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Introduction

Most prostate cancer patients respond initially to androgen ablation and antiandrogen
therapy. However, virtually all patients will relapse due to acquisition of the growth of
the androgen-independent tumor cells. The molecular mechanism characterizing
prostate cancer progression from androgen-dependence to androgen-independence is
incompletely understood. We propose that Signal Transducers and Activators of
Transcription 3 (Stat3) both regulates the expression of Stat3 target genes, and interacts
with AR in prostate cancer cells. The experiments proposed in this application are
based upon the hypothesis that Stat3 activation alters androgen receptor signaling
pathways, that in turn results in the loss of growth control in prostate cancer cells. We
propose to determine the consequence of Stat3 activation in prostate cancer cell growth
and to determine the molecular basis of Stat3 interactions with androgen receptor
signaling.

Body

Since the approval of this application, we have made significant progress of task 1 (
i.e., to examine the role of Stat3 activation in prostate cancer cells (months 1-18).

Task 1A. To establish a series of prostate cancer cell lines demonstrating constitutive
Stat3 activation (months 1-6). We have established Stat3 constitutively activated cell
sublines in LNCaP cells. These cells express activated Stat3 as examined by EMSA using
Stat3 consensus binding sequences (Appendix 1).

Fig 1. Stat3 DNA-binding activity in LNCaP and LN
series cell lines. Whole cell extracts (20 ng) were
subjected to EMSA using a *P-labeled oligonucleotide
probe containing the consensus binding motif for Stat3.
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Task 1B. To examine the effect of Stat3 activation on these cell growth in vitro and in
vivo (months 7-12). We demonstrated that cells expressing constitutively activated Stat3
can enhance LNCaP androgen independent growth in vitro as analyzed by MTT assay
(Fig 2A) and LNCaP growth in the castrated nude mice (Fig 2B), suggesting that Stat3
can enhance androgen independent growth of androgen-dependent LNCaP cells
(Appendix 1).
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Figure 2. Stat3 enhances androgen-independent growth in vitro. (A) Effect of Stat3 on LNCaP
cell growth in the presence and absence of androgen in vitro. Cells were cultured in RPMI-1640
supplemented with either 10% FBS or 10% charcoal-stripped FBS. Cell proliferation values in
charcoal-stripped FBS were expressed as % relative to the complete FBS. *, P <0.05. (B) Stat3
induces androgen-independent growth in vivo. Tumor growth curve in the intact and castrated
male nude mice. Parental LNCaP cells and neo clone (<) or clones that overexpress activated
Stat3 (S3c-17, V; S3c-18, O) were injected into the intact (filled symbols) or castrated (open
symbols) male nude mice (n = 10 for each condition).

Task 1C. To examine the effect of Stat3 activation on the expression of Stat3 target genes
and AR-mediated genes (months 7-18). Prostate specific antigen (PSA) is a typical AR-
mediated gene. We demonstrated that Stat3 can enhance PSA express both in mRNA
levels as examined by Northern blot (Fig 3A) and in protein levels as examined by
ELISA (Fig 3B). In addition, Stat3 can enhance PSA promoter activity and ARE-
containing gene transactivation (Fig 4 and appendix 1).
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Figure 3. Stat3 enhances PSA expression. (A) PSA mRNA expression in Stat3 overexpressing
clones (S3c-17, S3c-18), vector control (neo), and LNCaP cells examined by Northern blot
analysis using 20 ug of total RNA. GAPDH is a control for equal loading. (B) PSA protein
secretion in the absence of androgen. PSA secretion was quantitated by PSA immunoradiometric
assay of 50 ul of supernatant of cell culture in phenol red-free RPMI containing 10% charcoal-
stripped serum. *, P < 0.05; **, P < 0.01.
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Figure 4. (A) Effect of Stat3 on PSA promoter activity in the absence of DHT and in the
presence of 10 nM of DHT. LNCaP cells were transiently transfected with PSA-luc reporter, and
increasing doses (0, 2.5, 5 ug) of Stat3 expression plasmid. Total DNA content was kept constant
in all wells. HeLa cells transiently transfected with or without AR expression plasmid, PSA-luc
reporter, and increasing doses (0, 2.5, 5 ug) of Stat3c expression plasmid in the presence of 10
nM of DHT. Total DNA content was kept constant in all wells. The luciferase activity was
measured. Results are displayed as the average of four independent experiments. RLU: relative
light units.

Task 2. To determine whether Stat3 activation induce androgen-independent
growth by affecting AR signaling in prostate cancer cells (months 19-36).

We are initiating the experiments to study the interaction between Stat3 and AR and the
consequences of this interaction in promoting androgen-independent prostate cancer.
The experiments were designed to investigate the potential use of RNA interference to
block Stat3 expression and activation and the effect on the growth of human prostate
cancer cells. We identified a small interfering RNA (SiRNA) specific for Stat3 and
expressed in human prostate cancer cells from DNA expression vector which employ
RNA polymerase 11l promoters from the U6 small nuclear RNA gene to transcribe
siRNAs (Fig. 5). We demonstrate that blockade of Stat3 activation by the Stat3 siRNA
suppresses the growth of human prostate cancer cells and Stat3-mediated gene expression
and induces apoptotic cell death (Fig. 6, 7). The Stat3 siRNA does not inhibit the
proliferation nor induces apoptosis of Stat3-inactive PC3 human prostate cancer cells
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(Fig. 6, 7). In addition, the Stat3 siRNA inhibits the levels of AR-mediated gene- prostate
specific antigen (PSA) expression in prostate cancer cells (Fig. 8).
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Figure 5. Effect of Stat3 siRNA on Stat3 expression and
activity of human prostate cancer cells. A. Stat3-DNA
binding activity. The Stat3 activity was analyzed using
EMSA as described in Methods and Materials. B. Stat3
mMRNA levels of human prostate cancer cells transfected
with Stat3 siRNA or control siRNA were determined by
Northern blot analysis. GAPDH expression was used as
an internal control. C. Effect of Stat3 siRNA on Stat3
protein expression. Western blots were performed using
either antibodies against phospho-specific Stat3 (Tyr-
705) or total Stat3 with whole cell extracts isolated from
prostate cancer cells transfected with Stat3 SiRNA
expression vector or control siRNA vector.
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Figure 6. Effect of Stat3 siRNA on human prostate
cancer cell growth. A. Human prostate cancer
DU145, PC3 and LN-17 cells (1x10° per well) were
plated in 12-well plates in RPMI 1640 containing
10% FBS. After 24 h, the cells were transfected
with either Stat3 siRNA expression vector or
negative control plasmid. Four days later, the cells
were counted with a Coulter counter. Columns
represent means of data (n=4); bars, =+ SE. *,
significantly different from control siRNA.
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Figure 7. Effect of Stat3 siRNA on
prostate cancer cell apoptosis. A. Cell
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Figure 8. Stat3 siRNA inhibits PSA protein expression in LN-17 cells. The
levels of PSA protein expression in the medium was analyzed by PSA
ELISA from LN-17 cells transfected with either Stat3 siRNA expression
vector or control siRNA vector.
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In addition, we have examined the potential of tyrosine kinase inhibitors to block Stat3
activation in prostate cancer cells. We evaluated two Stat3 signaling inhibitors: AG490
and JSI-124(Cucurbitacin-I). AG490 is a tyrosine kinase inhibitor selective for the JAK
family kinases. We evaluated the effects of AG490 on the growth of prostate cancer cells
that express activated Stat3 in vitro and in vivo. We chose to study the following human:
LNCaP, DU145, PC3, CWR22Rv1 prostate cell lines. AG490 abrogated Stat3 activity
and inhibited the growth of human and prostate cancer cell lines with an 1Cs from 20-40
UM (Table 1). To study the effects in vivo, we inoculated DU145 cells subcutaneously
into the flanks of male nude mice. Once tumors reached a size of 0.5cm® they either
received AG490 (0.5mg/mice i.p daily for 14 days) or vehicle (DMSO/RPMI) only.
AG490 suppressed tumor growth by 50% (p<0.01) (Fig. 9). AG490 administration did
not cause any toxicity. JSI-124 is a plant natural product. We studied the effects of JSI-
124 in human prostate cancer cell lines: LNCaP, DU145, PC3 and CWR22Rv1.We
established the ICs to range 0.5 to 1.0 uM (Table 1). Our data suggest that targeting IL-
6/Stat3 signaling may represent an opportunity in the development of new treatments for
AIPC.

Table 1. ICs (UM) of AG490 and JSI-124 on the growth of prostate cancer
cells in vitro

Cell LNCaP DU145 PC3 CWR22
lines

AG490 40 25 30 30

JSI- 1 0.5 1 0.5

124

Figure 9. AG490 and JSI-124 treatment of
DU145 tumor. 2 x 10° DU145 cells were injected
s.c into nude mice. The mice bearing established
tumor were treated with AG490 (0.5 mg/mouse)
and JSI-124 (0.1 mg/mouse) for 14 days and
tumor volume was measured.

—«&— Control
—— AG490
—A—JSI-124

Relative tumor volume (Fold

0 3 8 11 14
Days of treatment

Androgen ablation induces apoptotic death of prostate epithelial cells and is a standard
treatment for prostate cancer. However, androgen-independent prostate cancer cells
become resistant to apoptosis, rendering androgen ablation therapy ineffective. To
understand the role of Stat3 in androgen independent prostate cancer, we investigated the
role of Stat3 activation in IL-6-mediated antiapoptotic activity in prostate cancer cells.
We demonstrate that overexpression of IL-6 renders androgen sensitive LNCaP human
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prostate cancer cells more resistant to apoptosis induced by androgen deprivation (Fig
10). LNCaP cells undergo apoptosis after 72 h of androgen deprivation, an outcome is
largely absent in clones overexpressing IL-6 as measured by cell death ELISA (Fig 10).
IL-6 over-expressing cells resulted in a significant decrease in the expression of pro-
apoptotic proteins such as cleaved PARP and cleaved caspase-9 as well as an increase in
the expression of anti-apoptotic proteins Bcl-x. and phosphorylated Bad (Fig 11).
Addition of IL-6 antibody completely abolished the anti-apoptotic activity of I1L-6 (Fig
11B). This protective effect of IL-6 was reversed by the expression of a dominant-
negative Stat3 mutant, Stat3F (Fig. 12). Furthermore, ectopic expression of a
constitutively active Stat3 antagonized androgen deprivation-induced cell death of
LNCaP cells (Fig. 13). These results indicate that IL-6 protects androgen sensitive
LNCaP cells from apoptosis induced by androgen deprivation, and Stat3 activation play
an important role in IL-6-mediated anti-apoptosis in prostate cancer cells.

12- SINGaP Figure 10. C_e_II death analys.is

. B neo by a specific ELISA Kit.

1] * OLN-S15 Parental LNCaP, neo, and IL-

° * 4 lgLN-s17 6 overexpressing (LN-S15
S 081 l and  LN-S17) cells were
3 cultured in either normal FBS,
2 06 androgen deprived CS-FBS,
5 w or CS-FBS plus 20 pg/ml of
£ 04~ = IL-6 antibody conditions.
> Data are expressed as mean +
0.2 1 S.E. of four independent
experiments. *, p < 0.01

0- FBS CSFBS CS-FBS + IL.6 Ab compared with neo control
cells cultured in normal FBS

conditions; **, p < 0.01
compared with neo controls in CS-FBS conditions; #, p < 0.01 compared with LN-S15 and LN-S17 in the
CS-FBS condition in the absence of the IL-6 antibody.
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FBS conditions for 3 days as indicated. A. Immunoblots were analyzed with cleaved PARP and cleaved
caspase-9 antibodies.

Fig 11 B. Twenty pg/ml of IL-6 antibody were added
LNCaP LN-S15 — LN-SI7 to the androgen deprived charcoal stripped culture
g < g medium (CS-FBS-Ab), and whole cell lysate were
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Figure 12. Stat3F inhibits anti-apoptotic activity of 1L-6. Left. Stat3F inhibits IL-6 induced LNCaP cell survival in
androgen deprived media. Parental LNCaP, neo, IL-6 overexpressing LN-S15 and LN-S17 cells were cultured in
RPMI 1640 supplemented with 10% charcoal-stripped FBS (CS-FBS). The cells were then transiently transfected with
equal amounts (2 pg) of either vector controls or Stat3F. The cell numbers were counted after 3 days in CS-FBS
condition and cell survival values were expressed as % relative to the complete FBS. Right. Stat3F blocks anti-
apoptotic activity of IL-6 in androgen deprived conditions. Parental LNCaP, neo, IL-6 overexpressing LN-S15 and
LN-S17 cells were cultured in RPMI 1640 supplemented with 10% charcoal-stripped FBS (CS-FBS). The cells were
then transiently transfected with equal amounts (2 pg) of either vector controls or Stat3F. Quantitation of apoptosis by
a special ELISA kit in these cells after cultured in androgen deprived CS-FBS for 3 days. Data are expressed as mean
+ S.E. of four independent experiments. *, P < 0.05 compared with neo control in CS-FBS conditions; #, p < 0.05
compared with LN-S15 and LN-S17 transfected with vector control in the CS-FBS condition.

Figure 13. Constitutively activated
27 Stat3 protects LNCaP cells apoptosis
T ( induced by androgen deprivation.

LNCaP cells were cultured in RPMI
1640 supplemented with 10% charcoal-
0.6 | * stripped FBS (CS-FBS). The cells were
I then transiently transfected with equal
amounts (2 ug) of either vector controls
0.2 or constitutively activated Stat3c or
Stat3c plus Stat3F. Quantitation of
Vector ‘ Stat3c ‘ Stat3c + Stat3F ‘ apoptOSiS by a SpECial ELISA klt was
performed after cultured in androgen
deprived CS-FBS for another 3 days.
Data are expressed as mean = S.E. of four independent experiments. *, P < 0.05 compared with vector
control in CS-FBS conditions.
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Activation of the non-canonical NF-xB signaling pathway involved in the proteolytic
processing of NF-xB p100 to p52 is tightly regulated and overproduction of p52 leads to
lymphocyte hyperplasia and transformation. We have demonstrated that active but not
latent Stat3, expressed in many types of human cancers involved in cell proliferation and
survival, induces pl00 processing to p52 by activation of IKKa and subsequent
phosphorylation of p100. The Stat3-mediated p100 processing to p52 required activation
of Stat3 by the acetyltransferase activity of CBP/p300. A mutant of Stat3 defective in
acetylation blocked Stat3-mediated p100 processing to p52 and acted as a dominant
negative blocking the production of p52. Furthermore, overexpression of p52 protected

10
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cells from apoptotic cell death. Thus, activation of the processing of p100 to p52 by Stat3
may represent one of the common pathways utilized by cancer cells to survive and escape
therapy.
Stat3 induces processing of p100

The presence of Stat3 in the p52-DNA binding complex suggests that Stat3 may
play a role in the induction of processing of p100 to p52 in cancer cells. We co-
transfected plasmids expressing Stat3, a constitutively active form of Stat3 (Stat3c), and a
plasmid expressing wild type p100 into LNCaP and HEK293 cells that lack endogenous
p52, to determine if Stat3 can induce the processing of p100. We found that constitutively
active Stat3 (Stat3c) induced the processing of p100 to p52 in both LNCaP and HEK?293
cells, whereas Stat3 by itself could not, suggesting that activated Stat3 is required to
induce the processing of p100 to p52 (Fig. 14). The activated Stat3-induced processing of
p100 to p52 was blocked by using either Stat3 siRNA or a dominant-negative mutant of
Stat3, Stat3F.

Fig 14. Active Stat3 induces p52
LNCaP HEK293 production in LNCaP and HEK293
e e - et cells. Cells were cotransfected with
' plasmids containing pl100, Stat3,
v — . < - - - constitutively active Stat3 mutant
= — p52 — P (Stat3c), dominant negative Stat3
P00 + - - 4 + o+ + e o4 mutant (Stat3F), or Stat3 siRNA.
Stat3 - + - + - - - R All transfections contained 2.0 ug
Statdc - - + - + + + S of total plasmid DNA. After 48 h
StatdF - - - - - 4 - R cells were lysed in RIPA buffer and
Stat3siRNA - - - - - - T +

Western  blot  analyses  were
———————— ACHN — - - ————-— performed using antibodies against

p52.

Acetylation of Stat3 enhances processing of p100 to p52

To confirm whether acetylation is essential for Stat3 mediated p100 processing to
p52, we employed a mutant of Stat3 which is defective for acetylation at lysine 685
(Stat3“®®R) to examine whether it affects the production of p52 from p100. When Stat3
acetylation was blocked by cotransfection of Stat3“®®R with both CBP/p300 and p100
into HEK?293 cells, there was no detectable production of p52 protein, corresponding to
decreased levels of acetylated Stat3 (Fig. 15). However, wild-type Stat3 cotransfected
with p100 and CBP/p300 produced p52 protein. Co-transfecting Stat3“®®*® with Stat3,
CBP/p300 and pl100 into LNCaP cells and found that Stat3“®®*® can inhibit p52
processing from p100, indicating that the Stat3"“°®*R mutant might be capable of acting as
a dominant negative for Stat3 induced production of p52. These results further confirmed
that acetylation of Stat3 is required for p100 processing to p52.

11
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Fig. 15. Stat3 defective for acetylation at lysine (Stat3"°®°R)
lost the ability to induce processing of p100 to p52. LNCaP

cells were cotransfected with plasmids containing p100, Stat3,
p100 — = ”' Stat3c, p300, or Stat3“®®R . Cells were lysed after 48 h and
- =t western blot was performed using antibodies against p52.
Stat3  acetylation  (Ac-Stat3) was  detected by
et e - immunoprecipitation of the lysates with anti-Stat3 and
p52 — - Western blot with antibodies against acetylated lysine.
Ac-Stat3 — — -
p100 - - - + + + + +
Stat3 - - + + - + - +
Stat3c - + - - + - + -
CBP/p300 - - - + + - - +
Stat3 KSR + - - . - -+ 4+

Key research accomplishments

We demonstrated that Stat3 plays a critical role in prostate cancer growth.

Stat3 enhances AR-mediated gene expression such as PSA.

Stat3 enhances androgen independent growth of prostate cancer cells in vitro and
in vivo.

Stat3 activates androgen receptor (AR) in the presence and in the absence of
androgen.

Stat3 activation is required for IL-6 mediated antiapoptic activity in prostate
cancer cells.

Targeting Stat3 signaling by siRNA or tyrosine kinase inhibitors inhibits growth
and induces apoptosis of prostate cancer cells.

Active Stat3 enhances NF-kB p100 processing to p52.

Reportable outcome

Publications:

Lee SO, Lou W, Qureshi KM, Mehraein-Ghomi F, Trump DL, and Gao AC. RNA
interference targeting Stat3 inhibits growth and induces apoptosis of human prostate
cancer cells. Prostate, 60(4):303-9, 2004.

Lee SO, Lou W, Johnson CS, Trump DL, and Gao AC. Interleukin-6 protects
LNCaP cells from apoptosis induced by androgen deprivation through the Stat3
pathway. Prostate 60: 178-186 , 2004.

