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Abstract
Antihormonal and chemotherapy are standard treatments for nonorgan-confined prostate cancer.
The effectivity of these therapies is limited and the development of alternative approaches is
necessary. In the present study, we report on the use of themultikinase inhibitor sorafenib in a panel
of prostate cancer cell lines and their derivatives which mimic endocrine and chemotherapy
resistance. 3H-thymidine incorporation assays revealed that sorafenib causes a dose-dependent
inhibition of proliferation of all cell lines associated with downregulation of cyclin-dependent kinase
2 and cyclinD1 expression. Apoptosiswas induced at 2 mMof sorafenib in androgen-sensitive cells,
whereas a higher dose of the drug was needed in castration-resistant cell lines. Sorafenib
stimulated apoptosis in prostate cancer cell lines through downregulation ofmyeloid cell leukemia-1
(MCL-1) expression and Akt phosphorylation. Although concentrations of sorafenib required for the
antitumor effect in therapy-resistant sublines were higher than those needed in parental cells, the
drug showed efficacy in cells which became resistant to bicalutamide and docetaxel respectively.
Most interestingly, we show that sorafenib has an inhibitory effect on androgen receptor (AR) and
prostate-specific antigen expression. In cells in which AR expression was downregulated by
short interfering RNA, the treatment with sorafenib increased apoptosis in an additive manner.
In summary, the results of the present study indicate that there is a potential to use sorafenib in
prostate cancers as an adjuvant therapy option to current androgen ablation treatments, but also in
progressed prostate cancers that become unresponsive to standard therapies.
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Introduction

Prostate cancer is the most common malignancy in

Western countries and the second leading cause of

cancer-related deaths in males (Jemal et al. 2010).

Patients diagnosed with localized disease can be cured

by either surgery or radiation therapy. In contrast,

advanced stages of the tumor are subjected to

androgen ablation treatment in order to reduce the

tumor-promoting effect of androgens. Standard

therapy approaches include administration of LH

releasing hormone analogs, nonsteroidal antiandrogens
Endocrine-Related Cancer (2012) 19 305–319
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androgen-ablated tumors eventually develop resistance

to this therapy and progress toward castration-resistant

prostate cancer (CRPC), for which only palliative

treatment is available. Androgen receptor (AR) was

shown to play a critical role in progression of prostate

cancer (Grossmann et al. 2001). Activated AR interacts

with androgen response elements in the promoters of

target genes including prostate-specific antigen (PSA),

thereby regulating their transcription. PSA is the most

frequently used marker for monitoring response to
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prostate cancer treatment. Chemotherapy for prostate

cancer has been used for a number of years, however

only limited improvement in survival was observed in

CRPC with docetaxel-based therapies (Tannock et al.

2004). Nevertheless, apart from a relatively short

extension of survival, w50% of patients initially do

not respond to docetaxel treatment and are exposed to

significant toxicity. Therefore, novel targeted

approaches are in need to optimize the currently

available therapies for patients with androgen-sensitive

and CRPC.

One aim of therapies for various cancers including

that of the prostate is to increase the percentage of

tumor cells undergoing apoptosis. Increased expression

of endogenous inhibitors of programmed cell death is

one of the reasons for the development of therapy

resistance. One of these inhibitors is myeloid cell

leukemia-1 (MCL-1), an antiapoptotic member of the

Bcl-2 family, which was originally identified as an

early gene induced during differentiation of ML-1

myeloid leukemia cells (Kozopas et al. 1993). MCL-1

is overexpressed in various human malignancies and

has been implicated in resistance to anticancer drugs

(Craig 2002). Elevated expression of MCL-1 in

prostate cancer tissue compared to normal or hyper-

plastic tissue or prostate intraepithelial neoplasia

(Krajewska et al. 1996) suggests an involvement of

this protein in tumor initiation and progression.

Previously, we demonstrated the importance of

MCL-1 in mediating the prosurvival activity of

interleukin 6 (IL6) in prostate cancer (Cavarretta

et al. 2007). In view of its active role in protecting

prostate cancer cells from induction of apoptosis

(Cavarretta et al. 2007), targeting MCL-1 could be

considered a valid therapeutic approach.

