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Abstract

Carcinogenesis is a multistage process consisting of initiation, promotion and progression stages and
each stage may be a possible target for chemopreventive agents. A significant outcome of these
investigations on the elucidation of molecular and cellular mechanisms is the explication of signal
transduction pathways induced by tumor promoters in cancer development. The current belief today
is that cancer may be prevented or treated by targeting specific cancer genes, signaling proteins and
transcription factors. The molecular mechanisms explaining how normal cells undergo neoplastic
transformation induced by tumor promoters are rapidly being clarified. Accumulating research
evidence suggests that many of dietary factors, including tea compounds, may be used alone or in
combination with traditional chemotherapeutic agents to prevent or treat cancer. The potential
advantage of many natural or dietary compounds seems to focus on their potent anticancer activity
combined with low toxicity and very few adverse side effects. This review summarizes some of our
recent work regarding the effects of the various tea components on signal transduction pathways
involved in neoplastic cell transformation and carcinogenesis.
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Introduction

Carcinogenesis is a complex, multistage process that affects many genes and gene products,
which are critical in the regulation of numerous cellular functions. A major focus of much our
work has been the elucidation of molecular and cellular mechanisms in cancer development
and prevention. A significant outcome of these investigations is the explication of signal
transduction pathways induced by tumor promoters in cancer development. The prevailing idea
today is that cancer may be prevented or treated by targeting specific cancer genes, signaling
proteins and transcription factors. Each stage of cancer development could be a potential target
for anticancer agents, but especially the promotion stage. Importantly, the molecular
mechanisms explaining how normal cells undergo neoplastic transformation induced by tumor
promoters are rapidly being clarified. In particular, the mitogen-activated protein (MAP) kinase
signaling pathways are activated differentially by various tumor promoters (reviewed in
[1-10]. MAP kinases are activated by translocation to the nucleus, where they phosphorylate
a variety of target transcription factors important in tumor development, including activator
protein-1 (AP-1) and nuclear factor kappaB (NFxB) [11-14], which in turn may activate
transcription of a variety of cancer-related genes such as cyclooxygenase-2 (COX-2). AP-1 is
a well-characterized transcription factor composed of homodimers and/or heterodimers of the
Jun, Fos, ATF (activating transcription factor) and MAF (musculoaponeurotic fibrosarcoma)
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protein families [15,16]. AP-1 plays a major role in cell transformation and is crucial in tumor
promotion, progression and metastasis [17-19]. Furthermore, neoplastic transformation and
TPA-induced progression are blocked by inhibiting tumor promoter-induced AP-1 activity
[19-23]. The MAP kinases include the extracellular-signal-regulated protein kinases (ERKSs),
c-Jun N-terminal kinases/stress-activated protein kinases (JNKs/SAPKSs) and p38 kinases.
ERKs generally transmit signals initiated by tumor promoters such as 12-O-
tetradecanoylphorbol-13-acetate (TPA), epidermal growth factor (EGF) and platelet-derived
growth factor (PDGF) [24]. The INKs/SAPKSs and p38 kinases are strongly stimulated by
stresses such as UV irradiation [13] and arsenic [25]. The activation of these signaling cascades
can result in a multitude of cellular responses including apoptosis, proliferation, inflammation,
differentiation and development (Fig. 1).

Many natural or dietary compounds are believed to have potent anticancer activity, low toxicity
and cause very few adverse side effects. Accumulating research evidence suggests that many
of these compounds, including tea compounds, may be used alone or in combination with
traditional chemotherapeutic agents to prevent or treat cancer (reviewed in [2,4,6-9]. This
review summarizes some of our recent work regarding the effects of the various tea components
on signal transduction pathways involved in neoplastic cell transformation and carcinogenesis.

Signal transduction and tea components

Signal transduction is the process by which information from a stimulus outside the cell is
transmitted from the cell membrane into the cell and along an intracellular chain of signaling
molecules to stimulate a response. Signal transduction molecules induced by tumor promoters
appear to be excellent targets for nutritional or dietary factors, and especially for the
components of tea. Nutritional or dietary factors have attracted a great deal of interest because
of their professed ability to act as highly effective anticancer agents. They are perceived as
being generally safe and may have efficacy as chemopreventive agents by preventing or
reversing premalignant lesions and/or reducing second primary tumor incidence [26]. Much
of our recent work has focused on elucidating the effects of tea on cancer cells, discovering
mechanisms to explain the effects, and identifying the specific cellular and molecular targets
of tea.

