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Abstract

Background

Despite recent advances in treatment strategies, it is still difficult to cure patients with hepa-

tocellular carcinoma (HCC). Sorafenib is the only approved multiple kinase inhibitor for sys-

temic chemotherapy in patients with advanced HCC. The majority of advanced HCC

patients are resistant to sorafenib. The mechanisms of sorafenib resistance are still

unknown.

Methods

The expression of molecules involved in the mitogen-activated protein kinase (MAPK) sig-

naling pathway in human hepatoma cell lines was examined in the presence or absence of

sorafenib. Apoptosis of human hepatoma cells treated with sorafenib was investigated, and

the expression of Jun proto-oncogene (c-Jun) was measured.

Results

The expression and phosphorylation of c-Jun were enhanced in human hepatoma cell lines

after treatment with sorafenib. Inhibiting c-Jun enhanced sorafenib-induced apoptosis. The

overexpression of c-Jun impaired sorafenib-induced apoptosis. The expression of osteo-

pontin, one of the established AP-1 target genes, was enhanced after treatment with sorafe-

nib in human hepatoma cell lines.

Conclusions

The protein c-Jun plays a role in sorafenib resistance in human hepatoma cell lines. The

modulation and phosphorylation of c-Jun could be a new therapeutic option for enhancing

responsiveness to sorafenib. Modulating c-Jun may be useful for certain HCC patients with

sorafenib resistance.
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Introduction

The estimated number of new cases of liver cancer in 2012 was 782,000 worldwide, including

554,000 and 228,000 cases in men and women, respectively [1]. The estimated number of can-

cer deaths from liver cancer in 2012 was 745,000 worldwide, including 521,000 and 224,000

deaths in men and women, respectively [1]. The very small difference between the numbers of

new cases and deaths from liver cancer indicates a poor prognosis. Among liver cancers, hepa-

tocellular carcinoma (HCC) is the most common primary liver cancer. Decompensation of

liver function and the development of HCC are dreaded complications of advanced liver dis-

eases. The annual incidence of HCC in the adult Taiwanese population remains high despite

the fact that here has been a more than 50% drop in HCC incidence following national hepati-

tis B virus (HBV) vaccination programs in Taiwan [2]. A large population with chronic HBV

infection remains at risk of developing cirrhosis and HCC if left untreated [2]. Recent progress

in treatments for the hepatitis C virus (HCV) has been shown to significantly alter the natural

progression to HCC in countries with HCV as a major contributor to HCC [3]. However, a

large population with chronic HCV infection is still at risk of developing cirrhosis and HCC if

left untreated [3]. Despite the progress in imaging modalities, it is still difficult to detect the

early stages of HCC [4]. Other than a liver transplantation, it is difficult to cure patients with

HCC because many of the patients have liver cirrhosis [4].

Sorafenib is the only approved multiple kinase inhibitor for the systemic chemotherapeutic

reagents for compensated cirrhotic patients with unresectable or metastatic HCC, although

the complete response rate to sorafenib in HCC is relatively low (0.7%-3%) [5]. Molecular

targets of sorafenib are tyrosine kinases of the vascular endothelial growth factor receptor

(VEGFR) and platelet-derived growth factor receptor (PDGFR) [6]. Sorafenib also exerts its

effects by targeting mitogen-activated protein kinase (MAPK) kinase kinase (Raf)/MAPK

kinase (MEK)/MAPK [originally called extracellular signaling-related kinase (ERK)] signaling

at the level of Raf kinase [6,7]. The success of anticancer treatment with sorafenib would

depend on having a better understanding of its acquired resistance mechanism in HCC [7].

Stress-activated protein kinases (SAPKs)/Jun proto-oncogene (c-Jun) N-terminal kinases

(JNKs) are members of the MAPK family that are activated by cellular environmental stresses,

inflammatory cytokines and growth factors [8, 9]. JNK1 binds to the c-Jun transactivation

domain and phosphorylates c-Jun, and JNK1 activation plays a role in tumor promotion [8].

The JNK signaling pathway plays an important role in cellular apoptosis [10] and in a cisplatin

(CDDP) resistance mechanism in cancer cells [9]. A previous study [10] showed that the tran-

scription factor c-Jun/AP-1 promoted HBV-related liver tumorigenesis in mice.

In the present study, we demonstrated that c-Jun was elevated in human hepatoma cells

treated with sorafenib. We report that the expression and phosphorylation of c-Jun conferred

sorafenib resistance in human hepatoma cells. These mechanisms might play an important

role in the chemoresistance of HCC patients treated with sorafenib.

Materials and methods

Cell culture

Human hepatoma cell lines Huh7, Huh6, PLC/PRF/5, Hep3B, HepG2 and HepG2.2.15

were grown in Roswell Park Memorial Institute medium (RPMI1640) (Sigma-Aldrich,

St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS), 200 U/mL of penicil-

lin, and 200 μg/mL of streptomycin at 5% CO2 and 37˚C. Huh7, HepG2 and HepG2.2.15 were

previously reported [11, 12]. Huh6 and PLC/PRF/5 were purchased from the National Insti-

tutes of Biomedical Innovation, Health and Nutrition JCRB Cell Bank (Ibaraki, Osaka, Japan).
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Hep3B cells were obtained from American Type Culture Collection (ATCC) (Manassas, VA,

USA).

Reagents

Sorafenib and JNK inhibitor SP600125 were purchased from Cayman Chemical (Ann Arbor,

MI, USA) and AdooQ BioScience (Irvine, CA, USA), respectively.

