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Study on the mechanism by which EGCG inhibits tumor-associated fatty acid
synthase
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2. B ip &

Tumor-associated fatty acid synthase (FAS) is implicated in tumorigenesis and is known to
be connection to HER2 by systemic analyses (/, 2). Suppression of FAS in cancer cells may lead
to growth inhibition and cell apoptosis. Our previous study (3) demonstrated that
(-)-Epigallocatechin 3-gallate (EGCG), the green tea catechin, could suppress FAS expression by
suppressing EGFR signaling and downstream PI3K/Akt activation in MCF-7 breast cancer cell
line. Herein, we examined the effects of EGCG on FAS expression modulated by other member
of erbB family, that is, HER2 or HER3. We identified that heregulin-f1 (HRG-p1), a HER3
ligand, stimulated dose-dependent FAS expression in breast cancer cell lines MCF-7, AU565, but
not MDA-MB-453. The time-dependent increase in FAS expression after HRG-B1 stimulation
was also observed in MCF-7 cells and that this up-regulation was de novo RNA
synthesis-dependent. Treatment of MCF-7 cells with EGCG markedly inhibited
HRG-B1-dependent induction of mRNA and protein of FAS. EGCG also decreased the
phosphorylation of Akt and ERK that were demonstrated as selected downstream
HRG-B1-responsive kinases required for FAS expression using dominant-negative Akt, PI3K
inhibitors (LY294002 and wortmannin), or MEK inhibitor (PD98059). FAS induction by HRG-B1
was also blocked by AG825, a selective HER2 inhibitor, and by genistein, a selective tyrosine
kinase inhibitor, indicating the formation of heterodimer between HER2 and HER3, and their
tyrosine kinase activities are essential for HRG-B1-mediated elevation of FAS. Take together,
these findings extend our previous study indicate EGCG may be useful in the chemoprevention of

breast carcinoma in which FAS overexpression results from HER2 or/and HER3 signaling.
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3. Introduction

Fatty acid synthase (FAS, E.C. 2.3.1.85) is a multifunctional enzyme that catalyzes the
synthesis of long-chain fatty acids from acetyl-CoA and malonyl-CoA (4, 5). It plays an
important role in energy homeostasis by converting excess carbon intake into fatty acids for
storage. In most normal human tissues, FAS is down-regulated due to dietary fat. Contrarily, FAS
in tumor cells occurs at very high rates and FAS shows more active and highly expressed (6).
Numerous clinical and basic studies disclose that high levels of FAS are present in many varieties
of common human cancers such as human breast (7, §), prostate (9, 10), colon (/7), endometrium
(12), and ovary (/3) cancers. FAS is implicated in tumorigenesis through its role in cell
proliferation and membrane lipid incorporation of neoplastic cells. Suppression of FAS in cancer
cells may lead to growth inhibition and cell apoptosis. This differential expression of FAS
between normal tissues and cancers suggests that FAS may be the target for anticancer drug
development.

The HER2/neu (or c-erbB2) oncogene, which is the second member of the erbB family,
encodes a transmembrane tyrosine receptor kinase, is amplified in 20-30 % of human breast
cancers (/4) and is overexpressed in other cancers. Overexpression of HER?2 is often associated
with poor prognosis. Systemic analyses have revealed a molecular connection between HER2 and
FAS (7, 2). Unlike the other erbB family members, HER2 is an orphan receptor and its natural
ligand has yet been not characterized; however, HER2 can be activated by its own overexpression
or be transactivated by heregulins (HRGs) (15, 16). HRGs are signaling proteins that are ligands
for the erbB family. It exerts their function by binding to HER3 or HER4, thereby inducing
heterodimerization with HER2, and leading to receptor tyrosine phosphorylation and activation of
downstream signal transduction (17, 18).

