
INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth most common 
cause of cancer-related death worldwide [1]. Almost 85% of 
HCC cases occur in low and middle income countries, espe-
cially in Asia and Africa [2]. Early stage HCC can be treated 
effectively by local ablation, surgical resection, or liver trans-
plantation [3]. However, most HCC patients are diagnosed 
at an advanced stage. Food and Drug Administration in the 
United States approved Sorafenib as the first-line agent for 
advanced HCC; however, its efficacy is limited [4].
 S-phase kinase-associated protein 2 (Skp2) is a member 
of the F-box family proteins. It functions as a promoter of cell 
cycle progression by stimulating ( ) the ubiquitination and 
subsequent degradation of cell cycle inhibitors, including p21, 

p27, p57, and cyclin E [5,6]. High expression of Skp2 has 
been observed in various human cancers and is associated 
with poor prognosis and adverse therapeutic outcomes, sug-
gesting that Skp2 functions as an oncogene [7,8]. Inhibition 
of Skp2 expression has been shown to exhibit a potent an-
ti-proliferative effect in various cancer models [9-11].
 Imatinib (Gleevec, Glivec) is a synthetic tyrosine kinase 
inhibitor of the breakpoint cluster region-Abelson murine leu-
kemia (Bcr-Abl) fusion gene and is used in the treatment of 
chronic myeloid leukemia (CML) [12]. Imatinib has also been 
used to treat gastrointestinal stromal tumors and various oth-
er malignancies [13-15]. GNF-5 is a selective, non-ATP-com-
petitive inhibitor of Bcr-Abl and is used in combination with 
an ATP-competitive inhibitor, such as imatinib or nilotinib, to 
enhance antitumor effects in vitro [16]. In particular, Skp2 acts 
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Hepatocellular carcinoma (HCC) is the most common primary liver cancer and is one of the leading causes of cancer-related deaths 
worldwide. Imatinib and GNF-5 are breakpoint cluster region-Abelson murine leukemia tyrosine kinase inhibitors which have been 
approved for the treatment of chronic myeloid leukemia and various solid tumors. However, the effect and underlying mechanisms 
of imatinib and GNF-5 in HCC remain poorly defined. In this study, we investigated the anticancer activity and underlying mecha-
nisms of imatinib and GNF-5 in HepG2 human hepatocarcinoma cells. Cell proliferation and anchorage-independent colony forma-
tion assays were done to evaluate the effects of imatinib and GNF-5 on the growth of HepG2 cells. The cell cycle was assessed by 
flow cytometry and verified by immunoblot analysis. Gene overexpression and knockdown assays were conducted to evaluate the 
function of S-phase kinase-associated protein 2 (Skp2). Imatinib and GNF-5 significantly inhibited the growth of HepG2 cells. Ima-
tinib and GNF-5 induced G0/G1 phase cell cycle arrest by downregulating Skp2 and upregulating p27 and p21. Overexpression of 
Skp2 reduced the effect of imatinib and GNF-5 on HepG2 cells. Knockdown of Skp2 suppressed the proliferation and induced G0/
G1 phase arrest. Furthermore, knockdown of Skp2 enhanced the effect of imatinib and GNF-5 on growth of HepG2 cells. In con-
clusion, imatinib and GNF-5 effectively suppress HepG2 cell growth by inhibiting Skp2 expression. Skp2 promotes the cell prolifer-
ation and reverse G0/G1 phase cell cycle arrest and it represents a potential therapeutic target for HCC treatment.
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as a downstream factor of Bcr-Abl to promote the cell cycle 
transition in CML. Targeting the Skp2/Bcr-Abl pathway effec-
tively suppresses CML growth [17,18].
 In the present study, we examined the effects of imatinib 
and GNF-5 on the growth of HCC cells. Furthermore, we 
evaluated the function of Skp2 on the activities of imatinib 
and GNF-5 by utilizing Skp2 overexpressing and knockdown 
HepG2 cells.

