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a b s t r a c t

Prostate cancer is one of the most frequently diagnosed cancers in human males. Progres-

sion of these tumors is facilitated by autocrine/paracrine growth factors which activate

critical signaling cascades that promote prostate cancer cell growth, survival and migration.

Among these, Ras pathways have a major role. Here we examined the effect of the Ras

inhibitor S-trans, trans-farnesylthiosalicylic acid (FTS), on growth and viability of androgen-

dependent and androgen-independent prostate cancer cells.

FTS downregulated Ras, inhibited signaling to Akt and reduced the levels of cell-cycle

regulatory proteins including cyclin D1, p-RB, E2F-1 and cdc42 in LNCaP and PC3 cells.

Consequently the anchorage-dependent and anchorage-independent growth of LNCaP and

PC3 cells were inhibited. FTS also induced apoptotic cell death which was inhibited by the

broad-spectrum caspases inhibitor, Boc-asp-FMK. Our study demonstrated that androgen-

dependent and androgen-independent prostate cancer cells require active Ras for growth

and survival. Ras inhibition by FTS results in growth arrest and cell death. FTS may be

qualified as a potential agent for the treatment of prostate cancer.

# 2006 Elsevier Inc. All rights reserved.

avai lab le at www.sc iencedi rect .com

journal homepage: www.e lsev ier .com/ locate /b iochempharm
* Corresponding author. Tel.: +972 3 6406801; fax: +972 3 6407643.
E-mail address: lironit@post.tau.ac.il (R. Pinkas-Kramarski).

0006-2952/$ – see front matter # 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2006.05.007

mailto:lironit@post.tau.ac.il
http://dx.doi.org/10.1016/j.bcp.2006.05.007


b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 4 2 7 – 4 3 6428

SDS-PAGE, sodium dodecyl

sulfate polyacrylamide gel

electrophoresis

TGF, transforming growth factors
1. Introduction

Prostatic carcinoma is one of the most common male cancers

and the second leading cause of cancer-related death [1].

Prostate cancer cell growth is controlled by several factors

including androgen, growth factors and their respective

receptors. In early stage of prostate cancer androgens are

required for cell proliferation and survival. Therefore, 80% of

the patients respond to androgen deprivation therapy with

reduced tumor size. However the effectiveness of androgen

ablation in the management of advanced prostate cancer is of

limited value, with the median length of response being only

18–24 months [2,3]. The transition of the prostate cancer cell to

an androgen-independent phenotype is a complex process

that involves selection and outgrowth of pre-existing clones of

androgen-independent cells as well as adaptive up-regulation

of genes that help the cancer cells to survive and grow after

androgen ablation [3].

Alterations of growth factors and their receptors may lead

to the development of cancer [4]. Increases in autocrine and

paracrine growth factor loops are among the most commonly

reported changes correlated with progression of prostate

cancer. Growth factors and their receptors have been reported

to be overexpressed in advanced prostate cancer including

epidermal growth factor (EGF), transforming growth factors

(TGF)-a and b, fibroblast growth factors (FGF), and insulin-like

growth factors (IGF) [5–7]. Activation of the growth factor

receptors leads to increased Ras activation in advanced

prostate cancer. Ras activation as a result of increased EGF

receptor (ErbB-1) signaling was reported in 40% of prostate

tumors and occurred with greater frequency in advanced

stages [8]. Overexpression of ErbB-2 and ErbB-3 receptors has

been implicated in the neoplastic transformation of prostate

cancer [9] and expression of ErbB-2/neu in prostate cells

induced cell transformation [10]. Although the role of

oncogenes and growth factors in prostate carcinoma is still

unclear, overexpression of the epidermal growth factor

receptor (ErbB-1) and the proto-oncogene ErbB-2 has been

reported in prostate tumors, and ErbB-2 has been related to

poor prognosis and distant metastasis [11].

Ras signaling is activated in a large fraction of human

tumors [4]. Although constitutively active mutants of Ras are

commonly encountered in some types of cancer they appear

to be relatively rare in prostate cancer, with possible exception

in Japanese patients [12–14]. In spite of this prostate cancer

cells exhibit elevated levels of activated MAP kinases, which

are targets of Ras, in correlation with tumor stage and grade

[15]. It has been also demonstrated that Ras activation play a

role in altering prostate cancer cells toward decreased

hormone dependence and increased malignant phenotype

[16]. Expression of constitutively active H-Ras in LNCaP cells

was sufficient for progression toward androgen independence
in terms of tumorigenicity and it correlated with activation of

MAP kinase signaling.

