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Glycogen synthase kinase-3β positively regulates the
proliferation of human ovarian cancer cells 
Qi Cao1, Xin Lu1, You-Ji Feng1 

1Department of Gynecology, Obstetrics and Gynecology Hospital, Fudan University, Shanghai 200011, China 

Although glycogen synthase kinase-3 (GSK-3) might act as a tumor suppressor since its inhibition is expected to 
mimic the activation of Wnt-signaling pathway, GSK-3β may contribute to NF-κB activation in cancer cells leading to 
increased cancer cell proliferation and survival. Here we report that GSK-3β activity was involved in the proliferation 
of human ovarian cancer cell both in vitro and in vivo. Inhibition of GSK-3 activity by pharmacological inhibitors sup-
pressed proliferation of the ovarian cancer cells. Overexpressing constitutively active form of GSK-3β induced entry 
into the S phase, increased cyclin D1 expression and facilitated the proliferation of ovarian cancer cells.  Furthermore, 
GSK-3 inhibition prevented the formation of the tumor in nude mice generated by the inoculation of human ovarian 
cancer cells. Our findings thus suggest that GSK-3β activity is important for the proliferation of ovarian cancer cells, 
implicating this kinase as a potential therapeutic target in ovarian cancer. 

    Cell Research (2006) 16:671-677. doi: 10.1038/sj.cr.7310078; published online 20 Jun 2006

Keywords: glycogen synthase kinase 3β, ovarian cancer, cell proliferation, therapeutic target

Introduction

Ovarian cancer is a leading cause of death from gyne-
cological malignancies [1]. However, the molecular basis 
of ovarian carcinogenesis remains poorly understood. It is 
therefore important to explore the molecular mechanism 
of the development of ovarian cancer. 

Recent work in colorectal cancer, pancreatic cancer and 
hepatocellular carcinoma [2-4] demonstrates that glycogen 
synthase kinase-3β (GSK-3β) is involved in the process of 
tumorigenesis. Inhibition of the expression and activity of 
GSK-3β attenuates cell proliferation and causes apoptosis 
in colorectal and pancreatic cancer cells [2, 3]. In contrast, 
activation of GSK-3β by LY294002 sensitizes hepatoma 
cells to chemotherapy-induced apoptosis [4]. GSK-3 is 
an evolutionarily conserved and ubiquitously expressed 
serine/threonine kinase and has two homologous mam-

malian isoforms encoded by different genes (GSK-3α 
and GSK-3β; Doble BW and Woodgett [5]). In addition to 
glycogen synthesis, from which it takes name, the GSK-3β 
isoform phosphorylates a number of substrates including 
metabolic and signaling proteins, structural proteins and 
transcription factors that regulate cell survival [5, 6]. The 
regulation of GSK-3β itself is dual. Phosphorylation of 
human GSK-3β at tyrosine 216 is critical for efficient ki-
nase activity, whereas GSK-3β kinase activity is inhibited 
through phosphorylation of serine 9 by protein kinase A, 
protein kinase B or protein kinase C [7-10].

Several reports suggest that GSK-3β is a part of a tumor 
suppressor complex, since it directly phosphorylates the 
oncoprotein β-catenin and targets it for degradation [5, 11]. 
However, there are also reports that GSK-3β participates 
in the NF-κB-mediated gene transcription, which predicts 
that GSK-3β inactivation would decrease cell proliferation 
[3, 12, 13]. Together, these reports prompted us to inves-
tigate the role of GSK-3β in ovarian cancer. Our findings 
demonstrated that GSK-3β was critical in controlling the 
proliferation of human ovarian cancer cells. 

Materials and Methods
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Materials
The antibodies against bromodeoxyuridine (BrdU) and GAPDH 

were from Sigma (St Louis, MO, USA), against GSK-3β, pGSK-
3βSer9 and GFP from Cell Signaling Technology (Beverly, MA, 
USA), against cyclin D1 from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). The fluorescence-labeled goat anti-mouse (546) or 
anti-rabbit (488) IgGs were from Molecular Probes. The anti-rabbit 
or anti-mouse IgGs conjugated with horseradish peroxidase (HRP) 
were from Amersham. All other chemicals were obtained from Sigma 
(St Louis, MO, USA).