Western blotting

Cells were collected in 1% sodium dodecyl sulfate (SDS) buffer. After sonication, proteins

were subjected to electrophoresis on a 5–20% SDS-polyacrylamide gel and transferred onto a

polyvinylidene difluoride membrane (ATTO, Tokyo, Japan) followed by overnight blocking

with 5% skim milk in phosphate-buffered saline with Tween 20 (Bio-Rad, Hercules, CA,

USA). The membrane was probed with antibodies specific to phosphorylation of c-Jun [p-c-

Jun (Ser63)], c-Jun (Cell Signaling, Boston, MA, USA), osteopontin, GAPDH (Santa Cruz Bio-

technology, Santa Cruz, CA, USA) or β-tubulin (Abcam, Eugene, OR, USA). After washing

the membrane, it was incubated with secondary horseradish peroxidase-conjugated antibodies

for an hour. Signals were detected with enhanced chemiluminescence (GE Healthcare, Tokyo,

Japan) and scanned with the image analyzer LAS-4000 (Fuji Film, Tokyo, Japan). Band inten-

sities were determined using the ImageJ software [13].

RNA extraction, cDNA synthesis and human MAPK signaling targets

PCR array

Approximately 1.0 x 105 cells per well were plated into a 6-well plate and, 12 hours later, were

treated with or without 10 μM sorafenib (Cayman Chemical, Ann Arbor, MI, USA) [14].

Cellular RNA was extracted by an RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA was

synthesized with an RT2 First Strand cDNA Kit (Qiagen) according to the manufacturer’s pro-

tocol [15]. A human MAPK signaling pathway PCR array was purchased from Qiagen. A real-

time PCR array based on the SYBR Green method was performed onto a 7300 Real-Time PCR

system (Applied Biosystems, Foster, CA, USA). The cycling program was as follows: 95˚C

for 10 minutes for 1 cycle, then 40 cycles of 95˚C for 15 seconds and 60˚C for 1 minute. The

house-keeping genes beta-2-microglobulin (B2M), hypoxanthine phosphoribosyltransferase 1

(HPRT1), ribosomal protein L13a (RPL13A), glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and actin beta (ACTB) served as internal control. Data were analyzed using the RT2

Profiler PCR Array Data Analysis software (http://pcrdataanalysis.sabiosciences.com/pcr/

arrayanalysis.php).

Transfection of siRNA

The siRNA against c-Jun (si-c-Jun) and control siRNA (si-C) were purchased from Santa Cruz

Biotechnology [11]. Transfections were performed with 50 nM si-c-Jun, or 50 nM si-C using

Effectene Transfection Reagents (Qiagen) according to the manufacturer’s protocol [15].

Overexpression of MEKK and reporter assay for AP-1 activation

To overexpress c-Jun, MEKK upstream of c-Jun was overexpressed using the plasmid pMEKK

(Agilent Technologies, Tokyo, Japan) [11]. The combination of c-Jun with c-Fos forms the

activator protein-1 (AP-1) early response transcription factor. Cells were seeded onto a 6-well

plate. After 24 hours, 0.2 μg of the reporter plasmid pAP-1-luc (PathDetect Cis-Reporting Sys-

tems; Agilent Technologies, Santa Clara, CA, USA) and 0.01 μg pMEKK were co-transfected
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using Effectene transfection reagents (Qiagen). After incubation for 48 hours, the cells were

harvested using reporter lysis buffer (Toyo Ink, Tokyo, Japan), and the luciferase activities

were determined by a Picagene system (Toyo Ink) using a luminometer (Luminescencer-JNR

II AB-2300, ATTO).

MTS assay

To determine cell proliferation, a CellTiter 96 AQueous One Solution Cell Proliferation Assay

(Promega, Madison, WI, USA) was performed. Living cells converted 5-(3-carboxymethoxy-

phenyl)-2-(4,5-dimenthylthiazoly)-3-(4-sulfophenyl) tetrazolium, inner salt (the MTS tetrazo-

lium compound) to formazan. The cells were grown in 96-well plates for 24 hours before the

medium was replaced with 0.2 mL of fresh medium containing sorafenib. After incubating the

cells for 12 hours, 20 μL of MTS solution was added to each well. Four hours later, the absor-

bance at 490 nm of each well was measured with the iMark Microplate Absorbance Reader

(Bio-Rad).

Apoptosis assay

Quantification of apoptosis was performed with the APOPercentage apoptosis assay (Biocolor,

Belfast, Northern Ireland). Purple-red stained cells were identified as apoptotic cells by light

microscopy. Purple-red cells/fields of 400-fold views were counted as previously described

[11].

Caspase-3/-7 activity

Determination of caspase-3 and -7 activity was performed with a Caspase-Glo 3/7 assay (Pro-

mega) according to the manufacturer’s instructions [11]. Luminescence was measured using

Luminescencer-JNR II AB-2300 (ATTO).

Statistical analysis

Data are expressed as mean ± standard deviation (SD). Comparisons were analyzed using Stu-

dent’s t test. Significance was defined as a P-value lower than 0.05.

Results

Human hepatoma cell lines possessed sorafenib resistance after

treatment with 10 μM sorafenib for 12 hours

To explore the mechanism underlying sorafenib resistance, we first examined the effects of

sorafenib on cell proliferation in 6 human hepatoma cell lines: PLC/PRF/5, HepG2.2.15,

Huh6, Hep3B, HepG2 and Huh7 (Fig 1). Cells were incubated with sorafenib at various con-

centrations for 12 hours, and cell proliferation was evaluated by an MTS Cell Proliferation

assay. Although sorafenib reduced cell proliferation in a dose-dependent manner, we noticed

that when the cells were incubated with 10 μM sorafenib, only 8.4%, 11.6%, 25.8%, 18.2%,

7.9% and 34.5% inhibition was observed in PLC/PRF/5, HepG2.2.15, Huh6, Hep3B, HepG2

and Huh7 cells, respectively, compared to untreated controls (Fig 1). Treatment with 20 μM

sorafenib for 12 hours significantly reduced cell proliferation in all cell lines except PLC/PRF/5

cells, compared to untreated controls (Fig 1). Treatment with 40 μM sorafenib for 12 hours sig-

nificantly reduced cell proliferation in all cell lines compared to untreated controls (Fig 1).

