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Supplementation with Branched-chain Amino Acids Inhibits
Azoxymethane-induced Colonic Preneoplastic Lesions

in Male C57BL/KsJ-db/db Mice
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Colorectal cancer (CRC) is a major health problem worldwide.
Recent evidence indicates that the risk of CRC is elevated in
patients with metabolic syndrome, also called insulin resistance
syndrome, which is commonly associated with obesity and
related metabolic abnormalities (1, 2). Obesity is the main
determinant of insulin resistance and hyperinsulinemia, which
is also a possible risk factor for CRC (3). CRC occurs more
frequently in patients with diabetes mellitus, a condition
associated with hyperinsulinemia (4, 5). Insulin has growth-

Authors’ Affiliations: 'Departments of Medicine and 2Tumor Pathology, Gifu
University Graduate School of Medicine; 3BMR Laboratories, Sunplanet Co., Ltd,
Gifu, Japan; and *Department of Oncologic Pathology, Kanazawa Medical
University, Ishikawa, Japan
Received 8/10/08; revised 1/8/09; accepted 1/23/09; published OnlineFirst4/14/09.
Grant support: Ministry of Education, Science, Sports and Culture of Japan
Grants-in-Aid Nos. 18790467 (M. Shimizu) and 17015016 (H. Moriwaki).
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
Requests for reprints: Masahito Shimizu, Department of Medicine, Gifu
University Graduate School of Medicine, 1-1 Yanagido, Gifu 501-1194, Japan.
Phone: 81-58-230-6313; Fax: 81-58-230-6310; E-mail: shimim-gif@umin.ac.jp.
© 2009 American Association for Cancer Research.
doi:10.1158/1078-0432.CCR-08-2093

Clin Cancer Res 2009;15(9) May 1, 2009

3068

promoting properties in CRC cells, and exogenous insulin
injection stimulates the growth of CRC precursors in rodent
models (6-8). In addition, elevated circulating levels of insulin
causes alterations in the insulin-like growth factor {IGF)/IGF-I
receptor (IGF-IR) axis, which is involved in the development
and progression of CRC (9, 10). Therefore, increased insulin
resistance and abnormalities in the IGF/IGF-IR axis might be a
critical target to prevent the development of obesity-related
malignancies, including CRC. For instance, (-)-epigallocatechin
gallate, the major biologically active component of green tea,
inhibited the development of colonic premalignant lesions in
an obesity-related colon cancer that was associated with
improvement in insulin resistance and inhibition of the IGF/
IGF-IR axis (11).

Diet supplementation with branched-chain amino acids
(BCAA; leucine, isoleucine, and valine) has been suggested to
improve protein malnutrition in patients with liver cirrhosis
(12). Recent studies have revealed that BCAA is useful for both
preventing progressive hepatic failure and improving event-free
survival in patients with chronic liver diseases, such as liver
cirthosis, and these beneficial effects are associated with the
improvement of insulin resistance by BCAA (13-15). In
addition, oral supplemental treatment with BCAA can reduce
the risk of hepatocellular carcinoma in cirrhotic patients who
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are obese (with a body mass index >25; ref. 16). Obesity,
hyperinsulinemia, and diabetes mellitus are possible risk
factors for hepatocellular carcinoma, which commonly devel-
ops in cirrhotic livers (16-18). Based on these findings, BCAA
supplementation in diet may also reduce the risk of other
obesity-related human malignancies, including CRC, by im-
proving insulin resistance. However, no detailed studies on
whether BCAA can prevent the development of obesity-related
CRC have yet been conducted.

In previous studies, we have established a useful preclinical
animal model to determine the possible underlying mecha-
nisms of how specific agents prevent the development of
obesity-related CRC with the use of C57BL/KsJ-db/db (db/db)
mice with obesity, hyperinsulinemia, and hyperleptinemia
(19-21). The mice are susceptible to the colonic carcinogen
azoxymethane (AOM) because the development of AOM-
induced aberrant crypt foci {ACF) and B-catenin -accumulated
crypts (BCAC), both of which are putative precursor lesions for
colonic adenocarcinoma (22, 23), is enhanced in db/db mice
compared with db/+ or +/+ mice {19, 20). In the present study,
we investigated in detail the effects of BCAA on the
development of colonic premalignant lesions, ACF and BCAC,
in db/db mice initiated with AOM, focusing on the improve-
ment of hyperinsulinemia, hyperlipidemia, and hyperleptine-
mia. In addition, we also determined whether BCAA
supplementation in the diet inhibits the activation of the
IGF/IGF-IR axis in this animal model.

Animals, chemicals, and diets. Four-week-old male homozygous db/db
mice were obtained from Japan SLC, Inc.. All mice were maintained at
the Gifu University Life Science Research Center according to the
Institutional Animal Care Guidelines. AOM was purchased from Sigma
Chemical Co.. BCAA and casein were obtained from Ajinomoto Co., Ltd..
The BCAA composition (2:1:1.2, leucine/isoleucine/valine) was set at the
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clinical dosage that is used for the treatment of hypoalbuminemia in
patients with decompensated liver cirrhosis in Japan,

Experimental procedure. The animal experiment was approved by
the Institutional Committee of Animal Experiments of Gifu University.
A total of 54 male db/db mice were divided into 6 groups. At 5 wk of
age, the mice in groups 1 to 3 were s.c. injected with AOM (15 mg/kg of
body weight) weekly for 4 wk. As controls, the mice in groups 4 to 6
were given s.c. injections of saline. Groups 1 (12 mice) and 4 (6 mice)
were fed a basal diet, corticotropin-releasing factor (CRF)-1 (Oriental
Yeast Co., Ltd.), throughout the experiment. Groups 3 (12 mice) and 6
(6 mice) were given a basal diet containing 3.0% BCAA (weight for
weight) for 7 wk, starting 1 wk after the last injection of AOM. The
BCAA concentration (3.0%) was determined by the previous study,
which indicated the same intake to improve insulin resistance in
C57BL/6] mice (24). The mice in groups 2 (12 mice) and
5 (6 mice) were given a basal diet containing 3.0% casein (weight for
weight). The casein-fed groups were served as nitrogen content—
matched controls for the BCAA-treated groups to eliminate the
possibility that the nitrogen content itself affects the promotion or
the prevention of colonic premalignant lesions. At the termination of
the study (16 wk of age), the mice were sacrificed by CO, asphyxiation
to analyze the number of colonic ACF and BCAC.

Counting the number of ACF and BCAC. The ACF and BCAC were
determined according to the standard procedures described previously
(20, 21, 25). ACF are defined as single or multiple crypts that have
altered luminal openings, exhibit thickened epithelia, and are larger
than adjacent normal crypts (22). BCAC, which have high frequency
mutations in the f-catenin gene, show histologic dysplasia with a
disruption of the cellular morphology and an accumulation of this
protein (Fig. 1A; ref. 23). BCAC do not have a typical ACF-like
appearance because the lesion is not recognized on the mucosal surface
like ACF and is only identified in the histologic sections of en face
preparations. Both of these lesions are utilized as biomarkers to
evaluate a number of agents for their potential chemopreventive
properties (26). After the colons were fixed flat in 10% buffered
formalin for 24 h, the mucosal surface of the colons were stained with
methylene blue (0.5% in distilled water), and then the number of ACF
were counted under a light microscope. Thereafter, the distal parts
(5 cm from the anus) of the colon were cut to count the number of
BCAC. To identify BCAC intramucosal lesions, the distal part of the
colon (mean area, 0.7 cm? per colon) was embedded in paraffin, and
then a total of 20 serial sections (4-um thick each) per colon were made
by an en face preparation (20, 21, 25). For each case, 2 serial sections
were used to analyze BCAC.

Histopathology and immunohistochemical analyses for B-catenin and
PCNA. Three serial sections were made from paraffin-embedded tissue
blocks. Two sections were subjected to H&E staining for histopathology
and p-catenin immunohistochemistry to count the number of BCAC.
The other section was used for the proliferating cell nuclear antigen
(PCNA), a G;-to-S phase marker, immunohistochemistry to estimate
the cell proliferative activity in the colonic mucosa. Immunochisto-
chemical analyses for B-catenin and PCNA were done with the labeled
streptavidin-biotin method (LSAB kit; DAKO) as previously described
(20, 21). Anti-B-catenin antibody (1:1,000 final dilution) was
obtained from Transduction Laboratories (catalogue no. 610154).
Anti-PCNA antibody (1:100 final dilution) was from Santa Cruz
Biotechnology, Inc. (sc-7907). Negative control sections were immu-
nostained without the primary antibody. PCNA-positive cells in the
colonic mucosa, which seemed normal by H&E staining, were counted
and expressed as a percentage of the total number of normal crypt cells,
The PCNA labeling index (%) was determined by counting at least 200
crypt cells in each mouse (a total of 1,000 crypt cells per group). Two
experienced pathologists (Y. Hirose and T. Tanaka) immunohistolog-
ically determined the BCAC and PCNA-positive cells.