Lee S.O., Lou W., Hou, M., Onate S.A., and Gao A.C. Interleukin-4 enhances
prostate specific antigen expression by activation of the androgen receptor and
Akt pathway. Oncogene 22 (39), 6037-6044, 2003.

Lee SO, Lou W, Demiguel F, Hou M, Gao AC. Interleukin-6 promotes
androgen-independent growth in LNCaP human prostate cancer cells. Clin.
Cancer Res., 9: 370-376, 2003.
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Demiguel F, Lee S.O., Onate A. A., and Gao AC. Stat3 enhances transactivation

of steroid hormone receptors. BioMed Central, Nuclear Receptor, 1:3, 2003.
DeMigeul F., Lou W., Lee S. O., Xiao X., Pflug B., Nelson J.B., and Gao A.C.
Stat3 enhances the growth of LNCaP human prostate cancer cells in intact and
castrated male nude mice. The Prostate, 52: 1-7, 2002.

Lee SO, Nadiminty N, Wu XX, Lou W, Dong Y, Ip C, Onate SA, and Gao AC.
Selenium disrupts estrogen signaling by altering estrogen receptor expression and
ligand binding in human breast cancer cells. Cancer Res 65(8):3487-3492, 2005.

Tan DF, Wu XX, Hou M, Lee SO, Lou W, Wang JM, Janarthan B, Nallapareddy S,
Trump DL, and Gao AC. Interleukin-6 polymorphism is associated with recurrent
prostate cancer. J. Urology 174: 753-756, 2005.

Lee SO, Lou W, Nadiminty N, Lin X, and Gao AC. Requirement for NF-kB in
interleukin-4 induced androgen receptor activation in prostate cancer cells. Prostate
64: 160-167, 2005.

Nadiminty N, Lou W, Lee SO, Lin X, Trump DL, and Gao AC. Stat3 activation of
NF-kB p100 processing involves CBP/p300 mediated acetylation. Proc Natl Acad
Sci USA, 103 (19): 7264-7269, 2006.

Conclusions

We demonstrated that activation of Stat3 in androgen-sensitive LNCaP prostate
cancer cells results in enhancement of tumor growth in both intact and castrated
male nude mice, and enhances androgen receptor-mediated prostate specific antigen
(PSA) expression. These findings demonstrate that intracellular signaling mediated
by Stat3 can enhance the growth of androgen-sensitive human LNCaP prostate
cancer cells in both intact and castrated male nude mice. Targeting Stat3 signaling
by siRNA may serve as a novel therapeutic approach for prostate cancer.
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Stat3 Enhances the Growth of LNCaP Human Prostate
Cancer Cells in Intact and Castrated Male Nude Mice

Fernando DeMiguel,l Soo Ok Lee,! Wei Lou,! Xiao Xiao,? Beth R. Pflug,1
Joel B. Nelson,! and Allen C. Gao'*
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BACKGROUND. Prostate cancer frequently progresses from an initial androgen dependence
to androgen independence, rendering the only effective androgen ablation therapy useless.
The mechanism underlying the androgen-independent progression is unknown. Stat3, a
member of the family of signal transducers and activators of transcription, is activated in
numerous cancers, including prostate. This study is to investigate the role of Stat3 activation in
the growth of prostate cancer cells.

METHODS. A constitutively active Stat3 was ectopically expressed in androgen-sensitive
LNCaP prostate cancer cells and resulting stable clones expressing activated Stat3 were
isolated. The effect of Stat3 activation on LNCaP cell growth in response to androgen in vitro
and in vivo was examined.

RESULTS. We show that the levels of activated Stat3 are associated with the progres-
sion of androgen-independent prostate cancer. Activation of Stat3 in androgen-sensitive
LNCaP prostate cancer cells results in enhancement of tumor growth in both intact and
castrated male nude mice and enhances androgen receptor-mediated prostate specific
antigen expression.

CONCLUSIONS. These findings demonstrate that intracellular signaling mediated by Stat3
can enhance the growth of androgen-sensitive human LNCaP prostate cancer cells in both

intact and castrated male nude mice. Prostate 52: 123-129, 2002. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Hormone-refractory prostate cancer refers to a re-
sistance to androgen ablation therapy, the only effec-
tive systemic therapy available for advanced prostate
cancer. Almost all patients with advanced prostate
cancer respond initially to androgen ablation therapy.
However, virtually every patient will relapse to
hormone-refractory disease due to the growth of
androgen-independent cancer cells. There is growing
evidence supporting the concept that the paracrine
and autocrine loops mediated by growth factors
and cytokines play an important role in acquisition of
hormone independence [1,2]. Stat3, a member of Janus
Kinase (JAK)-Signal Transducers and Activators of
Transcription (STAT) signaling pathway, is implicated
in many cytokine-, hormone-, and growth factor—
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Stat3; androgen-independence; androgen receptor; prostate cancer

mediated signaling pathways to regulate a variety of
biological responses, including development, differ-
entiation, cell proliferation, and survival [3,4].
Constitutively activated Stat3 protein is found in
various types of tumors, including leukemia, breast,
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head and neck, and prostate [5-10]. In addition,
constitutively activated Stat3 (a mutant produced
by substitution of the cysteine residues within the
COOH-terminal loop of the SH2 domain of Stat3)
induces cellular transformation and tumor formation
in nude mice [11]. These results suggest that Stat3
may function as an oncogene and play a critical role in
transformation and tumor progression. Here, we in-
vestigated the effect of Stat3 activation on the growth
of androgen-sensitive LNCaP cells in the intact and
castrated male nude mice.

MATERIALS AND METHODS

Cell Culture and Plasmids

Human LNCaP prostate cancer cells were obtain-
ed from American Type Culture Collection (ATCC,
Manassas, VA) and maintained in RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS). The LNCaP
cells were passaged twice weekly, and the passage
number approximately eight were used for all of the
studies. Androgen-insensitive LN95, LN96, LN97, and
LN98 human prostate cancer cells [12] were main-
tained in phenol red-free RPMI 1640 supplemented
with 10% charcoal-stripped serum (Hyclone, CA).
HeLa cells were routinely maintained in Dulbecco
modified Eagle’s medium (DMEM) supplemented
with 10% FBS. The cells were grown at 37°C in 5%
CO; and 95% air. The plasmid (pSG5-wtAR) contain-
ing the wild-type full-length sequence of human
androgen receptor (AR) was kindly provided by
Dr. Chawnshang Chang, University of Rochester, NY.
The plasmid containing the constitutively active form
of Stat3c was provided by Dr. James Darnell, Jr., The
Rockefeller University, NY [11]. Prostate specific
antigen (PSA) regulatory element containing an
822-bp enhancer [13] and a 620-bp promoter [14] was
generated by PCR amplification of Hirt DNA from
LNCaP cells by using primers for the enhancer
(5 primer, 5-GCGGTACCCTGCAGAGAAT; and 3
primer, 5-GGATCCCCATGGTTCTGTC), and for the
promoter (5 primer, GGATCCTTGGATTTTGAAAT;
and 3’ primer, 5-GGTCTAGAAAGCTTGGGGCT).
The PCR products of the amplified enhancer and
promoter were gel purified, kinased, and inserted into
the EcoRV site of pBluescript KS + vector, separately.
The PSA regulatory element was generated by insert-
ing the enhancer (cut out with BamHI from the
pBluescript KS + construct) in front of the promoter
at the BamHI site of the pBluescript construct contain-
ing the promoter. The PSA reporter construct (pAAV-
PSA-Luc) was generated by insertion of the 1.4-kb
fragment of the PSA enhancer and promoter in
place of the CMV promoter of the pAAV-CMV-Luc
construct [15].

Luciferase Assay

Twenty-four hours before transfection, 3 x 10° cells
were plated in a six-well plate in phenol red-free
DMEM containing 5% dextran-coated charcoal-strip-
ped FBS (CS-FBS). Cells were transfected with a total
amount of 5 ug of DNA by using Superfect (Qiagen,
Valencia, CA) according to the manufacturer’s instruc-
tions. The total amount of plasmid DNA used was
normalized to 5 pg/well by the addition of empty
plasmid. Three hours later, the DNA:liposomes mix-
ture was removed and cells were treated with phenol
red-free medium containing 5% CS-FBS with either
10 nM dehydrotestosterone (DHT, Sigma, St. Louis,
MO) or in the absence of DHT. Cell extracts were
obtained 36 hr later, and luciferase activity was assay-
ed by using the Luciferase Assay System (Promega,
Madison, WI). Protein concentration in cell extracts
was determined by Coomassie Plus protein assay
(Pierce, Rockford, IL). Luciferase activities were nor-
malized by protein concentrations of the samples. All
transfection experiments were performed in triplicate
wells and repeated at least four times.

Transfection and Northern Blot

Transfections with the plasmid expressing the con-
stitutively active form of Stat3c or empty vector were
performed by using Superfect (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. Stable clones
were selected in 800 pg/ml G418 and maintained in
300 pg/ml G418.

Total RNA was extracted from cells with TRIzol
reagent (Life Technologies, Rockville, MD). Twenty
micrograms of each sample was electrophoresed in
1.2% denaturing agarose gels and transferred to a
nylon membrane (MSI, Westborough, MA). A 1.2-kb
BamHI fragment of the PSA c¢DNA was labeled
with [0->*P]dCTP (3,000 Ci/mmol, ICN, Costa Mesa,
CA) by using the Ready-To-Go DNA labeling beads
(Amersham Pharmacia Biotech, Piscataway, NJ).
Hybridization was carried out during 3 hr at 65°C
in Rapid-hyb buffer (Amersham). Membranes were
washed for 15 min at 65°C in 2 x SSC, 0.1% sodium
dodecyl sulfate (SDS; twice), 0.5 x SSC, 0.1% SDS and
0.1 xSSC, 0.1% SDS. Radioactivity in the membranes
was analyzed with a Molecular Imager FX System
(Bio-Rad, Hercules, CA).

Electromobility Shift Assay

Whole cell extracts were prepared and electromo-
bility shift assays (EMSAs) were performed as de-
scribed previously [8]. For supershift analyses, the cell
extracts were preincubated with antibody specifically
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against Stat3 (Santa Cruz Biotechnology, Santa Cruz,
CA). The protein-DNA complexes were resolved on a
5% nondenaturing polyacrylamide gel in 1 x TBE
(90 mM Tris-borate, 2 mM EDTA) at room tempera-
ture, and the results were analyzed as above.

Western Blot

Whole cell extracts were obtained by lysing the
cells in RIPA buffer (1 x phosphate buffered saline,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, with freshly added protease inhibitors: 0.1 mM
phenylmethyl sulfonyl fluoride, 1 mM sodium ortho-
vanadate, 30 pl/ml aprotinin). Whole cell extracts
were resolved in 12.5% SDS-polyacrylamide gel
electrophoresis. Proteins were then transferred to
nitrocellulose membrane. After blocking overnight at
4°C in 5% milk in PBS-0.1% Tween 20, membranes
were incubated for 1 hr at room temperature with
anti-AR rabbit polyclonal antibody (Santa Cruz Bio-
technology) or anti-FLAG antibody (Sigma), or anti—
phospho-Stat3 antibody (Cell Signaling Technology,
MA) diluted in 1% milk in PBS-Tween. After second-
ary antibody incubation, immunoreactive proteins
were visualized with an enhanced chemiluminescence
detection system (Amersham Pharmacia Biotech,
Buckinghamshire, England).

InVivo Assays

The mice were injected in the flank with 3 x 10° cells
resuspended in Matrigel diluted 1:1 in complete
culture medium. The volume of the growing tumors
was estimated by measuring their three dimensions
(length x width x depth) with a caliper.

PSA Protein Analysis

PSA secretion was quantitated by PSA immunor-
adiometric assay (Beckman Coulter, Fullerton, CA) of
tissue culture supernatant. Equal numbers of cells
were plated in phenol red-free RPMI containing 10%
FBS. Cells were allowed to attach for 24 hr, then the
medium was changed to phenol red-free medium
supplemented with 10% charcoal-stripped serum.
After another 2 days, 50 pl of supernatant was assayed
for PSA.

Statistical Analysis

Values were expressed as the mean =+ SE. Statistical
analyses were performed by one-way analysis of
variance, followed by the Student-Newman-Keuls test
for multiple comparisons, with a P < 0.05 being con-
sidered significant.

RESULTS AND DISCUSSION

Stat3 Activation Is Associated With
Androgen-Independent Progression

We first tested whether Stat3 activation is asso-
ciated with the progression of androgen-independent
prostate cancer. We analyzed Stat3 activity by EMSA
and the expression of phosphorylated Stat3 protein
in androgen-sensitive LNCaP human prostate cancer
cells and androgen-insensitive sublines (LN95, LN96,
LN97, and LN98) derived from LNCaP cells [12].
LNCaP sublines (LN95, LN96, LN97, and LN98) were
derived from LNCaP cells after chronic androgen
deprivation in vitro, which produces androgen-
insensitive clones [12]. All of the LNCaP sublines
retain the AR and produce PSA even in the absence
of androgen [12]. The androgen-insensitive LNCaP
sublines grew readily in both castrated and intact
male nude mice compared with no tumors formed in
wild-type LNCaP animals subcutaneously [12]. Both
the levels of Stat3 activity and phosphorylated Stat3
protein were increased in the androgen-insensitive
sublines compared with that of the parental LNCaP
cell line (Fig. 1). These results suggest that androgen-
insensitive growth is associated with increased levels
of Stat3 activity in LNCaP human prostate cancer
model.

Stat3 Activation Enhances LNCaP Cell
Growth InVitro and InVivo

Because LNCaP cells have minimal levels of Stat3
activity, we tried to determine whether elevation of

LNCaP
LN95
LN96
LN97
LN98

.Ll.uuu—StaB

- —phospho-Stat3

Fig. I. Stat3 activation is associated with androgen-indepen-
dence. Top panel: Stat3 DNA-binding activity in LNCaP and LN
series cell lines. Whole cell extracts (20 pg) were subjected to
EMSA by using a 32P-labeled oligonucleotide probe containing the
consensus binding motif for Stat3. Bottom panel: Stat3 tyrosine
phosphorylation (phospho-Stat3) in LNCaP and LN series cell lines.
Forty micrograms of whole cell protein extract was analyzed by
Western blot by using antibodies specific against phosphotyrosine
Stat3 (Tyr-705) antibody.
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Fig. 2. Stat3 enhances androgen-independent growth in vitro.
A: Stat3 DNA binding activity in Stat3-overexpressing clones
(S3c-17, S3c-18), vector control (neo), and LNCaP cells examined
by EMSA. B: Effect of Stat3 on LNCaP cell growth in the pres-
ence and absence of androgen in vitro. Cells were cultured in
RPMI-1640 supplemented with either 10% FBS or 10% charcoal-
stripped FBS. Cell proliferation values in charcoal-stripped FBS
were expressed as percentage relative to the complete FBS.
*P < 0.05.

Stat3 activity will enhance LNCaP cell growth in vitro
and in vivo. We introduced a constitutively activated
Stat3 into the androgen-sensitive LNCaP cells. Two
independent clones overexpressing activated Stat3
were selected (Fig. 2A). The growth of these cells in
normal serum and in androgen-deprived serum was
compared. The growth of LNCaP cells and neo vector
alone control cells in culture was reduced by approxi-
mately 50% after 48 hr in androgen-deprived charcoal-
stripped serum compared with that in the normal
serum (Fig. 2B). In both clones of LNCaP cells over-
expressing Stat3, however, there was only a 20%
decrease in growth under these androgen-deprived
conditions compared with growth in normal serum
(Fig. 2B), suggesting that activated Stat3 can enhance
the growth of LNCaP cells in the absence of androgen
in vitro.

LNCaP is a human prostate cancer cell line derived
from supraclavicular lymph node metastases [16,17].
These cells express mutant but functional androgen
receptors and exhibit androgen-sensitive phenotype

[16,17]. Igawa et al. reported that the aggressiveness
and androgen responsiveness of LNCaP cells can be
altered by culturing the cells continuously in vitro [18].
LNCaP cells in the early passages are usually less
aggressive (i.e., lower tumorigenic in vivo) and higher
androgen responsiveness in vitro and in vivo than that
of the cells in their late passages [18]. The parental
LNCaP cells used in the present study are in their early
passages (see Materials and Methods section). The
parental LNCaP cells and vector control Neo clone did
not grow any detectable tumor in both intact (within
40-day observation period) and castrated (within 60-
day observation period) male mice (Fig. 3B). We next
tested the effect of Stat3 activation on LNCaP tumor
growth in both intact and castrated male nude mice.
Eight-week-old male nude mice were randomly divid-
ed into two groups, one left intact, another group re-
ceived surgical castration. Three days after castration,
intact or castrated male nude mice were injected
subcutaneously with LNCaP cell clones overexpres-
sing Stat3. For the two independent Stat3-overexpres-
sing clones, tumors became apparent at the site of
injection within 20 days in the intact male mice and
within 30 days in the castrated male mice (Fig. 3A).
There was a delay of the latency for tumor formation
in the castrated male mice compared with the intact
male mice (Fig. 3B). Western blot analysis of protein
extracts derived from Stat3-overexpressing tumors
in both intact and castrated male mice revealed high
levels of FLAG-tagged Stat3 protein (Fig. 3C), indicat-
ing that the growing tumor cells continue to express
FLAG-tagged Stat3 plasmids and are derived from
human LNCaP cells. These results demonstrate that
Stat3 activation not only enhances prostate cancer
cell tumor growth in vivo, but also promotes tumor
growth in the androgen-deprived castrated male
nude mice.

Stat3 Enhances AR-Mediated Gene
Expression Independent of Androgen

To determine whether Stat3 activation affects AR
signaling, we tested the effects of Stat3 on the expres-
sion of endogenous PSA, a well-characterized prostate
specific antigen whose transcription is strictly re-
gulated by androgen [19]. The levels of PSA mRNA
expression from LNCaP cell clones overexpressing
activated Stat3 were increased compared with the
parental LNCaP cells (Fig. 4A). To examine the effects
of Stat3 activation on the expression of PSA upon
androgen withdrawal, we measured PSA protein
secretion in phenol red-free medium supplement-
ed with the charcoal-treated serum. As shown in
Figure 4B, the levels of PSA protein expression
were increased in the Stat3-overexpressing LNCaP
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Fig. 3. Stat3induces androgen-independent growth in vivo. A: Stat3-overexpressing clone (S3c-18) developed tumors vs. parental LNCaP
cells, which did not grow any tumors in the castrated male nude mice. B: Tumor growth curve in the intact and castrated male nude mice.
Parental LNCaP cells and neo clone () or clones that overexpress activated Stat3 (S3c-17, triangles; S3c-18, circles) were injected into the
intact (filled symbols) or castrated (open symbols) male nude mice (n = 0 for each condition). C: Western blot analysis of Flag-tag expression in
cell extracts from Stat3-derived tumors in the intact and castrated male nude mice.

subclones compared with the parental LNCaP cells
and vector controls in androgen-deprived conditions,
indicating that Stat3 can partially replace androgen
function in activation of the AR-mediated PSA gene
expression. Tumors expressing Stat3 also produced
high levels of circulating PSA in the serum (average,
32 ng/ml per gram of tumor) in the castrated male
mice.

