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Background: Human hepatocellular carcinoma (HCC) is a common liver tumor and the main cause of cancer-related death. Tyrosine
kinase inhibitors, such as imatinib and GNF5 which were developed to treat chronic myelogenous leukemia, regulate the progression
of various cancers. The aim of this study was to confirm the anti-tumor activity of tyrosine kinase inhibitors through regulation of S-phase
kinase-associated protein 2 (Skp2), an important oncogenic factor in various cancer cells, in human hepatocarcinoma SK-HEP1 cells.
Methods: Cell viability and colony formation assays were conducted to evaluate the effects of imatinib, GNF5 and GNF2 on the growth
of SK-HEP1 cells. Using immunoblot analysis, we assessed change of the activation of caspases, PARP, Akt, mitogen-activated protein
kinases, and Skp2/p27/p21 pathway by imatinib and GNF5 in SK-HEP1T cells. Using sh-Skp2 HCC cells, the role of Skp2 in the effects
of imatinib and GNF5 was evaluated.

Results: Imatinib and GNF5 significantly inhibited the growth of SK-HEP1 cells. Treatment of imatinib and GNF5 decreased Skp2 expression
and Akt phosphorylation, and increased the expression of p27, p21, and active-caspases in SK-HEP1 cells. In sh-Skp2 HCC cells, cell
growth and the expression of Skp2 were inhibited by more than in the mock group treated with imatinib and GNF5.
Conclusions: These results suggest that the anti-growth activity of tyrosine kinase inhibitors may be associated with the regulation of
p27/p21 and caspases through Skp2 blockage in HCC cells.

(J Cancer Prev 2018;23:170-175)
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treatment for patients with advanced HCC, its efficacy is limited.”

INTRODUCTION

S-phase kinase-associated protein 2 (Skp2) is an oncogenic

Human hepatocellular carcinoma (HCC) is the most common
malignant tumor of primary liver worldwide, and approximately
1 million people die from this liver cancer. Particularly, HCC is the
most frequent cause of death in patients with liver cirrhosis.' The
incidence of HCC is highest in Asia and Africa, where the
infection rate of hepatitis B or C is high. In the treatment of HCC,
local ablation surgery is more effective than chemotherapy, but is
only suitable in case of early diagnosis.” However, most HCC
patients are diagnosed at an advanced stage. Thus, although
systemic chemotherapy such as sorafenib is the only standard

protein that induce the degradation of tumor suppressor
proteins, such as p27 and p21, which are expressed in many
cancers. An in vivo study by Nakayama et al.” showed that mice
lacking Skp2 exhibited abnormal accumulation of cyclin E and
p27. A previous study reported that Skp2 expression increased
the proliferation of HCC cells, and decreased the levels of cell
cycle regulators.® These results suggest that Skp2 may plays an
important role in the progression of various human cancers
including HCC.

Imatinib, under the brand name Gleevec, was developed and
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used as an anticancer agent for chronic myelogenous leukemia
(CML).” This agent is a first-generation tyrosine kinase inhibitor
for the breakpoint cluster region-Abelson murine leukemia
(Bcr-Abl)-targeted therapy of CML, which is caused by high
expression of the Bar-Abl fusion protein.® GNF2 and GNF5 also act
as allosteric non-ATP competitive inhibitors against Bcr-Abl, and
were reported to cooperate with imatinib to inhibit Bcr-Abl.’
Ramadori et al."” reported the successful treatment of a patient
with HCC using tyrosine kinase inhibitor such as imatinib.
Particularly, Skp2 acts as a crucial mediator of Bcr-Abl because
depletion of Skp2 weakens Bcr-Abl-induced CML.

In this study, we examined the effects of tyrosine kinase
inhibitors on the growth and apoptosis of SK-HEP1 cells, derived
from a patient with liver adenocarcinoma. Furthermore, the
effect of Skp2 on tyrosine kinase inhibitor activity in HCC was
examined using sh-Skp2 cells.

MATERIALS AND METHODS

1. Cell culture and reagents

The human hepatocarcinoma cell line SK-HEP1 was cultured in
Dulbecco's modified Eagle's medium (DMEM) containing 10%
FBS and 1% penicillin/streptomycin. The cells were incubated at
37°C with 5% CO, and 95% humidity. Imatinib, GNF2, and GNF5
(Fig. 1) were purchased from Cayman Chemical (Ann Arbor, MI,
USA) and dissolved in dimethyl sulfoxide at 20 mM.

