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Abstract. The present study explored the oncogenic roles of 
overexpressed Cks1 and Cks2 in human hepatocellular carci-
noma cells. Gene expression of Cks1 and Cks2 in HepG2 cells 
was disrupted by siRNA or increased by cDNA transfection. 
Cell proliferation was assayed by CCK-8 analysis and cell 
counting. Cisplatin-induced apoptosis after transfection was 
measured by flow cytometry using Annexin V/propidium 
iodide (PI) double staining. Cell cycle changes after transfection 
were determined by flow cytometry with PI staining. Protein 
levels of Akt and GSK-3β were measured after transfection. 
The results revealed that HepG2 proliferation was decreased 
by depletion of endogenous Cks1 or Cks2, and increased by 
overexpression of Cks1 or Cks2. HepG2 apoptosis increased 
concordantly with the decline of Cks1 or Cks2 expression. 
Overexpression of Cks1 or Cks2 prevented cell apoptosis. 
Protein levels of p-Akt and p-GSK-3β were downregulated 
after RNA interference of Cks1 or Cks2. In conclusion, Cks1 
and Cks2 promoted proliferation and prevented apoptosis of 
HepG2 cells. The Akt/GSK-3β-related PI3K/Akt signaling 

pathway may be a key signaling pathway that is involved in the 
regulation of cell growth and cell death.

Introduction

Hepatocellular carcinoma (HCC) represents one of the most 
commonly seen malignancies in the world, and has a high 
incident rate in China. According to the World Cancer Report 
of 2014 of the World Health Organization, the number of newly 
diagnosed cases and HCC-related death in China ranks the first 
in the world. It accounts for ~50% of the global statistics. Since 
early detection of HCC is difficult, most HCC patients miss 
their optimal treatment opportunities. The efficacy of current 
routine chemotherapies for HCC remains unsatisfactory. It is 
estimated that ~60-70% patients receiving radical resection 
have metastatic recurrence within 5 years. The 5-year survival 
rate is only 7%. The mechanisms underlying HCC tumorigen-
esis and progression remain poorly understood.

The Cks (cyclin-dependent kinase subunit) family consists 
of two members, Cks1 and Cks2, which are small protein 
molecule that are highly conserved in eukaryotic organisms. 
The two Cks proteins shares 81% peptide sequence homology 
with the yeast Cks protein (1). Emerging data show that expres-
sion of Cks proteins is closely related to the pathogenesis and 
progression of esophageal, prostate, gastric and colorectal 
cancers (2-7). We previously reported that Cks mRNA and 
protein expression levels in HCC tissues were elevated and 
correlated with cancer histopathological grading stages and 
AFP levels (8). Although it has been found that overexpression 
of the Cks family members is associated with tumorigenesis 
and growth, the detailed molecular mechanism by which 
CKS contributes to tumor cell growth and metastasis remain 
unclear.

Herein we further report that overexpression of Cks1 and 
Cks2 by transfection increased cell proliferation, and reduced 
apoptosis in HepG2 cells. Consistently, depleting Cks1 or Cks2 
expression by siRNA in HepG2 cells reduced cell proliferation 
and increased apoptosis. The results indicate that overex-
pressed Cks1 and Cks2 in HCC cells promote proliferation 
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and survival of the cells and therefore, promotes HCC growth 
and progression.

Materials and methods

Materials. The human HCC HepG2 cell-line was kindly 
provided by the Laboratory of Hepatobiliary Surgery at the 
Xiamen University Affiliated Zhongshan Hospital (obtained 
from Shanghai Cell Bank of the Chinese Academy of 
Sciences, Shanghai, China). Dulbecco's modified Eagle's 
medium (DMEM) was obtained from Hyclone (Logan, 
UT, USA); fetal bovine serum (FBS) was obtained from 
Gibco-BRL (Gaithersburg, MD, USA); HiPerfect transfec-
tion reagent for siRNA was from qiagen (Hilden, Germany), 
Lipofectamine 2000 was from Invitrogen (Carlsbad, CA, uSA), 
TRIzol reagent for RNA extraction was obtained from Tiangen 
(Beijing, China). Cell Counting Kit-8 was from Dojindo 
(Kumamoto, Japan). RevertAid First-Strand cDNA Synthesis 
kits were obtained from Fermentas (Hanover, MD, uSA), 
GoTaq Probe qPCR Master Mix used for real-time fluorescent 
quantitative PCR assay was obtained from Promega (Madison, 
WI, uSA). RIPA lysis buffer was from Solarbio (Beijing, 
China). Cks1 antibody was obtained from Abcam (Cambridge, 
uK), and the Cks2 antibody was obtained from Sigma-Aldrich 
(St. Louis, MO, uSA). Additionally, enhanced chemilumines-
cent (ECL) detection reagents for western blotting assays were 
obtained from Millipore (Billerica, MA, uSA).

