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EGCG inhibits growth of human pancreatic tumors orthotopically
implanted in Balb C nude mice through modulation of FKHRL1/

FOXO03a and neuropilin
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Abstract Human pancreatic cancer is currently one of the
fourth leading causes of cancer-related mortality with a
5-year survival rate of less than 5 %. Since pancreatic car-
cinoma is largely refractory to conventional therapies, there
is a strong medical need for the development of novel and
innovative cancer preventive strategies. The forkhead tran-
scription factors of the O class (FOXO) play a major role in
cell proliferation, angiogenesis, metastasis, and tumorigen-
esis. The objectives of this study were to examine whether
FKHRL1/FOXO3a modulates antitumor activity of (—)-
epigallocatechin-3-gallate (EGCG), an active ingredient in
green tea, in pancreatic cancer model in vivo. PANC-1 cells
were orthotopically implanted into Balb ¢ nude mice and
gavaged with EGCG after tumor formation. Cell prolifera-
tion and apoptosis were measured by Ki67 and TUNEL
staining, respectively. The expression of PI3K, AKT, ERK,
and FOXO3a/FKHRLI and its target genes were measured
by the western blot analysis and/or g-RT-PCR. FOXO-DNA
binding was measured by gel shift assay. EGCG-treated mice
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showed significant inhibition in tumor growth which was
associated with reduced phosphorylation of ERK, PI3K,
AKT, and FKHRL1/FOXO3a, and modulation of FOXO
target genes. EGCG induced apoptosis by upregulating Bim
and activating caspase-3. EGCG modulated markers of cell
cycle (p27/KIP1), angiogenesis (CD31, VEGF, IL-6, IL-8,
SEMAZ3F, and HIF1«), and metastasis (MMP2 and MMP7).
The inhibition of VEGF by EGCG was associated with
suppression of neuropilin. EGCG inhibited epithelial-mes-
enchymal transition by upregulating the expression of
E-cadherin and inhibiting the expression of N-cadherin and
Zebl. These data suggest that EGCG inhibits pancreatic
cancer orthotopic tumor growth, angiogenesis, and metas-
tasis which are associated with inhibition of PI3K/AKT and
ERK pathways and activation of FKHRL1/FOXO3a. As a
conclusion, EGCG can be used for the prevention and/or
treatment of pancreatic cancer.
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Abbreviations

bHLH Basic helix-loop-helix

Cbp CREB-binding protein

EC Endothelial cells

ECM Extracellular matrix

EGCG (—)-Epigallocatechin-3-gallate

ERK1/2 Extracellular signal-regulated kinase

EMT Epithelial-mesenchymal transition

FOXO Forkhead transcription factors of the O class
HREs Hypoxia response elements

HIF Hypoxia-inducible factor

MMP Matrix metalloproteinases
NRP2 Neuropilin-2
PI3K Phosphoinositide 3-kinase
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PDA Pancreatic ductal adenocarcinoma
Pcaf p300/CBP-associated factors
SEMA 3F Semaphorin 3F

VEGF Vascular endothelial growth factor
Background

Pancreatic cancer is the fourth leading cause of cancer-
related mortality in the United States with an overall 5-year
survival rate of <5 % [1]. Its biology is characterized by the
propensity of early and aggressive invasion and metastasis,
such that <10 % of patients have surgically respectable
disease at the time of diagnosis. The poor prognosis of
pancreatic cancer is related with late presentation, aggressive
local invasion, early metastasis, and poor response to con-
ventional chemotherapy and radiotherapy [1, 2]. Several
factors are associated with increased risk for pancreatic
cancer and these include chronic pancreatitis, smoking,
diabetes, prior gastric surgery, and exposure to certain
classes of organic solvents, radiation, and specific gene
polymorphisms [3, 4]. Heritable as well as several acquired
gene mutations have been identified in pancreatic tumors [5].
The K-Ras oncogene is primarily mutated in codon 12 in
>90 % of pancreatic tumors and the mutation results in a
constitutively active form of ras that can lead to increased
cell proliferation. Mutations in the tumor suppressor gene
p353, the cyclin-dependent kinase inhibitor p16; and SMAD4,
a downstream target of TGFp, also exhibit high mutation
frequencies in pancreatic tumors [6, 7]. Therefore, under-
standing the pathogenesis of the preinvasive stage, and
developing effective strategies to prevent pancreatic neo-
plasms are of paramount importance.