Protein extraction and western blot analysis. Total proteins were
extracted from the scraped mucosa from the remaining colon of the
AOM-treated mice (groups 1 to 3), and equivalent amounts of proteins
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Fig.1. Histopathology and immunohistochemical expression of p-catenin and PCNA proteins in ACF and BCAC. A, representative photographs of ACF and BCAC induced
by AOM in db/db mice. Top, H&E staining; bottom, $-catenin immunohistochemistry. Left, normal crypts; middle, ACF; right, BCAC. The localization of the accumulated
{3-catenin protein is apparent in the cytoplasm and nucleus of atypical cryptal cells in BCAC. B, immunohistochemical pattern of PCNA protein in ACF and BCAC. The nuclear
expression of the PCNA protein significantly increased in BCAC compared with ACF and surrounding normal crypts. Bar, 20 or 30 um, respectively.

(40 pg per lane) were examined by a western blot analysis with the
use of the primary antibodies for IGF-IR, phosphorylated IGF-IR
(p-IGF-IR), phosphorylated glycogen synthase kinase 3p (p-GSK-3B),
Akt, phosphorylated Akt (p-Akt), cyclooxygenase-2 (COX-2), and
glyceraldehyde-3-phosphate dehydrogenase as described previously

(11, 27, 28). An antibody to glyceraldehyde-3-phosphate dehydroge-
nase served as a loading control. The intensities of the blots were
quantified with the NIH Image software version 1.62. The intensities of
the blots found at the CRF-fed mice in each antibody was set at 1, and
the changes in expression were shown as the fold difference.

Table 1. Body, liver, kidney, and white adipose tissue weights of the experimental mice
Group no. Treatment Diet No. of Final body Body length BMI Absolute organ weight
mice weight (g) (cm)
Liver Kidney White adipose
tissue
1 AOM 15 mg/kg CRF-1 12 49.7 + 8.3%1 925+ 0.77 0.58 +0.05 2.64+0.76 0.38+ 0.047 2.67 +£ 0.64
2 AOM 15 mg/kg Casein 12 51,7 + 4.8 9.43 +0.37 0.58+0.02 2.75+0.48% 041+ 0.04 2,74 £ 0.37
3 AOM 15 mg/kg BCAA 12 50.3 5.08 9,47 £ 0.25 0.56 + 0.04 2.58 + 0.648 0.40 + 0.05 2.51 £ 0.42
4 Saline CRF-1 6 58.1 +£ 2.5 9.63 + 0.22 0.63 £0.02 3.35+0.72 0.45+ 0.06 3.02 +£ 0.32
5 Saline Casein 6 58.0 £ 2.1 9.70 £ 0.18 0.62 £ 0.01 3.87 £1.04 0.44 + 0.04 2.70 + 0.38
6 Saline BCAA 6 58.5 + 2.5 9.63 £ 0.17 0.63+0.01 3.83+0.86 044+ 0.01 2.60 + 0.35
*Mean + SD.
¥Significantly different from group 4 (P < 0.05).
1Significantly different from group 5 (P < 0.05).
§Significantly different from group 6 (P < 0.05).
Clin Cancer Res 2009;15(9) May 1, 2009 3070 www.aacrjournals.org
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Length of Total no. of ACFs Total no. of

1Significantly different from group 1 (P < 0.001).
*Significantly different from group 2 (P < 0.001).
§Significantly different from group 1 (P < 0.05).

Group no. Treatment Diet No. of mice

colon (cm) per colon BCACs/cm?
1 AOM 15 mg/kg CRF-1 12 12.4 + 1.4* 85.9 + 8.1 11.7 £ 8.4
2 AOM 15 mg/kg Casein i2 12.5+0.5 83.4 + 11.2 8.3+ 3.9
3 AOM 15 mg/kg BCAA 12 12.0 £ 0.7 545+ 8.61.% 4.2 + 6,78
4 Saline CRF-1 6 12,5+ 1.0 0 0
5 Saline Casein 6 11.5 + 0.7 0 0
6 Saline BCAA 6 11.3 £ 0.5 0 0
*Mean + SD.

Clinical chemistry. At sacrifice, blood samples were collected from
the AOM-treated mice (groups 1-3) to measure the serum concen-
trations of insulin, leptin, triglyceride, total cholesterol, IGF-I, IGF-II,
and BCAA. The serum triglyceride, total cholesterol, and BCAA levels
were assayed as described previously (20, 29). The serum insulin,
leptin, IGF-I, and IGF-II were determined by an enzyme immunoassay
according to the manufacturer’s protocol (R&D Systems).

Statistical analysis. The results were presented as the mean + SD
and were analyzed with the use of the GraphPad InStat software
program version 3.05 (GraphPad Software) for Macintosh. Differences
between groups were analyzed by one-way ANOVA or, as required, by
two-way ANOVA. When ANOVA showed a statistically significant effect
(P < 0.05), comparisons of each experimental group with the control
group were then made with the use of the Tukey-Kramer multiple
comparisons test. The differences were considered significant when the
two-tailed P was <0.05.

Results

General observations. As shown in Table 1, the average body
weights of groups 1 (CRF-1) and 3 (BCAA) in the AOM-injected
mice at the termination of this experiment were smaller than
those of the saline-injected groups 4 (CRF-1; P < 0.05) and 6
(BCAA; P < 0.05). The mean liver weights in the AOM-treated
groups 2 (casein} and 3 (BCAA) were significantly lower than
those in the saline-treated groups 5 (casein; P < 0.05) and 6
(BCAA; P < 0.05). Among CRF-1-fed mice, the mean kidney
weight in the AOM-treated group 1 was also significantly lower
than that of the saline-treated group 4 (P < 0.05). No
significant difference was observed in the body length, body
mass index, and mean white adipose tissue weight among the
experimental mice. A histopathologic examination also

revealed no alteration, thus suggesting the absence of toxicity
of BCAA in the liver and kidney of the mice in groups 3 and 6
(data not shown).

Effects of BCAA supplementation on AOM-induced ACF and
BCAC formations in db/db mice. Table 2 summarizes the total
number of ACF and BCAC (Fig. 1) in the mice of all groups.
ACF and BCAC developed in the colons of all the mice that
received AOM (groups 1 to 3) but not in the colons of the mice
that did not receive AOM (groups 4 to 6). Dietary supplemen-
tation with BCAA significantly decreased the number of total
ACF compared with those of the CRF-1-fed (37% reduction;
P < 0.001) and casein-supplemented groups (35% reduction;
P < 0.001). Compared with the CRF-1-fed group, the
administration of BCAA also significantly reduced the number
of total BCAC (64% reduction; P < 0.05).

Effects of BCAA supplementation on the serum levels of BCAA
in AOM-treated db/db mice. Because the colonic premalig-
nant lesions developed only in the AOM-injected mice (Table 2),
the following experiments were done among the mice thatz
received AOM (groups 1 to 3). BCAA supplementation caused a
significant increase in the serum concentrations of total BCAA
(valine, isoleucine, and leucine; 1736 * 179 nmol/mL)
compared with the CRF-1-fed (882 + 160 nmol/mL; P <
0.001) and casein-supplemented groups (853 + 51 nmol/mL;
P < 0.001). These findings suggest that supplementation with
3.0% BCAA is sufficient to raise the serum concentration of
BCAA.

Effects of BCAA supplementation on the serum levels of total
cholesterol, triglyceride, and leptin in AOM-treated db/db
mice. Asshown in Table 3, the serum levels of total cholesterol
in the BCAA-supplemented mice were significantly lower than

Group ho. Treatment Diet No. of mice Total cholesterol Triglyceride Leptin
(mg/dL) (mg/dL) (ng/dL)
1 ACM 15 mg/kg CRF-1 12 185 + 34* 244 + 49 117 + 18
2 AOM 15 mg/kg Casein 12 186 + 40 229 + 40 133 + 32
3 AOM 15 mg/kg BCAA 12 141 + 481.% 187 + 481 99 + 238
*Mean + SD.
1Significantly different from group 1 (P < 0.05).
*Significantly different from group 2 (P < 0.05).
§significantly different from group 2 (P < 0.01).
www.aacrjournals.org 3071 Clin Cancer Res 2009;15(9) May 1, 2009
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Fig. 2. The effect of BCAA supplementation on the serum levels of insulin, IGF-1, and IGF-Il, and on the expression levels of the IGF-IR, p-IGF-IR, p-GSK-3p, Akt, p-Akt, and
COX-2 proteins in AOM-treated db/db mice. A to C, the serum concentration of insulin (4), IGF-I (B), and IGF-Il (C) were measured by an enzyme immunoassay. Bars,

SD of triplicate assays. 0, total proteins were extracted from the scraped colonic mucosa, and equivalent amounts of proteins were examined by a western blot analysis as
described in Materials and Methods. Lanes, protein samples from two different mice in each group (feft). The intensities of blots were quantitated by densitometry (right).
Repeat western blots gave similar resuits. Values, mean + SD. *, P <0.001and **, P € 0.01: significant differences obtained by comparison with CRF-1 - treated or

casein-treated mice, respectively.

those in the CRF-1-fed (P < 0.05) and casein-supplemented
mice (P < 0.05). The mice supplemented with BCAA showed a
significant decrease in the serum levels of triglyceride compared
with the CRF-1 fed (P < 0.05). The serum leptin level of group 3
(BCAA) was also significantly lower than that of group 2
(casein; P < 0.01).