Because Ras signalling represents a convergence point for

numerous diverse extracellular signals, Ras and its effectors

may be appropriate targets for therapeutic intervention. Ras is

post translationally modified by addition of a farnesyl lipid

group that allows Ras attachment to the membrane. Attempts

have been made to block Ras or Ras dependent functions in

prostate cancer cell lines using farnesyl transferase inhibitors

[17–19]. S-trans, trans-farnesylthiosalicylic acid (FTS) is a

synthetic Ras inhibitor which structurally resembles the

carboxy-terminal farnesylcysteine group common to all Ras

proteins. FTS acts as a functional Ras antagonist in cells

affecting Ras-membrane interactions, dislodging the protein

from its anchorage domains, facilitating its degradation, and

thus reducing cellular Ras content [20,21]. FTS has been shown

to inhibit the growth of H-Ras and K-Ras and N-Ras

transformed rodent fibroblasts in vitro [22,23]. More recent

studies have shown that FTS can inhibit the anchorage-

dependent growth of LNCaP and CWR-R1 cells [24]. In the

present study we examined the impact of FTS on the

anchorage-dependent and anchorage-independent growth

of the prostate cancer cell lines, PC3 and LNCaP, and

determined its effects on the survival of these cells.
2. Materials and methods

2.1. Materials and buffers

FTS was prepared by a general procedure, purified and

analyzed as described in detail elsewhere [25]. Pan Ras Ab

(Ab-3) was purchased from Calbiochem (La Jolla, CA). Poly-

clonal rabbit anti Rb (C-15), anti E2F-1 (c-20), and anti cyclin D1

(M-20) antibodies, were purchased from Santa-Cruz Biotech-

nology (Santa-Cruz, CA). Polyclonal rabbit anti phospho-cdc2

(Thr161) was purchased from cell Signaling. Polyclonal rabbit

anti Mapk and anti phospho-Mapk antibodies were purchased

from New England Biolabs Inc. Rabbit (polyclonal) anti

survivin Ab (FL-142) was from Santa Cruz Biotechnology

(Santa Cruz, CA). Monoclonal Rat anti Tubulin was kindly

provided by Prof. Elisha Orr, MabGenics GmbH (Giessen,

Germany). Ac-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin

(Ac-DEVD-7AMC) was purchased from Biomol Research

Laboratories (Plymouth Meeting, PA, USA). Boc-asp-FMK was

from ICN (Biomedicals Inc.). All other reagents were from

Sigma. HNTG buffer contained 20 mM HEPES (pH 7.5), 150 mM

NaCl, 0.1% Triton X-100, and 10% glycerol. Solubilization buffer

contained 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-

100, 1 mM EGTA, 1 mM EDTA, 1.5 mM MgCl2, 10% glycerol,

0.2 mM sodium orthovanadate, 2 mM phenylmethylsulfonyl

fluoride (PMSF), 10 mg/ml aprotinin, and 10 mg/ml leupeptin.
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2.2. Cell lines

The human LNCaP and PC3 cells were grown in RPMI-1640

supplemented with antibiotics and 10% heat-inactivated fetal

bovine serum (FBS). Cells were incubated at 37 8C in 5% CO2 in

air, and the medium was changed every 3–4 days. Cells were

passaged when 70% confluent using trypsin/Di-sodium ethy-

lenediaminetetra-acetic acid (EDTA) (Biological Industries,

Kibbutz Beit Haemek, Israel).

2.3. Cell survival assays

LNCaP and PC3 cells were plated in 96-well plates at a density

of 7000 and 10,000 cells/well respectively in medium contain-

ing 5% FBS. 24 h later, FTS or 0.1% DMSO (control) were added.

Cell survival was determined by using the [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl] tetrazolium bromide

(MTT) assay, which determines mitochondrial activity in

living cells [26]. MTT 0.1 mg/ml was incubated with the

analyzed cells for 2 h at 37 8C. Living cells can transform the

tetrazolium ring into dark blue formazan crystals, which can

be quantified by reading the optical density at 550–650 nm

after lysis of the cells with acidic isopropanol. Staining of

nuclei with the fluorescent DNA dye bisbenzimide (Hoechst

33258) was used to estimate the number of dying cells.

Hoechst staining was performed on live cells by incubation

with Hoechst solution (2 mg/ml) for 10 min. Dead cells were

scored by nuclear staining and nuclear morphology. Following

staining the, cells were photographed. The instrument used

was Olympus optical inverted phase-contrast microscope

Model IX70 (20� magnification). Quantification of the results

was performed by counting 10 random fields. Stained nuclei

were considered as dead cells and unstained cells were

counted as live cells.

2.4. Cell cycle analysis

For cell cycle analysis, LNCaP and PC3 cells were seeded in six-

well plates at a density of 3.5 � 105 cells/well, in medium

containing 5% FBS, in the presence of 0.1% DMSO (control) or in

the presence of the indicated concentrations of FTS. After 3

days cells were washed once with PBS. Propidium iodide

(50 mg/ml) and Triton (0.05%) were added. The stained cells

were analyzed in a fluorescence-activated cell sorter (FACS-

can; Becton and Dickinson) within 1 h. The percentage of cells

at different phases of the cell cycle was determined by using

the WinMDI 2.1.4 program.

2.5. Assay for DEVDase activity

Caspase activity was measured in terms of assayed DEVDase

activity. PC3 and LNCaP cells were seeded at a density of

2 � 106 cells in 10 cm plates, in medium containing 5% FBS.

24 h later, 50 mM, 75 mM FTS or 0.1% DMSO (control) were

added. After 2 days incubation with FTS cells were collected,

centrifuged, washed with PBS and resuspended in 100 ml of

extraction buffer (50 mM Tris–HCl, pH 7.4, 1 mM EDTA and

10 mM EGTA). Cells were lysed by three rounds of freezing and

thawing. The extracts were then centrifuged for 5 min at

14,000 � g. The resulting supernatants were normalized for
protein content (approximately 150 mg) and assayed for

DEVDase activity using the fluorescent synthetic peptide

Ac-DEVD-7AMC (50 mM) in the reaction buffer (50 mM Tris–

HCl, pH 7.4, 1 mM DTT and 2 mM MgCl2). Fluorescence at

360 nm excitation and at 460 nm emission was measured after

incubation for 30 min at 37 8C. DEVDase activity induced by

FTS is presented as arbitrary units.

2.6. Soft-agar assays

Cells were seeded at a density of 6500 cells/well in 96 well

plates in RPMI medium containing 10% FBS. The cells were

mixed with 0.05 ml (per each well) of 0.33% noble agar, and the

mixture was poured onto a layer of 0.05 ml 1% nobel agar in

RPMI medium containing 10% FBS. The upper layer of the agar

was covered with 0.1 ml of medium. The agar layers contained

either 0.1% DMSO (control) or FTS dissolved in 0.1% DMSO.

