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ABSTRACT. Prostate cancer (PCA) is the most common invasive malignancy and leading cause (after lung)
of cancer deaths in males. Since PCA is initially androgen-dependent, strategies are targeted toward androgen
depletion for its control. However, tumor re-growth mostly occurs following this modality, and is androgen-
independent. A loss of functional androgen receptor and an enhanced expression of growth factor receptors (e.g.
erbB family members) and associated ligands have been shown to be the causal genetic events in PCA
progression. These genetic alterations lead to an epigenetic mechanism where a feed-back autocrine loop
between membrane receptor (e.g. epidermal growth factor receptor [erbB1] and associated ligand (e.g.
transforming growth factor-a) results in an enhanced activation of extracellular signal-regulated protein kinase
1/2 (ERK1/2) as an essential component of the uncontrolled growth of PCA at an advanced and androgen-
independent stage. Together, we rationalized that inhibiting these epigenetic events would be useful in
controlling advanced PCA growth. Dietary polyphenolic flavonoids and isoflavones are being studied
extensively as cancer-preventive and interventive agents. Therefore, we focused our attention on silymarin,
genistein, and epigallocatechin 3-gallate (EGCG), present in milk thistle, soy beans, and green tea, respectively.
The effect of these agents was assessed on the erbB1-Shc-ERK1/2 signal transduction pathway, cell cycle
regulatory molecules, and cell growth and death. In androgen-independent human prostate carcinoma DU145
cells, silymarin, genistein, and EGCG resulted in a significant to complete inhibition of transforming growth
factor-a-caused activation of membrane receptor erbB1 followed by inhibition of downstream cytoplasmic
signaling target Shc activation and a decrease in its binding with erbB1, without an alteration in their protein
expression. Silymarin and genistein also inhibited ERK1/2 activation, suggesting that these agents impair the
activation of erbB1–Shc–ERK1/2 signaling in DU145 cells. In the case of EGCG, a further increase in ERK1/2
activation was observed that was related to its pro-oxidant and apoptotic activities. Silymarin, genistein, and
EGCG also resulted in a significant induction of Cip1/p21 and Kip1/p27 and a decrease in cyclin-dependent
kinase (CDK) 4, but a moderate inhibition of CDK2, cyclin D1, and cyclin E was observed. An enhanced level
of Cip1/p21 and Kip1/27 also led to an increase in their binding to CDK4 and CDK2. Treatment of cells with
silymarin, genistein, and EGCG also resulted in strong cell growth inhibition at lower doses, and complete
inhibition at higher doses. In contrast to silymarin, higher doses of genistein also showed cell death. A more
profound cytotoxic effect was observed in the case of EGCG, with strong cell death at lower doses and complete
loss of viability at higher doses. Together, these results suggest that cell signaling and regulators of cell cycle are
potential epigenetic molecular targets for prostate cancer prevention by dietary agents. More studies, therefore,
are needed with these agents to explore their anticarcinogenic potential against human prostate cancer.
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PROSTATE CANCER

Prostate cancer (PCA)† is the most common non-skin
malignancy in United States males, accounting for 41% of
newly diagnosed cases, and is the second leading cause

(after lung) of cancer deaths [1]. The prostate is one of the
accessory sex glands in males. PCA, however, is a prolifer-
ation of only prostatic epithelial cells and is predominantly
located in the peripheral zone of the prostate; it can also
occur in the transition zone. Despite the high incidence of
PCA, little is known with certitude about its etiology. The
induction of PCA in humans has been viewed as a
multistage process (as outlined in Fig. 1) involving progres-
sion from low histologic grade small latent carcinoma to
higher-grade large metastasizing carcinoma. It is becoming
clear that in the genesis of PCA a variety of pathogenetic
pathways exists. Among the widely accepted risk factors for
PCA are age, race ethnicity, and geographical dependence
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[2–4]. This malignancy is uncommon in the Asian popu-
lation and high in the Scandinavian countries, with the
highest incidence and mortality rates occurring in African
American Males, the latter being twofold higher than in
Caucasian American males [1–4]. Consistent with these
reports, both epidemiology and laboratory studies have also
suggested that diet and androgen alter PCA risk via a
common etiologic pathway [2, 3]. It is becoming increas-
ingly clear that androgens are involved in PCA pathogen-
esis and that cell division in the prostate is controlled by
testosterone following intracellular conversion to its re-
duced form dihydrotestosterone [3] (Fig. 1).