Limited options for the management of pancreatic cancer
and its increasing incidence necessitate the search for novel
approaches. The most accepted compounds for chemopre-
vention in humans are naturally occurring dietary substances.
Green tea, which is widely consumed in China, Japan, and
India, contains polyphenolic compounds which account for
30 % of the dry weight of the leaves [8, 9]. Various studies
have demonstrated that green tea catechins inhibit carcino-
genesis and growth of established cancers at various organ
sites [10-12]. Epidemiological studies revealed that the inci-
dences of stomach and prostate cancers are the lowest in the
world among a population that consumes green tea on a reg-
ular basis [10, 13-16]. The chemopreventive effects of green
tea are mediated by its catechins, with (—)-epigallocatechin-3-
gallate (EGCG) being the most abundant and powerful
catechin in cancer prevention and treatment [12]. The che-
mopreventive activity of EGCG was studied extensively, but
the underlying mechanisms are not yet completely under-
stood. Pleiotropic effects of EGCG include anti-oxidant
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activities, cell signaling modulation, apoptosis induction, cell
cycle arrest as well as inhibition of matrix metalloproteinases
(MMPs), urokinase-plasminogen activator, telomerase, DNA
methyltransferase, and proteasome [17, 18]. We and others
have demonstrated that EGCG inhibits growth and induces
apoptosis in human pancreatic cancer cells in vitro through
regulation of Bcl-2 family members and MAP kinase path-
way, generation of reactive oxygen species, and activation of
caspases [19-24], thus it holds great promise for development
as a chemopreventive agent in pancreatic cancer. Further-
more, the efficacy of EGCG for the prevention of pancreatic
cancer in an orthotopic animal model system has not yet been
examined. The orthotopic model system allows us to study the
effects of anticancer agents in a natural environment under the
influence of stroma.

Transcription factors of the Forkhead box O (FOXO)
class are predominantly regulated through phosphoinosi-
tide 3-kinase/AKT (also known as PKB) pathway [25].
FOXO1la/FKHR, FOXO3a/FKHRLI1, and FOXO4/AFX
are members of FOXO subfamily [26]. The PI3K/AKT
pathway phosphorylates all of these FOXO proteins,
resulting in impairment of DNA binding ability and inhi-
bition of FOXO-dependent transcription [27]. Inhibition of
the PI3K/AKT and ERK pathways lead to dephosphoryl-
ation and nuclear translocation of active FOXOs, which
causes cell cycle arrest and apoptosis [28]. Conversely, loss
of PTEN activity results in increased AKT activity leading
to inhibition of FOXO activity through phosphorylation
and cytoplasmic sequestration [28]. FOXO transcriptional
activity controls cellular proliferation and apoptosis
downstream of PTEN, PI3K, AKT, and ERK [29]. Since
inactivation and loss of PTEN, and overexpression of AKT
are frequently observed in pancreatic cancer [30], targeting
a downstream target such as FOXO may be an attractive
strategy for pancreatic cancer prevention and/or treatment.

Hypoxia is one of the main activators of VEGF expression
in tumor cells through direct transcriptional activation by
HIFs [31]. However, hypoxia also upregulates vascular
endothelial growth factor (VEGF) at the non-transcriptional
level. For example, it has been shown previously that under
hypoxic conditions, VEGF mRNA was stabilized and VEGF
secretion was more efficient [32]. Neuropilin-2 (NRP-2) is a
coreceptor for VEGF on endothelial cells. NRP-2 is over-
expressed in pancreatic ductal adenocarcinoma cells
(PDAC) relative to non-malignant ductal epithelium [33,
34]. Interleukin-8 (IL-8) is associated with tumorigenesis by
promoting angiogenesis and metastasis. In pancreatic can-
cer, exogenous IL-8 upregulated the expression of VEGF,
neuropilin (NRP)-2, and extracellular signal-regulated
kinase (ERK)1/2 in BxPC-3 cells [35]. IL-8 might be a
malignant factor in human pancreatic cancer by induction of
VEGF and NRP-2 expression, and ERK activation. Reduc-
tion of NRP-2 expression in PDAC cells decreased survival,
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signaling, migration, invasion, and ability to grow under
anchorage-independent conditions [35]. In vivo, reduction of
NRP-2 led to decreased growth of xenograft tumors and
decreased vascular area, which was associated with
decreased Jagged-1 levels. Thus, NRP-2 is a potential ther-
apeutic target on PDAC cells.