Assays were performed in at least six repeats. The number and

sizes of LNCaP and PC3 colonies were estimated on day 14,

using a binocular and a light microscope with the image

analyzer program Image pro-Plus.

2.7. Lysate preparation and Western immunoblotting

Cells were seeded in six well plates at a density of 3.5 � 105

cells/well, in medium containing 5% FBS, in the presence of

0.1% DMSO (control) or in the presence of the indicated

concentrations of FTS. After treatment, cells were solubilized

in lysis buffer. Lysates were cleared by centrifugation. For

direct electrophoretic analysis, a boiling gel sample buffer was

added to cell lysates. For determination of Ras levels cells were

homogenized, and fractionated (100,000 � g pellet and super-

natant) as detailed previously [21]. Lysates or cellular fractions

were then resolved by SDS-polyacrylamide gel electrophoresis

(PAGE) through 7.5% or 10% gels and electrophoretically

transferred to nitrocellulose membrane. Membranes were

blocked for 1 h in TBST buffer (0.05 M Tris–HCl pH 7.5, 0.15 M

NaCl and 0.1% Tween 20) containing 6% milk, blotted with

primary antibodies for 2 h, followed by 0.1 mg/ml secondary

antibody linked to horseradish peroxidase. Immunoreactive

bands were detected with the enhanced chemiluminescence

reagent (Amersham Corp.).
3. Results

3.1. FTS reduces levels of Ras and inhibits cell-cycle
regulators in PC3 and LNCaP cells

In order to examine the effect of Ras inhibition on the

malignant phenotype of androgen-responsive and androgen-

insensitive prostate cancer cells we first determined whether

the Ras inhibitor, FTS, can affect Ras in such cells. We

incubated LNCaP (androgen-responsive) or PC3 (androgen-

insensitive) cells with 50 mM FTS or 75 mM FTS for 48 h and

determined the levels of Ras in lysates of the cells by Western

immunoblotting with pan anti-Ras Ab. We found that PC3 and

LNCaP express comparable amounts of Ras as judged by

densitometry; the ratio of the Ras bands recorded in lysates of

equal number of cells was 1 � 0.085 (n = 3). FTS treatment
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Fig. 1 – FTS induces decrease in the levels of total Ras and phosphorylated PKB. Cells were plated in six-well plates at a

density of 3.5 � 105 cells/well in medium containing 5% FBS, in the presence of 0.1% DMSO (control) or in the presence of the

indicated concentrations of FTS for 48 h. (A) Total cell lysate was subjected to Western blot analysis. Anti-Ras and anti-RheB

antibodies were used to determine the total Ras and RheB levels in the cells. Anti-phospho-ERK, anti-ERK, anti-phospho-

Akt and anti-Akt antibodies were used to determine the activity of ERK and Akt. (B) Levels of expression of Ras in total cell

homogenates (expression levels) and in the particulate (P100) and cytosolic fractions (S100) were determined by

immunoblotting as detailed in Section 2. Results of a representative experiment are shown. Immunoreactive bands were

detected with the enhanced chemiluminescence reagent. Data represent one of three experiments with similar results. (C)

Densitometric analysis of the effect of FTS on the cellular levels of Ras. Data were normalized to the levels of Erk and are

presented as the means of the ratio between the normalized Ras levels recorded in 75 mM FTS treated cells and in the

control DMSO treated cells. Bars: S.D.

Fig. 2 – FTS treatment reduces the levels of phospho-Rb,

E2F-1, cyclin D1 and phospho-cdc2. Cells were treated in

the presence of 0.1% DMSO (zero drug control) or in the

presence of the indicated concentrations of FTS for 48 h in

medium containing 5% FBS. Whole cell lysates were

prepared and immunoblotted with anti-phospho-Rb,

anti-E2F-1, anti-cyclin D1, anti-phospho-cdc2, or

anti b-tubulin antibodies. Data represent one of three

similar experiments.
caused a significant reduction in the total amount of cellular

Ras in both cell lines (Fig. 1A). In addition we found that FTS

caused a reduction in the particulate fraction of the cells and

in the cytosol (Fig. 1B). Under the same conditions FTS had no

effect on the level of the prenylated Rheb GTPase (Fig. 1A).

Analysis of the reduction in the amounts of cellular Ras in the

two cell lines revealed a clear statistical significance (Fig. 1C).

These results are consistent with the known action of FTS as a

Ras inhibitor [27]. Moreover, in line with earlier reports that

FTS does not reduce the cellular levels of the prenylated Gg

subunit and of heterotrimeric G proteins [21] and of the

prenylated RhoA [43], they demonstrate lack of an effect on the

RheB protein in prostate cancer cells. These observations point

to the apparent selectivity of FTS towards Ras. Next we

examined the level of activation of ERK as readout of the

prominent Ras/Raf/MEK/ERK pathway. ERK and activated p-

ERK were determined in lysates of control and FTS-treated

cells by Western immunoblotting using anti-ERK and anti-p-

ERK Abs. Although both cell lines exhibited significant

amounts of ERK we did not detect active p-ERK (Fig. 1). These

results show that ERK activation does not correlate with the

sensitivity to androgen because both the androgen-sensitive

LNCaP and the androgen-insensitive PC3 cells exhibited no p-

ERK. These experiments suggested that if FTS can affect

prostate cancer cell growth through its action on Ras, it would

do so by pathways other than the Raf/MEK/ERK. We next

examined the effects of FTS on active p-PKB/Akt as a readout

of PI3K activation. Akt and activated p-Akt were determined in

lysates of control and of FTS-treated cells by Western

immunoblotting using anti-Akt and anti-p-Akt Abs. As shown

in Fig. 1 both PC3 and LNCaP exhibited significant amounts of
p-Akt and FTS induced a reduction in the amount of the active

protein. These results suggest that FTS inhibited the Ras signal

to PI3K and Akt. It is important to note that in both cell lines

there is no PTEN activity [28] leading to relatively high levels of
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PIP3 and thus of active p-Akt whose activation depends on

PIP3. Nonetheless, the production of PIP3 requires of the active

PI3K whether or not PTEN is active. Thus inhibition of the Ras-

dependent activation of PI3K will eventually result in reduc-

tion in PIP3 levels, consistent with our observation that FTS

reduced levels of p-Akt.

