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Abstract
Purpose  Although sorafenib enhances overall survival, sorafenib resistance has been reported to be a significant limiting 
factor for improved prognosis in patients with hepatocellular carcinoma (HCC). Therefore, it is important to identify the 
mechanism of sorafenib resistance. This study aimed to identify the causative factor of sorafenib resistance and suggest 
methods for overcoming it.
Methods  The sensitivity to sorafenib was compared in human HCC cell lines and patient-derived HCC primary cells. Based 
on its cytotoxicity, signaling pathways altered by sorafenib and the causative factors were examined through assays. The 
mechanism by which sorafenib modified the sorafenib-resistance inducer through gene or protein expression or stability was 
also investigated. We also designed a treatment option to overcome sorafenib resistance.
Results  Sorafenib activated the Raf/MEK/ERK pathway and caused sorafenib resistance in HCC cell lines and patient-
derived HCC primary cells. Sorafenib reactivated the MAPK pathway by down-regulating RKIP at the post-translational 
level. Knockdown of RKIP increased phosphorylated ERK and thus suppressed sorafenib-mediated cell death. We also 
found that sorafenib-reactivated ERK maybe an attractive target for second-line therapy for patients with sorafenib resist-
ance. Sequential combination treatment with sorafenib and PD98059 significantly reduced the viability and proliferation of 
sorafenib-resistant cells, while their increasing apoptosis efficacy.
Conclusion  Reactivation of the Raf/MEK/ERK pathway through aberrant expression of RKIP is one of the mechanisms 
behind sorafenib resistance in HCC. Sequential combination treatment with sorafenib and PD98059 could provide a new 
strategy to overcome sorafenib resistance in future clinical studies.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
malignant tumors worldwide and the third leading cause of 
cancer mortality (Llovet et al. 2003). Sorafenib, a multiki-
nase inhibitor, was the first approved systemic therapeutic 
agent showing significant survival benefit compared with 
placebo and is still widely used. However, its efficacy is very 
limited and is only based on cytostatic rather than cytotoxic 
effects in the majority of patients (Llovet and Hernandez-
Gea 2014; Llovet et al. 2008). To improve the prognosis for 
patients with advanced HCC, new therapeutic agents hav-
ing improved efficacy compared to sorafenib or overcom-
ing sorafenib resistance are highly needed. Elucidation of 
the sorafenib resistance mechanism in HCC is a reasonable 
first step in the development of these new agents. Previous 
studies have suggested that crosstalk involving PI3K/Akt 
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and JAK/STAT pathways (Zhai and Sun 2013), hypoxia-
inducible pathways (Liang et al. 2013), induction of epithe-
lial mesenchymal transition (EMT) (Zhang et al. 2016) and 
alteration of glucose metabolism (Chiou et al. 2010) could 
be associated with sorafenib resistance, but these data are 
not sufficient to understand the sorafenib resistance observed 
in HCC. Since sorafenib resistance in HCC is a complicated 
multistep process involving multiple carcinogenesis path-
ways, additional data are required.

Raf kinase inhibitory protein (RKIP) is a highly con-
served small cytosolic protein, characterized as a phos-
pholipid binding protein (PEBP) (Bernier and Jolles 1984; 
Granovsky and Rosner 2008). RKIP is expressed in various 
tissues and has been identified as an inhibitor of the Raf/
MEK/ERK pathway (Keller et al. 2004; Trakul and Ros-
ner 2005) and a suppressor of metastasis (Lamiman et al. 
2014). RKIP has been reported to regulate the Raf/MEK/
ERK pathway through direct interaction with both Raf-1 and 
MEK. It consequently disrupts the interaction of Raf-1 and 
MEK and inhibits the downstream MAPK signaling cascade 
(Lamiman et al. 2014). Aberrant RKIP expression may be 
a critical process in the development and aggressiveness of 
HCC (Lee et al. 2006). In 90% of HCCs, the Raf/MEK/ERK 
pathway is activated and on the contrary, RKIP expression is 
markedly reduced. Furthermore, reduction of RKIP expres-
sion is significantly correlated with vascular invasion, poor 
differentiation, relapse, and poor overall survival in HCC 
patients (Xu et al. 2010).

In this study, we aimed to identify novel sorafenib resist-
ance mechanisms of HCC in vitro. We found that sorafenib 
regulates RKIP expression and this altered RKIP induces 
sorafenib resistance in HCC cell lines. This is the first report 
showing the involvement of RKIP in sorafenib resistance in 
HCC and suggests it is a potential target to overcome this 
resistance.

Materials and methods

HCC cell lines and patient‑derived primary cultured 
HCC cells

The human HCC cells, Huh7, HepG2, PLC/PRF/5, SNU449, 
SNU398, and SNU475, were obtained from the Korean Cell 
Line Bank. Cell lines were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; Welgene, South Korea). Culture 
media was supplemented with 10% fetal bovine serum (FBS; 
GIBCO, Gaithersburg, MD, USA) and cells were at 37 °C 
in humidified 5% CO2.