Green, oolong and black teas, which are distinguished according to their level of oxidation
[27], are all derived from the same plant, Camellia sinensi. Green tea is processed immediately
from fresh leaves and is protected from oxidation whereas oolong tea has been partially
oxidized and black tea has been fully oxidized. Green and black teas contain several active
polyphenols collectively known as catechins and theaflavins, respectively. Teas also contain
caffeine, which may be another important bioactive compound. Much evidence suggests that
tea compounds may possess potent anticancer activity [28-31]. For example, studies have
shown that topical application or oral consumption of green tea, black tea, and tea polyphenol
preparations has inhibitory effects on skin, lung, esophagus, stomach, liver, duodenum and
small intestine, pancreas, and colorectal cancers in rodent models [28-31]. Unfortunately,
results are somewhat less conclusive in humans mainly due to insufficient information
regarding bioavailability and tissue distribution of tea polyphenols in humans compared to
animal models. However, more research data are continually being produced, which report
possible mechanisms explaining the chemopreventive effects of tea.

Green tea catechins

The green tea catechins (Fig. 2) include (—)-epigallocatechin-3-gallate (EGCG), (-)-
epigallocatechin (EGC), (—)-epicatechin-3-gallate (ECG), and (—)-epicatechin (EC) [32].
EGCG is the major active polyphenol in green tea and may account for 50-80% of the total
catechins found in tea [2,4,29,33]. A cup of green tea (2.5 g of dried green tea leaves brewed
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in 200 ml of water) usually contains about 90 mg of EGCG. In addition, it contains a similar
or slightly smaller amount (65 mg) of (—)-epigallocatechin (EGC), about 20 mg each of (-)-
epigallocatechin 3-gallate (ECG) and (—)-epigallocatechin (EC), and about 50 mg of caffeine
[29,34]. However, the achievable tissue concentrations of tea polyphenols are in the low
micromolar range. Thus, results observed with much higher concentrations in vitro may not
be relevant to the anti-carcinogenic process [35,36]. We have reported that EGCG or
theaflavins inhibit tumor promoter induced activator protein-1 (AP-1) and MAP kinase
activation at a concentration range (1-20 pM) that is effective for inhibition of cell
transformation [37,38].

EGCG suppresses AP-1 activation

A substantial body of evidence suggests that EGCG and theaflavins inhibit tumor promoter-
or growth factor-induced cell transformation and AP-1 activation. Others have shown that
EGCG inhibited cell transformation in A172 and NIH 3T3 cells [39]. In our work, we used the
JB6 mouse epidermal cell line, which is a well-developed cell culture system for studying
genetic susceptibility to neoplastic transformation, promotion and progression at the molecular
level. The promotion-sensitive (P*), promotion-resistant (P7), and transformed (Tx) variants
are a series of cell lines representing “earlier-to-later” stages of preneoplastic-to-neoplastic
progression. TPA or EGF induce the formation of large, tumorigenic, anchorage-independent
[40,41] colonies in soft agar at a high frequency in the P* JB6 cells but are less effective in the
P~ cells [42,43]. One major difference between P* and P~ variants is the AP-1 transcription
factor, which activates gene expression in response to tumor promoters in P* but not in P~ JB6
cells and P* cells revert to the P~ phenotype when AP-1 activity is blocked [18,19,44,45].
Using this model, we found that EGCG or theaflavins inhibited EGF- or TPA-induced cell
transformation, c-Jun phosphorylation, JNKs (c-Jun N-terminal kinases) activation, AP-1-
dependent transcriptional activity and AP-1 DNA binding activity at similar doses [37]. The
Ras pathway is also important in the activation of AP-1. Mutations of the Ras gene occur
frequently in many cancers and are associated with uncontrolled growth. Chung, et al. [46]
found that the H-Ras-activated AP-1 pathway was a major growth stimulant in transformed
mutant H-ras JB6 cells. Treatment of cells with green or black tea polyphenols strongly
inhibited cell growth, ERKSs (extracellular signal-regulated protein kinases) phosphorylation,
c-Jun and Fra-1 phosphorylation and protein levels and AP-1 activity [46]. In addition, our
collaborators and we have shown that pretreatment of JB6 cells with EGCG or theaflavins
inhibited UVB-induced AP-1 activity [47,48]. Barthelman, et al. [47] found that in mouse skin
epidermis, UVB irradiation induced a nearly 40-fold increase in AP-1 activity, as compared
with acetone-treated controls. Treatment with topical EGCG reduced the UVB-induction of
AP-1 transactivation activity by 60%. Chen, et al. [49] found that EGCG inhibited UVB-
induced transcriptional activation of the c-fos gene and accumulation of the c-Fos protein in a
dose-dependent manner. EGCG has also been shown to effectively block arsenite-induced
ERKs activation, AP-1 transcriptional activation and subsequent DNA binding activity [49].
Thus, based on what is known about AP-1, the inhibitory activities of EGCG and theaflavins
toward AP-1 transactivation may explain their effective prevention of cell transformation
[37].