We next decided to examine whether FTS can affect

regulators of the cell cycle which are known to be controlled

by various Ras pathways, not only by active ERK. A major role of

Ras in G1 progression is to inactivate Rb protein through the

activation of G1 Cdks and the subsequent activation of the

transcription factor E2F-1 [29–31]. This has been shown to occur

through the stimulation of cyclin D1 transcription as well as

increased levels of cyclin D1/Cdk4 kinase activity [32,33]. First,

we determined the effect of FTS on the levels of cyclin D1. We

found that FTS reduced the amounts of cyclin D1 in both of the

prostate cell lines (Fig. 2). Consistent with this observation we

found thatFTSreducedthelevels ofp-RBprotein, ofE2F-1 and of

p-cdc-2 which is transcriptionally controlled by E2F-1 [29,34].

These results indicate that FTS would affect prostate cancer cell

growth by inhibiting cell cycle progression.
Fig. 3 – FTS inhibits cell growth in a dose-dependent

manner. LNCaP and PC3 cells were plated in 96-well plates

at a density of 7000 and 10,000 cells/well, respectively, in

medium containing 5% FBS in the presence of 0.1% DMSO

(control) or in the presence of the indicated concentrations

of FTS. The extent of cell growth was determined daily

using the colorimetric MTT assay. Results are presented as

fold induction over the control untreated cells at day 0, and

are mean W S.D. of six determinations. The FTS-induced

reduction in cell number at all concentrations used was

statistically significant as of day 3 (LNCaP) and day 2 (PC3)

of the treatment ( p < 10S5). Each experiment was repeated

at least three times with similar results.
3.2. FTS inhibits growth and induces apoptosis in
PC3 and LNCaP cells

We next examined the impact of Ras inhibition by FTS on

growth of PC3 and LNCaP cells using the MTT method (Fig. 3).

We found that FTS caused a time- and dose-dependent

reduction in cell number (Fig. 3). The number of cells in the

FTS (25–75 mM) treated cultures increased with time at a

significantly lower rate than that in the untreated cells. This

was apparent on days 2–4 in PC3 and LNCaP cultures treated

with 25 and 50 mM FTS (Fig. 3). Similar results were obtained

in experiments in which serum concentrations were

elevated from 5% (Fig. 3) to 10% (not shown) except that

growth inhibition under the later conditions developed at a

slower rate. These results suggested that FTS inhibited the

growth of PC3 and LNCaP cells. However, in both cell lines

we found that the drug treatment reduced the number of

cells more than what could be expected from growth

inhibition only. For example, on day 6 the number of cells

in cultures treated with 75 mM FTS was lower then that

recorded on day zero. Therefore we suspected that FTS also

induced cell death, particularly because Ras is known to

provide survival signals acting as an anti-apoptotic factor

[35].

To analyze the possibility that FTS induced death of PC3

and LNCaP cells we determined the fraction of apoptotic cells

either by flow cytometry analysis or by staining the cells with

the DNA-specific dye Hoechst. The flow cytometry analysis

showed that the fraction of sub-G1 (representing dead cells)

was increased from 1.4% in the controls to 23% and 12%,

respectively in LNCaP and PC3 cells after 72 h incubation with

75 mM FTS but not with 50 mM FTS (Fig. 4). These results

indicate that the observed reduction in cell number (Fig. 3) was

in part due to FTS-mediated cell death (Fig. 4). This conclusion

was strengthened by fluorescent dye exclusion experiments

(Fig. 5). In these experiments the cells were incubated for 3

days with or without FTS at the indicated concentrations, and

then stained for 10 min with Hoechst dye to detect dead cells.

Photomicrographs were taken immediately after staining.

Stained nuclei were considered as dead cells and unstained

nuclei were counted as live cells. Typical images of control and

FTS-treated cells demonstrate that the drug induced death of

both PC3 and LNCaP cells (Fig. 5A). Quantification of the results

was performed by counting 10 random fields (Fig. 5B). As

shown, 75 mM FTS but not 50 mM FTS induced an increase in

the number of dead cells; the number of live cells was

decreased at both drug concentrations. The effect on cell death

was more profound in LNCaP cells as compared with PC3 cells

(Fig. 5) consistent with the results obtained by flow cytometry

analysis (Fig. 4). Taken together our results indicate that FTS

induces both cell growth inhibition and cell death in the

androgen-dependent and androgen-independent prostate

cancer cell lines examined.

To examine whether the death induced by FTS was

apoptosis, we used the multicaspase inhibitor Boc-Asp-FMK

(BAF) and estimated cell viability by the MTT assay (Fig. 6A).