Another potential therapy target is Akt (protein

kinase B), a serine–threonine protein kinase, which

plays a central role in phosphoinositide-3-kinase-

mediated signaling. Its activation has been implicated

in prostate cancer cell survival as well as in progression

to castration resistance and refractoriness to che-

motherapy (Nesterov et al. 2001). Akt is frequently

activated in advanced prostate cancer due to deletion or

mutation of the PTEN tumor suppressor gene (Sircar

et al. 2009). In clinical and preclinical studies,

overexpression and activation of Akt have been

associated with high preoperative levels of PSA,

higher Gleason grades, shorter relapses, and resistance

to treatment (Sircar et al. 2009). Activated Akt

phosphorylates and thereby inactivates its downstream

target glycogen synthase kinase-3b (GSK-3b). Conse-

quently, GSK-3b-mediated phosphorylation of MCL-1

promotes its binding to the E3 ligase b-TrCP and
306
degradation of MCL-1 by the proteasome (Ding et al.

2007). Furthermore, it has recently been reported that

Akt activity can positively regulate AR protein levels

(Ha et al. 2011).

Sorafenib (Nexavar, BAY 43-9006) is an oral

multikinase inhibitor that was initially developed in

an attempt to block Raf kinase, a well-studied serine–

threonine kinase regulating cell survival (Wilhelm

et al. 2004). It was revealed that sorafenib also targets a

number of receptor tyrosine kinases involved in

neoangiogenesis including vascular endothelial growth

factor receptor, platelet-derived growth factor receptor,

FLT3, Ret, and c-Kit (Wilhelm et al. 2004). Moreover,

sorafenib was found to induce apoptosis in several

human cancer cell lines by downregulating the

expression levels of MCL-1 (Rahmani et al. 2005).

Sorafenib has shown promising preclinical activity

against a variety of tumor types and is approved for the

treatment of hepatocellular and renal cell carcinoma

(Kane et al. 2006, Lang 2008). In prostate cancer, it

was shown that sorafenib treatment has a positive

outcome in clinical studies in combination with

antiangiogenic agents in CRPC (Steinbild et al. 2007,

Chi et al. 2008, Dahut et al. 2008). Although sorafenib

is undergoing phase II clinical evaluation for treatment

of prostate cancer, molecular events following inhi-

bition of its targets and regulation of the apoptotic

pathways have not been studied systematically. We

also hypothesized that sorafenib has a potential in the

treatment of endocrine- and chemotherapy-resistant

prostate cancer.

In this study, we demonstrate that sorafenib exerts

antiproliferative and proapoptotic activities in human

prostate cancer cells by targeting several regulators of

cell cycle progression and survival. We also evaluated

the antitumor efficacy of sorafenib in bicalutamide-

and docetaxel-resistant cell lines in order to test the

anticancer potential of sorafenib in therapy-resistant

prostate cancer.
Materials and methods

Cell lines

Prostate cancer cells PC3, LNCaP, and 22Rv1 were

obtained from ATCC (Rockville, MD, USA). Cell line

authenticity was confirmed by short tandem repeat

analysis. The LNCaP subline LNCaP-IL6C was

derived in the presence of IL6, as described elsewhere

(Hobisch et al. 2001). The therapy-resistant model

LNCaP-Bic was obtained by long-term treatment of

LNCaP cells with 10 pM R1881 and 1 mM bicaluta-

mide (Hobisch et al. 2006). The LNCaP-abl subline
www.endocrinology-journals.org
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was described previously (Culig et al. 1999). PC3-DR