2. Cell viability assay

Cell viability was measured by the Cell Counting Kit-8 (CCK-8)
assay (Dojindo Molecular Technologies, Rockville, MD, USA).
Briefly, the cells were seeded into 96-well plates (2 x 10° cells/
well), and incubated after which 20 pM of compounds (imatinib,
GNF2, and GNF5) were added. The cells were incubated for 0, 24,
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Figure 1. Chemical structures of imatinib, GNF2 and GNF5.

48, or 72 hours at 37°C with 5% CO; and then incubated for 2
hours with CCK-8 solution. Absorbance was determined at 450
nm using a microplate spectrophotometer (BMG LABTECH,
Ortenberg, Germany).

3. Soft agar assay for colony formation

Cells (8 x 10 cells/well) were plated in triplicate on the top of
a bottom layer of 0.5% agar in DMEM with 10% FBS and the
indicated concentration of imatinib and GNF5. The cells were
suspended in DMEM containing 0.3% agar, 10% FBS, and
compounds. After four weeks, the colonies were counted under a
light microscope.

4. Immunoblot analysis

Cells were lysed with radioimmuneprecipitation assay buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton™ X-100, 0.5%
sodium deoxycholate, and 0.1% SDS) and 1% protease inhibitor
(GenDEPOT, Barker, TX, USA). Protein concentrations were
measured by DC™ assay (Bio-Rad Laboratories, Hercules, CA,
USA). Proteins were subjected to SDS-PAGE, transferred to
polyvinylidene fluoride membranes, and then incubated with
suitable primary antibodies overnight at 4°C. These membranes
were incubated with an appropriate secondary antibody for 1
hour at room temperature (20°C-25°C) after washing with
tris-buffered saline containing Tween-20. The expression of
specific proteins was detected usinga Davinch-Chemi'™ imaging
system (Davinch-K, Seoul, Korea). Primary antibodies for Skp2,
p21 and p27 and all secondary antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against
caspase-9, cleaved caspase-9, caspase-8, cleaved caspase-g,
caspase-3, cleaved caspase-3, PI3K, p-Akt, Akt, p-ERK, ERK, p-JNK,
JNK, and tubulin were purchased from Cell Signaling Technology
(Danvers, MA, USA).

5. Lentiviral particle production and infection

SK-HEP1 cells were transfected for 24 hours with the pLKO.1-sh
Mock or pLKO.1-sh SKP2 plasmid and a lentiviral envelope
packaging plasmid (pRSV-Rev, pMDLg/pRRE) using the jetPEI""
transfection reagent (Cosmogenetech, Seoul, Korea). Viral
particles were collected 24 hours after initial transfection. Cells
were incubated with viral particles for 48 hours in medium
containing polybrene (Sigma-Aldrich, St. Louis, MO, USA). Cells
were selected by treatment with puromycin (2 pg/mL) for 48
hours.
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6. Statistical analysis

All experimental results are presented as the mean * SD.
Significant differences were determined by Student #test. A
value of P < 0.05 was considered to indicate statistical

significance.

RESULTS

1. Effect of imatinib, GNF5 and GNF2 on the growth
of SK-HEP1 cells

To investigate the growth of SK-HEP1 cells following treatment
which imatinib, GNF5 and GNF2, we examined the change in the
morphology, proliferation and colony formation of SK-HEP1 cells
for 24, 48, and 72 hours. Figure 2A shows that all drugs at 20 uM
time-dependently inhibited the proliferation of SK-HEP1 cells.
Particularly, imatinib and GNF5 significantly decreased cell
viability by more than 50% at 72 hours, which was confirmed by
the cell morphology images (Fig. 2B). Additionlly, the colony
formation assay showed that all compound-treated cells formed
fewer colonies compared to the control group (Fig. 2B).
Collectively, these results demonstrate that imatinib and GNF5
significantly inhibited the growth of SK-HEP1 cells, compared to
the same concentration of GNF2. In subsequent experiments,
therefore, imatinib and GNF5 were used.

