transforming growth factor-b (TGF-b) and platelet derived

growth factor (PDGF), facilitates glycolysis by up-regu-

lating hexokinase-II expression [9, 10], induces the

immortalization of HCC cells by activating telomerase and

histone deacetylase [11], and inhibits cellular apoptosis by

inducing the inhibitor of apoptosis protein-2 (IAP-2) and

myeloid cell factor-1 (Mcl-1) [12]. Therefore, under

hypoxic conditions, the microenvironment may undergo

dramatic changes mediated by various cytokines and

growth factors, which lead to tumor growth, and

metastasis.

However, the molecular mechanisms involved, and the

consequences of any crosstalk between tumor cells and

activated HSCs, especially under hypoxic conditions,

remain largely unknown [13]. The current study investi-

gated the effects of hypoxia on tumor-stroma crosstalk in

HCC.

Methods

Cell Lines and Coculture

Human HCC cell lines and a hepatic stellate cell line were

used in this study: Huh-BAT, a well-differentiated, bile

acid transporter-transfected HCC cell line [14]; SNU-475,

a poorly differentiated HCC cell line [15]; and LX-2, an

activated, human HSC line [16]. Cells were grown in

Dulbecco’s Modified Eagle Medium (DMEM, Huh-BAT,

and LX-2) or in RPMI 1640 (SNU-475) supplemented with

10 % fetal bovine serum (FBS), 100,000 U/L penicillin,

and 100 mg/L streptomycin, with or without 100 nM

insulin. Coculture experiments were performed in serum-

free DMEM or RPMI 1640 using 1-lm pore size transwell

inserts (Corning; Lowell, MA, USA). Transwell inserts

permitted diffusion of media; however, they prevented cell

migration. HCC and LX-2 cell lines were incubated alone,

or side-by-side, using transwell inserts under either stan-

dard (20 % O2 and 5 % CO2, at 37 �C) or hypoxic (1 %

O2, 5 % CO2, and 94 % N2, at 37 �C) culture conditions.

Cell Proliferation Analysis

Cell growth was measured colorimetrically using a Cell-

Titer 96� AQueous One Solution Cell Proliferation Assay

(Promega Corporation; Madison, WI, USA). Briefly, this

assay requires cellular conversion of 3,4-(5-dimethylthia-

zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium salt (MTS) into soluble formazan by

dehydrogenase enzymes produced only by metabolically

active, proliferating cells. Following each treatment, 20 lL

of CellTiter 96� AQueous One Solution reagent was added

to each well of a 96-well plate. After an 1 h incubation, the

absorbance of each well was measured at a 490 nm

wavelength using an ELISA plate reader (Molecular

Devices; Sunnyvale, CA).

Dig Dis Sci (2016) 61:2568–2577 2569

123



Migration Assay

Migration was assessed by using a time-lapse scratch assay

(wound-healing-assay). Briefly, HCC cells were seeded at

high density into 6-well plates. Following adherence, cells

were washed with serum-free DMEM and incubated in

either control medium or medium derived from activated

HSCs. The cell layer was scratched with a pipette tip and

the degree of cell migration measured after 24 and 48 h.

Each analysis was performed in triplicate and repeated

three times.

Apoptosis Analysis

Chromatic condensation and nuclear fragmentation were

assessed using a DNA binding dye, 40,6-diamidino-2-

phenylindole dihydrochloride (DAPI), and fluorescence

microscopy (Carl Zeiss; Jena, Germany).

Quantification of Growth Factors

The mRNA expressions of human fibroblast growth factor

10 (FGF10), fibroblast growth factor 5 (FGF5), connective

tissue growth factor (CTGF), transforming growth factor-

ß1 (TGF-ß1), and platelet-derived growth factor beta

polypeptide (PDGF-B) were assessed using a real-time

reverse-transcriptase polymerase chain reaction (RT-PCR).

Total ribonucleic acids (RNAs) were extracted from cells

using Trizol Reagent (Invitrogen, Carlsbad, CA). Com-

plementary deoxyribonucleic acid (cDNA) templates were

prepared using oligo(dT) random primers and Moloney

Murine Leukemia Virus (MoMLV) reverse transcriptase.