NF-kB activation and EGCG

Besides, AP-1, EGCG and theaflavins also suppress activation of the NF«kB pathway. NF«xB
activation is associated with initiation or acceleration of tumorigenesis [50]. Treatment of
normal human keratinocytes with EGCG resulted in an inhibition of UVB-induced IKK-a.
activation, phosphorylation and degradation of IxBa and activation and nuclear translocation
of p65 [51]. We observed that EGCG suppressed both UVB- and TPA-induced I1xBa
phosphorylation and NF«kB activation and DNA binding in JB6 cells [52]. The inhibition
appeared to occur through a suppression of the TPA-induced phosphorylation of IkBa (Ser32).
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In Jurkat T cells, EGCG inhibited 20S proteasome activity, which targets IxBa for degradation,
resulting in cell growth arrest and an accumulation of IxBa [53]. Others [54] found that
treatment with EGCG (10-100 uM, 24 h) caused growth inhibition, G1-phase arrest, and
apoptosis in human epidermoid carcinoma cells (A431) but not in the normal cells. EGCG
inhibited constitutive, TNF- and lipopolysaccharide-induced NFkB DNA binding and protein
expression in the cancer cells at much lower doses than were required for inhibition in normal
cells. In the cancer cells, EGCG also effectively inhibited IxBa degradation resulting in
repression of NF«B activation [54]. These results suggest a differential response of normal
cells and tumor cells to treatment with EGCG that could be highly significant for the potential
of EGCG use in chemoprevention.

Phosphatidylinositol-3 (PI-3) kinase is activated by numerous oncogenes and the P1-3/Akt
pathway is deregulated in many human cancers [55]. EGCG and theaflavins have also been
shown to decrease UVB-induced PI-3 kinase activity, which was associated with decreased
Akt phosphorylation (Thr308, Ser473) and p70S6K (Thr389, Thr421/Ser424) [56]. Another
report showed that EGCG inhibited viability of the MMTV-Her-2/neu mouse breast tumor
derived cell line N639 and its growth in soft agar [57]. The effect was associated with inhibition
of the PI-3 kinase/Akt kinase to NF-kB signaling pathway, which appeared to result from an
inhibition of basal Her-2/neu receptor tyrosine phosphorylation [57].

NF«B activation is strongly linked to increased COX-2 expression. Recent studies showed that
EGCG significantly inhibited COX-2 and iNOS activity and nitric oxide production in LPS-
activated Raw 264.7 cells [58], suggesting an effect mediated by NF-xB. However, not all
COX-2 activation is associated directly with increased NF-xB activation and EGCG can also
stimulate COX-2 expression. In the macrophage cell line, Raw264.7, COX-2 expression and
activity and prostaglandin production were increased by EGCG treatment and were associated
with the activation of both the ERKSs and protein-tyrosine phosphatase signaling pathways
[59]. In the NMBA-induced rat esophageal tumorigenesis model, treatment with EGCG
resulted in significantly less tumor development and tumor incidence. These results
corresponded with decreased expression of cyclin D1 and COX-2 and decreased production
of prostaglandin E2 [60].

