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Rho-kinase regulates negatively the epidermal growth
factor-stimulated colon cancer cell proliferation
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Abstract. It has been reported that Rho and Rho-kinase are
involved in actin cytoskeleton organization and associated
with carcinogenesis and progression of human cancers.
However, the mechanism how the Rho/Rho-kinase pathway
is involved in cell cycle progression has not been precisely
characterized. In this study, we investigated the role of Rho-
kinase in epidermal growth factor (EGF) signaling in SW480
colon cancer cells. We found that Y27632, a Rho-kinase
inhibitor, dose-dependently induced cell proliferation in these
cells. The blockade of EGF stimulation utilizing anti-EGF
receptor neutralizing antibodies significantly suppressed cell
growth, suggesting that EGF stimulation plays an important
role in cell proliferation in SW480 cells. We also found that
EGF induced Rho-kinase activation. Interestingly, EGF-
induced phosphorylation of both Akt and glycogen synthase
kinase-36 (GSK-38), but not p44/p42 mitogen-activated
protein (MAP) kinase, were dose-dependently enhanced
when the cells were pretreated with Y27632 or fasudil,
another Rho-kinase inhibitor. Moreover, whereas EGF
increased the phosphorylation of retinoblastoma tumor
suppressor protein as well as cyclin D1 protein expression
level, pretreatment with Y27632 accelerated them. Taken
together, our results suggest that Rho-kinase regulates
negatively EGF-induced cell proliferation upstream of
Akt/GSK-30 in colon cancer cells.

Introduction

GTPases of the Ras and Rho superfamily act as molecular
switches to control a wide range of essential biological path-
ways in all eukaryotic cells (1). In their active, GTP-bound
state, Ras and Rho GTPases interact with target proteins to
promote a cellular response (1). Among the super-family,
Rho regulates the formation of contractile actin-myosin
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filaments, which form stress fibers, and maintains focal
adhesions at the rear of the cell (2). Increasing evidence
implicates Rho GTPases as major players in the regulation of
a variety of cellular processes in addition to contraction (3).
Rho GTPases reportedly contribute to the regulation of cell
cycle progression, cell motility and invasive phenotypes (3).
Although overexpression of Rho has been linked to progression
of human cancers (4), the roles of the Rho GTPases and their
downstream underlying cancer progression and invasion
remain controversial.

Rho-kinase is one of the various targets to Rho (5). Accu-
mulating evidence indicates that the Rho/Rho-kinase pathway
plays an important role in various cellular functions such as
vascular smooth muscle cell contraction, cell migration and
cell proliferation (3). Action of the Rho/Rho-kinase pathway
takes part in cancer progression by regulating actin cyto-
skeleton reorganization. Since a specific Rho-kinase inhibitor
was found to suppress tumor growth and metastasis (6), it is
generally recognized that the Rho/Rho-kinase pathway may
become a molecular target for prevention of cancer invasion
and metastasis.

On the other hand, the ability of cancer cells for survival
is dependent largely on the epidermal growth factor (EGF)
(7). Through its binding to cell surface EGF receptor
(EGFR), EGF activates an extensive network of signal
transduction pathways that include activation of the
Ras/p44/p42 mitogen-activated protein (MAP) kinase and
phosphatidyl inositol-3-kinase (PI3K)/Akt pathways (7).
Glycogen synthase kinase (GSK)-3 is a critical downstream
element of the PI3K/Akt pathway, and its activity can be
inhibited by Akt-mediated phosphorylation of GSK-3a at
Ser21 and GSK-38 at Ser9 (8,9). Unlike most protein kinases,
GSK-38 is typically active in unstimulated cells (10). Thus,
GSK-38 phosphorylates Thr286 of cyclin D1 (11) and
phosphorylated cyclin D1 is exported from the nucleus and
degraded by the 26S proteasome system after ubiquitination
(12). It has also been demonstrated that activation of PI3K
and Akt-mediated phosphorylation of GSK-36 negatively
regulate its activity, thus promoting increased cyclin D1
protein levels (11). Furthermore, cyclin D1 complex with
cyclin-dependent kinase (CDK) 4 and CDK6 stimulate their
kinase activities, which in turn cause the phosphorylation and
inactivation of the retinoblastoma tumor-suppressor protein
(Rb) (11), directing toward cell proliferation. However, the
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relationship between Rho-kinase and EGF signaling in
cancer cells has not been precisely clarified.