We performed primary cell culture from HCC specimens 
resected from 20 patients newly diagnosed at Asan Medi-
cal Center, South Korea. All patients’ tissues were obtained 
after receiving written informed consent. Approval for this 

study was obtained from the Institutional Review Board 
of Asan Medical Center (Permit Number: S2014-1412-
0008/2014-0897). After removal of blood, the liver sample 
was excised, cut into small fragments, gently dispersed, and 
placed in HBSS containing 0.03% pronase, 0.05% type IV 
collagenase, and 0.01% deoxyribonuclease (DNase, from 
bovine pancreas) for 20 min at 37 °C. Samples were then 
filtered through a 100 µm nylon filter (BD Falcon, Franklin 
Lakes, NJ, USA) and centrifuged at 50×g for 2 min at 4 °C 
to obtain hepatocytes. The final cell suspensions were cul-
tured onto collagen-coated T25 flasks (BD Falcon, USA) 
in F12/DMEM (Lonza, Walkersville, MD, USA), sup-
plemented with 20% FBS, 1% non-essential amino acids, 
1% glutamine, and 1% penicillin/streptomycin (GIBCO, 
USA) at 37 °C in a humidified 5% CO2 incubator. To assess 
hepatocyte markers, cells were fixed in 4% paraformalde-
hyde (Sigma-Aldrich, St. Louis, MO, USA) and then per-
meabilized. Primary antibodies against α-fetoprotein (AFP; 
Cell Signaling, Denver, MA, USA), albumin (Cell Signal-
ing, USA), and Hep Par-1 (Dako, Glostrup, Denmark) were 
used as hepatocyte markers in patient-derived HCCs. Cells 
were then incubated with fluorochrome-conjugated second-
ary antibodies. After staining with DAPI, fluorescence was 
measured using the high-content screening system, Operetta 
(Perkin-Elmer, Waltham, MA, USA).

Chemicals

Sorafenib and PD98059 were purchased from Selleckchem 
(Houston, TX, USA). Cycloheximide, MG132, and DMSO 
were from Sigma-Aldrich. DMEM and MEM media were 
obtained from Welgene. Fetal bovine serum (FBS), peni-
cillin, and streptomycin were from Life Technologies, Inc. 
(USA).

Cell viability

To examine the sensitivity of HCC cell lines and patient-
derived HCC primary cells to sorafenib, cytotoxicity was 
measured using the MTS assay (Promega, Fitchburg, WI, 
USA). Cells were plated in 96-well plates at 2 × 103/well for 
each cell line. Cells were exposed to different concentrations 
of sorafenib for 72 h. Twenty microliters of MTS solution 
was added to each well containing 100 µL of culture medium 
and the cells were then incubated for 2 h at 37 °C. Absorb-
ance at 490 nm was measured using a Sunrise™ microplate 
reader with Magellan™ software (Tecan, Seestrasse 103, 
Männedorf, Switzerland). Viability was expressed as a per-
centage of viability in untreated cells. The concentration 
of sorafenib resulting in 50% growth inhibition (IC50) was 
calculated using GraphPad Prism 5 software.
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Trypan blue exclusion assay

The trypan blue exclusion assay was performed as described 
(Strober 2001). The total death rate (%) = number of dead 
cells/number of living cells + number of dead cells) × 100.

siRNA transfection

RKIP siRNA and scrambled RNA were designed and syn-
thesized by Bioneer (Daejeon, South Korea). The human 
HCC cell line, HepG2, was transfected using Viafect (Pro-
mega, USA) according to the manufacturer’s instructions. 
Briefly, the cells were seeded at 5 × 105 cells into 60 mm3 
dishes. Transfection complexes were prepared with differ-
ent concentrations of siRNA and transfection agent. After 
20-min incubation, complexes were added directly to the 
cells. After 24 h of transfection, cells were treated with 5 
or 10 µM sorafenib. Cell death rate was examined by cell 
counting and alteration of signaling pathways was analyzed 
by western blot.

mRNA extraction and RT‑PCR

Total cellular RNA was extracted using TRIzol (Thermo 
Fisher Scientific, Waltham, MA, USA) according to the man-
ufacturer’s instructions. The isolated RNA was resuspended 
in RNAse-free water and RNA concentration was measured 
at 260 nm using a NanoDrop 2000 UV–VIS Spectrophotom-
eter (Thermo Scientific, USA). Reverse transcription (RT) 
was carried out in a 20 µL reaction mixture using a first 
strand cDNA synthesis kit (Invitrogen, Waltham, MA, USA) 
according to the manufacturer’s instructions. RT-PCR was 
performed using AccuPower PCR premix (Bioneer, South 
Korea) with addition of first-strand cDNA via thermocycling 
in a Perkin-Elmer9600 thermal cycler (Perkin-Elmer). The 
RKIP primer sequences were as follows: 5′-ATG​CCG​GTG​
GAC​CTC​AGC​-3′ (sense) and 5′-GAG​AGG​ACT​GTG​CCA​
CTG​-3′ (antisense).