To determine the effect of Stat3 activation on AR-
mediated gene transcription, we transiently trans-
fected LNCaP cells with a luciferase reporter linked
to the androgen-responsive promoter of PSA and

various amounts of expression vectors encoding the
constitutively active Stat3 [11]. To compare the effect
of Stat3 on PSA promoter activity in the presence
and in the absence of the androgen, the cells were then
cultured in phenol red-free medium supplemented
with the charcoal-stripped serum either in the pres-
ence of 10 nM of dehydrotestosterone (DHT) or in the
absence of DHT. After 24 hr, cells were harvested and
luciferase activities were determined. As shown in
Figure 5A, Stat3 activated the PSA-luc reporter in
a concentration-dependent manner in the absence of
androgen, suggesting that Stat3 activates PSA tran-
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Fig. 4. Stat3 enhances prostate specific antigen (PSA) ex-
pression. A: PSA mRNA expression in Stat3-overexpressing
clones (S3c-17, S3c-18), vector control (neo), and LNCaP cells
examined by Northern blot analysis by using 20 g of total RNA.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a con-
trol for equal loading. B: PSA protein secretion in the absence of
androgen. PSA secretion was quantitated by PSA immunoradio-
metric assay of 50 pl of supernatant of cell culture in phenol
red-free RPMI containing 10% charcoal-stripped serum.
*P < 0.05; **P < 0.0l

scription in a ligand-independent manner. Addition
of 10 nM of DHT-enhanced PSA-luc reporter activity
induced by Stat3 (Fig. 5A). To test whether the effects
of Stat3 on PSA transcription require AR, we
transiently transfected AR-negative HeLa cells [20],
with or without an AR expression vector, plus a
luciferase reporter with the androgen-responsive
promoter of PSA (PSA-Luc), and increasing amounts
of expression vector encoding the constitutively
active Stat3c. Cotransfections lacking the AR fail-
ed to result in activation of PSA-luc reporter gene
(Fig. 5B), suggesting that the effects of Stat3 on
androgen responsive gene expression are dependent
on AR.

Our findings demonstrate that increased Stat3
activity promotes tumor growth of androgen-sensitive
LNCaP prostate cancer cells in both intact and cas-
trated male nude mice and enhances AR-mediated
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Fig. 5. A:Effect of Stat3 on prostate specific antigen (PSA) pro-
moter activity in the absence of dehydrotestosterone (DHT) and in
the presence of 10 nM of DHT. LNCaP cells were transiently trans-
fected with PSA-luc reporter and increasing doses (0, 2.5, 5 pig) of
Stat3 expression plasmid. Total DNA content was kept constant in
all wells. B: The effect of Stat3 on PSA transcription requires andro-
gen receptor (AR). HelLa cells transiently transfected with or with-
out AR expression plasmid, PSA-luc reporter, and increasing doses
(0,2.5, 5 ng) of Stat3c expression plasmid in the presence of 10 nM of
DHT. Total DNA content was kept constant in all wells. The lucifer-
ase activity was measured. Results are displayed as the average of
four independent experiments. RLU, relative light units.

PSA expression both in the presence and absence of
androgen.
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RNA InterferenceTargeting Stat3 Inhibits Growth and
Induces Apoptosis of Human Prostate Cancer Cells
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Stat3, a member of the signal transduction and activation of transcription (STAT) family, is a key
signal transduction protein that mediates signaling by cytokines, peptide growth factors, and
oncoproteins and is constitutively activated in numerous cancers including prostate. Previous
studies demonstrated that constitutively activated Stat3 plays an important role in the
development and progression of prostate cancer by promoting cell proliferation and protecting
against apoptosis. The present study was designed to investigate the potential use of RNA
interference to block Stat3 expression and activation and the effect on the growth of human
prostate cancer cells. We identified a small interfering RNA (siRNA) specific for Stat3 and
demonstrate that blockade of Stat3 activation by the Stat3 siRNA suppresses the growth of
human prostate cancer cells and Stat3-mediated gene expression and induces apoptotic cell
death. The Stat3 siRNA does not inhibit the proliferation nor induces apoptosis of Stat3-inactive
human prostate cancer cells. In addition, the Stat3 siRNA inhibits the levels of androgen-
regulated prostate specific antigen (PSA) expression in prostate cancer cells. These results
demonstrate that targeting Stat3 signaling using siRNA technique may serve as a novel
therapeutic strategy for treatment of prostate cancer expressing constitutively activated Stat3.
Prostate 60: 303-309, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Stat3, a member of the signal transduction and
activation of transcription (STAT) family, is a key signal
transduction protein that mediates signaling by numer-
ous cytokines, peptide growth factors, and oncopro-
teins [1]. Accumulating evidence demonstrates that
Stat3 activation plays important roles in cell differ-
entiation, proliferation, development, apoptosis, and
inflammation [2]. Elevated activity of Stat3 has been
found frequently in a wide variety of human tumors,
including hematologic malignancies, head and neck,
breast and prostate cancer [2]. Cell lines from multiple
myelomas that have become growth factor indepen-
dent require constitutively active Stat3 to protect
against apoptosis [3]. In addition, constitutively acti-
vated Stat3 induces cellular transformation in vitro and
tumor formation in nude mice [4].

Studies to date provide strong evidence that aber-
rant Stat3 signaling plays an important role in the
development and progression of prostate cancer by

© 2004 Wiley-Liss, Inc.

promoting cell proliferation and protecting against
apoptosis. Stat3 activity is not only significantly
increased in human primary prostate cancer tissues
as compared with normal, but it is also increased in
androgen independent prostate cancer cells as com-
pared to androgen sensitive cells [5,6]. Stat3 is a major
mediator of interleukin-6 (IL-6) induced signaling in
prostate cancer cells and that IL-6 induced androgen
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receptor (AR)-mediated gene activation requires the
activation of Stat3 in LNCaP prostate cancer cells [7,8].
Constitutive activation of Stat3 promotes androgen
independent growth of androgen dependent LNCalP
cells in vitro and in vivo [9]. Blockade of Stat3 expression
in human prostate cancer cells suppress proliferation
in vitro and tumorigenicity in vivo [10]. These studies
demonstrate that constitutively activated Stat3 is not
only associated with prostate cancer, but also induces
prostate cancer cell proliferation. Thus, the Stat3 signal-
ing pathway may represent a new molecular target for
novel therapeutic approaches for prostate cancer.
Strategies that target Stat3 signaling have been proposed
including tyrosine kinase inhibitors such as tyrphostin
AG490 and cucurbitacinI[11,12], antisense oligonucleo-
tides and decoy oligonucleotides [6,13], and dominant-
negative Stat3 protein [10,14].

Small interfering RNA (siRNAs) are short double-
stranded RNA molecules that can target complementary
mRNAs for degradation via a cellular process termed
RNA interference (RNAi) [15]. RN Aiis usually activated
by introducing long double-stranded RNA molecules
into cells which are cleaved into 21- to 23-nt RNAs
referred to as siRNAs by an endonuclease named Dicer
inanimal cells [15]. The siRNA molecules then serve as a
guide for sequence-specific degradation of homologous
mRNAs. SiIRNA has been used for functional analysis
of genes in many species including invertebrates,
plants, and mammalian cells [16]. Recently, siRNA has
emerged as powerful RNAi reagents for directed
posttranscriptional gene silencing and inhibition of viral
propagation [17]. The potential of using siRNA for
silencing specific genes has been demonstrated in
treatment of viral diseases and cancer including HIV,
human papillomavirus, and hepatitis C virus [18].

The present study was designed to investigate the
potential use of siRNA to block Stat3 expression and
the effect on growth of human prostate cancer cells. We
identified a siRNA specific for Stat3 and expressed in
prostate cancer cells. We demonstrate that blockade of
Stat3 expression by this siRNA inhibits the growth of
human prostate cancer cells and induces apoptotic cell
death. These results demonstrate that targeting Stat3
signaling using siRNA technique may serve as a novel
therapeutic strategy for treatment of prostate cancer
expressing constitutively activated Stat3.

MATERIALS AND METHODS

Tissue Culture

Human DU145 prostate cancer cells were main-
tained in RPMI1640 supplemented with 10% of FBS.
LN-17 cells were generated from human LNCaP
prostate cancer cells stably expressing IL-6 as described

previously [8,19], and cultured in RPMI 1640 supple-
mented with 10% FBS plus 0.3 mg/ml of G418. Human
PC3 prostate cancer cells were maintained in DMEM
supplemented with 10% FBS. The cells were cultured in
100 U/ml of penicillin and 100 pg/ml of streptomycin
at 37°C in 5% CQO, incubator.

Plasmids and siRNA Expression

The oligonucleotides containing sequences specific
for Stat3 (5-GATCCCGTGTTCTCTATCAGCACAA-
TTTCAAGAGAATTGTGCTGATAGAGAACATTTT-
TTGGAAA-3' and 5-AGCTTTTCCAAAAAATGTTC-
TCTATCAGCACAATTCTCTTGAAATTGTGCTGA-
TAGAGAACACGG-3') were synthesized and anneal-
ed. Stat3 siRNA expression vector that express hairpin
siRNAs under the control of the mouse U6 promoter
was constructed by inserting pairs of the annealed
DNA oligonucleotides into the pSilencer-neo siRNA
expression vector that was digested with BamHI and
HindIII (Ambion, Austin, TX). A pSilencer neo vector
that expresses a hairpin siRNA with limited homology
to any known sequences in the human, mouse, and rat
genomes was used as a negative control (Ambion). The
negative control siRNAs have been tested in multiple
cell lines and they show no toxicity to cells when
analyzed by Trypan Blue staining and cell counting
48 hr after transfection. The negative control siRNAs
have no effect on the expression of the mRNA levels of
“housekeeping”” genes, including 285 rRNA, GAPDH,
and Cyclophilin (Ambion).

Stat3 siRNATransfection

DU145, PC3, and LN-17 cells were transiently
transfected either with Stat3 siRNA or the negative
control plasmid using SuperFect Transfection Reagent
(QIAGEN, Inc., Valencia, CA). Briefly, cells were plated
into either 12-well plates (10° cells per well) or 100 mm
dish (10° cells) and allowed to adhere for 24 hr. Cells
were transfected with either Stat3 siRNA expression
vector or negative control siRNA plasmids in serum-
free medium for 4 hr, incubated with complete medium
for 24 hr, and then cells were switched into medium
containing G418 (0.3 mg/ml). Two days later, protein
extracts and total RNA were prepared for subsequent
analysis.

InVitro Growth Assay

DU145, PC3, and LN-17 cells (1 x 10° per well) were
plated in 12-well plates in RPMI containing 10% FBS.
Cells were transfected with either Stat3 siRNA expres-
sion vector or negative control plasmid as described
above. Four days later, cells were counted with a
Coulter counter.
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Apoptosis ELISATest

Cell death detection ELISA kit (catalog # 1544675)
was obtained from Roche Molecular Biochemicals
(Indianapolis, IN) and the protocol was followed
according to the manufacturer’s instructions. For the
preparation of samples, cells were plated and trans-
fected with either 1 ug of Stat3 siRNA expression vector
or 1 pg of control plasmid as described previously.
Three days later, cell lysates were obtained and cell
death was analyzed and the absorbance values were
normalized by the amount of protein. The protein
concentration was determined by Bradford assay
(Coomassie Plus, Pierce, Rockford, IL).

Luciferase Assay

DU145 cells were plated (1 x 10° cells per well of 12-
well plate) and transfected with 1 pg of pLucTKS3
reporter plasmid containing specific responsive ele-
ments for Stat3 [20], varied amount of Stat3 siRNA
expression vector or negative control vector. For con-
trol, DU145 cells were cotransfected with 1 pg of Stat3
unresponsive pLucTK reporter plasmid [20] and
Stat3 siRNA expression vector or negative control
vector. Total amount of DNA transfected was adjusted
using empty vector DNA. After 40 hr of incubation,
cell extracts were prepared and luciferase activity
was determined according to manufacturer’s protocols
(Promega, Madison, WI). Luciferase activity was
normalized per microgram of protein as determined
by Bradford assay (Coomassie Plus, Pierce).

Electromobility Shift Assay

After transfection with either Stat3 siRNA expres-
sion vector or negative control plasmid, nuclear ex-
tracts were prepared and electromobility shift assay
(EMSA) was performed as described previously [10].
For determination of the Stat3 DNA binding activity,
nuclear extracts (10 pg) were incubated in a final
volume of 20 pl (10 mM HEPES, pH 7.9, 80 mM Na(l,
10% glycerol, 1 mM DTT, 1 mM EDTA, 100 pg/ml
poly(dI-dC) with radio labeled double stranded Stat3
consensus binding motif 5-GATCCTTCTGGGAA-
TTCCTAGATC (Santa Cruz Biotechnologies, CA).
The protein-DNA complexes were resolved on a 4.5%
non-denaturing polyacrylamide gel at room tempera-
ture, and the results were autoradiographed using
Molecular Imager FX System (Bio Rad, Hercules, CA).

Western Blot Analysis

Cell extracts were prepared and resolved on a 10%
SDS-PAGE and blotted onto a membrane. After
blocking overnight at 4°C in 5% milk in PBS containing
0.1% Tween 20, membranes were incubated overnight

with either antibodies of cleaved poly (ADP-ribose)
polymerase (PARP) (Cell Signaling Technology, Bev-
erly, MA), Bcl-x;, (Santa Cruz, CA), or antibodies
against Stat3 or phospho-Stat3 proteins (Cell Signaling
Technology). Following secondary antibody incuba-
tion, immunoreactive proteins were visualized with an
enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech, Buckinghamshire, England).

Northern Blot Analysis

Twenty micrograms of total RNAs were electro-
phoresed in 1.2% denaturing agarose gels and trans-
ferred to a nylon membrane (MSI, Westborough, MA).
PSA ¢DNA and Stat3 cDNA were labeled with [o->*P]
dCTP (3,000 Ci/mmol, ICN, Costa Mesa, CA) using the
Ready-To-Go DNA Labeling Beads (Amersham Phar-
macia Biotech). Hybridization was carried out during
3 hrat 65°C in Rapid-hyb buffer (Amersham Pharmacia
Biotech). Membranes were washed for 15 min at 65°Cin
2x SSC, 0.1% SDS (twice), 0.5x SSC, 0.1% SDS, and 0.1 x
SSC, 0.1% SDS. Radioactivity in the membranes was
analyzed with a Molecular Imager FX System (Bio Rad).

PSA Protein Analysis

PSA secretion was quantitated by ELISA with the
use of anti-PSA as primary antibody as described by the
manufacturer’s protocol (Beckman Coulter, Fullerton,
CA). Equal numbers of cells were plated in phenol red-
free RPMI containing 10% FBS. Cells were allowed to
attach for 24 hr, then the cells were transfected with
either 1 pg of Stat3 siRNA or 1 pg of control siRNA.
After 3 days, 50 pl of supernatant was assayed for PSA.

Statistical Analysis

Values were expressed as the mean + SE. Statistical
analyses were performed by one-way ANOVA, fol-
lowed by the Student-Newman-Keuls test for multi-
ple comparisons, with a P < 0.05 significant.

RESULTS
Stat3 siRNA Inhibits Stat3 DNA-Binding Activity

To determine whether transfection of Stat3 hairpin
siRNA vector inhibits Stat3 activity, we used several
human prostate cancer cell lines expressing high levels
of constitutively activated Stat3 including DU145 and
LN-17 cells [8,10]. The LN-17 cells were derived from
LNCaP cells that were ectopically transfected with IL-6
cDNA and expressed constitutively activated Stat3
[8,19]. Both cell lines were transfected with either the
Stat3 hairpin siRNA vector or the negative control
siRNA vector, respectively. Antibiotic G418 (300 pg/
ml) was added following 24 hr transfection and the cells
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were allowed to grow for another 48 hr. The cells were
harvested and the Stat3 activity was evaluated by
EMSA. The Stat3 hairpin siRNA vector transfected cells
demonstrated a marked decrease in formation of Stat3
DNA —-protein complex in the gel shift assay compared
to the negative control siRNA vector transfected cells
(Fig. 1A).

We also examined the effect of Stat3 siRNA on the
levels of endogenous Stat3d mRNA. Figure 1B shows
that Stat3 siRNA significantly inhibits the steady-state
expression levels of Stat3 mRNA compared to that of
negative control siRNA vector.

To determine whether the Stat3 siRNA affect the
levels of steady-state Stat3 or phosphorylated Stat3
protein, we performed Western blot analysis using
antibodies against either Stat3 or phospho-specific
Stat3 protein on the cells transfected with either Stat3
siRNA expression vector or negative control siRNA
vector. Figure 1C shows that both the levels of steady-
state Stat3 and tyrosine-phosphorylated Stat3 protein
were decreased by Stat3 siRNA compared to the
negative control siRNA vector. It appears that the
reduction in steady state levels of total and phosphory-
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Fig. I. Effect of Stat3 siRNA on Stat3 expression and activity of
human prostate cancer cells. A: Stat3—DNA binding activity. The
Stat3 activity was analyzed using EMSA as described in Materials
and Methods. B: Stat3 mRNA levels of human prostate cancer cells
transfected with Stat3siRNA or control siRNAwere determined by
Northern blot analysis. GAPDH expression was used as an internal
control. C: Effect of Stat3 siRNA on Stat3 protein expression.
Western blots were performed using either antibodies against phos-
pho-specific Stat3 (Tyr-705) or total Stat3 with whole cell extracts
isolated from prostate cancer cells transfected with Stat3 siRNA
expression vector or control siRNAvector.

lated Stat3 is less than the Stat3-DNA binding activity
and Stat3 mRNA levels by siRNA Stat3.

Stat3 siRNA Inhibits Cell Growth
and Induces Apoptosis

We have previously demonstrated that constitu-
tively activation of Stat3 promotes human prostate
cancer cell growth in vitro and tumor growth in vivo
[9]. To determine the effect of the Stat3 siRNA on
human prostate cancer cell growth, DU145 and LN-17
cells were transiently transfected with either Stat3
siRN A expression vector or the negative control vector.
The cells were counted after 4 days of transfection.
Figure 2A shows that Stat3 siRNA expression vector
inhibited cellular proliferation by 60% in DU145 cells
and 50% in LN-17 cells compared to that of the negative
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Fig. 2. Effect of Stat3 siRNA on human prostate cancer cell
growth. A: Human prostate cancer DUI45, PC3, and LN-I7 cells
(I x 10° per well) were plated in 12-well plates in RPMI 1640 containing
10% FBS. After 24 hr, the cells were transfected with either Stat3
siRNA expression vector or negative control plasmid. Four days later,
the cells were counted with a Coulter counter. Columns represent
means of data (n = 4); bars, £SE. *, Significantly different from control
siRNA. B: Transfected with 0.1-2 pg Stat3 siRNA expression vector
demonstrated a dose-dependent inhibition of proliferation of DUI45
cells. The data are expressed as % of the control siRNA.
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control vector. To determine whether the growth
inhibition by Stat3 siRNA was dose-dependent, pros-
tate cancer cells were transfected with a range of
Stat3 siRNA expression vector (0.1-2 ng/well) and the
cell number was determined afterwards. As shown in
Figure 2B, the growth inhibition by the Stat3 siRNA was
dose-dependent.

