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Previously we reported that 67-kDa laminin receptor (67LR) mediates epigallocatechin-3-O-gallate
(EGCG)-induced cell growth inhibition and reduction of myosin regulatory light chain (MRLC) phosphor-
ylation at Thr-18/Ser-19, which is important for cytokinesis. Here, we found that human colon adenocar-
cinoma Caco-2 cells exhibited higher expression level of 67LR and EGCG at a physiologically achievable
concentration (1 lM) significantly accumulated the cells in G2/M phase without affecting expression of
Wnt-signaling components. We also found that myosin phosphatase targeting subunit 1 (MYPT1) phos-
phorylation at Thr-696, which inhibits myosin phosphatase and promotes MRLC phosphorylation, was
reduced in response to 1 lM EGCG. 67LR knockdown by RNA interference abolished the inhibitory effects
of 1 lM EGCG on cell cycle progression and the phosphorylation of MRLC and MYPT1. These results sug-
gest that through 67LR, EGCG at a physiological concentration can activate myosin phosphatase by reduc-
ing MYPT1 phosphorylation and that may be involved in EGCG-induced cell growth inhibition.

� 2008 Elsevier Inc. All rights reserved.
Green tea polyphenols have been shown to have cancer preven-
tive activity in a variety of organ sites in animal models [1,2] and
humans [3]. Among the green tea polyphenols, epigallocatechin-
3-O-gallate (EGCG) is the most abundant and most active polyphe-
nol in inhibiting experimental carcinogenesis and related reactions
[2,4]. However, it is still not clear which EGCG-induced molecular
events are responsible for the inhibition of carcinogenesis because
the concentrations of EGCG shown to have an effect (20�100 lM)
in most previous studies are much higher than the concentrations
observed in the plasma or tissues of animals or in human plasma
(usually lower than 1 lM) after tea ingestion [1]. Recently we have
identified 67-kDa laminin receptor (67LR) as a cell surface EGCG
receptor that mediates the anticancer action of physiologically
achievable concentrations of EGCG (0.1–1 lM) [5]. Further others
showed that RNA interference (RNAi)-mediated silencing of 67LR
results in abrogation of EGCG-induced apoptosis in myeloma cells
[6].

Myosin II, the conventional two-headed myosin first identi-
fied in muscle, is the primary motor protein responsible for cyto-
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kinesis [7]. It has been demonstrated that the contractile force of
the contractile ring in dividing cells is generated by the associa-
tion of myosin II with actin [7]. In higher eukaryotes, phosphor-
ylation of the myosin regulatory light chain (MRLC) at Thr-18/
Ser-19 increases the actin-activated Mg-ATPase activity of myo-
sin II and the assembly of myosin II filaments, regulating the
association between myosin II and actin [8]. Therefore, it is sug-
gested that MRLC phosphorylation is crucial for cell division.
Phosphorylation of MRLC is regulated by two classes of en-
zymes: MRLC kinases and myosin phosphatase [8]. Myosin phos-
phatase is composed with three subunits: a 37-kDa catalytic
subunit, a 20-kDa subunit of unknown function, and a 110- to
130-kDa myosin phosphatase targeting subunit (MYPT1) [9].
The activity of myosin phosphatase is known to be regulated
by phosphorylation of MYPT1 and two major sites, Thr-696
and Thr-853, have been extensively investigated and identified
as an inhibitory site [9]. We previously reported that EGCG in-
duced reduction of the phosphorylation of MRLC at Thr-18/Ser-
19 through 67LR in HeLa cells [10], human basophilic KU812
cells [11] and mouse melanoma B16 cells [12], suggesting
involvement of MRLC dephosphorylation in EGCG-induced cell
growth inhibition. Further, we have reported that EGCG induced
decrease in MYPT1 phosphorylation at Thr-696 through 67LR in
HeLa cells and B16 cells, leading to activation of myosin phos-
phatase and reduction of MRLC phosphorylation [12].
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Colorectal cancer is one of the most prevalent types of cancer in
the Western world [13]. Epidemiological studies have suggested
that the consumption of green tea may decrease colon cancer risk
[14]. The Wnt-pathway appears to play an important role particu-
larly in colon carcinogenesis [15]. The essential event in
Wnt-signaling is the stabilization of b-catenin. The resulting accu-
mulation of b-catenin increases the pool of nuclear b-catenin
bound to transcription factor TCF/LEF in complexes that can acti-
vate certain genes, including oncogene c-Myc. As the main binding
partner of b-catenin at cell–cell junctions, E-cadherin plays a piv-
otal role in b-catenin stabilization and function. E-cadherin com-
monly repressed in epithelial carcinogenesis and its binding with
b-catenin suppressed Wnt-signaling [16]. Previous studies have re-
ported that EGCG-treatment downregulated the b-catenin protein
expression [17] or upregulated E-cadherin protein expression
[18], suggesting that EGCG suppressed Wnt-signaling. However,
it is still not known how a physiological concentration of EGCG in-
duces cell growth inhibition in colorectal cancer cells. In this study,
we found for the first time that a physiologically achievable con-
centration of EGCG inhibited cell cycle progression of human colon
adenocarcinoma Caco-2 cells through 67LR without affecting com-
ponents of Wnt-signaling. Further, we found that EGCG at a phys-
iological concentration decreased the phosphorylation of MRLC at
Thr-18/Ser-19 and MYPT1 at Thr-696 in Caco-2 cells through
67LR, suggesting that an activation of myosin phosphatase is in-
volved in antiproliferative effect of EGCG at a physiological
concentration.