2. Effect of imatinib and GNF5 on apoptosis of
SK-HEP1 cells

We investigated the apoptotic activity of imatinib and GNF5 by
confirming the activation of caspases and PARP by Western blot
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analysis. As shown in Figure 3, both imatinib and GNF5 slightly
increased the expression of the active cleaved forms of caspase-9,
caspase-8, and caspase-3, but did not significantly affect
activation of PARP. This indicates that imatinib and GNF5 induce
the caspase family-dependent apoptosis of SK-HEP1 cells.
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Figure 3. Effect of imatinib and GNF5 on apoptosis, Skp2/p27/p21
pathway, and the phosphorylation of Akt and mitogen-activated pro-
tein kinases in SK-HEP1 cells. Cells were treated with/without im-
atinib or GNF5. (A) The activation of caspases and PARP and
Skp2/p27/p21 level was determined by immunoblot analysis and
densitometry analysis (target protein/tubulin). (B) The expression of
Akt, ERK and JNK proteins was determined by immunoblot analysis
and densitometry analysis (phospho-form/total-form).
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Figure 2. Effect of imatinib, GNF5 and GNF2 on the growth of SK-HEP1 cells. Cells were incubated with 20 pM of imatinib, GNF5 and
GNF2 for 0, 24, 48, or 72 hours. (A) Cell viability was measured using the Cell Counting Kit-8 assay. (B) Cell morphology and colony formation
by soft agar assay was observed under a light microscope (Cell morphology: X100, Colony formation: X50).
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3. Effect of imatinib and GNF5 on Skp2/p27/p21
pathway in SK-HEP1 cells

Skp2 controls the levels of both p27 and p21, which plays
important roles as cell cycle mediators in tumorigenesis." We
evaluated the effect of imatinib and GNF5 on the Skp2/p27/p21
pathway in SK-HEP1 cells. By two compounds treatment, Skp2
expression was decreased and the expression of both p27 and p21
was increased (Fig. 3A). Our data suggest that imatinib and GNF5
enhances stabilization of both p27 and p21 proteins by
downregulating of Skp2.

4. Effect of imatinib and GNF5 on phosphorylation
of Akt and mitogen-activated protein kinases in
SK-HEP1 cells

Activation of Akt and mitogen-activated protein kinases
(MAPKs), which are known to modulate the survival, proliferation
and cell cycle of various tumor cells, was measured in SK-HEP1
cells. As shown in Figure 3B, imatinib and GNF5 significantly
inhibited the phosphorylation of Akt, and did not affect ERK and
JNK. These data demonstrate that imatinib and GNF5 can be
regulated by PI3K/Akt pathway rather than MAPK signaling
pathways.

5. Effect of imatinib and GNF5 in SK-HEP1 sh-Skp2
cells

To explore the role of Skp2 protein on the above identified
effects of imatinib and GNF5 in SK-HEP1 cells, we experimented
using cells which were transfected with a control vector (mock) or
Skp2 shRNA construct. Knockdown of Skp2 induced suppression
of cell proliferation; the inhibition rate of imatinib and GNF5 was
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approximately 70%, which was higher than that in sh-mock cells
(Fig. 4A). Similar results were observed in the colony formation
assay (Fig. 4B).

We also confirmed the effect of imatinib and GNF5 on the
Skp2/p21 in SK-HEP1 sh-Skp2 cells. Compared in mock cells, Skp2
was also more inhibited by imatinib and GNF5 in sh-Skp2 cells,
and expression of p21 was also increased as well (Fig, 5).

DISCUSSION

Uncontrolled kinase activity can directly or indirectly result in
cancer."? Particularly, Bcr-Abl causes malignant growth of cells as
oncogenic tyrosine kinases, which is implicated in progression of
carcinogenesis.'> Therefore, inhibition of oncogenic kinase activity
is considered as an effective target for an anti-cancer therapy.
Imatinib has potent pharmacological effects on CML by inhibiting
Bcr-Abl tyrosine kinase activity.'* GNF2 and the analog GNFS5,
which were developed for CML patients with imatinib-resistant
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Figure 5. Effect of imatinib and GNF5 on Skp2/p21 expression in
SK-HEP1 sh-Skp2 cells. Cells with mock or Skp2 knockdown were
treated with/without imatinib or GNF5. The expression of Skp2, p21,
and tubulin proteins was determined by immunoblot analysis.
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Figure 4. Effect of imatinib and GNF5 on SK-HEP1 sh-Skp2 cells. Cells with mock or Skp2 knockdown were incubated with/without imatinib
or GNF5 for 0, 24, 48, or 72 hours. (A) Cell viability was measured using Cell Counting Kit-8 assay. (B) Colony formation by soft agar assay