The purpose of this study was to determine whether
EGCG inhibited tumor growth, angiogenesis, and metas-
tasis of pancreatic cancer cells orthotopically implanted in
Balb C nude mice. Our data showed that EGCG inhibited
tumor growth, angiogenesis, and metastasis in PANC-1
tumors in nude mice through regulation of multiple sig-
naling pathways, and has a great potential for pancreatic
cancer prevention and/or treatment.

Methods
Reagents

Antibodies against PTEN, phospho-AKT, AKT, phospho-
ERK, ERK, p27/KIP1, cyclin D1, pFOXO3a, FOXO3a,
Bim, PCNA, caspase-3, and f-actin were purchased from
Cell Signaling Technology, Inc. (Danvers, MA). Enhanced
chemiluminescence (ECL) western blot detection reagents
were purchased from Amersham Life Sciences Inc.
(Arlington Heights, IL). Terminal Deoxynucleotidyl
Transferase Biotin-dUTP Nick End Labeling (TUNEL)
assay kit was purchased from EMD Biosciences/Calbio-
chem (San Diego, CA). EGCG was purchased from LKT
Laboratories, Inc. (St. Paul, MN). Kits for Terminal
Deoxynucleotidyl Transferase Biotin-dUTP Nick End
Labeling (TUNEL) and caspase-3 assays were purchased
from EMD Biosciences/Calbiochem (San Diego, CA).

Antitumor activity of EGCG

PANC-1 cells (0.1 x 10° cells mixed with Matrigel, Bec-
ton—Dickinson, Bedford, MA, 50:50 ratio, in a final volume
of 75 pl) were injected into the pancreas of Balb/c nu/nu
mice (4—6 weeks old) as per approved protocol (The Uni-
versity of Texas Health Science Center at Tyler, Tyler,
Texas). The mice were purchased from the National Cancer
Institute, Frederick, MD. After | week, mice (seven mice per
group) were treated with EGCG (0, 60, 80, and 100 mg/kg
body weight) through gavage (Monday to Friday, 5 days a
week for 28 days, once daily). At the end of the experiment,
mice were euthanized and tumors were isolated and weighed.

Western blot analysis

Western blots were performed as we described earlier [36].
In brief, cells were lysed in a buffer containing 10 mM

Tris—HCI (pH 7.6), 150 mM NaCl, 0.5 mM EDTA, 1 mM
EGTA, 1 % SDS, 1 mM sodium orthovanadate, and a
mixture of protease inhibitors (1 mM phenylmethylsul-
fonyl fluoride, 1 pg/ml pepstatin A, and 2 pg/ml aprotinin).
Lysates were sonicated for 10 s, centrifuged for 20 min at
10,000x g, and stored at —70 °C. Equal amounts of lysate
proteins were run on 10 % SDS-PAGE and electrophoret-
ically transferred to nitrocellulose. Nitrocellulose blots
were blocked with 6 % non-fat dry milk in TBS buffer
(20 mM Tris—HCl (pH 7.4) and 500 mM NaCl), and
incubated with primary antibody in TBS containing 1 %
bovine serum albumin overnight at 4 °C. Immunoblots
were washed three times (15, 5, and 5 min each) with
TBST (TBS and 0.01 % Tween 20). Immunoreactivity was
detected by sequential incubation with horseradish perox-
idase-conjugated secondary antibody and ECL reagents.

Electrophoretic mobility shift assay (EMSA)

FOXO probes were end-labeled with [y->’P] dATP by
incubating oligodeoxyribonucleotide strands with 5x
reaction buffer and 10 U T4 polynucleotide kinase for 1 h
at 37 °C. Then, labeled oligonucleotides were allowed to
anneal at room temperature for 10 min, and 20 pg protein
from each sample was used in 25 pl binding reactions,
which consisted of 1 pg poly dI-dC, in 5x binding buffer
(50 mM Tris HCI; pH 8.0, 750 mM KCl, 2.5 mM EDTA,
0.5 % Triton-X 100, 62.5 % glycerol (v/v), and 1 mM
DTT). In order to determine the specificity of DNA bind-
ing, samples were incubated with or without 20 ng of
unlabeled competitor DNA for 10 min at room tempera-
ture. Then, 0.1 ng of labeled probe was added and samples
were further incubated for 20 min at room temperature.
Samples were separated on a 5 % non-denaturing poly-
acrylamide gel in 0.5 % TBE and visualized by
autoradiography.