In the present study, we investigated the role of Rho-kinase
in EGF-induced colon cancer cell progression. Interestingly,
we found for the first time that Rho-kinase plays a negative
role in EGF-stimulated proliferation of colon cancer cells.

Materials and methods

Materials. Y27632 was obtained from Calbiochem-
Novabiochem Co. (La Jolla, CA). EGF and hydroxyfasudil
(fasudil) were purchased from Sigma Chemical Co. (St.
Louis, MO). Anti-phospho-specific myosin phosphatase
targeting subunit-1 (MYPT-1) (Thr850) antibodies were
purchased from Upstate (Lake Placid, NY). Anti-MYPT-1
antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Antibodies against phospho-specific
p44/p42 MAP kinase, p44/p42 MAP kinase, phospho-
specific Akt, Akt, phospho-specific GSK-38, GSK-38, cyclin
D1, phospho-specific Rb and phospho-specific myosin
regulatory light chain (MLC) were purchased from Cell
Signaling Inc. (Beverly, MA). Anti-EGFR-neutralizing
antibodies were purchased from Millipore (Temecula, CA).
ECL Western blot detection system was purchased from
Amersham Pharmacia Biotech (Buckinghamshire, UK). Other
materials and chemicals were obtained from commercial
sources. Y27632 and fasudil were dissolved in dimethyl
sulfoxide (DMSO). The maximum concentration of DMSO
was 0.1%, which did not affect the assay for Western blot
analysis.

Cell culture and chemicals. Unless indicated otherwise
SW480 human colon cancer cells were grown in Dulbecco's
modified Eagle's medium (DMEM) (Invitrogen, San Diego,
CA), containing 10% fetal calf serum (FCS). Before the
experiments, they were incubated in serum-free medium for
an additional 24 h as described previously (13).

Cell proliferation assay. Cell proliferation assay was
performed using cell proliferation ELISA (5-bromo-deoxy-
uridine: BrdU) and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) cell proliferation kit I
(Roche Diagnostics Co., Indianapolis, IN), according to the
instructions of the manufacturer, respectively. In brief,
SW480 cells were plated onto 96-well plates (3x103 cells/
well) and 24 h later, the cells were treated with the indicated
doses (0-10 uM) of Y27632 for 48 h in DMEM containing
10% FCS. The medium and agents were not changed during
this time period. In Fig. 1C, the attached cells were treated
with 0.5 ug/ml of anti-EGFR-neutralizing antibodies or
normal mouse-IgG for 5 days under medium containing 3%
FCS and then the remaining cells were counted by MTT cell
proliferation kit I. All assays were done in triplicate.

Western blot analysis. Western blot analysis was performed
as described previously (13). The cultured cells were
pretreated with various doses of Y27632 or fasudil for 60 min,
and then stimulated by 30 ng/ml of EGF for the indicated
periods. Protein extracts were examined by Western blot
analysis. The protein (12 pg) was fractionated and transferred

NAKASHIMA et al: Rho-KINASE LIMITS EGF-INDUCED COLON CANCER CELL GROWTH

(A)

&
S

=
w

MTT assay

(ODSBD - ODBEG)
o o
- %]

Lang 1 2 3
Y27632 (M) 0 1 10

(B)

o
¥}

0.1

BrdU incorporation
(ODys0)

0
Lane 1 2 3

Y27632 (UM) 0 1 10

(©

MTT assay
(ODSGU . ODGSG)
o - -
o N o

.
~

| m N

day1 day5 day1 day5
L J | J
normal IgG anti-EGFR

(=]

Figure 1. Effects of Y27632 on anti-EGFR-neutralizing antibodies in
SW480 colon cancer cell proliferation. (A) Cell viability assay was
performed using the MTT cell proliferation kit I. Results are expressed as
the absorbance (OD 560 nm-OD 750 nm). (B) The measurement of BrdU
incorporation during DNA synthesis was also performed using cell
proliferation ELISA (BrdU). Results are expressed as the absorbance (OD
450 nm). Bars designate SD of triplicate assays. (C) The attached cells were
treated with 0.5 pg/ml of anti-EGFR-neutralizing antibodies or normal
mouse-IgG for 5 days under medium containing 3% FCS and then the
remaining cells were counted by MTT cell proliferation kit I. All assays
were done in triplicate.