After the reverse transcription reaction, the cDNA template

was amplified by PCR using Taq polymerase (Invitrogen).

Relative quantification was calculated using the 2�DDCT

method, with GAPDH as the internal control. All PCR

experiments were performed in triplicate. In addition, the

amount of PDGF-BB in cell culture supernatants was

assessed by an ELISA kit (R&D Systems; Abingdon, UK).

Immunoblot Assay

Antibodies against: caspase-9, caspase-8, cleaved caspase-

7, PDGFR-b, phosphorylated (p-) PDGFR-b (Tyr 751),

total Akt, p-Akt (Ser473), total phosphatase and tensin

homolog deleted on chromosome ten (PTEN), p-PTEN

(Ser380/Thr382/383), total-p42/44 (Thr202/Tyr204),

p-p42/44, p-p38 (Thr180/Tyr182), total Forkhead tran-

scription factor (FOXO)3a, and p-FOXO3a were purchased

from Cell Signaling (Beverly, MA, USA). Cells were lysed

for 20 min on ice using lysis buffer (50 mM Tris–HCl, pH

7.4; 1 % Nonidet P-40; 0.25 % sodium deoxycholate;

150 mM NaCl; 1 mM EDTA; 1 mM phenylmethylsul-

fonylfloride; aprotinin, leupeptin, and pepstatin (1 lg/mL

each); 1 mM Na3VO4; and 1 mM NaF) and centrifuged at

14,0009g for 15 min at 4 �C. Samples were resolved by

sodium dodecyl sulfate polyacrylamide gel electrophoresis,

transferred to nitrocellulose membranes, blotted with the

appropriate primary antibodies, and incubated with per-

oxidase-conjugated secondary antibodies (Biosource

International; Camarillo, CA). Bound antibodies were

visualized using a chemiluminescent substrate (ECL;

Amersham; Arlington Heights, IL) and exposed to Kodak

X-OMAT film. The images were detected using an image

analyzer (LAS-1000, Fuji Photo Film, Tokyo, Japan), and

densitometric analyses were performed using ImageJ

software (National Institutes of Health, Bethesda, MD).

Immunohistochemical Study

Four representative human hypervascular and hypovascular

HCC tissues used in our previous study were analyzed [17].

Tumor vascularity was assessed according to the arterial

enhancement patterns on dynamic computed tomography

(CT) and vascular appearance at the tissue by CD31

immunohistochemical (IHC) staining. IHC was performed

according to the manufacturer’s protocol using the anti-

mouse CD31 antibody (Vector Laboratories, Inc., Burlin-

game) at a 1:200 dilution or anti-rabbit-p-Akt antibody

(Cell Signaling, Beverly, MA) at 1:100 dilution [18]. The

study protocol was reviewed and approved by the Institu-

tional Review Board of Seoul National University Hospital

(IRB No. 1003-099-314).

Data Analysis

All experimental results were acquired from three inde-

pendent experiments and are presented as mean ± standard

deviation (SD). Comparisons between groups were ana-

lyzed using the Mann–Whitney U test and P\ 0.05 was

considered statistically significant. All analyses were con-

ducted using SPSS version 22.0 (SPSS Inc.; Chicago, IL,

USA).

Results

Enhanced Cell Proliferation and Migration

by Coculturing in Hypoxia

Initially, we examined whether coculturing HCC cells with

HSCs under hypoxic conditions could modulate the pro-

liferation and migration of cells. Compared with HCC cells

(Huh-BAT or SNU-475) cultured alone, coculturing with

LX-2 cells significantly increased the proliferation of HCC
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cells, which was further augmented under hypoxic condi-

tions (Fig. 1). In addition, coculturing HCC cells with LX-

2 cells under hypoxia significantly accelerated the migra-

tion of HCC cells compared with coculturing under nor-

moxia (Fig. 2).