When cells were incubated with sorafenib at 10 μM for 24 hours, 51.6%, 36.5%, 16%, 40.2%,

10.8% and 29.1% inhibition was observed in PLC/PRF/5, HepG2.2.15, Huh6, Hep3B, HepG2

and Huh7 cells, respectively, compared to untreated controls. The highest achievable clinical
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blood concentration of sorafenib is 10 μM [14]. In total, 65.5% - 92.1% of human hepatoma

cell lines were viable in the treatment with sorafenib at this concentration for 12 hours.

c-Jun was upregulated after treatment with sorafenib in human

hepatoma cell lines

Sorafenib is a multiple kinase inhibitor that inhibits Raf/MEK/MAPK signaling. We expected

that some genes in this signal pathway might be overexpressed in sorafenib-resistant cells.

Next, we examined the signaling pathway related to 84 MAPK-signaling pathway-associated

genes in 6 human hepatoma cell lines treated with or without sorafenib (Fig 2, S1 Fig and

Tables A-G in S1 File). Among these genes, MAP kinase interacting serine/threonine kinase 1

(MKNK1) was significantly downregulated (0.49-fold, p = 0.0128) in human hepatoma cells

treated with 10 μM sorafenib (Fig 2A). These results also indicated that sorafenib could inhibit

MAPK-signaling pathway-associated gene expression. Among those genes, we found that c-

Jun was the only gene significantly upregulated (4.27-fold, p = 0.0125) among a total of 6 cell

lines treated with 10 μM sorafenib.

We compared gene expression in human hepatoma cells without HBV genome integration

(Huh6, HepG2 and Huh7) treated with or without 10 μM sorafenib (Fig 2B). Mitogen-acti-

vated protein kinase 10 (MAPK10), which is known as JNK3, was significantly downregulated

(0.58-fold, p = 0.0206) among the cells treated with 10 μM sorafenib. MKNK1 tended to be

downregulated (0.56-fold, p = 0.0890) in cells treated with 10 μM sorafenib.

We also compared gene expression in human hepatoma cells with HBV genome integration

(PLC/PRF/5, HepG2.2.15 and Hep3B) treated with or without 10 μM sorafenib (Fig 2C). c-Jun

Fig 1. Effects of sorafenib on cell proliferation in human hepatoma cell lines. (A) PLC/PRF/5, (B)

HepG2.2.15, (C) Huh6, (D) Hep3B, (E) HepG2 and (F) Huh7 cells. The cells were treated with sorafenib at the

indicated concentrations for 12 hours, and cell proliferation was evaluated by MTS assay (Promega). Data are

presented as mean ± SD of triplicate samples. *p < 0.05 compared to the untreated control.

https://doi.org/10.1371/journal.pone.0174153.g001
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was significantly upregulated (8.58-fold, p = 0.000935) and cell division cycle 42 (CDC42: GTP

binding protein, 25 kDa) was significantly downregulated (0.72-fold, p = 0.0389) in cells

treated with 10 μM sorafenib.

Phosphorylation of c-Jun increased after treatment with sorafenib in

human hepatoma cell lines

Compared to untreated cells, c-Jun gene expression was 17.29-, 12.94-, 8.62-, 2.82-, 1.17-, and

0.95-fold in 10 μM sorafenib-treated PLC/PRF/5, HepG2.2.15, Huh6, Hep3B, HepG2, and Huh7

cells, respectively. So we mainly used PLC/PRF/5 and HepG2.2.15 for additional analyses. We

then examined the effects of sorafenib in the phosphorylation of c-Jun and c-Jun protein expres-

sion in PLC/PRF/5 and HepG2.2.15 cells treated with 10 μM sorafenib. Treatment of PLC/PRF/5

cells with sorafenib was associated with 1.51-fold and 1.59-fold increases in the phosphorylation

of c-Jun and c-Jun protein expression, respectively (Fig 3A–3C), and treatment of HepG2.2.15

cells with sorafenib was associated with 1.78- and 2.05-fold increases in the phosphorylation of c-

Jun and c-Jun protein expression, respectively (Fig 3D–3F). These results suggested the possibility

that the expression and phosphorylation of c-Jun could be associated with sorafenib resistance.

Knockdown of c-Jun enhanced sorafenib-induced apoptosis in human

hepatoma cells

After the efficacy of siRNAs was confirmed in hepatocytes (Fig 4A–4C), apoptotic cell death in

PLC/RPF/5 cells treated with or without sorafenib following transfection with either si-c-Jun

Fig 2. Changes of MAPK-signaling pathway-associated genes in human hepatoma cell lines treated

with or without sorafenib. Six human hepatoma cell lines were treated with or without 10 μM sorafenib for

12 hours. (A) Total expression of 6 human hepatoma cells (PLC/PRF/5, HepG2.2.15, Huh6, Hep3B, HepG2

and Huh7). Expression of 2 genes significantly changed after 12 hours of treatment with sorafenib: Jun proto-

oncogene (c-Jun) and MAP kinase interacting serine/threonine kinase 1 (MKNK1), which are shown in red.

(B) Human hepatoma cells without HBV genome integration (Huh6, HepG2 and Huh7). Mitogen-activated

protein kinase 10 (MAPK10) expression significantly changed after 12 hours of treatment with sorafenib.

MAPK10 is shown in red, and c-Jun is shown in yellow. (C) Human hepatoma cells with HBV integration (PLC/

PRF/5, HepG2.2.15 and Hep3B). Expression of 2 genes significantly changed after 12 hours of treatment of

sorafenib: c-Jun and cell division cycle 42 (GTP binding protein, 25 kDa) (CDC42), which are shown in red.

https://doi.org/10.1371/journal.pone.0174153.g002
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or si-C was analyzed using an APOPercentage apoptosis assay (Fig 4D). We treated the cells

with 7.5 μM sorafenib for 48 hours. We used this condition because almost all cells were apo-

ptotic when both siRNAs-transfected cells were treated with 10 sorafenib for 12 hours. In sora-

fenib-treated PLC/RPF/5 cells transfected with si-c-Jun, apoptotic cells were significantly

increased compared to sorafenib-treated PLC/RPF/5 cells transfected with si-C. Compared to

sorafenib-treated and si-C-transfected control Hep3B, HepG2 and Huh7 cells, significant

increases in apoptotic cells were also observed in the same cell lines when sorafenib-treated

and si-c-Jun-transfected (1.81-, 1.75- and 1.47-fold increase, respectively; p< 0.05 compared

to si-C-transfected control cells).