Topical pretreatment with green tea extract has been shown to block the acute COX-2 response
to UVB in mice or humans [61]. Another recent study showed that pretreatment of mice with
EGCG significantly inhibited TPA-induced COX-2 expression in mouse skin and also in TPA-
induced human mammary epithelial cells [62]. The inhibition was associated with a
suppression of TPA-stimulated ERKs and p38 kinases activities, but surprisingly, had no effect
on TPA-induced AP-1 DNA binding [62]. This report further confirmed that EGCG treatment
inhibited lipid peroxidation and UVB-induced COX and ornithine decarboxylase activities
[51]. Taken together, these results and those above, strongly suggest that EGCG and theaflavins
may be highly effective as chemopreventive agents, which act by targeting specific tumor
promoter-induced transcription factors, especially AP-1 and NF«kB. In addition, the propensity
of these compounds for tumor cells makes them ideal candidates for chemopreventive agents.

EGCG induces and suppresses apoptosis

EGCG has been reported to induce or suppress apoptosis. EGCG treatment of human colorectal
carcinoma HT-29 cells resulted in apoptosis mediated by the INKs pathway [63]. In human
prostate carcinoma LNCaP cells, treatment with EGCG induced apoptosis and was associated
with stabilization of p53 and also with a down-regulation of NF-«xB activity and a decreased
expression of the anti-apoptotic protein Bcl-2 [64]. In liver cancer cells (HepG2), EGCG has
been shown to induce apoptosis and block cell cycle progression at G1 [65]. These effects were
accompanied by increased expression of p53, p21/WAF1, and pro-apoptotic Fas and Bax
proteins [65]. EGCG (1-20 uM) or theaflavins (1-20 uM) may also inhibit apoptosis under
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certain conditions, such as exposure to arsenic. Arsenic's toxicity may be due to its ability to
induce abnormal apoptosis and green tea has been used in Chinese medicine for detoxification
of arsenite-associated toxicity. We have shown that EGCG or theaflavins block arsenite-
induced apoptosis of JB6 cells [38]. In normal human keratinocytes, EGCG also inhibited UV-
induced apoptosis by two mechanisms involving phosphorylation of the Bad protein through
the ERKSs and Akt pathways and by changing the ratio of Bcl-2 and Bax [66].

Theaflavins

Caffeine

Theaflavins (Fig. 3) give black tea its characteristic color and taste and are differentiated by
the gallate group. They include theaflavin (TF), theaflavin-3-gallate (TF-2a), theaflavin-3'-
gallate (TF-2b), and theaflavin-3,3'-digallate (TF-3) [32]. In black tea, polyphenols are reduced
to about one fourth of those in green tea, and theaflavins account for 1 to 2% of the total dry
matter [29]. Research data suggest that theaflavins may have even more potent anticancer
activity than EGCG and may act by different mechanisms.

EGCG and TF-3 were compared for their effects on the MAP kinase signaling pathways and
both inhibited phosphorylation of c-Jun and ERKSs but only TF-3 inhibited p38 kinase [46].
Further studies [67] confirmed that either EGCG or TF-3 decreased phosphorylation of ERKSs
and MEKSs but TF-3 acted at 15 min compared to 60 min for EGCG. In addition, TF-3 decreased
Raf-1 protein levels and EGCG decreased the association of Raf-1 with MEK1 [67]. We
compared the effects of EGCG and theaflavins on UVB-induced AP-1 activation and found
that compared to EGCG, the theaflavins were stronger inhibitors of UVB-induced AP-1
activation [48]. Others have reported that theaflavins, and especially TF-3, also inhibited 1xB
kinase activity, which prevented the phosphorylation and degradation of 1B and subsequent
activation of NF«xB [68].

Most recently, we found that theaflavins at very low concentrations (0.5 uM) inhibited UVB-
induced phosphorylation of INKs [69]. We have also very recently reported that the theaflavins
(20 uM), and especially TF-3, induce EGFR down-regulation in JB6 Cl41 mouse epidermal
and A431 human EGFR overexpressing epidermoid carcinoma cells [70]. TF-3 acted by
inducing the internalization of EGFR and ubiquitination in A431 cells. Even though TF-3
induced tyrosine phosphorylation of the EGFR, the TF-3-induced EGFR down-regulation did
not require receptor tyrosine kinase activation. The EGFR inhibitor, AG1478, blocked tyrosine
phosphorylation of the EGFR but had no effect on TF-3-induced ubiquitination and down-
regulation. Further, TF-3 inhibited EGFR-induced phosphorylation and downstream signaling
to ERKs and AP-1. Finally, TF-3 inhibited EGF-induced cell transformation [70]. These results
suggest that theaflavins may be just as effective as EGCG in suppressing cell transformation
and carcinogenesis.

