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Abstract
The Met receptor tyrosine kinase is deregulated in a variety of cancers and is correlated with advanced
stage and poor prognosis. Thus, Met has been identified as an attractive candidate for targeted therapy.
We compared the tea polyphenol (−)-epigallocatechin-3-gallate (EGCG) and a specific Met inhibitor,
SU11274, as suppressing agents of Met signaling in HCT116 human colon cancer cells. Treatment
with hepatocyte growth factor increased phospho-Met levels, and this was inhibited in a
concentration-dependent manner by EGCG and SU11274 (IC50 3.0 vs 0.05 µM, respectively).
Downstream activation of Erk and Akt signaling pathways also was suppressed. Both compounds at
a concentration of 5 µM lowered cell viability and proliferation, with EGCG being more effective
than SU11274, and the invasion of colon cancer cells in Matrigel assays was strongly inhibited. These
findings are discussed in the context of the pleiotropic effects of tea catechins, their tissue metabolite
levels, and the potential to inhibit colon cancer metastasis and invasion.

Introduction
Met is a receptor tyrosine kinase (RTK), activated by the ligand hepatocyte growth factor
(HGF). Met and HGF are required for embryonic development, but they can become
deregulated in a variety of tumor types [1]. Met is a critical oncogene for tumor metastasis,
facilitating cellular proliferation, invasion, and motility [2–6]. In human colorectal cancers,
Met and HGF expression predicts tumor phenotype and propensity for metastasis, and is
correlated with poor outcome [7]. Thus, Met and HGF are potential therapeutic targets for
colorectal cancer.

SU11274 [(3Z)-N-(3-chlorophenyl)-3-({3,5-dimethyl-4-[(4-methylpiperazin-1-yl)
carbonyl]-1H-pyrrol-2-yl}methylene)-N-methyl-2-oxoindoline-5-sulfonamide] is a Met
inhibitor that induces G1 cell cycle arrest and apoptosis in cancer cells, interfering with
phosphoinositide 3-kinase (PI3K) and other signaling pathways. Berthou et al. [8], observed
that SU11274 differentially affects the kinase activity and downstream signaling of various
mutant forms of Met. Whereas the variants M1268T and H1112Y were potently inhibited by
SU11274, the mutants L1213V and Y1248H were resistant. The authors reported that
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“inhibition of the kinase altered cell proliferation, morphology and motility, while cells
containing resistant mutants appeared unaffected by the compound” [8]. This has led to the
suggestion that a combination approach might improve efficacy in the clinical setting, such as
mTOR inhibitors in conjunction with cytotoxic chemotherapy [9].

Expanding upon the general idea of multiple mechanisms of attack on aberrant Met signaling,
we recently undertook studies on Met activity in human colon cancer cells treated with green
tea polyphenols. We observed that among the various catechins in green tea, (−)-
epigallocatechin-3-gallate (EGCG) was the most effective inhibitor of Met [10], and that this
occurred essentially independent of hydrogen peroxide [11]. The latter has been reported as a
potential ‘artifact’ in some [12], but not all [13], cell culture studies that used tea polyphenols
as test agents.

The work presented here sought to build upon our initial studies in colon cancer cells [10,11],
as well as the findings of others indicating that tea polyphenols block Met activation in breast
and hypopharyngeal cancer cells [14,15]. In this report, the specific goal was to examine
downstream kinase pathways of Met, and the changes in cell growth and invasion following
treatment with EGCG. It should be noted that EGCG also alters signaling via epidermal growth
factor, platelet-derived growth factor, insulin-like growth factor 1, and vascular endothelial
growth factor receptors [16–19]. EGCG inhibits the activities of cyclin-dependant kinases 2
and 4, and induces the expression of the Cdk inhibitors p21 and p27, leading to G1 arrest
[19]. Using human HCT116 colon cancer cells, we compared EGCG and SU11274 as broad-
spectrum and specific Met kinase inhibitors, respectively, and examined their downstream
effects on PI3K and mitogen-activated protein kinase signaling (MAPK).

Experimental
Cell culture

HCT116 cells were obtained from American Type Tissue Collection (Manassas, VA) and
maintained in McCoy's 5A media (Invitrogen, Carlsbad, CA) with 10% FBS and 1% penicillin/
streptomycin. Cells were grown at 37°C with 5% CO2.