Effects of BCAA supplementation on the serum levels of insulin,
IGF-I, and IGF-II in AOM-treated db/db mice. Supplementa-
tation with BCAA caused a significant decrease in the serum
levels of insulin (Fig. 2A) compared with the CRF-1-fed (P <
0.01) and casein-supplemented mice (P < 0.01}. Similarly,
there was a significant decrease in the serum levels of both IGF-I
(Fig. 2B) and IGF-I (Fig. 2C) in BCAA-supplemented mice
compared with the CRF-1 ~fed (P < 0.001 for each comparison)
and casein-supplemented mice (P < 0.001 and P < 0.01,
respectively).

Effects of BCAA supplementation on the expression levels of
IGF-IR, p-IGF-IR, p-GSK-38, p-Akt, and COX-2 proteins, and on
cell proliferative activity in the colonic mucosa of AOM-treated
db/db mice. Hyperinsulinemia and abnormal activation of
the IGF/IGF-IR axis play a critical role in obesity-related CRC
development (3, 6-10). Therefore, the effects of BCAA on the
levels of IGF-IR and the phosphorylated (i.e., activated) form of
IGF-IR proteins, and cell proliferation were examined in the
colonic mucosa of AOM-treated mice. As shown in Fig. 2D,
western blot analyses showed that BCAA supplementation
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caused a decrease in the levels of IGF-IR (P < 0.001 for each
comparison) and p-IGF-1R (P < 0.001 for each comparison)
proteins compared with the CRF-1-fed and casein-supple-
mented mice. Supplementation with BCAA also decreased the
expression levels of the phosphorylated (i.e., inactivated) form
of GSK-3p (P < 0.01 for each comparison), the phosphorylated
(i.e., activated) form of Akt (P < 0.001 for each comparison),
and COX-2 (P < 0.01 for each comparison) proteins compared
with the control groups. The finding that BCAA supplementa-
tion inhibited the phosphorylation of Akt is considered to be
significant because the activation of this protein is one of the
critical targets in the constitutive activation of the IGF/IGF-IR
axis in colorectal carcinogenesis (30).

In addition, as shown in Fig. 3, the PCNA labeling index of
nonlesional crypts in the BCAA-supplemented mice was
significantly smaller than that of the CRF-1-fed and casein-
supplemented mice (P < 0.001 for each comparison), thus
indicating that BCAA supplementation significantly inhibits
cell proliferation in the colonic mucosa of the AOM-treated
db/db mice.

The present study clearly indicated that dietary supplemen-
tation with BCAA effectively suppressed the development of
putative precursor lesions, ACF and BCAC (Fig. 1), for CRC
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Fig. 3. The effect of BCAA supplementation on colonic
epithelial cell proliferation in AOM-treated db/db mice.
A. immunohistochemical staining of the normal

crypts in the colon of AOM-treated db/db mice

with anti-PCNA antibody. Sections of the colon were
analyzed from CRF-1 - fed, casein-supplemented, and
BCAA-supplemented mice, respectively. They were
stained with anti-PCNA monoclonal antibody as
described in Materials and Methods. Representative
photographs from each group are shown. Bar, 20 um.
B, PCNA labeling index in the normal crypts in the colon
of AOM-treated db/db mice. Bars, SD of triplicate
assays.
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(Table 2) by improving hyperlipidemia and hyperleptinemia
in db/db mice (Table 3). The suppressive effect of BCAA in the
early phase of obesity-related colorectal carcinogenesis was
also associated, most likely, with the improvement of hyper-
insulinemia (Fig. 2A) and the inhibition of cell proliferation
on the colonic mucosa of experimental mice (Fig. 3). BCAA
supplementation has also been reported to significantly
decrease the incidence of hepatocellular carcinoma in patients
with chronic liver disease if they had a body mass index score
2>25, and this effect might be associated with improvement of
insulin resistance (15, 16, 31). Thus, BCAA might effectively
prevent cancer development, at least in several organs, in
obese subjects who are considered to have insulin resistance
syndrome (3).

How can BCAA exert chemopreventive effects on obesity-
related colorectal carcinogenesis? As described above, insulin
resistance might be a critical target of BCAA in this beneficial
effect because insulin has oncogenic properties on CRC
cells. For instance, insulin stimulates the proliferation of CRC
cells and promotes colorectal tumor growth in animal models
(6-8). These reports, therefore, suggest that BCAA inhibits the
development of colonic premalignant lesions (Table 2) and
excessive cell proliferation in the colonic mucosa of AOM-
injected db/db mice (Fig. 3) by improving insulin resistance
(Fig. 2A). Recent studies by others have indicated that BCAA
improves glucose tolerance by modulating insulin-independent
glucose uptake into skeletal muscle in rodent models (32, 33).
An improvement of insulin resistance and glucose tolerance by
BCAA has also been shown by certain clinical trials (15, 31).

wwwv.aacrjournals.org
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In addition, it is widely accepted that insulin resistance
causes alterations in the IGF/IGF-IR axis, which may be closely
associated with the development of CRC (9, 10, 30). For
instance, the IGF-IR protein is overexpressed in BCAC
compared with the surrounding normal cryptal cells (11).
Therefore, the IGF/IGF-IR system is regarded as one of the
effective targets with respect to the prevention of CRC (11). Our
observations described herein comprise the first report showing
that BCAA decreases the serum levels of IGF-I and IGF-II
(Fig. 2B and C), thereby inhibiting the expression and activation
of IGF-IR on the colonic mucosa of AOM-treated db/db mice
{Fig. 2D). Our findings suggest that not only the improvement
of insulin resistance but the inhibition of IGF/IGF-IR activation
by BCAA plays a critical role in suppressing obesity-related and
diabetes mellitus -related colorectal carcinogenesis.

The present study revealed that BCAA supplementation in the
diet prevents the development of BCAC (Table 2), which is
characterized by abundant B-catenin protein expression (23)
and also accumulates the IGF-IR protein (11) while decreasing
the expression levels of p-Akt and p-GSK-3p proteins on the
colonic mucosa of AOM-treated db/db mice (Fig. 2D). Recent
in vitro studies have indicated that insulin and the IGF/IGF-IR
axis stabilize and activate the Wnt/B-catenin pathway, which is
involved in the development of CRC (34, 35). GSK-3p, which
can be phosphorylated by phosphatidylinositol 3-kinase/Akt
via insulin or IGF treatment, is considered to be a key kinase for
CRC development because the inactivation of GSK-3p leads to
the dissociation of the adenomatous polyposis colifaxin/
p-catenin complex and cytosolic 8-catenin accumulation (36).
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Free accumulated p-catenin translocates into the nucleus and
forms a complex with the transcription factor T cell factor,
thereby activating the transcription of target genes, including
cyclin D1 and c-Myc, and thus contributing to abnormal
proliferation and tumor progression (37, 38). Therefore,
supplementation with BCAA, which targets insulin-associated
and IGF-associated p-catenin accumulation by decreasing the
levels of p-Akt and p-GSK-3p proteins (Fig. 2D), might be an
effective strategy to prevent the development of CRC.