onto an Immuno-Blot PVDF Membrane (Bio-Rad, Hercules,
CA). Membranes were blocked with 5% fat-free dry milk in
phosphate-buffered saline (PBS) containing 0.1% Tween-20
(PBS-T) for 30 min before incubation with the indicated
primary antibodies. Peroxidase-labeled antibodies raised in
goat against rabbit IgG were used as second antibodies.
Peroxidase activity on the membrane was visualized on X-
ray film by means of the ECL. Western blot detection system.

Immunofluorescence microscopy studies. Immunofluorescence
microscopy studies were performed as described previously
(14). The cells grown on coverslip-bottom dishes were
treated with or without Y27632 (10 uM) for 1 h at 37°C,
followed by exposure to 30 ng/ml of EGF for 15 min at 37°C.
They were then fixed with 4% paraformaldehyde for 10 min
on ice and then exposed to 0.1% Triton X-100 for 10 min to
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Figure 2. Effects of Rho-kinase inhibitors on EGF-induced phosphorylation of MYPT-1 in SW480 colon cancer cells. (A) SW480 cells were stimulated with
30 ng/ml EGF for the indicated periods. The lower bar graph shows the quantification data for the relative levels of phospho-MYPT-1, after normalization
with respect to total MYPT-1, as determined by densitometry. The asterisks indicate significant increase (“p<0.05, compared with the control). (B and C)
SW480 cells were pretreated with various doses of Y27632 (B) or fasudil (C) for 60 min, and then stimulated with 30 ng/ml EGF or vehicle for 20 min. The
extracts of cells were subjected to SDS-PAGE with subsequent Western blot analysis with antibodies against phospho-specific MYPT-1 or MYPT-1. The
lower bar graph shows the quantification data for the relative levels of phospho-MYPT-1, after normalization with respect to total MYPT-1, as determined by
densitometry. (") indicates significant increase (p<0.05), as compared with the control (lane 1), respectively. (") indicates significant decrease (p<0.05), as
compared with the control (lane 2), respectively. (*) indicates significant decrease (p<0.05), as compared with the control (lane 1), respectively. (D) SW480
cells grown on coverslip-bottom dishes were treated with or without Y27632 (10 M) for 60 min at 37°C, followed by exposure to 30 ng/ml of EGF for 20 min
at 37°C. After fixation, they were then exposed to anti-phospho MLC antibodies, followed by exposure to Alexa Fluor 488-conjugated goat anti-rabbit IgG

antibodies and DAPI for 1 h. The cells were then examined by fluorescence microscopy.

permeabilize the cell membrane. They were then exposed to
anti-phospho MLC antibodies, followed by exposure to
Alexa Fluor 488® conjugated goat anti-rabbit IgG antibodies
and 4',6-diamidino-2-phenylindole (DAPI) (Wako, Tokyo,
Japan) for 1 h. The cells were then examined by fluorescence
microscopy, BIOREVO (BZ-9000) (Keyence, Tokyo, Japan)
according to the manufacturer's protocol.

Densitometric analysis. The densitometric analysis was
performed using scanner and image analysis software (image
J ver. 1.32). The background subtracted signal intensity of
each protein signal was normalized by the respective control
signal. The data were obtained from at least three inde-
pendent experiments.

Results

Effect of Y27632 on cell proliferation in SW480 colon cancer
cells. In order to clarify whether Rho-kinase is involved in
colon cancer cell proliferation, we first performed cell
proliferation assay using MTT and BrdU in SW480 cells
grown in medium containing 10% FCS. We used Y27632 as
a specific Rho-kinase inhibitor (15) and found in MTT cell
proliferation assay that the cell growth was dose-dependently
enhanced when the cells were treated with Y27632 (Fig. 1A).
As well, BrdU incorporation was also increased in Y27632-
treated SW480 cells (Fig. 1B). Therefore, it is likely that Rho-
kinase plays a suppressive role in SW480 cell proliferation.