Cell culture and transfection
SKOV3 and ES-2 cells, two human ovarian cancer cell lines 

obtained from ATCC were cultured in RPMI 1640 (Gibco-BRL) 
supplemented with 10% heat-inactivated fetal calf serum at 37 oC in a 
humidified atmosphere of 5% CO2 in air. Transfection of SKOV3 was 
carried out by electroporation using the Amaxa Nucleofector device. 
Testing plasmids and pCS2, an empty vector, were cotransfected 
with GFP at a ratio of 3:1, to assess transfection efficiency (typi-
cally 50–80%). For stable transfection, SKVO3 cells were cultured 
overnight after transfection followed by the addition of G418. The 
G418-resistant cells were pooled 2 weeks later and cultured in the 
above media supplemented with G418.

Cell growth assay
Cells were seeded into a six-well plate at a density of 1×105 

cells/well, followed by treatment of the cells with NaCl, dimethyl 
sulfoxide (DMSO), lithium chloride (LiCl) or SB216763. After 24, 
48 and 72 h of treatment, cells were trypsinized and counted using 
a cell counter (Beckman Coulter, USA).

BrdU incorporation assay
SKOV3 cells transfected were plated onto coverslips at a density 

of 2×104 cells/coverslip in the medium containing 10 mM BrdU. The 
cells were then fixed in 4% paraformaldehyde for 20 min at room 
temperature and rinsed with PBS before being incubated in 2 N HCl 
at 37 oC for 1 h. Cells were then washed three times with PBS for 5 
min. After treatment with a blocking solution (PBS containing 10% 
goat serum) for 1 h, the cells were incubated with anti-BrdU mono-
clonal antibody and anti-GFP polyclonal antibody at a 1:500 dilution 
overnight at 4 oC and washed with PBS containing 0.1% Tween-20 for 
three times, followed by incubation in the dark with goat anti-mouse 
IgG 546 and goat anti-rabbit IgG 488 at room temperature for 2 h. 
The cells were then washed and mounted for observation. The cells 
were observed under a fluorescence microscope (Olympus). Five 
independent areas were imaged and used for the calculation of mean 
values of BrdU-incorporated cells in each condition. 

Colony formation assay
SKOV3 cells transfected were incubated with 0.8 mg/ml of G418 

for 7 days and 0.4 mg/ml for another 7 days. The cells were then 
replated at 1 000 cells/well into six-well culture dishes and left to 
form colonies over a period of 14 days. Cultures were stained with 
0.1% crystal violet and the number of colonies in a 2×2 cm grid (on 
the culture plates) was scored to determine the colony-forming ability 
of the cells. Colonies containing >50 cells were counted.

Cell cycle analysis
Cell seeded in a 60-mm dish at a density of 1×106 cells/dish were 

trypsinized and washed twice with PBS. The cells were then fixed 
with 4% paraformaldehyde followed by the incubation in the fresh 
nuclei staining buffer (100 mg/ml RNase, and 50 mg/ml PI in PBS) 
in the dark for 1 h at 37 oC. Cell cycle histograms were generated 
after analysis of PI-stained cells by fluorescence-activated cell sort-
ing (FACS) with a FACScan (Becton Dickinson). For each sample, 
at least 1×104 events were recorded. 

Western blot analysis
Cells were lysed on ice for 30 min in RIPA buffer ((in mM) 150 

NaCl, 100 Tris (pH 8.0), 1% Triton X-100, 1% deoxycholic acid, 
0.1% SDS, 5 EDTA, 10 NaF, 1 sodium vanadate, 2 leupeptin, 2 
aprotinin, 1 phenylmethylsulfonyl fluoride and 1 dithiothreitol). The 
extracts were clarified by centrifugation and protein concentrations 
of supernatants were determined using a Bio-Rad protein assay 
(Bio-Rad). The proteins were separated by SDS-10% polyacryl-
amide gel electrophoresis, transferred to a polyvinylidene difluoride 
membrane and probed with the primary antibodies. The secondary 
antibody conjugated with HRP was then added. The protein bands 
were visualized with the ECLplus system (Amersham). The density 
of the bands was normalized relative to the controls.