Decreased Bile Acid-Induced HCC Cell Apoptosis

Next, we evaluated the effect of coculture conditions on

cellular apoptosis. As reported previously, hypoxia

enhances resistance to bile acid (BA)-induced apoptosis

[10]. Huh-BAT cells cocultured with LX-2 cells were

significantly more resistant to BA-induced HCC cell

apoptosis compared to monocultured cells, especially

under hypoxic conditions (Fig. 3a). Western blot analyses

confirmed that coculturing with LX-2 cells attenuated BA-

induced activation of caspase-9, -8 and -7 in Huh-BAT

cells, under hypoxic conditions (Fig. 3b).

The Effects of Hypoxic HSC-Derived PDGF-BB

on HCC Cells

We evaluated mRNA expression of HSC-derived, HCC-

relevant growth factors such as TGF-b1, FGF5 and 10,

CTGF, and PDGF-B in LX-2 cells (Fig. 4a). Among the

growth factors tested, PDGF-B exhibited the most

Fig. 1 Coculturing with HSCs under hypoxic conditions accelerated

HCC cell proliferation. HCC cells (Huh-BAT, SNU-475) were

monocultured or co-cultured with HSCs (LX-2), either in normoxic

(20 % O2 and 5 % CO2; at 37 �C) or hypoxic (1 % O2, 5 % CO2, and

94 % N2; at 37 �C) conditions. At each indicated time point, MTS

assays were performed. Data are expressed as mean ± SD of percent

changes of triplicate optical densities compared to time 0 (*P\ 0.05,

vs. coculturing under normoxic conditions)

Fig. 2 Conditioned medium derived from coculturing of HCC cells

and HSCs under hypoxia enhanced HCC cell migration. HCC cells

(Huh-BAT, SNU-475) were seeded at high density into 6-well plates.

Following adherence, the cell layer was scratched with a pipette tip,

and cells were cultured in conditioned medium derived from HCC

cells monocultured or cocultured with LX-2, either under normoxic or

hypoxic conditions. The degree of cell migration was measured after

24 and 48 h. Data are expressed as mean ± SD of percent changes

compared to time 0 (*P\ 0.05, vs. coculturing under normoxic

conditions).The experiment was repeated three times
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significant fold-change in mRNA expression levels under

hypoxic conditions. Furthermore, LX-2 cells secreted sig-

nificantly higher levels of PDGF-BB protein under hypoxic

conditions (Fig. 4b).

To evaluate whether PDGF-BB can reproduce the

cytoprotective effects of hypoxic coculture condition on

HCC cells, Huh-BAT cells were treated with exogenous

PDGF-BB under normoxic conditions. PDGF-BB signifi-

cantly enhanced proliferation (Fig. 5a) and migration of

Huh-BAT cells (Fig. 5b).

In addition, PDGF-BB protected HCC cells from BA-

induced apoptosis (Fig. 5c), especially under hypoxic

conditions. When Huh-BAT cells were treated with neu-

tralizing antiserum to PDGF-BB, the proliferation of

cocultured cells under hypoxia significantly decreased

compared to the proliferation of cocultured cells under

normoxia (Fig. 5d). Anti-PDGF-BB also sensitized Huh-

BAT cells to BA-induced apoptosis, especially under

hypoxic conditions (Fig. 5e). These results suggest HSC-

derived PDGF-BB promotes proliferation and resistance to

Fig. 3 Coculturing with HSCs under hypoxia decreased bile acid-

induced HCC cell apoptosis. a Huh-BAT cells were monocultured or

cocultured with LX-2, either under normoxic or hypoxic conditions.

After 24 h, cells were treated with deoxycholate (300 lM) for 2 h.

Apoptosis was assessed using DAPI staining and fluorescence

microscopy. Data are expressed as mean ± SD from three different

experiments (**P\ 0.01, vs. mono-culturing without LX-2). The

experiment was repeated three times. b Immunoblot analyses were

performed on the lysates of Huh-BAT cells treated as in a for each

indicated time period. Results of densitometric analysis are presented

as the mean ± SD of the relative ratio of cleaved caspase-7, 8, 9 or

procaspase-8, 9 to b-actin. The experiment was repeated three times
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apoptosis of HCC cells, especially under hypoxic

conditions.