cells were established by continuously treating PC3

cells in a dose escalation manner with docetaxel until

reaching a concentration of 12.5 nM in analogy to

Patterson et al. (2006). PC3 cells were cultured in

RPMI 1640 containing 10% FCS, 1% antibiotics, and

glutaMax. For LNCaP and 22Rv1 cell lines, media

were additionally supplemented with 1 mM sodium

pyruvate, 4.5 g/l glucose, and 10 mM HEPES buffer

(pH 7.2). LNCaP-IL6C cells were maintained in the

presence of 5 ng/ml of IL6. PC3-DR cells were

cultured in RPMI 1640 containing 10% FCS, 1%

antibiotics, and glutaMax supplemented with 12.5 nM

docetaxel. All treatments with sorafenib were per-

formed for 48 h in modified HITES medium (RPMI

medium supplemented with 10 nM hydrocortisone,

10 nM estradiol, and 1! insulin–transferrin–selenium

(Life Technologies, Vienna, Austria)).
Chemicals and plasmids

Sorafenib tosylate (BAY 43-9006) was provided

by Bayer and dissolved in dimethylsulfoxide

(DMSO) to a stock concentration of 10 mM. Bicalu-

tamide (Casodex was kindly provided by Astrazeneca

(Macclesfield, UK) and dissolved in DMSO to a stock

concentration of 10 mM. Controls were treated with

the corresponding volume of the vehicle. The MCL-1

expression vector was purchased from OriGene (Rock-

ville, MD, USA).
Proliferation assays

LNCaP-IL6C, LNCaP-Bic, PC3, and PC3-DR cells

were seeded at a density of 6!103 per well, and LNCaP

and 22Rv1 cells were seeded at a density of 1!104 per

well in triplicates onto 96 well plates. Plates for LNCaP

cells were previously coated with poly-D-lysine hydro-

bromide (30 mg/ml; Sigma–Aldrich). On the next day,

the cells were treated with increasing concentrations of

sorafenib (0–2 mM) alone or in combination with

docetaxel or bicalutamide for 48 h in modified HITES

medium. The cells were incubated for the last 16 h of

treatment with 37 kBq/well 3H-thymidine and DNA

was measured as described before (Puhr et al. 2010).
Western blotting

Western blot analysis was performed as described

previously (Cavarretta et al. 2007). The following

antibodies were used for western blots: anti-MCL-1

(1:500; Santa Cruz Biotechnology, Santa Cruz, CA,

USA), anti-glyceraldehyde-3-phosphate dehydro-

genase (GAPDH; 1:100 000; Chemicon International
www.endocrinology-journals.org
Inc., Billerica, MA, USA), anti-phospho Akt (S473;

1:1000; Cell Signaling Technology, Danvers, MA,

USA), anti-Akt (1:1000; Cell Signaling Technology),

anti-phospho GSK-3b (S9; 1:500; Cell Signaling

Technology), anti-GSK-3b (1:1000; Cell Signaling

Technology), anti-AR (1:500; Santa Cruz Bio-

technology), anti-cyclin-dependent kinase 2 (CDK2;

1:1000; Santa Cruz Biotechnology), and anti-cyclin D1

(1:1000; Neomarkers Inc., Fremont, CA, USA).
Short interfering RNA transfection

LNCaP and 22Rv1 cells were plated at low density in

the presence of 10% FCS onto six well tissue culture

plates previously coated with poly-D-lysine hydro-

bromide (30 mg/ml, for experiments with LNCaP cells;

Sigma–Aldrich). One day later, the cells were

transfected using Lipofectamine 2000 in serum- and

antibiotics-free medium with 10 nM ligand-binding

domain (LBD) short interfering RNA (siRNA) accor-

ding to the manufacturer’s protocol (Invitrogen). The

target sequence for AR LBD was published previously

(Desiniotis et al. 2010). A nontargeting siRNA pool

was used as a negative control and purchased from

Dharmacon (Lafayette, CO, USA). Six hours after

transfection, medium was changed to full growth

conditions for overnight. On the next day, treatment

with sorafenib (2 mM) was performed for 48 h in

serum-free HITES medium. Cells were harvested for

western blot analysis and caspase 3/7 activity assay.
Apoptosis assay

Cells were seeded onto six wells and treated with

sorafenib (0–4 mM) alone or in combination as described

above. After 48 h, the cells were harvested and

centrifuged. Apoptosis was measured by using the PE

Annexin V Apoptosis Detection Kit I in combination

with flow cytometry (Becton Dickinson, Schwechat,

Austria) according to the manufacturer’s protocols.

Assays for caspase 3/7 activity were performed with

the Caspase-Glo 3/7 assay kit (Promega) according to the

manufacturer’s protocols (Santer et al. 2011).
PSA measurements

Supernatants of LNCaP and LNCaP-Bic cells after the

treatment with sorafenib or bicalutamide for 48 h were

collected and PSA concentration was determined on an

Advia Centaur XP Immunoassay System (Siemens,

Vienna, Austria). The cells were trypsinized and

counted with a Casy Counter (Schärfe System

GmbH, Reutlingen, Germany). Secreted PSA concen-

trations were normalized to cell number.
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Statistical analysis

Student’s t-test was used to assess significant

differences between the control and the indicated

treated group and was encoded as follows: *P!0.05;

**P!0.01; ***P!0.001.
Results

Sorafenib inhibits proliferation of prostate cancer

cells in a dose-dependent manner and targets

cell cycle control proteins

In the first attempt we analyzed the consequences

of sorafenib treatment on prostate cancer cell
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proliferation and expression of cell cycle regulatory

proteins. AR-positive (LNCaP and 22Rv1) and

-negative (PC3 and LNCaP-IL6C) cell lines were

cultured in the presence of increasing doses of

sorafenib for 48 h. Proliferation was analyzed using
3H-thymidine incorporation assay and protein

expression was determined by western blotting.