Cell treatments
Cells were plated at 1.5 × 105 cells in 12-well culture dishes and grown in serum containing
media for 48 h. Cells were then incubated in serum-free media for 4 h. After serum starvation,
cells were pretreated for 30 min with 5 µM EGCG (Sigma-Aldrich, MO) or 5 µM SU11274
(Calbiochem, San Diego, CA) followed by treatment with 30 ng/ml HGF (Calbiochem). We
did not include catalase, because at the low concentrations of EGCG used here, effects on Met
are essentially independent of H2O2 and the presence or absence of catalase [11].

Immunoblotting
Cells were placed in IP lysis buffer, vortexed, and centrifuged at 10,000 rpm for 5 min. The
supernatant was collected and protein concentrations were determined by the bicinchoninic
acid assay (Pierce, Rockford, IL). Proteins (10–20 µg) were separated by SDS-PAGE on a 4–
12% bis-Tris gel (Novex, San Diego, CA) and transferred to nitrocellulose membrane
(Invitrogen). Equal protein loading was confirmed by Amido Black staining and β-actin levels.
The membrane was blocked for 1 h with Li-Cor Blocking Buffer (Li-Cor Biosciences, Lincoln,
Nebraska), followed by overnight incubation with primary antibody at 4°C, and finally
incubated for 1 h with goat anti-mouse secondary antibody conjugated with IRDye800 and
goat anti-rabbit antibody conjugated with IRDye680 (Li-Cor Biosciences). Antibody dilutions
were as follows: phospho-Met (Tyr1234/1235) 1:1000 (Cell Signaling Technology, Beverly,
MA); total Met 1:1000 (Cell Signaling Technology); phospho-Akt 2 µg/ml (Upstate); total Akt
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1:1000 (Cell Signaling Technology); phospho-Erk1/2 1:2000 (Cell Signaling Technology);
total Erk1/2 1:1000 (Cell Signaling Technology); and β-actin 1:5000 (Sigma). Image
acquisition and analysis were performed using the Odyssey® Infrared Imaging System (Li-
Cor Biosciences).

Enzyme-linked immunosorbent assay (ELISA)
Cells were pretreated with EGCG or SU11274 for 30 min and then HGF (30 ng/ml) was added.
Cells were incubated for an additional 15 min and lysed in RIPA buffer containing phosphatase
inhibitors (Pierce). ELISA was performed as described in the instruction manual for STAR
phospho-Met (Tyr1230/Tyr1234/Tyr1235) ELISA kit (Upstate). Concentration for 50%
inhibition (IC50) was calculated using the sigmoidal dose-response method in GraphPad Prism
4 (GraphPad Software, La Jolla, CA).

Cell viability
Cells were incubated with 5 µM EGCG or 5 µM SU11274 for 30 min, and HGF (30 ng/ml)
was then added to the culture media. Cells were collected at 0, 24, 48 and 72 h and stained with
Guava ViaCount Reagent (Guava Technologies, Hayward, CA) for 5 min. The number of
viable cells was determined by using the Guava ViaCount Assay on a Guava Personal Cell
Analyzer.

Cell invasion assay
Matrigel (BD Transduction Laboratories) was diluted to 2 mg/ml in serum-free McCoy’s 5A
media, and 50 µl were plated on 6.5 mm diameter Costar Transwell Inserts (VWR) and allowed
to gel for 1 h at 37°C. Cells were diluted to 2 × 104 cells/ml in serum-free media with or without
5 µM EGCG or 5 µM SU11274 and plated in the top of the wells. Serum-free McCoy’s 5A
with or without 30 ng/ml HGF was plated in the bottom of the wells. Cells were incubated for
24 h at 37°C in a 5% CO2 incubator. Matrigel and cells remaining on the top surface were
removed with a cotton swab. Cells that migrated to the bottom of the insert were fixed in
methanol and stained with ProLong Gold DAPI (Invitrogen) and counted using a Zeiss
Axiovert 100 fluorescent microscope.

Statistics
Student’s t-test was used for pairwise comparisons. Additional analyses used a mixed model
procedure with SPSS Statistics software (IBM Corp., Armonk, NY). P-values shown in the
figures indicate significant differences from multiple comparisons, with Bonferroni correction.