MATERIALS AND METHODS

Cell culture and reagents
The HepG2 human hepatocarcinoma and 293T cell lines 
were purchased from the ATCC (Manassas, VI, USA) and 
maintained in Dulbecco’s modified Eagle’s medium contain-
ing 10% FBS and 1% penicillin/streptomycin. Cells were 
maintained at 37°C with 5% CO2 in a humidified incubator. 
Imatinib and GNF-5 were purchased from Cayman Chemical 
(Ann Arbor, MI, USA).

Cell viability assay
Cell viability was measured by the Cell Counting Kit-8 (Dojin-
do Laboratories, Kumamoto, Japan). Briefly, cells were seed-
ed into 96-well plates (2 × 103 cells/well). After 24 hours, 20 
µM of imatinib or GNF-5 was added, followed by 0, 24, 48, or 
72 hours of incubation. Ten µL of Cell Counting Kit-8 solution 
was then added to each well, and the mixture was incubated 
for additional 2 hours at 37°C. The absorbance of each well 
at 450 nm was measured using a microplate spectrophotom-
eter (BMG Labtech, Ortenberg, Germany).

Anchorage-independent colony formation assay
HepG2 cells (8 × 103 cells/well) suspended in Dulbecco’s 
modified Eagle’s medium with 10% FBS were added to 0.3% 
agar in a top layer over a base layer of 0.6% agar with the 
indicated concentrations of imatinib and GNF-5. The cultures 
were incubated at 37°C in a 5% CO2 incubator for two weeks 
and colonies were counted under a light microscope.
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Figure 1. Imatinib and GNF-5 inhibit the growth of HepG2 cells. (A) Chemical structures of imatinib and GNF-5. (B) Cell morphology was 
examined under an inverted light microscope (× 100). (C) Viability of HepG2 cells was measured using the Cell Counting Kit-8 assay. (D) Effects of 
imatinib and GNF-5 on anchorage-independent growth of HepG2 cells (× 50). *P < 0.05; **P < 0.01; ***P < 0.001.
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Cell cycle analysis by flow cytometry
The cells were seeded into 6-well plates and treated with or 
without imatinib (20 µM) or GNF-5 (20 µM) for 24 hours, har-
vested, and fixed in 70% ice-cold EtOH at −20°C overnight. 
On the following day, the collected cells were washed twice 
with PBS, treated with 100 µg/mL RNase A for 20 minutes, 
and propidium iodide was added (50 µg/mL) for DNA stain-
ing. Cell cycle distribution was analyzed using a FACScan 
flow cytometer.

Western blot analysis
Cells lysates were prepared with Pro-Prep lysis buffer (Intron 
Biotechnology, Seongnam, Korea). The protein samples were 
separated by SDS PAGE and transferred to polyvinylidene 
difluoride membranes. After blocking with 5% bovine serum 
albumin at room temperature for 1 hour, the membranes 
were incubated with primary antibodies at 4°C overnight, 
washed, and then incubated with the appropriate secondary 
antibody for 1 hour at room temperature. The signals were 
detected using an ECL Kit (Bio-Rad Laboratories, Hercules, 
CA, USA). The primary antibodies for p21, p27, and Skp2, 
and horseradish peroxidase-conjugated anti-rabbit and an-
ti-mouse secondary antibodies, were purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). Antibodies against cy-
clin-dependent kinase 2 (CDK2), cyclin-dependent kinase 4 
(CDK4), cyclin-dependent kinase 6 (CDK6), cyclin E1, cyclin 
D1, and tubulin were purchased from Cell Signaling Technol-
ogy, Inc (Beverly, MA, USA).

Cell transfection
The Skp2 overexpression plasmid and empty plasmid were 
purchased from Addgene, Inc. (Cambridge, MA, USA). For 
transfection experiments, Fugene HD transfection reagent 
(Promega; Madison, WI, USA) was used following the manu-
facturer’s instructions. Stable cell lines were established after 
2 weeks of G418 (600 µg/mL) selection.