Another component of tea and coffee that may be important in cancer prevention is caffeine.
Low concentrations of caffeine (50-450 pM) induced apoptosis in JB6 Cl41 cell (1C5q 2.7 mM)
and the apoptosis was p53-dependent because it did not occur in p53 knockout cells [71].
Caffeine induced phosphorylation of p53 (Ser15) and increased p53 activation. Bax, a p53
target protein [72], and cleaved caspase 3, a key executioner of apoptosis expression also
increased in a time and dose-dependent manner. These effects did not occur in p53 knockout
cells. Bax is a pro-apoptotic member of the Bcl-2 family of proteins and is known to form
heterodimers with the anti-apoptotic Bcl-2 protein in vivo. The molar ratio of Bcl-2 to Bax has
been shown to establish whether apoptosis is induced or inhibited in many tissues [73].
Caspase-3 is known to be one of the key executioners of apoptosis and its activation requires
proteolytic processing of its inactive zymogen into activated p17 and p19 subunits [74]. Bax
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drives the release of cytochrome c from the mitochondria and cytochrome c release activates
caspase 3 [75].

Lower levels of caffeine (0.25-1 mM) were shown to suppress cell cycle progression at the
GO/G1 phase [76]. In this work, JB6 Cl41 mouse epidermal cells were synchronized in GO
phase by serum deprivation (36 h in 0.1% FBS) and then stimulated with 5% fetal bovine serum
(FBS) as a mitogenic stimulus. Treatment of cells with caffeine inhibited FBS-stimulated cell
proliferation (ICsg = 0.7 mM) by inducing GO/G1 arrest but without inducing apoptosis. The
inhibitory effect appeared to result from the indirect suppression of cyclin D1/Cdk4 activation
and subsequent inhibition of Rb phosphorylation (Ser780, Ser807, Ser811). Phosphorylation
of Rb by Cdk4/6 and Cdk2 [77-79] occurs at the GO/G1 and G1/S transitions [80]. This
phosphorylation leads to the disruption of the Rb/E2F transcription factor complex, resulting
in the release of active E2F and its subsequent activation of many genes required for cell cycle
progression [81]. Hashimoto et al. [76] also found that caffeine inhibited the time-dependent
phosphorylation of protein kinase B (Akt Thr308) and its substrate, GSK-3p (Ser9). GSK-3p
normally phosphorylates cyclin D1 (Thr286), which triggers cyclin D1 degradation, thus
decreasing the activity of Cdk4 [82]. Because caffeine has also been reported to directly inhibit
P1-3 kinase activity [83], Hashimoto, et al. [76] suggested that the inhibitory effects of caffeine
on cell growth signaling through Akt/GSK-3B may result from the direct inhibition of PI-3
kinase, which is upstream of Akt/GSK-3p.