Western blot analysis

Sorafenib-mediated alteration of signaling pathways was 
examined by western blot analysis. Cells were lysed in RIPA 
buffer (InTron, Jungwon-gu, South Korea) supplemented 
with protease inhibitor (Sigma-Aldrich, USA). The resultant 
lysate was centrifuged at 12,500 rpm for 20 min at 4 °C and 
supernatants were collected. The protein concentration was 
measured by BCA assay (Promega, USA). After SDS-PAGE 
and transfer, membranes were blocked with 5% non-fat milk 
for 1 h and incubated with primary antibodies overnight at 
4 °C, and then incubation with secondary antibodies (Cell 
Signaling, USA) for 1 h at room temperature. Target pro-
tein bands were detected using ECL reagents (GE, Fairfield, 

CT, USA). The following antibodies were used: anti-pAkt 
(1:2000 dilution; Cell Signaling), anti-pERK (1:2000 dilu-
tion, Cell Signaling), pSTAT3 (1:1000 dilution, Cell Sign-
aling), cleaved caspase 3 (1:1000 dilution, Cell Signaling), 
PARP (1:1000 dilution, Cell Signaling), RKIP (1:2000 dilu-
tion, Upstate, Lake Placid, NY, USA), and β-actin (1:10,000 
dilution, Sigma-Aldrich).

RKIP protein turnover studies

RKIP protein stability was determined in SNU449 cells in 
the presence or absence of the protein synthesis inhibitor, 
cycloheximide (CHX, Sigma–Aldrich, USA). Approxi-
mately 1 × 105 cells were plated into 60mm3 plates and 
24 h later, 10 µM sorafenib and/or CHX was added. After 
treatment with CHX, cells were harvested by centrifuga-
tion at 2000 rpm for 5 min at indicated time intervals. Cells 
were lysed in RIPA buffer and the supernatant collected as 
described above. To assess RKIP turnover, western blot 
analysis was performed using anti-RKIP antibody.

Immunoprecipitation (IP)

To examine proteasomal degradation of RKIP, immunopre-
cipitation (IP) studies were performed. Twenty-four hours 
after seeding, cells were treated with 10 µM MG132 for 2 h 
and then treated with sorafenib for 48 h. Cells were har-
vested, washed with PBS, and lysed in RIPA buffer. The 
supernatant was obtained by centrifugation at 13,000 rpm 
for 20 min. After determination of protein concentration, 
10 µg of antibody against ubiquitin (Santa Cruz Biotechnol-
ogy, Minneapolis, MN, USA) was added to 500 µg of super-
natant and the mixture was gently rotated at 4 °C overnight. 
Protein A/G-agarose (Santa Cruz Biotechnology, USA) was 
then added and incubations were continued for an additional 
4 h. The protein A/G-agarose was collected by centrifuga-
tion and beads were washed three times with PBS. Protein 
A/G-agarose beads were then suspended in 5× SDS sample 
buffer and heated for 5 min. Immunoprecipitated proteins 
were analyzed by SDS-PAGE using anti-RKIP antibody.

Results

Sorafenib‑mediated ERK reactivation caused 
sorafenib resistance to HCC cell lines

To validate the effect of sorafenib, we first examined its cyto-
toxic effect on multiple human HCC cell lines as a single 
agent. The inhibitory effect of sorafenib on cell prolifera-
tion was measured by MTS assay. Different sensitivities to 
sorafenib were observed in the HCC cells we examined. 
With the exception of two cell lines, HepG2 and Huh7, all 
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cells exhibited higher IC50 values for sorafenib than would 
be clinically applicable. HepG2 and Huh7 cells were rela-
tively sensitive to sorafenib (Fig. 1a), exhibiting IC50 values 
of 2.4 and 4.8 µM, respectively. We determined the sorafenib 
sensitivity cut-off value based on IC50 values. Sorafenib 
inhibits various receptor tyrosine kinases (RTKs) and as a 
result, inhibits the MAPK pathway, where activated RTK 
signaling mostly converges. Based on this, the sensitivity of 
HCC cell lines to sorafenib can be examined through inhibi-
tion of the MAPK pathway, especially ERK.

According to Fig. 1b, most HCC cell lines we examined 
showed pERK inhibition by sorafenib. SNU449 cells, which 
has a higher sorafenib IC50 (12.8 µM), exhibited ineffective 
inhibition of pERK. Based on these results, we used HepG2 
and SNU449 as representative HCC cell lines for sorafenib 
sensitivity and resistance, respectively.