Evaluation of mRNA expression levels by quantitative
real-time PCR

For the quantification of gene amplification, real-time PCR
was performed using an ABI 7300 Sequence Detection
System in the presence of SYBR-Green. In brief, RNA was
isolated with TRIzol (Life Technologies) and reverse
transcribed. cDNA reactions were amplified with QPCR
SYBR Green Mix (Applied Biosystems). Gene-specific
primers were purchased from Applied Biosystems.

Target sequences were amplified by incubating at 95 °C
for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. HK-GAPD is used as endogenous nor-
malization control. All assays were performed in triplicate
and were calculated on the basis of AACt method.
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PANC-1 tumor cells orthotopically implanted in Balb C Day 28

nude mice. PANC-1 cells were injected into pancreas and
after 1 week of cancer cell implantation, mice were treated
with EGCG (0-100 mg/kg body weight) through gavage
(Monday to Friday, once daily) for 28 days. As shown in
Fig. la, EGCG inhibited pancreatic tumor growth in Balb
C nude mice in a dose-dependent manner. Furthermore,
EGCG had no effect on the body weight of tumor-bearing
mice, although mice gained weight during the treatment.
We did not observe any toxicity in the liver, spleen, and
intestine of mice treated with EGCG.

EGCG induces apoptosis and inhibits tumor cell
proliferation

Most anticancer agents induce apoptosis through activation
of caspases. We next examined whether EGCG induced
tumor cell apoptosis through activation of caspase-3.
Apoptosis and caspase-3 were measured by TUNEL and
immunohistochemistry, respectively, using active anti-
caspase-3 antibody (Fig. 2a). EGCG induced apoptosis and
activated caspase-3 in a dose-dependent manner. Quanti-
fication of TUNEL positive cells demonstrated a dose-
dependent induction of tumor cell apoptosis (Fig. 2b).
Activation of caspase-3 by EGCG correlated with induc-
tion of apoptosis in tumor tissues.

We next examined the effects of EGCG on cell prolifera-
tion in tumor tissues derived from control and EGCG-treated
mice using anti-PCNA antibody (Fig. 2c¢). EGCG inhibited
tumor cell proliferation in a dose-dependent manner.
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Fig. 1 EGCQG inhibits the growth of PANC-1 tumors orthotopically
inplanted in Balb C nude mice. a Upper panel, PANC-1 cells
(0.1 x 10° cells mixed with Matrigel, 50:50 ratio) were orthotop-
ically implanted into the pancreas of Balb C nude mice. Tumor-
bearing mice were treated with EGCG (0-100 mg/kg body weight)
through gavage (Monday to Friday, once daily) for 28 days. At the
end of the experiment, pancreatic tumor weights were recorded. Data
represent the mean & SD. *, #, and & = significantly different from
control, P < 0.05. b Body weight of tumor-bearing mice during the
experiment. Data represent the mean £+ SD

Since EGCG induced apoptosis and inhibited tumor cell
proliferation, we next confirmed these phenomena by
measuring the expression of proteins by western blot
analysis (Fig. 2d). EGCG induced the expression of all the
isoforms of Bim (Bimg;, Bimy, and Bimg). Furthermore,
EGCG treatment of mice resulted in reduction of pro-cas-
pase-3, induction of cleaved PARP, and inhibition of
PCNA expression in a dose-dependent manner. Overall,
these data suggest that EGCG inhibited cell proliferation
and induced apoptosis in pancreatic tumor tissues through
inhibition of PCNA, and induction of Bim and cleavage of
caspase-3 and PARP.