(-)-Epigallocatechin 3-gallate (EGCG) is the most abundant and biologically active catechin
extracted from green tea and exerts its anti-mutagenic activity through blockade of mitotic signal
transduction (19, 20). Our previous report has demonstrated that EGCG could suppress FAS
expression by down-regulating EGF receptor/PI3K/Akt/Sp-1 signal transduction pathway in
MCEF-7 breast cancer cell line (3). We postulate that EGCG would inhibit FAS expression through
other erbB family pathway such as HER2 or HER3. In fact, it has been reported that EGCG
down-regulates HER2 signaling in human breast, head, neck, and colon cancer cells (27-23) and
inhibits HER3 activation in human colon cancer cells (24), implying that EGCG may inhibits the
downstream phenotype controlled by HER2 or HER3.

This study was undertaken to investigate whether EGCG would down-regulate
HRG-B1-stimulated FAS expression in human breast cancer cells. We demonstrated that EGCG
inhibited HRG-B1-induced FAS expression in different breast cancer cell lines. Using
transcription inhibitor actinomycin D and RT-PCR analysis revealed that the inhibition of
transcriptional regulation might participate in the EGCG-mediated FAS suppression in
HRG-B1-stimulated MCF-7 cells. The suppression of HER2 inhibitor AG825 on the FAS
induction indicates that HRG-B1 up-regulated the FAS gene through HER2 and HER3
coordination. Searching the downstream kinase regulators involved in HER2 signaling, we found
that EGCG inhibited the activation of Akt and ERK (data not shown) that were required for

3



HRG-B1-dependent Fas induction. Our current data implicate a new therapeutic insight for the

cancer chemopreventive activity of EGCG on HER2 or/and HER3 positive breast cancers.

4. Materials and methods
Materials

Recombinant human heregulin-f1 was purchased from R&D Systems (Minneapolis, MN).
Antibody against FAS was obtained from BD Biosciences (Los Angeles, CA, USA). The HER2
inhibitor AG825 was purchased from Calbiochem (La Jolla, CA). The antibody to 3-actin was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-Akt (Ser473), anti-Akt,
anti-phospho-ERK (Thr42/Tyr44), and anti-ERK were from Cell Signaling Technology (Beverly,
MA). RT-PCR reagents were from Promega (Madison, WI, USA). EGCG, cycloheximide,
actinomycin D, the selective tyrosine kinase inhibitor genistein, EGFR inhibitor PD153035 and
the kinase inhibitors LY294002, wortmannin, SB203580, and PD98059 were obtained from
Sigma (St. Louis, MO).

Cell Culture

Monolayer cultures of MCF-7 and AU565 cells were grown in Dulbecco’s minimal essential
medium (DMEM), and MDA-MB-453 cells were maintained in DMEM/F12 (Invitrogen). All of
the cells were supplemented with 10% fetal calf serum (Gibco BRL, Grand Island, NY), 100
units/mL of penicillin, 100 pg/mL of streptomycin, and kept at 37°C in a humidified atmosphere
of 5% CO, 1n air.

Western Blot Analysis

Total protein extracts were prepared in a lysis buffer (50 mM Tris-HCI, pH 8.0; 5 mM EDTA;
150 mM NacCl; 0.5% NP-40; 0.5 mM phenylmethylsulfonyl fluoride; and 0.5 mM dithiothreitol)
for 30 min at 4°C. Equal amounts of total cellular proteins (50 pg) were resolved by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (6% for FAS; 10% for B-actin), transferred
onto polyvinylidene difluoride (PVDF) membranes (Immobilon P, Millipore, Bedford, MA,
USA), and then probed with primary antibody followed by secondary antibody conjugated with
horseradish peroxidase. The immunocomplexes were visualized with enhanced

chemiluminescence kits (Amersham, UK).

RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) as recommended by the
manufacturer's instructions. Total RNA (5 pg) was reverse-transcribed into cDNA using Moloney
murine leukemia virus (M-MLV) reverse transcriptase and oligo (dT) 18 primer by incubating the
reaction mixture (25 pl) at 40 °C for 90 min. Amplification of cDNA was performed by
polymerase chain reaction (PCR) in a final volume of 50 pl containing 2 pl of RT product, dNTPs
(each at 200 uM), 1X reaction buffer, 1 uM each primer (FAS: forward:
5’-CTGCAACACCTTCTGCAGTTCTG-3’, reverse:



5’-TCGAATTTGCCAATTTCCAGGAAGC-3’; GAPDH: forward:
5’-TGAAGGTCGGTGTGAACGGATTTGGC-3’, reverse:
5’-CATGTAGGCCATGAGGTCCACCAC-3’), and 50 units/ml Pro 7ag DNA polymerase. After
an initial denaturation for 5 min at 95 °C, 30 cycles of amplification (95 °C for 30 s, 58 °C for 2
min and 72 °C for 2 min) were performed, followed by 72 °C for 10 min. 5 pl of each PCR

product was electrophoresed on a 2 % agarose gel and visualized by ethidium bromide staining.

Expression Plasmid and Transient Transfection

Vectors (pcDNA3) expressing the kinase-dead forms of Akt (K179A, dnAkt) were kindly
provided by Dr. M. L. Kuo (25). p38 dominant-negative mutant (dnp38) generously provided by
Dr. C. C. Chen (Department of Pharmacolgy, College of Medicine, National Taiwan University,
Taipei, Taiwan). MCF-7 cells were transiently transfected with dnAkt or dnp38 or pcDNA3 using
Lipofectin® Reagent (GIBCO, Invitrogen; Grand Island, NY) according to the manufacturer’s
instruction. After transient transfection, cells were serum-starved for 18 h and then stimulated
with 50 ng/mL of HRG-B1 for 9 h, and then cells were lysed for analysis.

Statistical Analysis

Mean values between the groups were compared using the Student’s unpaired two-tailed
t-test. All statistical tests were two-sided, and differences were considered significant when p ,
0.05.

5. Results
HRG-f1 Up-Regulates FAS in Human Breast Cancer Cells.

Initially, we used immunoblotting to analyze FAS expression in human breast cancer MCF-7,
AU565, and MDA-MB-453 cells treated with various concentrations of HRG-B1. Fig. 1A shows
that HRG-B1 increased FAS expression dramatically in MCF-7 and AU565 cells and this
induction was dosage-dependent. However, MDA-MB-453 cells did not show significant Fas
induction by HRG-B1 stimulation. As shown in Fig. 1B, the time-dependent induction of Fas
appeared after HRG-B1 stimulation and occurred as early as 6h in MCF-7 cells. The Fas signal
was detectable in both MCF-7 and AU565 cells without HRG-B1 treatment, suggesting that both
cell lines expressed basal level of FAS (Fig. 1A).

EGCG Inhibits HRG-1-Induced FAS Expression in MCF-7 Cells.

In our previous study, we demonstrate that EGCG suppresses FAS expression by
down-regulating EGFR signaling pathway (3). Herein, the effect of EGCG on FAS expression
stimulated by HRG-B1 was investigated. As shown in Fig. 2A, the protein level of FAS induced
by HRG-B1 was gradually decreased following the appearance of EGCG, and the decrease in
protein level of FAS was dosage-dependent no matter in MCF-7 cells. Next, to elucidate whether
the decreased FAS induction by EGCG treatment was due to the down-regulation of mRNA,

reverse transcription-polymerase chain reaction (RT-PCR) was performed on HRG-B1-treated



MCF-7 cells with or without EGCG exposure. The data in Fig. 2B exhibit that EGCG lowered
HRG-B1-mediated FAS mRNA expression in MCF-7 cells both. The present data suggest that
EGCQG inhibits the HRG-B1-induced FAS expression through transcriptional regulation.

HRG-f1 Induces FAS mRNA Expression in MCF-7 Cells.