The sorafenib-mediated cell death rate in HepG2 and 
SNU449 cells was confirmed by trypan blue exclusion 
assay. Cell death increased in a dose- and time-dependent 
manner in sorafenib-sensitive HepG2 cells, but not in 

sorafenib-resistant SNU449 cells (Fig. 1c). We confirmed 
the same results via and MTS assay (Supplementary 
Fig. 1). Sorafenib caused apoptosis by induction of cleav-
age of caspase 3 and PARP1 in HepG2 cells, but not in 
SNU449 cells (Fig. 1d). To examine the altered signaling 
pathways responsible for differences in sorafenib sensitiv-
ity in HCC cell lines, we performed western blot analy-
sis after sorafenib treatment (Fig. 1c). Phospho-STAT3, 
a known target for sorafenib, decreased in a dose- and 
time-dependent manner in both cell lines. The PI3K/Akt 
signaling pathway, which is activated by various RTKs, 
was suppressed by sorafenib in both cell lines, but to a 
different extent in each cell line. In contrast to the effect 
on the PI3K/Akt pathway, sorafenib influences the MAPK 
pathway in a different manner in HepG2 and SNU449 
cells. Sorafenib decreased pERK levels in HepG2 cells 
in a dose- and time-dependent manner, but this inhibitory 
effect was not observed in SNU449 cells. Rather, pERK 
levels increased with increasing sorafenib concentra-
tion in SNU449 cells. Our data suggest that activation of 

Fig. 1   pERK reactivation 
is responsible for sorafenib 
resistance in HCC cell lines. 
a Sorafenib cytotoxicity was 
measured by MTS assay using 
various human HCC cell lines. 
b The change in pERK expres-
sion with sorafenib treatment 
was measured by western blot 
analysis using human HCC cell 
lines. c Sorafenib-mediated cell 
death rate and altered signal-
ing pathways were examined in 
HepG2 and SNU449 cells after 
treatment with sorafenib (5 or 
10 µM) for the indicated time. 
Cell death rate was measured by 
trypan blue exclusion assay and 
alteration of signaling pathway 
was examined by western blot 
analysis. *p < 0.05, **p < 0.01 d 
sorafenib-induced apoptosis in 
HepG2 cells, but not in SNU449 
cells. Sorafenib-induced apop-
tosis was measured by western 
blot analysis using cleaved 
caspase 3 and PARP1
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Fig. 1   (continued)
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pERK by sorafenib maybe one of the causative factors in 
sorafenib resistance.

Sorafenib‑mediated ERK reactivation is associated 
with down‑regulation of RKIP expression

Sorafenib targets various RTKs including VEGFR, PDGFR, 
and IGFR, and also inhibits Raf kinase. As shown in Fig. 1c, 
sorafenib inhibited the PI3K/Akt pathway irrespective of 
sorafenib sensitivity, but the inhibitory effect of sorafenib 
distinctively influenced MAPK pathways in the two cell 
lines. This suggests that inefficient inhibition of the MAPK 
pathway in sorafenib-resistant HCC cell line may be the rea-
son for the resistance. Thus, we hypothesized that sorafenib-
mediated inhibition or reactivation of ERK may be due to 
aberrant regulation of Raf kinase. To examine how sorafenib 
influences the regulation of the Raf kinase-mediated MAPK 
signaling pathway, we examined molecules involved in the 
regulation of Raf kinase activity. As observed in Fig. 2a, 
sorafenib did not affect the expression level of sprouty in 
either cell line (Brady et al. 2009). This suggests that the 
negative feedback between Raf kinase and ERK is independ-
ent of the ERK reactivation observed in sorafenib-treated 
SNU449 cells. We also examined the expression levels 
of Src, which directly phosphorylates Raf-1. However, 
the expression level of Src did not change with sorafenib 

treatment in either cell line. In contrast to Raf kinase and 
Src, sorafenib modified the expression of RKIP in both HCC 
cell lines differently. Surprisingly, RKIP expression did not 
change or slightly increased in HepG2 cells, despite a high 
concentration of sorafenib. In contrast, sorafenib decreased 
RKIP expression in SNU449 cells. Since RKIP is an impor-
tant inhibitor of Raf-1 activity via direct interaction, down-
regulated RKIP may be one of the factors responsible for 
ERK activation. Interestingly, p-src416 was downregulated 
after sorafenib treatment in HepG2 and up-regulated in 
SNU449.

We also examined endogenous RKIP expression level 
to determine whether it can influence sorafenib sensitivity 
(Fig. 2b). There was no significant difference in the level of 
endogenously expressed RKIP mRNA between HCC cell 
lines, and endogenous expression levels of RKIP of HepG2, 
Huh7, and PLC/PRF/5 cells are higher than the other cell 
lines. Cells with higher endogenous RKIP level tend to dis-
play increased sensitivity to sorafenib.