Materials and methods

Materials and chemicals. EGCG, catalase, superoxide dismutase (SOD), and anti-
b-actin antibody were purchased from Sigma Chemical Co. (St. Louis, MO). Anti-
67LR (F-18) antibody, anti-MRLC (FL-172) antibody, horseradish peroxidase
(HRP)-conjugated anti-mouse IgG and HRP-conjugated anti-goat IgG were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-MRLC (Thr-18/Ser-
19) antibody was obtained from Cell Signaling Technology, Inc. (Beverly, MA).
Anti-MYPT1 antibody was purchased from BD Bioscience (San Jose, CA). Anti-phos-
pho-MYPT1 (Thr-696) antibody was purchased from Upstate Biotechnology (Lake
Placid, NY). HRP-conjugated anti-rabbit IgG antibody was obtained from ICN phar-
maceuticals, Inc. (Costa Mesa, CA). Propidium iodide was obtained from Wako Pure
Chemical Industries (Osaka, Japan).

Cell culture and cell proliferation assays. HeLa cells (a human cervical adenocar-
cinoma) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (COSMO
BIO Co. Ltd., Tokyo, Japan) supplemented with 10% FBS (Biological Industries,
Kibbutz Beit Kaemek, Israel) in a humidified atmosphere with 5% CO2 at 37 �C.
Caco-2 cells (a human colorectal adenocarcinoma) were maintained in DMEM
supplemented with 10% FBS and 1% non-essential amino acid (NEAA) (Hyclone
Inc., Logan, UT). To assess cell proliferation, cells were plated in 24-well plates at
a density of 1 � 104 cells/well, and 24 h later they were treated with the indicated
concentrations of EGCG for the indicated time periods in DMEM supplemented with
2% FBS, 1% NEAA (only for Caco-2 cells), 5 mg/mL BSA, 5 U/mL SOD and 200 U/mL
catalase. Cell density was adhesive cell number per well.

Flow cytometric analysis. Cells were suspended in 70% ethanol and incubated at
�20 �C for more than 4 h. The cells were washed with PBS and resuspended in PBS
together with 10 lg/mL RNaseA. Incubation was continued at 37 �C for 20 min. The
cellular DNA was then stained by applying propidium iodide (20 lg/mL) for 30 min
at room temperature. The stained cells were analyzed by flow cytometry (FACS Cal-
ibur; Becton Dickinson, Sunnyvale, CA) for relative DNA content. ModFit LT software
(Verity Software House, Inc., Topsham, ME) was used to assess cell cycle
distribution.

Western blot analysis. Cells were lysed in cell lysis buffer containing 50 mM Tris–
HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 50 mM NaF, 30 mM
Na4P2O7, 1 mM phenylmethanesulfonyl fluoride, 10 lg/ml aprotinin, and 1 mM per-
vanadate. Proteins were subjected to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) and then transferred onto a nitrocellulose membrane.
The membranes were blocked by BSA and incubated with primary antibodies, fol-
lowed by incubation with HRP-conjugated secondary antibodies. Immunoreactive
bands were visualized using the enhanced chemiluminescence Advance Western
Blotting Detection kit (GE Healthcare, Little Chalfont, UK). Band intensities were
quantified using NIH Image-J software.