The importance of testosterone in PCA could be further
validated by studies showing that PCA rarely occurs in
eunuchs or in men with a deficiency in 5a-reductase, the
enzyme that converts testosterone to its active metabolite
dihydrotestosterone [5]. Since cell division and prolifera-
tion in prostate is controlled by testosterone [5], inhibiting
the biological effects of testosterone related to cellular
proliferation in prostate tissue could be a novel approach
for prevention against PCA. Indeed, androgen deprivation
as well as 5a-reductase blockers have been extensively
explored as a strategy for PCA prevention and therapy [5].
PCA patients treated with these therapies often experience
remission of their PCA; however, tumor re-growth occurs
which is largely due to progression of initially androgen-

dependent PCA cells to tumor cells that do not depend on
androgen for their proliferation [6] (Fig. 1).

PROSTATE CANCER CHEMOPREVENTION

Since, even with the very high number of PCA diagnoses
and related deaths in recent years, there are, other than
surgery, no treatments for PCA in most patients, it is
important that another strategy be developed. One ap-
proach is to prevent the occurrence of this disease in the
first place. While many new classes of cancer chemopre-
ventive agents are being evaluated in clinical trials for
other malignancies, little success has been achieved in
terms of PCA prevention. Chemoprevention of cancer is a
means of cancer control where the occurrence of disease
can be entirely prevented, slowed, or reversed by the
administration of one or a combination of naturally occur-
ring or synthetic compounds [7–12]. The overall goal of this
modality is to reduce cancer incidence and multiplicity in
the first place. The chemopreventive compounds are also
known as anticarcinogens where the preventive approach
includes intervention (or secondary prevention) of the
conversion of precancerous lesions into malignant carcino-
mas [7]. Examples include prostatic intraepithelial neopla-
sia to prostate carcinomas, actinic keratosis to skin squa-
mous cell carcinomas, etc. With regard to PCA prevention,

FIG. 1. Genesis of human prostate cancer is a multistep process. As shown in this figure, as an initial event, a normal epithelial prostate
cell undergoes several cellular, biochemical, and genetic alterations leading to the formation of low- followed by high-grade prostatic
intraepithelial neoplasia. The growth of transformed prostate epithelial cell is an elevated androgen-dependent phenomenon. Additional
genetic and epigenetic changes in high-grade prostatic intraepithelial neoplasia lead to clinical prostate cancer that is androgen-
dependent initially and can be monitored by an elevated serum prostate specific antigen (PSA) level. Since the malignancy is
androgen-dependent at this stage, androgen deprivation and 5a-reductase blockers are extensively used to control and manage the
disease at this point [5]. We have also reported that phytochemicals such as silymarin inhibit PSA levels regulated by both serum and
androgen, causing strong inhibition of growth [43]. These approaches lead to the inhibition of PCA growth, which could be related to
a decrease in serum PSA. Unfortunately, 1–3 years following these treatments, cancer re-growth mostly occurs that is totally
androgen-independent and causally involves genetic alterations such as the overexpressed erbB family of RTKs and associated ligands.
This situation leads to an epigenetic event of functional autocrine growth factor/receptor feed-back loop for the uncontrolled growth
of malignant PCA cells as well as their metastasis to distant sites.
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the preclinical efficacy of all-trans-N-(4-hydroxyphenyl-
)retinamide, a-difluoromethylornithine, dehydroepiandro-
sterone, lirazole, lovastatin, oltipraz, finasteride (Proscart),
9-cis-retinoic acid, etc., are being evaluated [13, 14]; all,
however, are non-food-derived synthetic agents.