To determine whether RKIP plays a substantial role 
in sorafenib resistance through ERK reactivation, we 
constructed an RKIP siRNA and transfected it into the 
sorafenib-sensitive HepG2 cell line (Fig. 2c). RKIP knock-
down by RKIP siRNA was confirmed by western blot analy-
sis. RKIP-down-regulated HepG2 cells were less sensitive 
to sorafenib than HepG2 cells transfected with a scrambled 

Fig. 1   (continued)
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siRNA. Forty-eight hours after sorafenib treatment, RKIP 
down-regulation in HepG2 cells greatly decreased sorafenib-
mediated cell death. Similar to results in Fig. 2a, no change 
in RKIP expression or phosphorylation of ERK were 
observed with increasing sorafenib doses in scrambled 
siRNA-transfected HepG2 cells. On the other hand, knock-
down of RKIP in HepG2 cells increased phosphorylation 
of ERK with sorafenib treatment, as seen in SNU449 cells. 
This suggests that alteration of RKIP expression is a key fac-
tor in inducing ERK reactivation and the resultant sorafenib 
resistance.

To determine whether the sorafenib-mediated alteration 
of RKIP expression could explain sorafenib resistance in 
HCC patients, we examined patient-derived primary cul-
tured HCC cells. Cell death rate, ERK reactivation, and 
altered expression of RKIP were measured after sorafenib 
treatment. We obtained primary cultured HCC cells from 
patients and treated them with sorafenib. Figure 2d shows 
a representative data. Similar to results in HepG2 and 
SNU449 cells, cells (i–vii) in which sorafenib had little or 
effect concurrently showed increased ERK phosphorylation 
and decreased RKIP expression. In contrast, cells (viii) that 
were more sensitive to sorafenib showed inhibition of pERK 
and up-regulated or unchanged RKIP expression. Consistent 

with data from established HCC cell lines, patient-derived 
primary cultured HCC cells that are less sensitive to 
sorafenib have reactivation of pERK, which may be medi-
ated by RKIP down-regulation. According to our data, we 
propose that RKIP is related to sorafenib resistance through 
an increase in ERK activity.

Sorafenib regulates RKIP expression by modification 
of protein stability

We found that sorafenib-mediated ERK activation via 
decreased RKIP expression is responsible for sorafenib 
resistance in both established HCC cell lines and patient-
derived primary HCC cells. Next, we studied the mecha-
nisms sorafenib regulates the expression of RKIP, thus 
causing sorafenib resistance in HCC. To determine whether 
sorafenib down-regulates RKIP expression at the transcrip-
tional level, the corresponding mRNA levels were measured 
by RT-PCR after sorafenib treatment (5 and 10 µM for 24 h) 
of SNU449 cells. RKIP mRNA levels did not change with 
sorafenib treatment (Fig. 3a).

Therefore, we next explored if sorafenib regulates RKIP 
expression at the translational level. To do this, we treated 
cells with cycloheximide (CHX), an inhibitor of de novo 

Fig. 2   The modulation of RKIP 
expression determined sorafenib 
sensitivity in HCC. a HepG2 
and SNU449 cells were treated 
with sorafenib and expres-
sion of sprout, src, and RKIP 
were examined by western 
blot analysis. b Endogenously 
expressed RKIP mRNA and 
RKIP in human HCC cell 
lines was measured by western 
blot analysis. Lane 1; HepG2, 
lane 2; Huh7, lane 3; PLC/
PRF/5, lane 4; SNU398, lane 5; 
SNU449 and lane 6; SNU475. 
c RKIP siRNA was transfected 
into HepG2 cells and then 
sorafenib-mediated cell death 
rate was measured by trypan 
blue exclusion assay. RKIP 
down-regulation and phospho-
rylation of ERK were measured 
by western blot analysis. Sc rep-
resents scrambled siRNA and 
si is RKIP siRNA. *p < 0.05, 
**p < 0.01 d patient-derived 
HCC primary cells were treated 
with sorafenib. Cell death rate 
was measured by trypan blue 
exclusion assay. pERK and 
RKIP expression were exam-
ined by western blot analysis
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protein synthesis, and then with sorafenib for different 
times. RKIP protein levels were analyzed by western blot. 
As seen in Fig. 3b, CHX itself did not affect RKIP protein 
level at the indicated time intervals. However, addition of 
10 µM sorafenib significantly abolished RKIP induction. 
This result indicates that sorafenib affects RKIP protein 
stability rather than its translation.