Protein targets of EGCG

Searching for the EGCG “receptor” or high affinity proteins that bind to EGCG is the first step
in understanding the molecular and biochemical mechanism of the anticancer effects of tea
polyphenols. A few proteins that can directly bind with EGCG have been identified, including
plasma proteins: fibronectin, fibrinogen, and histidine-rich glycoprotein [84], also fatty acid
synthase (Fas) [85] laminin and the 67-kDa laminin receptor [86,87]. Plasma proteins may act
as carrier proteins for EGCG and interacting with Fas might trigger a Fas-mediated apoptosis
cascade. The fact that EGCG can bind and regulate biological functions of the 67-kDa laminin
receptor has possible implications for prion-related diseases. However, the biologic and
physiologic significance for the anticancer effects of tea polyphenols is still not clear.
Identification of new EGCG-binding proteins should facilitate the design of new strategies to
prevent cancer. Recently, we identified the intermediate filament protein, vimentin, as a novel
EGCG-binding protein [88]. Proteins from JB6 Cl41 cell lysates were subjected to affinity
chromatography using EGCG-Sepharose 4B. Fractions containing proteins binding with
EGCG were analyzed by two-dimensional electrophoresis and MALDI-TOF-MS to identify
vimentin. Results were verified using combination of a pull-down assay with EGCG-Sepharose
4B and an immunoprecipitation assay with protein G-Sepharose 4B and a vimentin antibody.
To characterize the binding interaction, we measured the binding affinity of GST-vimentin and
[H]JEGCG using a pull-down assay. Results indicated that vimentin displayed a high affinity
for binding with [BHJEGCG with a K value for the binding of EGCG to vimentin of 3.3 nM.
EGCG was also found to inhibit phosphorylation of vimentin (Ser50, Ser55). EGCG
specifically interfered with the Cdc2 kinase-mediated phosphorylation of vimentin (ICgq 17
aoM). Besides EGCG, only EGC (20 oM) inhibited Cdc2 kinase activity. Intermediate filaments
(IFs), such as vimentin, have an important functional involvement in cell division and
proliferation [89]. EGCG has been reported to inhibit cell proliferation of a variety of cell lines
[57,90-94] and in the present study, when vimentin expression was suppressed with sSiRNA,
cell growth was inhibited. We showed that proliferation was inhibited in control (GFP siRNA)
cells in a dose-dependent manner compared to cells expressing vimentin siRNA, which were
not affected by EGCG treatment. These results strongly suggested that EGCG binds with
vimentin and the association can have a regulatory role in controlling cell proliferation.
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Conclusions/summary

From animal investigations and some epidemiologic studies, tea and tea constituents have been
shown to have a protective effect against the development of cancer. This effect is in part due
to the anti-tumor promaotion effect of tea and tea constituents. Anti-tumor promotion agents
are expected to have greater utility than blocking (anti-initiation) agents in the prevention of
human cancer. The molecular targets and molecular mechanisms of anti-promotion by tea and
tea constituents are still not clear. Our laboratory has demonstrated strength in studying the
signal transduction pathways leading to tumor promotion and we have provided important
information on novel mechanisms of tea polyphenols on anti-tumor promotion. We found that:

EGCG or theaflavins suppress EGF- or TPA-induced neoplastic cell transformation

*  EGCG or theaflavins inhibit UVB-, arsenite, TPA- or EGF-induced phosphorylation
and activation of MAP kinases and/or their downstream targets, including AP-1 and
NF«B.

Theaflavins also act by inducing the down-regulation and ubiquitination of the EGFR.

Low concentrations of caffeine induce an increased p53 phosphorylation (Ser15) and
total p53 protein level that is associated with an induction of p53-dependent apoptosis,
and increased proapoptotic Bax and cleaved caspase-3 activation.

Caffeine also induces GO/GL1 cell cycle arrest in quiescent JB6 cells stimulated with
FBS (as mitogenic stimuli) that is associated with an inhibition of the cyclin D1/Cdk4
complex activation and phosphorylation of pRb and Akt.

Understanding the molecular mechanisms of tea in anti-tumor promotion may reveal key
molecular targets for the development of more effective agents with fewer side effects for the
chemoprevention of cancer. A continuing emphasis on obtaining rigorous research data and
critical analysis of those data regarding these and other food factors is vital to determine the
molecular basis and long-term effectiveness and safety of these compounds as
chemopreventive agents. Large-scale animal and molecular biology studies are needed to
address the bioavailability, toxicity, molecular target, signal transduction pathways, and side
effects of dietary factors. Clinical trials based on clear mechanistic studies are also needed to
assess the effectiveness of these dietary factors in the human population.
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Figure 1.

General scheme of MAP kinase (MAPK) activation by tumor promoters. Tumor promoters
suchas TPA, UV, arsenic, or EGF induce MAP kinase pathways to varying degrees. Generally
the promoter induces a MAP kinase kinase kinase (MAPKKK), which then induces a
downstream MAP kinase kinase (MAPKK) followed by its induction of the respective MAPK.
MAPKS translocate to the nucleus and in a process referred to as “transcriptional activation”
phosphorylate a variety of target transcription factors, including AP-1 and NF«xB. The final
cellular response ranges from an induction of apoptosis to an increase in proliferation
depending on the stimulus and the specific MAPK.
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Figure 2.
Structure and nomenclature of the green tea polyphenols.
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Structure and nomenclature of the theaflavins
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