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Inhibition of Racl activity induces G1/S phase arrest through
the GSK3/cyclin D1 pathway in human cancer cells
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Abstract. Racl has been shown to regulate the cell cycle in
cancer cells. Yet, the related mechanism remains unclear.
Thus, the present study aimed to investigate the mechanism
involved in the regulation of G1/S phase transition by Racl
in cancer cells. Inhibition of Racl by inhibitor NSC23766
induced G1/S phase arrest and inhibited the proliferation
of A431, SW480 and U2-OS cells. Suppression of GSK3 by
shRNA partially rescued G1/S phase arrest and inhibition
of proliferation. Incubation of cells with NSC23766 reduced
p-AKT and inactivated p-GSK3a and p-GSK3p, increased
p-cyclin D1 expression and decreased the level of cyclin D1
protein. Consequently, cyclin D1 targeting transcriptional
factor E2F1 expression, which promotes G1 to S phase transi-
tion, was also reduced. In contrast, constitutive active Racl
resulted in increased p-AKT and inactivated p-GSK3a and
p-GSK3p, decreased p-cyclin D1 expression and enhanced
levels of cyclin D1 and E2F1 expression. Moreover, suppres-
sion of GSK3 did not alter p-AKT or Racl activity, but
decreased p-cyclin D1 and increased total cyclin D1 protein.
However, neither Racl nor GSK3 inhibition altered cyclin D1
at the RNA level. Moreover, after inhibition of Racl or GSK3
following proteasome inhibitor MG132 treatment, cyclin D1
expression at the protein level remained constant, indicating
that Racl and GSK3 may regulate cyclin D1 turnover through
phosphorylation and degradation. Therefore, our findings
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suggest that inhibition of Racl induces cell cycle G1/S arrest
in cancer cells by regulation of the GSK3/cyclin D1 pathway.

Introduction

Racl is a member of the small RhoGTPase family, that is
activated by binding to GTP, and inactivated by binding to
GDP. It regulates a wide range of cellular properties, such as
proliferation, differentiation, apoptosis and migration (1). It is
also crucial in regulation of the cell cycle in human cancer
cells (2). However, the mechanism is largely unknown.

Gl to S phase transition is a pivotal step in the cell cycle
and plays a crucial role in various biological processes, such
as cell proliferation, terminal differentiation, senescence or
cell death (3). Cyclin DI is a key molecule that is required
for S phase entry. Overexpression of cyclin D1 accelerates
G1/S transition (4). On the other hand, inhibition of cyclin D1
induces cell cycle arrest in the G1 phase. In association with
cyclin D1, cyclin-dependent kinases (CDKs) CDK4 and
CDKG6 phosphorylate their substrates, such as retinoblastoma
protein (pRb), allowing the release of E2F transcription factors
that activate G1/S-phase gene expression (5). The level of
cyclin D protein is reduced through downregulation of protein
expression or phosphorylation-dependent degradation due to
ubiquitination and proteasome-mediated degradation (6).

Glycogen synthase kinase-3 (GSK3) is a critical down-
stream element of the PI3K/AKT pathway. Therefore, its
activity can be inhibited by AKT-mediated phosphorylation at
Ser21 of GSK3a and Ser9 of GSK3f (7,8). GSK3p is reported
to phosphorylate cyclin D1 at Thr286. AKT positively regulates
G1/S cell cycle progression through inactivation of GSK3p,
resulting in increased cyclin D1. As a target of cyclin D1, E2F1
promotes cell cycle by binding to different genes, such as myc
and TK (9,10).

Racl has been shown to regulate the cell cycle by regula-
tion of cyclin DI (11). However, the intermediary molecules
are unclear. Joyce et al (12) reported that Racl regulates
cyclin D1 transcription through NF-kB-dependent signaling
in NITH3T3 cells. However, our previous study found that
NF-xB was not altered in Racl-depleted keratinocytes
compared to wild-type keratinocytes in vivo and in vitro (13).
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Therfore, the downstream pathway of Racl involved in the
regulation of G1/S transition through cyclin D1 seems to be
variable in different cell types.

In the present study, we aimed to investigate the mecha-
nism involved in the regulation of G1/S transition by Racl in
cancer cells. We found that inhibition of Racl activity induced
G1/S phase arrest through the GSK3/cyclin DI pathway.

Materials and methods

Cell culture. A431 human epithelial carcinoma cells, SW480
human colon cancer cells and U2-OS human osteosarcoma
cells were grown in Dulbecco's modified Eagle's medium
(DMEM) (Gibco) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 0.1 mg/ml streptomycin at
37°C in 5% CO,. Racl inhibitor NSC23766 (Calbiochem) and
GSK3 inhibitor lithium (Sigma) in PBS at final concentrations
of 100 uM and 100 mM were used.