RNA interference by shRNA. Target sequences for short hairpin RNAs for 67LR and
nonspecific control are as follows: shRNA for 67LR, 50-GGAGGAATTTCAGGGTGAA-
30; shRNA for nonspecific control, 50-GCATATGTGCGTACCTAGCAT-30 . The annealed
shRNA inserts were cloned into the the psiRNA-hH1neo shRNA expression vector
(InvivoGen, San Diego, CA) according to the manufacturer’s protocol. For stable
transfection, FuGENE6 reagent (Roche, Basel, Switzerland) was mixed with DNA
for 20 min in serum-free medium, the mixture was then added to Caco-2 cells in
DMEM supplemented with 10% FBS and 1% NEAA. For stable transfection, the trans-
fected cells were grown in medium containing G418.

Statistical analysis. All values are expressed as means ± SD compared with con-
trols. Statistical analysis was performed by use of Student’s t test. A level of p < 0.05
was considered significant.

Results

Caco-2 cells exhibited higher 67LR protein expression and sensitivity to
EGCG than HeLa cells

We investigated the expression levels of 67LR in cervical adeno-
carcinoma HeLa cells and colorectal adenocarcinoma Caco-2 cells.
Caco-2 cells exhibited higher 67LR protein expression than HeLa
cells (Fig. 1A). We then examined antiproliferative effects of EGCG
on HeLa cells and Caco-2 cells. EGCG inhibited the growth of Caco-
2 cells in a dose-dependent manner (Fig. 1B) and the inhibitory ef-
fect was significantly observed even at 1 lM EGCG treatment (Fig.
1C). Compared with Caco-2 cells, HeLa cells were less sensitive to
EGCG because its growth was inhibited at only 10 lM EGCG (Fig.
1B). These results suggest that the expression level of 67LR may
be elevated in the cells that are sensitive to the effect of EGCG at
a physiological concentration. To further determine the possible
involvement of EGCG in the regulation of cell cycle, we subjected
EGCG-treated cells to FACS analysis using propidium iodide stain-
ing to measure DNA content. EGCG dose-dependently decreased
the G0/G1 and S fractions while increasing the G2/M fraction in
Caco-2 cells (Fig. 1D). The inhibition of cell cycle progression was
significantly observed even at 1 lM EGCG. These results indicate
that a physiologically achievable concentration of EGCG inhibited
cell growth of Caco-2 cells by accumulating the cells in G2/M phase.

Effect of EGCG on E-cadherin, b-catenin, and c-Myc protein expression
in Caco-2 cells

We investigated the effect of EGCG on the protein expression of
E-cadherin, b-catenin, and c-Myc, which are important Wnt-signal-
ing components, in Caco-2 cells by Western blot analysis (Fig. 2).
E-cadherin protein expression was not affected by EGCG at 1 or
5 lM, though it was slightly reduced by 10 lM EGCG treatment
for 72 h. b-Catenin protein expression were slightly affected by
EGCG at 1 or 5 lM but dose- and time-dependency were not ob-
served. c-Myc protein expression was slightly reduced by 10 lM
EGCG treatment for 72 h. Since these results did not correlate with
EGCG-induced cell growth inhibition shown in Fig. 1, it is sug-
gested that E-cadherin, b-catenin, and c-Myc are not involved in
antiproliferative effect of EGCG at a physiological concentration
on Caco-2 cells.

Effect of EGCG on the phosphorylation of MRLC and MYPT1 in Caco-2
cells and HeLa cells

To elucidate the intracellular mechanism of how EGCG accumu-
lates Caco-2 cells in G2/M phase, we examined the effect of EGCG
on MRLC phosphorylation at Thr-18/Ser-19 by Western blot analy-
sis. EGCG treatment for 24 h dose-dependently reduced the level of
MRLC phosphorylation (Fig. 3A). To investigate how EGCG reduced
MRLC phosphorylation, we tested the effect of EGCG on the
phosphorylation of MYPT1 at Thr-696 and found that EGCG dose-
dependently induced the dephosphorylation of MYPT1 at
Thr-696 in Caco-2 cells (Fig. 3B). These results suggest that EGCG
activated myosin phosphatase by reducing MYPT1 phosphoryla-
tion at Thr-696. Moreover, decrease in the phosphorylation of both
MRLC and MYPT1 was observed even at 1 lM EGCG and correlated



Fig. 1. Caco-2 cells exhibited higher 67LR protein expression and sensitivity to EGCG than HeLa cells. (A) Western blot analysis of 67LR in HeLa cells and Caco-2 cells. (B) The
cells were treated with the indicated concentrations of EGCG for 96 h. (C) Caco-2 cells were treated with 1 lM EGCG for the indicated time periods. Data shown are
means ± SD for three samples. Data containing asterisk marks are significantly different from the values in untreated control at *p < 0.05, **p < 0.01, or ***p < 0.001. (D) FACS
analysis of the cell cycle. Cells were treated with the indicated concentrations of EGCG for 96 h. The cells were then evaluated for DNA content after propidium iodide staining.