EPIDERMAL GROWTH FACTOR RECEPTOR
FAMILY OF RECEPTOR TYROSINE KINASES
AND PROSTATE CANCER

The major goal of PCA research in recent years has been to
elucidate and focus on the biology and molecular mecha-
nisms of normal prostate and PCA to facilitate the design
and conduct of molecular mechanism-based early phase
prevention clinical trials. Indeed, several genetic alter-
ations have been identified that lead to the induction
and/or development of human PCA [13]. The early com-
ponents of signal transduction pathways, specifically those
of tyrosine kinases, were suggested to be of utmost signifi-
cance for controlled cell growth and differentiation [15].
Ironically, a single genetic alteration in any of the cell
signaling components results in continuous signaling,
which in turn leads to uncontrolled cell growth (prolifera-
tion). RTKs participate in transmembrane signaling,
whereas intracellular tyrosine kinases take part in signal
transduction within the cell, including signaling to the
nucleus [15]. Enhanced protein tyrosine kinase activity due
to overexpression of RTKs and/or tyrosine kinase can lead
to persistent stimulation by autocrinically secreted growth
factors that in turn can lead to disease [15]. Enhanced
activity of tyrosine kinases has been implicated in a wide
variety of human malignancies; several studies have shown
the increased expression of the EGFR or erbB family of
RTKs in human malignancies, suggesting their role in the
causation of such diseases [13, 15, 16]. With regard to
human PCA, the aberrant expression of the erbB family of
RTKs, such as EGFR (also known as erbB1), erbB2, and
erbB3, has been demonstrated with strikingly high fre-
quency in prostatic intraepithelial neoplasia and invasive
PCA, both primary and metastatic [13, 17–19]. In addition,
epidermal growth factor, TGF-a and erbB1 have been
shown to be associated with the regulation of prostatic cell
mitogenesis [20]. For example, hormone-independent pros-
tate carcinoma cells commonly express high levels of erbB1
and TGF-a, thus making a functional autocrine feed-back
loop for the hormone-independent growth of PCA [21, 22].
Employing the hormone-independent prostate carcinoma
cell lines PC-3 and DU145, it has been shown that
high-affinity, ligand-blocking monoclonal antibodies to
erbB1 prevent its activation and also result in the growth
inhibition of these cells [21–23]. Together, these studies
imply that members of the erbB family of RTK-mediated
signaling pathways may be contributory mechanisms for
human PCA growth and metastasis [13, 16]; therefore, one
practical and translational approach for the intervention of
PCA could be to identify the inhibitors of the erbB family
of RTK-mediated signaling pathway(s).

CELL CYCLE REGULATION

The significance of growth factors and the signaling path-
way(s) initiated by them to regulate cell cycle progression
in eukaryotes has been identified as an important compo-
nent of their function [24–29]. Several studies have shown
that cell signaling pathways determine cell growth as well
as inhibition through cell cycle regulation [24–29]. How-
ever, cancer cells often display abnormalities in genes that
govern the responses of these cells to external growth
factors, growth factor receptors, proteins involved in the
pathways of signal transduction in the cytoplasm, the
nucleus, or both, and nuclear transcription factors [29]. In
addition, defects in the regulation of cell cycle progression
are thought to be one of the most common features of
transformed cells [24]. Eukaryotic cell cycle progression is
regulated by sequential activation and subsequent inactiva-
tion of a series of CDKs at different phases [30–32]. The
activities of CDKs are positively regulated by cyclins and
negatively by CDKIs [25]. A cyclin–CDK complex hyper-
phosphorylates RB, leading to its release from E2F [24,
27–29]. The free transcription factor E2F then activates the
genes responsible for cellular proliferation by progression
through G1 phase [24, 27–29]. Impairment of a growth-
stimulatory signaling pathway (such as erbB1, raf, MAPK)
has been shown to induce the expression of CDKIs such as
Cip1/p21 and Kip1/p27 [23, 26, 27, 33]. An induced CDKI
binds to and subsequently inhibits cyclin–CDK activity,
which interferes with hyperphosphorylation of RB by keep-
ing it in the hypophosphorylated form and bound to E2F,
thereby blocking cell proliferation and inducing cell growth
arrest [24, 28, 29].