Activation of Stat3 protects cells from apoptotic cell
death, and blockade of Stat3 activation induces apo-
ptosis [3,6]. Therefore, we evaluated the effect of the
Stat3 siRNA on apoptosis in human prostate cancer
cells. The Stat3 siRNA induced apoptosis was exam-
ined using an apoptosis specific ELISA kit. Figure 3A
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Fig. 3. Effect of Stat3 siRNA on prostate cancer cell apoptosis.
A: Cell death analysis by a specific ELISA kit. Human prostate cancer
DUI45, LN-17, and PC3 cells were transfected with Stat3 siRNA
expression vector or control siRNA vector. Three days later, cell
lysates were obtained and cell death was analyzed and the absor-
bance values were normalized by the amount of protein. Data are
expressed as mean = SD of four independent experiments. *, Signif-
icantly different from control siRNA. B: Western blot analysis of the
expression of Bcl-x; and cleaved PARP proteins in LN-17 prostate
cancer cells transfected with Stat3 siRNA expression vector or con-
trol siRNAvector.Immunoblots were prepared from 40 j1g of whole
celllysate from LN- 17 cells transfected with Stat3 siRNA expression
vector or control siRNAvector.

shows that the Stat3 siRNA induced apoptosis in
DU145 by threefold and in LN-17 by fourfold com-
pared to the negative control vector. Immunoblots
using antibodies against Bcl-x;, and cleaved PARP
proteins were also performed to determine the effect of
the Stat3 siRNA on apoptosis. As shown in Figure 3B,
the Stat3 siRINA significantly reduced the expression of
Bcl-x;, and enhanced the expression of cleaved PARP
compared to the negative control vector, further
demonstrating that the Stat3 siRNA induces human
prostate cancer cells to undergo apoptotic cell death.

We also evaluated the selectivity of the Stat3 siRNA
action. We transfected Stat3 siRNA expression vector
into Stat3-negative PC3 human prostate cancer cells.
The Stat3 siRNA shows no effect on the proliferation
(Fig. 2A) nor apoptosis (Fig. 3A) in PC3 cells compared
to the negative control vector, suggesting that the Stat3
siRNA inhibits cell proliferation only in cells that
express constitutively activated Stat3.

Stat3 siRNA Inhibits Stat3-Mediated Gene
Expression

Stat3 activation contributes to oncogenesis through
regulation of its target genes. To examine the effect of
the Stat3 siRNA on Stat3-mediated gene expression,
DU145 cells were cotransfected with the pLucTKS3
reporter containing the Stat3 responsive elements [20]
and with either Stat3 siRNA expression vector or
negative control vector, and cytosolic extracts were
prepared for luciferase assays. The pLucTK reporter
that contains no Stat3 responsive element was used as a
control [20]. As shown in Figure 4A, the Stat3 siRNA
significantly inhibited the induction of the Stat3-
dependent pLucTKS3 luciferase reporter activity with-
out affecting the Stat3-independent pLucTK activity
compared to the negative control vector.

We previously demonstrated that activated Stat3
enhances the expression of AR-mediated genes includ-
ing PSA [9]. To test the effect of the Stat3 siRNA on PSA
expression, Northern blot analyses were performed to
compare the levels of the expression of PSA mRNA in
LN-17 cells that have been transfected with either Stat3
siRNA expression vector or negative control vector. As
shown in Figure 4B,C, the Stat3 siRNA significantly
reduced the levels of PSA expression compared to the
negative vector control.

DISCUSSION

Studies to date provide strong evidence that aber-
rant Stat3 signaling may play an important role in
the development and progression of prostate cancer.
We previously demonstrated increase Stat3 activation
in prostate cancer and that constitutively activated
Stat3 promotes prostate cancer cell tumor growth [5,9].
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Fig. 4. EffectofStat3siRNA onStat3-mediated gene expression.
A: DUI45 cells expressing constitutively activated Stat3 were
cotransfected with the pLuclKS3 reporter (I pg) containing the
Stat3 responsive elements and with either | pg of Stat3 siRNA
expression vector (+) or | g of negative control vector (—). Cell
extracts were prepared for luciferase assays. The pLucTK reporter
that contains no Stat3 responsive element was used as a control.
Luciferase activity was determined according to manufacturer’s
protocolsand normalized per g of protein. Data are representative
of three independent experiments. *, Significantly different com-
paredto control siRNA.B: Stat3 siRNA inhibits PSAmRNA expres-
sion in LN-17 cells. Total RNA was isolated from LN-17 cells
transfected with either Stat3 siRNA expression vector or control
siRNA vector and used for Northern blot analysis as described in
Materials and Methods. GAPDH was used as a loading control.
C: Stat3 siRNA inhibits PSA protein expression in LN-17 cells. The
levels of PSA protein expression in the medium was analyzed by
PSA ELISA from LN-17 cells transfected with either Stat3 siRNA
expression vector or control siRNAvector.

Blockade Stat3 activation by a dominant negative Stat3
mutant resulted in suppression of prostate cancer
growth both in vitro and in vivo [10]. Numerous stud-
ies also demonstrate that Stat3 activates AR-mediated
gene expression and prevents cell from apoptosis
[6,7,9]. Collectively, these findings indicate that target-
ing Stat3 signaling may represent a novel approach to
treat prostate cancer.

RNAI represents a promising new technology that
could have therapeutic applications for the treatment of
diseases including cancer by blocking the action of
transcription factors and oncogenes with selective
silencing of gene expression with exquisite precision
and high efficacy [21]. In this study, we have identified
the Stat3 siRNA that specifically inhibits constitutively
activated Stat3 and suppresses cell proliferation and
induces apoptosis. To compare the relative potency of
this siRN A Stat3 with Jak/Stat3 inhibitor AG490, LN-17
cells were transfected with 1 pg of Stat3 siRNA ex-
pression plasmid and the cell number was determined,
while the same cells were treated with different doses
of AG490 (range from 0 to 50 pM). The effect of
inhibition of cell growth by expression of 1 pg of Stat3
siRNA (about 60% inhibition) is similar to the effect of
30 pM of AG490.

Previous studies demonstrated that Stat3 is consti-
tutively activated in human prostate cancer compared
to normal prostate [56], and that constitutively
activated Stat3 promotes prostate cancer cell growth
both in vitro and in vivo [9]. This study showed that the
Stat3 siRNA only inhibits the proliferation and induces
apoptosis in cells expressing constitutively activated
Stat3, but not in Stat3-inactive PC3 cells, further
demonstrating the selectivity of the Stat3 siRNA and
potential therapeutic utility of the Stat3 siRNA for
prostate cancer expressing active Stat3.

The PSA is synthesized primarily by normal and
malignant prostate and the levels of PSA in serum
correlate with the clinical stage of the disease. We have
previously demonstrated that constitutively activated
Stat3 enhances PSA expression in vitro and in vivo and
enhances PSA transcription [9]. We showed here that
blockade of Stat3 activation by the Stat3 siRNA
significantly inhibited PSA mRNA expression in
LN-17 cells (Fig. 4B), indicating that targeting Stat3
activation by the Stat3 siRNA could inhibit the AR-
mediated gene expression in prostate cancer cells.

In conclusion, we have identified the Stat3 siRNA
that specifically inhibits constitutively activated Stat3
and suppresses cell proliferation and induces apopto-
sis. The Stat3 siRNA resulted in blockade of Stat3
DNA-binding activity and inhibited the levels of
Stat3 mRNA. Targeting Stat3 activation with RNAi
holds therapeutic promise for prostate cancer with
constitutive Stat3 activation. Several strategies have
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been reported to block Stat3 activation including using
Stat3 decoy oligonucleotides in head and neck cancer
cells [13]. Although siRNA method has emerged as
powerful RNAIi reagents for directed posttranscrip-
tional gene silencing and treatment of viral diseases
and cancer, it would be of interest to compare the
relative therapeutic potency of using Stat3 decoy
oligonucleotides with the Stat3 siRNA identified in
this study in prostate cancer cells.

ACKNOWLEDGMENTS

We thank Dr. Richard Jove (H. Lee Moffitt Cancer
Center and Research Institute, University of South
Florida) for the gift of the pLucTKS3 and pLucTK
expression constructs.

REFERENCES

1. Darnell JE]Jr. STATs and gene regulation. Science 1997;277:1630—
1635.

2. Bowman T, Garcia R, Turkson J, Jove R. STATs in oncogenesis.
Oncogene 2000;19:2474—-2488.

3. Catlett-Falcone R, Landowski TH, Oshiro MM, Turkson ],
Levitzki A, Savino R, Ciliberto G, Moscinski L, Fernandez-Luna
JL, Nunez G, Dalton WS, Jove R. Constitutive activation of Stat3
signaling confers resistance to apoptosis in human U266
myeloma cells. Immunity 1999;10:105-115.

4. Bromberg JF, Wrzeszczynska MH, Devgan G, Zhao Y, Pestell
RG, Albanese C, Darnell JE Jr. Stat3 as an oncogene [published
erratum appears in Cell 1999 Oct 15;99(2):239]. Cell 1999;98:295-
303.

5. Dhir R, Ni Z, Lou W, DeMiguel F, Grandis JR, Gao AC. Stat3
activation in prostatic carcinomas. Prostate 2002;51:241-246.

6. Mora LB, Buettner R, Seigne ], Diaz J, Ahmad N, Garcia R,
Bowman T, Falcone R, Fairclough R, Cantor A, Muro-Cacho C,
Livingston S, Karras ], Pow-Sang ], Jove R. Constitutive
activation of Stat3 in human prostate tumors and cell lines:
Direct inhibition of Stat3 signaling induces apoptosis of prostate
cancer cells. Cancer Res 2002;62:6659—-6666.

7. Chen T, Wang LH, Farrar WL. Interleukin 6 activates androgen
receptor-mediated gene expression through a signal transducer
and activator of transcription 3-dependent pathway in LNCaP
prostate cancer cells. Cancer Res 2000;60:2132-2135.

8. LouW,NiZ, DyerK, Tweardy DJ, Gao AC. Interleukin-6 induces
prostate cancer cell growth accompanied by activation of stat3
signaling pathway. Prostate 2000;42:239-242.

9. DeMiguel F, Lee SO, Lou W, Xiao X, Pflug BR, Nelson JB, Gao
AC. Stat3 enhances the growth of LNCaP human prostate cancer
cells in intact and castrated male nude mice. Prostate 2002;
52:123-129.

10. Ni Z, Lou W, Leman ES, Gao AC. Inhibition of constitutively
activated Stat3 signaling pathway suppresses growth of prostate
cancer cells. Cancer Res 2000;60:1225-1228.

11. Meydan N, Grunberger T, Dadi H, Shahar M, Arpaia E, Lapidot
Z, Leeder JS, Freedman M, Cohen A, Gazit A, Levitzki A,
Roifman CM. Inhibition of acute lymphoblastic leukaemia by a
Jak-2 inhibitor. Nature 1996;379:645—648.

12. Blaskovich MA, Sun J, Cantor A, Turkson J, Jove R, Sebti SM.
Discovery of JSI-124 (cucurbitacin I), a selective Janus kinase/
signal transducer and activator of transcription 3 signaling
pathway inhibitor with potent antitumor activity against human
and murine cancer cells in mice. Cancer Res 2003;63:1270-1279.

13. Leong PL, Andrews GA, Johnson DE, Dyer KF, Xi S, Mai JC,
Robbins PD, Gadiparthi S, Burke NA, Watkins SF, Grandis JR.
Targeted inhibition of Stat3 with a decoy oligonucleotide
abrogates head and neck cancer cell growth. Proc Natl Acad
Sci USA 2003;100:4138-4143.

14. Nakajima K, Yamanaka Y, Nakae K, Kojima H, Ichiba M, Kiuchi
N, Kitaoka T, Fukada T, Hibi M, Hirano T. A central role for Stat3
in IL-6-induced regulation of growth and differentiation in M1
leukemia cells. Embo ] 1996;15:3651-3658.

15. Zamore PD, Tuschl T, Sharp PA, Bartel DP. RNAi: Double-
stranded RNA directs the ATP-dependent cleavage of mRNA at
21 to 23 nucleotide intervals. Cell 2000;101:25-33.

16. Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl
T. Duplexes of 21-nucleotide RNAs mediate RNA interference in
cultured mammalian cells. Nature 2001;411:494—-498.

17. Wilson JA, Jayasena S, Khvorova A, Sabatinos S, Rodrigue-
Gervais IG, Arya S, Sarangi F, Harris-Brandts M, Beaulieu S,
Richardson CD. RNA interference blocks gene expression and
RNA synthesis from hepatitis C replicons propagated in human
liver cells. Proc Natl Acad Sci USA 2003;100:2783-2788.

18. Milner J. RNA interference for treating cancers caused by viral
infection. Expert Opin Biol Ther 2003;3:459-467.

19. Lee SO, Lou W, Hou M, De Miguel F, Gerber L, Gao AC.
Interleukin-6 promotes androgen-independent growth in
LNCaP human prostate cancer cells. Clin Cancer Res 2003;9:
370-376.

20. Turkson J, Bowman T, Garcia R, Caldenhoven E, De Groot RP,
Jove R. Stat3 activation by Src induces specific gene regulation

and is required for cell transformation. Mol Cell Biol
1998;18:2545—-2552.

21. Semizarov D, Frost L, Sarthy A, Kroeger P, Halbert DN, Fesik
SW. Specificity of short interfering RNA determined through
gene expression signatures. Proc Natl Acad Sci USA 2003;100:
6347-6352.



The Prostate 60:178 — 186 (2004)

Interleukin- 6 Protects LNCaP Cells From Apoptosis

Induced by Androgen DeprivationThrough
the Stat3 Pathway
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BACKGROUND. Elevated expression of interleukin-6 (IL-6) is implicated in the progression
of hormone refractory prostate cancer. Previous studies demonstrated that IL-6 promotes
androgen-independent growth of prostate cancer cells. In this study, the effect of IL-6 on
apoptosis induced by androgen deprivation was investigated.

METHODS. The effect of IL-6 on apoptosis induced by androgen deprivation in LNCaP cells
was examined by cell death ELISA and Western blot using cleaved poly (ADP-ribose)
polymerase (PARP) and caspase-9, as well as Bcl-x; and phosphorylated Bad. The Stat3 in IL-6-
mediated anti-apoptosis in prostate cancer cells was examined using either dominant-negative
or constitutively activated Stat3 mutants.

RESULTS. Overexpression of IL-6 renders androgen sensitive LNCaP human prostate cancer
cells more resistant to apoptosis induced by androgen deprivation. LNCaP cells undergo
apoptosis after 72 hr of androgen deprivation, an outcome is largely absent in clones
overexpressing IL-6 as measured by cell death ELISA and chromatin degradation assays. IL-6
over-expressing cells resulted in a significant decrease in the expression of cleaved PARP and
cleaved caspase-9 as well as an increase in the expression of Bcl-x;, and phosphorylated Bad.
Addition of IL-6 antibody completely abolished the anti-apoptotic activity of IL-6. This
protective effect of IL-6 was reversed by the expression of a dominant-negative Stat3 mutant,
Stat3F. Furthermore, ectopic expression of a constitutively active Stat3 antagonized androgen
deprivation-induced cell death of LNCaP cells.

CONCLUSION. These results indicate that IL-6 protects androgen sensitive LNCaP cells
from apoptosis induced by androgen deprivation, and Stat3 activation play an important role

in IL-6-mediated anti-apoptosis in prostate cancer cells. Prostate 60: 178—186, 2004.
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INTRODUCTION

Prostate cancer is the most commonly diagnosed
cancer and second leading cause of cancer death in
American men. Initially, the growth of prostate
epithelial cells is dependent on androgen. When
androgen is depleted, these cells undergo apoptosis
and die, the basis for androgen ablation therapy, a
common treatment for prostate cancer [1,2]. However,
most patients will relapse to hormone refractory
disease due to the growth of androgen-independent
cancer cells. In this stage, cells are more resistant to
apoptotic cell death and thus androgen ablation is
ineffective [2].

© 2004 Wiley-Liss, Inc.
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Interleukin-6 (IL-6) is a 21-28 Kd multifunctional
cytokine involved in many cellular processes such as
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inflammation, cell differentiation, and proliferation [3].
IL-6 production correlates with tumor progression in
human cancer such as pleural mesothelioma, glioblas-
toma, and ovarian and prostate cancer [4-7]. The
expression of IL-6 and its receptor is consistently
demonstrated in human prostate cancer cell lines and
in freshly isolated human prostate carcinoma and
benign prostate hyperplasia [8-10]. Clinically, the
levels of IL-6 in serum are significantly elevated in
many men with advanced, hormone-refractory pros-
tate cancer [4,11]. IL-6 has been suggested to have both
growth-promoting and inhibiting activities in andro-
gen-sensitive LNCaP human prostate cancer cells
in vitro [12-15]. IL-6 activates AR-mediated gene
expression in LNCaP cells in vitro [14,16-18], suggest-
ing that IL-6 may play a critical role during the
progression of prostate cancer. In addition, overexpres-
sion of IL-6 in androgen sensitive LNCaP human
prostate cancer cells promotes LNCaP cell androgen-
independent growth in vitro and in vivo [19].

The biological activities of IL-6 are mediated by
the IL-6 receptor. IL-6 receptor is composed of two
components, a 80 Kd transmembrane protein that has
ligand-binding capacity and a 130 Kd membrane
glycoprotein (gp130) that mediates signal transduction
following IL-6 binding [20]. The IL-6 receptor is
abundant in many types of prostate cells including
both androgen-dependent and androgen-independent
cells [10]. In addition to the transmembrane IL-6R, a
soluble IL-6 form of IL-6R (sIL-6R) can be generated
either from truncated membrane protein or translation
from an alternatively spliced mRNA [21]. IL-6 can bind
to this soluble form of the receptor, an alternate target
for the biologic activity [21]. IL-6 signaling through
gp130 transduces signals into the interior of the cell
through several major signaling pathways including
the Janus kinase (JAK)-Signal Transducers and Activa-
tors of Transcription (STAT) pathway [22], mitogen-
activated protein (MAP) kinase pathways [23], and the
phosphatidylinositol (PI) 3-kinase-AKT pathways [24].

Apoptosis is a physiological cellular suicide pro-
gram that maintains tissue homeostasis with pro-
apoptotic and anti-apoptotic protein family members
implicated in cell survival/death decisions. The role of
IL-6 in the regulation of apoptosis is demonstrated in
many cancer cells. Overexpression of IL-6 increases
anti-apoptotic activity and thereby tumorigenic po-
tency in basal cell carcinoma [25]. IL-6 can regulate the
anti-apoptotic Bcl-2 family proteins, and the expression
of Mcl-1, a Bcl-2 family member, was significantly
induced by IL-6 [26].

While IL-6 plays a critical role in the development of
androgen independent prostate cancer, the molecular
mechanisms of IL-6 mediated androgen independence
are largely unknown. In this study, we demonstrated

that IL-6 can protect androgen-sensitive LNCaP human
prostate cancer cells from apoptotic death induced by
androgen depletion. Furthermore, the anti-apoptotic
activity of IL-6 is mediated by Stat3 signaling pathway.