In vivo experiments
Female athymic Balb/c nude mice (Slac laboratory animal Co. Ltd, 

Shanghai, China) aged 3-4 weeks were used in the tumor implantation 
model and housed in IVC cages of isolated ventilation. Experiments 
were approved by the Ethics Committee for Animal Experimentation 
of the Institute of Neuroscience according to institutional guidelines. 
Exponentially growing SKOV3 cells together with NaCl or LiCl (10 
mM) were subcutaneously injected into the right flank of athymic 
nude mice (5×106 cells/mouse). Experiments were conducted in 
groups of three mice. Three weeks after implantation, mice were 
euthanized in keeping with the policy of the humane treatment of 
tumor-bearing animals. Tumor growth was measured by tumor diam-
eters with a vernier caliper and by tumor weight. Tumor volume was 
calculated according to the formula: TV (mm3)=d2×D/2, where d and 
D are the shortest and the longest diameter, respectively [14].

Statistical analysis
The paired Student’s t-test was used to determine the differences 

between groups.

Results

Expression of GSK-3β in ovarian cancer cell lines
Levels of GSK-3β and its inactive form pGSK-3βSer9 

were investigated in SKOV3 and ES-2, two human ovarian 
cancer cell lines. SKOV3 is derived from human ovarian 
adenocarcinoma and ES-2 from ovarian clear cell carcino-
ma. As shown in Figure 1, both SKOV3 and ES-2 expressed 
GSK-3β. Interestingly, although the level of GSK-3β was 
almost identical in the two cell lines, the level of pGSK-
3βSer9 in SKOV3 was lower than that in ES-2, indicating 
that SKOV3 may have more active form of GSK-3β, we 
thus used SKOV3 as a model for further studies. GSK-3β 
has been frequently detected in high levels in ovarian cancer 
tissues than in normal ovary [15], which suggests that GSK-



www.cell-research.com | Cell Research

Qi Cao et al.
673
npg

3β may play some role in ovarian cancer development. We 
thus conducted the following experiments. 

Pharmacological inhibitors of GSK-3β suppressed ovarian 
cancer cell growth

To assess whether GSK-3β affects the proliferation of 
ovarian cancer cells, we examined the effect of LiCl, a 
known inhibitor of GSK-3, on the growth of two human 
ovarian tumor cell lines, SKOV3 and ES-2. As shown in 
Figure 2A, the number of the cells was slightly decreased 

24 h after treatment with LiCl. However, after 48 and 72 
h of treatment, the growth of the cells was significantly 
inhibited by LiCl, whereas NaCl did not have any effect. 
Since lithium, frequently used as a non-competitive inhibi-
tor of GSK-3, is not specific and displays a number of other 
activities [16], we then treated the cells with SB216763, 
another GSK-3 inhibitor [17], and examined its effect on 
the cell growth. Similarly, SB216763 in a dose-dependent 
manner dramatically inhibited SKOV3 and ES-2 cell 
growth (Figure 2B). These results suggested that although 
ES-2 cells expressed pGSK-3βSer9 in a relative high level, 
they did have GSK-3 activity including GSK-3β, which is 
sensitive to the inhibitors of GSK-3.

We then asked whether these inhibitors alter the ex-
pression and phosphorylation state of GSK-3β. Levels 
of expression and phosphorylation state of GSK-3β were 
detected in SKOV3 cells after treatment with each inhibi-
tor for 24 h. As represented in Figure 2C, LiCl, but not 
SB216763, increased the expression level of the pGSK-
3β at Ser9, whereas the level of expression of GSK-3β 
remained unchanged. The fact that SB216763 did not 
change the phosphorylation pattern of GSK-3β at Ser9 
is consistent with the notion that this compound inhibits 
GSK-3β by competitive binding to the ATP binding site 
[17]. We thus suggest that LiCl indeed inhibited GSK-3β 
activity in SKOV3 cells, possibly by phosphorylation of 
the kinase, as reported previously [18, 19]. Taken together, 
our results support the idea that inhibition of GSK-3β sup-
pressed ovarian cancer cell growth. 

Figure 1 Expression of GSK-3β in ovarian cancer cell lines. Total 
protein extracts from SKOV3 and ES-2 cells were western-blotted 
using the antibodies against phospho-GSK-3βSer9 (inactive form of 
GSK-3β) and GSK-3β. GAPDH served as a loading control.

