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Abstract. Long‑term sorafenib treatment triggers resistance 
to chemotherapy in patients with hepatocellular carcinoma 
(HCC). In order to investigate the mechanisms of sorafenib 
resistance in HCC, the aim of the present study was to develop 
a resistant human liver cell line via long‑term exposure to 
sorafenib. The cytotoxicity cell counting kit‑8 assay was used 
to evaluate drug sensitivity. Reverse transcription‑quantitative 
polymerase chain reaction and western blotting were used to 
examine the molecular mechanisms underpinning sorafenib 
resistance. Migratory and invasive properties in resistant cells 
were assessed using Transwell assays. The results from the 
present study revealed that resistant cells became insensitive to 
sorafenib treatment and exhibited increased migratory and inva-
sive capacities. Activation of the phosphatidylinositol‑3‑kinase 
(PI3K)/Akt signaling pathway and epithelial‑mesenchymal 
transition was characteristic of resistant cells. The use of 
LY294002, a PI3K inhibitor, was able to suppress the activa-
tion of Akt and extracellular signal‑regulated kinase 1/2, 
attenuated the migratory and invasive capacities of resistant 
cells. Data from the present study indicates that inhibition of 
the PI3K signaling pathway with LY294002 exerts suppressive 
effects on sorafenib resistance and provides an attractive novel 
therapeutic regime in patients with advanced HCC.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common 
malignancy and the third leading cause of cancer‑associated 
mortality worldwide  (1,2). In particular, China has a high 
prevalence of HCC attributable to significant hepatitis B 
virus infection rates (3). The majority of patients with HCC 
present with intrahepatic or distant metastasis at the time of 
diagnosis, thereby this reduces the possibility of successful 
surgical resection or transplantation. Therefore, the develop-
ment of novel therapeutics for the treatment of advanced HCC 
is crucial.

Sorafenib, the first‑line systemic drug approved by the US 
Food and Drug Administration for advanced hepatocellular 
carcinoma, is a multi‑kinase inhibitor that exerts inhibitory 
effects on tumor cell proliferation and angiogenesis through the 
inactivation of serine‑threonine kinase Raf‑1, which partici-
pates in the Ras/Raf/MEK/mitogen‑activated protein kinase 
(MAPK) signaling cascade. Additionally, other receptor tyro-
sine kinases are also the target of sorafenib including vascular 
endothelial growth factor receptor, platelet‑derived growth 
factor receptor, and fibroblast growth factor receptor (4,5). 
Previously, a series of clinical randomized controlled trials 
have shown that sorafenib provides a survival benefit compared 
with placebo therapy (6,7).

However, acquired drug resistance in patients with HCC is 
prevalent in patients who are exposed to sorafenib and other 
chemotherapeutic agents over a long period of time. Thus, 
further studies examining the molecular mechanisms by which 
sorafenib resistance occurs in patients with HCC are needed in 
order to develop novel therapeutic strategies. Previous studies 
have attempted to address the mechanisms involved in the 
development of sorafenib resistance. Indeed, Chen et al (8) 
demonstrated that the activation of phosphoinositide 3‑kinase 
(PI3K)/Akt signaling is associated with acquired resistance 
to sorafenib in HCC. Furthermore, previous studies have also 
revealed that epithelial‑mesenchymal transition (EMT) is able 
to render cancer cells not only with drug resistance, but also 
with invasive and metastatic properties (9). Additionally, it has 
been suggested that the activation of the PI3K/Akt signaling 
pathway may promote EMT (8,10). However, whether activa-
tion of the PI3K/Akt cascade results in enhanced invasion of 
sorafenib resistant cells associated with EMT remains unclear.

In the present study, the changes in Huh7 cells with regard 
to morphology, migration and invasion properties following 
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sorafenib treatment were examined. Furthermore, alterations 
in the PI3K/Akt signaling pathway and activation of EMT 
following long‑term exposure to sorafenib were analyzed. 
Finally, the effect of a PI3K inhibitor, LY294002, on the 
viability, migration and invasion of resistant Huh7 cancer cells 
was investigated.