Fig. 2. Effect of EGCG on E-cadherin, b-catenin and c-Myc protein expression in Caco-2 cells. Cells were treated with the indicated concentrations of EGCG for the indicated
time periods. Total cellular protein was subjected to Western blot analysis using anti-E-cadherin, anti-b-catenin and anti-c-Myc antibodies. Band intensity of each protein
was normalized for b-actin and expressed as a percentage compared with the value of untreated control.
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well with EGCG-induced cell growth inhibition shown in Fig. 1. The
suppressive effects of EGCG at 1 lM on the phosphorylation of both
MRLC and MYPT1 were still observed at 96 h after EGCG treatment
in Caco-2 cells (Fig. 3C). In HeLa cells whose growth was not inhi-
bited by 1 lM EGCG as shown in Fig. 1B , 1 lM EGCG did not affect
the phosphorylation of either MRLC or MYPT1 (Fig. 3 D). These
results suggest that a physiologically achievable concentration of
EGCG inhibited cell growth by reducing the phosphorylation of
both MRLC and MYPT1 in Caco-2 cells.

Effect of 67LR knockdown on EGCG-induced cell growth inhibition and
reduction of the phosphorylation of MRLC and MYPT1 in Caco-2 cells

To investigate whether the inhibitory effect of EGCG on cell cy-
cle progression is mediated by 67LR, we knockdown the expression
of 67LR in Caco-2 cells using RNAi-mediated gene silencing. We
stably transfected Caco-2 cells with the short hairpin RNA (shRNA)
expression vector for 67LR and confirmed the knockdown of 67LR
protein expression in the cells (Fig. 4A). 67LR knockdown signifi-
cantly attenuated 1 lM EGCG-induced inhibition of cell growth
(Fig. 4B) and accumulation of the cells in G2/M phase (Fig. 4C). Fur-
thermore, 1 lM EGCG-induced reduction of the phosphorylation of
both MRLC (The-18/Ser-19) and MYPT1 (Thr-696) was also attenu-
ated in 67LR-shRNA expressing cells, suggesting that EGCG acti-
vated myosin phosphatase through 67LR (Fig. 4D). These results
suggest that 67LR mediates the suppressive effect of EGCG at a
physiological concentration on cell cycle progression and the phos-
phorylation of MRLC and MYPT1.

Discussion

Many mechanisms for anticarcinogenic activities of green tea
polyphenol EGCG have been proposed based mainly on studies in
cell lines [2,4]. The activities observed with EGCG in cell line stud-
ies, however, may not be relevant to the situation in vivo because
EGCG concentrations used in vitro are usually much higher than
the achievable levels in vivo [1,2]. Therefore, it is important to
investigate the activities observed at physiologically achievable



Fig. 3. Effect of EGCG on the phosphorylation of MRLC and MYPT1 in Caco-2 cells
and HeLa cells.(A–C) Caco-2 cells were treated with the indicated concentrations of
EGCG for 24 h (A and B) or treated with 1 lM EGCG for 96 h (C). (D) HeLa cells were
treated with the indicated concentrations of EGCG for 24 h. Total cellular protein
was subjected to Western blot analysis using anti-phospho-MRLC (Thr-18/Ser-19)
and anti-phospho-MYPT1 (Thr-696) antibodies. Relative band intensity (pMRLC/
MRLC or pMYPT1/MYPT1) was expressed as a percentage compared with the value
of untreated control.