We further determine whether nascent RNA or protein synthesis is required for
HRG-B1-mediated FAS mRNA up-regulation. To this end, we pretreated MCF-7 cells with 4
pg/ml actinomycin D (ActD), a RNA synthesis inhibitor, or 30 png/ml cycloheximide (CHX), a
protein synthesis inhibitor, for 1 h before HRG-B1 was added to the culture medium. Fig. 3A
shows that ActD completely abolished HRG-B1-mediated FAS mRNA up-regulation, whereas
CHX had no effect on FAS mRNA induction by HRG-B1. However, CHX treatment suppressed
FAS protein expression (Fig. 3B) even though FAS mRNA induction by HRG-B1 occurred (Fig.
3A). These findings suggest that HRG-P1-induced FAS up-regulation requires both de novo RNA

synthesis and new protein synthesis.

Regulation of FAS Expression by HRG-f1 is Mediated by PI3K/Akt and MAPK Cascade
Pathways.

Since HRG-f1 facilitates nascent FAS mRNA expression, we predicted that HRG-f31
downstream kinase signaling may participate in the up-regulation of FAS mRNA expression.
Many of the kinase signaling pathways have been shown to be activated and involved in
HRG-B1-induced diversified cellular functions (26, 27). To elucidate the underlying regulatory
mechanism of kinases in HRG-B1 signaling, we tested the effect of several protein kinase
inhibitors on FAS expression in HRG-B1-treated MCF-7 cells. As PI3K is an upstream regulator
of Akt, the PI3K inhibitors LY294002 and wortmannin were added to observe the effect of PI3K
on FAS induction in the cells. The addition of LY294002 and wortmannin suppressed the
HRG-B1-induced FAS expression (Fig. 4A). On the other hand, MEK inhibitor PD98059 also
blocked FAS up-regulation by HRG-B1 (Fig. 4A). However, p38 MAPK inhibitor SB203580 did
not induce a remarkable change in FAS expression in HRG-B1-treated cells (Fig. 4A). To further
confirm the importance of Akt in the FAS induction by HRG-B1, we established a MCF-7 cell
line transient expressing dominant-negative Akt or p38 and examined the expression level of FAS
protein. The induced FAS protein was significantly suppressed by transient transfection
dominant-negative Akt but not vector (pcDNA3) or dominant-negative p38 (Fig. 4B).
Collectively, the data obtained here strongly suggests that Akt and ERK may act as up-stream

kinases to activate FAS up-regulation in response to HRG-f1.

HER? is Essential for FAS Induction by HRG-p1.

To ascertain whether HER2 involves in HRG-B1-mediated FAS induction, the effect of
HRG-B1 on FAS expression was tested in the presence of selective ErbB inhibitors and genistein,
a protein kinase inhibitor, with or without EGCG (Fig. 5). AGS825, a selective HER2 inhibitor,
and genistein blocked HRG-B1-induced FAS expression. However, the effect of HRG-$1 was not
inhibited by the selective EGFR inhibitor, PD153035, suggesting that HER2 but not EGFR is
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needed for the induction of FAS by HRG-B1 and tyrosine kinase activity is necessary for the
effect of HRG-B1. Fig. 5 also shows that EGCG redoubled the inhibitory effect of AG825 and
genistein on FAS induction by HRG-B1, providing additional evidence that EGCG inhibits FAS
induction by down-regulating HRG-B1 signaling.

6. Discussion

In this study, we demonstrated that HRG-1 regulates FAS expression in MCF-7 human
breast cancer cells via the PI3K/Akt and MAPK cascade pathways, and the green tea polyphenol,
EGCQG, could block this induction by suppressing Akt and ERK activation. The expression of
HRG-B1-induced FAS was significantly inhibited by HER2 inhibitor AG825 and tyrosine kinase
inhibitor genistein (Fig. 5), indicating that tyrosine kinase activity is essential for HRG-B1 signal
transduction. Since HER3, which is driven by HRG-B1, possesses an impaired intrinsic tyrosine
kinase activity (28, 29), we suggest that HRG-B1-mediated up-regulation of FAS in MCF-7 cells
requires combinatorial receptor interactions between HER3 and HER2. In fact, HER2/HER3
heterodimer is the most transforming and mitogenic receptor complex (30-32). Based on gene
expression survey and proteomic analysis in breast cancer cells (/, 2), HER2 mediates the
up-regulation of several genes including FAS whose elevation is associated with more advanced
disease and portends a poor prognosis. Collectively, we suggest that HRG-B1-associated FAS
expression in MCF-7 cells is mediated by HER2/HER3 heterodimer, but this issue requires
further study.