We found that the FTS-mediated reduction in viable cells was

inhibited by BAF. However, BAF did not block completely the

FTS-induced reduction in viable cells (Fig. 6A). This is because

the FTS-induced reduction in viable cells is in part due to
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Fig. 4 – FACS analysis of FTS-mediated effects in LNCaP and PC3 cells. LNCaP and PC3 cells were plated in six-well plates at a

density of 3.5 � 105 cells/well, in medium containing 5% FBS, in the presence of 0.1% DMSO (control) or in the presence of

the indicated concentrations of FTS. Cells were harvested after 3 days and analyzed for DNA content by flow cytometry. The

percentages of cells at the G0/G1, S, G2 + M and sub-G1 phases of the cell cycle are indicated. The sub-G1 cell fraction

represents cells undergoing apoptosis. The experiments were repeated three times with similar results.
inhibition of cell growth (Fig. 3), which is not affected by

caspase inhibitors.

The involvement of caspases in the FTS-mediated death of

PC3 and LNCaP cells was further supported by direct

measurements of caspase activity in the FTS treated cells.

These measurements were performed using the caspase

substrate DEVD-7-AMC (DEVDASE activity) [36]. We used cell

extracts prepared from the FTS-treated and non-treated cells

(Fig. 6B). As shown, FTS induced a significant increase in

caspase activity in LNCaP and PC3 cells. Extracts were also

used for the determination of the levels of survivin, a member

of the IAP gene family which was found to be up-regulated in

various human cancers [37,38] and to inhibit caspase-3, -7 and

-9 [39]. As shown in Fig. 6C FTS caused a dose-dependent

reduction in the levels of survivin in LNCaP and PC3 cells,

consistent with earlier reports that Ras positively regulates

survivin expression [40]. Thus, the FTS induced apoptosis of

the prostate cancer cells seems to be associated with a

combined mechanism of caspase activation and relief of

caspase inhibition by survivin.

3.3. FTS inhibits the anchorage-independent growth of
PC3 and LNCaP cells

Next we examined the impact of FTS on the anchorage-

independent growth of LNCaP and PC3 cells using soft-agar

assays. The cells were plated on soft agar and maintained in

culture for 2 weeks, then stained with MTT. The number and
size of colonies were then estimated. Results of a typical

experiment are shown in Fig. 7. LNCaP cells formed relatively

large colonies in soft agar. The total colony number was not

changed by 50 mM FTS treatment but the size of colonies was

significantly decreased. Since at this concentration FTS did not

induce LNCaP cell death (Fig. 5) these results indicate that FTS

inhibited the anchorage-independent growth of the cells.

However, at a higher concentration (100 mM) FTS induced a

decrease in both colony size and colony number reflecting

inhibition of anchorage-independent growth and cell death.

PC3 cells formed relatively small colonies. Both the number

and the size of PC3 colonies were significantly reduced in the

presence of 50 mM FTS. Since 50 mM FTS did not induce PC3 cell

death (Fig. 5) these results indicate that FTS inhibited the

anchorage-independent growth of these cells. Interestingly,

comparison of the results obtained at the non-killing

concentration of FTS in the two cell lines shows that PC3

cells are more sensitive than LNCaP cells to anchorage-

independent growth inhibition. As in the LNCaP cells, colony

formation in PC3 cells was completely inhibited in the

presence of 100 mM FTS.
4. Discussion

Prostate cancers typically begin as androgen-sensitive lesions

but frequently develop into androgen-insensitive lesions with

the progression to advanced stages. Autocrine relationships
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Fig. 5 – FTS-induced cell death of prostate cancer cell lines: LNCaP and PC3 cells were treated as described in Fig. 3. (A) Cells

were stained with Hoechst, after 3 days of incubation with FTS. Photomicrographs were taken immediately after Hoechst

staining. (B) Quantification of the results presented in B, was performed by counting 10 random fields. Stained nuclei were

considered as dead cells. Note that in LNCaP cells, more dead cells were observed after treatment with 75 mM FTS, than in

PC3 cells. The total cell number is represented as the mean W S.D. of 10 determinations.
between EGFR, TGF-a and EGF in prostate cancer cell lines,

primary tumors and androgen-independent metastatic tumors,

have been suggested [7,41,42]. Other growth factors such as

fibroblast growth factors (FGF), and insulin-like growth factors

(IGF) and their receptors were also implicated in prostate cancer

progression [5,6]. Since these factors activate signaling that

converges at the levels of Ras it was reasonable to assume that

inhibition of Ras will affect the uncontrolled growth of prostate

cancer cells. In addition since growth factors provide survival

signals which also involve Ras activation it was reasonable that

inhibition of Ras may cause prostate cancer cell death. Our

results show that the Ras inhibitor FTS induced both growth

arrest and apoptosis of the androgen-dependent LNCaP cells

and of the androgen-independent PC3 cells. These results are in

accord with the observed growth inhibition of LNCaP and CWR-

R1 prostate cancer cells by FTS which were clearly associated

with the reduction in cell cycle regulators [24]. However our

studies demonstrate for the first time that FTS induces

apoptosis in prostate cancer cells and inhibits their ancho-

rage-independent growth.
Activation of Ras signaling pathways is essential to exit a

quiescent state and progress through G1 phase of the cell

cycle. Ras regulates several cell cycle proteins; it inactivates Rb

protein through the activation of G1 Cdks. This has been

shown to occur through the stimulation of cyclin D1

transcription as well as by increasing cyclin D1/Cdk4 kinase

activity [34]. Consistent with this role of Ras in the regulation

of cell cycle progression we demonstrate that FTS treatment

reduces the levels of phosphorylated-Rb, E2F, cyclin D1 and

phosphorylated cdc2 proteins in prostate cancer cells (Fig. 2).