Effect of anti-EGFR-neutralizing antibodies on cell proli-
feration in SW480 colon cancer cells. We next examined the
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Figure 3. Effects of Rho-kinase inhibitors on EGF-induced phosphorylation of p44/p42 MAP kinase in SW480 colon cancer cells. The cells were pretreated
with the indicated doses of Y27632 (A) or fasudil (B) for 60 min, and then stimulated with 30 ng/ml EGF or vehicle for 20 min. The extracts of cells were
subjected to SDS-PAGE with subsequent Western blot analysis with antibodies against phospho-specific p44/p42 MAP kinase or p44/p42 MAP kinase. The
lower bar graph shows the quantification data for the relative levels of phospho-p44/p42 MAP kinase, after normalization with respect to total p44/p42 MAP

kinase, as determined by densitometry.

effect of the blockade of EGF stimulation utilizing anti-
EGFR-neutralizing antibodies on cell proliferation in SW480
cells grown in medium containing 3% FCS. As expected,
when the cells were treated with anti-EGFR-neutralizing
antibodies for 5 days, cell growth was significantly suppressed,
as compared with the cells treated with normal mouse-IgG
(Fig. 1C). We also obtained similar results when the cells
were cultured in medium containing 10% FCS (data not
shown). Since medium containing 3% FCS is recognized to
contain various types of growth factors including EGF, it is
most likely that EGF stimulation plays an important role in
cell proliferation in SW480 cells. Moreover, these results led
us to further investigate the role of Rho-kinase in EGF-
treated colon cancer cells.

Effects of EGF on the phosphorylation of MYPT-1 in SW480
colon cancer cells. MYPT-1, which is a component of myosin
phosphatase, is well known as a downstream substrate of
Rho-kinase (5). In order to clarify whether EGF activates
Rho-kinase in SW480 colon cancer cells, we examined the
effect of EGF on the phosphorylation of MYPT-1. EGF
markedly induced the phosphorylation of MYPT-1 in a time-
dependent manner (Fig. 2A). The effect of EGF on the
phosphorylation of MYPT-1 reached its maximum at 10 min,
sustained up to 30 min, and decreased thereafter. We next
confirmed whether Y27632 suppresses the EGF-induced
phosphorylation levels of MYPT-1. Y27632 (1 M) partially
attenuated (Fig. 2B, lane 4 compared to lane 2) and 10 uM of
Y27632 almost completely suppressed the EGF-induced
phosphorylation levels of MYPT-1 (Fig. 2B, lane 8).
Interestingly, we observed that the basal level of MYPT-1
phosphorylation in unstimulated cells (Fig. 2B, lane 1) was
also suppressed by pretreatment with Y27632 (Fig. 2B, lanes
5 and 7 compared to lane 1). Similarly, fasudil, another
inhibitor of Rho-kinase (15), also attenuated the EGF-
induced phosphorylation levels of MYPT-1 (Fig. 2C).

Effects of EGF on the phosphorylation of MLC in SW480
colon cancer cells. Rho is implicated in the cytoskeletal
responses to extracellular signals lysophosphatidic acid and
certain growth factors, which form stress fibers and cause
focal adhesion (16,17). It has been shown that Rho-kinase
phosphorylates the MLC of smooth muscle (18), indicating
that phosphorylation of MLC reflects Rho-kinase activity. To
further confirm whether EGF activates Rho-kinase in SW480
cells, we examined the effect of EGF on the phosphorylation
of MLC in an immunofluorescence study. When the cells
were stimulated by 30 ng/ml of EGF for 20 min, phos-
phorylated MLC levels were clearly strengthened in cells
(Fig. 2D, panel 2 compared to panel 1). The basal level of
MLC phosphorylation was suppressed by 10 uM of Y27632
(Fig. 2D, panel 3). Moreover, pretreatment with Y27632
markedly reduced EGF-induced MLC phosphorylation
(Fig. 2D, panel 4). Taken together with the results shown in
Fig. 2B and C, we strongly suggest that EGF induces
activation of Rho-kinase in SW480 colon cancer cells.