EGCG activates FOX0O3a through inhibition of ERK
and PI3K/AKT pathways

We have previously demonstrated that inhibition of ERK
and PI3K/AKT pathway synergistically activates FOXO
transcription factors in prostate and pancreatic cancer cells
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[36, 37]. We, therefore, measured the effects of EGCG on
the expression of ERK, PI3K, PTEN, AKT, and FOXO3a/
FKHRL1 in tumor tissues derived from control and EGCG-
treated mice (Fig. 3). Western blot analyses were per-
formed to examine the expression of p-ERK, ERK, p-PI3K
(Tyrds8), p-AKT (Serd473), AKT, p-FOXO3a (Ser256),
and FOXO3a. As shown in Fig. 3a, EGCG inhibited the
phosphorylation of ERK, PI3K (Tyr458), p-AKT (Ser473),
and p-FOXO3a (Ser256) in pancreatic tumor tissues. It also
induced the expression of PTEN, a negative regulator of
AKT, in tumor tissues. EGCG has no significant effect on
the expression of total ERK, AKT, and FOXO3a proteins.
These data confirm our hypothesis that EGCG activates
FOXO3a transcription factor (dephosphorylation of
FOXO3a means its activation) by inhibiting ERK and
PI3K/AKT pathways in pancreatic tumor tissues.

Since EGCG inhibits the phosphorylation of FOXO3a,
which may result in enhanced nuclear translocation and DNA
binding, we measured the FOXO-DNA interaction by gel shift
assay (Fig. 3b). EGCG enhanced FOXO-DNA binding
in a dose-dependent manner. We next confirmed the

phosphorylation of FOXO3a in tumor tissues by immunohis-
tochemistry (Fig. 3c). Treatment of mice with EGCG resulted
in inhibition of phosphorylation of FOXO3a, as measured by
phospho-specific FOXO3a antibody. Overall, these data sug-
gest that EGCG inhibits ERK and PI3K/AKT pathways,
induces PTEN, enhances FOXO-DNA binding activity, and
thus activates FOXO3a in pancreatic tumor tissues.

EGCG inhibits angiogenesis and the expression of IL-6
and IL-8

Since angiogenesis plays a major role in tumor growth
[38], we sought to measure the effects of EGCG on angi-
ogenesis by measuring VEGF-positive tumor cells,
microvessel density (staining tumor tissues with anti-CD31
antibody), and blood VEGFR2-positive cells (marker of
angiogenesis) (Fig. 4a—c). Treatment of mice with EGCG
resulted in significant inhibition of VEGF-positive tumor
cells, and reduction in microvessel density (as measured by
CD31+ microvessels/field) and blood VEGFR2-positive
cells in a dose-dependent manner.
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It has been shown that proliferation of cancer cells is
under the control of a complex network of cytokines, like
interleukin IL-6 and IL-8. These cytokines have been
shown to enhance angiogenesis in tumor tissues. Recent
studies have demonstrated that the IL-8/IL-8 receptor axis
plays an important role on the induction and/or mainte-
nance of tumor EMT and its ability to remodel the tumor
microenvironment [39, 40]. We, therefore, measure the
expression of IL-6 and IL-8 in tumor tissues by qRT-PCR.
Treatment of tumor-bearing mice with EGCG resulted in
suppression of IL-6 and IL-8 in a dose-dependent manner
(Fig. 4d). These data suggest that IL-6 and IL-8 may
mediate antitumor activity of EGCG.

Neuropilin-2 (NRP2) is a receptor expressed by tumor
cells and endothelial cells (EC) that binds both semaphorin
3F (SEMAZ3F), a potent inhibitor of tumor angiogenesis
and metastasis; and vascular endothelial growth factor
(VEGF), a potent stimulator of tumor angiogenesis. Tumor
angiogenesis is mediated by a balance of angiogenesis
activators, such as VEGF; and angiogenesis inhibitors,
such as SEMA3F. VEGF and SEMAS3F belong to two
disparate families, yet they bind the same receptor NRP2
[41, 42]. Our data demonstrate that EGCG inhibited the
expression of NRP2 and upregulated the expression of
SEMAJ3F in PANC-1 tumor tissues (Fig. 4e), suggesting
the involvement of NRP2 receptors in modulating the anti-
angiogenic effects of EGCG.

Hypoxia is one of the main activators of VEGF expression
in tumor cells through direct transcriptional activation by
HIFs [31]. Since solid tumors grow in hypoxic environment
which induces the expression of HIF1a, we measured the
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FOXO3a

expression of HIF1o by immunohistochemistry. As shown in
Fig. 4f, treatment of tumor-bearing mice with EGCG
resulted in a dose-dependent inhibition of HIF1« in tumor
tissues. The inhibition of VEGF by EGCG was positively
correlated with the expression of HIF1 in tumor tissues.