Similar results were obtained earlier in other human cancer

cell lines, including melanoma [43] neuroblastoma [44] and

glioblastoma [45] pointing to a universal mechanism of growth

inhibition by FTS. The observation that this mechanism of

growth inhibition operates in prostate cancer cells indepen-

dent of sensitivity to androgen suggests that: (i) FTS may be

used in combination with androgen ablation in androgen-

dependent prostate cancer (ii) FTS may be used as a single drug

treatment for prostate cancers that grow and spread inde-

pendently of androgen. These notions are strengthened by the
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Fig. 6 – The involvement of Caspases in FTS-induced cell death. (A) Cells were plated in 96-well plates at a density of 8000

cells/well in medium containing 5% FBS in the presence of 0.1% DMSO (control) or in the presence of the indicated

concentrations of FTS, with or without 100 mM Boc-asp-FMK (caspase inhibitor). The MTT assay was performed 3 days later.

Results are presented as fold induction over the control untreated cells, and are mean W S.D. of six determinations. Each

experiment was repeated at least three times with similar results. (B) DEVDase activity was determined in lysates of 2 days

FTS treated cells, as well as of control 0.1% DMSO treated cells, as described in Section 2. The results shown are of a

representative experiment (one of three experiments with similar results). The data shown are mean W S.D. (p < 4 � 10S4)

(C) Cells were treated as described in Fig. 2. Total cell lysates was subjected to Western blot analysis. Anti-survivin

antibodies were used to determine the levels of survivin in the cells. Anti-b-tubulin antibodies were used as a control.

Immunoreactive bands were detected with the enhanced chemiluminescence reagent (note that the levels of survivin was

reduced to 60% and 5% in LNCaP cells treated with 50 or 75 mM FTS, respectively, and to 65% and 35% in PC3 cells treated

with 50 or 75 mM FTS, respectively). Data represent one of three similar experiments.

Fig. 7 – FTS inhibits anchorage-independent growth of human prostate cancer cells. Cells were seeded in soft agar (6500

cells/well in 96 well plates) in medium containing 10% FBS, 0.3% agar, in the presence of 0.1% DMSO (zero drug control) or in

the presence of the indicated concentrations of FTS. The extent colony formation was determined 2 weeks later. Cells were

dyed with MTT and the wells were photographed and colonies were counted. Results are presented as percentage of the

control untreated cells, and are the mean W S.E.M. of the indicated number of determinations (n). Each experiment was

repeated at least three times with similar results.
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observation that the FTS-induced apoptosis is not associated

with androgen-dependency (Figs. 4 and 5). Nonetheless, it is

interesting to point out that the two lines exhibited different

sensitivities to FTS. The effect was apparently stronger in the

androgen-dependent LNCaP cells than in PC3 cells.

The FTS-induced death of prostate cancer cells appears to

be a caspase-dependent apoptotic cell death since it was

inhibited by the caspase inhibitor Boc-asp-FMK, and since FTS

induced an increase in caspase activity. Early experiments in

Ras-transformed rat intestinal epithelial (RIE) cells showed

that FTS cancels resistance to anoikis, apparently by the

inhibition of Ras and the consequent caspase-dependent cell

death [35]. However, in Ras-transformed RIE cells as well as in

a number of human tumor cell lines grown in the presence

survival signals (e.g. in the presence of serum) FTS does not

induce cell death [35]. For example, pancreatic cancer cells and

colon carcinoma cells [46] grown in the presence of serum do

not die when they are treated with FTS alone. Prostate cancer

cells appear, however, to be highly sensitive to FTS as they

apoptose even in the presence of survival signals. A similar

phenomenon has been recently described in human glioblas-

tomas [45]. Like in prostate cancer cells, the FTS-induced cell

death is associated with activation of intrinsic apoptotic

pathways (including cytochrome c release, and activation of

caspases) and downregulation of survivin in glioblastoma

(unpublished observations). It appears that the relief of

survivin inhibition of intrinsic apoptotic pathways [47] is

sufficient for the facilitation of tumor cell death under certain

circumstances or genetic backgrounds, as in glioblstoma and

in prostate cancer cells. However, it is most likely that this

effect is operable because it is accompanied by activation of

death pathways or by preventing survival signals. It is most

likely that in prostate cancer cells and in glioblastoma [45] FTS

inhibits Ras-dependent autocrine survival signals [43] allow-

ing activation of caspases (Fig. 6). Since the activation of

caspases is accompanied by downregulation of survivin,

which otherwise would have blocked the active enzymes,

the cells undergo caspase-dependent cell death. Interestingly,

the incidence of PTEN mutations is very high in both prostate

cancer and glioblastoma [48], indicting that both tumor types

are most likely ‘‘addicted’’ to high PIP3-dependent survival

signals. Perhaps this explains why prostate cancer cells and

glioblastoma apoptose in the presence of FTS while some

other tumors do not.

Acknowledgments

This work was supported by grant No. 20050115-B from the

Israel Cancer Association (R. PK), a grant from the Israel Cancer

Reseach Foundation to S.E, by grant No: 6084-1 from the Israel

Ministry of Health (S.E) and by the Wolfson Foundation (Y.K)

Y.K is the incumbent of the Jack and Skirball Chair for Applied

Neurobiology.

r e f e r e n c e s

[1] Amanatullah DF, Reutens AT, Zafonte BT, Fu M, Mani S,
Pestell RG. Cell-cycle dysregulation and the molecular
mechanisms of prostate cancer. Front Biosci 2000;5:
D372–90.

[2] Rubben H, Bex A, Otto T. Systemic treatment of hormone
refractory prostate cancer. World J Urol 2001;19:99–110.

[3] So A, Gleave M, Hurtado-Col A, Nelson C. Mechanisms of
the development of androgen independence in prostate
cancer. World J Urol 2005;23:1–9.

[4] Harris AL, Nicholson S, Sainsbury R, Wright C, Farndon J.
Epidermal growth factor receptor and other oncogenes
as prognostic markers. J Natl Cancer Inst Monogr
1992;11:181–7.