An inhibitory effect of sorafenib on proliferation of

androgen-sensitive as well as castration-resistant cell

lines in a dose-dependent manner was observable

(Fig. 1A). Interestingly, subphysiological concen-

trations of sorafenib (0.5–2 mM; Wilhelm et al.

2004) were sufficient to reduce proliferation of

LNCaP, PC3, and LNCaP-IL6C cells significantly.
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Sensitivity of 22Rv1 to sorafenib was slightly decreased

compared to other cell lines analyzed. Moreover, we

observed a dose-dependent downregulation of cell cycle

regulators CDK2 and cyclin D1 in all cell lines after 48 h

of treatment (Fig. 1B), thus supporting the antiproli-

ferative role of sorafenib.
Sorafenib induces apoptosis in prostate cancer

cells and downregulates MCL-1 and the Akt

pathway

To corroborate a possible apoptosis-inducing effect of

sorafenib on prostate cancer cells, we performed flow

cytometry using annexin V staining and caspase 3/7

activity assays (Fig. 2A and Supplementary Figure 1,

see section on supplementary data given at the end

of this article). Cells were exposed to increasing

concentrations (0–4 mM) of sorafenib for 48 h.

A physiological concentration of sorafenib (2 mM)

was sufficient to induce apoptosis in LNCaP and

22Rv1 cells significantly, while 4 mM of sorafenib

were required in PC3 and LNCaP-IL6C cells. LNCaP

cells treated with 4 mM sorafenib underwent massive

apoptosis resulting in an insufficient number of cells

to perform assays. Taken together, these results

demonstrate that AR-positive cell lines are more

responsive to sorafenib-induced apoptosis than their

counterparts which do not express the AR.

The antiapoptotic protein MCL-1 has been identified

as one of the main targets of sorafenib in several

cancers (Rahmani et al. 2005). Western blotting was

performed to investigate whether MCL-1 is implicated

in sorafenib-mediated apoptosis in prostate cancer cell

lines. As shown in Fig. 2B, all cell lines expressed

MCL-1 protein and sorafenib reduced its expression

in a dose-dependent manner. In order to further study

the role of MCL-1 in the induction of cell death by

sorafenib, we have transfected PC3 cells with the

MCL-1 expression vector and determined caspase 3/7

activity after treatment with sorafenib (Supplementary

Figure 2, see section on supplementary data given

at the end of this article). We confirmed overexpression

of MCL-1, however the definitive answer to this

question could not be given since 4 mM of sorafenib

treatment were sufficient to decrease MCL-1

expression.

We examined whether sorafenib can regulate

phosphorylation of Akt and its direct downstream

target GSK-3b in LNCaP and PC3 cells. Indeed, Akt

phosphorylation at S473 was decreased by sorafenib in

both cell lines as shown by western blot (Fig. 2C).

Additionally, PC3 cells showed a decreased expression

of nonphosphorylated Akt. Consequently, a reduced
www.endocrinology-journals.org
phosphorylation of GSK-3b was observable in LNCaP,

while total GSK-3b expression was unaffected. In PC3

cells, GSK-3b phosphorylation at S9 was less

prominent and nonphosphorylated GSK-3b was not

influenced by sorafenib. Together, our data suggest that

sorafenib is able to inactivate signaling through the

Akt pathway.
Inhibitory effects of sorafenib in therapy-resistant

models of human prostate cancer

Next, we evaluated the effects of sorafenib in the

therapy-resistant cell models LNCaP-Bic and PC3-DR.

Both cell lines that represent bicalutamide- or

docetaxel-resistant prostate cancer were treated with

increasing concentrations of sorafenib (0–2 mM;

Fig. 3). LNCaP-Bic cells showed the same sensitivity

with regard to growth inhibition as measured by
3H-thymidine incorporation and downregulation of

CDK2 and cyclin D1 by sorafenib as parental

LNCaP cells. Compared to PC3 cells, a decreased

sensitivity of the PC3-DR derivative to low concen-

trations of sorafenib (0.5–1 mM) was observed,

whereas doses higher than 1 mM resulted in a similar

inhibition of proliferation and decrease of CDK2 and

cyclin D1. We hypothesized that docetaxel potentiates

the effect of sorafenib in parental PC3 cells.

