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5. INTRODUCTION 
Subject: Prostate cancer (PCA) is the most invasive and frequently diagnosed malignancy and the 

second leading cause (after lung) of cancer deaths in American males (1,2). Several studies have suggested that 
diet and androgen play a major role in the pathogenesis as well as in the promotion of PCA (2-8). Since PCA 
growth and development is initially androgen-dependent, androgen deprivation is used to control PCA (9). 
However, within a few years, tumor re-growth occurs which is largely due to progression/selection of initially 
androgen-dependent PCA cells to tumor cells that do not depend on androgen for their proliferation (10). At 
this stage, PCA growth is causally dependent on enhanced expression of growth factors and their receptors 
which lead to an autocrine loop for uncontrolled PCA growth and metastatic potential (11-20). In this regard, an 
enhanced expression of epidermal growth factor receptor (EGFR) and other members of this family and related 
ligands has been shown with high frequency in PCA (11-20). Thus, new approaches are needed to control 
advanced androgen-dependent and -independent PCA as well as to prevent the disease from developing. 
One approach to reduce PCA incidence and associated mortality is chemoprevention/chemo-intervention 
targeted towards the impairment of mitogenic signaling mediated by growth factor receptors. Several 
studies suggest that micro-chemicals present in fresh fruit, yellow-green vegetables and various herbs reduce the 
human cancer incidence and mortality due to stomach, colon, breast, lung, bladder, esophageal, prostate and 
other cancers (21-31). Among these, polyphenolic antioxidants are receiving increased attention in recent years 
as cancer preventive/interventive agents (32-34). Silymarin is also a polyphenolic flavonoid isolated from milk 
thistle (Silybum marianum (L.) Gaertn) and in its pure form composed mainly of stereoisomer silibinin (-90%, 
w/w) (35,36). For more than twenty-five years, silymarin and silibinin have been used clinically in Europe as an 
anti-hepatotoxic agent (37-40). In recent years, silymarin has also been used as a therapeutic agent in liver 
diseases in Asia and the United States, and marketed (in USA and Europe) as dietary supplement. Toxicity data 
on silymarin and silibinin as therapeutic agents show they are exceptionally well tolerated and largely free of 
adverse effects (41-44). Together, we concluded that silymarin and silibinin are non-toxic and have been 
well studied as dietary supplements and as therapeutic plant flavonoids. 

Purpose: The purpose of the studies in the current grant is the prevention/intervention of prostate 
cancer by silymarin targeted towards the impairment of EGFR-mediated mitogenic signaling involving 
the mechanistic approach on membrane receptor, cytoplasmic and nuclear signals and their biological 
significance in terms of PCA cell growth inhibition in nude mice tumor xenograft model. 

Scope: An ideal cancer preventive agent should have a) little or no toxic effects; b) high efficacy; 
c) a known mechanism of action; d) low cost; and e) human acceptability (26). Therefore, we emphasize 
that silymarin (or silibinin) have promise and potential to be ideal cancer preventive/interventive agents 
against prostate cancer and based on our completed studies, as therapeutic agents for early recurrent 
disease. The major scope of the studies in current grant is that their outcome will build a base for long-term 
phase II studies to a) further define the role of erbB family of RTKs and down stream events in human prostate 
cancer as molecular target(s) for intervention, and b) evaluate the therapeutic (and/or preventive) effects of 
silymarin (or silibinin) and other related agents against prostate cancer in investigative clinical trials with 
correlative laboratory studies. 



6. BODY 
Under this section "BODY", the research accomplishments associated with each Task outlined in the 

approved Statement of Work are described in sufficient detail in terms of experimental design, method 
employed, data obtained, interpretation of the results, and conclusion(s) drawn from the research findings. All 
the data are presented and discussed irrespective of their positive or negative outcome in a given experiment 
performed. We would also like to highlight here that each Task outlined in the approved Statement of Work, 
during first 12 months of funding, is described in detail in following pages in the same order as proposed in the 
original plan. In doing so, a separate sub-section is used for each Task. 

Rationale for the studies proposed in the current grant: In addition to its exceptionally high anti- 
carcinogenic activity in different epithelial tumorigenesis protocols (45-47), in mechanistic studies we found 
that silymarin inhibits EGFR (erbBl) activation and induces anti-proliferative effects in epidermoid carcinoma 
cells A431 (48,49). As mentioned earlier, since erbBl and other members of the erbB family play important 
roles in human prostate cancer (11-20), we reasoned that silymarin, by inhibiting erbBl activation, may impair 
associated downstream events leading to growth inhibition of prostate cancer cells. In our preliminary studies (at 
the time of the submission of present grant) we showed that silymarin treatment of androgen-independent 
human prostate carcinoma DU145 cells results in a significant inhibition of transforming growth factor a 
(TGFa)-mediated activation of erbBl, but no change in its protein levels. Silymarin treatment also resulted in a 
significant decrease in tyrosine phosphorylation of an immediate down-stream target of erbBl, the adapter 
protein SHC, together with a decrease in its binding to erbB 1. Blocking the activation of erbB 1 by silymarin 
was associated with a significant induction of cyclin-dependent kinase inhibitors (CDKIs) Cipl/p21 and 
Kipl/p27, concomitant with a decrease in cyclin-dependent kinase (CDK) 4 expression. 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. Silymarin treatment also induced a Gl arrest, and resulted in a highly 
significant to complete inhibition of both anchorage-dependent and -independent growth of DU145 cells. The 
data from all these studies are published (prior to the current grant funding) in a journal article entitled "A 
flavonoid antioxidant silymarin inhibits activation of erbBl signaling, and induces cyclin-dependent kinase 
inhibitors, Gl arrest and anti-carcinogenic effects in human prostate carcinoma DU145 cells" by Zi, X., Grasso, 
A.W, Kung, H.-J. and Agarwal, R.: Cancer Res, 58: 1920-1929, 1998. 

Together, above summarized results suggested that silymarin may exert a strong anti-carcinogenic effect 
against prostate cancer, and that this effect is likely to involve impairment of erbBl-mediated signaling 
pathway, induction of CDKIs, and a resultant Gl arrest. This suggestion was the rationale for the proposed 
studies (in four aims/tasks) in the current funded grant. 

6.1        Task (Aim) I: To study the effect of silymarin on membrane signaling. Months 1-9: All the studies 
proposed in this Task are completed, and described in detail below. 

6.1.a     Grow and maintain LNCaP and DU145 cells in culture: Both androgen-dependent LNCaP and 
androgen-independent DU 145 human prostate carcinoma cell lines were obtained from American Type Culture 
Collection (Bethesda, MD). Both the cell lines were thawed quickly in a waterbath at 37oC, and seeded in T100 
cell culture flask in PRMI1640 culture medium containing 10% fetal bovine serum and 1% penicillin- 
streptomycin antibiotics (all cell culture materials were from Gibco BRL, Gaithersburg, MD). Cultures from 
both the cell lines were maintained under standard culture conditions at 37oC, 95% air and 5% C02, and 90- 
95% humidity, in the above described culture medium. The cultures grown and maintained under these 
conditions were employed in all the studies detailed later in this section. 

Negative finding(s): Not applicable. 
Methodological problems: We have had no methodological or any other problems in growing and 

maintaining the two cell lines. 

6.1 .b & c Assess the effect of silymarin on ligand binding to erbBl and the internalization of the ligand in 
both cell lines: For all the studies performed assessing the effect of silymarin on different molecular events in 
LNCaP and DU145 cells, the pure form of silymarin, namely 'silibinin' (obtained from Sigma Chemical Co, 
Milwaukee, WI) was used in the studies. 



Experiment 1: Experimental design and Method: First, we did a dose-dependent study to assess the 
effect of silibinin on ligand binding to erbBl and ligand intemalization in both cell lines. These studies were 
performed as described by Baulida et al (50) with desired modifications. LNCaP and DU145 cells were seeded 
at 0.12 million cells/well in 12-well dishes under standard culture conditions, and after 24 hrs, the cells were 
subjected to serum starvation. Briefly, the attached cells were quickly washed two times with phosphate 
buffered saline (PBS) and replaced with fresh medium without serum. This serum starvation was necessary to 
shutdown the constitutive activation of erbBl and to make the receptor available for the ligand binding. After 
34 hrs under these serum starvation conditions, the cultures were treated with dimethyl sulfoxide (DMSO) 
vehicle alone or varying concentrations (50, 75, 100 and 150 ug/ml) of silibinin in DMSO. The final 
concentration of DMSO in each treatment including control was 0.5% (v/v) of the medium. Two hrs after these 
treatments, cultures were incubated with 125I-epidermal growth factor (EGF) [2 ng (0.28 uCi)/ml, specific 
activity 900 Ci/m mol obtained from Amersham Pharmacia Biotech] at 37°C for 6 min. At the end, medium 
was aspirated, and cultures were rapidly washed with ice-cold medium. The surface bound    I-EGF was 
removed by a rapid wash with 0.2 ml of glacial acetic acid (pH 2.8), added to 5 ml scintillation fluid and 
quantitated as a measure of surface bound ligand. The cells were then solubilized in 0.2 ml of 1 M NaOH, 
added to 5 ml scintillation fluid and counted to determine internalized 125I-EGF (ligand). The nonspecificity of 
binding and intemalization of ligand was determined by adding 400 ng unlabeled EGF 5 min prior to hot ligand. 

Results: As shown by data in Figure 1, silibinin treatment of LNCaP (panel A) and DU 145 (panel B) 
cells resulted in a highly significant inhibition (in a dose-dependent manner) of both ligand binding to erbBl as 
well as intemalization of the ligand. When the results were analyzed for LNCaP cells (Figure 1A), silibinin 
treatment at 50 ug/ml dose showed very little inhibitory effect towards ligand binding to erbBl, however higher 
doses of 75, 100 and 150 ug/ml silibinin resulted in a 30, 50 and 75% inhibition (P < 0.001, Student's t test), 
respectively. In terms of ligand intemalization in LNCaP cells, these four doses of silibinin resulted in much 
stronger effect accounting for 55, 30, 83 and 95% inhibition (P < 0.001, Student's t test) at 50, 75,100 and 150 
ug/ml doses, respectively. In case of DU145 cells (Figure IB), a reverse trend was observed towards the 
inhibitory effect of silibinin on ligand binding to erbBl and its intemalization. In this case, silibinin treatment at 
50, 75, 100 and 150 ug/ml doses resulted in 20, 35, 50 and 64% inhibition (P < 0.05 to 0.001, Student's t test)in 
ligand binding to erbBl, but 2, 12, 22 and 27% inhibition (P < 0.1 to 0.001, Student's t test) in ligand 
intemalization, respectively. An analysis of the results for nonspecific binding study using 200 fold excess of 
cold ligand showed that it was with 5% of specific binding for hot ligand (data not shown). 
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Figure 1: Dose-dependent inhibitory effect of silibinin on ligand binding to erbBl and the intemalization 
of the ligand in LNCaP (A) and DU145 (B) human prostate carcinoma cells. The details of experimental 
protocol and method are described above. In each case, the data shown are mean (with less than 5% error) of 
two independent experiment, each done in duplicate wells. 



Experiment 2: Experimental design and Method: Based on the results from dose-dependent study 
detailed above, second, we did a time-response study to assess the effect of time of silibinin treatment on ligand 
binding to erbBl and ligand internalization in both cell lines. The highest effective dose from experiment 1, 
150 ug/ml silibinin was used in this set of experiment. LNCaP and DU145 cells were seeded at 0.12 million 
cells/well in 12-well dishes under standard culture conditions, and after 24 hrs, the cells were subjected to serum 
starvation as detailed above. After 34 hrs under these serum starvation conditions, the cultures were treated with 
DMSO vehicle alone or 150 ug/ml of silibinin in DMSO for 10 min (0.16 hr), 0.5, 8 or 16 hrs. After these 
treatments, cultures were incubated with 125I-EGF (2 ng/ml) at 37°C for 6 min. At the end, medium was 
aspirated, and cultures were rapidly washed with ice-cold medium. The levels of surface bound    I-EGF and 
internalized 125I-EGF (ligand) were then determined as described above. 

Results: As shown by data in Figure 2, silibinin treatment, at 150 ug/ml dose, of LNCaP (panel A) and 
DU 145 (panel B) cells resulted in a highly significant inhibition (in a time-dependent manner) of both ligand 
binding to erbBl as well as internalization of the ligand. When the results were analyzed for LNCaP cells 
(Figure 2A), silibinin treatment for 10 min showed little inhibitory effect (15%) towards ligand binding to 
erbBl, however higher treatment times resulted in a 39, 64 and 74% inhibition (P < 0.001, Student's t test), 
respectively. In terms of ligand internalization in LNCaP cells, all the time points examined showed stronger 
effect accounting for 32, 44, 77 and 88% inhibition (P < 0.001, Student's t test) after 10 min, 0.5, 8 and 16 hrs of 
150 ug/ml dose of silibinin treatment, respectively. In case of DU145 cells (Figure 2B), similar time-dependent 
inhibitory effect of silibinin on ligand binding to erbBl and its internalization was observed. In this case, 
silibinin treatment at 150 ug/ml doses for 10 min, 0.5, 8 and 16 hrs resulted in 11, 50, 69 and 78% inhibition (P 
< 0.05 to 0.001, Student's t test) in ligand binding to erbBl, and 17, 34, 65 and 87% inhibition (P < 0.05 to 
0.001, Student's t test) in ligand internalization, respectively. 
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Figure 2: Time-dependent inhibitory effect of 150 ug/ml dose of silibinin on ligand binding to erbBl and 
the internalization of the ligand in LNCaP (A) and DU145 (B) human prostate carcinoma cells. The 
details of experimental protocol and method are described above. In each case, the data shown are mean (with 
less than 5% error) of two independent experiment, each done in duplicate wells. 

Taken together, the results shown in Figures 1 and 2, convincingly suggest that silibinin inhibits the 
binding of the ligand EGF to erbBl receptor in both LNCaP and DU 145 human prostate carcinoma cells that 
possibly also results in an inhibition of internalization of the ligand in these two prostate carcinoma cells. These 
findings also establish a cause for the observed inhibitory effect of silymarin (silibinin) on ligand (TGFa)-caused 
activation of erbBl in DU145 cells reported recently by our group (51). It could be suggested that this effect of 
silymarin (silibinin) is directly due to its inhibitory effect on ligand binding to erbBl and ligand internalization 
that leads to an inhibition of erbBl activation. 



Negative finding(s): In a dose-response study, the treatment of 34 hrs serum starved LNCaP and DU 145 
cells with 0.1, 1, 5,10 and 25 ug/ml doses for 2 hrs followed by hot ligand treatment for 6 min, did not result in 
an inhibition of either ligand binding to erbBl or ligand internalization (all these data are not shown). This 
experiment was done following same experimental strategy and methods as described above for Experiment 1. 

Methodological problems: We have had no methodological or any other problems in performing the 
studies in these Tasks. 

6.1.d    In vivo and in vitro erbBl intrinsic kinase activity assays evaluating the effect of silvmarin in both cell 
lines: For all the studies performed assessing the effect of silymarin on different molecular events in LNCaP and 
DU145 cells, the pure form of silymarin, namely 'silibinin' was used in the studies. 

Experimental design and Method: We did a dose-dependent study to assess the in vivo effect of silibinin 
on erbBl intrinsic kinase activity in both cell lines. These studies were performed as described recently by us 
(48) with desired modifications. LNCaP and DU145 cells were grown to 80% confluency in 100 mm dishes 
under the standard culture conditions detailed above, and treated with varying doses (10, 25, 50, 75, 100 and 150 
ug/ml) of silibinin in DMSO or DMSO vehicle alone. Sixteen hrs after these treatments, medium was removed, 
cultures were washed with ice cold PBS, and cell lysates were prepared under native lysis conditions. Briefly, 
0.5 ml lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.2 
mM sodium vanadate, 0.2 mM PMSF, 0.5% NP-40 and 0.2 U/ml aprotonin) was added per plate. After 15 min 
in lysis buffer at 4°C, the cell lysate was scraped from the plate, collected in microcentrifuge tubes and left on 
ice for additional 15 min followed by centrifugation, and clear supernatant was collected as soluble cell lysate 
for the desired studies. Equal amount of protein (200 ug/sample lysate) was subjected to immunoprecipitation 
with anti-EGFR antibody (clone 528 from Neomarkers, Union City, CA) and protein A beads as detailed by us 
recently (48,51). The immunoprecipitated erbBl embedded in protein A beads was suspended in 25 ul of kinase 
assay buffer (20 mM HEPES, 150 mM NaCl, 10% glycerol, 10 mM MnCl2 and 1 mM MgCl2) containing 10 
uCi of [32P]-ATP (from Amersham). The reaction mixture was incubated at 4°C for 15 min, terminated by 
adding 5 ul of 6 x sample buffer followed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) on 8% gel. The gel was dried followed by autoradiography. 