EGCG inhibits the expression of p27/Kipl,
a downstream target of FOXO

Since cell cycle inhibitor p27/Kip]1 is one of the targets of the
FOXO transcription factor, we next examined the effects of
EGCG on the expression of p27/Kipl. EGCG induced the
expression of p27/Kipl as measured by qRT-PCR (Fig. 5a).
We also confirmed the expression of p27/Kipl by immu-
nohistochemistry. As shown in Fig. 5b, EGCG induced the
expression of p27/Kip1 in tumor tissues in a dose-dependent
manner. Quantification of p27/Kip1 positive cells confirmed
the induction of p27/Kipl in a dose-dependent manner.
These data suggest that EGCG can cause growth arrest in
tumor cells by inducing the expression of p27/Kipl.

EGCG inhibits markers of metastasis

The switch of tumor cells from an epithelial to a mesen-
chymal-like phenotype [designated as epithelial-to-
mesenchymal transition (EMT)] is known to induce tumor
cell motility and invasiveness, therefore promoting metas-
tasis of solid carcinomas [43]. During EMT, expression of
Zeb-1 transcription factor is induced, as a result the expres-
sion of E-cadherin is inhibited and the expression of
N-cadherin is upregulated. The expression of MMPs, which
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Fig. 4 Effects of EGCG on angiogenesis, and production of IL-6, IL-
8, NRP-2, and HIFla. a Quantification of VEGF-positive cells in
tumor tissues on day 28. Sections from tumor tissue were stained with
anti-VEGF antibody, and the number of VEGF-positive tumor cells
was counted. The results are shown as the mean & SD. *, #, and
& = significantly different from control, P < 0.05. b Sections from
tumor tissue were stained with anti-CD31 antibody, and the number
of CD31% blood vessels was counted. The results are shown as the
mean + SD. *, #, and & = significantly different from control,
P < 0.05. ¢ VEGEF receptor 2 (VEGF-R2)-positive circulating endo-
thelial cells in mice on day 28. The blood cells from peripheral blood
attached to the slide were stained with anti-VEGF-R2 antibody, and

digest the different components of the extracellular matrix
(ECM) and basement membrane, also enhanced during EMT
[44-47]. Treatment of mice with EGCG induced the
expression of E-cadherin and inhibited the expression of
N-cadherin, Zeb-1, MMP-2, and MMP-7 in tumor tissues
(Fig. 6). Our data demonstrate that EGCG can inhibit/
reverse tumor metastasis by inducing a “cadherin switch”
and inhibiting the expression of Zebl and MMPs. Thus,
EGCG inhibits not only tumor growth but also tumor
metastasis.

Discussion

Pancreatic ductal adenocarcinoma (PDA), the fourth lead-
ing cause of cancer death in the United States, is a complex

DL4IH

6 Rl
LR
Y o
the number of VEGF-R2-positive cells was counted under a
microscope. The results are shown as the mean & SD. *, #, and
& = significantly different from control, P < 0.05. d The expression
of IL-6 and IL-8 in tumor tissues was measured by qRT-PCR. The
results are shown as the mean £ SD. *, #, and & = significantly
different from control, P < 0.05. e The expression of NRP2 and
SEMAJ3F in tumor tissues was measured by qRT-PCR. The results are
shown as the mean £ SD. *, #, and & = significantly different from
control, P < 0.05. f Immunohistochemistry of HIFla. Sections from

tumor tissue were stained with anti-HIFlo antibody, and the
photographs were taken

AN
h

disease that arises in the setting of genetic alterations
(KRAS, CDKN2A/p16 (INK4a), BRCA1, SMAD4, and
TP53), epigenetic perturbations (acetylation and methyla-
tion), and epicellular events (diabetes and inflammation).
In this paper, we have demonstrated for the first time that
EGCG-induced suppression of PANC1 tumor growth in
nude mice was associated with inhibition of ERK, PI3K,
AKT, and FOXO3a phosphorylation, and tumor cell pro-
liferation, and induction of apoptosis in tumor tissues.
EGCG also induced the expression of FOXO target genes
such as Bim, and p27/KIPlin pancreatic tumor tissues.
Similarly, others have also demonstrated the antiprolifer-
ative and proapoptotic effects of EGCG in pancreatic
cancer, and here we further added the role of FOXO3a,
NRP2, and SEMAS3F in mediating the effects of EGCG.
Furthermore, IL-8 signaling blockade may provide a means
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Fig. 5 Effects of EGCG on the A
expression of cell cycle
inhibitor p27/Kipl. Tumor
samples were collected on day
28 from the experiment
described above. a The
expression of p27/Kipl was
measured by qRT-PCR. The
data represent mean + SD. *, #,
and & = significantly different
from control, P < 0.05.

b Immunohistochemical
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of targeting invasive tumor cells. Since EGCG is a non-
toxic polyphenolic compound, it can be safely used for the
treatment and/or prevention of pancreatic cancer.