In response to the upregulation of PDGF-BB, phos-

phorylation of PDGFR-b was enhanced in Huh-BAT cells

cocultured with LX-2 cells under hypoxia (Fig. 6a). Given

that Ras-p42/44 mitogen-activated protein kinase (MAPK)

pathways and the phosphatidylinositol 3-kinase (PI3K)/Akt

pathway are important downstream pathways of PDGFR-b,

we evaluated the expression of p-p42/44 and p-Akt. As

shown in Fig. 6b, coculturing with LX-2 cells under

hypoxic conditions augmented the activation of Akt and

p42/44 in Huh-BAT cells. Akt-dependent phosphorylation

of FOXO3a was also up-regulated. In contrast, the

expression levels of p-p38, total Akt, total PTEN, and

p-PTEN were not affected. When Huh-BAT cells were

treated with PI3K inhibitor (LY294002), the proliferation

of cocultured cells under hypoxia significantly decreased

compared to that under normoxia (Fig. 6c), whereas p42/44

inhibitor (U0126) did not significantly affect cell

proliferation.

IHC study using human HCC tissues also revealed that

p-Akt was highly expressed in hypoxic, hypovascular HCC

as compared to hypervascular HCC (Fig. 7). Taken toge-

ther, these findings suggest that hypoxic HSC-derived

PDGF-BB promotes HCC progression, mainly via activa-

tion of the PI3K/Akt pathway.

Discussion

HCC cells under hypoxic conditions generally show more

rapid proliferation than cells with an adequate vascular

supply [19]. It has been reported that HSCs play a critical

role in HCC tumor progression, as the presence of HSCs in

peritumoral tissue is associated with strong vascular inva-

sion and aggressive pathological characteristics [20].

However, the manner in which HSCs modulate the inva-

sive HCC phenotype, particularly under hypoxic condi-

tions, remains unclear.

In the present study, activated HSCs induced the pro-

liferation and migration of HCC cells, and suppressed BA-

induced HCC cell apoptosis, particularly under hypoxic

conditions. The anti-proliferative effects of PI3K inhibitor

on HCC cells cocultured with HSCs were more prominent

under hypoxic conditions, indicating that the PI3K/Akt

pathway may be implicated in tumor progression under

hypoxic conditions, more so than tumor progression under

normoxic conditions. Akt-dependent inhibitory phospho-

rylation of FOXO3a was also up-regulated under hypoxia,

which may lead to HCC cell survival.

The PI3K/Akt pathway is a well-known, promising

target for the treatment of HCC, which has its pivotal role

in regulating cell proliferation, migration, survival, and

angiogenesis. Dysregulation of PI3K/Akt pathway in HCC

has been frequently documented [21]. Furthermore, the

PI3K/Akt pathway also induces the activation and prolif-

eration of HSCs, leading to the development of fibrosis and

HCC in PDGF-C transgenic mice [22], suggesting that this

molecular pathway may be critical in hepatocarcinogene-

sis. Similarly, our results suggest that the PI3K/Akt path-

way is crucial in proliferation and invasion of HCC,

especially under hypoxic conditions.

PGDF consists of two related peptide chains, PDGF-A

and PDGF-B, which contain intramolecular disulfide

bonds linking the subunits. Of the isoforms of PDGF, the

PDGF-BB isoform is a mitogen for vascular smooth mus-

cle cells [23], and is one of the key factors involved in

hepatocarcinogenesis. A recent study reported that the

Fig. 4 The expression of PDGF-BB was significantly upregulated in

hypoxic HSC. a PDGF-B, FGF10, FGF5, CTGF, and TGFb1 mRNAs

in LX-2 cells cultured under normoxic or hypoxic conditions for 24 h

were quantified by RT-PCR and normalized to GAPDH expression

levels. The experiment was repeated three times. b LX-2 cells were

treated as in a. The amount of PDGF-BB in serum-free supernatant

was measured by ELISA, and corrected for total protein expression.