To investigate whether sorafenib decreased RKIP 
expression by reducing stability, we examined proteasomal 
degradation of RKIP. To do this, we blocked proteasome-
mediated protein degradation by treating cells with the 
proteasome inhibitor, MG132, and then followed with 
sorafenib treatment. RKIP was slightly increased with 
MG132 treatment, which suggests that RKIP is continu-
ously turned over quickly, even without sorafenib. We 
also found that treatment with both MG132 and sorafenib 
increased RKIP expression with time and the increased 
RKIP level was higher than with MG132 treatment 
only (Fig. 3c). After 6 h of treatment with MG132 and 
sorafenib, RKIP protein level increased until 48 h. This 
suggests that the decline in RKIP protein levels could be 

attributable to accelerated proteasomal degradation of 
RKIP protein after sorafenib treatment.

We tested if sorafenib promotes the proteasomal degra-
dation of RKIP using IP. According to IP results (Fig. 3d), 
endogenous turnover of RKIP occurred in the MG132-
treated group and poly-ubiquitinated RKIP was significantly 
increased in cells treated with MG132 and sorafenib. This 
suggests that sorafenib increased poly-ubiquitinated RKIP 
and subsequently, reduced its expression, via proteasomal 
degradation. Taken together, these results indicate that 
sorafenib accelerates proteasomal degradation of RKIP and 
consequently a decline in RKIP protein level and associated 
increase in ERK activity.

Pharmacological inhibition of reactivated ERK 
pathway overcomes sorafenib resistance in HCC

Our results showed that sorafenib reactivates ERK, result-
ing in resistance to sorafenib in HCC. Based on these 
results, we tested if the inhibition of reactivated ERK can 
overcome sorafenib resistance and consequently, enhance 

Fig. 2   (continued)
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the therapeutic efficiency of sorafenib. To do this, we used 
the MEK/ERK inhibitor, PD98059, as a combination drug. 
Sorafenib and PD98059 were first used to concurrently treat 
HepG2 and SNU449 cells. In the sorafenib-sensitive HepG2 
cells, the effect of sorafenib and PD98059 in combination 
was not different from that of sorafenib alone. After 48 h of 
treatment with sorafenib alone or combined with PD98059, 
cell death rate was 27 and 31%, respectively (Fig. 4a). In 
addition, inhibition of pERK was not different between 
HepG2 cells treated with sorafenib alone and cells undergo-
ing the combined treatment. Sorafenib alone exerts a signifi-
cant cytotoxic effect on HepG2 cells and thus, co-treatment 
with PD98059 did not increase the cytotoxicity of sorafenib.

On the other hand, the combination effect of both drugs 
in sorafenib-resistant SNU449 cells differed from that of 
HepG2 cells (Fig. 4b). Treatment with PD98059 alone 

was not more effective than sorafenib alone. This can be 
explained by the fact that endogenous ERK activity in 
SNU449 cells is not high enough for the inhibitory effect 
of PD98059 to be evident. In contrast, treatment with 
sorafenib and PD98059 increased cell death of SNU449 
cells to a greater extent than sorafenib or PD98059 alone. 
ERK reactivation induced by sorafenib was decreased by 
combined treatment with sorafenib and PD98059 for 48 h. 
However, after 48 h of treatment, the inhibitory effect of 
the combined treatment was not maintained. Cell death 
rate decreased and down-regulated pERK was recovered 
to a similar level as cells treated with sorafenib alone (data 
not shown). This suggests that simultaneous treatment 
with sorafenib and PD98059 is not effective enough to 
overcome sorafenib resistance.

Fig. 2   (continued)
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Based on these results, we hypothesized that the timing 
of ERK activity inhibition during sorafenib treatment could 
play a pivotal role in the growth inhibition of sorafenib-
resistant HCC cell lines. Thus, we examined the effect of 
sequential treatment of sorafenib and PD98059 in SNU449 
cells. When cells were treated first with PD98059 and 
then with sorafenib, we found no differences compared to 
cells treated with sorafenib alone (Fig. 4c). Since the Raf/
MEK/ERK pathway is already inhibited by PD98059, this 
may preclude further inhibition of the MAPK pathway by 
sorafenib.

In contrast, sorafenib treatment first, followed by 
PD98059 after 24 h, overcame sorafenib resistance sig-
nificantly in SNU449 cells and the inhibitory effect was 
maintained for 96 h of treatment. Strikingly, cell death rate 
induced by sequential treatment of sorafenib then PD98059 
reached almost 40% after 96 h of treatment (Fig. 4d). Moreo-
ver, we have confirmed the same result in SNU475 cells via 
a sequential combination of sorafenib and PD98509 (Sup-
plementary Fig. 2). pAkt and pERK were inhibited on com-
bination treatment with PD98059 and sorafenib in SNU449 
cells, not with PD98059 alone. As observed in our previ-
ous results, sorafenib-mediated ERK activation via RKIP 
degradation could be an important mechanism of sorafenib 
resistance. Therefore, adding sequential treatment of a MEK/
ERK inhibitor after sorafenib treatment maybe an effective 
therapeutic strategy to overcome sorafenib resistance in 
HCC patients.