In human normal tissues, FAS is suppressed by the presence of fatty acids in the diet;
however, tumor-associated FAS is overexpressed despite high levels of ambient fatty acids. How
does tumor-associated FAS constitutively maintain? The involvement of PI3K/Akt and MAPK
signaling cascades, two pathways frequently activating in response to cancer-related
overexpression of growth factors (e.g., EGF, heregulin) or growth factor receptors (e.g., EGFR,
HER2 ), have been demonstrated to mediate constitute FAS up-regulation in cancer cells (/,
33-37). Consistent with these findings, our current data exhibit that PI3K inhibitors,
dominant-negative Akt, and MEK inhibitor strongly inhibit HRG-B1-mediated FAS up-regulation,
respectively (Fig. 4A and 4B), indicating that FAS expression in response to HRG-1 stimulation
in MCF-7 cells occurs through a modulation of PI3K/Akt and MAPK oncogenic cascades. This is
the first report of a link between HRG-B1 signaling and FAS pathways.

Inhibition of growth factor signaling may be one of the possible cancer preventive
mechanisms of EGCG based on several investigations. In our previous study, a modulation
between EGCG and EGFR has been demonstrated by using in vitro kinase assays (38). We
observed that EGCG blocks EGF binding to EGFR and inhibits the protein tyrosine kinase
activity and autophosphorylation of EGFR by EGF (38). Additionally, the inhibition of basal
HER?2 receptor tyrosine phosphorylation by EGCG has been demonstrated in human head and
neck and breast carcinoma cells Other investigations have showed that EGCG inhibits the
activation of HER2 in HER2-overexpressed cancer cell lines (2/-23). In light of these
observations, we suggest that EGCG might reduce HRG-B1-induced FAS expression through



inhibiting HER2 tyrosine kinase activity. EGCG might compete against HRG-B1 to bind to HER3
or inhibit protein kinase activity of HER2 to trans-phosphorylate HER3. Supporting this
assumption, we found that HER2 is necessary for FAS induction by HRG-B1 as demonstrated by
a specific HER2 tyrosine kinase inhibitor, AG825 (Fig. 5), enhancing the possibility that EGCG
down-regulates FAS induction by HRG-B1 because of inhibition of HER2 tyrosine kinase
activity.

The data given here provide clear evidence that expression of FAS in MCF-7 human breast
cancer cell lines was induced by HRG-B1 and that this induction was because of up-regulation of
FAS mRNA, suggesting that HRG-B1-induced expression of FAS may be mediated by certain
transcription factor(s). On possible candidate is sterol-responsive element-binding proteins
(SREBPs), the major factors involving in the regulation of FAS (39), which are known to be
regulated by PI3K/Akt and MAPK cascade pathways (40, 41). Moreover, studies showed that the
transcription factor Sp-1 is essential for sterol regulation of human FAS promoter I (42) and fully
activation of rat SREBP-1c promoter by insulin (43). Our recent study demonstrated that EGCG
inhibits EGF-stimulated Sp-1 DNA binding activity (3). Take together; we suggest that
SREBP-1c and Sp-1, which are driven by activation of PI3K/Akt and MAPK signaling pathways
in response to HRG-B1, are required for FAS gene expression. Additional studies are needed to
determine whether EGCG directly or indirectly influences SREBP-1c and Sp-1 activities that
might be required for FAS gene expression in response to HRG-f1.