Methods
siRNA and overexpressing vectors. The siRNA sequences that 
were targeted against Cks1 and Cks2 were designed by 
qiagen. The Hs-CKS1B-4 siRNA listed below were used to 
knock down Cks1: target sequence 5'-AAGTTTGTATGCAT 
TTAA-3', sense strand 5'-CAuCuuuCuGAuAACAuuATT-3', 
and antisense strand 5'-uAAuGuuAuCAGAAAGAuGTT-3'. 
The Hs-CKS2-10 siRNA listed below were used to knock 
down Cks2: target sequence 5'-AACATCTTTCTGATAACA 
TTA-3', sense strand 5'-GuuuGuAuGuuGCAuuuAATT-3', 
and antisense strand 5'-uuAAAuGCAACAuACAAACTT-3'.

The control siRNA provided in the RNAi Human/Mouse 
Starter kit (qiagen) was used for negative control. The AllStars 
Hs Cell Death Control siRNA was used as a cell death control. 
The Cks1 and Cks2 overexpression vectors with the hygromycin-
resistance coding sequences were purchased from Invitrogen.

Cell culture and transfection. HepG2 cells were cultured in 
DMEM supplemented with 10% FBS, 100 u/ml penicillin and 
100 µg/ml streptomycin sulfate at 37˚C in a 5% CO2 incubator. 
Cells were cultured in 100-mm tissue culture dishes and were 
subcultured at a ratio of 1:3 every 2-3 days.

Transfection. HepG2 cells were inoculated in 6-well plates 
at a density of 2x105 cells/well just before being transfected. 
For gene depletion, siRNAs (300 ng) mixed with 12 µl of 
HiPerfect transfection reagent was added to each well of the 
respective cultured cells. One day following transfection, the 
media were replaced with the fresh culture medium and the 
cells were cultured at 37˚C until being used. For overexpres-
sion experiments, 2.5 µg of each plasmid mixed in 6.5 µl of 
Lipofectamine reagent were added to each well. Six hours 

after the transfection, fresh culture media were added to each 
well. After being cultured at 37˚C for 18 h, the cells were 
subcultured at a ratio of 1:10. The medium was supplemented 
with 50 µg/ml hygromycin for selection.

Cell proliferation assays. For CCK-8 cell proliferation assay, the 
cells were seeded in 96-well plates at a density of 3x103 cells/

Figure 1. mRNA and protein levels of Cks1/Cks2 after transfection. (A) Cks1 
and Cks2 mRNA levels after Cks1/Cks2 siRNA transfection by real-time 
PCR. (B) Cks1 and Cks2 protein levels examined by western blot analysis at 
48 h after siRNA transfection. **P<0.01. The Cks1/Cks2 siRNA transfection 
procedure resulted in significant decrease in the transcriptional and protein 
expression levels of Cks1 and Cks2, indicating excellent knockdown efficiency.
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well. The cell viability at four selected time-points (24, 48, 72 and 
96 h) was analyzed in quadruplicate samples by Cell Counting 
Kit-8 on Thermo Fisher Scientific Multiskan FC (Thermo Fisher 
Scientific, Waltham, MA, uSA). The OD 450 values were 
measured and the growth curve was plotted. Alternatively, the 
cell number was quantitated with a Sysmex xE-5000 hemocy-
tometer (Kobe, Japan) at four selected time-points (24, 48, 72 and 
96 h) in quadruplicate, and the growth curve was plotted.

For cell cycle analyses, the cells were serum-starved for 
24 h to synchronization at the G0 phase of the cell cycle. 
The cells were then cultured in normal media for 48 h and 
stained with PI for fluorescent assisted flow cytometric 
analysis.

Assay of cell apoptosis. The cells were seeded in 6-well plates 
at a density of 2x105 cells/well. After cells had attached to the 
culture plate, cisplatin was added to the control and experi-
mental groups at a final concentration of 3 µg/ml to induce 
apoptosis. The floating and attached cells in each well were 
collected at 48 h after the treatment and double-stained with 
Annexin V-FITC/PI and Annexin V-EnzoGloden/PI for flow 
cytometric analysis.

Real-time PCR. Total RNAs were extracted with TRIzol 
reagent for RNA extraction, and the reverse transcription 
was carried out with RevertAid First-Strand cDNA synthesis 
kits. Cks1 and Cks2 primers and probes were designed using 
the ABI Primer Express 2 software. β-actin was used as the 
internal loading control. The PCR reactions were performed 
with the ABI 7500 fluorescent qPCR device.