SKOV3          ES-2

pGSK-3βSer9

 GSK-3β

 GAPDH

Figure 2  Inhibition of GSK-3β suppressed growth 
of ovarian cancer cells. Effect of LiCl (10 mM) (A) 
or SB216763 (B) on SKOV3 and ES-2 cell growth 
over the designated times was assayed by its action 
on the cell number. Results are means±S.D. from 
three independent experiments in quadruplicate. 
*P<0.05 and **P<0.01 versus NaCl or DMSO. (C) 
Effect of LiCl or SB216763 (50 µM) for 24 h on 
GSK-3β in SKOV3 cells was western-blotted using 
the indicated antibodies.
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GSK-3β activity modulated SKOV3 cell proliferation
To further demonstrate a functional role of GSK-3β in 

ovarian cancer cell proliferation, we used GSK-3βS9A, a 
constitutively active form of GSK-3β, in which Ser9 was 
replaced with alanine, preventing phosphorylation and inac-
tivation of the kinase. SKOV3 cells were cotransfected with 
a control GFP and GSK-3βS9A. As exemplified in Figure 
3A, GSK-3βS9A significantly increased BrdU incorpora-
tion in SKOV3 cells compared with control vector. The 
number of BrdU-positive cells was 44.9% in SKOV3 cells 

transfected with GSK-3βS9A, whereas 28.5% in SKOV3 
cells transfected with control vector (Figure 3B). We further 
transfected the SKOV3 cells with GID5-6, a peptide inhibi-
tor of GSK-3β derived from the GSK-3β interaction domain 
of axin [20]. The control GID5-6LP contains a single amino 
acid mutation rendering it unable to interact with GSK-
3β [20, 21]. Transfection with GID5-6 led to decrease of 
BrdU intake in SKOV3 cells (20% positive), compared 
with cells transfected with GID5-6LP (32.4% positive). 
These results indicated that increasing GSK-3β activity 

Figure 3  GSK-3β regulated the proliferation of ovarian cancer cells. (A) Effect of inhibition of GSK-3β on BrdU incorporation in 
SKOV3 cells transfected with indicated constructs. BrdU incorporation was measured by double staining of GFP (green) and BrdU 
(red) under the same microscopic magnification in the GFP-expressing cells. (B) Quantitative analysis of the results as shown in 
(A). Data are means±S.D. from three independent experiments in triplicate.  *P<0.05 versus control. (C) Representative images of 
inhibition of GSK-3β on clonogenic formation of SKOV3 cells. SKOV3 cells transfected with the indicated plasmids were treated 
with G418 and stably transfected SKOV3 cells were trypsinized and plated at 1000 cells/well into six-well culture dishes and allowed 
to form colonies for 14 days, after which they were stained with crystal violet. (D) Quantitative analysis of the results as shown in 
(C). Data are means±S.D. from three independent experiments in triplicate. *P<0.05 versus ctrl.  **P<0.01 versus GID5-6LP.
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promoted proliferation, conversely, inhibition of GSK-3β 
activity suppressed proliferation in SKOV3 cells.

To evaluate the long-term effects of GSK-3β activity on 
the growth of SKOV3 cells, we performed colony forma-
tion assays. SKOV3 cells were transfected with the above 
plasmids and cultured under G418 selection. As shown in 
Figure 3C, GSK-3βS9A enhanced the clonogenic potential 
of SKOV3 cells, increasing colony formation by 2.2-fold 
compared with the control vector (Figure 3D). Moreover, 
GID5-6 led to a 2.6-fold reduction in colony formation 
compared with GID5-6LP (Figure 3D). These results pro-
vided additional evidence that GSK-3β activity was critical 
for ovarian cancer cell growth.

GSK-3β regulated G1/S phase progression accompanied 
by cyclin D1 expression change

The above results led us to investigate whether the inhi-
bition or promotion of GSK-3β activity affects cell cycle 
progression. A typical histogram was shown in Figure 4A. 
The percentage of the cell population at the S phase in 
SKOV3 cells transfected with GSK-3βS9A was 44.9%, 
whereas 34.4% in SKOV3 cells transfected with GFP vector 
(Figure 4A). Similarly, inhibition of GSK-3β activity by 
GID5-6 decreased the percentage of SKOV3 cells at the 
S phase (Figure 4A and 4B). These results indicated that 
GSK-3β was important for the cell cycle entry from the 
G1 to S phase, and the alterations in the cell population at 

GID5-6 

Figure 4 GSK-3β controlled SKOV3 cell cycle progression. (A) Representative cell cycle histograms recorded in SKOV3 cells 
transfected for 72 h with the indicated plasmids. The cells expressing GFP proteins were separated and analyzed by FACS analysis. 
(B) Quantitative analysis of the cells at S phases as shown in (A). Data are means±S.D. from three independent experiments in 
triplicate. *P < 0.05 versus control. (C) Western blot analysis of cyclin D1 in SKOV3 cells transfected with the indicated plasmids. 
Relative level of cyclin D1 was made by the ratio of cyclin D1 to GAPDH and normalized to control. 
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the S phase due to the change of GSK-3β activity was in 
accordance with the BrdU incorporation results. 