In addition to the beneficial effects mentioned above, BCAA
has other physiologic activities that might be useful to prevent
the development of CRC. For instance, supplementation with
BCAA is capable of reducing the production of oxidative stress
and microinflammation in patients with liver cirrhosis, which
possibly leads to a decrease in the occurrence of hepatocellular
carcinoma (39). In the current study, BCAA caused a decrease
in the expression of the COX-2 protein in the colonic mucosa

of AOM-treated db/db mice (Fig. 2D). COX-2 is one of the main

mediators in the inflammatory signaling pathway and is
certainly involved in CRC development; therefore, it might be
a critical target for CRC chemoprevention (40). This effect
might be explained by the inhibitory effect of BCAA on the IGF/

IGF-IR axis because the activation of this axis mediates COX-2

expression (41, 42). Additional studies are required to clarify
the direct effects of BCAA on inflammation and their relevance

to the antitumor effects of this agent.
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We previously reported that (—)-epigallocatechin gallate
(EGCG) in green tea alters plasma membrane organization
and causes internalization of epidermal growth factor receptor
(EGFR), resulting in the suppression of colon cancer cell growth.
In the present study, we investigated the detailed mechanism
underlying EGCG-induced downregulation of EGFR in
SW480 colon cancer cells. Prolonged exposure to EGCG caused
EGFR degradation. However, EGCG required neither an ubig-
uitin ligase (c-Cbl) binding to EGFR nor a phosphorylation of
EGFR at tyrosine residues, both of which are reportedly neces-
sary for EGFR degradation induced by epidermal growth factor.
In addition, EGCG induced phoesphorylation of p38 mitogen-
activated protein kinase (MAPK), a stress-inducible kinase be-
lieved to negatively regulate tumorigenesis, and the inhibition of
p38 MAPK by SB203580, a specific p38 MAPK inhibitor, or the
gene silencing using p38 MAPK-small interfering RNA (siRNA)
suppressed the internalization and subsequent degradation of
EGFR induced by EGCG. EGFR underwent a gel mobility shift
upon treatment with EGCG and this was canceled by SB203580,
indicating that EGCG causes EGFR phosphorylation via p38
MAPK. Moreover, EGCG caused phosphorylation of EGFR at
Ser1046/1047, a site that is critical for its downregulation and
this was also suppressed by SB203580 or siRNA of p38 MAPK.
Taken together, our results strongly suggest that phosphoryla-
tion of EGFR at serine 1046/1047 via activation of p38 MAPK
plays a pivotal role in EGCG-induced downregulation of EGFR
in colon cancer cells.

Introduction

Colon cancer is the second leading cause of cancer-related mortality
in Western countries. Members of the epidermal growth factor re-
ceptor (EGFR) family, which are frequently overexpressed in sev-
eral types of human cancers, including cancers of the lung (1), head
and neck (2), prostate (3), breast (4), pancreas (5) and colon (6),
have been associated with abnormal growth of these tumors. Bind-
ing of ligand to EGFR leads to receptor dimerization, autophosphor-
ylation and activation of several downstream signaling pathways,
which upon activation lead to cell proliferation, motility and en-
hanced survival (7). There are several mechanisms by which EGFR
becomes oncogenic, including (i) increased EGFR levels; (ii) auto-
crine and/or paracrine growth factor loops; (iii) heterodimerization
with other EGFR family members and cross talk with heterologous
receptor systems; (iv) defective receptor downregulation (described
below in detail) and (v) activating mutations (8). In cohort studies,

Abbreviations: EGCG, (—)-epigallocatechin gallate; EGF, epidermal growth
factor; EGFR, epidermal growth factor receptor; MAPK, mitogen-activated
protein kinase; siRNA, small interfering RNA; UV, ultraviolet.

EGFR overexpression has been associated with chemoresistance,
disease progression and poor survival (9). In clinical trials, increas-
ing evidence shows the efficacy of EGFR-targeted agents, including
monoclonal antibodies on the one hand and tyrosine kinase inhib-
itors on the other (10). In addition, ongoing clinical trials continue
to investigate EGFR therapeutics in various treatment settings
(7,10).

Receptor downregulation is the most prominent regulator of
EGFR signal attenuvation and involves the internalization and sub-
sequent degradation of the activated receptor in the lysosomes (8).
Some agents that induce ligand-independent internalization and
degradation of EGFR, such as the 225 mouse antibody (11) and
gemcitabine (5) could have promising potential for cancer therapies
(12). In contrast, the other factors or agents, such as oxidative stress
(13), ultraviolet (UV) irradiation (14) and cisplatin (15), can induce
internalization of the EGFR, but not degradation. They differ in their
effects on the fate of the receptors, downstream signaling and cell
proliferation.

With the current knowledge of the mechanism underlying EGFR
downregulation, this molecular event seems to involve several im-
portant phosphorylation sites. One is the phosphorylation at tyro-
sine (Tyr) 1045, which provides a docking site for the ubiquitin
ligase ¢-Cbl resulting in ubiquitination of the EGFR (16). The
others are the phosphorylation at serine or threonine residues,
which is thought to represent a mechanism for attenuation of the
receptor kinase activity (17-19). Among the major sites of serine
and threonine phosphorylation of the EGFR, it has previously been
shown that serine 1046/1047 (Ser1046/7) phosphorylation site is
required for EGFR desensitization in epidermal growth factor
(EGF)-treated cells (19). Moreover, mutations of Ser1046/7 are
reported to cause a marked inhibition of the EGF-stimulated endo-
cytosis and downregulation of cell surface receptors (18). However,
the regulatory mechanism behind EGFR phosphorylation at
Ser1046/7 remains to be clarified.

There is an evidence that cisplatin -induces EGFR internali-
zation, which is mediated by p38 mitogen-activated protein
kinase (MAPK)-dependent phosphorylation of the receptor on
threonine 669 (15). Gemcitabine also induces EGFR internaliza-
tion and subsequent degradation that may be a novel mechanism
for gemcitabine-mediated cell death (5). In addition, recent reports
show that the activation of p38 MAPK is necessary for gemcita-
bine-induced cytotoxicity (20,21). Therefore, it is of interest to
investigate the effect of anticancer drug on p38 MAPX since this
signaling pathway is implicated in suppression of tumorigenesis
(22,23).

(—)-Epigallocatechin gallate (EGCG) is the major biologically
active polyphenol in green tea; it has been shown to inhibit the
growth of several types of cancer cell lines via suppression of
phosphorylation (i.e. activation) of the EGFR and inhibition of
several downstream signaling pathways (2,4,6,24). We previously
reported that the inhibitory effect of EGCG on EGF binding to the
EGFR or EGFR dimerization is associated with alterations in lipid
organization in the plasma membrane (lipid rafts) of colon cancer
cells (25). Since lipid rafts are thought to play an important role in
endocytosts, it is most likely that the alteration of lipid rafts induced
by EGCG is associated with the cellular localization of the EGFR.
Moreover, we have recently reported that EGCG can induce internal-
ization of EGFR into endosomes, which can recycle back to the cell
surface (26).

In the present study, we investigated the mechanism underly-
ing EGCG-induced EGFR internalization in colon cancer cells
because we suggest that this internalization of EGFR would ex-
plain, at least in part, the mechanism of anticancer effect of
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EGCG and other related compounds (26). Interestingly, we ob-
served that the inhibition of p38 MAPK abolished the EGCG-
induced internalization and subsequent degradation of EGFR,
suggesting that this MAPK plays an important role in the change
of EGFR trafficking. Furthermore, EGCG induced phosphorylation
of EGFR at Ser1046/7 via p38 MAPK, indicating that this phos-
phorylation plays a pivotal role in EGFR downregulation induced
by EGCG.

Materials and methods

Cell culture and chemicals

SW480 human colon cancer cells were grown in Dulbecco’s modified Eagle’s
medium (Invitrogen, San Diego, CA) containing 10% fetal calf serum and after
24 h they were incubated in serum-free medium for an additional 24 h as
described previously (26). EGCG was kindly provided by Dr Yukihiko Hara
(Mitsui Norin Co., Shizuoka, Japan) and was solubilized in dimethy] sulfoxide.
SB203580, AG1478 and PD153035 were purchased from Calbiochem-—
Novabiochem Co. (La Jolla, CA). EGF and cisplatin were from Sigma
Chemical Co. (St Louis, MO).

Western blotting and immunoprecipitation assay

The cells were lysed in lysis buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 50 mM NaF, 50 mM N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid, 1 mM Na;VO, and 2 mM
phenyimethylsulfonyl fluoride] and scraped from the Petri dishes. Protein ex-
tracts were then examined by western blot analysis as described previously
(26). The antibodies used in these studies were anti-EGFR, glyceraldehyde
3-phosphate dehydrogenase (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
phospho-EGFR (Ser1046/7), anti-phospho-EGFR (Tyr1045), anti-c-Cbl, anti-
pan-phospho-threonine (42H4), anti-phospho-p38 MAPK, anti-p38 MAPK
(Cell Signaling, Beverly, MA) and anti B-actin (Sigma). Anti-mouse IgG or
anti-rabbit IgG antibodies (Amersham Pharmacia Biotech, Buckinghamshire,
UK) were used as the secondary antibodies. Each membrane was developed
using an enhanced chemiluminescence detection system (Amersham Pharma-
cia Biotech). For detection of immunoprecipitated EGFR, cell lysates (500 pg
each) were incubated for 12 h at 4°C with an anti-EGFR antibody (Santa
Cruz Biotechnology) precoupled to anti-mouse IgG agarose beads. Protein
extracts were then eluted and examined by western blotting using the indicated
antibodies.