[5] Culig Z, Hobisch A, Cronauer MV, Radmayr C, Hittmair A,
Zhang J, et al. Regulation of prostatic growth and function
by peptide growth factors. Prostate 1996;28:392–405.

[6] Culig Z, Hobisch A, Bartsch G, Klocker H. Androgen receptor
– an update of mechanisms of action in prostate cancer.
Urol Res 2000;28:211–9.

[7] Scher HI, Sarkis A, Reuter V, Cohen D, Netto G, Petrylak D,
et al. Changing pattern of expression of the epidermal
growth factor receptor and transforming growth factor
alpha in the progression of prostatic neoplasms. Clin
Cancer Res 1995;1:545–50.

[8] Di Lorenzo G, Tortora G, D’Armiento FP, De Rosa G,
Staibano S, Autorino R, et al. Expression of epidermal
growth factor receptor correlates with disease relapse and
progression to androgen-independence in human prostate
cancer. Clin Cancer Res 2002;8:3438–44.

[9] Meyer D, Birchmeier C. Distinct isoforms of neuregulin
are expressed in mesenchymal and neuronal cells during
mouse development. Proc Natl Acad Sci USA 1994;91:
1064–8.

[10] Sikes RA, Chung LW. Acquisition of a tumorigenic
phenotype by a rat ventral prostate epithelial cell line
expressing a transfected activated neu oncogene. Cancer
Res 1992;52(11):3174–81.

[11] Schwartz SJ, Caceres C, Morote J, De Torres I, Rodriguez-
Vallejo JM, Gonzalez J, et al. Gains of the relative genomic
content of erbB-1 and erbB-2 in prostate carcinoma
and their association with metastasis. Int J Oncol
1999;14:367–71.

[12] Shiraishi T, Muneyuki T, Fukutome K, Ito H, Kotake T,
Watanabe M, et al. Mutations of ras genes are relatively
frequent in Japanese prostate cancers: pointing to genetic
differences between populations. Anticancer Res
1998;18:2789–92.

[13] Carter BS, Epstein JI, Isaacs WB. Ras gene mutations in
human prostate cancer. Cancer Res 1990;50:6830–2.

[14] Anwar K, Nakakuki K, Shiraishi T, Naiki H, Yatani R,
Inuzuka M. Presence of ras oncogene mutations and
human papillomavirus DNA in human prostate
carcinomas. Cancer Res 1992;52:5991–6.

[15] Gioeli D, Mandell JW, Petroni GR, Frierson JHF, Weber MJ.
Activation of mitogen-activated protein kinase associated
with prostate cancer progression. Cancer Res 1999;59:
279–84.

[16] Bakin RE, Gioeli D, Sikes RA, Bissonette EA, Weber M.
Constitutive activation of the Ras/mitogen-activated
protein kinase signaling pathway promotes androgen
hypersensitivity in LNCaP prostate cancer cells. Cancer Res
2003;63:1981–9.

[17] Sepp-Lorenzino L, Tjaden G, Moasser MM, Timaul N,
Ma Z, Kohl NE, et al. Farnesyl:protein transferase inhibitors
as potential agents for the management of human
prostate cancer. Prostate Cancer Prostatic Dis 2001;4:
33–43.

[18] Melisi D, Troiani T, Damiano V, Tortora G, Ciardiello F.
Therapeutic integration of signal transduction targeting
agents and conventional anti-cancer treatments. Endocr
Relat Cancer 2004;11:51–68.



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 4 2 7 – 4 3 6436
[19] Shi Y, Wu J, Mick R, Cerniglia GJ, Cohen-Jonathan E, Rhim
JS, et al. Farnesyltransferase inhibitor effects on prostate
tumor micro-environment and radiation survival. Prostate
2005;62:69–82.

[20] Aharonson Z, Gana-Weisz M, Varsano T, Haklai R,
Marciano D, Kloog Y. Stringent structural requirements for
anti-Ras activity of S-prenyl analogues. Biochim Biophys
Acta 1998;1406:40–50.

[21] Haklai R, Weisz MG, Elad G, Paz A, Marciano D, Egozi Y,
et al. Dislodgment and accelerated degradation of Ras.
Biochemistry 1998;37:1306–14.

[22] Elad G, Paz A, Haklai R, Marciano D, Cox A, Kloog Y.
Targeting of K-Ras 4B by S-trans, trans-farnesyl thiosalicylic
acid. Biochim Biophys Acta 1999;1452:228–42.

[23] Marom M, Haklai R, Ben-Baruch G, Marciano D,
Egozi Y, Kloog Y. Selective inhibition of Ras-dependent
cell growth by farnesylthiosalicylic acid. J Biol Chem
1995;270:22263–70.

[24] McPherson RA, Conaway MC, Gregory CW, Yue W, Santen
RJ. The novel Ras antagonist, farnesylthiosalicylate,
suppresses growth of prostate cancer in vitro. Prostate
2004;58:325–34.

[25] Marciano D, Ben-Baruch G, Marom M, Egozi Y, Haklai R,
Kloog Y. Farnesyl derivatives of rigid carboxylic acids-
inhibitors of ras-dependent cell growth. J Med Chem
1995;38:1267–72.

[26] Mosman T. J Immunol Methods 1983;65:55–63.
[27] Gana-Weisz M, Haklai R, Marciano D, Egozi Y, Ben-Baruch

G, Kloog Y. The Ras antagonist S-farnesylthiosalicylic acid
induces inhibition of MAPK activation. Biochem Biophys
Res Commun 1997;239:900–4.