The findings of this present study reveal the molecular mechanisms of tumor-associated FAS
up-regulation by HRG-B1 and suggest that EGCG provides a nature compound that may be
useful in the treatment of cases of breast carcinoma in which overexpression of FAS in response
to oncogenic changes, including overexpression of growth factors or growth factor receptors,

which plays critical roles in tumor growth and survival.
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Fig. 1. HRG-B1 up-regulates FAS expression in various breast cancer cell lines. (A) Dose effects of heregulin-B1 on
FAS expression in breast cancer cell lines. Cell lysates were collected from serum-starved MCF-7, AU565, or
MDA-MD-453 cells treated with 0, 20, or 50 ng/mL HRG-B1 for 24 h; (B) Time-dependent induction of FAS
expression by heregulin-B1 in MCF-7 cells. Cell lysates were harvested from serum-starved MCF-7 cells treated with
20 ng/mL of HRG-1 for indicated times. The FAS and B-actin protein levels were determined by Western blotting as
described in “Materials and Methods”. Simultaneous immunoblotting of B-actin was used as an internal control for

equivalent protein loading.
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Fig. 2. EGCG inhibits HRG-B1-induced FAS expression in MCF-7 cells. (A) EGCG reduces the protein level of FAS
induction by HRG-B1 in a dose-dependent manner. Serum-starved MCF-7 cells were pre-incubated with various
dosage of EGCG for 30 min, and then stimulated with 50 ng/mL of HRG-B1 for 9 h. Western blotting were
performed using specific antibodies to FAS or B-actin, respectively; (B) EGCG down-regulates mRNA expression of
FAS. Serum-starved MCF-7 cells were pretreated with EGCG at indicated doses for 30 min before HRG-$1 (50
ng/mL) treatment. After incubation for 6 h, total RNA was isolated and the RNA expression was analyzed by
RT-PCR as described in “Materials and Methods”. GAPDH ¢DNA was used as an internal control.
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Fig. 3. Transcriptional regulation of FAS expression by HRG-B1 in MCF-7 cells. (A) RT-PCR analysis of cDNA
from MCF-7 cells. Cells were pretreated with 4 pg/mL of actinomycin D (ActD) or 30pug/mL of cycloheximide
(CHX) for 1 h before HRG-B1 (20 ng/mL). After 6 h incubation, total RNA was isolated and analyzed by RT-PCR.
(B) Western blotting analysis of FAS protein in MCF-7 cells. Cells were pretreated under the same circumstance, and
then incubated with HRG-B1 (50 ng/mL) for 9 h. Total cell lysates were analyzed by Western blotting using FAS or

B-actin antibody.
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Fig. 4. FAS up-regulation by HRG-B1 requires Akt and ERK. (A) PI3K and MEK inhibitors suppress FAS

“ + -+

expression induced by HRG-B1. Serum-starved MCF-7 were pretreated with 10 uM LY294002, 1 uM wortmannin,
20 uM SB203580, or 50 uM PD98059 for 1 h, and then stimulated with 50 ng/mL of HRG-B1. The FAS and B-actin
protein levels were determined by Western blotting; (B) Dominant-negative Akt inhibits HRG-B1-regulated FAS
expression. MCF-7 cells were transfected with dominant-negative Akt (dnAkt), dominant-negative p38 (dnp38), or
control vector (pcDNA3) and subsequently treated with HRG-B1 (50 ng/mL) for 9 h. Cell lysates were analyzed by

Western blotting using anti-FAS antibody. B-actin was used as a loading control.
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Fig. 5. The FAS induction by HRG-B1 requires HER2. MCF-7 cells were serum-starved for 24 h, and then treated
with 50 ng/mL of HRG-B1 for 9 h in the presence or absence of HER2 inhibitor AG825 (AG) (1 uM), or EGFR
inhibitor PD153035 (PD) (1 pM), or tyrosine kinase inhibitor genistein (Geni) (10 pM) (1 h pre-incubation with or
without 10 uM of EGCG). Western blotting were performed using specific antibodies to FAS or -actin, respectively.
Relative density values shown below the B-actin lane are normalized ratio of the intensity of FAS band to the
corresponding actin band. The means of the relative density are plotted in the bottom panel. *P<0.05, **P<0.01,

compared with the HRG-1-treated control.
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