Gel mobility shift assays

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was per-
formed in 4% polyacrylamide large gel for 6 h at 4°C to separate proteins
clearly.

Small interfering RNA protocol

Predesigned small interfering RNAs (siRNAs) targeting p38 MAPK (On-
TARGET plus Duplex J-003512-20, Human MAPK14) was purchased from
Thermo Fisher Scientific K.K. (Yokohama, Japan). Sequences are as follows:
sense, 5'-GGAAUUCAAUGAUGUGUAUUU-3' and antisense, 5'-AUACA-
CAUCAUUGAAUUCCUU-3'. Transfection was performed according to
the manufacturer’s protocol (Bio-Rad, Tokyo, Japan). In brief, 2.5 ul
of siLentFect (Bio-Rad) and finally 100 nM of siRNA were diluted with
fetal calf serum-free Dulbecco’s modified Eagle’s medium, preincubated
at room temperature for 20 min and then added to the culture medium
containing 10% fetal calf serum. Cells were incubated at 37°C for 48 h
with siRNA-siLentFect complexes and subsequently harvested for prep-
aration of western blot analysis.

Immunofluorescence microscopy studies

Immunofluorescence microscopy studies were performed as described pre-
viously (26). Live cells grown on coverslip-bottom dishes were first exposed
to the mouse anti-EGFR antibody that recognizes the extracellular domain of
EGFR and then treated with EGF (100 ng/ml) or EGCG (50 pM) for 30 min
at 37°C, followed by fixation with 3% paraformaldehyde for 10 min on ice.
They were then exposed to 0.1% Triton X-100 for 10 min to permeabilize the
cell membrane, followed by exposure to Alexa Fluor 488®-conjugated goat
anti-mouse IgG antibody for 1 h for EGFR (green signal). In some cases, the
fixed cells were exposed to an anti-c-Cbl antibody, followed by exposure to
Alexa Fluor 488®-conjugated goat anti-rabbit IgG antibody for c-Cbl (green
signal) and Alexa Fluor 546®-conjugated goat anti-mouse 1gG for EGFR
(red signal) for 1 h. Finally, they were exposed to 4',6-diamidino-2-
phenylindole (Wako, Tokyo, Japan) for 20 min and the cells were then
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examined by fluorescence microscopy, BIOREVO (BZ-9000) (Keyence,
Tokyo, Japan) according to the manufacturer’s protocol.

Quantification of cell surface EGFR by enzyme-linked immunosorbent
assay

Quantification of cell surface EGFR was performed as described previously
(26). In brief, SW480 cells were pretreated with the indicated compounds
and then exposed to the mouse anti-EGFR antibody (Santa Cruz Biotech-
nology) that recognizes the extracellular domain of the EGFR (1:50 dilu-
tion), in Dulbecco’s modified Eagle’s medium containing 1% bovine serum
albumin for 15 min at 37°C. The cells were then treated with EGCG (25 pM)
for 30 min at 37°C and then fixed with 4% paraformaldehyde for 10 min on
ice. After blocking with 1% bovine serum albumin in phosphate-buffered
saline for 1 h, the cells were exposed to an anti-mouse IgG, horseradish
peroxidase-linked whole antibody (GE Healthcare, Piscataway, NJ) for 1 h
at room temperature, followed by washing four times with phosphate-
buffered saline containing 1% bovine serum albumin. Finally, the cells were
exposed to 50 ul of 1-step™ Ultra TMB-ELISA reagent (Pierce, Rockford,
IL) for 5 min at room temperature. Fifty microliters of 2 M sulfuric acid was
then added to each well to stop the reaction. The absorbance of each sample
at 450 nm was then measured.

Results

Continuous treatment with EGCG caused degradation of the EGFR in
SW480 colon cancer cells

Since EGCG induces apoptosis of colon cancer cells (6), it is of in-
terest to examine the effect of longer exposure to EGCG on these cells
that highly express EGFR proteins. We first measured the levels of
EGFR in the presence or absence of EGCG by western blot analysis
(Figure 1), We examined the effect of various doses of EGCG on the
levels of EGFR and found that exposure to 25 uM of EGCG for 24 h
significantly induced degradation of EGFR (Figure 1A, lane 4) and
that 50 pM of EGCG almost completely degraded them (Figure 1A,
lane 5). We next performed a time course experiment and found that
treatment with EGCG (50 pM) for 8 h caused partial degradation of
the EGFR (Figure 1B, lane 5) and that treatment with EGCG for 12 h
caused marked degradation of EGFR (Figure 1B, lane 6). Although
we recently reported that transient exposure to EGCG induced inter-
nalization of cell surface-associated EGFR into endosomes, which
could recycle back to the cell surface (26), this was not seen in this
study because in the previous study we examined the effect of con-
tinuous, not transient, treatment with EGCG. We also performed cell
counting assay using 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetra-
zolium bromide and found that EGCG did not influence cell number
of SW480 within 24 h (data not shown), whereas decrease in the level
of EGFR were observed within 12 h (Figure 1B).

The degradation of EGFR induced by EGCG is not associated with
c-Cbl in SW480 colon cancer cells

It is well known that ¢-Cbl, an ubiquitin E3 ligase, plays a role in
downregulation of EGFR (16,27,28). Thus, ¢c-Cbl was shown to
ubiquitylate and downregulate EGFR (29) and was formally estab-
lished as a RING finger-type E3 ubiquitin ligase (30,31). Therefore,
we next examined the correlation between EGFR and ¢-Cbl in the
EGCG-induced EGFR downregulation. We first found in immunofiu-
orescence microscope studies that EGCG as well as EGF induced
internalization of EGFR (Figure 2A, panels 2 and 3), which is con-
sistent with our previous studies (26). We next performed colocaliza-
tion assays of these internalized EGFRs (panels 1-3) and c¢-Cbl
(panels 4-6) and found that internalized EGFR induced by EGCG
did not colocalize with the c-Cbl protein (panel 12), whereas the in-
ternalized EGFR induced by EGF were clearly colocalized with ¢-Cbl
(panel 11). Many reports demonstrate that activation of EGFR induces
its autophosphorylation followed by binding of ¢-Cbl to the Tyr1045
residue of EGFR (29). In addition, we have shown that EGCG does
not cause phosphorylation of EGFR at any tyrosine residues and that
the internalized EGFRs induced by EGCG are not phosphorylated at
Tyr1045 residue (26). Therefore, it seems unlikely that the internali-
zation of EGFR induced by EGCG is associated with ¢-Cbl.
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Fig. 1. Prolonged exposure to EGCG caused degradation of the EGFR.
SW480 colon cancer cells were treated with the indicated doses of EGCG for
24 h (A) or with 50 uM of EGCG for the indicated times (B). Protein extracts
were then prepared and examined by western blotting using anti-EGFR
antibody. An antibody to B-actin was used to control for protein loading. The
lower bar graph shows the quantification data for total EGFR level obtained
from western blot analysis after normalization with respect to B-actin. The
asterisks indicate significant decrease (*P < 0.05 and **P < 0.01,
respectively) in comparison with the control (lane 1).

To further confirm the above results, we next performed binding
assays of EGFR and ¢-Cbl using immunoprecipitation—western blot
analysis. As shown in Figure 2B, EGF caused the interaction of
EGFR with c-Cbl (lane 3), whereas EGCG failed to induce their
interaction (lane 4). Because both EGF and EGCG did not influence
the expression level of c-Cbl (Figure 2B, middle panel), it is prob-
able that EGCG induces internalization of EGFR independently of
¢-Cbl.

Phosphorylation of EGFR at tyrosine residues is not necessary for its
internalization or degradation induced by EGCG in SW480 colon
cancer cells

As described above, it is well known that EGF causes phosphorylation
of EGFR at Tyr1045, the major docking site for the ubiquitin ligase
¢-Cbl (16). Therefore, we next investigated whether or not this phos-
phorylation is required for the degradation induced by EGCG. We
first examined the effects of AG1478 and PD153035, both of which
are EGFR-specific tyrosine kinase inhibitors (32,33), on the inter-
nalization of EGFR induced by EGCG in immunofluorescence
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microscope studies. We first confirmed that either 2 puM of
AG1478 or 10 uM of PD153035 significantly blocked EGF-induced
phosphorylation of EGFR at tyrosine residues (Figure 3A, lanes
4 and 6 compared with lane 2). In the presence of AG1478 or
PD153035, the internalization of EGFR induced by EGCG was
not suppressed (Figure 3B, upper panels 4 and 6 compared with
panel 2). In addition, quantification analysis by enzyme-linked im-
munosorbent assay showed no effect in cell surface amount of
EGFR by the inhibition of tyrosine kinase on EGFR (Figure 3B,
lower bar graphs, lanes 4 and 6 compared with lane 2). Moreover,
we found that EGFR was degraded by EGCG even in the presence of
either AG1478 or PD153035 (Figure 3C and D, lane 4 compared
with lane 2, respectively). Therefore, it seems unlikely that phos-
phorylation of EGFR at any tyrosine residues is necessary for the
internalization or degradation of EGFR induced by EGCG.