[28] Vlietstra RJ, van Alewijk DC, Hermans KG, van Steenbrugge
GJ, Trapman J. Frequent inactivation of PTEN in
prostate cancer cell lines and xenografts. Cancer Res
1998;58:2720–3.

[29] Leone G, DeGregori J, Sears R, Jakoi L, Nevins J. Myc and Ras
collaborate in inducing accumulation of active cyclin E/
Cdk2 and E2F. Nature 1997;387:422–6.

[30] Peeper DS, Upton TM, Ladha MH, Neuman E, Zalvide J,
Bernards R, et al. Ras signalling linked to the cell-cycle
machinery by the retinoblastoma protein. Nature
1997;386:177–81.

[31] Sears RC, Nevins JR. Signaling networks that link cell
proliferation and cell fate. J Biol Chem 2002;277:11617–20.

[32] Liu JJ, Chao JR, Jiang MC, Ng SY, Yen JJ, Yang-Yen HF. Ras
transformation results in an elevated level of cyclin D1 and
acceleration of G1 progression in NIH 3T3 cells. Mol Cell
Biol 1995;15:3654–63.

[33] Robles AI, Rodriguez-Puebla ML, Glick AB, Trempus C,
Hansen L, Sicinski P, et al. Reduced skin tumor
development in cyclin D1-deficient mice highlights the
oncogenic ras pathway in vivo. Genes Dev 1998;12:2469–74.

[34] Nevins JR. The Rb/E2F pathway and cancer. Hum Mol Genet
2001;10:699–703.
[35] Shalom-Feuerstein R, Lindenboim L, Stein R, Cox AD, Kloog
Y. Restoration of sensitivity to anoikis in Ras-transformed
rat intestinal epithelial cells by a Ras inhibitor. Cell Death
Differ 2004;11:244–7.

[36] Leloup C, Michaelson DM, Fisher A, Hartmann T,
Beyreuther K, Stein R. M1 muscarinic receptors block
caspase activation by phosphoinositide 3-kinase- and
MAPK/ERK-independent pathways. Cell Death Differ
2000;7:825–33.

[37] Adida C, Berrebi D, Peuchmaur M, Reyes-Mugica M, Altieri
DC. Anti-apoptosis gene, survivin, and prognosis of
neuroblastoma. Lancet 1998;351:882–3.

[38] Okada E, Murai Y, Matsui K, Isizawa S, Cheng C, Masuda M,
et al. Survivin expression in tumor cell nuclei is predictive
of a favorable prognosis in gastric cancer patients. Cancer
Lett 2001;163:109–16.

[39] Tamm I, Wang Y, Sausville E, Scudiero DA, Vigna N,
Oltersdorf T, et al. IAP-family protein survivin inhibits
caspase activity and apoptosis induced by Fas (CD95), Bax,
caspases, and anticancer drugs. Cancer Res 1998;58:15–20.

[40] Sommer KW, Schamberger CJ, Schmidt GE, Sasgary S,
Cerni C. Inhibitor of apoptosis protein (IAP) survivin is
upregulated by oncogenic c-H-Ras. Oncogene 2003;22:
4266–80.

[41] Limonta P, Dondi D, Marelli MM, Moretti RM, Negri-Cesi P,
Motta M. Growth of the androgen-dependent tumor of
the prostate: role of androgens and of locally expressed
growth modulatory factors. J Steroid Biochem Mol Biol
1995;53:401–5.

[42] Cohen DW, Simak R, Fair WR, Melamed J, Scher HI, Cordon-
Cardo C. Expression of transforming growth factor-alpha
and the epidermal growth factor receptor in human
prostate tissues. J Urol 1994;152:2120–4.

[43] Jansen B, Schlagbauer-Wadl H, Kahr H, Heere-Ress E, Mayer
BX, Eichler H, et al. Novel Ras antagonist blocks human
melanoma growth. Proc Natl Acad Sci USA 1999;96:
14019–24.

[44] Yaari S, Jacob-Hirsch J, Amariglio N, Haklai R, Rechavi G,
Kloog Y. Disruption of cooperation between Ras and MycN
in human neuroblastoma cells promotes growth arrest.
Clin Cancer Res 2005;11:4321–30.

[45] Blum R, Jacob-Hirsch J, Amariglio N, Rechavi G, Kloog Y. Ras
inhibition in glioblastoma down-regulates hypoxia-
inducible factor-1alpha, causing glycolysis shutdown and
cell death. Cancer Res 2005;65:999–1006.

[46] Gana-Weisz M, Halaschek-Wiener J, Jansen B, Elad G,
Haklai R, Kloog Y. The Ras inhibitor S-trans, trans-
farnesylthiosalicylic acid chemosensitizes human tumor
cells without causing resistance. Clin Cancer Res
2002;8:555–65.

[47] Emens LA. Survivin’ cancer. Cancer Biol Ther 2004;3:180–3.
[48] Kato H, Kato S, Kumabe T, Sonoda Y, Yoshimoto T, Kato S,

et al. Functional evaluation of p53 and PTEN gene
mutations in gliomas. Clin Cancer Res 2000;6:3937–43.


	Ras inhibition results in growth arrest and death of androgen-dependent and androgen-independent prostate cancer cells
	Introduction
	Materials and methods
	Materials and buffers
	Cell lines
	Cell survival assays
	Cell cycle analysis
	Assay for DEVDase activity
	Soft-agar assays
	Lysate preparation and Western immunoblotting

	Results
	FTS reduces levels of Ras and inhibits cell-cycle regulators in PC3 and LNCaP cells
	FTS inhibits growth and induces apoptosis in �PC3 and LNCaP cells
	FTS inhibits the anchorage-independent growth of PC3 and LNCaP cells

	Discussion
	Acknowledgments
	References