Overexpression of c-Jun by transfection of pMEKK into PLC/RPF/5 cells

impaired sorafenib-induced apoptosis in PLC/RPF/5 cells

We investigated the effects of AP-1 activation on sorafenib-induced apoptosis. As shown in

Fig 5A, transfection of the pMEKK plasmids into PLC/RPF/5 cells enhanced AP-1 activity in a

reporter assay. In PLC/RPF/5 cells transfected with pMEKK, the expression and phosphoryla-

tion of c-Jun increased (Fig 5B–5D). Transfection with pMEKK vectors significantly reduced

apoptosis in PLC/RPF/5 cells treated with sorafenib (Fig 5E). Overall, these results indicate

that c-Jun is one of the factors responsible for sorafenib resistance in human hepatoma cells.

Fig 3. Sorafenib enhances expression and phosphorylation of c-Jun in human hepatoma cell lines.

(A)-(C) Western blot analyses of phosphorylated-c-Jun (p-c-Jun), c-Jun and GAPDH expression in PLC/PRF/

5 cells treated with or without 10 μM sorafenib for 12 hours. (D)-(F) Western blot analyses of p-c-Jun, c-Jun

and GAPDH expression in HepG2.2.15 cells treated with or without 10 μM sorafenib for 12 hours. (B, C, E, F)

Densitometric analyses were performed using ImageJ software. Data are presented as mean ± SD of

triplicate samples. *p < 0.05 compared to untreated control.

https://doi.org/10.1371/journal.pone.0174153.g003
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Fig 4. Knockdown of c-Jun enhanced sorafenib-induced apoptosis in human hepatoma PLC/PRF/5

cells. (A)-(C) Validation of siRNAs si-c-Jun and si-control (si-C). Lysates from transfected cells were

immunoblotted with antibodies against p-c-Jun, c-Jun or GAPDH. GAPDH was used as internal control.

Densitometric analyses were performed with ImageJ software. Data are presented as mean ± SD of triplicate

samples. (D) Apoptosis in PLC/PRF/5 cells treated with or without 7.5 μM sorafenib for 48 hours after

transfection with each siRNA. Apoptosis was determined by an APOPercentage apoptosis assay (Biocolor).

(B, D) Densitometric analyses were performed with ImageJ software. Data are presented as mean ± SD of

triplicate samples. *p < 0.05 between two groups.

https://doi.org/10.1371/journal.pone.0174153.g004

Fig 5. Overexpression of c-Jun by transfection of pMEKK impaired sorafenib-induced apoptosis in

human hepatoma PLC/PRF/5 cells. (A) AP-1 activation following the transfection of pMEKK into PLC/PRF/5

cells. (B)-(D) Phosphorylated-c-Jun (p-c-Jun) and expression of c-Jun protein were enhanced by transfection

of pMEKK into PLC/RPF/5 cells. Densitometric analyses were performed with ImageJ software. (E) Apoptosis

in PLC/PRF/5 cells treated with or without 10 μM sorafenib for 12 hours after transfection of pMEKK or control

vectors. The number of apoptotic cells was determined by APOPercentage apoptosis assay (Biocolor). Data

are presented as the mean ± SD of triplicate samples. *p < 0.05 between groups.

https://doi.org/10.1371/journal.pone.0174153.g005
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JNK inhibitor SP600125 enhanced sorafenib-induced apoptosis in

human hepatoma cells

SP600125 prevented the activation of JNK. We next examined the effects of SP600125 on sora-

fenib-induced apoptosis in human hepatoma cells (Fig 6). Apoptosis was analyzed in PLC/

RPF/5 cells treated with or without 10 μM sorafenib for 12 hours after treatment with or with-

out 45 μM SP600125 for 12 hours. We observed a significantly higher proportion of apoptotic

cells with the combination of sorafenib and SP600125 in the APOPercentage assay (Fig 6A).

Activation of caspase-3/-7 also supported these results (Fig 6B). In HepG2.2.15 cells, the results

were similar to those obtained for PLC/RPF/5 cells (Fig 6C and 6D). In addition, we also

observed a significantly higher proportion of apoptotic cells with the combination of sorafenib

and SP600125 in HepG2 cells by APOPercentage assay (5.58-fold; p< 0.05 compared to sora-

fenib-treated control cells).

We also examined the effects of SP600125 on the anti-cancer-drug-induced apoptosis in

PLC/RPF/5 cells. The degree of apoptosis was similar in the presence of 16 μM cis-diammine-

dichloro-platinum (CDDP) with or without 45 μM SP600125 (11.2 ± 4.4% vs. 6.8 ± 0.69%,

respectively). Apoptosis was also similar in the presence of 0.5 μg/mL 5-fluorouracil (5FU)

with or without 45 μM SP600125 (7.7 ± 0.7% vs. 6.0 ± 2.0%, respectively). However, apoptosis

in the presence of 100 nM gemcitabine (GEM) with 45 μM SP600125 was higher than that in

the absence of GEM (2.7% ± 0.5% vs. 6.7 ± 1.6%, p = 0.040).

Fig 6. SP600125 enhanced sorafenib-induced apoptosis in human hepatoma cell lines. (A, B) PLC/

RPF/5, (C, D) HepG2.2.15. Apoptosis in cells treated with or without 10 μM sorafenib for 12 hours after

treatment with or without 45 μM SP600125 for 12 hours. (A, C) The number of apoptotic cells was determined

by APOPercentage apoptosis assay (Biocolor). (B, D) Caspase-3/-7 activity was measured by Caspase-Glo

3/7 assay (Promega). Data are presented as mean ± SD of triplicate samples. *p < 0.05 between two groups.

https://doi.org/10.1371/journal.pone.0174153.g006
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Sorafenib enhanced expression of osteopontin, an AP-1 target gene, in

human hepatoma cell lines

To investigate the mechanism further, we focused on osteopontin, an established AP-1 target

gene [16]. We confirmed that knockdown of c-Jun led to a decrease in the expression of osteo-

pontin in PLC/RPF/5 cells (Fig 7A and 7B). After treatment with sorafenib in human hepa-

toma cell lines, we also observed that the expression of osteopontin increased (Fig 7C–7F).