EGCG induced phosphorylation of p38 MAPK in SW480 colon
cancer cells

It has recently been reported that cisplatin, a widely used anti-
cancer drug, induces EGFR internalization, which is mediated by
p38 MAPK-dependent phosphorylation of the receptor on threo-
nine 669 (15). Receptor internalization induced by UV is also
caused by p38 MAPK (34). Since it has been shown that p38
MAPK can negatively regulate tumorigenesis (23), we next exam-
ined the effect of EGCG on phosphorylation (i.e. activation) of p38
MAPK in SW480 cells, The upper panels in Figure 4 display rep-
resentative western blotting images and the lower bar graph pro-
vides quantification of phospho-p38 MAPK after normalization
with respect to total p38 MAPK, as determined by densitometry.
As expected, p38 MAPK was significantly phosphorylated within
30 min by the treatment with EGCG and reached maximum effect
at 1 h after the exposure (Figure 4, lower graph). These results led
us to further investigate the role of activated p38 MAPK in EGCG-
treated cells.

Inhibition of p38 MAPK activation suppressed downregulation of
EGFR induced by EGCG in SW480 colon cancer cells

We next examined the effect of a specific inhibitor of p38 MAPK,
SB203580 (35), on the internalization of EGFR induced by EGCG.
We first confirmed that SB203580 truly inhibited phosphorylation
(activation) of p38 MAPK in SW480 cells (Figure SA). As we have
shown previously (26), a 30 min exposure to 25 uM of EGCG caused
internalization of EGFR (Figure 5B, panel 2). Quantification anal-
ysis by enzyme-linked immunosorbent assay showed ~60% de-
crease in cell surface amount of EGFR (Figure 5B, lower bar
graph). When the cells were pretreated with SB203580 (10 uM)
for 1 h and then exposed to EGCG (25 puM) for 30 min, internali-
zation of EGFR was significantly blocked (Figure 5B, upper panel 4
and lower graph, lane 4). We next examined the effect of SB203580
on EGFR degradation induced by continuous treatment of the cells
with EGCG. Pretreatment with 2.5 pM of SB203580, which alone
did not affect the EGFR levels, markedly suppressed, and 5 or 10 uM
of SB203580 almost completely suppressed the degradation of
EGFR induced by EGCG (Figure 5C). Furthermore, we verified
the involvement of p38 MAPK in EGCG-induced degradation of
EGFR utilizing the gene silencing using p38 MAPK-siRNA (Figure
5D). Whereas knock down selectively decreased expression of p38
MAPK (Figure 5D, upper panel), the degradation of EGFR induced
by EGCG was significantly restored in p38 MAPK-knocked down
SW480 cells (Figure 5D, lower panel, lane 4 compared with lane 2).
Taken together, these results provide strong evidence that p38
MAPK plays a crucial role in the downregulation of EGFR induced
by EGCG.

EGCG caused phosphorylation of EGFR at Ser1046/7 and this was
blocked by SB203580 in SW480 colon cancer cells

It has previously been reported that phosphorylation of EGFR on
serine and threonine residues is thought to represent a mechanism
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Fig. 2. The internalized EGFR induced by EGCG does not associate with ¢-Cbl. (A) SW480 cells were first labeled for 15 min at 37°C with an anti-EGFR
antibody that recognizes the extracellular domain of the EGFR. They were then treated with EGF (100 ng/mi) or EGCG (25 uM) for 30 min at 37°C, followed by
fixation with paraformaldehyde. After permeabilization of the cells with 0.1% Triton X-100, the cells were exposed 1o an anti-c-Cb] antibody (1:100 dilution) for
1 h and then teated with Alexa Fluor 546-conjugated anti-mouse secondary antibody for EGFR (red signal) and Alexa Fluor 488-conjugated anti-mouse
secondary antibody for ¢-Cbl (green signal). After washing, the cells were exposed to 4’ ,6-diamidino-2-phenylindole (DAPI) (blue signal) for 20 min and then
examined by fluorescence microscopy. Representative results from at least three independent experiments are shown. Scale bar indicates 20 pm. (B) EGF, but not
EGCQG, induced c-Chl-EGFR binding. The cells were exposed to EGF (100 ng/ml) or EGCG (25 uM) for 30 min at 37°C. Then, cell lysates (500 pg each) were
prepared and incubated for 12 h at 4°C with an anti-EGFR antibody precoupled 1o anti-mouse IgG-agarose beads. The bound protein was then analyzed by western
blotting with an anti-c-Cbl antibody. The lower two panels indicate the corresponding whole-cel] tysates (WCLs). MW indicates molecular weight.

for attenuation of its receptor kinase activity (17). It has also been
reported that EGFR undergoes a gel mobility shift upon cisplatin
treatment, which is mediated by p38 MAPK (15,34). In addition,
UV induces phosphorylation of EGFR (gel mobility shift of EGFR)
that was suppressed by the inhibition of activation of p38 MAPK
(34). Morcover, cisplatin induces EGFR internalization that is me-
diated by p38 MAPK-dependent phosphorylation of the receptor

on threonine 669 (135). Therefore, we examined the effect of EGCG
on gel mobility shift of EGFR. First, we verified that cisplatin
caused a gel mobility shift of EGFR in SW480 cells (Figure 6A,
1ane 4), as described in a previous study with MDA-MB-468 cells
(15). Indeed, we found that EGCG had an effect similar to that of
cisplatin on gel mobility shift of EGFR (Figure 6A, lane 7). The gel
mobility shift of the EGFR induced by EGCQG, and that induced by
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difference between the indicated pairs.

cisplatin, were canceled when the cells were pretreated with the
specific p38 MAPK inhibitor SB203580 (Figure 6A, lanes 5, 6, 8
and 9), We next performed immunoprecipitation assays using an
anti-pan-phospho-threonine antibody in order to clarify whether
EGCG as well as cisplatin causes phosphorylation of EGFR at
threonine residues (Figure 6B). Although we detected phosphory-
lation of EGFR at threonine residues when the cells were treated
with cisplatin (Figure 6B, lane 2), we did not detect phosphoryla-
tion of EGFR at threonine residues when the cells were treated with
EGCG (Figure 6B, lane 3). These results led us to speculate that
EGCG might cause phosphorylation of EGFR at serine, rather than
threonine, residues because p38 MAPK is well known to be a ser-
ine/threonine kinase (36).

It has been shown that EGFR desensitization is mediated
through phosphorylation at Ser1046/7 in EGF-treated cells (19).
In addition, we recently found that activation of p38 MAPK by
anisomycin causes EGFR phosphorylation at Ser1046/7 (37).
Therefore, we next examined the effect of EGCG on this phosphor-
ylation and found that treatment with EGCG induced within 30 min
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phosphorylation of EGFR at Ser1046/7 (Figure 6C, upper panels)
and that this was attenuated by pretreatment of the cells with
the specific p38 MAPK inhibitor, SB203580 (Figure 6C, lower
panels). Furthermore, utilizing the gene silencing using p38
MAPK-siRNA, we verified the involvement of p38 MAPK in
EGCG-induced phosphorylation of EGFR at Ser1046/7 (Figure
6D) and found that the phosphorylation of EGFR at Ser1046/7
induced by EGCG was significantly suppressed in p38 MAPK-
knocked down SW480 cells (Figure 6D, upper panel, lane 4 com-
pared with lane 2). Taken together, our findings strongly suggest
that EGCG causes phosphorylation of EGFR at Ser1046/7 through
activation of p38 MAPK, resulting in its gel mobility shift and
subsequent degradation,

Discussion

In the present study, we examined the mechanism underlying
EGCG-induced downregulation of cell surface-associated EGFR
in SW480 colon cancer cells because we recently reported that
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exposure of SW480 cells to relatively low concentration (20 pg/ml)
of EGCG for only a brief period of time (30 min) causes EGFR
internalization of the EGFR in these cells (26). In this study, we
found that prolonged exposure of these cells to EGCG caused deg-
radation of EGFR (Figure 1A). These two types of effect of EGCG
are not confined to this cell type because we have obtained similar
effects using another cell line, i.e HT29 colon cancer cells (data not
shown). In addition, we should emphasize that in the present study
we investigated the effect of continuous treatment with EGCG on
EGFR, although in the previous study we examined the effect of
transient exposure (for 30 min) to EGCG (26). Mareover, while it is
recognized that desensitization in a broad sense includes internali-
zation and degradation, it has previously been reported that oxida-
tive stress induces the translocation of cell surface EGFR to
perinuclei, where it is not degraded and remains active (13), and
that UV induces internalization and endosome arrest of EGFR that
activates MAPK kinase and MAPK (14). Since we recently reported
that the internalized EGFR induced by EGCG, which is not active,
fails to exert cell growth signal (26), we believe that in EGCG-
treated cells both internalization and degradation of EGFR impli-
cates desensitization and that our two studies are consistent with
either interpretation.