MATERIALS AND METHODS

Tissue Culture

The LNCaP cells were maintained in RPMI 1640
supplemented with 10% of FBS, 100 U/ml of penicillin,
and 100 pg/ml of streptomycin at 37°C in 5% CO,
incubator. Transfection and selection of LNCaP cells
stably expressing IL-6 were described previously [13].
The clones overexpressing IL-6 (LN-515, LN-517) and
its neo control (transfected with vector alone) cells were
cultured in the same medium but containing 0.3 mg/ml
of G418. In order to investigate the effect of androgen
deprivation, cells were cultured in a medium contain-
ing 10% charcoal-stripped FBS (CS-FBS) instead of
regular 10% FBS.

InVitro Growth Assay

LNCaP and IL-6 over-expressing cells (LN-515 and
LN-S17) (10*/well) were plated in 12-well plates in
RPMI 1640 containing 10% FBS. After 2 days in regular
culture medium with 10% FBS, cells were switched into
RPMI 1640 medium containing either 10% FBS or 10%
CS-FBS (Hyclone, UT). Three days later, cells were
trypsinized and counted with a Coulter counter. For the
IL-6 antibody test, 20 pg of IL-6 antibody (Sigma
Chemicals Co.) was added per ml of culture medium.

Apoptosis ELISATest

The ELISA kit was obtained from Roche Molecular
Biochemicals (Indianapolis, IN) and the protocol was
followed according to the manufacturer’s instructions.
For the preparation of samples, LNCaP and IL-6 over-
expressing cells (LN-S15 and LN-517) (10*/well) were
plated in 12-well plates in RPMI 1640 containing 10%
FBS. After 2 days in regular culture medium with 10%
FBS, cells were switched into a medium containing
either 10% FBS or 10% CS-FBS (Hyclone). Three days
later, cell lysates were obtained and cell death was
analyzed and the absorbance values were normalized
by the cell number.

Fluorescent Microscopic Studies

Cells (5 x 10°) were plated in microslides in normal
medium for 2 days and switched into a medium
containing CS-FBS after washing. Three days later, cells
were fixed in 8% paraformaldehyde for 15 min, washed
and stained with Hoechst 33258 solution (5 pg/ml in
PBS, 5 min). Cells were then washed with PBS,
mounted and examined under fluorescent microscope.
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Transfection

LNCaP, LN-515, and LN-517 cells were transiently
transfected with 2 ug of either a dominant negative
Stat3 (Stat3F) or a constitutively activated Stat3
mutant (Stat3c) using SuperFect Transfection Reagent
(QIAGEN, Inc., Valencia, CA). Briefly, cells (1 x 10°)
were plated into 6-well plates and allowed to adhere for
24 hr. Cells were transfected with either Stat3F or
Stat3c in serum-free medium for 4 hr, incubated with
complete medium for 24 hr, and then were switched
into a medium containing CS-FBS. Three days later, the
cell lysates were prepared and used for the quantitation
of apoptosis by the ELISA kit, growth assay, Western
blot analysis, and electromobility shift assay (EMSA).
For controls, the same amount of empty vector was
used for transfection.

EMSA

Whole cell extracts were prepared and EMSA was
performed as described previously [27]. For determi-
nation of the Stat3 DNA binding activity, whole cell
extracts (20 pg) were incubated in a final volume of 20 pl
(10 mM HEPES, pH 7.9, 80 mM NaCl, 10% glycerol,
1 mM DTT, 1 mM EDTA, 100 pg/ml poly(dIdC) with
radiolabled double stranded Stat3 consensus binding
motif 5-GATCCTTCTGGGAATTCCTAGATC (Santa
Cruz Biotechnologies, CA). The protein-DNA com-
plexes were resolved on a 4.5% non-denaturing poly-
acrylamide gel at room temperature, and the results
were autoradiographed using Molecular Imager FX
System (Bio Rad, Hercules, CA).

Western Blot

Whole cell extracts were obtained, as described
previously [19], and resolved in 8-12% SDS-PAGE
depending on the molecular weight of the protein to be
detected. After blocking overnight 4°C in 5% milk in
PBS-0.1% Tween 20, membranes were incubated over-
night with antibodies of cleaved caspase-9 (Cell
Signaling Technology, MA), cleaved poly (ADP-ribose)
polymerase (PARP) (Cell Signaling Technology), Bcl-x,
(Santa Cruz Biotechnologies), or phosphorylated Bad
(Cell Signaling Technology). Following secondary
antibody incubation, immunoreactive proteins were
visualized with an enhanced chemiluminescence
detection system (Amersham Pharmacia Biotech,
Buckinghamshire, England).

Statistical Analysis

Values were expressed as the mean =+ SE. Statistical
analyses were performed by one-way ANOVA, fol-
lowed by the Student—-Newman-Keuls test for multi-
ple comparisons, with a P < 0.05 significant.

RESULTS

Overexpression of IL-6 in LNCaP Cells
Confers Resistance to Androgen
Deprivation-Induced Apoptosis

Previous studies have demonstrated that the andro-
gen sensitive LNCaP cells express the IL-6 receptor, but
express no detectable IL-6 protein [12-15,28]. To test
the effect of IL-6 on LNCaP cell function, we ectopically
expressed IL-6 by introduction of a full-length IL-6
cDNA into IL-6-negative LNCaP cells as described
previously [13]. Two stable IL-6 independent transfec-
tants (LN-515 and LN-517) were isolated that express
high levels of IL-6 (2,465 and 2,743 pg/ml/10° cells,
respectively) with a vector-alone control (neo). We
previously demonstrated that the growth of androgen
sensitive LNCaP cells in culture was reduced by about
50% after 48 hr in androgen-deprived charcoal-stripped
serum condition compared with that in the normal
serum condition [19]. However, in the IL-6 overexpres-
sion cells, there was only a 5-10% decrease in growth
under these androgen-deprived conditions compared
with growth in normal serum, suggesting that over-
expression of IL-6 can enhance the growth of LNCaP
cells in the androgen deprived condition in vitro.

Androgen deprivation triggers apoptosis in both
normal and malignant androgen-dependent prostate
epithelial cells. LNCaP cells are androgen sensitive
human prostate cancer cells. To test whether LNCaP
cells undergo programmed cell death in androgen
deprived condition in vitro, and whether IL-6 can
prevents apoptosis, LNCaP cells, LNCaP-neo, and IL-6
overexpression cells (LN-515 and LN-517) were cul-
tured in RPMI 1640 with 10% FBS and then switched to
RPMI 1640 with 10% CS-FBS in which physiological
levels of androgen were deprived. Death was assessed
72 hr later through different techniques. The character-
istic morphology of apoptosis was determined by
staining with Hoechst 33258. Figure 1 shows apoptotic
morphologies of the representative parental LNCaP
and IL-6 overexpressing LN-517 cells in androgen
deprived conditions. A typical apoptotic morphology
including chromatin condensation and nuclear frag-
mentation was clearly observed in the parental
LNCaP and neo control cells cultured in the CS-FBS
conditions, but not in IL-6-over-expressing cells (LN-
S15 and LN-517).

Apoptotic cell death was determined using the
apoptosis specific ELISA assay to evaluate DNA
fragmentation. As shown in Figure 2, parental LNCaP
and neo control cells showed significant levels of
apoptotic death in CS-FBS as compared to normal FBS
(P <0.01), whereas IL-6 over-expressing cells showed a
significant lower level of apoptotic death as compared
to parental LNCaP and neo control cells (P <0.01).
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Fig. I. Expression of interleukin-6 (IL-6) protects LNCaP cells
against apoptosis induced by androgen deprivation. Parental LNCaP
and IL- 6 overexpressing LN-15 cells (LN-SI5) were culturedin either
normal FBS or androgen deprived CS-FBS conditions for 3 days. The
cells were stained with Hoechst 33258 fluorescent dye and exam-
ined by fluorescent microscope. [Color figure can be viewed in the
onlineissue, whichis available at www.interscience.wiley.com]

Addition of IL-6 antibody to the cell culture media
almost completely blocked the anti-apoptotic activity
of IL-6 (P <0.01), indicating that the anti-apoptotic
effect was mediated specifically by IL-6.

Immunoblots using antibodies against several pro-
apoptotic and anti-apoptotic proteins were performed
to determine the effect of IL-6 on apoptosis. When
apoptosis occurs, caspases are cleaved into active
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Fig. 2. Celldeath analysis by a specific ELISA kit. Parental LNCaP,
neo, and IL-6 overexpressing (LN-SI5 and LN-SI7) cells were cul-
tured in either normal FBS, androgen deprived CS-FBS, or CS-FBS
plus 20 pg/ml of IL-6 antibody conditions. Data are expressed as
mean =+ SE of four independent experiments. *, P < 0.0l compared
with neo control cells cultured in normal FBS conditions; **,
P < 0.0l compared with neo controls in CS-FBS conditions; #,
P < 0.0l compared with LN-SI5 and LN-SI7 in the CS-FBS condition
in the absence of the IL- 6 antibody.

enzymes from inactive precursors and PARP is also
cleaved. When parental LNCaP cells or neo control
LNCaP cells were androgen deprived, elevated levels
of the cleaved PARP and cleaved caspase-9 were
detected (Fig. 3A). However, in IL-6 overexpressing
LN-515 and LN-517 cells significantly lower levels of
cleaved PARP and cleaved caspase-9 were observed
as compared to the parental LNCaP cells or to the
neo control cells when grown in androgen deficient
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Fig. 3. EffectofIL-6 on the expression of pro-apoptotic and anti-
apoptotic proteins in LNCaP cells in androgen deprivation condi-
tions. Immunoblots were prepared from 40 g of whole cell lysate
from parental LNCaP, neo, and IL-6 overexpressing LNCaP clone
LNSI5 and LN-SI7 cells cultured either in normal FBS or androgen
deprived charcoal-stripped FBS (CS-FBS) conditions for 3 days as
indicated. A: Immunoblots were analyzed with cleaved poly (ADP-
ribose) polymerase (PARP) and cleaved caspase-9 antibodies.
B: Twenty microgram per milliliter of IL- 6 antibody were added to
the androgen deprived charcoal stripped culture medium (CS-FBS-
Ab), and whole cell lysate were immunoblotted with cleaved
PARP antibody. C: Immunoblots were analyzed with Bcl-x, and
phospho-Bad antibodies.
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conditions (Fig. 3A). Addition of IL-6 antibody to the
IL-6 overexpressing LN-515 and LN-517 cell culture
media significantly elevated the levels of cleaved PARP
expression (Fig. 3B), further suggesting a role for IL-6
specifically. Concomitantly, the increase in anti-apop-
totic protein was observed in LN-515 and LN-517 cells.
When cells were grown in androgen-deficient media,
the expression of Bcl-x; and phosphorylated Bad
proteins was significantly increased in the IL-6 over-
expressing LN-515 and LN-517 cells compared to
parental LNCaP cells (Fig. 3C). Collectively, these data
demonstrate that LNCaP cells undergo apoptotic cell
death upon androgen withdrawal, and that IL-6
protects these cells from androgen deprivation induced
apoptosis.

Stat3 Activation Mediates Anti-Apoptotic
Activity of IL-6

We have previously demonstrated that IL-6 signifi-
cantly activates Stat3 in LNCaP cells both with andro-
gen (normal FBS) and without androgen (CS-FBS) [19].
To elucidate the mechanism underlying this anti-
apoptotic effect of IL-6, we investigated whether
activation of Stat3 by IL-6 is responsible for this effect.
We transfected a dominant-negative Stat3 mutant,
Stat3F, into the LNCaP parental, neo, and IL-6 over-
expressing cells. The dominant-negative Stat3 con-
struct carries a phenylalanine substitution of the
tyrosine residue at 705 that causes a reduction of the
tyrosine phosphorylation of wild type Stat3 and
inhibits the action of endogenous Stat3 [27,29,30]. As

Fig. 4. Stat3F inhibits anti-apoptotic activity of IL-6. A: Stat3F
inhibits IL.-6 induced LNCaP cell survival in androgen deprived
media. Parental LNCaP, neo, IL- 6 overexpressing LN-SI5 and LN-
SI7 cells were cultured in RPMI 1640 supplemented with 10% CS-
FBS.The cells were then transiently transfected with equalamounts
(2 pg) of either vector controls or Stat3F. The cell numbers were
countedafter 3daysin CS-FBS conditionand cell survival values were
expressed as % relative to the complete FBS. B: Stat3F blocks anti-
apoptotic activity of IL- 6 in androgen deprived conditions. Parental
LNCaP, neo, IL- 6 overexpressing LN-SI5 and LN-SI7 cells were cul-
tured in RPMI 1640 supplemented with 10% CS-FBS. The cells were
thentransiently transfected with equalamounts (2 pug) of either vec-
tor controls or Stat3F. Quantitation of apoptosis by a special ELISA
kit in these cells after cultured in androgen deprived CS-FBS for
3 days.Dataare expressedasmean & SE of fourindependent experi-
ments. *, P < 0.05 compared with neo control in CS-FBS conditions;
#, P < 0.05 compared with LN-SI5and LN-SI7 transfected with vec-
tor control in the CS-FBS condition. C: Effect of Stat3F on Stat3
activity. IL-6 overexpressing LN-SI5 and LN-SI7 cells were trans-
fected with either vector alone or Stat3F. After transfection, the
cells were continuously cultured in androgen deprived condition for
3 days and the cell extracts were prepared. The Stat3 activity was
analyzed using electromobility shift assay (EMSA) as described in
“Materials and Methods.”

seen in Figure 4A, when Stat3F was transfected, the
anti-apoptotic activity of IL-6 was abolished in IL-6
overexpressing LN-515 and LN-517 cells. When these
cells were put into media without androgen, the
survival rates were greater than 85%. In cells trans-
fected with Stat3F, survival rates were less than 50%, a
level observed in the parental LNCaP and neo control
cells grown in the absence of androgen. The effect of
transfecting expression of Stat3F on apoptosis was also
examined by ELISA. As shown in Figure 4B, transient
transfection of Stat3F into IL-6 overexpressing LN-515
and LN-517 cells resulted in a significant increase in
apoptotic death (P < 0.01). Figure 4C demonstrated that
the levels of Stat3 activity in these IL-6 overexpressing
LN-S15 and LN-S17 clones were significantly de-
creased after the transient transfection of Stat3F. These
studies confirm that blocking Stat3 activation reverses
the anti-apoptotic activity of IL-6.
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Stat3 Activity Antagonizes Androgen-Deprivation
Induced Death in LNCaP Cells

The anti-apoptotic activity of IL-6 from androgen
deprivation appears to be mediated by Stat3 activation
in LNCaP cells. We further investigated whether
increased Stat3 activity might be sufficient to protect
cells from androgen deprivation-induced apoptosis. To
demonstrate a direct effect of enhanced Stat3 activity on
LNCaP cell apoptosis induced by androgen depriva-
tion, LNCaP cells were transfected with a constitutively
activated Stat3 mutant, Stat3c, and vector control,
respectively. Stat3c is a constitutively activated Stat3
(a mutant produced by substitution of the cysteine
residues within the COOH-terminal loop of the SH2
domain of Stat3) that induces cellular transformation
and tumor formation in nude mice [31]. Previous
studies have demonstrated that ectopic expression of
Stat3c into LNCaP cells enhanced Stat3 activation and
promoted cell androgen independent growth [32].
After transfection with Stat3c, the cells were deprived
of androgen for 72 hr, starting 12 hr after transfection,
and the cell lysis was collected. Cell death was deter-
mined by the ELISA assay. As shown in Figure 5,
overexpression of constitutively activated Stat3 in
LNCaP cells resulted in significantly less cell death as
compared to the vector control cells (P < 0.01) without
androgen, and addition of the dominant-negative Stat3
(Stat3F) restored the level of cell death to that of the
vector control, suggesting that the constitutive activa-
tion of Stat3 is sufficient to protect LNCaP undergoing
apoptosis induced by androgen deprivation.
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Fig. 5. Constitutively activated Stat3 protects LNCaP cells
apoptosis induced by androgen deprivation. LNCaP cells were cul-
tured in RPMI 1640 supplemented with 10% CS-FBS. The cells
were then transiently transfected with equal amounts (2 pg) of
either vector controls or constitutively activated Stat3c or Stat3c
plus Stat3F.Quantitation of apoptosis by a special ELISA kit was per-
formed after cultured in androgen deprived CS-FBS for another
3 days. Data are expressed as mean =+ SE of four independent
experiments. *, P < 0.05 compared with vector control in CS-FBS
conditions.

DISCUSSION

In this study, we have investigated the molecular
mechanisms by which IL-6 promotes androgen inde-
pendent progression of prostate cancer cells. We
demonstrated that IL-6 protects androgen sensitive
LNCaP cells from androgen deprivation induced
apoptosis through activation of Stat3 signaling pathway.

We previously demonstrated that overexpression of
IL-6 in androgen sensitive LNCaP cells enhances
androgen independent growth in vitro and in vivo
[19]. To understand the mechanism of IL-6 induced
androgen independent growth of LNCaP cells, we
analyzed the effect of IL-6 on apoptosis induced by
androgen deprivation. Several lines of evidence from
this study demonstrate that overexpression of IL-6 can
protect androgen deprivation-induced apoptosis in
LNCaP cells. First, overexpression of IL-6 rescued
LNCaP cells from cell death induced by androgen
withdrawal. Second, LNCaP cells underwent apopto-
sis 72 hr androgen was removed, an outcome is largely
absent in clones overexpressing IL-6. Third, IL-6 over-
expressing cells resulted in a significant decrease in the
expression of pro-apoptotic proteins such as cleaved
PARP and cleaved caspase-9, and an increase in the
expression of the anti-apoptotic proteins Bcl-x;. and
phosphorylated Bad compared to the parental LNCaP
cells. Forth, addition of IL-6 antibody completely
abolished the anti-apoptotic activity of IL-6, suggesting
that anti-apoptosis is specifically mediated by IL-6.

IL-6 has been implicated in the modulation of
growth and differentiation in many malignant tumors
and is associated with poor prognosis in several solid
and hematopoietic neoplasms such as renal cell carci-
noma, ovarian cancer, lymphoma, and melanoma [33].
The role of IL-6 in prostate cancer development and
progression has been a subject of intensive investiga-
tion. The expression of IL-6 and its receptor has been
consistently demonstrated not only in human prostate
cancer cell lines but more importantly in human
prostate carcinoma and benign prostate hyperplasia
obtained directly from patients [8—10]. Clinically, the
levels of IL-6 in the sera are significantly elevated in the
patients with hormone refractory and metastatic
prostate cancer compared to hormone sensitive pros-
tate cancer [4,11]. Multiple studies have demonstrated
that IL-6 is elevated in the sera of patients with
metastatic prostate cancer and that the levels of IL-6
correlate with tumor burden as well as serum PSA or
clinically evident metastases [4,11]. Collectively, these
clinical data suggest that elevated IL-6 levels are
associated with prostate cancer progression to an
androgen-independent phenotype.