Materials and methods

Reagents and antibodies. Sorafenib was purchased from Bayer 
AG (Leverkusen, Germany). The PI3K inhibitor LY294002 
and all antibodies for immunoblotting were obtained from 
Cell Signaling Technology, Inc. (Danvers, MA, USA), unless 
specified below.

Cell culture. Huh7, a human HCC cell line, was obtained from 
the Cell Bank Type Culture Collection of Chinese Academy 
of Sciences (Shanghai, China). The cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM; Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.) in a humidified 5% CO2 incubator at 37˚C.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted using Trizol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and the 
concentration of RNA was quantified by SmartSpec Plus 
spectrophotometer (Bio‑rad Laboratories, Inc., Hercules, CA, 
USA). The first‑strand complementary DNA was synthesized 
using the Prime Script RT reagent kit with gDNA Eraser 
(Takara Biotechnology Co., Ltd., Dalian, China). qPCR reac-
tions were performed using SYBR Premix Ex Taq (Takara 
Biotechnology Co., Ltd). Briefly, the amplification protocol 
was carried out using an initial denaturation at 95˚C for 
30 sec, followed by 40 cycles for 5 sec at 95˚C, 30 sec at 60˚C. 
Following the completion of the PCR amplification reaction, 
the relative expression levels of the gene of interest were 
analyzed by the 2‑ΔΔCq method (11), and the amplification and 
melting curves were analyzed. All primer sequences (Sangon 
Biotech, Shanghai, China) used are listed in Table I.

Cell viability assay. The effect of individual treatment 
agents on cell viability was assessed with the Cell Counting 
Kit‑8 (CCK‑8) assay (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan) in three replicates. The cells (5,000/well) 
were seeded in 96‑well plates and incubated for 24 h at 37˚C. 
The cells were then incubated with 100 µl of fresh medium 
containing indicated concentrations (0, 1, 2, 4, 6, 8, 10 and 
12 µM) of sorafenib for 48 h at 37˚C. Finally, 10 µl CCK‑8 
was added to each well for 1 h at 37˚C, and the optical density 
was measured at 450 nm using a microplate reader (Bio‑Rad 
Laboratories, Inc.). The experiments were repeated three 
times.

Western blotting. Total protein was extracted using ice‑cold 
cell lysis buffer (Beyotime Institute of Biotechnology, Haimen, 
China) for 30 min. The mixture was centrifuged at 10,000 g for 
15 min at 4˚C. The upper layer of separation was collected and 
stored at ‑20˚C until further use. A total of 30 µg total protein 
were separated by 10% SDS‑PAGE, followed by wet transfer 

to polyvinylidene difluoride membranes. The membranes 
were blocked with 5% skimmed milk powder dissolved in 
phosphate buffered saline containing 0.1% Tween‑20 (PBS‑T) 
at room temperature for 1 h. The membranes were incubated 
overnight at 4˚C with the following primary antibodies: PI3K 
(cat. no.  ab‑125633; 1:1,000 dilution; Abcam, Cambridge, 
UK), phosphorylated (p)‑Akt (cat. no.  ab‑38449; 1:1,000 
dilution; Abcam), Akt (cat. no. ab‑126580; 1:1,000 dilution; 
Abcam), p‑extracellular signal‑regulated kinase (ERK)1/2 
(cat. no. 4370; 1:1,000 dilution; Cell Signaling Technology, 
Inc.), ERK1/2 (cat. no. 4695; 1:2,000 dilution; Cell Signaling 
Technology, Inc.), phosphatase and tensin homolog, E‑cadherin 
(cat. no. ab‑15148; 1:1,000 dilution; Abcam), N‑cadherin (cat. 
no. ab‑18203; 1:1,000 dilution; Abcam), Snail (cat. no. 3879; 
1:500 dilution; Cell Signaling Technology, Inc.), Slug (cat. 
no. 9585; 1:500 dilution; Cell Signaling Technology, Inc., 
Danvers, MA, USA), Vimentin (cat. no. ab‑92547; 1:1,000 
dilution; Abcam) and GAPDH (cat. no.  ab‑9485; 1:1,000 
dilution; Abcam). After washing three times with PBST, the 
membranes were incubated with the secondary antibodies 
(horseradish peroxidase‑conjugated anti‑rabbit IgG; cat. 
no. 4414; 1:2,000 dilution; Cell Signaling Technology, Inc.) for 
1 h at room temperature. After repetition of the washing step 
with PBST, the membranes were visualized using enhanced 
chemiluminescence western blotting detection reagents 
(BeyoECL Plus; Beyotime Institute of Biotechnology).