was observed under a light microscope (x50).
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mutations, also suppress Bcr-Abl tyrosine kinase activity via a
selective non-ATP competition.’ In this study, we confirmed the
effect of imatinib, GNF2 and GNF5, belonging to the family of
Bcr-Abl tyrosine kinase inhibitors, on HCC, a primary liver
malignancy.

A previous study confirmed the cytotoxicity of imatinib in HCC
HepG2 cells, and imatinib inhibited cell survival in a dose-
dependent manner.”” Thus, we investigated the effect of GNF2
and GNF5 as well as imatinib on SK-HEP1 cells. Imatinib and
GNF5 time-dependently inhibited the growth of the HCC cell line.
However, treatment with GNF2 did not have a significant effect.
Compared to the control group at 72 hours, imatinib and GNF5
inhibited cell viability by 66.1% and 66.0%, respectively. These
growth-inhibitory effects were more pronounced in SK-HEP1
sh-Skp2 cells. Compared to the mock group, the sh-Skp2 cell
survival rate was reduced by 44.9%, and was inhibited by over 70%
by treatment with imatinib and GNF5. There results suggest that
Skp2 directly affects the growth of liver cancer cells.

To determine whether the inhibition on SK-HEP1 cell growth
by imatinib and GNF5 was caused by apoptosis or dysregulation
of the cell cycle, we examined the activation of apoptotic
caspases/PARP, and expression of cell cycle-regulatory proteins.
Among the caspases that function as important regulators of
apoptosis, caspase-3, a major effector in apoptosis progression,
interacts with caspase-9 and caspase-8. In previous studies using
HCC cells, the activation of caspase-9, caspase-8 and caspase-3
was investigated to evalutate caspase-dependent apoptosis.'®"”
We found that imatinib and GNF5 induced caspase-mediated
apoptosis, and slightly increased p27 and p21 protein level in
SK-HEP1 cells. As an oncoprotein, Skp2 plays an important role in
cancer progression by inducing the degradation of p27 and
p21.*'® Downregulation of Skp2 leads upregulation of p27 and
p21. Our results showed that Skp2 reduction by imatinib and
GNF5 treatment upregulated both p27 and p21 level in HCC cells.
Ohkoshi et al.'® proposed p21 as a new therapeutic target for
anti-HCC. Thus, we measured the change in p21 protein levels in
sh-Skp2 HCC cells. Knockdown of Skp2 enhanced p21 expression,
and inhibitory effect by imatinib and GNF5 was also increased.
Taken together, the anti-growth activity of imatinib and GNF5
against HCC may be related to both apoptosis and cell cycle
inhibition, and this effect can be enhanced by blocking Skp2.

To confirm the mechanism of anti-growth activity of imatinib
and GNF5, the activation of Akt and MAPKs was measured in
SK-HEP1 cells. Akt, MAPKs, and protein kinase C have been
shown to be involved in Skp2 regulation in various cell types,

: : 20-22
including breast cancer, prostate cancer, and lung cancer.

Andreu et al.” reported that Bcr-Abl induces p27 degradation by
increasing Skp2 expression through regulation of PI3K pathway.
Because imatinib and GNF5 inhibited the phosphorylation of Ak,
not MAPKs in SK-HEP1 cells, we will evaluate the PI3K/Akt-Skp2
pathway and detmonstrate the mechanism of Skp2 in HCC in the
turther study.

In conclusion, the anti-growth activity of imatinib and GNF5,
which are tyrosine kinase inhibitors, was found to involve
induction of caspase-dependent apoptosis, enhancement of p27
and p21, and downregulation of Akt phosphorylation in HCC
cells. Blocking of Skp2 further enhanced the efficacy of imatinib
and GNF5 on HCC. Collectively, tyrosine kinase inhibitors may be
useful therapeutic candidates for HCC by regulating Skp2.
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