Western blot analysis. HepG2 cell lysates were prepared by 
adding 50 µl of RIPA lysis buffer to 106 of cells. The lysates were 
separated on SDS-PAGE and transferred to PVDF membranes 
for western blot analyses. Mouse anti-human β-actin antibody 
was used at a 1:1,000 dilution. Rabbit anti-human Cks1 antibody 
was used at a 1:1,500 dilution. Rabbit anti-human antibody was 
used at a 1:1,000 dilution. Horseradish peroxidase (HRP)-labeled 
goat-anti-mouse IgG antibody (targeted to β-actin) or goat-anti-
rabbit IgG antibody (targeted specifically to Cks1 and Cks2) was 
used at a 1:10,000 dilution. The specifically bound antibodies 
were visualized with the ECL chemiluminescence kit.

Statistical analysis. All data were processed with the SPSS 20.0 
statistical software package. The overall data were analyzed 
with Student's t-test. Each assay was repeated in triplicate.

Results

Depletion of Cks1 and Cks2 expression compromises cell 
proliferation in HepG2 cells. To assess the role of Cks1/Cks2 
in HepG2 cells, the expression of Cks1/Cks2 was depleted by 
siRNA specific to Cks1 and Cks2. The results showed that both 
Cks1 and Cks2 mRNAs were reduced with 24 h after the trans-
fection (Fig. 1A). The mRNA levels of Cks1 were downregulated 
by 95% and Cks2 70%, respectively, at 24 h after the transfec-
tion. The knockdown efficiency gradually decreased over time. 
Cks1 siRNA maintained a high knockdown efficiency (81%) 
even at 96 h after transfection while the mRNA levels of Cks2 
returned to near baseline levels by 96 h after the transfection. 
Consistently, expression of Cks1 and Cks2 at the protein level 

Figure 2. The effect of changes in Cks1/2 protein levels on HepG2 proliferation. (A) CCK-8 assay curve for transient siRNA transfection. (B) The cell counting 
curve for transient siRNA transfection. (C) CCK-8 curve for the Cks1/Cks2 overexpressed cell lines. (D) The cell counting curve for Cks1/Cks2 overexpressed 
cell lines. **P<0.01, *P<0.05. Suppression of the expression of Cks1 and Cks2 protein resulted in slower proliferation.
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was also reduced (Fig. 1B). To determine whether depletion 
of either Cks1 or Cks2 affects cell proliferation, we used the 
CCK-8 assay kit to examine cell proliferation at 24, 48, 72 and 
96 h after transfection with Cks1 and Cks2 siRNA (Fig. 2A). It 
was clear that cell proliferation was reduced within 24 h after the 
transfection. The difference became more obvious over time and 
remained statistically significant. Quantitation of cell numbers 
directly with a cell counter also revealed that depletion of Cks1 
and Cks2 reduced cell proliferation in HepG2 cells (Fig. 2B). 
The data suggest that expression of Cks1 and Cks2 has positive 

effects on cell proliferation. Consistently, overexpression of Cks1 
and Cks2 promote cell proliferation (Figs. 3 and 2C and D). In 
addition, cell cycle analyses with the fluorescence-assisted cell 
sorter (FACS) analyses showed that overexpression of Cks1 
promoted HepG2 cell transition into S phase (Fig. 4).

Depletion of Cks1 and Cks2 expression enhances chemo-
therapy agent-induced apoptosis in HepG2 cells. In order 
to study the effect of Cks1 and Cks2 on HepG2 cellular 
apoptosis, expression of Cks1 and Cks2 was depleted by 

Figure 3. Cks1 and Cks2 protein levels in the overexpressed stable cell lines. (A) Cks1 protein levels in the stable overexpressed cell line. (B) Cks2 protein levels in the 
stable overexpressed cell line. Overexpression in clones 1-3 represent Cks overexpression of clone 1-3. Negative, negative control, and the blank is untreated HepG2 
cells. After transfection of target plasmids, Cks1 and Cks2 protein expression levels were markedly higher in overexpressed cell lines than in the control groups.

Figure 4. Effect of the changes in Cks1 and Cks2 protein levels on cell cycle in HepG2 cells. The statistical analysis showed that upregulation of Cks1 protein 
level increased the percentage of cells in S phase (P<0.01) and decreased the percentage of cells in G0/G1 and G2/M (P<0.01) compared to the control.
Overexpression of Cks2 only increased the percentage of cells in G0/G1 (P<0.05) and decreased the percentage of cells in G2/M (P<0.01) compared to the 
control while the percentage of cells in S phase show no significant difference. The percentage of cells in each phase after Cks1 and Cks2 siRNA transfection 
was not significantly different from the control.
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Figure 5. Effect of changes in Cks1 and Cks2 protein levels on the apoptosis rate at early and late stages in HepG2 cells (transient siRNA transfection). The 
apoptosis rate at early and late stages after transient siRNA transfection.