It is well known that EGF induces EGFR autophosphorylation
including Tyr1045, which is important for the binding of EGFR to
the ubiquitin ligase c-Cbl. This phosphorylated EGFR is rapidly
internalized and ubiquitinated by c-Cbl and then can be degraded
by lysosomes (16). Since we have previously reported that EGCG
causes internalization of EGFR, but not phosphorylation of EGFR at
tyrosine residues including Tyr1045 (26), EGCG does not induce
EGFR~c-Cbl binding (Figure 2). Therefore, the EGCG-induced
degradation of EGFR seen in the present study occurs independently
of ¢-Cbl. Furthermore, we found that EGCG induced both internal-
ization and degradation of EGFR, even when the cells were pre-
treated with AG1478 or PD153035 to block phosphorylation of
EGFR at tyrosine residues (Figure 3). Because the concentrations
of these inhibitors we used in this study were high, we cannot ex-
clude the possibility of their unspecific effects. However, based on
our findings as a whole, it is most likely that EGCG-induced down-
regulation of EGFR does not require tyrosine phosphorylation. On

EGCG induces downregulation of EGFR via p38 MAPK

the other hand, we found that EGCG caused phosphorylation (acti-
vation) of p38 MAPX in a time-dependent manner (Figure 4). This
activation was seen within 30 min when the cells were treated with
50 pM (~22 pg/ml) of EGCG.

To investigate the involvement of p38 MAPK in internalization or
degradation of EGFR induced by EGCG, we next examined the
effect of a specific p38 MAPK inhibitor or the gene silencing using
p38 MAPK-siRNA and found that the inhibition of p38 MAPK sup-
pressed the internalization and subsequent degradation of EGFR
induced by EGCG (Figure 5). These results strongly suggest that
p38 MAPK plays a pivotal role in both the internalization and the
degradation of EGFR induced by EGCG. We have seen similar
effect when SW480 cells were treated with the p38 MAPK activator
anisomycin (37). In the latter study, whereas EGF failed to induce
activation of p38 MAPK, both p38 MAPK and stress-activated pro-
tein kinase/c-Jun N-terminal kinase were activated by anisomycin,
and inhibition of p38 MAPK, but not stress-activated protein kinase/
c-Jun N-terminal kinase, canceled anisomycin-induced downregu-
lation of EGFR in SW480 colon cancer cells (37). Taken together,
this evidence also supports our conclusion that EGCG-induced ac-
tivation of p38 MAPK plays an important role in downregulation of
EGFR.

Interestingly, our present finding that the internalized EGFR in-
duced by EGCG did not colocalize with c-Cbl (Figure 2) is similar
to the case in anisomycin-treated cells (37), indicating that downre-
gulation of EGFR induced by EGCG as well as anisomycin does not
require c-Cbl binding. In addition, we found that EGCG underwent
gel mobility shift of EGFR (Figure 6A) and EGCG did not cause the
phosphorylation of EGFR at threonine residues (Figure 6B), even
though cisplatin caused its phosphorylation at threonine residues,
which is consistent with the previous study (15). Furthermore, we
demonstrated that EGCG caused the phosphorylation of EGFR at
Ser1046/7, at a site that was reported to be important for degradation
of EGFR (17-19,38) and that the inhibition of p38 MAPK blocked
this phosphorylation (Figure 6C and D). Because gel mobility shift of
EGFR induced by EGCG was also canceled when the cells were
pretreated with SB203580 (Figure 6A), it is most likely that EGCG
causes phosphorylation of EGFR at Ser1046/7 via activation of p38
MAPK.

It has previously been reported that although serine residues and
Tyr1045 are essential for EGF-induced receptor ubiquitination, only
the serine residues are critical for EGFR internalization and degra-
dation (38). Taking this finding into account, it is probable that the
phosphorylation of EGFR at serine residues is critical for the down-
regulation of EGFR induced by EGCG. The present studies utilizing
immunofluorescence microscope (Figure 2) and EGFR tyrosine ki-
nase inhibitors (Figure 3) and the results of our previous study (26)
provide evidence that the mechanism of EGCG-induced downregu-
lation of EGFR is different from that of EGF-induced downregula-
tion of the EGFR, whereas with EGF this process involves ¢-Cbl.
The present results also provide strong evidence that phosphoryla-
tion of EGFR at serine 1046/1047 via activation of p38 MAPK plays
a pivotal role in EGCG-induced downregulation of EGFR. These
findings may suggest new therapeutic strategies for inhibiting the
proliferation of human cancers that are highly dependent on the
function of the EGFR.

Tt is of interest to summarize our recent studies related the various
effects of EGCG on the EGFR in colon cancer cells, with respect to
both the time course and the sensitivity to EGCG. The most rapid
and sensitive response we have observed is disruption of lipid rafts
since this occurred within 5-30 min and with as little as 1-5 pg/ml
of EGCG [about one-fourth of the ICso concentration for growth
inhibition (25)]. Similar low concentrations of EGCG also induced
within 30 min internalization of the EGFR into membrane vesicles
(26). Both effects were reversible in washout studies (26). These
events were followed by a decrease in phosphorylation of EGFR
at ~96 h in cells treated continuously with 1 pg/ml of EGCG or at
~6 h in cells treated with 20 pg/ml of EGCG (6). The present study
indicates that 50 pM (~22 pg/ml) of EGCG induces
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Fig. 5. EGCG-induced downregulation of EGFR was canceled by the inhibition of p38 MAPK. (A) SW480 cells were pretreated with the indicated doses of
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against phospho-p38 MAPK and p38 MAPK. (B) SW480 cells were pretreated with or without 10 uM of SB203580 for 1 h and then labeled for 15 min at 37°C
with an anti-EGFR antibody that recognizes the extracellular domain of the EGFR. They were then exposed to EGCG (50 pM) for 30 min at 37°C, followed by
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4’ 6-diamidino-2-phenylindole (blne signal) and examined by fluorescence microscope. Representative results from at least three independent experiments are
shown. Lower bar graph shows the quantification data for cell surface amount of EGFR analyzed by enzyme-linked immunosorbent assay {see details in
Materials and Methods). Scale bar indicates 20 pm. (C) SW480 cells were pretreated with the indicated doses of SB203580 for 1 h and then exposed the cells
to 25 pM of EGCG for 48 h. Protein extracts were then harvested and examined by western blotting using an anti-EGFR antibody. The lower bar graph shows
the quantification data for the relative levels of EGFR, after normalization with respect to B-actin, as determined by densitometry. The asterisks indicate
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(GAPDH). Representative results from triplicate-independent experiments with similar results are shown, The lower bar graph shows the quantification data
for the relative levels of EGFR, after normalization with respect to GAPDH, as determined by densitometry, The ssterisks indicate significant increase
{*P < 0.08) as compured with the control (lane 2).

phosphorylation {activation) of p38 MAPK within 10-30 min (Fig-
ure 4) and phosphorylation of EGFR at Ser1046/7 within the same
time frame (Figure 6C). Degradation of total cellular EGFR oc-
curred even later at ~12 h in cells treated with 25-30 uM of EGCG.
Chen et al. (39) previously reported that 50 uM of EGCG induces
phospho-p38 MAPK in HT29 cells within 1 h, but they did not
examine the relationship of this effect to the EGFR, It remains to
be determined which of the above inactivating effects of EGCG on
the EGFR, or possibly the cascade itself, contributes to the ability of
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EGCG to inhibit the growth of colon cancer cells. This question is
compounded by the multiple additional effects on cancer cells that
have been reported for EGCG (39,40).