WORKING HYPOTHESIS

Taken together, the above-summarized studies clearly sug-
gest that progression of PCA depends on both genetic and
epigenetic events where the multistep process leads from
transformation of normal prostate epithelial cell over an
androgen-dependent non-metastatic phenotype to a highly
malignant metastatic androgen-independent malignancy
(Fig. 1). At this stage, a functional autocrine growth
factor/receptor loop plays a causal role in disease progres-
sion, and the prognosis is death of the host (Fig. 1).
Whereas it is equally important to focus on both genetic
and epigenetic events associated with this malignancy, one
could argue that other than gene therapy, corrections in
genetic defects may perhaps be more difficult to achieve.
Accordingly, the most practical and translational approach
to control human PCA could be to explore epigenetic
events as potential molecular targets for control, preven-
tion, and intervention of this deadly malignancy. In this
regard, it is important to highlight here that epidemiolog-
ical studies have shown that even with the same incidence
of latent small or non-infiltrating prostatic carcinomas, the
incidence of clinical PCA and associated mortality is low in
Japan and other Asian countries [34]. These epidemiolog-
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ical data further support the hypothesis that although the
initiation of PCA is inevitable, targeting the associated
epigenetic events could control its progression to clinical
cancer. For example, it can be argued that despite the same
incidence of latent prostatic carcinomas, the incidence of
clinical PCA is low in Asian countries because of their
dietary habits, among which is a regimen rich in several
flavonoids and isoflavones that inhibits the progression of
clinical PCA by modulating epigenetic events [35, 36]. It is
important to emphasize here that several dietary agents
including flavonoids and isoflavones have been implicated
in diet-related protection against cancer [7–12] and that
dietary habits in Asian countries largely include consump-
tion of yellow–green vegetables, fruits, soybeans, green tea,
etc. [11, 35, 36].

Taken together, the elements in the above discussion
lead to the working hypothesis that phytochemicals present
in the diet humans consume routinely as well as those in
dietary supplements could be strong preventive and inter-
ventive agents against PCA by modulating epigenetic
events associated with the progression of latent prostatic
neoplasia to clinical malignancy. Accordingly, we struc-
tured a working model (shown in Fig. 2) to assess the effect
of phytochemicals on these events in advanced and andro-
gen-independent human prostate carcinoma DU145 cells.
In constructing this study model, our rationale was that
inhibition of erbB1 activation (which is constitutively
active in DU145 cells and in advanced PCA for that
matter) will lead to inhibition of downstream signaling
targets such as Shc (in a classical erbB1-Shc-Grb2/SOS-
ras-raf-ERK1/2 signaling cascade) that will ultimately in-
hibit ERK1/2-mediated mitogenic signaling followed by an
increase in CDKI, causing an inhibition of CDK activity.
These effects will impair the hyperphosphorylation of RB,
keeping it in the hyperphosphorylated form and bound to
transcription factor E2F, thus leading to cell growth arrest.
Initially, we focused our efforts on assessing the effect of
silymarin using the model system detailed in Fig. 2. These
studies (the results are detailed later) showed that treat-
ment of prostate carcinoma DU145 cells with silymarin at
100–200-mM doses inhibits erbB1-Shc-ERK1/2 mitogenic
signaling and modulates cell cycle regulators, leading to a
G1 arrest and inhibition of cell growth and colony forma-
tion. Based on these exciting data, we next asked the
question whether these important findings could be ex-
tended to other flavonoids and isoflavones with cancer-
preventive potential such as EGCG and genistein. A brief
description for the selection of these agents is provided in
the following paragraph.

Fruits, vegetables, and common beverages, as well as
several herbs and plants with diversified pharmacological
properties, have been shown to be rich sources of micro-
chemicals with the potential to prevent human cancers
[7–12]. Among these, naturally occurring flavonoids and
isoflavones have received increasing attention in recent
years [7–12]. Accordingly, the major ongoing research

project in our laboratory has been to assess the effect of the
cancer-preventive phytochemicals silymarin (flavanone),
genistein (isoflavone), and EGCG (flavanol) (Fig. 3) on
epigenetic events involved in uncontrolled growth of ad-
vanced and androgen-independent PCA. Silymarin is a
naturally occurring agent present in milk thistle (Silybum
marianum) and is used clinically in Europe, and more
recently in Asia and the United States, for the treatment of
liver disease [37]. It is also sold as a dietary supplement in