Lentiviral production and infection
293T cells were transfected with the pLKO.1-sh-mock or 
pLKO.1-sh-Skp2 plasmid and a lentiviral envelope packag-
ing plasmid (pRSV-Rev, pMD2.G, pMDLg/pRRE) using the 
jet-PEI transfection reagent (Polyplus, New York, NY, USA) 
following the manufacturer’s protocols. After 24 hours, the 
virus particles were harvested using a 0.45 mm syringe filter. 
HepG2 cells were infected with virus particles for 48 hours in 
medium containing 8 µg/mL of polybrene (Sigma-Aldrich, St. 
Louis, MO, USA). The cells were then selected with puromy-
cin (2 µg/mL) for 48 hours and used for subsequent experi-
ments.

Statistical analysis
The data are presented as mean values ± SD. The differ-
ences between two different groups were measured by a 
Student’s t-test. A value of P < 0.05 was considered to be 
statistically significant.

RESULTS

Effect of imatinib and GNF-5 on the growth of 
HepG2 cells
The chemical structures of imatinib and GNF-5 are shown in 
Figure 1A. To investigate the effects of imatinib and GNF-5 
on the growth of HepG2 cells, we first examined the morpho-
logical changes at 24, 48, and 72 hours following treatment 
with each compound (20 µM). The results indicated that ima-
tinib and GNF-5 treatment induced cell death and decreased 
cell numbers at 48 and 72 hours (Fig. 1B). The results of the 
cell proliferation assay revealed that both imatinib (20 µM) 
and GNF-5 (20 µM) significantly inhibited HepG2 cell growth 
in a time-dependent manner (Fig. 1C). Additionally, the colo-
ny formation assay showed that the number of colonies was 
markedly decreased following treatment with imatinib (20 µM) 
and GNF-5 (20 µM) for 2 weeks (Fig. 1D). Collectively, these 
results demonstrate that imatinib and GNF-5 significantly in-
hibited the growth of HepG2 cells.
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Figure 2. Imatinib and GNF-5 induce cell cycle arrest at the G0/G1 phase in HepG2 cells. (A) Cell cycle distribution of HepG2 cells at 24 hour 
following treatment with imatinib and GNF-5 as measured by flow cytometry. (B) The effects of imatinib and GNF-5 on the expression of Skp2, p27, 
and p21 are shown. Skp2, S-phase kinase-associated protein 2. *P < 0.05; **P < 0.01; ***P < 0.001.
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Imatinib- and GNF-5-induced cell cycle arrest 
at the G0/G1 phase in HepG2 cells
To further explore the effect of imatinib and GNF-5 on HepG2 
cell growth, we determined the cell cycle distribution by flow 
cytometry after imatinib and GNF-5 treatment. We found that 
both compounds significantly induced G0/G1 cell cycle arrest 
in HepG2 cells (Fig. 2A). Western blot analysis revealed that 
both imatinib and GNF-5 markedly inhibited the expression 
of Skp2 and increased the expression of the p27 and p21 
proteins after 24 and 48 hours of treatment (Fig. 2B). These 
results suggest that imatinib and GNF-5 induce G0/G1 cell 
cycle arrest in HepG2 cells by inhibiting Skp2 expression.

Effect of imatinib and GNF-5 on Skp2 
overexpressing HepG2 cells
To assess a functional role for Skp2 in HCC, we estab-
lished HepG2 cells stably overexpressing Skp2. As shown 
in Figure 3A, overexpression of Skp2 increased cell prolif-
eration. The cell cycle distribution was not significantly dif-
ferent in Skp2-overexpressing HepG2 cells compared with 
mock-transfected cells (Fig. 3B). Next, we examined the ef-
fect of imatinib and GNF-5 on viability of HepG2 cells. The re-
sults indicated that treatment with imatinib and GNF-5 signifi-
cantly suppressed cell viability of both Skp2-overexpressing 
and control HepG2 cells (Fig. 3A). As expected, overexpres-

sion of Skp2 attenuated the growth inhibitory effect of imati-
nib and GNF-5 in HepG2 cells (Fig. 3A). In addition, GNF-5 
but not imatinib, upregulated the expression of p27 and p21 
proteins in Skp2-overexpressing cells. Imatinib and GNF-5 in 
Skp2-overexpressing cells downregulated the expression of 
cyclin E1 and cyclin D1 (Fig. 3C).