In addition to the clinical data on the role of IL-6 in
androgen independent prostate cancer, experimental
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studies demonstrate that IL-6 plays a critical role in
prostate cancer cell growth and differentiation. IL-6
can function as a paracrine growth factor for the human
LNCaP androgen-sensitive prostate cancer cells and an
autocrine growth factor for the human DU145 and PC-3
androgen-insensitive prostate cancer cells [12]. IL-6 can
activate AR-mediated gene expression by activation of
the AR through a Stat3 pathway in LNCaP cells
[13,16,17]. Our previous studies demonstrated that
overexpression of IL-6 increases PSA mRNA expres-
sion and enhances AR activation in LNCaP cells [19]. In
addition, overexpression of IL-6 promotes androgen
independent growth of androgen sensitive LNCaP cells
in vitro and in vivo [19]. These studies demonstrate that
IL-6 activates AR signaling in a ligand-independent
manner and induces a synergistic AR response with
very low concentrations of androgen.

Accumulating evidence has demonstrated that
abnormal AR signaling has contributed to prostate
cancer androgen independent growth. Several reports
suggested that the AR can be activated by growth
factors and cytokines to display enhanced activity in
the presence of androgen or to function even in the
absence of androgen [34—-37]. Recently, results from a
number of groups demonstrated that IL-6 activates AR-
mediated gene expression by activation of the AR
through a Stat3 pathway in LNCaP cells [13,14,16,17].
Induction of neuroendocrine differentiation has also
been suggested in the androgen independent prostate
cancer cells [38,39]. IL-6 can induce LNCaP cell
neuroendocrine differentiation mediated by the activa-
tion of Stat3 and MAPK signalings [40—-42]. Androgen
withdrawal triggers apoptosis in both normal and
malignant androgen-dependent prostate epithelial
cells. However, androgen-refractory prostate cancer
cells do not undergo apoptosis [1]. Thus alteration of
apoptotic signaling pathways should be critical for the
survival of androgen-refractory prostate cancer cells. In
this study, we demonstrate that IL-6 protects LNCaP
cells from undergoing apoptotic death induced by
androgen deprivation.

The effect of IL-6 on cell proliferation, differentia-
tion, and survival is mediated by differential activation
of several major signaling pathways including JAK-
STAT, MAPK, and PI3K-Akt. The question arises as to
what is the mechanism of anti-apoptosis induced by IL-
6in LNCaP cells. Apoptosis can be induced in response
to various cytotoxic stimuli including cytokines and
growth factors. These stimuli activate a series of tightly
controlled intracellular signals including Stat3. The role
of Stat3 in the protection of apoptosis has been already
suggested in many cancer cells including prostate [43].
In U266 myeloma cells, constitutive activation of Stat3
signaling confers resistance to apoptosis [44]. In
addition, Stat5 and Stat3 have also been demonstrated

to activate the Bcl-x; expression directly [44,45]. In this
study, we have clearly shown that the anti-apoptotic
activity of IL-6 is mediated mainly by Stat3 signaling.
We demonstrated that IL-6 overexpressing cell clones
are protected from androgen-deprivation induced
apoptosis through activation of Stat3 signaling. This
protective effect of IL-6 was reversed by the expression
of a dominant-negative Stat3 mutant, Stat3F. Further-
more, ectopic expression of a constitutively active Stat3
antagonized androgen deprivation-induced cell death
of LNCaP cells.

In conclusion, we demonstrate that overexpression
of IL-6 protects androgen sensitive LNCaP prostate
cancer cells from apoptotic death induced by androgen
deprivation through activation of Stat3 signaling path-
way. Since both IL-6 levels are significantly elevated in
hormone refractory prostate cancer and Stat3 activity is
elevated in prostate cancer [46], targeting IL-6/Stat3
signaling may be of therapeutic value in the treatment
of androgen independent prostate cancer.
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ABSTRACT

Purpose: Prostate cancer frequently progresses from an
initial androgen dependenceto androgen independence, ren-
dering the only effective androgen ablation therapy useless.
The mechanism underlying the androgen-independent pro-
gression is incompletely understood. Interleukin (IL)-6 has
been implicated in this androgen-independent progression.
In this study, we tested whether 1L-6 induces androgen-
independent growth both in vitro and in vivo.

Experimental Design: IL-6 was expressed in androgen-
sensitive LNCaP cells. The effects of I1L-6 on androgen re-
ceptor activity was determined by Northern blots and gel
shift assays. The effects of IL-6 on LNCaP cell growth were
determined in vitro by MTT assay and in vivo.

Results: IL-6 can enhance the growth of androgen-
sensitive LNCaP cellsin the androgen-deprived condition in
vitro, which is accompanied by elevation of androgen-regu-
lated prostate-specific antigen mRNA expression. |L-6 pro-
motes androgen-sensitive LNCaP cell tumor growth in the
castrated male mice. IL-6 enhances androgen receptor DNA
binding activity and nuclear translocation. The androgen-
independent phenotype induced by IL-6 in LNCaP cells is
accompanied by significant activation of signal transducers
and activators of transcription 3 and mitogen-activated pro-
tein kinase signal pathways.

Conclusions: These studies clearly provide experimen-
tal evidence that IL-6 initiates and/or enhances the transi-
tion of prostate cancer cells from an androgen-dependent to
an androgen-independent phenotype.
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INTRODUCTION

The growth of prostate epithelial cells requires a physio-
logical level of androgen, both to stimulate proliferation and
inhibit apoptotic death (1). Androgen binds to the AR,* which
triggers interaction of AR to specific AREs in the promoters of
androgen-regulated genes. These interactions facilitate the acti-
vation or repression of genes regulating development, differen-
tiation, and proliferation of prostate epithelial cells. Currently,
the standard treatment for metastatic prostate cancer is androgen
ablation therapy. The problem is that whereas almost all patients
with prostate cancer initially respond to androgen ablation ther-
apy, virtually every patient will relapse to hormone-refractory
disease due to the growth of androgen-independent cancer cells,
rendering the only effective therapy useless. The molecular
cause of acquired androgen-independent growth, which is pro-
moted by activation of AR signaling through AR gene mutation
and amplification (2, 3), coactivators (4), and cross-talk between
the AR and protein kinase pathways (4, 5), is incompletely
understood. There is growing evidence that suggests growth
factors and cytokines play an important role in acquisition of
hormone independence.

IL-6 is a glycoprotein consisting of 212 amino acids en-
coded by the IL-6 gene localized to chromosome 7p21-14 (6).
IL-6 is a pleiotropic cytokine that plays a central role in host
defense mechanisms by regulating immune responses, hemato-
poiesis, and the induction of acute phase reaction (6). The
biological activities of 1L-6 are mediated by the I1L-6 receptor.
The receptor for the IL-6 family of cytokines (IL-6, IL-11,
ciliary neurotrophic factor, oncostatin M, and leukemia inhibi-
tory factor) is composed of an IL-6-specific receptor subunit
(o chain) and a signa transducer, gpl30 [B chain (7)]. The
binding of IL-6 to its receptor resulted in activation of intracel-
lular signaling including Janus kinase-Stat and MAPK pathways
(7, 8).

The expression and function of I1L-6 in prostate cancer have
been the subject of multiple recent studies. The expression of
IL-6 and its receptor has been consistently demonstrated not
only in human prostate cancer cell lines but more importantly in
human prostate carcinoma and benign prostate hyperplasia ob-
tained directly from patients (9—11). The levels of IL-6 in serum
are significantly elevated in many men with advanced,
hormone-refractory prostate cancer (12, 13). Furthermore, 1L-6

4 The abbreviations used are: IL, interleukin; AR, androgen receptor;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
PSA, prostate-specific antigen; Stat, signal transducers and activators of
transcription; MAPK, mitogen-activated protein kinase; ARE, andro-
gen-responsive element; FBS, fetal bovine serum; CS, charcoal-
stripped; RT-PCR, reverse transcription-PCR; GAPDH, glycerade-
hyde-3-phosphate dehydrogenase; EM SA, electrophoretic mobility shift
analysis; PI3K, phosphatidylinositol 3'-kinase; ERK, extracellular
signal-regulated kinase.
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has been demonstrated as a candidate mediator of human pros-
tate cancer morbidity (14). IL-6 has been suggested to have
both growth-promoting and -inhibiting activities in androgen-
dependent LNCaP human prostate cancer cellsin vitro. IL-6 can
function as a paracrine growth factor for the human LNCaP
androgen-sensitive prostate cancer cells and an autocrine growth
factor for human DU145 and PC3 androgen-insensitive prostate
cancer cells (15-18). IL-6 can also function as a paracrine
growth inhibitor for LNCaP cells and an autocrine growth
stimulator for the DU145 and PC3 cells (19). Recently, results
from a number of groups demonstrated that IL-6 activates
AR-mediated gene expression in LNCaP cells in vitro (17,
20-22), suggesting that 1L-6 may play a critical role during the
progression of prostate cancer.

Whereas numerous studies have suggested the role of IL-6
in the growth and androgen responsiveness of prostate cancer
cellsin vitro, there is no experimental evidence to demonstrate
the role of IL-6 in the promotion of androgen-independent
growth of prostate cancer cells in vivo. In this study, we tested
whether 1L-6 induces androgen-independent growth. We dem-
onstrate that I1L-6 induces androgen-independent growth of
androgen-sensitive LNCaP human prostate cancer cells both
in vitro and in vivo, which is accompanied by elevation of PSA
levels. The androgen-independent phenotype induced by IL-6in
LNCaP cells is mediated in large part by activation of Stat3
signaling and potentially also by activation of the MAPK
pathway.

MATERIALS AND METHODS

Cell Culture. The LNCaP cells were maintained in
RPMI 1640 containing penicillin (100 units/ml), streptomycin
(100 wg/ml), and 10% FBS at 37°C in 5% CO, incubator. The
IL-6-overexpressing cells (LN-S15 and LN-S17) and neo con-
trol (transfected with vector alone) cells were cultured in the
same medium plus 0.3 mg/ml G418. To investigate the andro-
gen withdrawal effect, cells were cultured in medium containing
10% CS-FBS instead of regular 10% FBS.

In Vitro Cell Proliferation. LNCaP cells or |L-6-over-
expressing cells (LN-S15 and LN-S17; 10* cells/well) were
plated in 12-well plates in RPMI 1640 containing 10% FBS.
After 2 or 3 daysin regular culture medium with 10% FBS, cells
were switched into a medium of phenol red-free RPMI 1640
containing either 10% FBS or 10% CS-FBS (Hyclone). For
controls, antihuman IL-6 antibody (20 p.g/ml; Sigma) was added
into the tissue culture medium. Two days later, cells were
determined by using the MTT assay (Sigma) according to the
manufacturer’s instructions.

In Vivo Tumor Growth. Four- to six-week-old athymic
male nude mice (Harlan, Indianapalis, IN) were inoculated s.c.
in the flank with 3 x 10° cells (LNCaP, neo, LN-S15, and
LN-S17) resuspended in Matrigel (BD Biosciences, Bedford,
MA) diluted 1:1 in complete culture medium. The volume of the
growing tumors was estimated by measuring three tumor di-
mensions (length X width X depth) with a caliper (23).

RT-PCR. RT-PCR was performed as follows. Briefly,
total RNA was isolated from cells using the Trizol method (Life
Technologies, Inc., Rockville, MD). One g of total RNA was
used in the reverse transcription reaction, and thermal cycling

was programmed as follows: 1 min at 4°C; 2 min at 70°C; and
5 min at 4°C with oligodeoxythymidylic acid. After chilling
tubes on ice, buffer, deoxynuclectide triphosphates, RNase in-
hibitor, and mouse mammary tumor virus were added and
incubated at 42°C for 1 h. The cDNAs thus obtained were
amplified with 30 cycles (45 sat 95°C, 1 min at 58°C, and 1 min
at 72°C) of PCR reaction in the presence of Tag polymerase
(Promega, Madison, WI). PSA primer sequences used were
5-GGCAGGTGCTTGTAGCCTCTC-3' (sense) and 5'-CAC-
CCGAGCAGGTGCTTTTGC-3' (antisense). The PCR prod-
ucts were then resolved in a 1.5% agarose gel, and bands were
analyzed with Molecular Imager FX System (Bio-Rad, Her-
cules, CA). GAPDH primers were used as control.

Northern Blot. Twenty g of RNAswere electrophoresed
in 1.2% denaturing agarose gels and transferred to a nylon
membrane (MSI, Westborough, MA). A 1.1-kb BamHI fragment
containing the PSA cDNA was labeled with [a-*°P]dCTP
(3000 Ci/mmoal; ICN, Costa Mesa, CA) using Ready-To-Go
DNA Labeling Beads (Amersham Pharmacia Biotech, Bucking-
hamshire, United Kingdom). Hybridization was carried out dur-
ing 3 h a 65°C in Rapid-hyb buffer (Amersham Pharmacia
Biotech). Membranes were washed for 15 min at 65°C in 2X
SSC, 0.1% SDS (twice); 0.5X SSC, 0.1% SDS; and 0.1X SSC,
0.1% SDS. Radioactivity in the membranes was analyzed with
a Molecular Imager FX System (Bio-Rad).

Determination of PSA Secretion. The serum was col-
lected at the end of experiments. Fifty wl of serum were used to
determine PSA secretion. Levels of PSA in the serum of tumor-
bearing mice were determined by ELISA with the use of anti-
PSA as primary antibody as described by the manufacturer’s
protocol (Bechman Coulter, Fullerton, CA).

EMSA. Whole cell extracts were prepared by using high-
salt buffer [20 mm HEPES (pH 7.9), 20 mm NaF, 1 mm
Na,P,0;, 1 mm NagVO,, 1 mm EDTA, 1 mm EGTA, 1 mm
DTT, 0.5 mm phenylmethylsulfonyl fluoride, 420 mm NaCl,
20% glycerol, 1 wg/ml leupeptin, and 1 wg/ml aprotinin], fol-
lowed by snap-freezing in ethanol/dry ice for 5 min and thawing
onicefor 10 min. The freeze and thaw procedures were repeated
again for atotal of two times. The supernatant was then centri-
fuged and harvested. Protein concentrations were determined
by Coomassie Blue plus protein assay kit (Pierce) according to
the manufacturer’s protocol. Stat3 DNA hinding activity was
determined by EMSA using Stat3 consensus oligonucleotide
5'-GATCCTTCTGGGAATTCCTAGATC as described previ-
ously (24). For determination of the AR DNA binding activity,
whole cell extracts (20 .g) were incubated in afina volume of
20 wl [10 mm HEPES (pH 7.9), 80 mm NaCl, 10% glycerol,
1 mm DTT, 1 mm EDTA, 100 pg/ml poly(deoxyinosinic-
deoxycytidylic acid)] by EMSA with radiolabeled double-
stranded AR consensus binding motif (Santa Cruz Biotechnol-
ogies, Santa Cruz, CA). The protein-DNA complexes were
resolved on a 4.5% nondenaturing polyacrylamide gel contain-
ing 2.5% glycerol in 0.25X Tris-borate EDTA at room temper-
ature, and the results were autoradiographed. Quantitation of the
amount of AR DNA binding activity in the “protein-DNA”
bandshift was measured using the Molecular Imager FX System
(Bio-Rad). For the supershift experiment, 20 g of cell extracts
were incubated with either Stat3 antibody or AR antibody
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(Santa Cruz Biotechnologies) for 1 h at 4°C before incubation
with the radiolabeled probe.

Nuclear Lysate Preparation. Nuclear protein extracts
were prepared as described previoudy (17). Briefly, for nucle
preparation, cells were harvested, washed with PBS twice, resus-
pended in hypotonic buffer [10 mv HEPES-KOH (pH 7.9), 1.5 mm
MgCl,, 10 mm KCl, and 0.1% NP4Q], and incubated on ice for 10
min. Nuclel were precipitated with 3,000 X g centrifugation at 4°C
for 10 min. After washing once with hypotonic buffer, the nuclel
werelysedinlysisbuffer [50 mm Tris-HCI (pH 8.0), 150 mm NaCl,
and 1% Triton X-100] and incubated on icefor 30 min. The nuclear
lysates were precleared by 20,000 X g centrifugation at 4°C for 15
min. Protein concentration was determined by Coomassie Blue
plus protein assay kit.

Western Blot Analysis. Forty pg of protein were re-
solved in 8-12% SDS-PAGE, depending on the molecular
weight of the protein to be detected. After blocking overnight at
4°C in 5% milk in PBS-0.1% Tween 20, membranes were
incubated overnight with antibodies against either Stat3, phos-
phorylated Stat3, p44/42ERK1/2, phosphorylated p44/
42ERK1/2, Akt, phosphorylated Akt (Cell Signaling Technol-
ogy) or AR (Santa Cruz Biotechnology). After secondary
antibody incubation, immunoreactive proteins were visualized
with an enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech).

RESULTS

Effect of IL-6 on the Growth of LNCaP Cellsin Vitro.
It was demonstrated previously that the androgen-sensitive
LNCaP cells express IL-6 receptor but express no detectable
IL-6 protein (15-19). IL-6 can enhance AR-mediated PSA ex-
pression in LNCaP cells (17, 18, 20—22), suggesting that 1L-6
can enhance androgen responsiveness of LNCaP cells. To de-
termine the effect of 1L-6 on the growth of LNCaP cellsin the
presence and absence of androgen, we ectopically expressed
IL-6 by introduction of a full-length IL-6 cDNA into IL-6-
negative LNCaP cells as described previously (16). Several
stable transfectants containing IL-6 cDNA in the sense orienta-
tion and vector-alone controls were selected in the presence of
(G418, subcloned, and tested for their expression of IL-6 by
ELISAs. Two stable IL-6 transfectants (LN-S15 and LN-S17)
expressing high levels of 1L-6 (2465 and 2743 pg/ml/10° cells,
respectively) were selected for additional studies. To test
whether IL-6 promotes LNCaP androgen-independent cell
growth in vitro, parental LNCaP, neo control, and IL-6-overex-
pressing clones were cultured in the presence and absence of
androgen, and the cell growth was determined. As shown in Fig.
1A, the growth of androgen-sensitive LNCaP cells and neo
control in culture was reduced by about 50% after 48 h in
androgen-deprived CS serum (Hyclone; testosterone concentra-
tion is <10~** wm, in which prostate epithelial cells do not
respond to testosterone stimulation; Ref. 25) compared with that
in normal serum (testosterone concentration is about 10~° wm).
Addition of dihydrotestosterone (107° wm) in the CS serum
restored LNCaP cell growth to levels similar to that of the
complete normal serum (data not shown). In the clones of
LNCaP cells overexpressing IL-6 (LN-15 and LN-17), however,
there was only a 5-10% decrease in growth under these andro-

gen-deprived conditions compared with growth in normal se-
rum, suggesting that overexpression of IL-6 can enhance the
growth of LNCaP cells in the androgen-deprived condition in
vitro. Addition of anti-IL-6 antibody in IL-6 overexpression
clones restored the growth inhibition to about 60% under an-
drogen-deprived conditions compared with growth in normal
serum.