Migration and invasion Transwell assays. Migration and inva-
sion assays were performed using Transwell chambers containing 
a membrane filter with 8 µm pores (Corning Incorporated, 
Corning, NY, USA) inserted in 24‑well plates. The upper cham-
bers were coated with Matrigel (BD Biosciences, San Jose, CA, 

Table I. Primer sequences for reverse transcription‑quantitative 
polymerase chain reaction.

Gene	 Sequence (5'‑3')

ABCB1	 
  Forward	 GTGCTGGTTGCTGCTTACAT
  Reverse	 AGCCTATCTCCTGTCGCATT
ABCC1	 
  Forward	 GCTGTGAAGACCCAGGAGAG
  Reverse	 AAGCACCAGGAAACCACTTG
ABCG2	 
  Forward	 ATCCTTCCATCTTGTTCTTGG
  Reverse	 CGTCCCTGCTTAGACATCCT
Snail	 
  Forward	 GTGGTTCTTCTGCGCTACTG
  Reverse	 AGGGCTGCTGGAAGGTAAAC
Slug	 
  Forward	 GAGCATTTGCAGACAGGTCA
  Reverse	 TCCTCATGTTTGTGCAGGAG

ABCB1, ATP binding cassette subfamily B member 1; ABCC1, 
ATP binding cassette subfamily C member 1; ABCG2, ATP binding 
cassette subfamily G member 2.
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USA), and the top of each well was seeded with 5x104 cells in a 
total volume of 100 µl serum‑free DMEM. The lower chamber 
wells were loaded with 500 µl DMEM containing 10% FBS 
which served as a chemo‑attractant. After 60 h of incubation, the 
invaded cells were fixed with 4% paraformaldehyde for 15 min 
at room temperature and then stained with 0.1% crystal violet 
for 2 h. The invaded cells were counted under a phase‑contrast 
microscope in five random fields per insert at x100 magnifica-
tion. A cell migration assay was performed using a similar 
protocol with the exception that Matrigel was not added to the 
upper chambers.

Statistical analysis. Data are presented as the mean ± standard 
deviation. The one‑way analysis of variance or Student's t‑test 
was executed to assess the statistical significance using SPSS 
version 17.0 software (SPSS, Inc., Chicago, IL, USA) and P<0.05 
was considered to indicate a statistically significant difference.

Results

Characteristics of sorafenib‑resistant cells. Through 
long‑term exposure to increasing concentrations of sorafenib, 
Huh7 cells were successfully transformed a sorafenib‑resistant 
Huh7 cell line (Huh7R) was established. Huh7R cells were less 
sensitive to sorafenib treatment and their viability was mark-
edly higher compared with that of parental cells when exposed 
to the same concentration of sorafenib (Fig. 1A). Furthermore, 
the half‑maximum inhibitory concentration (IC50) of the resis-
tant cells increased ~1.7‑fold compared with the parental Huh7 
cells (Table II). In addition, it was demonstrated that there was 
an increased level of ABCB1, ABCC1 and ABCG2 mRNA 
expression (Fig. 1B) and increased levels of ABCG2 protein 
in the Huh7R cell line (Fig. 1C) compared with Huh7, further 

confirming resistance to sorafenib. Notably, Huh7R cells 
exhibited microscopically elongated fibroblastic processes and 
loss of cell‑to‑cell contacts (Fig. 1D).