Results: The cytoplasmic domain of erbBl contains tyrosine kinase domain that is phosphorylated 
causing an activation of the receptor for further events (52). Recent studies from our laboratory have shown that 
treatment of A431 cells with silymarin results in a dose-dependent inhibition of intrinsic kinase activity of 
tyrosine in cytoplasmic domain of erbBl suggesting this pathway as one of mechanisms of silymarin's effect on 
the inhibition of erbBl activation (48). Interestingly, treatment of LNCaP and DU145 cells with different doses 
of silibinin for 16 hrs did not result in any inhibition of erbBl intrinsic kinase activity in both the cell lines 
examined (Figure 3). In case of LNCaP cells (Figure 3A), compared to vehicle treated control, the lowest dose 
assessed (10 ug/ml silibinin) showed no change in receptor kinase activity. The higher doses examined (25-150 
ug/mi), however, showed an increase in intrinsic kinase activity (Figure 3A). Unlike the results with LNCaP 
cells, in case of DU145 cells (Figure 3B), there was no considerable change in kinase activity following 
silibinin treatment at different doses. Together, these findings suggest that unlike A431 cells, in case of prostate 
carcinoma LNCaP and DU145 cells, the inhibitory effect of silibinin of erbBl activation does not involve its 
effect on receptor tyrosine kinase activity inhibition. 

Negative findings: As discussed above in the result section and shown in Figure 3, the data obtained 
were in contrast to our anticipation, and showed that silibinin does not inhibit erbBl intrinsic kinase activity in 
either of LNCaP and DU145 cells examined, and in fact causes some increase in the activity at higher doses in 
LNCaP cells. A cause for such an increase in kinase activity by silibinin in LNCaP cells remains to be studied. 

Methodological problems: We have had no methodological or any other problems in performing the 
studies in this Task. In fact the positive A431 cell lysate sample and negative sample without any cell lysate 
were useful in confirming the validity of the assay in these studies (Figure 3). 
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Figure 3: A lack of effect of silibinin on in vivo erbBl intrinsic kinase activity in LNCaP (A) and DU145 
(B) human prostate carcinoma cells. The details of experimental protocol and method are described above. 
In each case, the data shown are representative of three independent experiments with similar results. + ve 
control, cell lysate from A431 human epidermoid carcinoma cells that contain high erbBl levels (48) was used 
in place of sample extract in the assay; - ve control, no cell lysate was used in the assay. 

6.1.e     erbBl dimerization studies in intact cells and membrane preparation to assess the effect of silvmarin: 
For all the studies performed assessing the effect of silymarin on different molecular events in LNCaP and 
DU145 cells, the pure form of silymarin, namely 'silibinin' was used in the studies. 

Experimental design and Method: We did a dose-dependent study to assess the inhibitory effect of 
silibinin on erbBl dimerization in both cell lines. These studies were performed as described by Cochet et al 
(53) with desired modifications. LNCaP and DU145 cells were grown in 35 mm dishes to 80% confluency and 
then serum starved for 36 hrs. Cells were then treated with DMSO vehicle alone or varying concentrations of 
silibinin (50, 75, 100 and 150 ug/ml) for 2 hrs followed by ligand stimulation (50 ng/ml of TGFa,obtained from 
Gibco BRL) for 10 min at 37°C. The cross-linker, l-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDAC, 
obtained from Sigma Chem. Co.), was then added at 15 mM concentration for 15 min, and then cell lysates were 
prepared under non-denaturing conditions as described above. Equal protein (100 ug) from each cell lysate was 
subjected to SDS-PAGE on 4% gel followed by Western blotting. Membranes were probed with anti-EGFR 
and anti-phosphotyrosine antibodies followed by desired secondary antibodies and detection by ECL system as 
described recently by us (51). 

Results: As shown by data in Figure 4, compared to vehicle treated controls, treatment of serum starved 
LNCaP and DU145 cells with different doses of silibinin followed by ligand stimulation resulted in a dose- 
dependent inhibition of ligand-caused activation of erbBl in both the cell lines examined. As reported earlier 
that ligand-caused activation of erbBl results in its dimerization leading to a new band at 340 kDa (53), we also 
observed the formation of this band in positive control samples from both the cell lines where serum starved 
cultures were treated with ligand for 10 min followed by EDAC for 15 min (Figure 4, lane 3 in each panel). 
Whether assessed in terms of erbBl expression or tyrosine-phosphorylated erbBl, the formation of 340 kDa 
band following ligand stimulation was at the expense of a decrease in 170 kDa erbBl which further confirms 
that 340 kDa band was dimerized erbBl (Figure 4, lane 3 versus lane 2 in each panel). Consistent with its 
effect on inhibition of ligand-caused activation of erbBl, silibinin also showed a concentration-dependent 
inhibition of ligand-caused erbBl dimerization at all the doses examined in both LNCaP and DU 145 cells 
(Figure 4). 

Negative fmding(s): We did not get any negative results in this experiment. In fact, the data obtained 
were anticipated based on the findings from Tasks 'b' and 'c' showing that silibinin inhibits ligand binding to 
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erbBl and ligand internalization. These effects of silibinin were anticipated to result in an inhibition of erbBl 
activation followed by inhibition in erbBl dimerization, which is a receptor activation-dependent phenomenon. 

Methodological problems: We have had two major methodological problems in performing the studies 
in this Task. Firstly, treatment of both the cell lines during the last step with ED AC for erbBl dimerization for 
15 min turn out to be toxic for the cells. This problem is being handled by lowering the concentration of ED AC 
to 5 or 10 mM and reducing its treatment time to 5 or 10 min. In these scenarios, however, there was much 
reduced dimer formation. The second major problem encountered in this Task was separating a clear band at 
340 kDa. As is evident from the data shown in Figure 4, it is almost impossible to get a clean crisp 340 kDa 
band from the samples where ED AC was used for receptor dimerization. A strong background (like protein 
trailing) was always evident in these samples. Further standardization of the method and technique is in 
progress to overcome these two problems. 

1       2     3456789     10     11 
-«-340 kDa 

170 kDa 

LNCaP, IB: anti-erbBl 

-«-340 kDa 

170 kDa 

LNCaP, IB: anti-phosphotyrosine 

:iii! lip §§§§ mm w'1 
HI 

-«-340 kDa 

170 kDa 

B DU145, IB: anti-erbBl 

-4-340 kDa 

170 kDa 

DU145, IB: anti-phosphotyrosine 

Figure 4: Inhibitory effect of silibinin on ligand-caused erbBl dimerization in LNCaP (A) and DU145 (B) 
human prostate carcinoma cells. The details of experimental protocol and method are described above. In 
each case, the data shown are representative of three independent experiments with similar results. Lanes 1, 
serum starved cells; 2, serum starved cells treated with TGFot; 3, same as lane 2 but with EDAC; 4, 6,8 & 10, 
same as lane 2 but treated with 50, 75, 100 & 150 ug/ml silibinin for two hrs prior to ligand stimulation; 5, 7,9 
& 11, same as lanes 4, 6, 8 & 10 but with EDAC. IB, immunoblotting. 
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6.1.f& g Evaluate the effect of silvmarin on TGFot release and TGFa expression in both LNCaP and 
DU 145 cells: For all the studies performed assessing the effect of silymarin on different molecular events in 
LNCaP and DU145 cells, the pure form of silymarin, namely 'silibinin' was used in the studies. 

Experimental design and Method: We did both dose- and time-dependent study to assess the inhibitory 
effect of silibinin on TGFa release (the secreted form in the medium) and TGFa expression (cellular levels in 
the cells) in both cell lines. LNCaP and DU145 cells were grown to 60% confluency in 60 mm dishes under 
standard culture conditions detailed above. At this point, cultures were treated with DMSO vehicle alone or 
varying concentrations of silibinin (25, 50, 75 and 100 ug/ml) for 0, 6, 12, 24,48 and 72 hrs. After these 
treatments, medium was collected from each dish and stored at -80oC till further assay. At the same time, cells 
were also collected, washed in ice cold PBS, and cellular extracts were prepared following step-by-step protocol 
provided by the manufacturer for TGFa ELISA assay kit (cat #QIA 61 from Oncogene Research Products, 
Cambridge, MA). Employing medium and cellular samples collected and prepared above, released (secreted) 
and cellular TGFa levels were determined using the ELISA kit and following the protocol provided with the kit. 

Results: Several experiments are done in this Task, and a number of important findings were obtained 
from them. As shown by data in Figure 5A, in case of LNCaP cells, the cell growth alone in the absence of any 
silibinin treatment showed time-dependent increase in TGFa release in medium. Compared to a zero time point 
data, 6 hrs cell culture resulted in a 12-fold increase in ligand release which doubled by 24 hrs of culture; 
maximum TGFa release was observed following 48 hrs of LNCaP culture (Figure 5A). This observation was 
consistent no matter the data were analyzed in terms of amount of ligand/ml medium or per 10 cell. In the 
studies assessing the effect of silibinin on TGFa release in LNCaP cells, as shown by data in Figure 5A, it 
showed a highly significant inhibition in both dose- and time-dependent manner. Maximum effect of silibinin 
was evident following 48 hrs of its treatment and at the dose of 100 ug/ml (when the data are analyzed in terms 
of amount of ligand/106 cells) (Figure 5A). In terms of its effect towards ligand release/ml medium, silibinin 
showed much stronger inhibition even at lower doses and at other time points (Figure 5A). 

Similar results were also observed in case of DU 145 cells where culture growth alone over the period of 
time showed strong increase in TGFa release in the medium with optimum levels at 48 hrs followed by a small 
decline at 72 hrs (Figure 5B). When the effect of silibinin was assessed on ligand release in DU145 cells, 
compared to that observed in LNCaP cells, much stronger inhibitory effect was evident that was also dependent 
on silibinin dose and time of its treatment (Figure 5B). Once again, the maximum inhibition was evident at 100 
ug/ml silibinin dose but was at 24 hrs of treatment (when the data are analyzed in terms of amount of ligand/10 
cells) (Figure 5B). In terms of ligand release/ml of medium, even lower doses of silibinin showed strong 
inhibition (Figure 5B). Taken together, the findings from both LNCaP and DU 145 cells convincingly suggest 
that silibinin inhibits the release of TGFa. and that this inhibition is not due to a decrease in total number of 
cells in silibinin treated samples. 

Conversely to ligand release studies discussed above and shown in Figure 5, in case of cellular 
expression of TGFa, 6 to 72 hrs following initial culture, no significant change in its level was evident in either 
of the two prostate carcinoma cells examined in terms of both TGFa levels/ug cellular protein or /10 cells 
(Figure 6). A very strong inhibitory effect of silibinin, however, was observed on the cellular levels of TGFa in 
both LNCaP and DU145 cells (Figure 6). In case of LNCaP cells (Figure 6A), the inhibitory effect of silibinin 
was as high as 80% at both 75 and 100 ug/ml doses following 72 hrs of treatment; almost comparable inhibition 
was also evident at these doses after 48 hrs of treatment (Figure 6A). Even lower doses of silibinin showed 
strong inhibition following 24 hrs of treatment (Figure 6A). Similarly, silibinin also showed strong inhibitory 
effect on cellular TGFa expression in DU145 cells (Figure 6B). In this case, as high as 73% inhibition was 
observed at 50, 75 and 100 ug/ml silibinin doses after 72 hrs of treatment and 55-65% inhibition after 48 hrs of 
treatment at same doses (Figure 6B). Significant inhibitory effect of silibinin was also observed 24 hrs 
following its treatment at these doses and accounted for 37-41% inhibition (Figure 6B). Taken together, these 
findings from both LNCaP and DU145 cells corroborate those obtained for secreted TGFa. and suggest that 
silibinin inhibits the cellular levels of TGFa that results in a decrease in TGFa release- 

Negative finding(s): We did not get any negative results in these studies. 
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Methodological problems: We have had no problems in performing the studies in these Tasks. 
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Figure 5: Dose- and time-dependent inhibitory effect of silibinin on TGFoc release (in medium) in LNCaP 
(A) and DU145 (B) human prostate carcinoma cells. The details of experimental protocol and method are 
described above. In order to show the significance of the observed inhibitory effect of silibinin on TGFoc release 
in both the cell lines, the data are calculated as the amount of TGFoc (in pg) secreted in 1 ml of medium, and the 
amount of TGFoc secreted by 106 cells following vehicle (control) treatment or different doses of silibinin 
treatment. The later calculation was important because it can be argued that since silibinin treatment inhibits the 
growth of cells, a decrease in the observed TGFoc release is due to a decrease in total number of cells in silibinin 
treated cases. However, as can be seen from the data presented, after the correction for cell numbers, that is not 
the case. Each data point shown is the mean (+ SE) of two independent experiment each done in triplicate. 
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Figure 6: Dose- and time-dependent inhibitory effect of silibinin on cellular TGFoc expression in LNCaP 
(A) and DU145 (B) human prostate carcinoma cells. The details of experimental protocol and method are 
described above. In order to show the significance of the observed inhibitory effect of silibinin on cellular 
TGFoc expression in both the cell lines, the data are calculated as the amount of TGFa (in ng) per 1 pg of 
cellular protein, and the amount of TGFa per 106 cells following vehicle (control) treatment or different doses of 
silibinin treatment. Both the calculations lead to comparable pattern, and suggest that the observed inhibitory 
effect of silibinin on TGFa release be due to a highly significant inhibition of cellular TGFa expression 
following silibinin treatment. Each data point shown is the mean (+ SE) of two independent experiment each 
done in triplicate. 
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6.2       Task (Aim) II; To study the effect of silymarin on cvtoplasmic signaling. Months 9-18: Part of the 
studies proposed in this Task are completed, and described in detail below. 

6.2.a&c Assess the effect of silymarin on activation of erbBl in LNCaP and DU 145 cells: For all the 
studies performed assessing the effect of silymarin on different molecular events in LNCaP and DU145 cells, 
the pure form of silymarin, namely 'silibinin' was used in the studies. 

Experimental design and Method: Based on the findings shown in Figure 1 that 150 ug/ml dose of 
silibinin results in a highly significant inhibition of ligand binding to erBl as well as ligand internalization, in 
the present experiment, we used same dose of silibinin to assess its time-dependent inhibitory effect on erbBl 
activation in both LNCaP and DU145 cells. LNCaP and DU145 cells were grown to 60% confluency in 100 mm 
dishes under standard culture conditions detailed above. At this point, cultures were treated with DMSO vehicle 
alone or 150 ug/ml dose of silibinin in DMSO. After 6,12, 24,48 and 72 hrs., medium was removed, cultures 
were washed two times with ice cold PBS, and cell lysates were prepared under non-denaturing conditions as 
described above in detail. Equal amount of protein (200 ug) from each cell lysate was diluted to 1 ml with lysis 
buffer and added with 2 jag of anti-EGFR (erbBl) antibody (from UPSTATE Biotechnology, Lake Placid, NY) 
followed by rotating this mixture at 4°C for 4 hrs. Thereafter, 25 ul of protein A agarose beads were added, and 
this mixture was incubated overnight at 4°C. The next day, beads were collected by centrifugation, washed four 
times with lysis buffer and the immunoprecipitated erbBl was denatured with 30 ul of lx SDS-PAGE sample 
buffer. The samples were subjected to SDS-PAGE on 8% gel, and separated proteins were transferred on to 
nitrocellulose membrane by Western blotting. The membranes were probed with anti-phosphotyrosine and anti- 
EGFR antibodies (from UPSTATE Biotechnology, Lake Placid, NY) followed by peroxidase conjugated 
appropriate secondary antibody and visualization by ECL detection system. 

Results: As expected, treatment of both LNCaP and DU 145 cells with silibinin resulted in a highly 
significant inhibition (in a time-dependent manner) of constitutive erbBl activation (Figure 7). In case of 
LNCaP cells, as shown in Figure 7A, compared to DMSO treated control, silibinin treatment at 150 ug/ml dose 
resulted in the inhibition of erbBl activation as early as by 6 hrs. By 48 hrs most of activated erbBl expression 
was inhibited, and by 72 hrs it was not detectable. The observed inhibitory effect of silibinin of erbB 1 
activation (tyrosine phosphorylation) was not due to a decrease in total erbBl protein expression as evident by a 
no change in its content following silibinin treatment for the time points studied (Figure 7A, lower panel). In 
case of DU 145 cells, much stronger inhibitory effect of silibinin at this dose was evident on erbBl activation 
(Figure 7B). Whereas 6 hrs of silibinin treatment was not effective, by 12 and 24 hrs, most of activated erbBl 
expression was inhibited, and by 48 hrs it was not detectable (Figure 7B). Once again, this effect of silibinin in 
DU145 cells was not due to a change in total erbBl protein levels (Figure 7B, lower panel). Together, these 
results convincingly suggest that silibinin inhibits erbBl activation in both LNCaP and DU 145 human prostate 
carcinoma cells, and that this effect is due to: a) inhibition of ligand binding to erbBl followed by an inhibition 
in ligand internalization, and b) inhibition in cellular expression of TGFa followed by a decrease in its release. 