FIG. 2. A study model showing an interaction of mitogenic cell
signaling with cell cycle regulators for cell growth. As shown in
this figure, following EGFR activation (phosphorylation), sev-
eral different mitogenic and cell survival pathways are activated
in the cytoplasm. In a classical set-up, EGFR activation leads to
recruitment of adoptor protein Shc followed by its activation and
binding to Grb2/SOS that causes activation of ras-raf-MEK1-
ERK1/2 mitogenic signaling [15, 62, 63]. Consistent with this
signaling pathway and an autocrine growth factor/receptor feed-
back loop, MAPK/ERK1/2 is constitutively active in advanced
and androgen-independent PCA, with this activation also caus-
ally associated with this malignancy at advanced stage [64, 65].
This and other mitogenic signaling cascades regulate cell cycle
progression, possibly by activating CDKs that together with
their catalytic subunit cyclins hyperphosphorylate RB, making
transcription factor E2F free for cell growth [23–29, 33]. This
model suggests that inhibition of erbB1 (EGFR) activation will
lead to inhibition of the classical erbB1-Shc-Grb2/SOS-ras-raf-
ERK1/2 signaling cascade that will ultimately inhibit ERK1/2-
mediated mitogenic signaling, followed by an increase in CDKI
and the resulting inhibition of CDK activity. These effects will
impair the hyperphosphorylation of RB, keeping it in the
hypophosphorylated form and bound to transcription factor
E2F, thereby blocking cell proliferation and inducing cell growth
arrest. Indeed, convincing evidence has been provided in recent
studies from our laboratory and by other investigators that this
is the case when phytochemicals and anti-EGFR antibody are
used [23, 62, 66]. MEK1, MAPK kinase; P13K, phosphatidyl-
inositol 3-kinase.
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the U.S.A. and Europe. Silymarin is non-toxic in acute,
subchronic, and chronic tests in different animals and has
no known LD50 [37]. In recent years, several studies from our
laboratory have shown the cancer-preventive effects of
silymarin in long-term tumorigenesis models and its anti-
carcinogenic activity in human prostate, breast, and cervi-
cal carcinoma cells [38–43]. Genistein is another dietary
agent present in soybeans (Glycine max) [44] and has
received much attention as a potential anticarcinogenic
agent due to its effect on a number of cellular processes [45].
Several epidemiological and animal tumor studies have
shown the preventive effects of genistein against various
cancers [44, 46]. With regard to PCA, the anticarcinogenic
and cancer-preventive effects of genistein have been exten-
sively studied using cell and organ cultures and animal
models; its efficacy is also being evaluated in PCA patients
[47–55]. Tea (Camellia sinensis) is one of the most common
beverages all over the world. Several studies from our group
and by others have shown the cancer-preventive and
anticarcinogenic effects of tea polyphenols on various
cancers including skin, lung, esophagus, stomach, liver,
intestine, pancreas, breast, and prostate [11, 12]. As a major
component, EGCG constitutes ;50% (w/w) of the total
green tea extract and has been implicated in both the
cancer-preventive and anticarcinogenic effects of green tea
[11, 12, 56–61].

EFFECT OF SILYMARIN ON EPIGENETIC
EVENTS IN DU145 CELLS

For these studies, two different approaches were used. First,
studies were done in serum-starved DU145 cells to assess
the effect of ligand-caused activation of erbB1-Shc-MAPK/
ERK1/2 mitogenic signaling, and secondly to determine the
effect of silymarin on constitutive activation of the same
signaling pathway and its association with cell cycle regu-
lators. Whereas the first set of studies was useful in defining
the mechanistic aspect of the study, the later studies
represent the clinical PCA situation where these prostate