Discussion

In this study, we focused on the transcription factor c-Jun and demonstrated that c-Jun was

involved in the resistance of sorafenib in certain human hepatoma cell lines. We showed that

c-Jun and its phosphorylation determined sorafenib-induced apoptosis in human hepatoma

cell lines. Inhibiting c-Jun could enhance the apoptosis of human hepatoma cells in the pres-

ence of sorafenib. We also demonstrated that osteopontin may contribute to these phenomena.

Our observations indicated that c-Jun plays an important role in sorafenib resistance in HCC.

The RAS-RAF-MEK-MAPK pathway is a key signal transduction pathway in cells and is

constitutively active in HCCs [17]. It is also responsible for poor prognosis and drug resistance

[7]. Targeting the responsible proteins, such as the hepatocyte growth factor (HGF) receptor

and the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/ AKT serine/threonine kinase

(AKT) pathways, are also essential [7].

Fig 7. Sorafenib enhanced expression of osteopontin, an AP-1 target gene, in human hepatoma cell

lines. (A, B) Knockdown of c-Jun decreased expression of osteopontin after 48 hours of transfection into

PLC/PRF/5 cells with siRNA against c-Jun (si-c-Jun) or si-control (si-C). Lysates from transfected cells were

immunoblotted with antibodies against osteopontin or β-tubulin. β-tubulin was used as internal control. (C, D)

Western blot analyses of osteopontin and β-tubulin expression in PLC/PRF/5 cells treated with or without

10 μM sorafenib for 12 hours. (E, F) Western blot analyses of osteopontin and β-tubulin expression in

HepG2.2.15 cells treated with or without 10 μM sorafenib for 12 hours. Densitometric analyses were

performed with ImageJ software. Data are presented as mean ± SD of triplicate samples. *p < 0.05 between

two groups.

https://doi.org/10.1371/journal.pone.0174153.g007
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Drug resistance was also associated with epithelial-mesenchymal transition (EMT) in HCC

[18]. In anoikis-resistant HCC cells, which are highly sorafenib-resistant and induce EMT, cel-

lular apoptosis was associated with c-Jun [19]. OCT4, one of the pluripotency genes, regulates

EMT and is associated with chemoresistance [20]. Positive feedback regulation of OCT4 and

c-Jun could expedite cancer stemness in liver cancer [21].

Fibrosis, which is one of the features of collagen-rich microenvironments, could reduce the

efficacy of sorafenib by impairing delivery of chemotherapeutics and promoting aggressive

neoplastic cell behavior [22–24]. JNK is an important component that converts external sti-

muli into a wide range of cellular responses, such as fibrosis [23].

Sorafenib is a bi-aryl urea: N-(2-trifluoromethyl-4-chlorophenyl)-N´-(4-[2-methylcarba-

moyl pyridine-4-yl] oxyphenyl) urea [14]. Sorafenib is bound to human plasma proteins, and

albuminemia influences the total clearance of sorafenib [25]. Albumin is synthesized in the

liver and in cirrhotic liver, and this mostly occurs in the background in livers of HCC patients,

and seems to affect the blood concentration of sorafenib. Sorafenib is metabolized by CYP3A4

and uridine diphosphate glucuronosyltransferase 1A9 (UGT1A9) in the liver [26]. Co-admin-

istration of a proton pump inhibitor led to a significant drop in sorafenib exposure [27]. Clini-

cians should also pay attention to these factors.

Trierweiler et al. [16] reported that c-Jun/AP-1 promoted HBV-related liver tumorigenesis

in mice. Cheng et al. [28] demonstrated that sorafenib-treated patients with HBV-associated

HCC had fewer survival benefits than in those with non-HBV related HCC. Half maximal

(50%) inhibitory concentration (IC50) for sorafenib was significantly higher in HBV-positive

HCC cells than in those without HBV infection [29]. We also observed that c-Jun was highly

upregulated in HBV-associated human hepatoma cells treated with sorafenib (Fig 2B and 2C).

We also compared gene expression in the human hepatoma cell line Huh7 harboring HCV

subgenomic replicon [30] treated with or without 10 μM sorafenib. However, c-Jun was not

significantly upregulated. The HCV-associated liver cancer cell lines do not include HCV

genome integration or full-length HCV RNA [30]. Further study will be needed to investigate

virally mediated oncogenesis.

In HCC-patients treated with sorafenib, the expression of phosphorylated c-Jun in HCC

was significantly higher in the non-responder group than in the responder group [31]. Chen

et al. [32] also reported that activation of c-Jun predicted a poor response to sorafenib in HCC.

Our results supported these facts. Phosphorylated-JNK was correlated with the activation of c-

Jun/AP-1 proteins in HCC [33].

CD133, identified as one of the cancer stem cell markers, contributed to the initiation and

growth of HCC [31]. Phosphorylated c-Jun was also correlated with CD133 in HCC [31]. It

was reported that a high percentage of cells was arrested in the G2 phase 48 hours after treat-

ment with a JNK inhibitor [34]. Combination treatment with SP600125 and TNF-related apo-

ptosis-inducing ligand (TRAIL) led to apoptosis in human hepatoma cells [34]. SP600125 is

known to inhibit other genes such as TNF, which is one of the nuclear factor-kappa B (NF-κB)

target genes [35]. Expression of conserved helix-loop-helix ubiquitous kinase (CHUK), an

inhibitor of the transcription factor NF-κB complex, was unaltered either with or without sor-

afenib treatment (Table F in S1 File).