Negative finding(s): We did not get any negative results in these studies. 

Methodological problems: We have had no problems in performing the studies in these Tasks. 

Studies in progress in these Tasks: 
• Dose-dependent effect of silibinin (after 24 hrs of treatment) on constitutive erbB 1 activation in 

both LNCaP and DU145 cells. 

• Both dose- and time-dependent effect of silibinin on ligand-caused activation of erbB 1 in both 
LNCaP and DU145 cells. 
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Figure 7: Time-dependent inhibitory effect of silibinin on constitutive erbBl activation in LNCaP (A) and 
DU145 (B) human prostate carcinoma cells. The details of experimental protocol and method are described 
above, and the treatments are labeled as such in the figure shown; C, vehicle treated control at 36 hrs. In each 
case, the data shown are representative of three independent experiments with similar results. IP, 
immunoprecipitation; IB, immunoblotting. 

6.2.b & d Assess the effect of silvmarin on MAPK activation in LNCaP and DU145 cells: For all the 
studies performed assessing the effect of silymarin on different molecular events in LNCaP and DU 145 cells, 
the pure form of silymarin, namely 'silibinin' was used in the studies. The MAPK activation studied was 
ERK1/2. 

Experimental design and Method: Based on the findings shown in Figure 1 that 150 ug/ml dose of 
silibinin results in a highly significant inhibition of ligand binding to erBl as well as ligand internalization, and 
Figure 7 showing that this dose of silibinin significantly inhibits constitutive erbBl activation in a time- 
dependent manner, in the present experiment, we used same dose of silibinin to assess its time-dependent 
inhibitory effect on MAP/ERK1/2 activation in both LNCaP and DU145 cells. LNCaP and DU145 cells were 
grown to 60% confluency in 100 mm dishes under standard culture conditions detailed above. At this point, 
cultures were treated with DMSO vehicle alone or 150 ug/ml dose of silibinin in DMSO. After 12, 24, 48 and 
72 hrs., medium was removed, cultures were washed two times with ice cold PBS, and cell lysates were 
prepared under non-denaturing conditions as described above in detail. Equal amount of protein (80 u,g) from 
each cell lysate was denatured with SDS-PAGE sample buffer. The samples were subjected to SDS-PAGE on 
12% gel, and separated proteins were transferred on to nitrocellulose membrane by Western blotting. The 
membranes were probed with anti-phospho MAPK/ERK1/2 and anti-MAPK/ERKl/2 antibodies (from New 
England Biolab Inc, Beverly, MA) followed by peroxidase conjugated appropriate secondary antibody and 
visualization by ECL detection system. 

Results: Similar to our anticipation, treatment of both LNCaP and DU 145 cells with silibinin resulted in 
a highly significant inhibition (in a time-dependent manner) of constitutive MAPK/ERK1/2 activation (Figure 
8). In case of LNCaP cells, as shown in Figure 8A, compared to DMSO treated control, silibinin treatment at 
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150 |iig/ml dose resulted in a strong inhibition of MAPK activation after 48 hrs and by 72 hrs it was not 
detectable. The observed inhibitory effect of silibinin on MAPK/ERK1/2 activation (tyrosine phosphorylation) 
was not due to a decrease in total MAPK/ERK1/2 protein expression as evident by a no change in its content 
following silibinin treatment for the time points studied (Figure 8A, lower panel). In case of DU145 cells, 
much stronger inhibitory effect of silibinin at this dose was evident on MAPK activation (Figure 8B). Whereas 
12 and 24 hrs of silibinin treatment showed small inhibitory effect, by 48 hrs, most of activated MAPK/ERK1/2 
expression was inhibited, and by 72 hrs it was almost not detectable (Figure 8B). This effect of silibinin in 
DU145 cells was not due to a change in total MAPK/ERK1/2 protein levels (Figure 8B, lower panel). 
Together, these results convincingly suggest that silibinin inhibits erbBl activation in both LNCaP and DU 145 
human prostate carcinoma cells, and that this effect leads to a significant inhibition of mitogenic signaling 
mediated downstream by MAPK/ERK1/2. The biological significance of these findings is discussed later in 
section 9 - conclusion under so what section. 

Negative finding(s): We did not get any negative results in these studies. 

Methodological problems: We have had no problems in performing the studies in these Tasks. 

Studies in progress in these Tasks: At this point in our annual progress report, we would like to 
highlight that the other studies proposed in these tasks are in progress, and will be completed by 18 months of 
initial funding as proposed in the approved Statement of Work. At that point, we will start the studies proposed 
to be completed in 15 months to 24 months of the funding. We would also like to mention here that in addition 
to the studies proposed during this funding period, we have already done part of the work from Task (Aim) III 
(to be done during Months 15-24) that has already resulted in an outstanding publication (54). Since, this work 
was not part of the first 12 months of Task, it will be discussed in detail and reported in next annual report. 
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Figure 8: Time-dependent inhibitory effect of silibinin on constitutive MAPK/ERK1/2 activation in 
LNCaP (A) and DU145 (B) human prostate carcinoma cells. The details of experimental protocol and 
method are described above, and the treatments are labeled as such in the figure shown; C, vehicle treated 
control at 36 hrs. hi each case, the data shown are representative of three independent experiments with similar 
results. IP, immunoprecipitation; IB, immunoblotting. 
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7. KEY RESEARCH ACCOMPLISHMENTS 
There were several key research accomplishments during the current (annual) progress of this grant, 

which include both academic and professional achievements. The academic accomplishments are summarized 
below. 
• Treatment of LNCaP and DU 145 human prostate carcinoma cells with silymarin results in a highly 

significant inhibition of TGFoc binding to erbBl receptor in both dose- and time-dependent manner. 
• Consistent with above finding, silymarin also showed a strong inhibition of ligand (TGFoc) internalization in 

these two cell lines. 
• Conversely, silymarin does not result in the inhibition of intrinsic tyrosine kinase activity of erbBl in both 

LNCaP and DU145 cells. 
• The observed inhibitory effect of silymarin on ligand binding to erbBl and ligand internalization also 

resulted in an inhibition of erbBl activation followed by its dimerization that leads to activation of 
downstream mitogenic signaling. 

• These inhibitory effects of silymarin on LNCaP and DU145 cells also corroborate with its inhibitory effect 
on both cellular and released expression of TGFoc in these two cell lines. 

• Together these effects of silymarin resulted in a strong inhibition of constitutive MAPK/ERK1/2 activation 
in both LNCaP and DU 145 cells. 

In terms of professional accomplishments, based on the results from these studies published in two 
respected journals (51,54), the P.I. has been invited to present these findings at three separate meetings, two 
international, and one national. The P.I. was also able to develop his academic career in prostate cancer research 
that is another major accomplishment. Based on the knowledge gained by him in the area of receptor mitogenic 
signaling in prostate cancer, he has received a fundable priority score for a ROl grant funding from NCI, NIH 
starting December 1, 1999 in the area of receptor mitogenic and anti-apoptotic signaling in prostate cancer and 
their impairment by phytochemicals. These accomplishments are further highlighted (in a bullet format) in the 
next section. 

8. REPORTABLE OUTCOMES 
Manuscript: 
1. Zi, X. and Agarwal, R.: Silibinin decreases prostate-specific antigen with cell growth inhibition via Gl 

arrest, leading to differentiation of prostate carcinoma cells: Implications for prostate cancer 
intervention. Proc. Natl. Acad. Sei. USA, 96:7490-7495, 1999. (Appendix 1). 

2. Zi, X. and Agarwal, R.: Impairment of erbBl receptor-mediated and fluid-phase endocytosis, and 
associated mitogenic signaling by inositol hexaphosphate in human prostate carcinoma DU145 cells: a 
novel approach for the intervention of prostate cancer. Submitted. (Appendix 2). 

3. Bhatia, N. and Agarwal, R.: Detrimental effect of polyphenolic antioxidants on membrane receptor, 
cytoplasmic and nuclear signaling in human prostate carcinoma DU145 cells: a comparison of silymarin 
and genistein. In Preparation. 

4. Sharma, Y, and Agarwal, R.: A flavonoid antioxidant silibinin inhibits constitutive activation of erbBl 
and MAPK by a strong inhibitory effect on ligand binding to erbBl and both cellular and released 
expression of ligand in human prostate carcinoma cells. In Preparation. 

Abstracts and Presentations 
5. Agarwal, R.: Prostate Cancer Prevention by an antioxidant silymarin. Invited Talk at International 

Conference on Diet and Prevention of Cancer, Tampere, Finland, June, 1999. (Appendix 3). 
6. Agarwal, R.: Mitogenic and anti-apoptotic signaling as molecular targets for prostate cancer prevention 

by an antioxidant silymarin. Invited Talk to be delivered at Endocrinology Seminar at University of 
Colorado Cancer Center, December, 1999. 

7. Agarwal, R.: Cell signaling, regulators of cell cycle and apoptosis as molecular targets for prostate 
cancer intervention by dietary agents. Invited Talk to be delivered at Third Molecular and Cellular 
Biology Meeting, Luxembourg, January 26-29, 2000. 

8. Sharma, Y, and Agarwal, R.: A flavonoid antioxidant silibinin inhibits TGFa expression and it's 
binding to erbBl resulting in impairment of ligand/receptor autocrine growth loop in human prostate 
carcinoma cells. Abstract submitted for presentation in Annual Meeting of the AACR, 2000. 
(Appendix 4). 
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Patents and licenses applied for and/or issued: None. 
Degrees obtained that are supported by this award: Not applicable. 
Development of cell lines, tissue or serum repositories: None. 
Informatics such as databases and animal models, etc: None. 
Funding: The P.I. has received a fundable priority score on a ROl grant from NCI, NIH entitled "Receptor 

Signaling, Phytic Acid and Prostate Cancer" Amount of funding expected: $539,598; duration of the 
project: 12/1/99 to 11/30/03. 

Employment/research opportunities: None other than mentioned above in Funding. 

9. CONCLUSIONS 
9.1 Summary of results from completed studies including their importance and/or implications: The 

findings obtained thus far from the studies detailed above in section 6, clearly and convincingly suggest that 
silymarin (or silibinin) has exceptionally strong inhibitory effect on erbBl-mediated mitogenic signaling in case 
of both androgen-dependent and androgen-independent human prostate carcinoma cells. These results alone are 
major accomplishments towards the notion that more detailed mechanistic and tumor studies are needed to 
assess both preventive and interventive effects of silymarin (or silibinin) against human prostate cancer. 

The major implication of these findings is that this effect of silymarin could be exploited to inhibit the 
growth of those prostate carcinomas where an interaction of autocrine/paracrine growth factors and their 
receptors plays a causal role in malignant cell growth and metastasis. As elaborated earlier that advanced and 
androgen-independent prostate cancer growth causally depends on such interactions where an autocrine loop 
exists between ligand and receptor, our findings showing an inhibitory effect of silymarin on these molecular 
events are extremely important in developing interventive strategies against prostate cancer by silymarin. 

9.2 "So what section": From the findings detailed earlier and summarized above, it can be argued that 
silymarin exerts its inhibitory effect on prostate carcinoma cells by different mechanisms that are possibly 
linked to each other by a cause and effect relationship. For example, it can be argued that as an initial step, 
silymarin inhibits the binding of the ligand to erbBl that results in an inhibition of ligand internalization. Since 
these steps are essential for erbBl activation, their inhibition results in an inhibition of erbBl activation 
followed by a lack of its dimerization that ultimately causes a decrease in the activation of MAPK/ERK1/2. As 
activation of MAPK/ERK leads to activation of transcription factor for cell growth and proliferation, its 
inhibition would be anticipated to lead in an inhibition of trascriptional followed by translational effects 
including a decrease in TGFa expression followed by its release, as observed by us in silymarin treated cells. 
An important question from these arguments is so what if silymarin inhibits these molecular events in prostate 
carcinoma cells, and so what if these studies establish a cause and effect relationship. What is the biological 
significance of these findings in terms of prostate carcinoma growth? This issue was identified to be 
extremely important to establish the implications of the findings observed thus far. A two-tier approach 
was made to answer this issue where we planned to conduct prostate carcinoma cell growth (and death) studies 
employing both in vitro and in vivo (nude mice tumor xenograft) systems. Whereas nude mice tumor xenograft 
studies will be performed in year 02 of the funding (as proposed in the approved Statement of Work), the cell 
growth studies (in culture) were performed during current funding period (though not part of the approved 
Statement of Work). 

As shown by data in Figure 9, treatment of LNCaP and DU145 human prostate carcinoma cells with 
silymarin (in its pure form, silibinin) resulted in a highly significant inhibition of cell growth in both dose- and 
time-dependent manner. Whereas low doses of silibinin (10 and 25 ug/ml) were not effective at all the time 
points studied, the doses higher than these (50, 75 and 100 ug/ml silibinin) showed strong inhibitory effect on 
cell growth in both the cell lines (Figure 9). The treatment of these cells with higher doses of silibinin for 
longer treatment period also resulted in a moderate cell death (Figure 9). 

The observed dose- and time-dependent inhibitory effect of silibinin on cell growth strongly 
corroborated with its dose- and time-dependent inhibitory effect on the molecular events detailed above 
suggesting that the two are causally related in inhibiting prostate cancer growth by silymarin. 
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Figure 9: Inhibitory effect of silibinin on the growth of LNCaP and DU145 human prostate carcinoma 
cells in culture. LNCaP and DU 145 cells were seeded at 4 x 105 cells/35 mm dish under standard culture 
conditions in RPMI 1640 medium with 10% serum and 1% P-S. After 24 hrs, the medium was removed and 
cultures were treated with either DMSO alone (control) or varying doses of silibinin in DMSO. The medium 
was changed alternate days with desired amount of fresh silibinin upto the end of the study. At 1, 2, 3 and 4 
days after these treatments, cells were trypsinized and both live and dead (by trypan blue staining) cells were 
counted. Each data point shown is a mean + SE of triplicate plates, the experiment was done two times. 
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Silibinin decreases prostate-specific antigen with cell growth 
inhibition via Gi arrest, leading to differentiation of prostate 
carcinoma cells: Implications for prostate cancer intervention 
XlAOLIN Zl* AND RAJESH ÄGARWAL*t$ 

"Center for Cancer Causation and Prevention, AMC Cancer Research Center, 1600 Pierce Street, Denver, CO 80214; and ^University of Colorado Cancer Center, 
University of Colorado Health Sciences Center, Denver, CO 80262 

Communicated by Donald C. Malins, Pacific Northwest Research Institute, Seattle, WA, April 26, 1999 (received for review September 1, 1998) 

ABSTRACT Reduction in serum prostate-specific antigen 
(PSA) levels has been proposed as an endpoint biomarker for 
hormone-refractory human prostate cancer intervention. We 
examined whether a flavonoid antioxidant silibinin (an active 
constituent of milk thistle) decreases PSA levels in hormone- 
refractory human prostate carcinoma LNCaP cells and whether 
this effect has biological relevance. Silibinin treatment of cells 
grown in serum resulted in a significant decrease in both 
intracellular and secreted forms of PSA concomitant with a 
highly significant to complete inhibition of cell growth via a Gi 
arrest in cell cycle progression. Treatment of cells grown in 
charcoal-stripped serum and 5a-dihydrotestosterone showed 
that the observed effects of silibinin are those involving andro- 
gen-stimulated PSA expression and cell growth. Silibinin- 
induced Gi arrest was associated with a marked decrease in the 
kinase activity of cyclin-dependent kinases (CDKs) and associ- 
ated cyclins because of a highly significant decrease in cyclin Dl, 
CDK4, and CDK6 levels and an induction of Cipl/p21 and 
Kipl/p27 followed by their increased binding with CDK2. Sili- 
binin treatment of cells did not result in apoptosis and changes 
in p53 and bcl2, suggesting that the observed increase in Cipl/ 
p21 is a p53-independent effect that does not lead to an apoptotic 
cell death pathway. Conversely, silibinin treatment resulted in a 
significant neuroendocrine differentiation of LNCaP cells as an 
alternative pathway after Cipl/p21 induction and Gi arrest. 
Together, these results suggest that silibinin could be a useful 
agent for the intervention of hormone-refractory human pros- 
tate cancer. 