Epithelial‑mesenchymal transition in sorafenib‑resistant 
cells. Resistant cells underwent morphological changes, which 
were likely to be associated with EMT (Fig. 1D). To evaluate 
whether these morphological changes in the resistant cell line 
Huh7R were associated with EMT, markers characteristic 
of EMT were tested. Huh7R cells exhibited upregulated 
mRNA expression of Snail and Slug compared with Huh cells 
(Fig. 1B). In addition, immunoblotting indicated a marked 
reduction in the expression of the epithelial marker E‑cadherin 
and a marked upregulation of mesenchymal markers, including 
Snail, Slug, vimentin and N‑cadherin in Huh7R resistant cells 
compared with control parental cells (Fig. 2). Moreover, it was 
demonstrated that Huh7R resistant cells expressed expression 
of matrix metalloproteinase (MMP)‑2 and MMP‑9 at the 
protein level (Fig. 2). Together, the present study indicated that 
EMT was a characteristic of sorafenib‑resistant cells.

Enhanced migrat ion and invasion capacit ies of 
sorafenib‑resistant cells. EMT is an important process, which 

Table II. IC50 of parental and resistant cells following sorafenib 
treatment.

Cell line	 IC50 (µM)

Huh7	 3.7
Huh7‑R	 6.4

Figure 1. Establishment of a sorafenib‑resistant Huh7 cell line. (A) Huh7 and Huh7R cells were cultured with different concentrations of sorafenib (0‑12 µM), 
and cell viability was determined using the Cell Counting‑8 assay. (B) Reverse transcription quantitative‑polymerase chain reaction analysis of ABCB1, 
ABCC1, ABCG2, Snail and Slug in Huh7 and Huh7R cells was performed. (C) Western blot analysis of ABCG2 in sorafenib‑resistant cells and parental cells. 
(D) Phase‑contrast micrographs of Huh7 and Huh7R (magnification, x100). The relative abundances of target mRNAs were plotted as fold-change compared 
with the control group. GAPDH served as the loading control. Statistical analysis was performed with Student's t test. *P<0.05. ABCB1, ATP binding cassette 
subfamily B member 1; ABCC1, ATP binding cassette subfamily C member 1; ABCG2, ATP binding cassette subfamily G member 2. All experiments were 
performed in triplicate. Data are presented as the mean ± standard deviation.
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results in enhanced invasive and metastatic properties in 
cancer cells (12). Therefore, Transwell assays were performed 
in order to evaluate the migration and invasion capacities of 
Huh7 and Huh7R cells. The data revealed that the migra-
tion and invasion of Huh7R cells was significantly increased 
compared with Huh7 cells (Fig. 3).

Development of sorafenib resistance is associated with 
activation of the PI3K/Akt signaling pathway. To better 
understand the molecular mechanisms associated with the 
development of sorafenib resistance, key molecules within 
the PI3K/Akt and ERK pathways were investigated. Huh7R 
resistant cells expressed increased levels of PI3K, p‑Akt 
and p‑ERK1/2 compared with their parental Huh7 cells 
(Fig. 4A). The results from the present study indicate that 
long‑term exposure of HCC cells to sorafenib may activate 
the PI3K/Akt and ERK signaling pathways. Based on find-
ings by Chen et al  (8), the possibility of inhibiting PI3K 
with LY294002 in order to reverse sorafenib resistance was 
investigated. Indeed, it was demonstrated that a combina-
tion of different concentrations of sorafenib and a non‑toxic 
dose (50 µM) of LY294002 resulted in decreased viability 
of resistant cells (Fig. 4B) compared with untreated cells. 
Furthermore, it was observed that the combined treatment 
caused attenuation of the p‑Akt and increased expression of 
pro‑apoptotic proteins, including Bax (Fig. 4C‑E) compared 
with the expression in untreated cells. Furthermore, the 
activation of Akt and ERK1/2 was suppressed in Huh7R 

resistant cells that were treated with LY294002, in a dose‑ 
and time‑dependent manner (Fig. 4C‑E).