Results
A side-by-side comparison of SU11274 and EGCG (Fig. 1A) examined their abilities to block
Met activation in HCT116 colon cancer cells. Immunoblotting revealed little or no p-Met in
the absence of HGF treatment and high levels of p-Met after HGF, with total Met expression
remaining constant (Fig. 1B, left lanes). Both test compounds reduced the levels of p-Met in
a concentration-dependent manner over the concentration range 0.05–10 µM (Fig. 1B).
Quantification of p-Met in the corresponding cell lysates revealed SU11274 to be a more potent
Met inhibitor than EGCG, with IC50 values of 0.05 µM and 3 µM, respectively (Fig 1C).

We next examined the downstream Met signaling pathways of Met kinase in time-course
experiments. In the absence of EGCG, HGF induced a rapid increase in the phosphorylation
of Met, and high p-Met levels were detected between 0.25–2 h, followed by a return to baseline
(Fig. 2A). In the presence of 5 µM ECGC, the increase in p-Met was essentially abolished.
Quantification of the immunoblots confirmed that the inhibition by EGCG was significant at
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all time points between 0.25–6 h (Fig. 2B, upper panel, p-Met normalized to total Met). In the
absence of EGCG, HGF increased the levels of p-Akt at 0.25–2 h and p-Erk1/2 at 0.25–1 h
(Fig. 2A). There was a trend towards inhibition following EGCG treatment, and this reached
significance at 1 h for p-Akt/Akt, at 0.5, 1, and 6 h for p-Erk1/Erk1, and at 1–2 h for p-Erk2/
Erk2 (Fig. 2B).

Changes in Met, Erk, and Akt pathways also were examined following SU11274, EGCG, and
EGCG plus SU11274 treatments. As expected, HGF alone increased significantly the levels
of p-Met, p-Akt, and p-Erk1/2, and this increase was blocked by 5 µM SU11274 (Fig 2C). No
additional inhibition was detected when 5 µM SU11274 was combined with 5 µM EGCG (data
not shown).

As shown in Fig. 3A, both inhibitors reduced cell viability relative to the corresponding control,
in the presence and absence of HGF, and significant differences between EGCG and SU11274
treatment groups were apparent at 48 h and 72 h. For example, in cells treated with HGF, cell
viability at 72 h was decreased to 65% by EGCG and to 79% by SU11274 (**P<0.01, compare
open and solid black bars, respectively, in Fig. 3A). EGCG generally was more effective in
cells treated with HGF than –HGF (compare white bars at a given time-point, Fig 3A), but this
difference was not apparent for SU11274.

Compared to the -HGF control, HGF treatment increased the overall cell number at 24, 48, and
72 h (square symbols in Fig. 3B, P<0.001 for all time-points). In the presence or absence of
HGF, cell growth was suppressed markedly by SU11274 (circular symbols), and it was lowered
relative to 0-h controls following EGCG treatment (triangles).

A matrigel assay was used to examine cell invasion in vitro (Fig 4A). The presence of HGF in
the lower compartment increased the invasion of HCT116 cells, as expected (compare gray
bars in Fig. 4B, ***P<0.001). Following HGF treatment, EGCG and SU11274 decreased the
cell invasion to 32% and 18%, respectively (**P<0.01 for both treatment groups vs control),
but under these conditions there was no significant difference between EGCG and SU11274
groups (compare white vs black bars in Fig. 4B). In the absence of HGF, however, SU11274
was more effective at reducing cell invasion compared to EGCG (*P<0.05, black vs green
bars).

Discussion
The Met receptor tyrosine kinase is considered an important prognostic factor for metastasis,
tumor stage, and reduced survival [7]. We compared the effects of two Met inhibitors in
HCT116 human colon cancer cells. SU11274 is a specific Met inhibitor [8], whereas EGCG
most likely acts on multiple RTKs [16–19]. The results were consistent with a potent selective
Met inhibitor being more effective than a widely consumed tea catechin in suppressing Met
activation. SU11274 had a lower IC50 value than EGCG in reducing p-Met levels in HCT116
cells, and SU11274 was more effective than EGCG at inhibiting Akt and Erk pathways. Met
activation results in increased MAPK and PI3K signaling in breast epithelial cells, and these
pathways have been strongly implicated in HGF-induced cellular invasion [14].

Interestingly, 5 µM EGCG had a greater inhibitory effect on cell viability than the same
concentration of SU11274, in both HGF-treated and HGF-untreated cells. EGCG also was
more effective than SU11274 at decreasing proliferation of HCT116 cells over a 72-h period.
However, in a matrigel invasion assay minus HGF treatment, SU11274 was slightly more
effective than EGCG at decreasing the number of invading cells, whereas in the presence of
HGF both compounds were equally effective at suppressing invasion. Our interpretation of
these findings is that SU11274 acts more effectively on the specific kinase pathways studied,
but additional chemopreventive mechanisms of EGCG [13–16] likely result in greater overall
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inhibition of cell viability and proliferation. Both test compounds nonetheless strongly
suppressed HGF-mediated invasion in vitro.