Prostate cancer (PCA) is the most common invasive malignancy 
and second leading cause of cancer deaths in United States males 
(1). Clinical PCA incidence is low in Asians and highest in 
African-Americans and Scandinavians (2, 3). However, once 
moved to the United States, incidence and mortality because of 
PCA increase in Asians, approximating those of Americans (3). 
Epidemiological studies suggest that dietary and environmental 
factors are major causes for an increase in PCA (2, 3). Low-fat 
and high-fiber diets significantly affect sex hormone metabolism 
in men (4). In Japan and other Asian countries, despite the same 
incidence of latent small or noninfiltrating PCA, mortality rate is 
low (3). This could be explained, at least partly, by a diet-related 
lowering of biologically active androgen (4). The importance of 
androgen in PCA also is suggested by the observations that PCA 
rarely occurs in eunuchs or men with deficiency in 5a-reductase, 
the enzyme that converts testosterone to its active metabolite 
5a-dihydrotestosterone (DHT) (5). In addition, at least 75% of 
PCAs with metastatic potential are androgen-dependent at initial 
diagnosis (6). 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 

PNAS is available online at www.pnas.org. 

Androgen receptors (ARs) are required for development of 
both normal prostate and PCA (7). A high proportion of muta- 
tions are shown in the ligand-binding domain of AR in hormone- 
refractory and metastatic PCA (7), and mutant ARs could be 
activated by estrogen and progesterone (7). Changes in specificity 
of AR may provide a selective advantage in metastatic androgen- 
independent PCA because they remain active after androgen 
ablation (7). A notable gene regulated by androgen in normal 
prostate and PCA cells is prostate-specific antigen (PSA) (8). 
PSA is demonstrated to be a sensitive and specific tumor marker 
for PCA screening and assessment (9) and is used as an indicator 
of disease and response to PCA therapy (10). Several trials also 
have shown a direct relationship between decline in PSA and 
shrinkage of PCA (11). Whereas stimulation of mutant AR in 
human PCA LNCaP cells by androgen does not differ from 
stimulation of wild-type AR, estrogenic substance and some 
antiandrogens bind to AR in LNCaP cells with higher affinity, 
efficiently stimulate its transactivation function, and increase 
PSA (7). 

Traditional Asian diets are low in animal proteins and fat, high 
in starch and fiber, and rich in "weak plant estrogens," which are 
released in large amounts in urine and serum (12, 13). Some of 
these phytoestrogens possess weak estrogenic, antiestrogenic, and 
antioxidant activity, and, therefore, possess the potential for 
exerting an influence on hormone-dependent cancers including 
PCA (12, 13). Two groups of phytoestrogens, polyphenolic fla- 
vonoid antioxidants and lignans, are receiving attention for the 
prevention and intervention of human cancers including PCA 
(12-14). Silymarin, a polyphenolic flavonoid isolated from the 
seeds of milk thistle (Silybum marianum), is composed mainly of 
silibinin (or silybin; Fig. L4), with small amounts of other 
stereoisomers isosilybin, dihydrosilybin, silydianin, and silychris- 
tin (15). Silymarin and silibinin have human acceptance, being 
used clinically in Europe and Asia for the treatment of liver 
diseases (reviewed in refs. 16-19). Human populations in Europe 
have been using silymarin or silibinin in a whole range of liver 
conditions (16, 17). As therapeutic agents, both silymarin and 
silibinin are well tolerated and largely free of adverse effects 
(15-19). Silymarin is sold in the United States and Europe as a 
dietary supplement, and silibinin is used clinically as silipide, a 
lipophilic silibinin-phosphatidylcholine complex (16). 

Recently, we showed that silymarin affords high to complete 
protection against tumorigenesis in mouse skin models (18, 19). 
Likewise, in a mammary gland culture initiation-promotion 
protocol, silymarin inhibits tumor promotion (19). More recent 
studies by us found that both silibinin and silymarin possess 
comparable inhibitory effects on human carcinoma cell growth 

Abbreviations: AR, androgen receptor; CDK, cyclin-dependent ki- 
nase; CDKIs, CDK inhibitors; DHT, 5a-dihydrotestosterone; EC, 
electrochemical; cFBS, charcoal-stripped FBS; K8 & K18, cytokeratins 
8 and 18; PCA, prostate cancer; PSA, prostate-specific antigen; RB, 
retinoblastoma. 
$To whom reprint requests should be addressed, e-mail: agarwalr® 
amc.org. 
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and DNA synthesis and arc equally strong antioxidants (R. A. and 
colleagues, unpublished observations). Based on (/) structural 
similarity of silibinin with phytocstrogens for a polyphcnolic 
flavonoid skeleton, («) strong antioxidant and anticarcinogenic 
effects of silibinin, (///) the fact that silibinin is used clinically and 
marketed as dietary supplement, and (h>) the bioavailability of 
silibinin in prostate after its oral administration to mice (R.A. and 
colleagues, unpublished observations), wc reasoned that silibinin 
also could be a useful agent for the intervention of human PCA. 
Here, we show that silibinin decreases intraccllular and secreted 
levels of PSA in human PCA LNCaP cells under both serum- and 
androgen-stimulated conditions concomitant with inhibition of 
cell growth via a G| arrest in cell cycle progression. The Gi arrest 
by silibinin does not lead to apoptosis but causes ncurocndocrinc 
differentiation of the cells. 

MATERIALS AND METHODS 
Cells and Cultures. Human prostate carcinoma LNCaP cells 

and NIH 3T3 cells were obtained from American Type Culture 
Collection. Normal human epithelial prostate cells were from 
Clonetics (San Diego). LNCaP and NIH 3T3 cells were cultured 
in RPMI1640 medium and DMEM, respectively, with 10% FBS 
and 1% penicillin-streptomycin (P-S). LNCaP cells also were 
cultured in 10% charcoal-stripped FBS (cFBS) and 1% P-S with 
or without 1 nM DHT. Normal prostate cells were cultured in 
defined medium as suggested by the vendor. 

Silibinin and Its Purity. Silibinin (Fig. L4), International 
Union of Pure and Applied Chemistry name: 3,5,7-trihydroxy- 
2-[3-(4-hydroxy-3-methoxyphcnyl)-2-(hydroxymethyl)-1,4- 
benzodioxan-6-yl]-4-chromanon, was from U. Mcngs (M ADAUS 
AG, Cologne, Germany) and Sigma. Purity of silibinin from both 
sources was checked by HPLC equipped with UV followed by 
electrochemical detectors (EC). The HPLC system consisted of 
two ESA 580 pumps, an ESA RP-C18 column (3 mm, 4.6 X 250 
mm), a UV detector (at A 270 nm), an EC detector (at 500 mV 
potential), and an ESA 5600 control and analysis software. HPLC 
mobile phase contained solvent A [7.5% mcthanol in 100 mM of 
acetate buffer with 50 mM of tricthylamine (TEA)/1 mM of 
1-octanesulfonic acid (OSA), pH 4.8] and solvent B (80% mcth- 
anol in 100 mM of acetate buffer with 50 mM TEA/1 mM OSA, 
pH 4.8). The linear gradient, at 0.6 ml/min, was 0-5 min, 75% A 
and 25% B; 5-15 min, 50% of both A and B; 15-20 min, 30% A 
and 70% B; 20-25 min, isocratic 30% A and 70% B; and 25 min, 
stop of run. Column eluatc was monitored at 270 nm followed by 
EC detection. As shown in Fig. IS, using these HPLC conditions, 
silibinin showed a single peak in both 270 nm UV and EC 
detections, with a retention time of 13.5 min. These HPLC 
profiles also show the purity of silibinin to be 100%. 

Silibinin Treatments. Silibinin was dissolved in ethanol. Final 
volume of ethanol in culture during silibinin treatment and 
controls did not exceed 0.5%. LNCaP cells were grown in 10% 
FBS to 80% conf luency and treated with ethanol or varying doses 

B JS? 

Retention Time (min) 

FIG. 1.    Chemical structure of silibinin (A) and HPLC profiles of 
silibinin by UV and EC detection (B). 

of silibinin for 20 hr or 75 /xg/ml of silibinin for varying times. 
Cells also were treated with paclitaxcl (1 /J.M final concentration) 
for 20 hr. Cells then were lyscd in 0.5 ml lysis buffer as detailed 
recently (20). In another study, cells grown in 10% FBS were 
treated with ethanol or 25 and 75 p-g/ml of silibinin for 24,48, and 
72 hr, and medium was collected. Cells also were grown in 10% 
FBS or 10%. cFBS without or with 1 nM DHT for 5 days and, 
during the last 24 hr, were treated with ethanol or 50 jug/ml of 
silibinin. Cell lysatcs then were prepared (20). 

Western Blotting and Kinase Assays. Levels of PSA, cell cycle 
and apoptosis regulatory molecules, cytokcratins 8 and 18 (K8 & 
K18), and chromogranin A were determined by Western blotting. 
Equal amounts of protein (10-80 /j,g) from cell lysate or 20 jul of 
medium sample was denatured in sample buffer and subjected to 
SDS/PAGE on a 12% gel, and proteins were transferred onto 
membrane. The blots were probed with specific primary followed 
by secondary antibody and visualized by enhanced chcmilumi- 
nescencc. The binding of cyclin-dcpcndcnt kinase inhibitors 
(CDKIs) with CDKs, CDK2- and cyclin E-Hl historic kinase 
activity, and CDK4-, CDK6-, and cyclin Dl-rctinoblastoma (RB) 
kinase activity were determined as detailed recently (20). 

Cell Growth Assay. LNCaP cells were plated at 1 X If)4 cells 
per 60-mm plate in RPMI 1640 medium containing 10% FBS. To 
assess the effect of silibinin on normal cell growth, NIH 3T3 cells 
were plated at the same density, and normal human prostate cells 
were plated at 2,500 cells/cm2. On day 2, cells were fed with fresh 
medium and treated with ethanol or varying doses of silibinin (5, 
25, 50, and 75 ju,g/ml). The cultures were fed with fresh medium 
with the same treatments on alternate days. After 1-6 days of 
treatments, cells were trypsinized and counted (20). In other 
studies, LNCaP cells were cultured in 10% FBS or 10% cFBS 
without or with 1 nM DHT for 5 days and, during the last 24 hr, 
were treated with ethanol or 50 /u,g/ml of silibinin. Cells then were 
collected and counted (20). To assess cytotoxicity of silibinin, cell 
viability was determined by Trypan blue assay. 

FACS Analysis. LNCaP cells were cultured in 10% FBS or 10% 
cFBS without or with 1 nM DHT for 5 days and, during the last 
24 hr, were treated with ethanol or 50 /txg/ml of silibinin. Cells 
then were trypsinized, and cell cycle distribution was analyzed as 
detailed recently (20). 

DNA Ladder Assay. LNCaP cells at 70-80% conf luency were 
treated with different doses of silibinin for 24 and 48 hr, and, 
thereafter, trypsinized cells (together with any floating cells) were 
collected. The DNA ladder analysis then was done as detailed 
recently (21). 

Morphological Analysis. LNCaP cells were cultured in 10% 
FBS or 10% cFBS without or with 1 nM DHT for 5 days and, 
during the last 48 hr. were treated with ethanol or 50 /u,g/ml of 
silibinin. Pictures then were taken by using a phase-contrast 
microscope at X200 magnification. 

RESULTS 
Silibinin Decreases Serum- and DHT-Stimulated PSA Expres- 

sion in LNCaP Cells. PSA has its acceptance and approval from 
FDA as a screening tool for human PCA. Therefore, to evaluate 
the usefulness of silibinin for PCA intervention, wc assessed its 
effect on PSA levels in LNCaP cells. Consistent with an earlier 
study (8), LNCaP cells showed high levels of intraccllular PSA as 
evidenced by a 33- to 34-kDa band (Fig. 2/1). However, treatment 
of cells grown in 10% FBS with silibinin resulted in a highly 
significant decrease in intraccllular PSA levels in a dose- and 
time-dependent manner (Fig. 2A). In a quantitative analysis, 50, 
75, and 100 /xg/ml of silibinin showed 54, 66, and 79% reduction 
in intraccllular PSA levels, respectively. Similarly, cells grown in 
10% FBS with 25 and 75 /xg/ml of silibinin for 24 and 48 hr also 
showed a significant decrease in secreted PSA (Fig. 2ß). Silibinin 
treatment for 24 hr at 25- and 75-/u,g/ml doses led to a 45 and 59% 
reduction in PSA secretion in medium, respectively. Because 
promoter of PSA gene contains functional androgen-rcsponsive 
element (8) and DHT increases PSA production in LNCaP cells 
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FIG. 2. Silibinin decreases serum- and DHT-stimulated PSA ex- 
pression in LNCaP cells. (A) Effect of silibinin on intracellular PSA 
in cells grown in 10% FBS. Cells were treated with silibinin for 20 hr 
or for indicated times at 75 /xg/ml; C, control cells treated with ethanol 
for 48 hr. (B) Effect of silibinin on secreted (medium) PSA in cells 
grown in 10% FBS. Cells were treated with silibinin for the indicated 
doses and time, and medium was collected. (C) Effect of silibinin on 
intracellular PSA in cells grown in 10% cFBS + 1 nM DHT. Cells were 
grown in: 1,10% serum; 2,10% cFBS; 3,10% cFBS + 1 nM DHT; or 
4, 10% cFBS supplemented with 1 nM DHT + 50 /xg/ml of silibinin, 
and cell lysates were prepared. The data in C are at 5 days of cultures; 
silibinin was added at day 4. PSA protein levels were determined in cell 
lysates and medium as detailed in Materials and Methods. The Western 
blot data shown are representative of three independent experiments 
with similar findings. 

(7), we next examined whether inhibitory effects of silibinin on 
PSA levels are mediated via AR. Compared with cells grown in 
10% FBS showing strong PSA levels, cells grown in 10% cFBS 
showed no reactivity for PSA protein (Fig. 2C). However, cells 
grown in 10% cFBS + 1 nM DHT showed levels of PSA 
comparable to that for 10% FBS (Fig. 2C). Treatment of cells 
grown in 10% cFBS and 1 nM DHT with 50 jug/ml of silibinin 
resulted in a 56% reduction in DHT-stimulated intracellular PSA 
levels (Fig. 2C). 

Silibinin Inhibits Serum- and DHT-Stimulated Growth of 
LNCaP Cells with No Effects on Normal Cells. To assess whether 
an observed decrease in PSA by silibinin is a biological response, 
we examined its effect on LNCaP cell growth. Treatment of cells 
grown in 10% FBS with silibinin resulted in a highly significant to 
complete inhibition of their growth in both a dose- and time- 
dependent manner (Fig. 3^4). An inhibitory effect of silibinin was 
evident at 2 days, but a more profound effect was observed during 
4-6 days of treatment. The 5- and 25-/u,g/ml doses of silibinin 
showed 42 and 61% inhibition in cell growth, respectively (Fig. 
3/1). Cells treated with 50 and 75 jiig/ml of silibinin showed 93% 
and complete growth inhibition, respectively (Fig. 3A). At these 
doses of silibinin, cells stopped growing as early as 1 and 2 days, 
with a small reduction in initial cell number at 75 jug/ml (Fig. 3/4). 
In studies assessing the effect of silibinin on androgen-stimulated 
growth of LNCaP cells, compared with cells grown in 10% FBS, 
cells grown in 10% cFBS showed a 68% reduction in growth (Fig. 
3B). This was an expected finding because cFBS is devoid of 
hormones and other growth agents. Cells grown in 10% cFBS + 
1 nM DHT showed much higher growth, but it was only 77% of 
that observed in 10% FBS (Fig. 3B). Silibinin treatment, however, 
showed 38% inhibition of DHT-stimulated cell growth (Fig. 35). 
Together, the inhibitory effects of silibinin on FBS- and DHT- 
stimulated LNCaP cell growth were consistent with a decrease in 
PSA levels. Silibinin, however, did not show a considerable 
inhibition of NIH 3T3 and normal human prostate cell growth 
(data not shown). In cell viability, silibinin did not show cytotox- 
icity at present doses (data not shown). 

Silibinin Induces Gi Arrest and Decreases CDK and Cyclin 
Kinase Activity in LNCaP Cells. We next assessed whether cell 
growth-inhibitory effects of silibinin are via perturbation in cell 
cycle progression. Fluorescence-activated cell sorter (FACS) 
analysis of control and silibinin-treated cells grown in 10% FBS 
clearly indicated a Gi arrest by silibinin (Fig. 4). The increase in 
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FIG. 3. Silibinin inhibits serum- and DHT-stimulated growth of 
LNCaP cells. (A) Dose- and time-dependent inhibitory effect of 
silibinin on serum-stimulated cell growth. Cells were treated with 
ethanol (control) or indicated doses of silibinin. (B) Inhibitory effect 
of silibinin on DHT-stimulated cell growth. Cells were grown in FBS, 
10% serum; FBS + silibinin, 10% serum + 50 fig/ml of silibinin; cFBS, 
10% cFBS; cFBS + DHT, 10% cFBS + 1 nM DHT; or cFBS + DHT 
+ silibinin, 10% cFBS + 1 nM DHT + 50 jig/ml of silibinin. The data 
in B are at 5 days of cultures; silibinin was added at day 4. After desired 
treatments, cells were trypsinized and counted as described in Mate- 
rials and Methods. Each data point represents mean ± SE of four 
independent plates; each sample was counted in duplicate. 