Activation of cyclin/CDK is required for cell cycle 
progression and G1/S transition. The expression of cyclin 
D and CDK4/6 in G1 cell cycle acts as the primary sensors 
of positive and negative environmental signals [22, 23]. To 
explore the mechanism by which the regulation of GSK-3β 
activity induced the cell cycle changes in SKOV3 cells, 
we analyzed the cyclin D1 expression during the process. 
The expression levels of cyclin D1 were inhibited by the 
transfection of cells with GID5-6 and increased by GSK-
3βS9A, compared with that in the controls (Figure 4C). 
These results indicated that GSK-3β regulated cell cycle 
progression in ovarian cancer, which may be mediated by 
change in cyclin D1 expression. 

LiCl inhibited ovarian cancer growth in vivo
To determine whether GSK-3 affects ovarian tumor 

growth in vivo, we used an ectopic xenograft model of 
ovarian cancer generated by SKOV3 cells. Figure 5A 
showed the representative image of tumor. LiCl inhibited 
tumor growth compared to vehicle control. Three weeks 
after injection, the average tumor volume in control animals 
was 605.5 mm3, whereas 201.6 mm3 in the LiCl group 
(P<0.05). The average tumor weight in control group was 
405.8 mg compared to 183.7 mg in the LiCl group (Figure 
5B). These data indicated that GSK-3 controlled the tumor 
growth of human ovarian cancer in nude mice.

Discussion

We have assessed the role of GSK-3β in the regulation 
of cell proliferation in ovarian cancer. The results described 
above identify a novel role for GSK-3β in regulating 
ovarian cancer cell proliferation via control of cell cycle 
progression and possibly cyclin D1 expression. Our results 
demonstrate that GSK-3β plays an important role in ovar-
ian cancer cell proliferation. Our data are in agreement 
with recent results for the regulation of cell proliferation 
by GSK-3β through an NF-κB-dependent pathway in pan-
creatic tumor [3]. It is interesting since NF-κB has been 
suggested to be the substrate of GSK-3β. It remains to be 
determined whether GSK-3β affects cell proliferation by 
NF-κB-mediated gene transcription in ovarian cancer.

One function of GSK-3β is to phosphorylate and inhibit 
glycogen synthase activity, resulting in a relative increase 
of glucose metabolism [5, 24]. It is well known that malig-
nant cells have accelerated metabolism and high glucose 
requirements [25], and that tumors consistently rely on 
anaerobic pathways to convert glucose to ATP even in the 
presence of abundant oxygen [26], and that tumor cells 
maintain ATP production by increasing glucose influx to 

fuel the energy requirements of unrestricted proliferation 
[25]. Thus, activated GSK-3β in ovarian cancer may con-
tribute to high consumption of glucose through inhibition 
of glycogen synthesis, thereby promoting ovarian cancer 
cell proliferation.

One of the toughest questions when dealing with ovarian 
cancer is its resistance to chemotherapy through multiple 
mechanisms including activation of NF-κB, which might 
result in lower cell killing and drug resistance [27-29]. 
Further, increased expression of cyclin D1 has also been 
reported to contribute to chemotherapy resistance [30]. 
Our results that GSK-3β increased cyclin D1 expression 
in ovarian cancer cells support a possibility that GSK-3β 
is involved in chemotherapy resistance. Therefore, it is 
possible that combination of traditional chemotherapy and 
GSK-3β inhibitor would benefit ovarian cancer patient 
survival. 

In conclusion, our results show that GSK-3β promotes 
ovarian cancer cell proliferation, and that cyclin D1 may 
be involved in the regulation; however, the precise mecha-
nisms still remain unclear. Further studies are needed to 

Figure 5  LiCl inhibited tumour growth generated by human ovarian 
cancer xenografts. (A) Representative image of tumor specimens dis-
sected from the nude mice xenografted with human ovarian cancer 
cells. (B) Quantitative analysis of the results as shown in (A). Data 
are means±S.D. from three independent experiments in triplicate. 
*P<0.05 versus control.
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determine the molecular pathways that contribute to the 
regulation, which may provide us novel strategies targeting 
this kinase for the treatment of ovarian cancer. .
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