Osteopontin is a multi-functional cytokine that is involved in cell survival, migration and

chemotherapy-resistance, including sorafenib-resistance in patients with metastatic renal cell

carcinoma [36, 37]. We also observed that sorafenib upregulated osteopontin expression in

human hepatoma cell lines and that c-Jun played a role to some extent in this step (Fig 7). Fur-

ther study of these trends will be needed.

Although there are conflicting opinions about whether sorafenib also suppresses JNK-

dependent apoptosis [38, 39], c-Jun/AP-1 is one of the more attractive targets for the
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chemotherapy of cancers, including HCC [40]. In conclusion, c-Jun was associated with sora-

fenib resistance in human hepatoma cell lines. Modulation of c-Jun and phosphorylated c-Jun

might be a potential tool for improving the response to sorafenib in HCC patients.

Supporting information

S1 Fig. Heat map analysis for the expression of MAPK-signaling pathway-associated genes

in 6 human hepatoma cells (PLC/PRF/5, HepG2.2.15, Huh6, Hep3B, HepG2 and Huh7)

treated with or without sorafenib. The six human hepatoma cell lines were treated with or

without 10 μM sorafenib for 12 hours. Red color indicates genes expressed higher in cells

treated with sorafenib than in those without sorafenib. Green color indicates genes expressed

lower in cells treated with sorafenib than in those without sorafenib. Arrows indicate Jun

proto-oncogene (JUN) and conserved helix-loop-helix ubiquitous kinase (CHUK).

(TIF)

S1 File. Results of human MAPK signaling targets PCR array in this study. Table A. List of

analyzed genes.

Table B. Gene expression profiles in 6 human hepatoma cells treated with sorafenib.

Table C. Gene expression profiles in 6 human hepatoma cells treated without sorafenib.

Table D. List of housekeeping genes.

Table E. Overview of the PCR Array Performance and quality control.

Table F. Results of PCR arrays.

Table G. Calculation.
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8. Dérijard B, Hibi M, Wu IH, Barrett T, Su B, Deng T, et al. JNK1: a protein kinase stimulated by UV light

and Ha-Ras that binds and phosphorylates the c-Jun activation domain. Cell. 1994; 76: 1025–1037.

PMID: 8137421

9. Yan D, An G, Kuo MT. C-Jun N-terminal kinase signalling pathway in response to cisplatin. J Cell Mol

Med. 2016; 20: 2013–2019. https://doi.org/10.1111/jcmm.12908 PMID: 27374471

10. Trierweiler C, Hockenjos B, Zatloukal K, Thimme R, Blum HE, Wagner EF, et al. The transcription factor

c-JUN/AP-1 promotes HBV-related liver tumorigenesis in mice. Cell Death Differ. 2016; 23: 576–582.

https://doi.org/10.1038/cdd.2015.121 PMID: 26470729

11. Sasaki R, Kanda T, Nakamura M, Nakamoto S, Haga Y, Wu S, et al. Possible involvement of hepatitis

B virus infection of hepatocytes in the attenuation of apoptosis in hepatic stellate cells. PLoS One. 2016;

11: e0146314. https://doi.org/10.1371/journal.pone.0146314 PMID: 26731332

12. Sasaki R, Kanda T, Wu S, Nakamoto S, Haga Y, Jiang X, et al. Association between hepatitis B virus

and MHC class I polypeptide-related chain A in human hepatocytes derived from human-mouse chime-

ric mouse liver. Biochem Biophys Res Commun. 2015; 464: 1192–1195. https://doi.org/10.1016/j.bbrc.

2015.07.102 PMID: 26212443

13. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-

ods. 2012; 9: 671–675. PMID: 22930834

14. Gauthier A, Ho M. Role of sorafenib in the treatment of advanced hepatocellular carcinoma: An update.

Hepatol Res. 2013; 43: 147–154. https://doi.org/10.1111/j.1872-034X.2012.01113.x PMID: 23145926

15. Jiang X, Kanda T, Nakamoto S, Miyamura T, Wu S, Yokosuka O. Involvement of androgen receptor

and glucose-regulated protein 78 kDa in human hepatocarcinogenesis. Exp Cell Res. 2014; 323: 326–

336. https://doi.org/10.1016/j.yexcr.2014.02.017 PMID: 24583399

16. Trierweiler C, Hockenjos B, Zatloukal K, Thimme R, Blum HE, Wagner EF, et al. The transcription factor

c-JUN/AP-1 promotes HBV-related liver tumorigenesis in mice. Cell Death Differ. 2016; 23: 576–582.

https://doi.org/10.1038/cdd.2015.121 PMID: 26470729

17. Ito Y, Sasaki Y, Horimoto M, Wada S, Tanaka Y, Kasahara A, et al. Activation of mitogen-activated pro-

tein kinases/extracellular signal-regulated kinases in human hepatocellular carcinoma. Hepatology.

1998; 27: 951–958. https://doi.org/10.1002/hep.510270409 PMID: 9537433

18. Huang XY, Ke AW, Shi GM, Zhang X, Zhang C, Shi YH, et al. αB-crystallin complexes with 14-3-3ζ to

induce epithelial-mesenchymal transition and resistance to sorafenib in hepatocellular carcinoma.

Hepatology. 2013; 57: 2235–2247. https://doi.org/10.1002/hep.26255 PMID: 23316005

19. Lee S, Lee M, Kim JB, Jo A, Cho EJ, Yu SJ, et al. 17β-estradiol exerts anticancer effects in anoikis-

resistant hepatocellular carcinoma cell lines by targeting IL-6/STAT3 signaling. Biochem Biophys Res

Commun. 2016; 473: 1247–1254. https://doi.org/10.1016/j.bbrc.2016.04.049 PMID: 27091428

20. Yin X, Zhang BH, Zheng SS, Gao DM, Qiu SJ, Wu WZ, et al. Coexpression of gene Oct4 and Nanog ini-

tiates stem cell characteristics in hepatocellular carcinoma and promotes epithelial-mesenchymal tran-

sition through activation of Stat3/Snail signaling. J Hematol Oncol. 2015; 8: 23. https://doi.org/10.1186/

s13045-015-0119-3 PMID: 25879771

21. Kuo KK, Lee KT, Chen KK, Yang YH, Lin YC, Tsai MH, et al. Positive Feedback Loop of OCT4 and c-

JUN Expedites Cancer Stemness in Liver Cancer. Stem Cells. 2016 Jun 24. [Epub ahead of print]

22. Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. Matrix crosslinking forces tumor pro-

gression by enhancing integrin signaling. Cell. 2009; 139: 891–906. https://doi.org/10.1016/j.cell.2009.