Gi population by silibinin (82.8 vs. 63% in control) was accom- 
panied by a large decrease of cells in both S and G2/M phases 
(Fig. 4 B vs. A). Gi arrest by silibinin also was found at other time 
points (data not shown). Similar to silibinin, when cells were 
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FIG. 4. Silibinin induces Gi arrest and decreases CDK and cyclin- 
associated kinase activity in LNCaP cells. Cell cycle phase distribution of 
LNCaP cells grown in 10% serum (A); 10% serum + 50 /ng/ml of silibinin 
(B); 10% cFBS (C); 10% cFBS + 1 nM DHT (£>); and 10% cFBS + 1 
nM DHT + 50 |Ug/ml of silibinin (E). The data are at 5 days of cultures; 
silibinin was added at day 4. After desired treatments, cells were 
trypsinized and FACS analysis was done as described in Materials and 
Methods. (F) Inhibitory effect of silibinin on CDK and cyclin kinase 
activity. Cells were treated with 75 /xg/ml of silibinin for the indicated 
time, and CDK and cyclin kinase activity was determined as described in 
Materials and Methods; C, control cells treated with ethanol for 48 hr. The 
cell cycle phase distribution and kinase activity data shown are repre- 
sentative of three independent experiments with similar findings. 
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FIG. 5. Silibinin modulates protein levels of cyclin Dl, CDKs, and 
CDKIs and increases binding of CDKIs to CDK2 in LNCaP cells. Dose- 
and timc-dcpcndcnt effect of silibinin on levels of cyclin Dl (A): CDK4 
(ß); CDK6 (C); Cip1 /p21 (D); and Kipl /p27 (£). Cells were treated with 
silibinin for 20 hr or for the indicated time at 75 /ug/ml; C, control cells 
treated with ethanol for 48 hr. Cell lysatcs were prepared and subjected 
to SDS/PAGE, Western blotting, and enhanced chcmilumincsccncc 
detection as described in Materials- and Methods. Shown also is the effect 
of silibinin on binding of CDKs with Cipl/p21 (F) and Kipl/p27 (G). 
Cells were treated with vehicle or 75 /xg/ml of silibinin for 16 hr, and cell 
lysates were prepared. CDKIs binding with CDKs was determined as 
described in Materials and Methods. The data shown are representative of 
three independent experiments with similar findings. 

grown in 10% cFBS, a Gj arrest also was observed (Fig. 4 C vs. 
A). This finding suggests a possibility that observed Gi arrest by 
silibinin may be due to its inhibitory effect on growth-stimulating 
factors that are not present in cFBS. Additional studies also were 
performed to answer two questions: first, whether absence of 
androgen in cFBS was a major factor for observed Gi arrest in 
10% cFBS grown cells and, second, whether silibinin inhibits 
DHT-stimulated cell cycle progression. Compared with 10% 
cFBS, cells grown in 10% cFBS + 1 nM DHT showed a release 
from Gi arrest (Fig. 4 D vs. C). However, when FACS data for 
10% cFBS + 1 nM DHT were compared with 10%. FBS, 
DHT-stimulated release from Gi arrest in 10% cFBS cells was not 
complete (Fig. 4 D vs.^4). DHT-stimulated release of cells from 
Gi arrest, however, was blocked completely by silibinin (Fig. 4 D 
vs. E). Together, these data suggest that, in addition to androgen, 
there are other growth factors in serum responsible for growth 
and cell cycle progression of LNCaP cells and that silibinin results 
in a G| arrest in cell cycle progression of cells that are stimulated 
for growth by serum or only androgen. 

Cell cycle progression is regulated via irreversible transitions 
propelled by CDKs and cyclins (22, 23). Whereas CDK4 (or 
CDK6)/cyclin Dl arc involved in early G| phase, transition 
from Gi to S is regulated by CDK2/cyclin E (23). Therefore, 
we reasoned that observed Gi arrest by silibinin could be due 
to a decrease in kinasc activity of CDKs and cyclins. Indeed, 
75 /xg/ml of silibinin showed a time-dependent decrease in 
CDK2 and cyclin E kinase activity (Fig. 4F); at 48 hr, kinasc 
activity was not detectable in both cases. Similarly, silibinin 
also resulted in a highly significant decrease in CDK4, CDK6, 
and cyclin Dl kinase activity (Fig. 4F). Together, these data 
suggest that Gi arrest induced by silibinin is due to a significant 
decrease in kinase activity of both CDKs and cyclins associated 
with early Gi phase and late G|- to S-phase transition. 

t«|!lffi 

FIG. 6. Silibinin docs not induce apoptosis and modulation of p53 
and Bcl2 in LNCaP cells. (A) Agarosc gel clcctrophorcsis of cellular 
DNA showing a lack of DNA ladder by silibinin treatment. Cells, at 
80% conflucncy, were treated with silibinin for the indicated doses and 
time. Cells were collected and cellular DNA was isolated, followed by 
agarosc gel clcctrophorcsis as described in Materials and Methods. (B) 
A lack of silibinin's effect on PARP cleavage. Cells were treated with 
paclitaxel (P) for 20 hr at 1 fiM or for the indicated time at 75 /Mg/ml 
of silibinin: C, control cells treated with ethanol for 48 hr. Cell lysatcs 
were prepared, and PARP protein level and cleavage were detected as 
described in Materials and Methods. (C) Dose- and time-dependent 
effect of silibinin on p53 expression. Cells were treated with silibinin 
for 20 hr or for the indicated time at 75 Mg/"1' °f silibinin; C, control 
cells treated with ethanol for 48 hr. Cell lysates were prepared, and p53 
levels were detected as described in Materials and Methods. (/)) 
Dose-dependent effect of silibinin on bel2 expression. Cells were 
treated with paclitaxel (P) for 20 hr at 1 /nM or silibinin for 20 hr, cell 
lysatcs were prepared, and bc!2 levels were detected as described in 
Materials and Methods. The data shown arc representative of three 
independent experiments with similar findings. 

Silibinin-Induced Decrease in Kinase Activity of CDKs and 
Cyclins Is Mediated via a Decrease in Cyclin Dl, CDK4, and 
CDK6 Levels and an Induction of Cipl/p21 and Kipl/p27 and 
Their Increased Binding with CDK2 in LNCaP Cells. CDK 
activity is regulated positively by cyclins and negatively by CDKIs 
(22, 23). Based on silibinin's effect on kinasc activity, wc assessed 
its effect on (/) CDK and cyclin levels and (//) CDKI Cipl/p21 
and Kipl/p27 levels and their binding with CDKs. Silibinin 
resulted in a significant to complete reduction in cyclin D1 protein 
(Fig. 5^4) and showed a strong decrease in CDK4 and CDK6 (Fig. 
5 B and C). No effect of silibinin, however, was evident on CDK2 
and cyclin E (data not shown). In other studies, silibinin resulted 
in both dose- and timc-dcpcndcnt induction of CDKIs Cipl /p21 
(Fig. 5D) and dose-dependent induction of Kipl/p27 (Fig. 5E); 
maximum increase was evident at 24 and 16 hr, respectively. 
Because an induction in CDKI normally leads to an increase in 
its binding to and subsequent inactivation of CDK-cyclin complex 
(22. 23), wc also investigated whether an observed decrease in 
CDK and cyclin kinasc activity also is due to an increased CDK 
binding with up-rcgulatcd Cipl/p21 and Kipl/p27 by silibinin. 
As shown in Fig. 5 F and G, silibinin resulted in an increase only 
in CDK2 binding to Cipl/p21 and Kipl/p27; quantification of 
bands showed 1.4- and 2.6-fold increases, respectively. No effect 
of silibinin, however, was observed on CDK4 and CDK6 binding 
to either Cipl /p21 or Kipl /p27 (Fig. 5 F and G). Together, these 
results clearly indicate that whereas the resultant effect of silibinin 
was a Gi arrest, its causes were different in terms of molecular 
mechanisms at early Gi and late Gr to S-phasc transition. 

Silibinin Does Not Induce Apoptosis and Modulation of p53 
and bcl2 Protein Levels in LNCaP Cells. Based on observed 
effects of silibinin, we next assessed whether silibinin causes 
apoptotic death of LNCaP cells. The 25-, 50-, and 75-jag/ml doses 
of silibinin for 24 and 48 hr did not result in apoptosis as 
evidenced by a lack of DNA fragmentation (Fig. 6/1) and a lack 
of poly (ADP ribosc) polymcrasc (PARP) cleavage that other- 
wise was clearly evident in a paclitaxcl-trcatcd sample used as a 
positive control (Fig. 6B). Because p53 and bcl2 arc considered 
to be crucial in apoptosis (24), wc also assessed their levels after 
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silibinin treatment. As shown in Fig. 6 C and D, silibinin also did 
not result in any change in p53 and bcl2 expression; however, 
paclitaxel (a positive control) showed a clear phosphorylation of 
bcl2 (Fig. 6D), a process associated with inactivation of bcl2 that 
causes apoptosis in LNCaP cells (25). Paclitaxel also showed clear 
morphological changes suggestive of apoptosis (data not shown), 
but no such effect was evident with silibinin, and, in fact, cells 
started showing differentiation (Fig. 7). These results suggest that 
silibinin-induced Gi arrest in LNCaP cells does not lead to an 
apoptotic cell death. 

Silibinin Induces Neuroendocrine Differentiation and Expres- 
sion of K8 & K18 and Chromogranin A in LNCaP Cells. LNCaP 
cells treated with silibinin manifested unique morphologic 
changes. Compared with cells growing in 10% FBS as piled up 
layers attached loosely to the surface, cells treated with silibinin 
primarily were monolayer and attached firmly to the surface with 
better anchoring (Fig. 1A vs. B). Significant changes in morphol- 
ogy also were observed with silibinin as cells became elongated 
with prominent dendrite-like cytoplasmic extensions where some 
of the dendrite-like extensions were connected to each other 
among neighboring cells (Fig. IB). These morphological changes 
were similar to that of neuroendocrine morphology, suggesting 
that silibinin induces neuroendocrine differentiation of LNCaP 
cells (Fig. IB). LNCaP cells grown in 10% cFBS also showed 
similar morphological changes (Fig. 7C), which were reversed to 
normal growth morphology by 1 nM DHT (Fig. ID); the addition 
of silibinin reversed DHT-stimulated growth effect and induced 
similar neuroendocrine morphology in LNCaP cells (Fig. IE). 
Silibinin treatment of cells grown in 10% FBS (or cells grown in 
10% cFBS + 1 nM DHT; data not shown) also resulted in a 
significant induction of K8 & K18 and chromogranin A expres- 
sion under identical conditions that showed neuroendocrine 
differentiation (Fig. IF). The observed increases in K8 & K18 and 
chromogranin A by silibinin were optimum at both 24 and 48 hr 
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FIG. 7. Silibinin induces neuroendocrine differentiation and expres- 
sion of K8 & K18 and chromogranin A in LNCaP cells. Morphology of 
LNCaP cells grown in 10% serum (A); 10% serum + 50 fig/ml silibinin 
(B); 10% cFBS (C); 10% cFBS + 1 nM DHT (D); and 10% cFBS + 1 
nM DHT + 50 /xg/ml of silibinin (E). The data are at 5 days of cultures; 
silibinin was added at day 3. The phase-contrast photography was done 
at X200 magnification as described in Materials and Methods. (F) Stim- 
ulatory effect of silibinin on K8 & K18 and chromogranin A levels. Cells 
were treated with 75 |Ug/ml of silibinin for the indicated time; C, control 
cells treated with ethanol for 48 hr. Cell lysates were prepared, and levels 
of K8 & K18 (Upper) and chromogranin A (Lower) were determined as 
described in Materials and Methods. The data shown are representative of 
three independent experiments with similar findings. 

(Fig. IF). K8 & K18 have been shown to be markers of prostate 
tissue differentiation, and both K8 & K18 and chromogranin A 
are induced during differentiation of LNCaP cells with similar 
neuroendocrine-morphological changes (26,27). These data sug- 
gest that silibinin induces neuroendocrine differentiation of LN- 
CaP cells after G] arrest in cell cycle progression coupled with 
inhibition of growth-stimulatory pathways mediated by both 
serum as well as androgen. 

DISCUSSION 

LNCaP cells are one of the best in vitro models for human PCA 
studies because they possess an aneuploid male karyotype, pro- 
duce PSA, and express a high-affinity mutant AR (28). These 
cells are responsive to androgenic stimulation and form tumors in 
nude mice (29). Because reduction in serum PSA levels has been 
proposed as an endpoint biomarker for hormone-refractory 
human PCA intervention (9-11), our results showing that silibi- 
nin significantly decreases both intracellular and secreted levels of 
PSA in androgen-dependent human PCA LNCaP cells have 
useful implications for human PCA intervention. 

PSA is an abundant serine protease produced by prostate 
epithelial cells (30) and can cleave predominant seminal vesicle 
protein (31). PSA secretion by tumor cells into prostate stroma 
might augment cleavage of IGFBP3-IGF-1 and the activation of 
transforming growth factor ß or other growth factors in extra- 
cellular matrix and then endow cancerous cells with a growth 
advantage leading to tumor progression (8). This hypothesis 
explains why PCA cells tend to diffusely infiltrate prostatic stroma 
rather than forming a localized tumor (8). Therefore, inhibition 
of PSA secretion may be an important strategy to prevent PCA 
progression. Here, we showed that a percentage decrease by 
silibinin in secreted PSA levels was comparable to intracellular 
PSA, suggesting that a decrease in PSA secretion by silibinin may 
be due to its inhibitory effect on PSA protein expression in 
LNCaP cells. Because silibinin also inhibited DHT-induced PSA 
and cell growth, we suggest that silibinin may have a direct effect 
on AR-mediated PSA expression. 

Mammalian cell growth and proliferation are mediated via cell 
cycle progression (22, 23). However, defects in cell cycle are one 
of the most common features of cancer cells, because they divide 
under conditions in which their normal counterparts do not (22, 
23). Androgen is shown to regulate genes controlling cell cycle, 
and that abnormally activated AR activity (e.g., gain-of-function 
by mutations in AR) may malignantly stimulate cell growth (32). 
Therefore, agents that inhibit cell cycle progression of cancer cells 
could lead to a cell growth arrest. We provide convincing 
evidence that silibinin inhibits both serum- and androgen- 
stimulated LNCaP cell growth by inducing Gi arrest. The results 
from molecular mechanism studies showed that Gi arrest by 
silibinin involves a significant decrease in cyclin Dl, CDK4, and 
CDK6, resulting in a marked decrease in their kinase activity, and 
a significant increase in Cipl/p21 and Kipl/p27 that leads to 
their increased binding with CDK2, resulting in a marked de- 
crease in CDK2 and cyclin E kinase activity. 