Figure 6. Effect of changes in Cks1 and Cks2 protein levels on the apoptosis rate at early and late stages in HepG2 cells (Cks overexpressed cell lines). The 
apoptosis rate at early and late stages in Cks overexpressed cell lines. 
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siRNA transfection. Twenty-four hours later, the cells were 
then treated with cisplatin for another 24 h followed by 
Annexin V/PI staining. Flow cytometry was used to analyze 
the apoptosis rate for both the control and experimental 
group (Fig. 5). The results indicate that the apoptosis rate in 
Cks1 and Cks2 knockdown groups was higher than that in the 
control group upon cisplatin treatment at both early and late 
stages (P<0.01, Fig. 7A). Consistently, overexpression of Cks1 
and Cks2 resulted in a lower cisplatin-induced apoptosis rate  
at both the early and the late stages as compared with the  
control (P<0.01) (Figs. 6 and 7B). Together, the results demon-
strate that high expression level of Cks1 and Cks2 protects 
the cells from undergoing apoptosis upon chemotherapy drug 
treatment.

Depletion of either Cks1 or Cks2 promotes AKT and GSK-3β 
phosphorylation in HepG2 cells. To investigate the mechanism 
by which depletion of Cks1 and Cks2 affects cell apoptosis, we 
then assessed activation of AKT and GSK activation in Cks 
depleted cells by western blot analyses. The results revealed 
that depletion of either Cks1 or Cks2 reduced AKT and 
GSK-3β phosphorylation (Fig. 8). Since activity of AKT and 
Wnt signaling has been shown to suppress cell apoptosis, the 
results suggested that high expression of Cks proteins protects 
HCC cells from apoptosis via the AKT and Wnt pathways.

Discussion

Currently, only a limited number of cancer targeting drugs 
are available for HCC treatment (9). However, liver cancer 
frequently develops tolerance to the currently available 
molecular targeting drugs (10,11). Thus, it is imperative to 
develop new targeting drugs for HCC. In the present study, 

we described that depleting Cks1 and Cks2 in HepG2 cells 
reduces cell proliferation and increase apoptosis induced by 
the common chemotherapy reagents. The results suggest that 
targeting Cks1 and Cks2 in conjunction with chemotherapy 
treatment can be a more effective therapy for HCC.

Although Cks1 promoted p27 ubiquitination and degrada-
tion (12), and therefore, promotes cell proliferation, the function 
of Cks2 is largely unknown in somatic cells. Furthermore, 
how depletion of Cks1 and Cks2 increase sensitivity to cancer 
chemotherapy drugs are still not clear. Further efforts are 
needed to characterize the molecular mechanism by which 
Cks1 and Cks2 protect cells from undergoing apoptosis upon 
chemotherapy treatment. The caspase family of proteins play 
a critical role in mediating cellular apoptosis. It has been 
reported that Cks2 downregulation reduces cell proliferation 
and increase caspase-3 activation and Bax expression in gastric 
cancer cells (6). Depleting Cks2 expression with siRNA in 
esophageal squamous cell carcinoma also results in reducing 
cell proliferation (13).

Activation of Akt via phosphorylation plays an important 
role in cell survival and apoptosis (14-16). It suppresses apoptosis 
and promotes cell survival, and regulates glycogen synthesis 
via GSK-3β and the cell cycle by blocking GSK-3β-mediated 
cyclin D phosphorylation and degradation (17). In addition, 
Akt plays a key role in cell proliferation. Our results showed 
that downregulation of Cks1 and Cks2 protein expression 
led to a decrease in Akt and GSK-3β phosphorylation. It is 
speculated that the Cks1- and Cks2-regulated Akt and GSK-3β 
signaling activity underlies the oncogenic activities of both 
Cks1 and Cks2.

In summary, Cks1 and Cks2 promote HCC cell prolifera-
tion and suppress HCC cell apoptosis induced by chemotherapy 
drugs. Therefore, suppressing Cks1 and Cks2 activity likely 

Figure 7. The statistical analysis of apoptosis in HepG2 cells. (A) The apop-
tosis rate at early and late stages after transient siRNA transfection. (B) The 
apoptosis rate at early and late stages in Cks overexpressed cell lines. **P<0.001

Figure 8. The effect of changes in Cks1 and Cks2 protein levels on Akt and 
GSK-3β. Compared to the control group, the expression of Akt and GSK-3β 
was not significantly affected by Cks1 and Cks2 knockdown. However, phos-
phorylation of Akt and GSK-3β was significantly reduced by both Cks1 and 
Cks2 siRNA interference, which suggested that Cks1 and Cks2 potentially 
regulate cellular proliferation and apoptosis through activation of Akt/GSK-
3β-related signaling pathways.
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will increase efficacy of chemotherapy for HCC, which 
deserves further investigation.
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