Interestingly, there was no concentration-dependent

effect of addition of docetaxel after sorafenib

on proliferation and apoptosis of PC3 cells (Supple-

mentary Figure 3, see section on supplementary data

given at the end of this article).

On the other hand, in apoptosis assays both

models showed different responses to sorafenib

compared to parental cells (Fig. 4A and B). The

concentration of 4 mM sorafenib was in need to induce

apoptosis in LNCaP-Bic cells, while 2 mM was

sufficient for parental LNCaP cells. Similarly, the

PC3-DR subline showed a decreased sensitivity to

sorafenib compared to parental PC3 cells. Again,

expression levels of MCL-1 and phosphorylated and

total Akt and GSK-3b were analyzed (Fig. 4C and

Supplementary Figure 4, see section on supplementary

data given at the end of this article). In both cell lines,

phosphorylation of Akt was reduced by higher

sorafenib concentrations. Interestingly, phosphoryl-

ation of GSK-3b was completely lost in LNCaP-Bic

leading to the hypothesis for a role for GSK-3b in

therapy resistance development. Altogether, these

results show a decreased sensitivity of the therapy-

resistant cell models to sorafenib compared to parental

cell lines.
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Sorafenib inhibits expression of AR and reduces

PSA levels in androgen-sensitive cell lines

Modulation of AR signaling by the Her-2 tyrosine

kinase has been reported (Craft et al. 1999). However,

little is known about the regulation of AR signaling by

tyrosine kinase inhibitors. LNCaP cells were more

sensitive to sorafenib than LNCaP-Bic or LNCaP-abl

cells (Fig. 4 and Supplementary Figure 5, see section

on supplementary data given at the end of this article).

Increased AR expression in LNCaP-abl cells was

demonstrated in a previous publication of our

laboratory (Culig et al. 1999). Thus, we hypothesized

that AR is a target of sorafenib in prostate cancer cells.

To clarify possible effects of sorafenib on AR, receptor

expression levels were measured in LNCaP, 22Rv1,

and LNCaP-Bic cells (Fig. 5A). In LNCaP and 22Rv1

cells, AR levels were decreased in the presence of

2 mM sorafenib (Fig. 5A). In LNCaP-Bic cells which

express higher levels of AR, AR protein level was

downregulated only by 4 mM of sorafenib. Moreover,

concentration of secreted PSA was measured in all but

the CRPC cell line 22Rv1 that lack detectable levels of

secreted PSA under basal culture conditions (Tepper

et al. 2002; Fig. 5B). In both LNCaP and LNCaP-Bic

cells, secreted PSA levels were dramatically reduced
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in the presence of sorafenib. Intriguingly, sorafenib

showed a higher ability to decrease PSA than

bicalutamide at the same concentrations (1–4 mM).

Downregulation of AR by siRNA enhances

sorafenib-induced increase of caspase 3/7

activity

In regard to a possible clinical application of sorafenib

for prostate cancer in combination with existing

androgen-ablation therapies, we analyzed whether AR

inhibition and sorafenib treatment have an additive

effect. LNCaP and 22Rv1 cells were transfected with

10 nM AR–LBD siRNA or control siRNA and treated

with 2 mM of sorafenib or vehicle (Fig. 6A). AR–LBD

siRNA efficiently downregulated AR expression

levels by 70–90% but did not affect expression levels

of MCL-1. In the presence of 2 mM of sorafenib, both

AR and MCL-1 were downregulated as expected. AR

expression was almost absent in the specific siRNA-

and sorafenib-treated samples. Apoptosis was induced

in both cell lines after 48 h of sorafenib treatment as

measured by caspase 3/7 assays (Fig. 6B). Moreover,

a significant increase of apoptosis could be observed in

22Rv1 cells with decreased AR expression levels and

treated with sorafenib compared to cells with reduced
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AR expression only. In contrast to the experiments in

which AR was downregulated by siRNA, cotreatment

of LNCaP cells with sorafenib and bicalutamide did not

cause additional inhibition of proliferation or stimu-

lation of apoptosis (Supplementary Figure 3, see section

on supplementary data given at the end of this article).