Cyclin Dl is involved in cell cycle during early Gi phase (23). 
In controlled cell growth, association of cyclin Dl with CDK4 or 
CDK6 leads to phosphorylation of RB; hyperphosphorylated RB 
leads to its release from E2F (33). The free E2F then activates 
c-myc, resulting in cell proliferation by progression via Gi (34). 
However, overexpression of cyclin Dl is associated with various 
cancers and tumor-derived cell lines, explaining their uncon- 
trolled growth (35). One of the aspects of cyclin Dl overexpres- 
sion in cells is a shorten Gi phase, resulting in a more rapid entry 
into S phase and increased proliferation (35). Based on these and 
other studies (34-36), a significant decrease in protein levels of 
cyclin Dl, CDK4, and CDK6 by silibinin suggests that silibinin 
should be a useful agent for the intervention of malignancies 
overexpressing cyclin Dl, CDK4, and/or CDK6. The observed 
inhibitory effects of silibinin on cyclin Dl, CDK4, and CDK6 in 
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LNCaP cells are of particular significance for the intervention of 
hormone-refractory PCA because cyclin Dl is strongly associated 
with androgen-stimulated growth of LNCaP cells (37). Cyclin Dl 
is also constitutively expressed in androgcn-indcpcndcnt human 
PCA PC3 and DU145 cells, but it is significantly lower in LNCaP 
cells grown without serum (38). In a recent study, overexpression 
of cyclin Dl in LNCaP cells was shown to increase cell growth and 
tumorigenicity in nude mice (39). Consistently, we found that 
LNCaP cells grown in cFBS arrest mostly in Gi phase, which is 
reversed by DHT. This finding suggests the involvement of 
androgen-mediated growth after the release of cells from G] 
arrest because of a significant decrease in cyclin Dl in the absence 
of androgen. Similarly, silibinin treatment of LNCaP cells grown 
in serum or cFBS + DHT also showed a G| arrest together with 
a decrease in serum- and androgen-stimulated PSA levels and cell 
growth inhibition. These results suggest that observed effects of 
silibinin arc those mediated via AR in terms of PSA levels, cell 
growth, cell cycle progression, as well as modulation of cyclin Dl 
and associated CDKs. In support of this suggestion, we recently 
have shown that treatment of human PCA DU145 cells with 
silymarin does not involve alterations in cyclin Dl for Gi arrest 
(40). More detailed studies are in progress to support the 
involvement of AR in the inhibitory effects of silibinin. 

p53 is an important tumor-suppressor gene, and mutations in 
p53 are the most commonly observed genetic lesions in human 
tumors (41). In response to genotoxic stress, p53 induces Cip/p21, 
resulting in a Gi arrest (42). However, activation of Cipl/p21 also 
occurs independent of p53 as observed by transforming growth 
factor ß stimulation during differentiation or upon cellular se- 
nescence (43). In each case, up-regulation of Cipl/p21 correlated 
with an arrest in cell growth, suggesting that it plays a funda- 
mental role in the decision fork between cell proliferation, 
differentiation, and death. For example, inhibition of Cipl/p21 
expression through transfection of Cipl/p21 antisense oligonu- 
cleotides was shown to block growth factor-induced differentia- 
tion of SH-SY5Y neuroblastoma cells and resulted in their death 
(44). Cipl/p21 induction also is shown in a variety of cell 
differentiation, including myogenic, kcratinocytic. promyclocytic 
(HL-60), and human melanoma cells (45-47); Kipl/p27 also has 
been reported to be involved in cell differentiation (48). Consis- 
tently, we observed that silibinin-caused induction of Cipl/p21 
was p53-indcpcndent and that, together with resultant Gi arrest, 
did not induce apoptosis in LNCaP cells. Because treatment of 
LNCaP cells with silibinin showed neuroendocrine differentia- 
tion like morphologic changes and increased K8 & K18 and 
chromogranin A levels, induction of both Cipl/p21 and Kipl/ 
p27 is likely to be involved with cell cycle exit that is associated 
with differentiation. 

Together, the central finding in the present study is that 
silibinin, an active constituent of milk thistle, inhibits both scrum- 
and androgen-stimulated PSA protein levels in LNCaP cells 
concomitant with cell growth inhibition via a Gi arrest in cell 
cycle progression. The silibinin-treated LNCaP cells that arc 
unable to grow follow a differentiation pathway as evidenced by 
neuroendocrine-likc morphology, elevated prostate tissue- 
differentiation markers K8 & K18 and chromogranin A, and 
altered cell cycle-regulatory molecules. More detailed mechanis- 
tic studies are in progress to identify and define the effect of 
silibinin on the growth-stimulatory signals in hormone-refractory 
prostate carcinoma cells at molecular levels and to assess the 
inhibitory effect of silibinin on human PCA tumor xenograft 
growth in nude mice. In summary, however, based on the present 
findings, we conclude that silibinin has strong potential to be 
developed as an antiproliferative differentiating agent for the 
intervention of hormone-refractory human prostate cancer. 

This work was supported by U.S. Public Health Service Grant CA 
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ABSTRACT Endocytosis, a carefully orchestrated process, is required by cells for nutrition, down- 

regulation of surface receptors and maintenance of cell homeostasis. Enhanced endocytosis, 

however, has been associated with neoplastic transformation including advanced and androgen- 

independent prostate cancer (PCA) growth. We examined whether inositol hexaphosphate (IP6), a 

ubiquitous plant component constituting 0.4 to 6.4% (w/w) of most cereals, nuts, legumes, oil seeds 

and soybean, impairs erbB 1 endocytosis and associated mitogenic signaling in androgen- 

independent human PCA DU145 cells. IP6 treatment of cells results in a significant to complete 

inhibition of TGFa-induced binding of plasma membrane clathrin-associated protein complex 2 

(AP2) to erbBl demonstrating the impairment of ligand-induced erbBl receptor endocytosis. As 

observed by an inverse correlation in terms of an increase in the levels of activated erbB 1 with the 

decrease in its binding with AP2 following ligand treatment, IP6 inhibited erbBl receptor 

endocytosis independent of its effect on ligand-caused activation of erbBl. This effect of IP6, 

however, resulted in a highly significant inhibition of She activation and Shc-erbBl binding. In other 

studies, IP6 also resulted in a highly significant inhibition of fluid-phase endocytosis by inhibiting 

PI3K-AKT signaling pathway as an upstream response. These effects of IP6 also resulted in a highly 

significant inhibition of mitogenic signaling mediated by MAPK ERK1/2, and produced biological 

response in terms of both anchorage-dependent and -independent growth inhibition of DU145 cells. 

Together, these results identify a novel molecular approach, the impairment of erbBl endocytosis 

and associated mitogenic signaling, for the intervention of PCA by IP6. 



Prostate cancer (PCA) is the most invasive and frequently diagnosed malignancy, and second leading 

cause of cancer deaths in US' males (1,2). Induction of PCA is viewed as a multistage process, 

involving progression from small, latent carcinomas of low histologic grade, to large, metastatic 

carcinomas of higher grade (2-5). The widely accepted risk factors for PCA are age, race, ethnicity, 

dietary habits, and androgen secretion and metabolism (2-5). Epidemiological data have revealed 

that environmental and behavioral factors are more important than genetic factors in determining 

overall cancer frequency among populations (6). Consistently, diet and androgen play a major role in 

the pathogenesis and promotion of PCA (2-5). For example, PCA rarely occurs in eunuchs or men 

with a deficiency in 5oc-reductase, the enzyme that converts testosterone to its active metabolite 

dihydrotestosterone (7-9). Since the growth and development of PCA is initially androgen- 

dependent, androgen deprivation has been extensively explored as a strategy for PCA prevention and 

therapy (7). PCA patients treated with androgen deprivation therapy often have 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 (8). 

In addition to the loss of androgen-dependence due to lack of androgen receptor and/or its 

function (10), functional autocrine and paracrine growth factor/growth factor receptor interactions 

are major contributors to the multifactorial mechanisms of androgen-independence in PCA (11-13). 

Advanced and metastatic human PCA cells express high levels of EGFR (or erbBl) and TGFa (11- 

13), and aberrant expression of erbB family members (e.g. erbBl, erbB2 and erbB3) is shown with 

high frequency in PIN and in invasive PCA, both primary and metastatic (14-19). In fact, erbB 

family receptors are one of the few potential surrogate endpoint genetic markers which are being 

employed for the screening of interventive agents against PCA in short-term phase II clinical trials 



(14-19). They are also extensively explored as major potential molecular target for PCA 

intervention, specifically in case of androgen independent PCA (reviewed in ref. 20). 

Activation of erbBl by its ligand includes receptor dimerization, activation of intrinsic 

receptor tyrosine kinase activity, autophosphorylation of the receptor at carboxyl terminus, and 

tyrosine phosphorylation of and/or association with intracellular signaling molecules such as She, 

PI3K, etc. (19-22). The binding of ligand to receptor results in a rapid disappearance of receptors 

from the cell surface. Receptor down-regulation is due to the ligand-accelerated endocytosis and 

degradation of erbBl (23,24). Morphological studies suggest that ligand increases receptor 

endocytosis by promoting receptor clustering into clathrin-coated pits on the plasma membrane (the 

formation of clathrin-coated pits is the first step in endocytosis) which is followed by receptor 

internalization into clathrin-coated vesicles; there are two types of endocytosis: receptor-mediated 

and fluid-phase (25). 

The ligand-dependent acceleration of receptor internalization is the rate-limiting step in 

receptor down-regulation and activation (26,27). The internalization process of receptor occurs 

through receptor-mediated endocytosis, where plasma membrane-coated pits function as sorting 

organelles selectively recruiting receptors that contain internalization sequences or "codes" within 

their cytoplasmic domains (26,27). A main structural component of coated pits is the clathrin lattice 

anchored to cytoplasmic surface of the membrane by associated protein complexes or adoptors AP2 

(28). AP2 is the most ubiquitous of the associated proteins found in coated vesicles derived from the 

plasma membrane (29), and has been shown to specifically interact with erbB family members 

(22,30). In addition to receptor-mediated endocytosis involving initial binding of activated receptor 

with AP2 for its internalization, the other step is fluid-phase endocytosis mediated via PI3K-AKT- 

Rab5 pathway (31-35). 



Together, these studies suggest that erbB receptor endocytosis signaling and mitogenic and 

anti-apoptotic pathways associated with them play a major role in the growth and proliferation of 

neoplastic cells including PCA. This suggestion is supported by the recent studies where for the first 

time we observed that both erbBl receptor-mediated and fluid-phase endocytosis, and associated 

mitogenic and anti-apoptotic signaling are operational in human prostate carcinoma cells in the order 

of DU145>PC3>LNCaP (36). Taken together, we reasoned that erbBl receptor endocytosis and 

associated mitogenic and anti-apoptotic signaling are obligatory steps in the progression of human 

PCA from low-grade androgen-dependent to high-grade, advanced and androgen-independent PCA 

with enhanced metastatic potential (36), and that the agents which impair receptor endocytosis and 

mitogenic signaling mediated by it will be useful for the intervention of human PCA. 

Traditional Asian diets and those of vegetarians, are not only high in starch and fiber, they 

are also rich in many bio-active compounds which are receiving increasing attention for the 

prevention and intervention of a wide variety of human cancers (20,37-43). Based on 

epidemiological data, consumption of high-fiber diet has been associated with a lowering of breast, 

colon and prostate cancers (reviewed in ref. 44). Specifically, the only types of high-fiber diets 

which have been consistently associated with a reduction of colon and breast cancers are the cereals 

and legumes with high IP6 (44). As a ubiquitous plant component, IP6 (also known as phytic acid) 

constitutes 0.4 to 6.4% (w/w) of most cereals, nuts, legumes, oil seeds and soybean (44,45). Several 

studies in recent years have shown the chemopreventive and anti-carcinogenic effects of IP6 against 

different cancers of epithelial and mesenchymal cell origin in both in vivo and in vitro models 

(reviewed in refs. 44,46-49). The prevention studies with IP6 include protection against colon 

(44,46,47), mammary (50,51), liver (52), lung (53) and skin (44) tumorigenesis. IP6 has also been 

shown to inhibit the growth of mouse fibrosarcoma FSA-1 cell tumor xenograft in nude mice, and to 



reduce the number of metastatic lung colonies together with an improvement in host survival (54). 

With regard to PCA, it has been shown that IP6 inhibits the cell growth and induces differentiation 

of human prostate carcinoma PC3 cells (55). In addition, EP6 is involved in various signal 

transduction pathways, and it binds to clathrin assembly protein AP2 (56) and inhibits PI3K (57), the 

two essential components in receptor-mediated and fluid-phase endocytosis, respectively. 

Together, we reasoned that EP6 could impair both AP2- and PI3K-mediated endocytosis, and 

thereby associated cellular mitogenic responses in PCA as a novel approach for the intervention of 

this deadly malignancy. Indeed, the data obtained provide convincing evidence that IP6 impairs both 

receptor-mediated and fluid-phase endocytosis by inhibiting a) AP2 binding to erbBl which leads to 

the impairment of erbBl-Shc-MAPK signaling pathway, and b) PI3K-AKT signaling pathway. The 

observed inhibitory effects of IP6 on endocytosis and mitogenic signaling also resulted in the 

inhibition of prostate carcinoma DU145 cell growth. 

MATERIALS AND METHODS 

Materials. Human prostate carcinoma DU145 cell line was obtained from American Type 

Culture Collection (Rockville, MD). IP6, HRP and wortmannin were from Sigma-Aldrich Chemical 

Co. (St. Louis, MO). Human TGFcc, and all other cell culture materials were from Life 

Technologies, Inc. (Gaithersburg, MD). IGF-I, anti-erbBl (EGFR), anti-She, anti-PI3K, anti-AKT, 

anti-phospho-AKT and anti-phosphotyrosine antibodies were from Upstate Biotechnology (Lake 

Placid, NY). NDF was from Neomakers (Fremont, CA). Anti-AP2 antibody was from Affinity 

Bioreagents Inc. (Denver, CO). Anti-phospho-MAPK and anti-MAPK antibodies were from New 

England Biolabs (Boston, MA). Rabbit anti-mouse immunoglobulin- and goat anti-rabbit 



immunoglobulin-HRP-conjugated secondary antibodies were from Santa Cruz Biotechnology Inc. 

(Santa Cruz, CA). ECL detection system was from Amersham Corp. (Arlington Heights, IL). 

Cell Culture and Treatments. Cells were cultured in RPMI1640 containing 10% fetal 

bovine serum and 1% penicillin-streptomycin under standard culture conditions in 100 mm dishes 

until 70% confluency. Cells were then starved in serum free medium for 36 hrs and during the last 2 

hrs of starvation, treated with vehicle alone or varying concentrations (0.25 to 2 mM) of EP6 or 200 

ng/ml wortmannin. At the end of these treatments, cultures were added with either PBS or ligand 

TGFa (100 ng/ml medium), and incubated for 10 min at 37°C. After washing with PBS, cell lysates 

were prepared as detailed recently (20). 

Immunoprecipitation and Immunoblotting. For Immunoprecipitation, cell lysates (200- 

500 u.g protein) were clarified by protein A/G agarose for 1 hr, and then incubated with primary 

antibody directed against erbBl, She, PI3K or AKT for 4 hrs followed by addition of protein A/G 

agarose and overnight incubation at 4°C with rocking. Immunocomplexes were washed three times 

with lysis buffer (20). For immunoblotting, immunocomplexes or cell lysates (20-80 |ig protein) 

were denatured in sample buffer, proteins were separated on SDS-PAGE (8 or 12% gel) and 

transferred on to nitrocellulose membranes. The membranes were blocked with blocking buffer at 

room temperature for 1 hr, then incubated with appropriate primary antibody directed against AP2, 

phosphotyrosine, erbBl, She, PI3K, AKT, phospho-AKT, MAPK or phospho-MAPK overnight 

followed by appropriate secondary antibody, and developed by ECL kit (20). 



Fluid-Phase Endocytosis Assay. Fluid-phase endocytosis assay was performed as reported 

recently (58). Briefly, cultures in 35 mm dishes at 70-80% confluency were washed three times with 

serum-free a-MEM, and treated with varying doses of IP6 or 200 ng/ml wortmannin in cc-MEM for 

2 hrs at 37°C. HRP endocytosis was initiated by the addition of 2 mg/ml HRP and 1% (w/v) bovine 

serum albumin at 37°C for another 1 hr. To estimate HRP uptake, the cells were washed three times 

with PBS, trypsinized on ice for 20 min, washed two times with PBS, and lysed in 500 ul of lysis 

buffer (58). Cell lysates were assayed for HRP activity (14), and protein concentration was 

determined by Bio-Rad DC protein assay according to the manufacturer's instructions. 

Cell Growth and Soft Agar Colony Formation Assays. For cell growth, DU145 cells were 

plated at a density of 0.5 x 105 cells per 60 mm plate. On day 2, cells were fed with fresh medium 

and left untreated, or treated with IP6 at the doses of 0.25, 0.5, 1 and 2 mM (final concentration) 

dissolved in double distilled water. The cultures were fed with fresh medium with or without same 

concentrations of IP6 every alternate day up to the end of the experiment. Each treatment and time 

point had four plates. At days 1 to 5 after these treatments, cells were trypsinized and counted as 

described recently (20), and cell viability was assessed using Trypan blue dye exclusion method. 

For soft agar colony formation, DU145 cells were cultured in RPMI1640 containing 10% 

fetal bovine serum and 1% penicillin-streptomycin as detailed above. Soft agar colony formation 

assay was performed using 6-well plates as described recently (20). Briefly, each well contained 2 ml 

of 0.5% agar in medium as bottom layer, 1 ml of 0.38% agar in medium and 1,000 cells as feeder 

layer, and 1 ml of 0.38% agar in medium with different doses of IP6 as top layer. Each treatment had 

three wells. Cultures were maintained at 37°C in a humidified 5% C02 atmosphere. The number of 



colonies was determined by counting them under an inverted phase-contrast microscope at xlOO 

magnification; a colony was counted as more than 10 cells. 