Effect of imatinib and GNF-5 on viability of 
Skp2 knockdown HepG2 cells
To further explore the role of Skp2 protein in proliferation and 
growth of HepG2 cells, we evaluated the effect of imatinib 
and GNF-5 on the viability of HepG2 cells following Skp2 
knockdown. Knockdown of Skp2 decreased the growth of 
HepG2 cells at 48 and 72 hours compared with control sh-
mock cells (Fig. 4A). Fluorescence-activated cell sorting anal-
ysis revealed that Skp2 knockdown increased the percentage 
of G0/G1 phase HepG2 cells compared with control sh-mock 
cells (Fig. 4B). Moreover, treatment with imatinib and GNF-
5 further inhibited the growth of Skp2 knockdown cells at 48 
and 72 hours (Fig. 4A). These results further confirmed that 
Skp2 plays an important role in HepG2 cell proliferation and 
cell cycle arrest. 
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DISCUSSION

Inhibition of the oncogenic kinase activity is considered to be 
an attractive option for cancer therapy. Imatinib, which is an 
inhibitor of Bcr-Abl, was developed for CML treatment [12]. 
GNF-5, originally developed for CML patients carrying ima-
tinib-resistant mutations, can inhibit Bcr-Abl tyrosine kinase 
activity through selective non-ATP competition [19]. Imatinib 
has been reported to exhibit potent therapeutic effects in var-
ious cancers [20-22]. Our previous study has revealed that 
imatinib and GNF-5 induce HCC cells apoptosis by inhibiting 
the expression of Skp2 and p-AKT [15]. In the present study, 
we evaluated the effect of imatinib and GNF-5 on HCC cell 
growth and cell cycle regulation. Our results indicated that 
imatinib and GNF-5 exhibited a time-dependent inhibition of 
HepG2 cell growth. We found that imatinib and GNF-5 inhibit-
ed the growth of HepG2 cells by suppressing the expression 
of Skp2 and inducing G0/G1 phase arrest. Importantly, Skp2 
overexpression restored imatinib- and GNF-5-induced inhibi-
tion of cell proliferation, whereas downregulation of Skp2 en-
hanced imatinib- and GNF-5-mediated antiproliferation. Our 
results suggest that Skp2 acts as an oncogene to promote 
the growth of HCC cells.
 Skp2 has been reported to regulate p27 and p21 expres-
sion and is involved in the G1/S checkpoint transition [23,24]. 
To determine whether the growth inhibitory effects of imati-
nib and GNF-5 on HepG2 cells result from dysregulation of 
the cell cycle, we used flow cytometry to assess cell cycle 
distribution and immunoblotting to quantify the expression 
of cell cycle regulatory proteins. We found that imatinib and 
GNF-5 induced G0/G1 phase arrest by inhibiting Skp2 and 
upregulating both p27 and p21 levels in HepG2 cells. Cyclin 
D and its associated kinases (CDK4 and CDK6) are key 
components that regulate the G1 to S-phase transition [21]. 
The expression of cyclin E and its associated kinase, CDK2, 
is increased in late G1/early S-phase when DNA replication 
is initiated [25]. We also detected the reduced expression of 

cyclin D1 and cyclin E1 in Skp2 overexpressing HepG2 cells 
following treatment with imatinib or GNF-5. Moreover, knock-
down of Skp2 induced G0/G1 phase arrest in HepG2 cells.
 Collectively, our findings revealed that imatinib and GNF-
5 effectively inhibited HCC cell growth by inhibiting Skp2 and 
inducing G0/G1 phase cell cycle arrest. Our results indicate 
that imatinib and GNF-5 have therapeutic potential for HCC 
treatment.
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