Plasmid constructs and gene transfer. siRNA against GSK3
and the GSK3-overexpressing plasmid were purchased
from Shanghai GenePharma Co., Ltd (Shanghai, China).
High cycling Racl plasmid was a gift from Professor Cord
Brakebusch at the University of Copenhagen, Denmark. A431,
SW480 and U2-0OS cells were transfected using MirusTransIT
transfection reagents according to the manufacturer's instruc-
tions, and selected by G418 for setting up stable transfection.

MTT assay. A431, SW480 and U2-OS cells were plated in
quintuplicate in 96-well plates (5x10%/well). At 24 h after
incubation, NSC23766 or LiCl was added to a final concentra-
tion of 100 uM or 100 mM, respectively, for 1, 2 or 3 days.
Next, 20 pl of 5 mg/ml MTT (Sigma, St. Louis, MO, USA) was
added to each well for 4 h at 37°C. Dimethylsulfoxide (DMSO)
(150 ul) was added to dissolve the crystals, and absorbance
was measured with an enzyme-linked immunosorbent assay
reader (Bio-Rad Laboratories, Hercules, CA, USA), using a
measurement wavelength of 570 nm.

Cell cycle analysis. A431, SW480 and U2-OS cells were
seeded in 6-well plates at 3x10° cells/well, and incubated with
NSC23766 or LiCl added to a final concentration of 100 xM
or 100 mM, respectively, for 24 h. Cells were harvested by
centrifugation and fixed with 75% ethanol. Fixed cells were
incubated with propidium iodide for at least 30 min. The DNA
content of the cells was measured on a FACScan cytometer
(Becton-Dickinson).

Western blot analysis. Western blot analysis was performed
as previously described (14). Cell lysates were prepared from
cell monolayers incubated in RIPA buffer [SO mM Tris-HCI
(pH7.4),150 mM NaCl,2 mM EDTA, 1 mM sodium orthovana-
date, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 2 mM phenylmethylsulfonyl fluoride
(PMSF)] and protease inhibitor cocktail. Total cellular protein
samples of 50 ug were resolved by SDS-PAGE. Blots were
probed with anti-Racl, p-AKT (Ser473), GSK3a, p-GSK3a
(Ser21), GSK3p, p-GSK3p (Ser9), cyclin DI, p-cyclin D1
(Thr286), CDK4, CDK6 and E2F1 antibodies purchased from
Cell Signaling Technology. The same antibodies were used for
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immunofluoresent staining. Anti-tubulin (Abcam) was used
as the loading control. Secondary antibodies were goat anti-
rabbit or goat anti-mouse coupled to horseradish peroxidase.
Development was carried out with enhanced chemilumines-
cence reagents (Millipore, Billerica, MA, USA), and signals
were detected by a chemiluminescence detection system
(Clinx Science Instruments Co., Ltd., Shanghai, China).

Reverse transcription PCR (RT-PCR). Total RNA was isolated
from cells using the TRIzol reagent (Sigma) according to the
manufacturer's protocol. Reverse transcription was performed
using the RT-PCR kit (BD Biosciences) following the manu-
facturer's protocol. cDNA was then amplified. The reaction
condition was first heated at 95°C for 5 min, then 30 cycles at
95°C for 1 min, followed at 55°C for 1 min and 72°C for 1 min,
then 72°C for 10 min. Primers were: cyclin D1, 5'-CACA
CGGACTACAGGGGAGT-3' (forward) and 5'-CACAGGA
GCTGGTGTTCCAT-3' (reverse); E2F1, 5-ATGTTTTCCTG
TGCCCTGAG-3' (forward) and 5-ATCTGTGGTGAGGGA
TGAGG-3' (reverse); GAPDH, 5-GAGTCCACTGGCGTC
TTC-3' (forward) and 5-GGGGTGCTAAGCAGTTGGT-3'
(reverse).

Statistical analysis. All data are presented as means + stan-
dard deviation (SD). Statistical significance was determined by
the Student's t-test. P-values <0.01 were considered significant.
Analyses were performed using SPSS 11.0.

Results

Racl activity is crucial for cancer cell proliferation. The role
of Racl activity was assessed using Racl inhibitor NSC23766
that has been confirmed to inhibit Racl activity by interfering
with the interaction between GEF and Racl (15), consequently
inhibiting activation. MTT assay was performed to test cell
proliferation. Fig. 1 shows that NSC23766 at the concentration
of 100 M inhibited proliferation in A431 skin cancer cells,
SW480 colon cancer cells and U2-OS osteosarcoma cells
(P<0.01). However, suppression of GSK3 partially rescued this
inhibition in all three cancer cell lines.

Inhibition of Racl induces G1/S phase arrest. The cell cycle
is a crucial effector of proliferation. Using flow cytometry, we
found that inhibition of Racl activation by NSC23766 mark-
edly induced cell cycle arrest in the G1 phase in the A431,
SW480 and U2-0OS cells (P<0.01; Fig. 2). Suppression of
GSK3 partially rescued this effect in all three cancer cell lines.