An important question is the biologic relevance of the present
studies since the concentrations of EGCG (50 uM) that activate
p38 MAPK are very high compared with the peak plasma concen-
tration of ~0.2 to 0.4 pg/ml (~0.44 to 0.88 uMj} in patients admin-
istered EGCG (40). However, in clinical studies, patients would
receive repeated doses of EGCG over a prolonged period of time,
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so there could be an accumulative effect. Indeed, in this and previous References
cell culture studies, we have found that prolonged exposure of cells
to EGCG reduces the concentration required to exert a given effect
(6,25,26). Furthermore, there is evidence that EGCG can be concen-
trated in gastrointestinal tissues (41). Nevertheless, our findings will

require confirmation in rodent models or clinical studies with
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1. Introduction

ABSTRACT

The desensitization mechanism of the EGF receptor (EGFR) is important for the regulation
of cancer cells. Although the phosphorylation of EGFR at Tyr1045 and Ser1046/1047
(Ser1046/7) reportedly accounts for such desensitization, the precise mechanism still
remains unknown. Therefore, the present study investigated the upstream signals of these
phosphorylations in SW480 colon cancer cells. Anisomycin, a potent kinase activator,
induced the activation of both p38 mitogen-activated protein kinase (MAPK) and stress-
activated protein kinase/c-jun N-terminal kinase (SAPK/JNK), but not p44/p42 MAPK.
Anisomycin caused EGFR degradation and this was abolished by a specific p38 MAPK inhib-
itor, SB203580. Surprisingly, whereas EGF induced phosphorylation at Tyr1045, but not
Ser1046/7, anisomycin induced the phosphorylation of EGFR at Ser1046/7, but not
Tyr1045. In addition, though both EGF and anisomycin caused EGFR internalization, the
EGFR internalized by anisomycin was not associated with an ubiquitin ligase, c-Cbl. Fur-
thermore, SB203580 or gene silencing using p38 MAPK-siRNA suppressed anisomycin-
induced phosphorylation of EGFR at Ser1046/7. These results strongly suggest that p38
MAPK directs EGFR toward desensitization via its phosphorylation at Ser1046/7,

© 2008 Elsevier Ireland Ltd. All rights reserved.

expression at the cell surface exerts many oncogenic sig-
nals [8]. Although the mechanism underlying EGFR

The epidermal growth factor (EGF) receptor (EGFR)
family of receptor tyrosine kinases (RTK) have been impli-
cated in the abnormal growth of several types of human
cancers, including cancers of the lung [1], head and neck
[2], colon [3], prostate [4], breast [5] and pancreas [G].
The binding of EGF to EGFR leads to receptor dimerization,
autophosphorylation and activation of several downstream
signaling pathways, which upon activation lead to cell pro-
liferation, motility and survival [7].

In contrast, the EGF-induced desensitization of EGFR is
important for the regulation of cancer cells, since its over-

* Corresponding author. Tel.: +81 58 230 6214; fax: +81 58 230 6215.
E-mail address: okozawa@gifu-u.ac.jp (0. Kozawa).
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downregulation has been extensively studied, the precise
mechanism of how EGFR internalization and degradation
are regulated is still not fully understood. In general, expo-
sure of cells to EGF caused rapid autophosphorylation,
including tyrosine (Tyr) 1045, which provides a docking
site for the ubiquitin ligase c-Cbl, thus resulting in the
ubiquitination of the EGFR and removal of the EGFR via
endocytosis from the cell surface into an early endosomal
compartment [9]. On the other hand, the phosphorylation
of EGFR on serine and threonine residues is also thought
to represent a mechanism for attenuation of the EGFR
activity [10-12]. Among the major sites of serine and thre-
onine phosphorylation of the EGFR, the serine 1046/1047
(Ser1046/7) phosphorylation sites are required for EGFR
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desensitization in EGF-treated cells {12]. Moreover,
Ser1046/7 are sites for Ca**/calmodulin-dependent kinase
II (CaM kinase i) phosphorylation [13]. The mutations of
Ser1046/7 are also reported to cause a marked inhibition
of the EGF-stimulated endocytosis and downregulation of
cell surface receptors [10]. However, the detailed mecha-
nism of EGFR desensitization has not yet been clarified.

The present study investigated the upstream signals of
this EGFR phosphorylation utilizing anisomycin, a potent
activator of mitogen-activated protein kinase (MAPK) cas-
cades, since receptor-desensitization is the most promi-
nent regulator of EGFR signal attenuation [14]. p38 MAPK
induces the phosphorylation of EGFR at Ser1046/7 that re-
sults in its degradation. Since the p38 MAPK pathway has
been reported to be implicated in the suppression of
tumorigenesis [15], this study might provide a new thera-
peutic strategy to counter cancer cells that highly express
EGFR.

2. Materials and methods
2.1. Cell culture and chemicals

Unless indicated otherwise SW480 human colon cancer
cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM; Invitrogen, SanDiego, CA), containing 10% fetal
calf serum (FCS) and after 24 h they were incubated in ser-
um free medium for an additional 24 h as described previ-
ously [16]. Anisomycin, SB203580 and SP600125 were
purchased from Calbiochem-Novabiochem Corporation
(La Jolla, CA). EGF was purchased from Sigma Chemical
Co. (St. Louis, MO, USA.)

2.2. Western blot analysis and immunoprecipitation assay

Protein extracts were examined by a Western blot anal-
ysis as previously described [17]. The antibodies used in
these studies were anti-EGFR, GAPDH (Santa Cruz Biotech-
nology, Santa Cruz, CA), anti-phospho EGFR (Ser1046/7),
anti-phospho EGFR (Tyr1045), anti-c-Cbl, anti-phospho-
p38 MAPK, anti-p38 MAPK, anti-phospho stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/JNK) and
anti-SAPK/JNK (Cell Signaling, Inc. Beverly, MA). A peroxi-
dase-labeled anti-rabbit IgG antibody (KPL, Gaithersburg,
MD, USA) was used as the secondary antibody. The perox-
idase activity on PVDF membrane was visualized on X-ray
film by means of an ECL Western blotting detection system
(GE Healthcare, Buckinghamshire, UK). For the detection of
immunoprecipitated EGFR, cell lysates (500 pg each) were
incubated for 12 h at 4 °C with an anti-EGFR antibody {San-
ta Cruz) pre-coupled to anti-mouse IgG-agarose beads.
Protein extracts were then eluted and examined by Wes-
tern blotting using the indicated antibody.

2.3. siRNA protocol

Predesigned siRNAs targeting p38 MAPK (On-TARGET
plus Duplex J-003512-20, Human MAPK14) was purchased
from Thermo Fisher Scientific KK. (Yokohama, Japan). The
sequences are as follows; sense: GGAAUUCAAUGAUGU
GUAUUU and the antisense: AUACACAUCAUUGAAUUC

CUU. Transfection was performed according to the manu-
facturer's protocol (Bio-Rad, Tokyo, Japan). In brief, 2.5 pl
of silentFect (Bio-Rad) and finally 100 nM of siRNA were
diluted with FCS-free DMEM, pre-incubated at room tem-
perature for 20 min and then added to the culture medium
containing 10% FCS. The cells were incubated at 37 °C for
48 h with siRNA-siLentFect complexes and subsequently
were harvested for preparation of a Western blot analysis.

2.4. Immunofluorescence microscopy studies

Immunofluorescence microscopy studies were per-
formed as described previously [16]. In brief, the live cells
grown on coverslip-bottom dishes were first exposed to
the mouse anti-EGFR antibody and then treated with EGF
(100 ng/ml) or anisomycin (30 uM) for 30 min at 37 °C, fol-
lowed by fixation with 3% paraformaldehyde. They were
then exposed to 0.1% Triton X-100 for membrane perme-
abilization. They were then exposed to anti-c-Cbl antibody,
followed by exposure to Alexa Fluor 488® conjugated goat
anti-rabbit IgG and Alexa Fluor 546® conjugated goat anti-
mouse IgG antibodies. Finally, they were exposed to DAPI
(Wako Inc. Tokyo, Japan) for 20 min and the cells were
then examined by fluorescence microscopy, BIOREVO
(BZ-9000; Keyence, Tokyo, Japan) according to the manu-
facturer’s protocol.

2.5. Statistical analysis

All data are presented as the mean £ SEM of triplicate
determinations. The data were analyzed by ANOVA fol-
lowed by the Bonferroni method for multiple comparisons
between pairs and a p<0.05 was considered to be
significant.

3. Results

3.1. Anisomycin induced EGFR degradation and this was canceled by the
inhibition of p38 MAPK in SW480 colon cancer cells

Anisomycin is known to selectively activate kinase cascades in mam-
malian cells, especially the MAP kinase superfamily {18]. Anisomycin
stimulated the activation of p38 MAPK and SAPK/JNK (Fig. 1) within
10 min, but not p44/p42 MAPK (data not shown) in SW480 cells. As
shown in Fig. 2, anisomycin caused the degradation of EGFR in a time-

phospho-p38
p38

phospho-SAPK/JNK

SAPK/INK

Anisomycin (30 M) 0 10 30 1 3 6

min hour

Fig. 1. Anisomycin induced phosphorylation of both p38 MAPK and
SAPK/JNK, SW480 colon cancer cells were treated with 30 uM of
anisomycin for the indicated times and then protein extracts were
prepared and examined by Western blotting using anti-phospho p38
MAPK, p38 MAPK, phospho-SAPK/JNK and SAPK/JNK antibodies,
respectively.
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