Enhanced migration and invasion is associated with activation 
of the PI3K/Akt signaling pathway. To better understand the 
signaling mechanisms involved in the invasion of Huh7R cells 
following long‑term exposure to sorafenib, the activation of 
PI3K/Akt and ERK signaling pathways was studied. Treatment 
of sorafenib resistant cells with the PI3K inhibitor, LY294002, 
markedly attenuated the activation of Akt (Ser473) and ERK1/2 
in a concentration and time‑dependent manner. Furthermore, 
treatment with LY294002 was able to suppress the expression 
of mesenchymal markers including N‑cadherin, vimentin, Snail 
and Slug, and induce the expression of E‑cadherin, which is an 
epithelial marker (Fig. 5A, B). Furthermore, the treatment of 
sorafenib‑resistant cells suppressed the expression of MMP‑2 
in a concentration‑ and time‑dependent manner (Fig. 5C, D). 
In addition, a dose of 50 µM LY294002 significantly prevented 
the increased migratory and invasive abilities observed in 
sorafenib‑resistant Huh7R cells (Fig. 5E).

Discussion

Sorafenib is the standard first‑line systemic therapy with 
clinically significant survival advantages for patients with 
advanced HCC. Unfortunately, clinical evidence confirms that 
the majority of all patients will eventually become resistant to 
sorafenib treatment and experience disease progression whilst 
remaining on therapy, consequently limiting the survival 
benefit of sorafenib treatment. Chow et al (13) demonstrated 
that long‑term exposure to sorafenib increased migratory and 
invasive abilities of HCC cells in vitro and in vivo, suggesting 

Figure 3. Enhanced migration and invasion of sorafenib‑resistant cells. 
Migration and invasion of (A and B) Huh7 and (C and D) Huh7R were 
examined using Transwell assays, and assessed by counting the number of 
cells under phase‑contrast microscopy (magnification, x100). The bar charts 
demonstrate the average number of migratory or invasive cells in the repeated 
experimental groups. Statistical analysis was performed with Student's t‑test. 
*P<0.05.

Figure 2. Epithelial‑to‑mesenchymal transition in sorafenib‑resistant 
cells. Western blot analysis of E‑cadherin, N‑cadherin, vimentin, Snail, 
Slug, MMP‑2, and MMP‑9 to evaluate the levels of protein expression was 
performed. MMP, matrix metalloproteinase.
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that an increase in metastatic potential is a characteristic 
of resistant cells. Thus, it is essential to further elucidate 
the biological mechanisms involved in the development of 
chemoresistance and metastasis. In the present study, it was 
demonstrated that long‑term exposure to sorafenib led to drug 
resistance and was able to increase the migratory and invasive 
properties of resistant cells in vitro. Importantly, it was also 
revealed that the activation of the PI3K/Akt signaling pathway 
was a characteristic of sorafenib‑resistant cells.

EMT is a crucial biological process by which malignant 
tumor cells undergo multiple morphological and biochemical 
changes including increased cellular motility. This conversion 
enables tumor cells to acquire drug resistance, and invasive 
and metastatic properties (12,14), and has indeed attracted 
considerable attention among researchers. The process of EMT 
is associated with shorter disease‑free survival and poorer 
prognosis (9). In the present study, Huh7R cells underwent 

morphological changes associated with EMT, including 
enhanced migration and invasion. Moreover, downregula-
tion in E‑cadherin and upregulation of Snail, Slug, Vimentin 
and N‑cadherin further confirmed that EMT was a feature 
of Huh7R cells following long‑term exposure to sorafenib. 
Consistent with the data in the present study, Chow et al (13) 
previously demonstrated that sorafenib‑induced EMT 
promoted migration and invasion in HCC cells. However, the 
molecular mechanisms involved in the process of EMT have, 
to date, not been clearly elucidated.

Recently, increasing evidence has indicated that the 
activation of the PI3K/Akt signaling pathway may play 
an important role in promoting invasion and metastasis in 
resistant cells (15). It is, therefore, of significant interest to 
examine whether sorafenib‑induced EMT is attributable to 
the activation of the PI3K/Akt cascade. It has been demon-
strated that the PI3K/Akt and ERK signaling pathways are 