Inhibition of Racl suppresses cyclin DI through GSK3.1n A431
cells, following incubation of NSC23766, phosphorylation of
AKT at serd73 was decreased. Consequently, phosphoryla-
tion of both GSK3a and GSK3f was reduced as well. Total
expression of GSK3a and GSK3f was slightly increased after
incubation of NSC23766. Higher levels of p-cyclin D1 and
a lower level of total cyclin D1 were observed in the Racl-
inhibited cells, while CDK4 and CDKG6 expression was not
altered. The transcription factor E2F1, a target of cyclin DI,
was repressed following inhibition of Racl activation. The
changes in the above proteins were similar in the SW480 and
U2-0S cells (Fig. 3A). In contrast, constitutive active Racl
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Figure 1. Inhibition of cancer cell proliferation by Racl inhibitor treatment. Control A431, SW480 and U2-OS cells, as well as GSK3-knockdown cell lines
were treated with Racl inhibitor NSC23766 for 1,2 and 3 days. Survival probability was determined by MTT assay. Data are means with standard deviation
(n=8). Data analysis was performed with the Student's t-test. "P<0.01, compared to the control.
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Figure 2. Flow cytometric analysis of the cell cycle of cancer cells. (A) Control A431, SW480 and U2-OS cells or GSK3-knockdown (GSK3-KD) cell lines
were treated with Racl inhibitor NSC23766 for 24 h. Cells were harvested, and cell cycle analysis was performed as described in Materials and methods.
Shown are the percentages of cells in the G1 and S phase. (B) Quantification of cell cycle analysis (n=3). Data analysis was performed with the Student's t-test.
“P<0.01, compared to the control.
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Figure 3. Effect of Racl on GSK3/cyclin DI signaling. (A) A431, SW480 and U2-OS cells were treated with NSC23766 (Racl inhibitor) for 24 h and protein
lysates were prepared. Western blotting was used to detect indicated protein expression. Pull down assay was used to test Racl activity (Racl-GTP). (B) SW480
cells were transfected with control plasmid (con) or high cycling Racl plasmid (Racl CA). Western blotting was used to detect indicated protein expression.
(C) SW480 cells were transfected with shRNA against GSK3 (GSK3 KD) or control plasmid (con). Cells were treated with NSC23766 (Racl inhibitor) for 24 h.
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Figure 4. Effect of GSK3 on cyclin DI signaling. Control (con), LiCl-treated (GSK inhibitor) or GSK3 overexpression cells (A431, SW480 and U2-OS) were

cultured. Protein lysates were prepared. Western blotting was used to dete
(Racl-GTP).

in SW480 cells induced a higher level of p-AKT, p-GSK3a
and p-GSK3p. A lower level of p-cyclin D1 and higher levels
of cyclin D1 and E2F1 were observed in the Racl-activated
cells (Fig. 3B). Moreover, suppression of GSK3 reduced
p-cyclin D1, increased total levels of cyclin D1 and E2F1, even
in the presence of the Racl inhibitor (Fig. 3C).

ct indicated protein expression. Pull down assay was used to test Racl activity

Inhibition of GSK3 suppresses cyclin DI and E2F1.In the A431
cells, following incubation with LiCl, a GSK3 inhibitor, phos-
phorylation of both GSK3a and GSK3p was elevated, while
total expression of GSK3a and GSK3f was reduced. Neither
Racl activity nor AKT phosphorylation was altered when GSK3
activity was inhibited, indicating that GSK3 functions down-
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Figure 5. Effects of Racl and GSK3 on cyclin D1 at the RNA and protein levels. (A) NSC23766 (Racl inhibitor) or LiCl-treated (GSK3 inhibitor) A431 cells
and GSK3 overexpressing (GSK3 OV) A431 cells were cultured. Total RNA was extracted. Expression levels of cyclin D1 and E2F1 RNA were evaluated by
RT-PCR. (B) NSC23766 (Racl inhibitor) or LiCl-treated (GSK3 inhibitor) cells and GSK3-overexpressing (GSK3 OV) cells were cultured with or without
proteasome inhibitor MG132. Expression of cyclin D1 was tested by western blot analysis.

Racl » AKT

| GSK3 ———] cyclinD1

> E2F1 » G1/S transition

Figure 6. Racl regulates Gl to S phase transition through the GSK3/cyclin D1 pathway.

stream of Racl and AKT. Followed by decrease in the GSK3
level following incubation with LiCl, cyclin D1 phosphorylation
was reduced and total cyclin D1 was increased, possibly resulting
in a higher level of E2F1. Furthermore, overexpression of GSK3
in the A431 cells further increased p-cyclin D1 and decreased
the total amount of cyclin D1 and E2F1 protein, suggesting that
GSK3 is a molecule that regulates cyclin D1 phosphorylation
and expression downstream of Racl and AKT. Similar results
were observed in the SW480 and U2-OS cells (Fig. 4).