Discussion

HCC is one of the most common primary tumors with a high 
incidence and dismal outcome (Bruix et al. 2011). Further-
more, HCC is frequently diagnosed at advanced stages and 
there are few curative therapeutic options for these patients. 
Many studies have aimed to develop effective HCC thera-
pies based on alteration of signaling pathways or molecules 
known to have an important role in hepatocarcinogen-
esis. Sorafenib, a multikinase inhibitor, was the first FDA 
approved targeted therapy for advanced HCC (Llovet et al. 
2008) and enhanced overall survival in randomized phase 
III clinical trials (Cheng et al. 2009; Llovet et al. 2008). 
Despite significant therapeutic improvement, the response 
rate of patients is low and a significant proportion of HCC 
patients show sorafenib resistance. Several mechanisms have 
been reported to be involved in sorafenib resistance, but the 
exact mechanism remains unclear (Zhai and Sun 2013). 
Therefore, there is a great need to identify the mechanisms 
of sorafenib resistance and develop ways to overcome this 
resistance. Previous studies demonstrated that endogenous 
pERK expression in HCC can be used as a predictor of the 
therapeutic response to sorafenib, with a higher activity of 

Fig. 3   Sorafenib decreases protein stability of RKIP and down-reg-
ulates its expression by enhancing proteasomal degradation. a RKIP 
mRNA expression level was measured by RT-PCR after treatment 
with sorafenib for indicated times. b RKIP protein expression was 
examined after treatment with cycloheximide (CHX) at 10 µg/mL for 
1 h and then treated with sorafenib for indicated times. RKIP expres-
sion level was measured by western blot analysis. c Proteasomal deg-
radation of RKIP was detected after treatment with10 µM MG132 
for 2 h prior to treatment with sorafenib. d Poly-ubiquitinated RKIP 
was examined by immunoprecipitation using anti-Ubiquitin and anti-
RKIP antibodies
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the Raf/MEK/ERK pathway being associated with greater 
sorafenib efficiency, despite contradictory results (Negri 
et al. 2015; Zhang et al. 2009). It has also been shown that a 
sorafenib-resistant cell line exposed to sorafenib for a long 
period has a simultaneous increase in PI3K/Akt and ERK 
pathway activity (Ezzoukhry et al. 2012). There is no report 
stating that ERK-activation by early sorafenib treatment can 
be the reason of sorafenib resistance in HCC. Our study is 
the first to demonstrate the involvement of ERK reactiva-
tion in the mechanism of sorafenib resistance in HCC. In 
that process, decreased expression of RKIP acts as a key 

factor inducing ERK reactivation. Furthermore, we suggest 
that reactivated ERK maybe a potential target for sequential 
treatment after sorafenib treatment as second-line therapy in 
sorafenib-resistant HCC patients.

In this study, the inhibitory effect of sorafenib was 
examined in multiple human HCC cell lines. We observed 
that various HCC cell lines have different sensitivities to 
sorafenib. As shown in Fig. 1, down-regulation of pERK was 
observed in HCC cells showing sensitivity to sorafenib, but 
not in sorafenib-resistant HCC cells. However, the inhibitory 
effect of sorafenib on other targets, such as the PI3K/Akt 

Fig. 3   (continued)
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Fig. 4   Sequential combina-
tion treatment with sorafenib 
and PD98059 can over-
come sorafenib resistance. 
a Co-treatment of HepG2 
cells *p < 0.05, **p < 0.01 b 
SNU449 cells with sorafenib 
and PD98059. Cell death rate 
was determined by trypan blue 
exclusion assay. CON, control; 
S5,5 µM sorafenib; S10, 
10 µM sorafenib; P10, 10 µM 
PD98059; S5 + P,co-treatment 
with 5 µM sorafenib and 
PD98059; and S10 + P,co-treat-
ment with10 µM sorafenib and 
PD98059. *p < 0.05, **p < 0.01 
c sequential treatment with 
PD98059 prior to sorafenib. 
After 24 h of treatment with 
PD98059, cells were treated 
with sorafenib for an additional 
72 h. d Sequential treat-
ment with sorafenib followed 
by PD98059. After 24 h of 
sorafenib treatment, cells were 
treated with PD98059 for an 
additional 72 h. Cell death rate 
after co-treatment and sequen-
tial treatment was measured by 
the Operetta system. *p < 0.05, 
**p < 0.01
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pathway and STAT3, was not different among HCC cell lines 
having different sorafenib sensitivities. These data show that 
the inhibitory effect of sorafenib on ERK activity is impor-
tant for the efficacy of sorafenib.