Effects of Y27632 or fasudil on the EGF-induced phospho-
rylation of p44/p42 MAP kinase in SW480 colon cancer
cells. Tt is generally recognized that p44/p42 MAP kinase is
a central element used by mammalian cells to transduce the
proliferative message of a variety of growth factors (19). We
therefore examined the effect of EGF on the phosphorylation
of p44/p42 MAP kinase in SW480 cells. We found that EGF
markedly induced the phosphorylation of p44/p42 MAP
kinase in a time-dependent manner (data not shown) as
previously shown in colon cancer cells (20). We next
examined the effect of Y27632 or fasudil on the EGF-
induced phosphorylation of p44/p42 MAP kinase. However,
neither Y27632 nor fasudil affected the EGF-induced
phosphorylation of p44/p42 MAP kinase in the range
between 1 and 10 yM (Fig. 3A and B, upper panel,
respectively). Therefore, it seems unlikely that Rho-kinase is
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Figure 4. Effects of Rho-kinase inhibitors on EGF-induced phosphorylation of Akt in SW480 colon cancer cells. The cells were pretreated with the indicated
doses of Y27632 (A) or fasudil (B) for 60 min, and then stimulated with 30 ng/ml EGF or vehicle for 20 min. The extracts of cells were subjected to SDS-
PAGE with subsequent Western blot analysis with antibodies against phospho-specific Akt or Akt. The lower bar graph shows the quantification data for the
relative levels of phospho-Akt, after normalization with respect to total Akt, as determined by densitometry. (*) indicates significant increase (p<0.05), as
compared with the control (lane 1), respectively. (**) indicates significant increase (p<0.05), as compared with the control (lane 2), respectively.

involved in EGF-induced phosphorylation of p44/p42 MAP
kinase.

Effects of Y27632 or fasudil on the EGF-induced phospho-
rylation of Akt in SW480 colon cancer cells. It is well-known
that Akt regulates multiple biological processes including
survival, proliferation and cell growth (21). In general, Akt
promotes cell survival by inhibiting apoptosis by phosphory-
lating and inactivating several targets, including Bad (22),
forkhead transcription factors (23) and c-Raf (24). We found
that EGF markedly induced the phosphorylation of Akt in a
time-dependent manner (data not shown) as previously shown
in colon cancer cells (25). We next examined the effect of
Y27632 or fasudil on the EGF-induced phosphorylation of
Akt. Surprisingly, EGF-induced Akt phosphorylation was
markedly enhanced when the cells were pretreated with
Y27632, which alone failed to affect the Akt phosphorylation
(Fig. 4A, upper panel). Pretreatment with 1 uM of Y27632
caused ~60% increase (Fig. 4A, upper panel, lane 4 compared
to lane 2) and 10 uM of Y27632 caused 300% increase
(Fig. 4A, upper panel, lane 8 compared to lane 2) in the Akt
phosphorylation level. In a similar way, when the cells were
pretreated with fasudil, the phosphorylation level of Akt was
also dose-dependently enhanced in the range between 3, and
10 M (Fig. 4B, upper panel).

Effects of Y27632 or fasudil on the EGF-induced phosphory-
lation of GSK-3f3 in SW480 colon cancer cells. GSK-38 is a
critical downstream element of the PI3K/Akt cell survival
pathway, and its activity can be inhibited by Akt-mediated
phosphorylation of GSK-38 (9,26). Therefore, we next
examined the effect of Y27632 or fasudil on phosphorylation
of GSK-383. We found that EGF markedly induced the
phosphorylation of GSK-38 in a time-dependent manner

(data not shown) as reported previously (27). Y27632 increased
the EGF-induced phosphorylation level of GSK-38 (Fig. 5A).
Pretreatment with 3 M of Y27632 caused ~120% increase
(Fig. 5A, upper panel, lane 6 compared to lane 2) and 10 M
of Y27632 caused 250% increase (Fig. SA, upper panel, lane
8 compared to lane 2) in the GSK-38 phosphorylation level.
In addition, when the cells were pretreated with fasudil,
GSK-3B phosphorylation level was also dose-dependently
enhanced in the range between 1 and 10 uM (Fig. 5B, upper
panel). Interestingly, unlike Akt, when the cells were
pretreated with Rho-kinase inhibitors, the phosphorylation
levels of GSK-38 were increased even in EGF-unstimulated
cells (Fig. 5A and B, lanes 3, 5 and 7 compared to lane 1,
respectively).