Fig. 4. Effect of 67LR knockdown on EGCG-induced cell growth inhibition and re-
duction of the phosphorylation of MRLC and MYPT1 in Caco-2 cells. (A) The cells
stably transfected with the control-shRNA or the 67LR-shRNA expression vector
were lysed and total cellular protein was subjected to Western blot analysis using
anti-67LR antibody (F-18). (B) Cells were treated with 1 lM EGCG for 96 h. The
results are shown as relative cell number to untreated control and the data pres-
ented are means ± SD for three samples. Data containing asterisk marks are sign-
ificantly different from the values in control at **p < 0.01. (C) FACS analysis of the
cell cycle. Cells were treated as described in (B) and then evaluated for DNA content
after propidium iodide staining. (D) Cells were treated with 1 lM EGCG for 24 h.
Total cellular protein was subjected to Western blot analysis using anti-phospho-
MRLC (Thr-18/Ser-19) and anti-phospho-MYPT1 (Thr-696) antibodies. Relative b-
and intensity (pMRLC/MRLC or pMYPT1/MYPT1) was expressed as a percentage
compared with the value of untreated control.
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concentrations of EGCG. In the present study, we found that EGCG
at a physiologically achievable concentration (1 lM) significantly
inhibited cell growth of Caco-2 cells and accumulated the cells in
G2/M phase through 67LR. We also found that 1 lM EGCG reduced
MYPT1 phosphorylation at Thr-696 through 67LR, leading to acti-
vation of myosin phosphatase and reduction of MRLC phosphoryla-
tion at Thr-18/Ser-19.

Several studies have reported that EGCG suppressed Wnt-sig-
naling by affecting the protein levels of E-cadherin [18] and b-cate-
nin [17], resulting in reduction of c-Myc and cyclin D1 [18]. On the
other hand, many studies have reported that EGCG induces cell cy-
cle arrest at G0/G1 phase in various cancer cells, including lung, co-
lon, pancreas, skin, and prostate [1,3,5,19]. Since c-Myc and
cyclinD1 are important cell cycle regulators particularly in the pro-
gression from G1 to S phase [20], it may be proposed that
suppression of Wnt-signaling by EGCG is the mechanism for
EGCG-induced cell cycle arrest at G0/G1 phase. However, the
concentrations of EGCG used in these previous studies are also
much higher than those observed in the blood or tissues. In our
experiment, a physiologically achievable concentration of EGCG
accumulated Caco-2 cells in the G2/M phase but not G0/G1 phase
and did not affect the protein levels of E-cadherin, b-catenin and
c-Myc. These results suggest that cell growth inhibition induced
by a physiological concentration of EGCG in Caco-2 cells is depen-
dent on other mechanisms than suppression of Wnt-signaling.

MRLC phosphorylation in cytokinesis can be regulated by myo-
sin phosphatase and there are several pieces of evidence indicating
that myosin phosphatase is involved in cytokinesis. MYPT1 is
phosphorylated at the inhibitory sites at the cleavage furrow
[21,22] and the MYPT1 phosphorylation is predicted to result in
an increase in MRLC phosphorylation at the division site and might
provide a signal for cytokinesis. MYPT mutations show effects on
cytokinesis. In Caenorhabditis elegans, MYPT mutations cause de-
fects in cytokinesis [23]. Mouse embryos lacking MYPT1 have re-
cently been reported to die within 7.5 days post coitus,
suggesting that mouse myosin phosphatase may be crucial for
cytokinesis in vivo [24]. In our experiments, EGCG at a physiologi-
cal concentration induced reduction of not only MRLC phosphory-
lation but MYPT1 phosphorylation at Thr-696 through 67LR,
suggesting that EGCG activated myosin phosphatase and might
prevent cytokinesis. It has also been reported that MYPT1 binds
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to many other proteins in addition to phosphorylated MRLC and
myosin phosphatase has several additional substrates [25]. There-
fore, it is possible that dephosphorylation of not only MRLC but the
other substrates by myosin phosphatase is critical for EGCG-in-
duced cell growth inhibition through 67LR.

It is currently still unclear how EGCG exactly reduces MYPT1
phosphorylation at Thr-696 through 67LR. Most recently, we have
identified eukaryotic translation elongation factor 1A (eEF1A) as a
component responsible for the antiproliferative activity of EGCG
[12]. Intriguingly, it has been reported that eEF1A binds to MYPT1
[26] and is localized in the cleavage furrow during cytokinesis [27],
suggesting its involvement in cell division process. Although we
have reported that eEF1A was involved in the signaling pathway
mediated after binding of EGCG to 67LR, further studies are needed
to define the role of eEF1A in decrease of MYPT1 phosphorylation
at Thr-696. Future investigation on this matter and the in vivo role
of 67LR, eEF1A and MYPT1 in EGCG-induced cell growth inhibition
may provide new therapeutic approaches for the treatment of
cancer.
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