FOXO transcription factors have been shown to regulate
tissue homeostasis in the pancreas, diabetes, and cancer. In
recent years, they have emerged as critical transcriptional
integrators among pathways regulating proliferation, sur-
vival, differentiation, and angiogenesis. FOXO regulates
cell cycle and apoptotic genes such as Bim [48, 49], Fas
ligand [50], p27/KIP1 [49], and Bcl-6 [51]. In the present
study, all the doses of EGCG induced the expression of
FOXO target genes such as Bim, and p27/Kipl in pan-
creatic tumor tissues. However, the western blot analysis of
tumor tissues with the lowest dose of EGCG (60 mg/kg)
showed no significant changes in PCNA expression
although procaspase 3 levels were reduced with significant
increase in TUNEL positive cells when compared with the
untreated controls. This is interesting and would suggest
for early apoptotic events that target caspase-3 activation.
EGCG induced the expression of PTEN and inhibited the
phosphorylation/activation of AKT in tumor tissues. We
also demonstrate that the inhibition of AKT phosphoryla-
tion is correlated with the activation of FOXO transcription
factors and induction of Bim and p27/KIP1. In another
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study, we have demonstrated that the inhibition of FOXO
phosphorylation by resveratrol resulted in its nuclear
translocation, reduced DNA binding and transcriptional
activity [49]. The inhibition of PI3K/AKT pathway
induced FOXO transcriptional activity resulting in induc-
tion of Bim, TRAIL, p27/KIP1, DR4, and DRS, and inhi-
bition of cyclin D1 [49]. Inhibition of FOXO transcription
factors by shRNA blocked resveratrol-induced upregula-
tion of Bim, TRAIL, DR4, DRS, and p27/KIP1, apoptosis,
and inhibition of cyclin D1 by resveratrol [49]. Together,
these studies suggest that activation of FOXO transcription
factors by chemopreventive agents may regulate cell cycle
and apoptosis in pancreatic cancer.

The PI3K/AKT and MAPK pathways can be activated
by Kras [36, 52, 53]. AKT and ERK both have been shown
to directly phosphorylate and inactivate FOXO transcrip-
tion factors, resulting in cytoplasmic retention, inactiva-
tion, and inhibition of the expression of FOXO-regulated
genes, which control various processes such as metabolism,
cell cycle, cell death, and oxidative stress [54]. In the
present study, EGCG inhibited the phosphorylation of ERK
and AKT resulting in dephosphorylation and activation of
FOXO3a. Taken together, these studies demonstrate that
the activation of FOXOs has significant implication for the
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Fig. 6 Effects of EGCG on
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treatment and/or prevention of pancreatic cancer, where
Kras is activated in about 90 % patients, and PI3K/AKT
and MEK/ERK pathways are highly activated. In addition
to phosphorylation, the regulation of FOXO transcription
factors by acetylation has also been demonstrated [55]. The
acetylation/deacetylation of FOXO can be regulated by
p300, Cbp (CREB-binding protein), and Pcaf (p300/CBP-
associated factors) in response to oxidative stress or DNA
binding, followed by deacetylation by class I and II histone
deacetylases [55], including Sirtl [56]. However, further
studies are needed to examine the consequences of acet-
ylation/deacetylation of FOXO transcription factors on
tumorigenesis and angiogenesis.