There are several factors that influence ERK activity 
through the Raf/MEK/ERK signaling cascade. Among them, 
we examined factors that regulate Raf-1 activity, such as 
sprouty and Src (Vandamme et al. 2014; Vera et al. 2010; 
Wiesenauer et al. 2004) and found that RKIP expression was 
affected by sorafenib, but others were not. The decrease in 
RKIP expression was associated with an increase in ERK 
phosphorylation. The involvement of RKIP in sorafenib-
mediated ERK reactivation was confirmed by modulation of 
RKIP expression using RKIP siRNA. In addition to human 
HCC cell lines, we used patient-derived HCC primary cul-
tured cells to examine the function of RKIP in sorafenib 
resistance, since it could reflect HCC patients’ genetic and 
physiological complexity. Similar to results in HCC cell 
lines, sorafenib increased ERK activity in HCC cells derived 
from sorafenib-resistant patients. These results suggest that 
RKIP may be a key factor in modulating sorafenib sensitiv-
ity in HCC. The aberration of RKIP expression changed 
the level of phosphorylated ERK and, consequently altered 
sorafenib sensitivity in HCC cell lines.

There have been no previous reports of RKIP expression 
being involved in sorafenib resistance or of how sorafenib 

might regulate RKIP expression. As far as we know, this 
is the first report which shows the mechanism by which 
sorafenib regulates RKIP expression. Sorafenib did not regu-
late RKIP at the transcriptional level, but decreased RKIP 
stability in a sorafenib-resistant HCC cell line (Fig. 3). Our 
findings suggest that sorafenib-mediated alteration of RKIP 
expression is a factor responsible for resistance to sorafenib.

To confirm that sorafenib-reactivated ERK is the causa-
tive factor for sorafenib resistance, we treated cells with 
a combination of the MEK/ERK inhibitor, PD98059, and 
sorafenib. In contrast to sorafenib-sensitive HepG2 cells, 
the sorafenib-mediated increase of pERK was inhibited 
and cell death rate was somewhat increased in SNU449 
cells after co-treatment with PD98059. Based on our data, 
we hypothesized that ERK reactivated by sorafenib could 
be a target as a combination therapy in HCC patients with 
sorafenib resistance. However, the inhibitory effect of the 
sorafenib and PD98059 co-treatment was short-lived and a 
relapsed into resistant status occurred after 48 h of simul-
taneous co-treatment. To optimize the inhibitory effect of 
PD98059, the drug treatment scheme was changed from 
simultaneous co-treatment to sequential treatment. As 
shown in Fig. 4, the time sequence of each drug treatment 
was important to enhance the anti-proliferative effect. 
Treatment with PD98059 first or simultaneous co-treat-
ment with sorafenib had no additional inhibitory effect 

Fig. 4   (continued)
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compared with sorafenib alone. This may be due to the 
fact that sorafenib is a Raf inhibitor as well as multiki-
nase inhibitor and thus, sorafenib exerts its cytotoxic effect 
more effectively when the Raf/MEK/ERM signaling path-
way is activated. Therefore, pre-treatment with PD98059 
or simultaneous co-treatment with sorafenib down-regu-
lates the activity of the Raf/MEK/ERK pathway, which 
acts as the target for sorafenib cytotoxicity. The anti-pro-
liferative effect of sorafenib and PD98059 co-treatment 
was greatest when we treated cells with PD98059 24 h 
after sorafenib treatment. Simultaneous co-treatment of 
sorafenib and PD98059 had an anti-proliferative effect for 
a shorter time. In comparison, a 24-h pre-treatment with 
sorafenib increased the length of time of the inhibitory 
effect of sequential treatment with PD98059. This sug-
gests that sorafenib-mediated ERK reactivation may be 
an attractive target for overcoming sorafenib resistance 
in HCC patients and sequential treatment with a MEK/
ERK inhibitor after sorafenib may be a better strategy than 
simultaneous co-treatment in future clinical trials.

In conclusion, our study revealed that sorafenib resist-
ance in HCC can be mediated by ERK reactivation and 
the responsible factor for ERK reactivation is RKIP. Other 
groups have reported that long-term exposure to sorafenib 
can cause sorafenib resistance via PI3K/Akt and MAPK 
activation and have suggested endogenous pERK activity 
as a predictor of therapeutic response to sorafenib in HCC. 
However, there is no report that sorafenib-mediated RKIP 
down-regulation is the reason for the ERK reactivation that 
causes sorafenib resistance in HCC. Furthermore, we sug-
gest a MEK/ERK inhibitor as a potential therapy to over-
come sorafenib resistance using a sequential combination 
protocol of sorafenib and the MEK/ERK inhibitor. Although 
simultaneous combination treatment was less effective than 
we expected, sequential treatment of sorafenib and PD98059 
was considerably effective in a sorafenib-resistant HCC cell 
line. Our innovative approach employing sequential treat-
ment of sorafenib and a MEK/ERK inhibitor may provide a 
strategy for effective therapy in HCC patients with sorafenib 
resistance. Further studies including in vivo analysis and 
assessment of the association between RKIP and p-src are 
warranted for sequential treatment strategy in HCC patients 
displaying sorafenib resistance.
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