Figure 4. LY294002 reverses sorafenib resistance. (A) Western blot analysis of p‑Akt, Akt, p‑ERK1/2 and ERK1/2 to detect the protein levels in Huh7 and 
Huh7R cells. (B) CCK‑8 dose‑response curves for sorafenib treatment using a concentration of 50 µM LY294002. Western blotting was performed to examine 
alterations in key signaling pathways in Huh7R cells that were treated with LY294002 at (C) various doses and (D) duration. (E) Western blotting was 
performed to examine alterations in key apoptotic protein Bax in Huh7R cells that were treated with 50 µM LY294002 for 60 h. GAPDH was used as a loading 
control. ERK, extracellular signal‑regulated kinase; CCK‑8, Cell Counting Kit‑8; p‑, phosphorylated.
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involved in the process of EMT (16). Thus, analysis of the 
status of the PI3K/Akt and ERK1/2 pathways was examined 
in the present study. Notably, it was demonstrated that inhibi-
tion of the PI3K/Akt signaling pathway with LY294002, a 
PI3K inhibitor, had an effect on ERK and thus suppressed 
the initiation of EMT. Together, these data suggest not only 
a crosstalk between the PI3K/Akt and ERK1/2 signaling 
pathways, but also that EMT may directly or indirectly 
regulate transcription factors associated with these pathways, 
including Snail and Slug.

The MMP‑2 and MMP‑9 have been associated with migra-
tion and invasion of resistant cells. This phenomenon may 

be regulated by the activation of the PI3K/Akt and MAPK 
signaling pathways (17). The data of the present study indicated 
that the PI3K/Akt cascade may directly or indirectly regulate 
the properties of migration and invasion in sorafenib‑resistant 
cells via MMP‑2 and MMP‑9. Taken together, the results 
suggest that the PI3K/Akt signaling pathway contributes a 
pivotal role in directly or indirectly regulating the migratory 
and invasive capacities of sorafenib‑resistant cells via EMT 
and MMPs.

The PI3K/Akt signaling cascade is known to be an 
important signal transduction pathway involved in hepatocar-
cinogenesis. Multiple studies have reported that the activation 

Figure 5. Enhanced migration and invasion is associated with the activation of the PI3K/Akt signaling pathway. Expression of E‑cadherin, N‑cadherin, 
Vimentin, Snail and Slug was examined in Huh7‑R cells treated with (A) various doses of LY294002 (0, 10, 25 and 50 µM) and (B) various durations (0, 12, 
24 and 48 h) of 50 µM LY294002. Expression of MMP‑2 was examined in Huh7‑R cells treated with (C) various doses of LY294002 (0, 10, 25 and 50 µM) 
and (D) various durations (0, 12, 24 and 48 h) of 50 µM LY294002. (E) Huh7R cells were treated with 0 and 50 µM LY294002. The cells in panels (A) and 
(B) were treated with 0 µM LY294002, and the cells in panels (C) and (D) were treated with 50 µM LY294002. Migration and invasion were examined using 
Transwell assays. The bar charts demonstrate the average number of migratory or invasive cells in the experimental groups. Statistical analysis was performed 
with Student's t‑test. *P<0.05.
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of the PI3K/Akt signaling pathway induces chemoresistance 
in HCC cells  (18‑20). Meanwhile, the MAPK signaling 
pathway is a major target of sorafenib therapy. However, 
several studies have also clearly indicated that activation of 
the MAPK cascade is associated with drug resistance (21‑23). 
Concomitant with the present study, overexpression of p‑Akt 
and p‑ERK1/2 results in sorafenib resistance (24). The PI3K 
inhibitor LY294002 is able to inhibit the activation of ERK, 
which indicates that ERK activation may be induced by the 
PI3K/Akt signaling pathway. In the present study, it was also 
demonstrated that attenuation of the PI3K/Akt signaling 
pathway using LY294002 was able to induce the expression 
of apoptotic proteins, including Bax, and cell viability was 
also decreased. These data suggested that the PI3K/Akt 
signaling pathway may have an important role in sorafenib 
resistance.

In conclusion, the results from the present study highlight 
the activation of the PI3K/Akt signaling pathway as a key event 
in the acquisition of resistance and the enhancement of inva-
sive properties in sorafenib‑resistant cells. Furthermore, the 
present study indicates that combined treatment with sorafenib 
and LY294002 may reduce resistance to sorafenib and prevent 
metastasis in patients with HCC, providing an attractive novel 
therapeutic regime in patients with advanced HCC.
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