RESULTS 

IP6 Impairs erbBl Receptor-mediated Endocytosis by Inhibiting the Binding of AP2 to 

erbBl in DU145 Cells. Endocytosis, a carefully orchestrated process, is required by cells for 

nutrition, down-regulation of surface receptors and maintenance of cell homeostasis (59). Some 

endocytosis proteins have been reported in human cancers, and enhanced endocytosis is associated 

with neoplastic transformation (60). The erbB family of receptors are one of the main contributors to 

hormone independent growth, proliferation and metastasis of PCA (11-19), and both erbBl receptor- 

mediated and fluid-phase endocytosis and associated mitogenic responses are operational in human 

PCA cells which plausibly play a potential role in advanced and androgen-independent PCA growth 

(36). Therefore, we focused our efforts in this study to assess the impairment of erbBl-mediated 

endocytosis and associated signaling by IP6 in human prostate carcinoma DU145 cells. Two separate 

approaches were employed to assess the effect of IP6 on receptor-mediated and fluid-phase 

endocytosis, and define the signaling pathways impaired following the effect of IP6 on endocytosis. 

Advanced and metastatic human PCA cells such as DU145 and PC3 lack androgen receptor 

and express high levels of erbBl together with TGFa leading to an autonomous growth of cancer 

cells via an autocrine feedback loop (11-13,20). These cells, therefore, represent a valuable system 

to investigate erbBl-mediated endocytosis signaling and its impairment by preventive agent under 

test. Employing DU145 cells, first we explored the effect of IP6 on receptor-mediated endocytosis 

process by analyzing the binding of AP2 to erbBl; AP2 has been shown to specifically interact with 

erbBl for the receptor endocytosis (23). As shown in Fig. 1 (lane 1), immunoprecipitation with anti- 
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erbBl antibody and blotting with anti-AP2 antibody clearly showed that 36 hrs of serum starvation 

of DU145 cells resulted in a diminished binding of AP2 to erbBl. Treatment of starved cells with 

TGFa (100 ng/ml) for 10 min, however, showed a very strong binding of AP2 with erbBl (Fig. 1, 

lane 2) providing a convincing evidence of erbBl receptor-mediated endocytosis process in human 

PCA DU145 cells. Pretreatment of cultures with 0.25, 0.5 and 1 mM doses of IP6 during last 2 hrs of 

starvation followed by treatment with TGFa at the same dose and time resulted in a dose-dependent 

decrease in the binding of AP2 to erbBl (Fig. 1, lanes 3-5). So much so, the highest dose (1 mM) of 

IP6 used in the study showed complete inhibition in the binding of AP2 to erbBl (Fig. 1, lane 5). A 

further increase in IP6 dose to 2 mM showed similar inhibitory effect as with 1 mM dose (data not 

shown). Treatment of serum starved cultures with a PI3K inhibitor, wortmannin, at 200 ng/ml dose 

followed by TGFa did not show any change in AP2 binding to erbBl (Fig. 1, lane 6) suggesting that 

erbBl receptor-mediated endocytosis signaling is a PI3K independent process. 

Impairment of erbBl Receptor-mediated Endocytosis by IP6 Does Not Affect erbBl 

Activation in DU145 Cells. Based on the data showing a dose-dependent decrease in ligand-induced 

binding of AP2 to erbBl by IP6, we next assessed the involvement of erbBl activation in this 

process. As shown in Fig. 2 (top panel), serum starvation of cells for 36 hrs resulted in a complete 

inactivation of erbBl (lane 1), however, as expected, treatment of starved cultures with TGFa for 10 

min resulted in a marked activation of erbBl receptor (Fig. 2, lane 2). Pretreatment of cultures with 

0.25, 0.5, 1 and 2 mM doses of IP6 for 2 hrs followed by ligand treatment under identical conditions 

resulted in a further increase in erbBl activation (tyrosine phosphorylation) in a dose-dependent 

manner (Fig. 2, lanes 3-6). Immunoblotting the membrane with anti-erbBl antibody indicated no 

change in erbBl protein expression (Fig. 2, lower panel) suggesting that the observed increase in 
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erbBl activation by IP6 was not due to an increase in erbBl protein. When erbBl activation data 

were compared with the binding of AP2 to erbBl, the observed EP6 dose-dependent increase in the 

levels of activated erbBl was inversely related with the decrease in the binding of AP2 to erbBl 

(Fig. 2 versus Fig. 1). Together, these data suggest that the observed increase in erbBl activation by 

IP6 is due to an impairment of erbBl receptor-mediated endocytosis process where a lack of binding 

with AP2 leads to the activated erbBl receptor at the cell surface instead of it getting internalized 

and degraded by a stepwise process (22,23). These results also suggest that IP6 impairs receptor- 

mediated endocytosis by targeting its effect on AP2 binding with erbBl in an erbBl activation 

independent manner. 

Impairment of erbBl Receptor-mediated Endocytosis by IP6 Inhibits erbBl-mediated 

Mitogenic Signaling by Inhibiting She Activation and Shc-erbBl Binding in DU145 Cells. 

Years of research has established the current paradigm that activation of membrane receptor tyrosine 

kinases including erbBl results in recruitment of sre homology-2 (SH2) domain containing proteins 

including adapters such as She that associate with guanine-nucleotide exchange factors for Ras 

ultimately leading to MAPK activation for mitogenic responses (19,20). Ligand-induced activation 

of erbB family members also associates with PI3K activation followed by that of survival factor 

AKT, a signaling pathway also associated with fluid-phase endocytosis (19-22,31-35). Based on 

these established signaling pathways, next we assessed the effect of receptor-mediated endocytosis 

impairment on erbBl-mediated immediate down-stream signaling pathway involving She activation. 

In contrast to erbBl activation data, treatment of cultures with different doses of IP6 for 2 hrs prior 

to the addition of TGFa showed a significant decrease in the activation (tyrosine phosphorylation) of 

She protein (Fig. 3 A, lanes 3-6). As a control, serum starvation of cells for 36 hrs led to a complete 
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diminution of tyrosine phosphorylated 46 and 52 kDa She proteins (Fig. 3 A, lane 1), however, 

treatment of starved cultures with TGFoc showed a strong activation of 46 kDa She protein and a 

weak activation of 52 kDa She protein as evidenced by a reactivity of immunoprecipitated She to 

anti-phosphotyrosine (Fig. 3 A, lane 2). The observed inhibitory effect of IP6 on She activation was 

not due to a change in She protein levels (Fig. 3B). She proteins contain SH2 domain that binds to 

phosphotyrosine-containing sequences, including erbBl, upon ligand activation. As shown in Fig. 

3C, compared to a strong binding in TGFa alone treated sample (lane 2), IP6 treatment at various 

doses resulted in a highly significant decrease in the binding of She to erbBl (Fig. 3C, lanes 3-6). 

This observation further suggests an inhibition of erbBl-mediated down stream signaling following 

impairment of receptor-mediated endocytosis by IP6. 

IP6 Also Inhibits Fluid-phase Endocytosis in DU145 Cells. Further studies were 

performed to explore the effect of IP6 on fluid-phase endocytosis, and the signaling pathway 

associated with this process. To determine the effect of IP6 on fluid-phase endocytosis in DU145 

cells, HRP uptake experiments were carried out as reported recently (58). As shown in Fig 4, 

compared to control, IP6 treatment resulted in a dose-dependent decrease in the HRP uptake in 

DU145 cells as measured by HRP activity in terms of its binding with cellular proteins (58). The 

lowest dose (0.25 mM) of IP6 used in this study, showed only 19% inhibition, though statistically 

significant (P < 0.05, Student's t test), of fluid-phase endocytosis (Fig. 4). Much higher inhibition, 

however, was observed at 0.5, 1 and 2 mM doses of IP6 accounting for 38, 42 and 52% inhibition (P 

< 0.001, Student's t test), respectively (Fig. 4). Treatment of cells with a PI3K inhibitor, 

wortmannin, also showed similar decrease (44% inhibition, P < 0.001, Student's t test) in fluid-phase 

endocytosis (Fig. 4). Comparing the data obtained with wortmannin showing inhibition of fluid- 
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phase endocytosis with those where it does not change the binding of AP2 to erbBl in receptor- 

mediated endocytosis study (Fig. 1, lane 6), it can be concluded that fluid-phase endocytosis 

involves a PI3K-mediated pathway in DU145 cells, whereas receptor-mediated endocytosis does not. 

Inhibition of Fluid-phase Endocytosis by IP6 is Mediated by Impairment of PI3K-AKT 

Pathway in DU145 Cells. Based on the inhibitory effect of IP6 on fluid-phase endocytosis, and the 

similar response by PI3K inhibitor wortmannin, further studies were performed to delineate the 

involvement of PI3K-AKT pathway in this process. As shown in Fig. 5 (top panel), 

immunoprecipitation of PI3K and blotting with anti-phosphotyrosine antibody clearly showed that 

treatment of serum starved cultures with TGFa results in a marked activation (tyrosine 

phosphorylation) of only 110 kDa PI3K protein (Fig. 5, lane 2). However, pre-treatment of cells 

with IP6 resulted in a significant inhibition of PI3K activation in a dose-dependent manner (Fig. 5, 

lanes 3-5). The observed effect of IP6 was a complete inhibition of pi 10 PI3K tyrosine 

phosphorylation at 0.5 mM and higher doses (Fig. 5, lanes 4 and 5). Parallel to TP6, wortmannin (at 

200 ng/ml dose), also caused the complete inhibition of pi 10 PI3K tyrosine phosphorylation (Fig. 5, 

lane 6). Serum starvation of DU145 cells for 36 hrs did not show any tyrosine phosphorylation band 

for both pi 10 and p85 PI3K subunits (Fig. 5, lane 1). The observed activation of pi 10 PI3K and its 

inhibition by IP6 was not due to a change in either of pi 10 and p85 PI3K protein levels (Fig. 5, 

bottom panel). The results obtained in the present study for the activation of pi 10 PI3K subunit by 

TGFa, were in contrast with those observed by us in another study showing that treatment of serum 

starved DU145 cells with IGF-I or NDF results in the activation of p85 PI3K subunit (36). It is 

important to emphasize here that PI3K is activated by: a) its p85 subunit that binds to tyrosine kinase 

which is autophosphorylated at the sequence YXXM, a specific SH2 domain phosphotyrosine 
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binding sequence, or b) its 110 kDa subunit that binds to the ras effector domain in a GTP-dependent 

manner (33,61). A differential ligand-induced activation of PI3K pi 10 and p85 subunits observed by 

us in the present study and another study (36), suggests that in DU145 cells, TGFcc activates PI3K 

class which does not interact with SH2-domain-contaming adoptors but contains an amino-terminal 

ras-binding site, and therefore interacts with ras proteins in a GTP-dependent manner. More detailed 

mechanistic studies are in progress to further address this pathway. However, to the best of our 

knowledge, ours is the first report showing that TGFcc activates 110 kDa subunit of PI3K in DU145 

cells, and that a cancer chemopreventive agent IP6 inhibits this activation. 

AKT is an immediate downstream target of PI3K, and becomes serine-threonine 

phosphorylated in vivo in a PI3K-sensitive manner (35,62). AKT has been linked to diversified 

cellular processes including cell survival by suppressing apoptosis via phosphorylation of BAD (63). 

Based on our data showing that IP6 inhibits ligand-induced activation of PI3K, we next assessed its 

effect on AKT phosphorylation. As shown in Fig. 6 (top panel), compared to no reactivity of 

immunoprecipitated sample from serum starved cells towards phospho-AKT antibody, treatment of 

starved cultures with TGFa resulted in a strong activation of AKT (lanes 1 and 2, respectively). 

However, pre-treatment of cells with IP6 resulted in a significant to complete inhibition of TGFcc- 

induced AKT activation in a dose-dependent manner (Fig. 6, lanes 3-5). Similar to IP6, PI3K 

inhibitor wortmannin also showed a complete inhibition of ligand-induced AKT activation (Fig. 6, 

lane 6). The observed changes in the levels of activated AKT were not due to a change in AKT 

protein levels in different treatment samples (Fig. 6, bottom panel). Several recent studies have 

shown a direct involvement of PI3K-AKT pathway in fluid-phase endocytosis by regulating Rab5 

which is active in GTP form and is rate-limiting factor for endocytosis (33,34); specifically ras/PI3K 

is connected to the activation of AKT which is a key regulator of fluid-phase endocytosis (33,34). 
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Corroborative to our present finding that TGFa activates 110 kDa PI3K subunit in DU145 cells, as 

compared to p85 PI3K by IGF-1 and NDF found in another study by us (36), TGFa also showed 

strongest effect in terms of fluid-phase endocytosis of HRP compared to that by IGF-I and NDF 

(36). Together, these results further support the argument regarding the involvement of ras/PI3K- 

AKT pathway in fluid-phase endocytosis, and enhance our reasoning that IP6 inhibits fluid-phase 

endocytosis via inhibition of PI3K-AKT pathway. 

Inhibition of erbBl Receptor-mediated and Fluid-phase Endocytosis by IP6 Impairs 

MAPK ERK1/2 Activation in DU145 Cells. Via several different cytoplasmic signaling pathways, 

activation of erbBl ultimately activates MAPK ERK1/2 which localizes to nucleus and activates 

transcription factors for cell growth and proliferation (19-22). Paralleled with the inhibitory effect of 

IP6 on She activation, She binding to erbBl and PI3K-AKT activation, IP6 also inhibited TGFa- 

induced MAPK ERK1/2 activation in a dose-dependent manner with no change in their protein 

levels (Fig. 7). Together, these data provide convincing evidence that IP6 treatment of DU145 cells 

results in the impairment of receptor-mediated and fluid-phase endocytosis and associated signaling 

which leads to the inhibition of MAPK signaling pathway as a down-stream effect. 

IP6 Inhibits Both Anchorage-dependent and -independent Growth of DU145 Cells. To 

assess whether impairment of erbBl endocytosis and the mitogenic signaling associated with it by 

IP6 produces biological effects which occur at similar doses, we next assessed the effect of IP6 on 

anchorage-dependent and -independent growth of DU145 cells. In terms of anchorage-dependent cell 

growth, as shown by data in Fig. 8 A, the treatment of cells with IP6 resulted in a significant 

inhibition of cell growth in both dose- and time-dependent manner. Compared to control, treatment 
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of cells at 0.25 mM dose of IP6 showed more than 50% inhibition (p < 0.001, Student's test) of cell 

growth at day 4 of treatment (Fig. 8 A). A much higher cell growth inhibition was observed at the 

dose of 0.5 mM IP6 during the entire treatment time, and accounted for almost 80% inhibition 

(pO.0001, Student's test) at day four of treatment (Fig. 8A). At 1 and 2 mM doses of IP6, no cell 

growth was observed after one day of treatment throughout the study (Fig. 8 A). The Trypan blue 

dye exclusion assay indicated that the cell growth inhibitory effects of IP6 were not due to 

cytotoxicity (data not shown). Based on the results showing that TP6 inhibits anchorage-dependent 

growth of DU145 cells, we next assessed the effect of IP6 on anchorage-independent growth of 

DU145 cells by soft agar colony formation assay. As many as 54.5 + 3.6 (mean ± SE of three 

independent plates) colonies/1000 cells (per plate) were counted in controls after 10 days of initial 

seeding (data not shown). Treatment of cells with IP6 resulted in a significant inhibition in soft agar 

colony formation of DU145 cells in a dose-dependent manner (Fig. 8B). The lower doses of IP6 (0.1 

and 0.2 mM) showed almost no inhibition, however, -30 and 50% inhibition (P < 0.05 & 0.001, 

Student's t test) was evident at 0.4 and 0.5 mM doses, respectively (Fig. 8B). The highest dose of 

TP6 (4 mM) used in this assay, showed almost 75% inhibition (P < 0.001, Student's t test) in number 

of colonies per plate. 

DISCUSSION 

The central finding in the present study is that IP6 impairs both receptor-mediated and fluid-phase 

endocytosis which result in the inhibition of mitogenic signals associated with growth and 

proliferation of human prostate carcinoma DU145 cells. The results obtained suggest a novel 

molecular pathway for the intervention of advanced and androgen-independent human PCA by IP6. 

These results are specifically significant since the major thrust in PCA control has been to design and 
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develop molecular mechanism-based intervention approaches for this deadly malignancy (14,15). 