10.027 PMID: 19931152

23. Wang J, Tai G. Role of c-Jun N-terminal kinase in hepatocellular carcinoma development. Target

Oncol. 2016; 11: 723–738. https://doi.org/10.1007/s11523-016-0446-5 PMID: 27392951

24. Chen J, Jin R, Zhao J, Liu J, Ying H, Yan H, et al. Potential molecular, cellular and microenvironmental

mechanism of sorafenib resistance in hepatocellular carcinoma. Cancer Lett. 2015; 367: 1–11. https://

doi.org/10.1016/j.canlet.2015.06.019 PMID: 26170167

c-Jun and sorafenib resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0174153 March 21, 2017 13 / 14

https://doi.org/10.5493/wjem.v6.i1.21
http://www.ncbi.nlm.nih.gov/pubmed/26929917
https://doi.org/10.1002/hep.25956
http://www.ncbi.nlm.nih.gov/pubmed/22890726
https://doi.org/10.1038/onc.2015.329
https://doi.org/10.1038/onc.2015.329
http://www.ncbi.nlm.nih.gov/pubmed/26364606
http://www.ncbi.nlm.nih.gov/pubmed/8137421
https://doi.org/10.1111/jcmm.12908
http://www.ncbi.nlm.nih.gov/pubmed/27374471
https://doi.org/10.1038/cdd.2015.121
http://www.ncbi.nlm.nih.gov/pubmed/26470729
https://doi.org/10.1371/journal.pone.0146314
http://www.ncbi.nlm.nih.gov/pubmed/26731332
https://doi.org/10.1016/j.bbrc.2015.07.102
https://doi.org/10.1016/j.bbrc.2015.07.102
http://www.ncbi.nlm.nih.gov/pubmed/26212443
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1111/j.1872-034X.2012.01113.x
http://www.ncbi.nlm.nih.gov/pubmed/23145926
https://doi.org/10.1016/j.yexcr.2014.02.017
http://www.ncbi.nlm.nih.gov/pubmed/24583399
https://doi.org/10.1038/cdd.2015.121
http://www.ncbi.nlm.nih.gov/pubmed/26470729
https://doi.org/10.1002/hep.510270409
http://www.ncbi.nlm.nih.gov/pubmed/9537433
https://doi.org/10.1002/hep.26255
http://www.ncbi.nlm.nih.gov/pubmed/23316005
https://doi.org/10.1016/j.bbrc.2016.04.049
http://www.ncbi.nlm.nih.gov/pubmed/27091428
https://doi.org/10.1186/s13045-015-0119-3
https://doi.org/10.1186/s13045-015-0119-3
http://www.ncbi.nlm.nih.gov/pubmed/25879771
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1016/j.cell.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19931152
https://doi.org/10.1007/s11523-016-0446-5
http://www.ncbi.nlm.nih.gov/pubmed/27392951
https://doi.org/10.1016/j.canlet.2015.06.019
https://doi.org/10.1016/j.canlet.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26170167
https://doi.org/10.1371/journal.pone.0174153


25. Tod M, Mir O, Bancelin N, Coriat R, Thomas-Schoemann A, Taieb F, et al. Functional and clinical evi-

dence of the influence of sorafenib binding to albumin on sorafenib disposition in adult cancer patients.

Pharm Res. 2011; 28: 3199–3207. https://doi.org/10.1007/s11095-011-0499-1 PMID: 21691893

26. Lathia C, Lettieri J, Cihon F, Gallentine M, Radtke M, Sundaresan P. Lack of effect of ketoconazole-

mediated CYP3A inhibition on sorafenib clinical pharmacokinetics. Cancer Chemother Pharmacol.

2006; 57: 685–692. https://doi.org/10.1007/s00280-005-0068-6 PMID: 16133532

27. Lind JS, Dingemans AM, Groen HJ, Thunnissen FB, Bekers O, Heideman DA, et al. A multicenter

phase II study of erlotinib and sorafenib in chemotherapy-naive patients with advanced non-small cell

lung cancer. Clin Cancer Res. 2010; 16: 3078–3087. https://doi.org/10.1158/1078-0432.CCR-09-3033

PMID: 20395213

28. Cheng AL, Guan Z, Chen Z, Tsao CJ, Qin S, Kim JS, et al. Efficacy and safety of sorafenib in patients

with advanced hepatocellular carcinoma according to baseline status: subset analyses of the phase III

Sorafenib Asia-Pacific trial. Eur J Cancer. 2012; 48: 1452–1465. https://doi.org/10.1016/j.ejca.2011.12.

006 PMID: 22240282

29. Mao K, Zhang J, He C, Xu K, Liu J, Sun J, et al. Restoration of miR-193b sensitizes Hepatitis B virus-

associated hepatocellular carcinoma to sorafenib. Cancer Lett. 2014; 352: 245–252. https://doi.org/10.

1016/j.canlet.2014.07.004 PMID: 25034398

30. Kanda T, Yokosuka O, Imazeki F, Tanaka M, Shino Y, Shimada H, et al. Inhibition of subgenomic hepa-

titis C virus RNA in Huh-7 cells: ribavirin induces mutagenesis in HCV RNA. J Viral Hepat. 2004; 11:

479–487. https://doi.org/10.1111/j.1365-2893.2004.00531.x PMID: 15500548

31. Hagiwara S, Kudo M, Nagai T, Inoue T, Ueshima K, Nishida N, et al. Activation of JNK and high expres-

sion level of CD133 predict a poor response to sorafenib in hepatocellular carcinoma. Br J Cancer.