Data are expressed as mean ± SD from three different experiments

Dig Dis Sci (2016) 61:2568–2577 2573

123



Fig. 5 Hypoxic HSC-derived PDGF-BB is a survival factor for HCC

cells. a Huh-BAT cells were treated with PDGF-BB at concentrations

between 0 and 200 ng/mL under normoxic conditions. After 24 h, a MTS

assay was performed. Data are expressed as mean ± SD of percent

changes of triplicate optical densities compared to that of control. b A

migration assay was performed using Huh-BAT cells treated with vehicle

or PDGF-BB (200 ng/mL) for the indicated time periods under normoxic

conditions. Data are expressed as mean ± SD of percent changes

compared to time 0 h. The experiment was repeated three times. c Huh-

BAT cells were treated with deoxycholate (300 lM) for 2 h following

PDGF-BB pretreatment (16 h), either in normoxic or hypoxic conditions.

Apoptosis was assessed using DAPI staining and fluorescence micro-

scopy.Data are expressed asmean ± SD fromthree different experiments

(*P\0.05, vs. without PDGF-BB pretreatment). d Huh-BAT cells were

cocultured with LX-2 cells in the presence or absence of PDGF-BB

antibody (10 lg/mL) under normoxic or hypoxic conditions. After 24 h, a

MTS assay was performed. Data are expressed as mean ± SD of percent

changes of optical densities compared to that of control (**P\0.01, vs.

the difference in HCC proliferation according to the presence of absence

of PDGF-BB antibody under normoxic conditions). The experiment was

repeated three times. e Huh-BAT cells were monocultured or cocultured

with LX-2 in the presence or absence of PDGF-BB antibody (10 lg/mL)

under normoxic or hypoxic conditions. After 40 h, cells were treated with

deoxycholate (300 lM) for 2 h. Apoptosis was assessed using DAPI

staining and fluorescence microscopy. Data were expressed as

mean ± SD from three different experiments

2574 Dig Dis Sci (2016) 61:2568–2577

123



overexpression of PDGF-BB accelerated hepatic fibrosis

and chemically induced hepatocarcinogenesis by upregu-

lation of the TGF-b receptor, b-catenin, and vascular

endothelial growth factor in transgenic mice [24]. Like-

wise, exogenous PDGF-BB enhanced proliferation and

migration of HCC cells, and protected cells from BA-

Fig. 6 PDGF-BB-mediated

HCC cell growth is dependent

on the PI3K/Akt pathway.

a Huh-BAT cells were

monocultured or cocultured

with LX-2 either in normoxic or

hypoxic conditions for each

indicated time period. The

expression of p-PDGFR-b was

analyzed by immunoblotting

cell lysate and densitometric

analysis. The experiment was

repeated three times.

b Immunoblot analyses of

p-Akt, total Akt, p-PTEN,

PTEN, p-p42/44, total p42/44,

and p-p38 were performed in

cells treated as in a. c Huh-BAT

cells were monocultured or

cocultured with LX-2 either

under normoxic or hypoxic

conditions for 24 h. Cells were

further treated with or without

PI3K inhibitor (LY294002,

20 lM) or p42/44 inhibitor

(U0126, 5 lM) for 40 h, and a

MTS assay was performed. Data

are expressed as mean ± SD of

percent changes of triplicate

optical densities compared to

control (*P\ 0.05, vs. the

difference in HCC proliferation

according to the presence of

absence of PI3K inhibitor under

normoxic coculturing

conditions)
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induced apoptosis in our study. In addition, the levels of

PDGF-BB derived from HSCs were significantly upregu-

lated under hypoxic conditions, leading to the enhanced

activation of PDGFR-b, p42/44 MAPK, and PI3K/Akt

pathways in HCC cells. These findings suggest that

hypoxic HSC-derived PDGF-BB induces HCC progression

through the activation of PI3K/Akt and p42/44 MAPK

signaling pathways, as a consequence of tumor-stroma

crosstalk under hypoxic conditions. These results further

suggest that targeting the PI3K pathway or PDGF receptor

may enhance the efficacy of chemotherapeutic agents

against HCC in a hypoxic microenvironment.

In conclusion, the current study indicates that hypoxic

HSC-derived PDGF-BB stimulates HCC cell proliferation

and attenuates BA-induced apoptosis in a PI3K/Akt-sig-

naling-dependent manner. Targeting tumor-stroma cross-

talk might be a novel therapy in the management of human

HCC.
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