Notably, neither inhibition of Racl and GSK3 activity nor
elevated GSK3 expression altered cyclin D1 expression at the
RNA level. Moreover, expression of cyclin D1 at the protein
level remained constant in the presence of the proteasome
inhibitor MG132 at the concentration of 50 M (Fig. 5). These
results indicate that Racl and GSK3 may change cyclin D1
protein expression at the post-transcription level. E2F1 expres-
sion was markedly reduced at the RNA level when Racl or
GSK3 was inactivated, suggesting that Racl and GSK3 regu-
late E2F1 expression at the transcription level.

Discussion

Racl is either overexpressed or overactivated in many cancer
types, such as colon, testicular, gastric, breast, oral and skin
squamous cell carcinoma (1). Racl has been demonstrated to
be crucial for tumor formation by control of transformation,
proliferation and survival of tumor cells. We inhibited Racl
activity in A341 skin cancer cells, SW480 colon cancer cells
and U2-OS osteosarcoma cells, and proliferation of the three
cell lines was significantly reduced, indicating the indispensible
role of Racl in cancer cell proliferation. However, suppression
of GSK3 partially rescued this inhibition of proliferation,
suggesting that Racl regulates cell proliferation via GSK3.

Cell cycle progression is the process of cell division,
which decides the speed of cell proliferation (16). In early
Gl1, cyclin DI associates with CDK4 and CDK6 to form
active cyclin D/CDK4/CDK6 complexes (17). This complex is
responsible for targeting nuclear transcription factors. In the
present study, inhibition of Racl or GSK3 activity induced cell
cycle arrest in the G1 phase in all three cancer cell lines. This
cell cycle arrest was partially rescued by suppression of GSK3,
suggesting that Racl regulates the cell cycle through GSK3.

GSK3 functions to phosphorylate cyclin D1 at Thr286,
subsequently inducing its proteasomal degradation, thereby
triggering cyclin D1 turnover (18). Inhibition of Racl activity
reduced the phosphorylation of AKT, consistent with previous
results that phosphorylation of AKT was decreased in Racl-
depleted epidermis treated by TPA (15). In contrast, constitutive
active Racl induced higher levels of p-AKT, p-GSK3a and
p-GSK3p, a lower level of p-cyclin D1, as well as a higher level
of cyclin DI, indicating that the GSK3/cyclin D1 pathway is
regulated by Racl.

GSK3 activity can be phosphorylated and inhibited by the
PI3K/AKT pathway (7). GSK3a and GSK3p phosphorylation
was reduced when Racl was inhibited, possibly due to the
inactivation of AKT, resulting in the increase in the amount
of GSK3a and GSK3p protein. GSK3 is known to phosphory-
late and degrade cyclin DI1. Suppression of GSK3 reduced
p-cyclin D1 and increased the total level of cyclin D1 (Fig. 3C).
Moreover, the level of p-cyclin D1 was increased, possibly due
to the higher protein level of GSK3 in the Racl-inhibited cancer
cells, correlating with a lower cyclin D1 protein level, possibly
due to increased cyclin D1 degradation after phosphoryla-
tion. To confirm this hypothesis, we performed RT-PCR to
assess the expression of cyclin DI at the RNA Ievel in the
Racl-inhibited cancer cells. Results showed that cyclin D1
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expression at the RNA level remained constant in the Racl-
inhibited, GSK3-inhibited and overexpressing cells. We next
inhibited the proteasome to inhibit ubiquitination and degra-
dation of cyclin D1. Expression of cyclin D1 at the protein level
remained unchanged in the Racl-inhibited, GSK3-inhibited
and overexpressing cells. These results suggest that Racl and
GSK3 regulate cyclin D1 expression at the post-transcription
level, possibly by the effect of ubiquitination and degradation.

E2F1, known as a downstream target of cyclin D1 and
a member of the E2F family that induces Gl phase entry to
S phase, is a potent stimulator of cell cycle entry (19,20). It
binds to specific DNA sequences and regulates transcription
of E2F target genes. E2F1 was suppressed following inhibition
of Racl activity or GSK3 activity, but was overexpressed by
constitutive active Racl or suppression of GSK3, followed by
increased or decreased cyclin D1.

In conclusion, in the cancer cell lines, inhibition of Racl
reduced AKT phosphorylation, thus inhibiting GSK3 phos-
phorylation, resulting in an elevated level of GSK3. This
subsequently induced a higher level of p-cyclin D1, which
induced degradation of cyclin D1, leading to suppression of
E2F1 resulting in induction of G1/S phase arrest (Fig. 6).
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