Most solid tumors become hypoxic as they grow. In order
to survive in the hypoxic environment, tumor cells have
developed a coordinated set of responses to increase their
blood supply [57-59]. For example, in hypoxic conditions,
tumor cell expression of VEGF, a potent stimulator of
angiogenesis, is induced in order to attract new blood vessels

[31, 60]. A critical mediator of the hypoxic response is the
hypoxia-inducible factor (HIF), a heterodimeric basic helix-
loop-helix (bHLH) transcription factor composed of a HIF-«
subunit (HIF1-o or HIF2-a/EPAS) and a HIF-f subunit
[57,58, 61]. While the ff-subunit is constitutively expressed,
the stability and transcriptional activity of the o-subunits are
precisely controlled by the intracellular oxygen concentra-
tion [62]. Under normoxic conditions, cells continuously
synthesize, ubiquitinate, and degrade the o-subunits. How-
ever, under hypoxic conditions, the degradation of the
o-subunits is inhibited, resulting in accumulation of the
o-subunits, dimerization with HIF1-$, binding to hypoxia
response elements (HREs) within target genes, and activa-
tion of transcription. For example, under hypoxic conditions,
HIF-1 has been shown to bind to and activate transcription of
the gene encoding VEGF [31]. A recent study has demon-
strated that hypoxia causes transcriptional repression of
NRP2 in tumor cells with two consequent effects that pro-
mote tumor angiogenesis and metastasis in vivo: (1) an
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increase in VEGF protein levels in CM that enhances VEGF-
induced angiogenesis; and (2) an inhibition of the anti-
tumorigenic activity of SEMA3F [41]. In the present study,
EGCG inhibited the expression of VEGF, HIF1«, and NRP2;
and induced the expression of SEMA3F, suggesting the
involvement of NRP2 in mediating the antiangiogenic
effects of EGCG.

The phenomenon of epithelial-mesenchymal transition
(EMT) has gained attention in the field of cancer biology for
its potential contribution to the progression of carcinomas.
Tumor EMT is a phenotypic switch that promotes the
acquisition of a fibroblastoid-like morphology by epithelial
tumor cells, resulting in enhanced tumor cell motility and
invasiveness, increased metastatic propensity and resistance
to chemotherapy, radiation, and certain small-molecule-
targeted therapies. Tumor cells undergoing EMT are also
known to increase the secretion of specific factors, including
cytokines, chemokines, and growth factors, which could play
an important role in tumor progression. Recent studies have
demonstrated that the IL-8/IL-8 receptor axis plays an
important role on the induction and/or maintenance of tumor
EMT and its ability to remodel the tumor microenvironment
[39, 40]. In the present study, EGCG inhibited the expression
of IL-6 and IL-8 in tumor tissues. Our results also indicate the
essential role of IL-8 signaling for the acquisition and/or
maintenance of the mesenchymal and invasive features of
tumor cells, and suggest that IL-8 secreted by tumor cells
undergoing EMT could potentiate tumor progression by
inducing adjacent epithelial tumor cells into EMT. Alto-
gether, our results emphasize the potential role of EMT in the
modulation of the tumor microenvironment via secretion of
multiple soluble mediators and suggest that IL-8 signaling
blockade by EGCG may provide a means of targeting mes-
enchymal-like, invasive tumor cells.

Cancer cell metastasis is a step-wise process that includes
detachment of cells from the primary tumor, local proteol-
ysis of the basement membrane, intravasation, survival of the
circulation, arrest in distant organ, extravasation, and inva-
sion into the surrounding tissue and growth [63, 64].
Metastasis involves penetration of the ECM and basement
membrane, and requires the action of proteases. The MMPs
are a family of zinc-dependent proteases that are capable of
degrading the components of the ECM and are involved in
tumor invasion [43]. The increased activities of MMP-2 and
MMP-7 have been associated with increasing tumor metas-
tases in various human cancers, suggesting an important
functional role for these proteases in the metastatic process.

Conclusions

We have demonstrated that EGCG induces cell cycle arrest
and apoptosis through regulation of FOXO3a. The inhibition

@ Springer

of PI3K/AKT and MEK/ERK pathways can have synergistic
effects on the activation of FOXO transcription factor,
resulting in regulation of FOXO target genes. EGCG inhibited
the production of pro-inflammatory IL-6, pro-angiogenic IL-8
and VEGF as well as invasiveness-promoting MMP-2 and
MMP-7 thus blocking production of tumorigenic mediators,
and upregulating negative modulator SEMA3F in the micro-
environment of the tumor. Our study provides important
information regarding the mechanisms by which EGCG reg-
ulates cell cycle, apoptosis, and tumor growth through acti-
vation of FOXO3a. Thus, our studies suggest that inhibition of
ERK and AKT pathways by EGCG act together to activate
FOXO3a which can regulate pancreatic cancer growth.
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