In this investigation, EGCG had an IC50 value of 3 µM for inhibition of Met activation, which
is noteworthy given that a peak plasma concentration of 7.5 µM EGCG has been detected in
humans after pharmacological oral dosing [20]. These concentrations of EGCG and other tea
catechins also might be feasible in the gastrointestinal tract following oral tea intake, despite
extensive methylation, glucuronidation, and sulfation, or conversion to valerolactone
breakdown products [21–23]. Indeed, Stalmach et al. [24] recently reported that following
green tea consumption by ileostomy patients, substantial quantities of flavan-3-ols passed into
the small intestine, and would be available to the large intestine at levels exceeding those
employed in the current investigation. Given this fact, it will be of great interest to ascertain
whether catechin metabolites and breakdown products generated in the large intestine have
improved efficacy towards suppression of Met signaling, cell proliferation, and invasion in
patients with colon cancer or other intestinal pathologies.

Abbreviations used

RTK receptor tyrosine kinase

HGF hepatocyte growth factor

SU11274 [(3Z)-N-(3-chlorophenyl)-3-({3,5-dimethyl-4-[(4-methylpiperazin-1-yl)
carbonyl]-1H-pyrrol-2-yl}methylene)-N-methyl-2-oxoindoline-5-sulfonamide]

PI3K phosphoinositide 3-kinase

EGCG (−)-epigallocatechin-3-gallate

MAPK mitogen-activated protein kinase

ELISA enzyme-linked immunosorbent assay
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Fig. 1.
EGCG and SU11274 inhibit Met activation in human colon cancer cells. (A) Chemical
structures of SU11274 and EGCG. (B) HCT116 cells were serum-starved for 4 h and then
treated with various concentrations of EGCG or SU11274 for 30 min. HGF (30 ng/ml) was
added to the cell culture media, followed by incubation for an additional 15 min.
Immunoblotting was performed on cell lysates using primary antibodies to phosphorylated-
Met (p-Met), total Met, or β-actin (loading control). (C) Results from STAR phospho-Met
ELISA kit (Upstate), using cell lysates from (B). Data (mean±SD, n=3) are representative of
the findings from three separate experiments.
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Fig. 2.
Inhibitory effects of EGCG on MAPK and PI3K signaling pathways. (A) HCT116 cells were
serum-starved for 4 h and treated with or without 5 µM EGCG for 30 min. HGF (30 ng/ml)
was added and incubations were continued for the times indicated. Immunoblotting was
performed on cell lysates using primary antibodies to phosphorylated-Met (p-Met), total Met,
phosphorylated-Akt (p-Akt), total Akt, phosphorylated-Erk (p-Erk), total Erk, or β-actin
(loading control). (B) Quantification of immunoblots by densitometry, showing
phosphorylated protein normalized to corresponding total protein. Open bars −EGCG, solid
bars +EGCG. (C) Using the same approach as above, HCT116 cells were serum-starved for 4
h, treated for 30 min with 5 µM SU11274, 5 µM EGCG, or 5 µM SU11274 + 5 µM EGCG in
combination, followed by HGF or media alone (-HGF). Immunoblots (not shown) were
quantified from three separate experiments. In (B) and (C), data=mean±SD, n=3; *P<0.05;
**P<0.01.
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Fig. 3.
Inhibition of cell viability and proliferation by EGCG and SU11274. (A) Viability of HCT116
cells treated with EGCG, SU11274, or vehicle control in the presence and absence of HGF.
(B) Proliferation of HCT116 cells treated with EGCG, SU11274, or vehicle, in the presence
and absence of HGF. Data shown in (A) and (B) are representative findings from three separate
experiments (mean±SD, n=3); *P<0.05; **P<0.01; ***P<0.001.
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Fig. 4.
Suppression of invasion by ECGC and SU11274. (A) Representative images showing invasion
of HCT116 cells through matrigel-coated Transwell inserts, under the assays conditions
indicated. (B) Quantification of three independent in vitro invasion assays (mean±SD, n=3).
*P<0.05; **P<0.01; n/s = not significant.
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