For example, the major emphasis of the National Cancer Institute, NIH has been to develop SEBs for 

early detection, risk assessment and intervention of PC A; special emphasis has also been placed on 

those markers which relate to the progression of microscopic to clinically relevant PC A that could be 

explored in intervention trials (14,15). As found in a significant number of routine contemporary 

needle biopsies without cancer, high-grade PIN is the most likely precursor of PC A, and therefore 

PIN has been extensively used as a suitable endpoint biomarker for PCA intervention in clinical 

trials (14,15). It is important to emphasize here that aberrant expression of erbB family members has 

been shown in SEB, human PIN; erbB family members are one of the few potential surrogate 

endpoint genetic markers which are being employed for the screening of interventive agents against 

PCA in short-term phase II clinical trials (14-18); and erbB family members are also extensively 

explored as major potential molecular target for PCA intervention, specifically in case of androgen 

independent PCA (20). In view of these efforts, the results of the present study showing that a 

naturally occurring phytochemical, IP6, impairs erbB 1 receptor endocytosis and associated 

mitogenic signaling in androgen-independent human PCA DU145 cells, could have direct 

implications in the intervention of advanced and androgen-independent human PCA. 

The erbB and other receptor- and non-receptor-mediated signaling cascades activate MAPKs 

which are a family of signaling molecules defined as the ultimate cytoplasmic targets in signaling 

cascades (reviewed in refs. 64-68). Following their activation, MAPKs translocate to the nucleus 

where they activate transcription factors for cell growth, proliferation and differentiation (64-68). 

These studies suggest that growth factors and receptors associated with PCA progression regulate 

cell growth mostly through the activation of MAPKs. Indeed, very recently, it has been shown that 

MAPK ERK1/2 is constitutively very active in human PCA DU145 cells; and that epidermal growth 
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factor, IGF-1 and protein kinase A activator significantly activate MAPK ERK1/2 in both LNCaP 

and DU145 human PCA cells via erbBl receptor (69). An increase in the activation of MAPK 

ERK1/2 signaling has also been reported very recently as human PCA progresses to a more 

advanced and androgen-independent malignancy (70). Consistent with the involvement of activated 

MAPK ERK1/2, possibly via erbBl autocrine loop, in the progression of advanced and androgen- 

independent human PCA, in the present study, we observed that impairment of erbBl endocytosis by 

IP6 also results in the inhibition of MAPK ERK1/2 activation in DU145 cells. Whereas observed 

inhibitory effect of EP6 on MAPK ERK1/2 activation could be via impairment of erbBl-Shc-ras/raf- 

and/or erbBl-PI3K-pathways, more studies are in progress to further define the specific signaling 

pathway affected by IP6 in inhibiting MAPK ERK1/2 activation. The specificity of IP6 in inhibiting 

PI3K followed by AKT activation and fluid-phase endocytosis, also needs to be further explored. For 

example, whereas it can be argued that the inhibitory effect of TP6 on PI3K activation observed in 

the present study is due to the impairment of ligand-induced erbBl receptor endocytosis in DU145 

cells, direct inhibition of PI3K by IP6 has also been reported recently in an in vitro assay (57). The 

results of this study also showed that IP6 significantly inhibits tumor promoter-induced cell 

transformation, AP-1 activity, PI3K activity and MAPK ERK1/2 activation in JB6 cells (57). 

Consistent with the effects of IP6 reported in previous study, in the present study, we have identified 

additional up-stream molecular signaling events which are impaired by IP6 as a plausible cause for 

its down-stream inhibition of PI3K and MAPK ERK1/2 followed by AP-1 activation and cell 

transformation. 

In summary, based on the data reported in the present study, together with earlier studies 

showing cancer preventive and anti-carcinogenic effects of IP6 in several tumor models, we suggest 

that the usefulness of IP6 should be explored as a dietary interventive agent against human PCA. The 
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dietary intervention of PC A by IP6 could be of particular significance since diet is one such factor 

that varies significantly from country to country, and has been estimated to account for up to 35% of 

overall cancer rate differences (71). For example, the incidence of prostate, breast, and colon cancers 

is lower in Asian countries than in West including the United States; and people living in Japan, 

China, Korea and other Asian countries, are four to ten times less likely to be diagnosed with and die 

from prostate and breast cancers than those in the United States (1). Particularly in PCA, clinical 

incidence of this malignancy is low in Asian men, and highest in African-Americans and 

Scandinavians (1,72). However, once moved to the United States, the incidence and mortality rate 

due to PCA are increased in Asian men approximating those of Americans (72). The epidemiological 

studies suggest that dietary and environmental factors are the major causes for an increase in PCA in 

the United States men as well as in migrating Asians (1,72). As low-fat and/or high-fiber diet 

significantly affects sex hormone metabolism in men (73), in Japan and some other Asian countries, 

despite the same incidence of latent small or non-infiltrating prostatic carcinomas, the incidence of 

clinical PCA and the mortality rate associated with it is low (72). This could, at least partly, be 

explained by a diet-related lowering of this malignancy (73,74). IP6 is also a ubiquitous plant 

component constituting 0.4 to 6.4% of most cereals, nuts, legumes, oil seeds and soybean, and is rich 

in dietary fibers. A dietary habit consuming food rich in IP6 could be beneficial for the intervention 

of PCA in particular and other human malignancies in general. 

This work was supported by USPHS Grant CA 64514, and US Department of Defense PCA 

Program Award #DAMD17-98-l-8588.. 
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Figure Legends 

Fig. 1. IP6 impairs erbBl receptor-mediated endocytosis by inhibiting the binding of AP2 to 

erbBl in DU145 cells. Cells at 70-80% confluency were serum starved for 36 hrs, and during the last 

two hrs of starvation were either treated with vehicle or 0.25, 0.5 or 1 mM IP6, or 200 ng/ml 

wortmannin. At the end of these treatments, cells were added with PBS or TGFa (100 ng/ml) for 10 

min at 37°C, and cell lysates were prepared as detailed in Methods. erbBl was immunoprecipitated 

using anti-erbBl antibody, and then immunoprecipitates were subjected to SDS-PAGE followed by 

Western blotting. Membrane was probed with anti-AP2 antibody followed by peroxidase-conjugated 

appropriate secondary antibody, and visualized by the ECL detection system. The treatment in each 

lane is as marked in the figure. 

Fig. 2. Impairment of erbBl receptor-mediated endocytosis by IP6 does not affect erbBl 

activation in DU145 cells. Cells at 70-80% confluency were serum starved for 36 hrs, and during the 

last two hrs of starvation were either treated with vehicle or 0.25, 0.5, 1 or 2 mM IP6. At the end of 

these treatments, cells were added with PBS or TGFa (100 ng/ml) for 10 min at 37°C, and cell 

lysates were prepared as detailed in Methods. erbBl was immunoprecipitated using anti-erbBl 

antibody, and then immunoprecipitates were subjected to SDS-PAGE followed by Western blotting. 

The membrane was probed with anti-phosphotyrosine {upper panel) or anti-EGFR {lower panel) 

antibody followed by peroxidase-conjugated appropriate secondary antibody, and visualized by the 

ECL detection system. The treatment in each lane is as marked in the figure. 

Fig. 3. Impairment of erbBl receptor-mediated endocytosis by IP6 inhibits erbBl-mediated 

mitogenic signaling by inhibiting She activation and Shc-erbBl binding in DU145 cells. Cells at 70- 
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80% confluency were serum starved for 36 hrs, and during the last two hrs of starvation were either 

treated with vehicle or 0.25, 0.5,1 or 2 mM IP6. At the end of these treatments, cells were added 

with PBS or TGFct (100 ng/ml) for 10 min at 37°C, and cell lysates were prepared as detailed in 

Methods. She was immunoprecipitated using anti-She antibody, and then immunoprecipitates were 

subjected to SDS-PAGE followed by Western blotting. The membrane was probed with anti- 

phosphotyrosine (panel A), anti-She (panel B) or anti-erbBl (panel Q antibody followed by 

peroxidase-conjugated appropriate secondary antibody, and visualized by the ECL detection system. 

The treatment in each lane is as marked in the figure. 

Fig. 4. DP6 also impairs fluid-phase endocytosis in DU145 cells. Cultures in 35mm dishes at 

70-80% confluency were washed with a-MEM three time and treated with 0, 0.25, 0.5,1 or 2 mM 

IP6 or 200 ng/ml wortmannin in a-MEM for 2 hrs at 37°C. Thereafter, cultures were added with 2 

mg/ml horseradish peroxidase and 1% bovine serum albumin, and incubated for another hour at 

37°C. The HRP uptake was determined as detailed in Methods. The data shown are mean + SE of 

three independent experiments, each done in duplicate. 

Fig. 5. Inhibition of fluid-phase endocytosis by IP6 is mediated by impairment of PI3K-AKT 

pathway in DU145 cells: effect on PI3K activation. Cells at 70-80% confluency were serum starved 

for 36 hrs, and during the last two hrs of starvation were either treated with vehicle or 0.25, 0.5 or 1 

mM IP6, or 200 ng/ml wortmannin. At the end of these treatments, cells were added with PBS or 

TGFoc (100ng/ml) for 10 min at 37CC, and cell lysates were prepared as detailed in Methods. PI3K 

was immunoprecipitated using anti-PI3K antibody, and then immunoprecipitates or total cell lysates 

were subjected to SDS-PAGE followed by Western blotting as described in Methods. 
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Immunoprecipitated PI3K following blotting was probed with anti-phosphotyrosine (upper panel), 

and cell lysates following blotting were probed with anti-PI3K (lower panel) antibodies. Following 

primary antibody, membranes were incubated with peroxidase-conjugated appropriate secondary 

antibody, and visualized by the ECL detection system. The treatment in each lane is as marked in the 

figure. 

Fig. 6. Inhibition of fluid-phase endocytosis by phytic acid is mediated by impairment of 

PI3K-AKT pathway in DU145 cells: effect on AKT activation. Cells at 70-80% confluency were 

serum starved for 36 hrs, and during the last two hrs of starvation were either treated with vehicle or 

0.25, 0.5 or 1 mM IP6, or 200 ng/ml wortmannin. At the end of these treatments, cells were added 

with PBS or TGFa (100ng/ml) for 10 min at 37°C, and cell lysates were prepared as detailed in 

Methods. AKT was immunoprecipitated using anti-AKT antibody, and then immunoprecipitates or 

total cell lysates were subjected to SDS-PAGE followed by Western blotting as described in 

Methods. Immunoprecipitated AKT following blotting was probed with anti-phospho AKT (upper 

panel), and cell lysates following blotting were probed with anti-AKT (lowerpanel) antibodies. 

Following primary antibody, membranes were incubated with peroxidase-conjugated appropriate 

secondary antibody, and visualized by the ECL detection system. The treatment in each lane is as 

marked in the figure. 

Fig. 7. Inhibition of erbBl receptor-mediated and fluid-phase endocytosis by IP6 impairs 

MAPK ERK1/2 activation in DU145 cells. Cells at 70-80% confluency were serum starved for 36 

hrs, and during the last two hrs of starvation were either treated with vehicle or 0.25, 0.5,1 or 2 mM 

IP6. At the end of these treatments, cells were added with PBS or TGFa (100 ng/ml) for 10 min at 
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37°C, and cell lysates were prepared as detailed in Methods. Total cell lysates were subjected to 

SDS-PAGE followed by Western blotting as described in Methods, and membranes were probed 

with anti-phospho MAPK {upperpanel) or anti-MAPK {lowerpanel) antibody. Following primary 

antibody, membranes were incubated with peroxidase-conjugated appropriate secondary antibody, 

and visualized by the ECL detection system. The treatment in each lane is as marked in the figure. 

Fig. 8. JP6 inhibits both anchorage-dependent and -independent growth of DU145 cells. For 

anchorage-dependent cell growth (A), cells were plated at 0.5 x 105 cells/ 60-mm plate, and on day 2 

were treated with water or indicated doses of JP6. Total number of cells were counted for varying 

time periods (1-5 days). The cell growth data shown are mean + SE of four independent plates; each 

sample counted in duplicate. For anchorage-independent cell growth (B), soft agar colony formation 

assay was performed using 6-well plates as detailed in Methods. The number of colonies was 

determined under an inverted phase-contrast microscope at x 100 magnification; a group of more than 

10 cells was counted as a colony. The data shown are means ± SE of three independent wells at 

optimum time of 10 days from the start of cell seeding; the experiment was repeated once with 

similar results. 
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Prostate cancer (PCA) is the most common invasive malignancy and leading cause (after 
lung) of cancer deaths in the United States males. Since PCA is initially androgen-dependent, 
strategies are targeted toward androgen depletion for its control. However, tumor re-growth 
appears following this modality which is androgen-independent and involves autocrine growth 
factor/receptor interaction causing an autonomous loop for persistent PCA growth and metastasis. 
Recently, we showed that silymarin, a flavonoid antioxidant isolated from milk thistle, possesses 
exceptionally high to complete protective effects against experimentally-induced tumorigenesis. 
Since reduction in serum prostate specific antigen (PSA) levels has been proposed as an end point 
biomarker for androgen-dependent human PCA intervention, and impairment of erbBl-mediated 
mitogenic signaling could be usefiil for the intervention of androgen-independent PCA, we 
assessed the effect of silymarin on: a) PSA expression, and b) erbB 1 activation and associated 
downstream events, in human prostate carcinoma LNCaP and DU145 cells, respectively. Studies " 
were also performed to assess whether silymarin modulates cell cycle regulatory proteins and 
progression, leading to growth inhibition of human prostate carcinoma cells. 

In LNCaP cells, silymarin treatment resulted in a significant decrease in both intracellular 
and secreted forms of PSA concomitant with a highly significant to complete inhibition of cell 
growth via a Gl arrest in cell cycle progression. Treatment of cells grown in charcoal-stripped 
serum and DHT showed that the observed effects of silymarin are those involving androgen- 
stimulated PSA expression and cell growth. Silymarin-induced Gl arrest was associated with a 
marked decrease in the kinase activity of CDKs and associated cyclins due to a highly significant 
decrease in cyclin Dl, CDK4 and CDK6 levels, and an induction of Cipl/p21 and Kipl/p27 
followed by their increased binding with CDK2. Silymarin treatment of cells did not result in 
apoptosis and changes in p53 and bcl2 levels. Conversely, it resulted in a significant 
neuroendocrine differentiation of LNCaP cells as an alternative pathway following Cipl/p21 
induction and Gl arrest. 

In DU145 cells, treatment of serum-starved cells with silymarin resulted in a significant 
inhibition of TGFa-mediated activation of erbBl, but no change in its protein levels. Silymarin 
treatment of cells also resulted in a significant decrease in tyrosine phosphorylation of an 
immediate down-stream target of erbBl, the adapter protein SHC, together with a decrease in its 
binding to erbBl. Silymarin treatment also resulted in a significant induction of CDKIs Cipl/p21 
and Kipl/p27, concomitant with a significant decrease in CDK4 expression but no change in the 
levels of CDK2, CDK6, and associated cyclin E and cyclin Dl, respectively. 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 (mAb 225) or different 
doses of silymarin also resulted in significant inhibition of constitutive tyrosine phosphorylation of 
both erbBl and SHC, but no change in their protein levels. Furthermore, whereas silymarin 
treatment resulted in a significant increase in the protein levels of both Cipl/p21 and Kipl/p27, 
mAb 225 showed an increase only in Kipl/p27. These findings suggest that silymarin also 
inhibits constitutive activation of erbBl, and that the observed effect of silymarin on an increase in 
CDKI protein levels is mediated via inhibition of erbBl activation only in the case of Kipl/p27; 
however, additional pathways independent of inhibition of erbBl activation are possibly 
responsible for the silymarin-caused increase in Cipl/p21 in DU145 cells. In other studies, 
silymarin treatment also induced a Gl 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 DU 145 cells in a dose- and time-dependent manner. 

Taken together, these results suggest that silymarin may exert a strong anti-carcinogenic 
effect against both androgen-dependent and -independent human PCA, and that these effects are 
likely to involve inhibition of PSA expression and impairment of erbBl -SHC-mediated signaling 
pathway, induction of CDKIs, and a resultant Gl arrest. 
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e.g. interaction of ttansforrning growth factor a (TGFa) and epidermal growth 
factor receptor (erbBl). We rationalized that targeting this pathway would be 

• useful for PCA intervention, and showed recently that a flavonoid antioxidant 
silymarin inhibits erbBl activation followed by a Gl arrest and inhibition of PCA 
cell growth. Here we did more studies to define cause and effect relationship for 
the observed effect of silymarin at membrane receptor level. Treatment of human 
prostate carcinoma LNCaP and DU 145 cells with silibinin (major isoform of 
silymarin) at 50-150 ug/ml doses (2 hrs) resulted in 20-75% inhibition of TGFa 
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DU145 cell growth. These data show that as an initial step, silibinin inhibits ligand 
binding to erbBl that impairs its internalization causing inhibition of erbBl and 
ERK1/2 activation. As this signaling causes activation of transcription factors for 
cell growth, its inhibition possibly results in transcriptional and translational 
changes such as a decrease in TGFa expression, as observed in silibinin treated 
cells. Together these effects of silibinin lead to an impairment of ligand/receptor 
autocrine growth loop in PCA. (Supported by DAMD17-98-1-8588). 
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