Altogether, these data demonstrate that inhibition of

AR expression and sorafenib treatment have additive

effects in apoptosis induction.
Discussion

In this study, we evaluated the therapeutic potential of

sorafenib on several preclinical models of advanced

prostate cancer including antiandrogen- and che-

motherapy-resistant sublines. Our results demonstrated

that physiological concentrations of sorafenib induce

a dose-dependent inhibition of proliferation by
312
downregulating key G1/S transition proteins CDK2

and cyclin D1 in all cell lines. Furthermore, sorafenib

treatment enhanced apoptosis by targeting the

Akt/GSK-3b prosurvival pathway and the antiapopto-

tic MCL-1. The antitumor activity of sorafenib by

similar underlying molecular mechanisms in parental

as well as in therapy-resistant cell lines indicates that

sorafenib could be considered as an adjuvant treatment

option in combination with current androgen ablation

therapies, but could also have beneficial effects in the

progressed stages of therapy-resistant prostate cancer.
In vitro potential of sorafenib in therapy-resistant

prostate cancer is determined by inhibition

of AR expression

Interestingly, AR-positive cell lines LNCaP and 22Rv1

were more responsive to sorafenib-induced apoptosis
www.endocrinology-journals.org
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than LNCaP-IL6C or PC3 cells. Furthermore, 22Rv1

cells showed a diminished increase of apoptotic cells in

comparison to LNCaP after treatment with 2 mM of

sorafenib. An explanation for this could be the fact that

CRPC 22Rv1 cells display a decreased sensitivity to

androgen in comparison to LNCaP due to an

insertional mutation in the AR locus (Tepper et al.

2002). 22Rv1 cells express low levels of PSA mRNA

and do not express detectable levels of PSA protein

in androgen-depleted medium or after androgenic

stimulation (Tepper et al. 2002). The AR pathway

may be less important for the survival of 22Rv1 cells

compared to LNCaP cells, thus explaining the

difference in sensitivity to sorafenib with regard to

apoptosis. The different responsiveness of androgen-

sensitive and -insensitive cells could be explained by

our findings obtained in experiments in which we

investigated regulation of the AR signaling pathway

by sorafenib. In this study, we report for the first time

that sorafenib suppressed AR protein expression and

decreased PSA levels. It is interesting to note that the

dual epidermal growth factor receptor/Her-2 inhibitor
www.endocrinology-journals.org
PKI-166 reduced AR expression and transcriptional

activity (Mellinghoff et al. 2004). It is established that

cancer progression toward castration resistance occurs

in the presence of a functional androgen signaling

pathway (Feldman & Feldman 2001). AR overexpres-

sion may occur due to AR gene amplification or

increased stabilization of its mRNA or protein

(Visakorpi et al. 1995). The state-of-the-art antiandro-

gen therapy is based on administration of AR

antagonists such as hydroxyflutamide or bicalutamide.

The use of these agents may be compromised because

of emergence of receptor mutations during therapy or

increased expression of cofactors which potentiate

agonistic effects of hydroxyflutamide, such as CREB-

binding protein (CBP) or gelsolin (Culig et al. 2005).

For this reason, a novel AR antagonist, such as

MDV3100, which acts by a different mechanism in

comparison to bicalutamide by blocking AR nuclear

translocation, impairing DNA binding to androgen

response elements and recruitment of coactivators, is

currently being tested in clinical trials (Tran et al.

2009). In contrast to MDV3100, sorafenib diminishes
313
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AR expression. Inhibitory effects of sorafenib on

expression of other steroid receptors have not been

reported so far. Our data may initiate studies in other

endocrine-related cancers in which possible effects of

sorafenib on steroid receptors could be investigated.

Although the possibility that the observed effect of

sorafenib is a consequence of cell death that cannot be

completely ruled out, it has to be mentioned that higher

concentrations of sorafenib are required for induction

of apoptosis in two LNCaP sublines which express

increased AR levels (Culig et al. 1999), thus

supporting the conception that AR inhibition by

sorafenib precedes cell death.