carcinoma cells have autonomous growth advantage due to
the ligand–receptor autocrine feed-back loop. In the first
set of studies, treatment (with two medium changes at
12-hr intervals to remove ligand secreted via autocrine
mechanism) of 36-hr serum-starved DU145 cells with
silymarin resulted in a highly significant, dose-dependent
inhibition of TGF-a-mediated activation of erbB1, but no
change in its protein levels. Silymarin treatment of cells
also resulted in a significant decrease in tyrosine phosphor-
ylation of an immediate downstream target of erbB1, the
adapter protein SHC, together with a decrease in its
binding to erbB1. In other studies under similar treatment
conditions, silymarin also showed a dose-dependent inhi-
bition of TGF-a-caused activation of MAPK/ERK1/2 with-
out any change in ERK1/2 protein levels. In additional
studies, treatment of cells grown in 10% serum with
different doses of silymarin also resulted in significant
inhibition of constitutive tyrosine phosphorylation of both
erbB1 and Shc followed by ERK1/2, but no change in their
protein levels. Together, these results showed that silyma-
rin impairs erbB1-Shc-ERK1/2-mediated mitogenic signal-
ing in DU145 cells [62] (Fig. 4). In the erbB1-mediated
mitogenic signaling pathway, via activation of Shc-Grb2-
ras-raf, the ultimate cytoplasmic target is MAPK/ERK1/2,
which following its activation translocates to the nucleus
where it in turn activates transcription factors for cell
growth and proliferation [15, 63]. In the case of advanced
and androgen-independent PCA, several studies have
shown genetic alterations resulting in an enhanced expres-
sion for erbB1 and associated ligand that leads to an
epigenetic mechanism of autocrine growth loop via ligand/
erbB1 interaction [20–23]. Together, these studies suggest
that growth factors and receptors associated with PCA
progression regulate cell growth mostly through the activa-
tion of MAPKs. Indeed, recent studies have shown that
MAPK/ERK1/2 is constitutively very active in DU145 cells
and that epidermal growth factor, insulin-like growth fac-
tor-1, and protein kinase A activator significantly activate

FIG. 3. Chemical structure of phytochemicals cur-
rently being studied for their efficacy on cell sig-
naling and cell cycle regulators in human prostate
carcinoma cells as summarized in the present over-
view.
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MAPK/ERK1/2 in both LNCaP and DU145 human PCA
cells via the erbB1 receptor [64]. In addition, an increase in
the activation of MAPK/ERK1/2 signaling was also re-
ported more recently as human PCA progresses to a more
advanced and androgen-independent malignancy [65].
Consistent with the involvement of activated MAPK/
ERK1/2, possibly via the TGF-a/erbB1 autocrine loop, in
the progression of advanced and androgen-independent
human PCA, the results of our study showing that impair-
ment of erbB1-Shc activation results in the inhibition of
MAPK/ERK1/2 activation in DU145 cells by silymarin
could be of great significance in further evaluating the
effect of this dietary supplement in human PCA prevention
and/or intervention.

In the studies analyzing the effect of silymarin on cell
cycle regulatory molecules, silymarin treatment of cells
grown in 10% serum resulted in a significant induction of
the CDKIs Cip1/p21 and Kip1/p27, concomitant with a
significant decrease in CDK4 expression but no change in
the levels of CDK2, CDK6, and associated cyclin E and
cyclin D1. Cells treated with silymarin also showed an
increased binding of CDKIs with CDKs, together with a
marked decrease in the kinase activity of CDKs and
associated cyclins. In additional studies, treatment of cells

grown in 10% serum with anti-EGFR monoclonal antibody
clone 225 also resulted in a significant inhibition of
constitutive tyrosine phosphorylation of both erbB1 and
Shc, but no change in their protein levels. Furthermore,
whereas silymarin treatment resulted in a significant in-
crease in the protein levels of both Cip1/p21 and Kip1/p27,
monoclonal antibody 225 showed an increase only in
Kip1/p27 [62]. These findings suggest that the observed
effect of silymarin on an increase in CDKI protein levels is
mediated via inhibition of erbB1 activation only in the case
of Kip1/p27; however, additional pathways independent of
inhibition of erbB1 activation are possibly responsible for
the silymarin-caused increase in Cip1/p21 in DU145 cells
[62] (Fig. 4). In other studies, silymarin treatment also
induced a G1 arrest in the cell cycle progression of DU145
cells, and resulted in a highly significant to complete
inhibition of both anchorage-dependent and -independent
growth of DU145 cells in a dose- and time-dependent
manner. As summarized in Fig. 4, together these results
suggest that silymarin may exert a strong anticarcinogenic
effect against PCA and that this effect is likely to involve
impairment of the erbB1-Shc-ERK1/2-mediated mitogenic
signaling pathway, leading to an induction of CDKIs that
inhibit the growth-promoting activity of CDKs, causing G1
arrest followed by cell growth inhibition [62].