Effects of Y27632 or fasudil on the cyclin DI expression level
and Rb phosphorylation induced by EGF in SW480 colon
cancer cells. As described above, the Akt/GSK-3f signaling
pathway is closely related to the expression of cyclin D1 and
phosphorylation of Rb (28). We next examined the effect of
EGF on cyclin D1 expression level and Rb phosphorylation
in SW480 cells. As shown in Fig. 6, EGF caused significant
increase in both of cyclin D1 expression level and phospho-
rylation level of Rb (Fig. 6A, B and C, lane 2 compared to
lane 1, respectively). Interestingly, pretreatment with Y27632
significantly enhanced the EGF-induced cyclin D1 expression
level at a dose of 10 uM (Fig. 6A, upper panel; 6B, lane 6
compared to lane 2). Concurrently, phosphorylation level of
Rb was also enhanced in the cells pretreated with Y27632
(Fig. 6A, middle panel; 6C, lane 6 compared to lane 2).
Moreover, phosphorylation level of Rb as well as cyclin D1
expression level was increased even in EGF-unstimulated
cells when the cells were pretreated with Y27632 (Fig. 6A, B
and C, lanes 3 and 5 compared to lane 1), indicating that
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Figure 5. Effects of Rho-kinase inhibitors on EGF-induced phosphorylation of GSK-3 in SW480 colon cancer cells. The cells were pretreated with the
indicated doses of Y27632 (A) or fasudil (B) for 60 min, and then stimulated with 30 ng/ml EGF or vehicle for 20 min. The extracts of cells were subjected to
SDS-PAGE with subsequent Western blot analysis with antibodies against phospho-specific GSK-38 or GSK-3B. The lower bar graph shows the
quantification data for the relative levels of phospho-GSK-38, after normalization with respect to total GSK-38, as determined by densitometry. (*) indicates
significant increase (p<0.05), as compared with the control (lane 1), respectively. (**) indicates significant increase (p<0.05), as compared with the control
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SW480 cells were pretreated with the indicated doses of Y27632 for 60 min,
and then stimulated with 30 ng/ml EGF or vehicle for 24 h. The extracts of
cells were subjected to SDS-PAGE with subsequent Western blot analysis
with antibodies against cyclin D1, phospho-specific Rb and GAPDH. (B and
C) The bar graph shows the quantification data for the relative levels of
cyclin D1 (B) and phospho-Rb (C), respectively, after normalization with
respect to GAPDH, as determined by densitometry. (*) indicates significant
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Figure 7. Schematic representation of the involvement of Rho-kinase in the
mechanism of EGF-induced cell proliferation in SW480 colon cancer cells.
Whereas EGF induces the activation of Rho-kinase as well as p44/p42 MAP
kinase and Akt/GSK-38, Rho-kinase also functions upstream of Akt/GSK-
3B. Since GSK-38 is typically active in unstimulated cells, inactivated GSK-
363 stimulated by EGF results in the increased expression level of cyclin D1
followed by Rb phosphorylation, leading to cell growth. Taken together, our
results suggest that Rho-kinase regulates negatively EGF-induced cell
proliferation in SW480 colon cancer cells. EGF, epidermal growth factor;
EGFR, EGF receptor; MAPK, mitogen-activated protein kinase; GSK-38,
glycogen synthese kinase-38; CDK, cyclin-dependent kinase; Rb,
retinoblastoma tumor suppressor protein; Ub, ubiquitination.
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Y27632 also suppressed the basal activity of Rho-kinase in
SW480 colon cancer cells, which is consistent with the
results shown in Fig. 2B. Since it is well known that cyclin
D1 complex with CDK4/6 causes the phosphorylation and
inactivation of Rb (11), resulting in cell proliferation, it is
most likely that the activation of Rho-kinase negatively
regulates colon cancer cell growth.