Our results also justify considerations about the

development of a more efficient combination therapy in

prostate cancer with sorafenib as one of the compounds

used. Additive effects of AR siRNA and sorafenib support

the combination therapy approach and may lead to a

reduction of doses of sorafenib which cause a thera-

peutical benefit. Interestingly, in contrast to the experi-

ments performed with AR siRNA there was no additional

effect of cotreatment of LNCaP cells with sorafenib and

bicalutamide which interferes with AR function. Sorafe-

nib has already shown enhanced antitumor activity

combined with other agents such as docetaxel, vitamin

K, TRAIL, or radiation treatment in multiple cancers

(Huang & Sinicrope 2010, Ulivi et al. 2010, Wei et al.

2010, Yadav et al. 2011). Importantly, the combinatorial

effects of sorafenib and other drugs may strongly depend
314
on the drug sequence employed (Ulivi et al. 2010). For

instance, drug metabolism may be regulated in a different

manner after various drug administration sequences.

Efficiency of sorafenib in endocrine- and

chemotherapy-resistant models

In order to test the hypothesis that there is a rationale

for administration of sorafenib in prostate cancer that is

resistant to endocrine or chemotherapy, we treated the

sublines LNCaP-Bic and PC3-DR, resistant to bicalu-

tamide and docetaxel respectively. Importantly, there

was no major difference in proliferative responsiveness

to sorafenib between parental and antiandrogen-

resistant cells. This was not surprising since cell

cycle regulatory proteins were similarly inhibited in

both parental and therapy-resistant sublines. AR

expression was also reduced by sorafenib in LNCaP-

Bic, however higher concentrations of sorafenib were

required to achieve this effect. Likewise, induction of

apoptosis in the androgen-independent LNCaP-Bic

subline was only observed after treatment with higher

drug doses. AR expression increased in LNCaP-Bic

cells in comparison to those reported in a previous

study (Hobisch et al. 2006); however, higher passages

of the resistant subline were used in the present work.

According to the data available in the literature, the

development of docetaxel resistance in prostate cancer

is a complex cell line-specific process (Madan et al.

2011). Examples of the upregulated proteins in
www.endocrinology-journals.org
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docetaxel resistance include but are not limited to

Pim-1 kinase, chemokine CCL2, and class III b tubulin

(Zemskova et al. 2008, Ploussard et al. 2010, Qian

et al. 2010). Identification of additional mechanisms

being responsible for resistance of the sublines derived

in our laboratory is at present under investigation.

However, although efficacy of growth inhibition and

apoptosis induction of PC3-DR is somewhat reduced

compared to parental cells, it is important to note that

PC3-DR could still be inhibited by sorafenib but no

longer by docetaxel. This finding may have clinical

implications especially when keeping in mind that the

duration of docetaxel response in prostate cancer

patients is limited to several months.
Antiapoptotic pathways in prostate cancer cells

are inhibited by sorafenib

In concordance to findings observed in other tumors,

inhibition of Akt phosphorylation by sorafenib was

also seen in our experiments in LNCaP and PC3 cells

(Chapuy et al. 2011). The Akt signaling pathway is

frequently activated in advanced prostate cancer due to

deletion or mutation of the PTEN tumor suppressor

gene (Sircar et al. 2009). In cell culture models, Akt is

constitutively active in LNCaP and PC3 cells due to

PTEN mutation (LNCaP) or deletion (PC3; Vlietstra

et al. 1998). In line with those data, Kreisberg et al.

(2004) showed that phosphorylation of Akt S473 is

a predictor of poor clinical outcome in prostate cancer.

Moreover, it is known that the Akt downstream target

GSK-3b mediates degradation of MCL-1 by the

proteasome. Interestingly, differences in phosphoryl-

ation of GSK-3b in prostate cancer after sorafenib

treatment were observed in a cell type-dependent

manner. GSK-3b is phosphorylated and inactivated by

phosphorylated Akt. Consequently, phosphorylation of

GSK-3b may lead to upregulation of MCL-1 in

multiple tumor cell lines and primary cancer samples

(Maurer et al. 2006). As an implication of sorafenib

treatment, downregulation of MCL-1 could be

achieved by a decrease of total or inactivated,

i.e. phosphorylated GSK-3b. It is known that MCL-1

is expressed at high levels in prostate cancer and is

important for mediating a survival function of the

proinflammatory cytokine IL6 (Krajewska et al. 1996,

Cavarretta et al. 2007). Taken together, our results

suggest the sorafenib-mediated modulation of the Akt/

GSK-3b/MCL-1 pathway in prostate cancer is clini-

cally relevant. Although the results of our over-

expression experiments cannot definitively answer

the question whether the presence of MCL-1 is

required for the antiapoptotic effect of sorafenib in
www.endocrinology-journals.org
prostate cancer cells, there is an evidence in the