IL-6 Induces Androgen-independent Growth in Vivo.
Having demonstrated that IL-6 enhances the growth of andro-
gen-sensitive LNCaP cells in the absence of androgen in vitro,
we further tested the effect of overexpression of IL-6 on the
growth of androgen-sensitive LNCaP human prostate cancer
cellsin vivo. To test the effects of I1L-6 on tumor formation and
induction of androgen-independent growth of LNCaP cells in
vivo, 8-week-old male nude mice were randomly divided into
two groups, one group was left intact, and the other group
received surgical castration, in which the residual levels of
androgen are insufficient to maintain growth of androgen-
sensitive LNCaP cells (1). Three days after castration, intact or
castrated male nude mice were inoculated s.c. with parental
LNCaP, vector control neo, or LNCaP cell clones overexpress-
ing IL-6 with coinoculation of Matrigel. For the two independ-
ent |L-6-overexpressing clones, tumors became apparent at the
site of injection within 30 days in the intact male mice and
within 40 days in the castrated male mice (Fig. 1, B and C).
Parental LNCaP cells and vector control neo clone did not grow
any detectable tumor in both intact (within a 40-day observation
period) and castrated (within a 70-day observation period) male
nude mice. These results demonstrate that IL-6 promotes the
growth of androgen-sensitive LNCaP cells in the absence of
androgen in vivo.

IL-6 Enhances Andr ogen-responsive Gene PSA Expres-
sion in Vitro and in Vivo. Results from a number of groups
demonstrated that IL-6 activates AR-mediated PSA gene ex-
pression in LNCaP cells in vitro (17, 20—22). To test whether
overexpression of 1L-6 enhances the expression of an endoge-
nous, androgen-regulated PSA, the expression of PSA was
compared between the parental and IL-6-overexpressing LNCaP
cells in the presence and absence of androgen. As shown in the
Fig. 2A, in the presence of androgen, PSA mRNA expression
was elevated in the IL-6-overexpressing LNCaP cells compared
with the parental and vector control LNCaP cells. When the
cells were cultured in phenol red-free medium supplemented
with the CS serum, in which the androgen was deprived, PSA
MRNA expression was elevated in the IL-6-overexpressing
clones compared with the parental and vector control LNCaP
cells (Fig. 2B), suggesting that overexpression of IL-6 can
enhance endogenous PSA expression in the presence and ab-
sence of androgen. These results are consistent with previous
reports that 1L-6 activates the PSA promoter/enhancer in the
presence and absence of androgen (17, 20, 21). In addition,
tumors generated from IL-6-overexpressing LNCaP cells also
produced high levels of circulating PSA in the serum of both the
intact male mice (average, 38 ng/ml per g of tumor) and the
castrated male mice (average, 32 ng/ml per g of tumor).

To test whether IL-6 can influence the DNA binding ac-
tivity of AR protein to the ARE, we performed EMSA using
radiolabeled oligonucleotides of the ARE with nuclear extracts
from LNCaP cell clones. LNCaP clones overexpressing IL-6
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Fig. 1 Overexpression of IL-6 promotes LNCaP androgen-independent growth. A, effect of overexpression of I1L-6 on LNCaP cell growth in the
presence and absence of androgen in vitro. Cells were cultured in RPMI 1640 supplemented with 10% FBS. After 24 h, the cells were switched to
either 10% FBS or 10% CS-FBS (CS). For controls, cells were cultured in RPMI 1640 supplemented with 10% CS-FBS plus 20 pg/ml anti-IL-6
antibody. After incubation for another 72 h, MTT assayswere performed. MTT values for the complete FBS were expressed as 100%, and MTT values
for CS-FBS were expressed as a percentage rel ative to complete FBS. B, |L-6-overexpressing clone (LN-15) devel oped tumors versus parental LNCaP
cellsthat did not grow any tumor in the castrated male nude mice. C, tumor growth curvein the intact and castrated male nude mice. Parental LNCaP
cells and neo clone or IL-6-expressing clones (LN-15 and LN-17) were injected into the intact (solid lines, open symbols) or castrated (broken lines,
filled symbols) male nude mice (n = 8 for each condition). Parental LNCaP and neo control did not grow tumor.

showed an increase in AR-ARE complex formation compared
with the parental LNCaP cells in the presence of androgen as
well as in the absence of androgen (Fig. 3A). The AR-ARE
complex in the IL-6-overexpressing clones has little change in
the absence of androgen compared with that in the presence of
androgen (Fig. 3A). The specificity of this AR-ARE complex
was demonstrated by supershift assay using antibody specifi-
caly against AR (Fig. 3B).

The AR typically translocates to the nucleus to exert its
function on gene expression. To examine whether overexpres-
sion of IL-6 affects the expression and transocation of AR,
Western blot analysis was performed using cell extracts from
either whole cell extracts or nuclear extracts. As shown in
Fig. 3C, overexpression of IL-6 in LNCaP cells significantly
enhanced the expression of AR in the nuclear compartment
without alteration of the total AR expression (whole cell ex-
tracts) both in the presence of androgen (FBS) and in the
absence of androgen (CS-FBS).

Overexpression of IL-6 Activates Its Downstream
Signaling Pathwaysin LNCaP Cells. The effects of IL-6 on
prostate cancer cells are mediated by a variety of signal

transduction pathways including Janus kinase-Stat, MAPK,
and PI3K-AKT pathways, resulting in proliferation, differ-
entiation, and inhibition of apoptosis. To examine which
pathways were altered by overexpression of IL-6 in LNCaP
cells, cell lysis from parental and IL-6-overexpressing
LNCaP cells were analyzed. We first examined the effect
of overexpression of IL-6 on the expression and activation of
Stat3, a major mediator of IL-6 signaling. As shown in Fig.
4A and 4B, overexpression of IL-6 significantly elevates the
activity of Stat3 both in the presence of androgen (FBS) and
in the absence of androgen (CS-FBS).

To determine whether the increased Stat3 activity is asso-
ciated with increased Stat3 protein expression and elevated
phosphorylation, Western blots of whole cell extracts from the
parental LNCaP and IL-6-overexpressing clones were per-
formed using antibodies specific against either phosphotyrosine
Stat3 (Tyr-705) or total Stat3 protein. As shown in Fig. 4C,
overexpression of I1L-6 induces Stat3 phosphorylation in LNCaP
cells without alteration of total Stat3 expression, which is con-
sistent with the results shown that IL-6 induces Stat3 activation
in LNCaP cells. Collectively, these results demonstrate that
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Fig. 2 Overexpression of IL-6 increases PSA mRNA expression in
LNCaP cells. A, PSA mRNA expression in |IL-6-overexpressing clones
(LN-15 and LN-17), vector control (neo), and LNCaP cells cultured in
normal FBS media and examined by Northern blot analysis using 20 g
of total RNA. GAPDH is a control for equal loading. B, PSA mRNA
expression in IL-6-overexpression clones (LN-15 and LN17), vector
control (neo), and LNCaP cells cultured in androgen-deprived CS-FBS
media for 72 h. The PSA mRNA was examined by RT-PCR. GAPDH
is a control for equal loading.
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overexpression of IL-6 significantly elevates Stat3 signaling in
androgen-dependent human LNCaP prostate cancer cells.

To investigate whether overexpression of |L-6 alters Akt or
MAPK signaling pathwaysin LNCaP cells, we performed West-
ern blot analysis on cell extracts from parental LNCaP and
IL-6-overexpressing clones using antibodies that specificaly
recognize either phosphorylated Akt or phosphorylated MAPK
(p44/42ERK1/2), respectively. As shown in Fig. 4D, overex-
pression of IL-6 in LNCaP cells enhances the levels of phos-
phorylated (active) p44/42 ERK1/2 expression without altering
the expression of total p44/42 ERK1/2 in both the presence and
absence of androgen, whereas overexpression of IL-6 in LNCaP
cells has less effect on the expression of phosphorylated Akt or
total Akt in both the presence and absence of androgen
(Fig. 4D).

Collectively, these results indicate that 1L-6-induced sig-
naling in LNCaP cells is mediated primarily through Stat3 and
MAPK signaling pathways.

DISCUSSION

In the present study, we provide experimental evidence that
IL-6 plays an important role in the induction of androgen-
independent growth of human prostate cancer cells. We dem-
onstrate that overexpression of IL-6 in androgen-sensitive
human LNCaP prostate cancer cells results in the conversion of
androgen-independent growth of LNCaP cells both in vitro and
in vivo. Overexpression of |1L-6 also enhances endogenous PSA
expression in LNCaP cells, consistent with previous reports that
IL-6 increases AR-mediated gene activation (17, 20-22). In
addition, we demonstrate that 1L-6 signaling is primarily medi-
ated through activation of the Stat3 and MAPK signaling path-
ways in LNCaP cells.

The potential role of IL-6 in the development and progres-
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Fig. 3 Effect of overexpression of IL-6 on AR. A, IL-6 enhances the
formation of AR-ARE complexes. EMSA was performed using radio-
labeled ARE oligonucleotides with whole cell extracts isolated from
LNCaP and IL-6-overexpressing clones (LN-15 and LN-17) cultured in
FBS and androgen-deprived CS-FBS media. B, supershift assay of
LN-17 cell extract using anti-AR antibody. Whole cell extracts were
preincubated with antibodies specifically against AR as indicated. The
positions of the AR-ARE and the supershifted complexes were indi-
cated. C, overexpression of |L-6 enhances nuclear AR expression in
LNCaP cells in the presence of androgen (FBS), but not in the absence
of androgen (CS-FBS). Total cellular extracts and nuclear extracts were
subjected to Western blot analysis (40 p.g/lane) using an antihuman AR
antibody. The cells were cultured in RPMI 1640 with 10% FBSfor 24 h
and then switched to either 10% FBS or 10% CS-FBS, and culture
continued for another 72 h. Cell lysis were extracted and used for the
assays.

sion of prostate cancer cells has been suggested by numerous
studies. Clinically, the levels of IL-6 in serum are significantly
elevated in many men with advanced, hormone-refractory pros-
tate cancer (12, 13). In addition, increased expression of 1L-6
and IL-6 receptor has been demonstrated in prostate cancer
tissues, and increased IL-6 receptor is correlated with increased
proliferation of prostate cancer cells (9—11, 18). Experimen-
tally, IL-6 has been suggested to have both growth-promoting
and -inhibiting activities in androgen-dependent LNCaP human
prostate cancer cells in vitro (16, 18, 19, 22). It has been
demonstrated that I1L-6 can act as a growth factor for both
normal primary prostate epithelial cells and LNCaP prostate
cancer cells in vitro (16-18). IL-6 stimulates prostate-specific
protein expression in prostate carcinoma cells by activation of
the AR and can be blocked by the antiandrogen bical cutamide
(17, 20-22), consistent with our finding that overexpression of
IL-6 enhances endogenous PSA expression in LNCaP cells. It
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Fig. 4 Overexpression of IL-6 activates the Stat3 and MAPK path-
ways. A, IL-6 induces Stat3 activation in LNCaP cells. EMSA was
performed using radiolabeled Stat3 oligonucleotides with whole cell
extracts isolated from LNCaP and |L-6-overexpressing clones (LN-15
and LN-17) cultured in FBS and androgen-deprived CS-FBS media. B,
supershift assay of LN-17 cell extract using anti-Stat3 antibody. Whole
cell extracts were preincubated with antibodies specifically against Stat3
asindicated. The positions of Stat3 and the supershifted complexeswere
indicated. C, overexpression of IL-6 enhances Stat3 phosphorylation in
LNCaP cells. Western blots were performed using antibodies against
either phospho-specific Stat3 (Tyr-705) or total Stat3 with whole cell
extracts isolated from LNCaP and |L-6-overexpressing clones (LN-15
and LN-17) cultured in FBS and androgen-deprived CS-FBS media.
D, the effect of overexpression of IL-6 on Akt and MAPK expression in
LNCaP cells. Whole cell extracts from parental LNCaP cells and IL-6-
overexpressing clones (LN-15 and LN-17) cultured in either normal
FBS or CS-FBS conditions were subjected to Western blot analysis

has also been indicated that 1L-6 can mediate LNCaP cell
growth arrest and induction of neuroendocrine differentiation
(26, 27). Whereas al of the observed effects of IL-6 on the
growth of prostate cancer cells were performed in tissue culture
cells, mostly in androgen-dependent LNCaP human prostate
cancer cellsin vitro, the potential effectsof IL-6 on LNCaP cells
in vivo have not been reported. The present study is the first to
provide such experimental evidence that IL-6 induces androgen-
independent growth of androgen-sensitive human LNCaP pros-
tate cancer cells both in vitro and in vivo. We have observed that
overexpression of 1L-6 in LNCaP cells significantly activates
the Stat3 and MAPK signaling pathways. The observation of
Stat3 activation by IL-6 is consistent with other reportsthat IL-6
stimulates prostate cancer cell growth through activation of the
Stat3 signaling pathway (16, 18, 22, 27), and IL-6-induced
activation of Stat3 in LNCaP cells increases AR-mediated gene
activation in an androgen-independent but | L-6-dependent man-
ner (20). IL-6 can activate erbB2 receptors, leading to activation
of the MAPK pathway (22, 28). We aso demonstrated that
overexpression of IL-6 in LNCaP cells has less effect on the
activation of Akt phosphorylation, which is different to the
report that 1L-6 can lead to activation of PI3K-Akt resulting in
prevention of programmed cell death in human prostate cancer
cell lines (18, 25, 29). The differential effects of IL-6 on the
various signaling pathways (Stat3, MAPK, and PI3K-Akt) in
LNCaP cells resulting in cell proliferation, differentiation, and
survival are intriguing and are currently under intensive inves-
tigation.

PSA is a marker for prostate cancer, and the rise of the
levels of PSA in the serum is an important indicator of prostate
cancer progression. Severa reports have indicated that I1L-6
enhances PSA expression in LNCaP cells in vitro (17, 20-22),
possibly through activation of Stat3 signaling (20). This is
consistent with our finding that overexpression of IL-6 in
LNCaP cells enhances endogenous PSA expression. In addition,
we further demonstrated that overexpression of IL-6 induces
PSA secretion to the serum in the castrated male nude mice,
indicating that PSA levelsinduced by IL-6 are accompanied by
LNCaP tumor growth in castrated male nude mice, similar to the
clinical observation that rising PSA levels are a potential indi-
cator of hormone-refractory prostate cancer. We have also dem-
onstrated that overexpression of I1L-6 enhances AR-ARE DNA
binding activity and enhances AR nuclear translocation in
LNCaP cells, which is consistent with the report that 1L-6
increases AR expression in LNCaP cells (17).

One of the limitations of this study may be that IL-6 affects
only LNCaP cells. LNCaP is an androgen-sensitive human
prostate cancer cell line expressing a functional but mutant AR,
which has been widely used for the study of prostate cancer. We
are currently investigating the effect of IL-6 on androgen re-
sponsiveness in androgen-sensitive human prostate cancer cells

using antibody against phospho-specific p44/42 ERK1/2 and reprobed
with total p44/42 ERKL1/2 or antibody against phospho-specific Akt
(p-Akt Ser473) and reprobed with total Akt. The cells were cultured in
RPMI 1640 with 10% FBS for 24 h and switched to either 10% FBS or
10% CS-FBS, and culture continued for another 72 h. Cell lysis were
extracted and used for the assays.
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expressing awild-type AR. Nevertheless, this study providesthe
first experimental evidence that IL-6 induces the transition of
prostate cancer from an androgen-dependent to an androgen-
independent phenotype, which corresponds to the induction
of PSA expression through activation of AR. The androgen-
independent phenotype induced by IL-6 in LNCaP cells is
accompanied by significant activation of the Stat3 and MAPK
signal pathways.
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Activation of the noncanonical NF-«B signaling pathway involved
in the proteolytic processing of NF-xB p100 to p52 is tightly
regulated, and overproduction of p52 leads to lymphocyte hyper-
plasia and transformation. We have demonstrated that active but
not latent Stat3, expressed in many types of human cancers
involved in cell proliferation and survival, induces p100 processing
to p52 by activation of IKKa and subsequent phosphorylation of
p100. The Stat3-mediated p100 processing to p52 requires activa-
tion of Stat3 by the acetyltransferase activity of cAMP-response
element-binding protein (CREB)-binding protein (CBP)/p300. A
mutant of Stat3 defective in acetylation blocked Stat3-mediated
p100 processing to p52 and acted as a dominant negative in
blocking the production of p52. Furthermore, overexpression of
p52 protected cells from apoptotic cell death. Thus, activation of
the processing of p100 to p52 by Stat3 may represent one of the
common pathways used by cancer cells to survive and escape
therapy.

apoptosis | cancer | cell signal | prostate

Stat3, a member of the signal transducers and activators of
transcription (STAT) family, is a key signal transduction
protein that mediates signaling by numerous cytokines, peptide
growth factors, and oncoproteins (1). Upon stimulation, Stat3
can be activated by tyrosine or serine phosphorylation or acet-
ylation (1-3). Accumulating evidence demonstrates that Stat3
activation plays important roles in cell differentiation, prolifer-
ation, development, apoptosis, and inflammation (4). Elevated
activity of Stat3 has been found frequently in a wide variety of
human tumors, including hematologic malignancies, head and
neck cancer, breast cancer, and prostate cancer (4). Cell lines
from multiple myelomas that have become growth-factor-
independent require constitutively active Stat3 to protect against
apoptosis (5). In addition, constitutively activated Stat3 induces
cellular transformation in vitro and tumor formation in nude
mice (6).

The NF-«kB family of transcription factors consisting of RelA
(p65), RelB, c-Rel, p50, and p52 plays a critical role in control-
ling expression of numerous genes that are involved in diverse
processes, including inflammatory and immune responses, apo-
ptosis, stress responses, malignant transformation, and tumor
progression (7-11). Unlike RelA, RelB, and c-Rel proteins,
which are directly synthesized as mature proteins, p5S0 and p52
are generated by proteolytic processing from their larger pre-
cursors NF-kB1 p105 and NF-«kB2 p100, respectively (12, 13).
The classical pathway of NF-kB activation involves the phos-
phorylation, subsequent ubiquitination, and degradation of in-
hibitors of NF-«B proteins (I«Bs), which sequester p65 in the
cytoplasm. Upon degradation of I1«Bs, the p65:p50 heterodimer
translocates into the nucleus and activates target genes like IL-2,
IL-6, and Bcl-2 (9, 11). The noncanonical NF-kB pathways that
are involved in the processing of pl00 to p52 require the
recruitment of NF-kB-inducing kinase and subsequent activa-
tion of IkB kinase o (IKK«a). IKKa phosphorylates p100 at two
C-terminal serines, and, after ubiquitination and degradation of
the ankyrin repeats, the subunit p52 is released. Whereas the

7264-7269 | PNAS | May9,2006 | vol.103 | no.19

processing of p105 to p50 is constitutive, the processing of p100
to p52 is a tightly controlled event in many cells and tissues
(14-17).

Although processing of p100 to p52 is usually tightly regulated,
this proteolytic processing can be activated by lymphotoxin (18,
19), B cell-activating factor (20, 21), CD40 ligand (19, 22), and
its cis-acting domain (17). Constitutive processing of p100 pro-
tein resulting in overexpression of p52 leads to lymphocyte
hyperplasia and transformation (9, 22, 23). Here we show that
active but not latent Stat3, expressed in many types of human
cancers involved in cell proliferation and survival, induces p100
processing to p52 by activation of IKKa and subsequent phos-
phorylation of p100. Thus, activation of the processing of p100
to p52 by Stat3 may represent one of the common pathways used
by cancer cells to survive and escape therapy.