2012; 106: 1997–2003. https://doi.org/10.1038/bjc.2012.145 PMID: 22596232

32. Chen W, Xiao W, Zhang K, Yin X, Lai J, Liang L, et al. Activation of c-Jun predicts a poor response to

sorafenib in hepatocellular carcinoma: Preliminary Clinical Evidence. Sci Rep. 2016; 6: 22976. https://

doi.org/10.1038/srep22976 PMID: 26964667

33. Guo L, Guo Y, Xiao S, Shi X. Protein kinase p-JNK is correlated with the activation of AP-1 and its asso-

ciated Jun family proteins in hepatocellular carcinoma. Life Sci. 2005; 77: 1869–1878. https://doi.org/

10.1016/j.lfs.2005.03.019 PMID: 15927205

34. Koehler BC, Urbanik T, Vick B, Boger RJ, Heeger S, Galle PR, et al. TRAIL-induced apoptosis of hepa-

tocellular carcinoma cells is augmented by targeted therapies. World J Gastroenterol. 2009; 15: 5924–

5935. https://doi.org/10.3748/wjg.15.5924 PMID: 20014456

35. Qiu J, Hu X, Nesic O, Grafe MR, Rassin DK, Wood TG, et al. Effects of NF-kappaB oligonucleotide

"decoys" on gene expression in P7 rat hippocampus after hypoxia/ischemia. J Neurosci Res. 2004; 77:

108–118. https://doi.org/10.1002/jnr.20156 PMID: 15197744

36. Ding K, Fan L, Chen S, Wang Y, Yu H, Sun Y, et al. Overexpression of osteopontin promotes resistance

to cisplatin treatment in HCC. Oncol Rep. 2015; 34: 3297–3303. https://doi.org/10.3892/or.2015.4306

PMID: 26397192

37. Zurita AJ, Jonasch E, Wang X, Khajavi M, Yan S, Du DZ, et al. A cytokine and angiogenic factor (CAF)

analysis in plasma for selection of sorafenib therapy in patients with metastatic renal cell carcinoma.

Ann Oncol. 2012; 23: 46–52. https://doi.org/10.1093/annonc/mdr047 PMID: 21464158

38. Ou DL, Shen YC, Yu SL, Chen KF, Yeh PY, Fan HH, et al. Induction of DNA damage-inducible gene

GADD45beta contributes to sorafenib-induced apoptosis in hepatocellular carcinoma cells. Cancer

Res. 2010; 70: 9309–9318. https://doi.org/10.1158/0008-5472.CAN-10-1033 PMID: 21062976

39. Vin H, Ching G, Ojeda SS, Adelmann CH, Chitsazzadeh V, Dwyer DW, et al. Sorafenib suppresses

JNK-dependent apoptosis through inhibition of ZAK. Mol Cancer Ther. 2014; 13: 221–229. https://doi.

org/10.1158/1535-7163.MCT-13-0561 PMID: 24170769

40. Villaruz LC, Huang G, Romkes M, Kirkwood JM, Buch SC, Nukui T, et al. MicroRNA expression profiling

predicts clinical outcome of carboplatin/paclitaxel-based therapy in metastatic melanoma treated on the

ECOG-ACRIN trial E2603. Clin Epigenetics. 2015; 7: 58. https://doi.org/10.1186/s13148-015-0092-2

PMID: 26052356

c-Jun and sorafenib resistance

PLOS ONE | https://doi.org/10.1371/journal.pone.0174153 March 21, 2017 14 / 14

https://doi.org/10.1007/s11095-011-0499-1
http://www.ncbi.nlm.nih.gov/pubmed/21691893
https://doi.org/10.1007/s00280-005-0068-6
http://www.ncbi.nlm.nih.gov/pubmed/16133532
https://doi.org/10.1158/1078-0432.CCR-09-3033
http://www.ncbi.nlm.nih.gov/pubmed/20395213
https://doi.org/10.1016/j.ejca.2011.12.006
https://doi.org/10.1016/j.ejca.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22240282
https://doi.org/10.1016/j.canlet.2014.07.004
https://doi.org/10.1016/j.canlet.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25034398
https://doi.org/10.1111/j.1365-2893.2004.00531.x
http://www.ncbi.nlm.nih.gov/pubmed/15500548
https://doi.org/10.1038/bjc.2012.145
http://www.ncbi.nlm.nih.gov/pubmed/22596232
https://doi.org/10.1038/srep22976
https://doi.org/10.1038/srep22976
http://www.ncbi.nlm.nih.gov/pubmed/26964667
https://doi.org/10.1016/j.lfs.2005.03.019
https://doi.org/10.1016/j.lfs.2005.03.019
http://www.ncbi.nlm.nih.gov/pubmed/15927205
https://doi.org/10.3748/wjg.15.5924
http://www.ncbi.nlm.nih.gov/pubmed/20014456
https://doi.org/10.1002/jnr.20156
http://www.ncbi.nlm.nih.gov/pubmed/15197744
https://doi.org/10.3892/or.2015.4306
http://www.ncbi.nlm.nih.gov/pubmed/26397192
https://doi.org/10.1093/annonc/mdr047
http://www.ncbi.nlm.nih.gov/pubmed/21464158
https://doi.org/10.1158/0008-5472.CAN-10-1033
http://www.ncbi.nlm.nih.gov/pubmed/21062976
https://doi.org/10.1158/1535-7163.MCT-13-0561
https://doi.org/10.1158/1535-7163.MCT-13-0561
http://www.ncbi.nlm.nih.gov/pubmed/24170769
https://doi.org/10.1186/s13148-015-0092-2
http://www.ncbi.nlm.nih.gov/pubmed/26052356
https://doi.org/10.1371/journal.pone.0174153