EFFECTS OF GENISTEIN AND EGCG ON
EPIGENETIC EVENTS IN DU145 CELLS: A
COMPARISON WITH SILYMARIN

Based on the above findings with silymarin, we next
wondered whether these important findings could be ex-
tended to other flavonoids and isoflavones with cancer-
preventive potential such as EGCG and genistein. For
these studies, 36-hr serum-starved DU145 cells were treated
with similar doses (100–200 mM) of silymarin, genistein,
and EGCG for 2 hr followed by ligand TGF-a for 15 min,
cell lysates were prepared, and levels of activated signaling
molecules (erbB1-Shc-ERK1/2) were analyzed by immuno-
precipitation and immunoblotting. As summarized in Table
1 [66], treatment of cells with silymarin, genistein, and
EGCG at 100–200 mM resulted in a complete inhibition of
TGF-a-caused activation of erbB1, followed by a moderate
to strong inhibition of Shc activation as well as its binding
to erbB1 without an alteration in their protein levels.
Silymarin and genistein also inhibited ERK1/2 activation
in a dose-dependent manner without an alteration in
protein levels. These results suggested that these phyto-
chemicals impair erbB1-Shc-ERK1/2 signaling in DU145
cells [66]. In the case of EGCG, it was interesting to
observe that it inhibited erbB1-Shc activation but further
stimulated ERK1/2 activation. At the same time as the
detailed mechanism of this effect is currently under inves-
tigation in our laboratory, initial observations suggest that
this effect of EGCG could be related to its pro-oxidant and
apoptotic activities [67].

In other studies, we assessed the effect of these three* Tyagi A, Agarwal C and Agarwal R, unpublished observation.

FIG. 4. A summary of the observed effects of silymarin on
erbB-1-Shc-ERK1/2 signaling and cell cycle regulators in hu-
man prostate carcinoma DU145 cells. An inhibition of erbB1
activation by silymarin leads to a lack of Shc activation and
binding to receptor followed by inhibition of ERK1/2 activation.
This impairment of mitogenic signaling selectively induces
Kip1/p27 followed by its increased binding to CDKs, causing an
inhibition of their enzyme activity. This leads to an impairment
of RB hyperphosphorylation, thereby keeping it hypophosphor-
ylated and bound to E2F.* Together, these effects cause an
arrest in cell cycle progression followed by cell growth inhibi-
tion.
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phytochemicals on cell cycle regulators and the growth and
death of DU145 cells. In these studies, as summarized in
Table 1 [66], silymarin, genistein, and EGCG resulted in a
significant induction of Cip1/p21 and Kip1/p27 and a
strong decrease in CDK4, but only a moderate effect on
CDK2 and cyclins D1 and E. An enhanced level of CDKIs
also led to an increase in their binding to CDK4 and CDK2.
Treatment of cells with silymarin, genistein, and EGCG
also resulted in 50–80% cell growth inhibition at lower
doses and complete inhibition at higher doses. In contrast
to silymarin, higher doses of genistein showed a cytotoxic
effect causing 30–40% cell death. A more profound cyto-
toxic effect was observed in the case of EGCG, with 50%
cell death at lower doses and a complete loss of viability at
higher doses (Table 1).

CONCLUSION AND FUTURE GOALS

Concluding the overview provided in this communication,
the convincing laboratory research findings summarized
herein show an inhibitory effect of phytochemicals on
erbB1-Shc-ERK1/2-mediated mitogenic signaling and on
modulation of cell cycle regulators (specifically CDKIs,
CDKs, cyclins, CDK activity) towards cell growth arrest
and death. These studies form the basis for the question:
what is the biological significance of the observed effect of
these agents in terms of: a) human prostate carcinoma
xenograft growth in nude mice; b) prostate cancer preven-
tion and/or intervention in animals models; and c) human
prostate cancer prevention/intervention in clinical trials?
Currently, such studies are in progress in our program on
“Phytochemicals and Cancer Prevention.” However, based
on studies already completed, it could be suggested that
flavonoids and isoflavones are a class of dietary agents
which should be studied in more detail to be developed as

preventive and/or anticarcinogenic agents against human
prostate cancer.
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