scientific literature supporting this view. First, in K562

chronic myelogenous leukemia cells overexpression

of MCL-1 inhibited sorafenib-induced apoptosis

(Yu et al. 2005). In addition, in a recent study

performed in androgen-insensitive prostate cancer

cell lines sorafenib sensitized tumor cells to (K)-

gossypol through MCL-1 inhibition (Lian et al. 2012).
The perspective for further development of

sorafenib-based prostate cancer treatments

Three preclinical studies have addressed the drug

response of sorafenib on prostate cancer cells in vitro

(Dahut et al. 2008, Huang et al. 2010, Ullen et al.

2010). In contrast to our work, those reports were

focused on antiangiogenic and cytotoxic effects of

sorafenib. Moreover, they were performed in a single

prostate cancer cell line using concentrations of the

drug which were higher than the physiological

concentrations of 2–5 mM measured in sera of patients

after administration of 400 mg twice daily (Dahut et al.

2008). In one of those previous studies, decreased

phosphorylation of MAP kinases by sorafenib in PC3

and DU145 cells was observed (Ullen et al. 2010)

confirming the results in colon, pancreas, and breast

cancer cell lines (Wilhelm et al. 2004). However, other

signaling pathways were not investigated after sor-

afenib treatment in prostate cancer in previous reports.

Our results may have implications for development

of clinical prostate cancer therapies. Tannock et al.

(2004) documented that docetaxel-based chemother-

apy in combination with prednisone improved median

overall survival of patients with CRPC by 2.4 months.

However, because of limited benefits and significant

toxicity of docetaxel therapy, the search for a more

efficient treatment for CRPC is continued. On the basis

of a recent publication by de Bono et al. (2011) that

administration of the inhibitor of androgen synthesis

abiraterone in combination with prednisone in patients

pretreated with docetaxel prolonged survival to 450 vs

332 days, it could be concluded that targeting the

androgen signaling pathway in docetaxel-resistant

prostate cancer in vivo is nevertheless a worthy

therapeutic goal. The question whether a combinatorial

treatment on the basis of androgenic and multiple

kinase inhibition by sorafenib has a benefit in patients

with therapy-resistant prostate cancer needs to be

addressed in the future.

Clinical studies have reported benefits following

treatment with tyrosine kinase inhibitors erlotinib and

sunitinib in prostate cancer patients (Gravis et al. 2008,

Sonpavde et al. 2008). In other clinical trials, the
315
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investigators reported on a small number of patients in

which stabilization of the disease by sorafenib was

achieved (Chi et al. 2008, Dahut et al. 2008, Steinbild

et al. 2007, Aragon-Ching et al. 2009). On the other

hand, difficulties in correlating clinical response and

PSA measurements were observed. In the context of

the final analysis of a phase II trial, Aragon-Ching et al.

(2009) suggested that a selected population of patients

may benefit from sorafenib treatment. The absence of

adequate biomarkers for monitoring the therapeutic

success may be the reason why it is difficult to match

preclinical findings with clinical effects. It should be

mentioned that PSA measurements in vitro could not

be simply extrapolated in vivo since the patients’ data

also reflect the disruption of the basement membrane.

In a recently reported phase II clinical trial with

sorafenib and bicalutamide in patients with CRPC 47%

of patients presented with either PSA decrease or stable

disease (Beardsley et al. 2012). Those clinical findings

could be partly explained by our results showing

differences in responsiveness of prostate cancer

parental cells and sublines representing advanced

disease stages to sorafenib.

In summary, we demonstrate that the multitargeting

effects of sorafenib induce growth inhibition and

apoptosis in a variety of prostate cancer cell lines.

Most importantly, we found that sorafenib affects AR

expression and signaling, which is a previously

unknown mechanism of sorafenib. Our data also

suggest that maximal effect of sorafenib may be

expected in androgen-sensitive prostate cancer prior

to the development of resistance to castration and

chemotherapy. However, there may be also a rationale

for the use of sorafenib in docetaxel-resistant carci-

noma of the prostate. The evidence for differential

response of prostate cancer cell lines may explain why

sorafenib is beneficial in a selected population of

patients in clinical trials.
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