Discussion

In the present study, we investigated how Rho-kinase works
on cell proliferation of colon cancer cells. First, we examined
the effect of Y27632 on cell growth and found that Y27632
alone significantly enhanced cell proliferation in SW480 cells
(Fig. 1A and B). In addition, utilizing anti-EGFR-neutralizing
antibodies, we found that EGF stimulation is necessary for
cell growth in SW480 cells. Therefore, in the following
experiments, we examined the involvement of Rho-kinase in
EGF signaling in SW480 colon cancer cells. EGF markedly
induced the phosphorylation of MYPT-1, known as a
downstream substrate of Rho-kinase (5), in a time-dependent
manner (Fig. 2A) and Y27632 and fasudil, both of which are
specific inhibitors of Rho-kinase (15), clearly suppressed the
EGF-induced phosphorylation levels of MYPT-1 (Fig. 2B
and C). To confirm these above results, we examined the
effect of extracellular EGF on the phosphorylation level of
MLC, which is also known to be a downstream target of
Rho-kinase (18), by an immunofluorescence study. We
showed that EGF induced the phosphorylation of MLC and
Y27632 suppressed EGF-induced phosphorylation of MLC
(Fig. 2D), suggesting that EGF indeed stimulates the
activation of Rho-kinase in colon cancer cells.

To further investigate the involvement of Rho-kinase in
the EGF signaling, we next examined the effects of Rho-
kinase inhibitors on the EGF-induced activations of p44/p42
MAP kinase and Akt, both of which are major molecules of
the signaling cascades in cancer cell proliferation (19).
Whereas EGF caused the phosphorylation of both molecules,
the phosphorylation of Akt, but not p44/p42 MAP kinase,
was surprisingly enhanced when the cells were pretreated
with either Y27632 or fasudil (Figs. 3 and 4). Since it is well
known that PI3K acts upstream of Akt (7), we further
investigated the effects of these inhibitors on activation of
PI3K. However, both Y27632 and fasudil have little effect on
the phosphorylation of PI3K induced by EGF (data not
shown). Taken together, it is most likely that Rho-kinase
functions at a point between Akt and PI3K in the EGF
signaling, and negatively regulates its signaling in SW480
colon cancer cells.

We also demonstrated that the phosphorylation of GSK-3
induced by EGF was markedly enhanced when the cells were
pretreated with Y27632 and fasudil (Fig. 5). GSK-30
regulates cyclin D1 proteolysis and subcellular localization,
and cyclin D1 complex with CDK4 and CDK®6 to stimulate
their kinase activities, which in turn cause the phos-
phorylation and inactivation of Rb, directing these cells
toward proliferation (11). Whereas EGF markedly increased
the phosphorylation of Rb as well as cyclin D1 protein
expression level, pretreatment with Y27632 accelerated them
(Fig. 6A), fasudil also enhanced the phosphorylation (data
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not shown). Taking these findings into account as a whole,
our present study suggests that Rho-kinase acts as a negative
regulator on colon cancer cell proliferation upstream of
Akt/GSK-38 in the EGF signaling pathway. The potential role
of Rho-kinase on EGF-stimulated proliferation of colon
cancer cells shown here is summarized in Fig. 7.

Accumulating evidence shows a pivotal role of the Rho/
Rho-kinase pathway in the regulator of cytoskeletal dynamics,
cell adhesion and cell migration (29), indicating its central role
in cancer cell invasion and metastasis. Y27632 reportedly
interferes with Ras-mediated transformation, and constitu-
tively active mutants of Rho-kinase, collaborate with
activated Raf in transformation assays in NIH3T3 cells (30).
On the contrary, it has been shown that inactivation of the
Rho/Rho-kinase pathway promotes oncogenic Ras-induced
transformation in Ratl fibroblast cells, suggesting a negative
role of Rho-kinase in oncogenic cells that is consistent with
our present study (31). Thus, since the precise role of Rho-
kinase in cancer progression still remains controversial,
further investigation is required to elucidate the exact role of
Rho-kinase in colon cancer cell growth.

In conclusion, Rho-kinase regulates negatively EGF-
induced cell proliferation upstream of Akt/GSK-38 in colon
cancer cells. This is the first report, which shows that Rho-
kinase is involved in negative regulation for EGF-induced
cell proliferation, thus indicating important insights into
therapeutics for colon cancer. Regulation of Rho-kinase might
be considered as a new clinical target for colon cancer
patients.
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