Results

Stat3 Binds to p52 Complexes. Once p52 is generated by proteolytic
processing, the p52:RelB dimers undergo nuclear translocation
and bind to the specific binding sites in the promoters of target
genes. Such binding can be detected by EMSAs by using the
consensus oligonucleotides for p52-containing dimers of NF-«B
derived from the promoter region of the Blc gene, designated
Blc-kB (24). To determine the transactivation ability of p52 in
cancer cells, we performed EMSAs using radiolabeled Blc-«B
with nuclear extracts from androgen-independent DU145 hu-
man prostate cancer cells. The p52 DNA-binding complex was
detected in DU145 cells (Fig. 14). Supershift analysis showed
that antibodies against p52 could shift the complex, whereas
antibodies against NF-kB p65, p50, or RelB failed to shift the
complex (Fig. 1 A and B). Surprisingly, we found that Stat3 was
present in the complex, as evidenced by the shifting of the
p52-specific complex with anti-Stat3 antibodies (Fig. 1.4 and B).
In contrast, antibodies against Stat6 were unable to shift the
complex (Fig. 14). These results suggest that Stat3 but not Stat6
is associated with the NF-kB p52 DNA-binding complex. Similar
results were observed in human MDA-MB-231 breast cancer
cells. The p52 DNA-binding complex was detected in MDA-
MB-231 cells by EMSA using Blc-«B as a probe. Antibodies
against either p52 or Stat3 could shift the complex, whereas
antibodies against p65 or Stat6 were not able to shift the complex
(Fig. 1A4), indicating that the presence of Stat3 in the p52
DNA-binding complex is not a cell-type-specific phenomenon.

These results suggest that Stat3 is present in the DNA-binding
complex formed by p52-containing NF-«B dimers. The p52 is
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Fig.1. NF-«B p52 DNA binding activity in DU145 and MDA-MB-231 cells that
contains Stat3 protein in p52-containing complexes. (A) NF-kB p52 EMSAs
were carried out with nuclear fractions generated from DU 145 and MDA-MB-
231 cells by using a probe (BLC-«B, 5'-GGGAGATTTG-3’) specifically bound by
RelB:p52 dimers. Specificity of p52 DNA binding was confirmed by supershift
with antibodies specifically against p52 or control antibodies (IgG). A complex
formed by nuclear extracts from both DU145 and MDA-MB-231 cells was
supershifted with antibodies against Stat3 but not with antibodies against
either NF-«B p65 or Stat6. (B) NF-«kB p52 EMSA was carried out with nuclear
fractions generated from DU 145 cells by using the BLC-«B probe. Specificity of
p52 DNA binding was confirmed by competition with excess unlabeled Oct-1
oligonucleotides (Oligo, Oct-1) or BLC-«B oligonucleotides (Oligo, BLC-«B) or
supershift with antibodies against p52, p50, Stat3, RelB, or control antibodies
(19G). (C) Stat3 is associated with p100 protein. Cell extracts from DU145 and
PC3 cells were subjected to immunoprecipitation (IP) with antibodies against
Stat3. Precipitates or lysates were separated by SDS/PAGE and analyzed by
immunoblotting (WB) with antibodies against p100. Expression of Stat3 was
determined by immunoblotting (WB) the cell extracts with antibodies against
Stat3. (D) Stat3 is associated with p52. Cell extracts from DU145 and PC3 cells
were subjected to immunoprecipitation with antibodies against Stat3. The
eluted immunoprecipitants were used for EMSAs using radiolabeled Blc-«xB
probe. Specificity of p52 DNA binding was confirmed by supershift with the
antibodies specifically against p52 and Stat3 in DU145 cells.

generated by proteolytic processing from NF-«B pl100. To
determine whether Stat3 is directly associated with p100, coim-
munoprecipitation assays were performed. Immunoprecipita-
tion of protein extracts with anti-Stat3 antibody and subsequent
Western blotting demonstrated that Stat3 is associated with p100
in human DU145 cells that express endogenous Stat3, but not in
PC3 cells that lack endogenous Stat3 (Fig. 1C). To determine
whether Stat3 is also associated with p52, protein extracts were
immunoprecipitated with anti-Stat3 antibody and eluted and
probed for the presence of p52 by EMSA by using radiolabeled
Blc-kB probe. The p52 DNA-binding complex was detected in
immunoprecipitants with anti-Stat3 antibodies in DU145 cells
but not in PC3 cells (Fig. 1D). Collectively, these results suggest
that Stat3 may bind to the precursor p100 protein and induce its
processing. Stat3 then binds to the product p52 to assist in the
activation of target genes.

Stat3 Induces Processing of p100. The presence of Stat3 in the p52
DNA-binding complex suggests that Stat3 may play a role in the
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Fig.2. Stat3inducesp52 production. (A) Active Stat3induces p52 production
in LNCaP and HEK293 cells. Cells were cotransfected with plasmids containing
p100, Stat3, constitutively active Stat3 mutant (Stat3c), dominant-negative
Stat3 mutant (Stat3F), or Stat3 siRNA. All transfections contained 2.0 pg of
total plasmid DNA. After 48 h cells were lysed in RIPA buffer, and Western blot
analyses were performed by using antibodies against p52. (B) Inhibition of p52
production by blocking Stat3 activation in LNCaP-IL6 and DU 145 cells. LNCaP-
IL6 and DU 145 cells were transfected with dominant-negative Stat3 mutant
(Stat3F), Stat3 siRNA, or control plasmid. All transfections contained 2 pg of
total plasmid DNA. Cells were lysed after 48 h, and Western blot analyses were
performed by using antibodies against p52. Stat3 activity was analyzed by
EMSAs by using radiolabeled probe containing consensus Stat3 DNA binding
sequence (5'-GATCCTTCTGGGAATTCCTAGATCQ). (C) Kinase assay to show the
phosphorylation of p100 by IKKa. Lysates from Stat3, Sta3c, Stat3F, and Stat3
siRNA-transfected LNCaP cells were immunoprecipitated with anti-IKKa an-
tibodies, and the immunoprecipitated enzyme was used to phosphorylate
p100 in vitro. Reactions were stopped with SDS loading buffer after 30 min,
loaded for SDS/PAGE, and transferred to a nitrocellulose membrane. The
phosphorylated p100 was visualized by autoradiography. The membrane was
reprobed with anti-IKK-« antibodies to normalize for equal amounts of kinase
in each reaction.

induction of processing of p100 to p52 in cancer cells. We cotrans-
fected plasmids expressing Stat3, a constitutively active form of
Stat3 (Stat3c) (6), and a plasmid expressing WT p100 into LNCaP
and HEK293 cells that lack endogenous p52 to determine whether
Stat3 can induce the processing of p100. We found that constitu-
tively active Stat3 (Stat3c) induced the processing of p100 to p52 in
both LNCaP and HEK293 cells, whereas Stat3 by itself could not,
suggesting that activated Stat3 is required to induce the processing
of p100 to p52 (Fig. 24). The activated Stat3-induced processing of
p100 to p52 was blocked by using either Stat3 small interfering
RNA (siRNA) (25) or a dominant-negative mutant of Stat3, Stat3F
(26, 27) (Fig. 2 A and B).

The constitutively activated Stat3c was generated by point
mutation of cysteine residues at A662 and N664 of the Stat3
molecule (6). This mutant Stat3c is a constitutively activated
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molecule that dimerizes spontaneously and binds to DNA and
activates transcription (6). To determine whether endogenously
activated Stat3 is able to induce the processing of p100 to p52,
LNCaP cells stably transfected with IL-6 that express constitu-
tively activated Stat3 were analyzed (28). The p52 protein was
detected in IL-6-expressing and Stat3 active cells (Fig. 2B).
Production of the p52 protein was abolished by using either Stat3
siRNA or the dominant-negative Stat3 mutant Stat3F (Fig. 2B).
Similar results were observed in DUI145 cells that express
constitutively active Stat3 and p52, in which p52 levels were
abolished by either Stat3 siRNA or Stat3F (Fig. 2B). These
results demonstrate that activated Stat3 may play a direct role in
the processing of p100 to p52.

Stat3 Induces p100 Phosphorylation by IKK«. Because the processing
of p100 to p52 requires the phosphorylation of p100 at the two
C-terminal serines by activated IKKa (15), we determined
whether Stat3 can induce the activation of IKK« and induce the
phosphorylation of p100. We used an in vitro kinase assay in
which the IKKa kinase is immunoprecipitated with specific
antibodies against IKK« and used to phosphorylate p100 protein
in vitro using [y-3?P]JATP. We found that Stat3c was able to
induce the phosphorylation of p100 (Fig. 2C). To determine
whether the activation of Stat3 was essential for the phosphor-
ylation of p100, a dominant-negative mutant of Stat3 (Stat3F)
and Stat3 siRNA were cotransfected with Stat3c into HEK293
cells. Stat3F and Stat3 siRNA nearly abolished the ability of
Stat3c to induce phosphorylation of p100 (Fig. 2C), concordant
with reduced Stat3c-induced p52 production by Stat3F and Stat3
siRNA (Fig. 24). These results suggest that Stat3-induced p100
processing to p52 requires the phosphorylation of p100 by IKKa.

cAMP-Response Element-Binding Protein (CREB)-Binding Protein
(CBP)/p300 Enhances Stat3-Mediated Processing of p100. It has been
demonstrated that the Stat3 C terminus can function as a
transactivator capable of recruiting CBP/p300 coactivator, re-
sulting in the acetylation and dimerization of Stat3 and activation
of sequence-specific DNA binding and transcription (2, 3, 29,
30). Acetylation of Stat3 is important for Stat3 activation,
nuclear translocation, and transactivational ability (2, 3). To
determine whether CBP/p300 was critical for Stat3 to induce
p100 processing to p52, LNCaP cells were cotransfected with
p100, Stat3, and CBP/p300. Stat3 alone did not induce p100
processing to p52. However, cotransfection with Stat3 and
CBP/p300 induced p100 processing to p52 that was abolished by
CBP/p300 siRNA (Fig. 34). CBP/p300 are important transcrip-
tional coactivators exhibiting histone acetyltransferase activity
that activates Stat3 by acetylation (3, 31, 32). To determine
whether acetylation is required for the Stat3 activity of inducing
p100 processing, the cell lysates were immunoprecipitated with
antibody specifically against acetylated lysine and probed with
antibody specifically against Stat3. Cotransfection of CBP/p300
with Stat3 was able to acetylate Stat3, resulting in the processing
of p100 to p52 (Fig. 34), indicating that Stat3-induced p100
processing to p52 requires CBP/p300-mediated acetylation.

Acetylation of Stat3 Enhances Processing of p100 to p52. To examine
whether acetylation enhances the processing of p100 to p52,
HEK293 cells were cotransfected with p100 and Stat3 or Stat3c.
The cells were treated with or without trichostatin A (TSA), a
broad inhibitor of histone deacetylases. Whereas only Stat3c
induced the processing of p100 to p52 in the absence of TSA,
both Stat3 and Stat3c were able to induce the processing of p100
to p52 in the presence of TSA (Fig. 3B), suggesting that
acetylation enhances the processing of p100 to p52. To confirm
whether acetylation is essential for Stat3-mediated p100 pro-
cessing to p52, we used a mutant of Stat3 that is defective for
acetylation at lysine-685 (Stat3X0%R) to examine whether it
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Fig. 3. Stat3 acetylation by CBP/p300 induces processing of p100 to p52 in
LNCaP cells. (A) Cells were cotransfected with plasmids containing p100, Stat3,
p300, or p300 siRNA (5'-GAGGATATTTCAGAGTCTA-3’). All transfections con-
tained 2 ug of total plasmid DNA. Cells were lysed after 48 h, and Western blot
analyses were performed by using antibodies against p52. Stat3 acetylation
(Ac-Stat3) was detected by immunoprecipitation of the lysates with anti-Stat3
and Western blot with antibodies against acetylated lysine. (B) TSA enhances
Stat3-induced processing of p100 to p52. HEK293 cells were cotransfected
with p100 and Stat3 or Stat3c, and the cells were treated with or without 0.2
uM TSA. The cell extracts were used for Western blot analysis by using
antibody against p52. (C) Stat3 defective for acetylation at lysine (Stat3K685R)
lost the ability to induce processing of p100 to p52. LNCaP cells were cotrans-
fected with plasmids containing p100, Stat3, Stat3c, p300, or Stat3K685R, Cells
were lysed after 48 h, and Western blot was performed by using antibodies
against p52. Stat3 acetylation (Ac-Stat3) was detected by immunoprecipita-
tion of the lysates with anti-Stat3 and Western blot with antibodies against
acetylated lysine.

affects the production of p52 from pl00 (2). When Stat3
acetylation was blocked by cotransfection of Stat3X$>R with both
CBP/p300 and p100 into LNCaP cells, there was no detectable
production of p52 protein, corresponding to decreased levels of
acetylated Stat3 (Fig. 3C). However, WT Stat3 cotransfected
with p100 and CBP/p300 produced p52 protein. We cotrans-
fected Stat3%085R with Stat3, CBP/p300, and p100 into LNCaP
cells and found that Stat3X%R can inhibit p100 processing to
p52, indicating that the Stat3K%8R mutant might be capable of
acting as a dominant negative for Stat3-induced production of
p52. These results further confirm that acetylation of Stat3 is
required for p100 processing to p52.

p52 Is an Antiapoptotic Factor. p100 is a proapoptotic protein and
acts as an IkB-like protein because of the presence of ankyrin

Nadiminty et al.
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Fig.4. p52 protects cells from apoptotic death. (A) p52 protects LNCaP cells
from apoptotic death induced by androgen deprivation. LNCaP cells were
infected with adenoviruses expressing p100 or p52. The cells were cultured in
RPMI medium 1640 supplemented with 10% FBS or 10% charcoal-stripped
FBS. The degree of apoptosis was measured by cell death detection ELISA
according to the manufacturer’s instructions (catalog no. 1544675, Roche,
Indianapolis, IN). Protein fractions were prepared and used for Western blot
analysis by using antibody against cleaved poly(ADP-ribose)polymerase. (B)
p52 increases the resistance of DU145 cells to etoposide-induced apoptosis.
DU 145 cells were infected with adenoviruses containing p100 or p52 and then
treated with or without 50 uM etoposide for 24 h. The degree of apoptosis was
measured by cell death detection ELISA, and cleavage of poly(ADP-
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repeats at the C terminus (33). To determine the potential
significance of overexpression of p52 in cancer cells, we infected
the androgen-sensitive LNCaP prostate cancer cells with adeno-
viruses encoding p100 and p52 and measured the effect on
apoptosis. Expression of p100 considerably increased apoptotic
cell death, whereas overexpression of p52 was able to reduce
apoptotic cell death (Fig. 44). Furthermore, overexpression
of p52 could rescue LNCaP cells from androgen deprivation
(charcoal-stripped serum condition)-induced apoptosis (Fig.
4A4). To examine whether overexpression of p52 increases resis-
tance to apoptotic cell death induced by chemotherapeutic
agents, DU145 cells were treated with 50 uM etoposide for 24 h
after infection with adenoviruses encoding p100 and p52. Eto-
poside induced massive apoptosis in DU145 cells, as indicated by
the amount of poly(ADP-ribose)polymerase cleavage and cell
death (Fig. 4B). Expression of p52 reduced the extent of
apoptosis induced by etoposide (Fig. 4B). These results demon-
strate that, whereas p100 is a proapoptotic protein, pS2 is an
antiapoptotic protein for prostate cancer cells. To examine
whether Stat3 activation is required for p52-mediated antiapo-
ptotic activity in prostate cancer cells, DU145 cells were trans-
fected with p52 or cotransfected with latent Stat3, Stat3F, or
Stat3K685R and treated with etoposide. Cotransfection of Stat3F
or Stat3K685R almost abolished p52-induced antiapoptotic activ-
ity, whereas expression of latent Stat3 had no effect (Fig. 4C).
These results suggest that the antiapoptotic activity of p52 is
mediated by active Stat3.

Discussion

The p100 processing event is highly regulated in normal cells and
is dysregulated in transformed cells, even though the factors
contributing to constitutive processing are still unknown. Here
we show that p100 is processed to p52 by activated Stat3 in both
prostate and breast cancer cells. Our findings provide evidence
for a mechanism of p100 processing in which activated Stat3
induces the processing of p100 to p52 that requires CBP/p300-
mediated acetylation. Furthermore, we show that p52 protein is
antiapoptotic in prostate cancer cells and promotes survival
upon treatment with androgen deprivation or with chemother-
apeutic agents.

In this study we demonstrate that active but not latent Stat3
induces p100 processing. This finding is based on the observation
that a dominant-negative Stat3 mutant (Stat3F), a non-tyrosine-
phosphorylatable Stat3 (Y705F), blocked active Stat3-induced
p100 processing (Fig. 2), suggesting that this process requires
active Stat3 by tyrosine phosphorylation. Furthermore, Stat3-
mediated p100 processing depends on Stat3 acetylation. Two
lines of evidence support this observation. (i) CBP/p300 acti-
vated Stat3 by acetylation and induced p100 processing (Fig. 34).
(i) A mutant of Stat3 that is defective for acetylation at
lysine-685 blocked active Stat3-induced pl00 processing (Fig.
3C). Therefore, Stat3-mediated p100 processing requires Stat3
activation in a tyrosine phosphorylation- and acetylation-
dependent manner.

Coimmunoprecipitation assays demonstrated that Stat3 and
p100 form a complex (Fig. 1C), whereas EMSAs suggested that
Stat3 is also associated with p52 (Fig. 1D). Formation of the
Stat3—p100 complex seems to depend on neither tyrosine phos-
phorylation nor acetylation of Stat3, because neither Stat3F nor
Stat3Ko85R apolishes the association of Stat3 with p100 in DU145

ribose)polymerase was confirmed by Western blot analysis. (C) Dominant-
negative Stat3 and the Stat3 mutant defective in acetylation abolish the
antiapoptotic activity of p52. DU145 cells were transfected with p100 or p52
or cotransfected with Stat3F or Stat3Xé85R as indicated. The cells were then
treated with 50 uM etoposide for 24 h. The degree of apoptosis was measured
by cell death detection ELISA.
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Fig. 5. Effect of phosphorylation and acetylation of Stat3 on the formation
of Stat3-p100 complexes. DU145 cells were transfected with control vector,
Stat3F, or Stat3K685R, Cell extracts were subjected to immunoprecipitation (IP)
with antibodies against Stat3. Precipitates or lysates were separated by SDS/
PAGE and analyzed by immunoblotting (WB) with antibodies against p100.
Expression of Stat3 was determined by immunoblotting (WB) the cell extracts
with antibodies against Stat3.

cells (Fig. 5). These results suggest that, although both the latent
and active forms of Stat3 interact with p100, only the active Stat3
induces the processing of p100 to p52 (Fig. 2).

NF-«B pl100 is a proapoptotic protein with antioncogenic
function and is the only NF-«B family member known to be
mutated in human cancer (33, 34). Our finding that p52 is an
antiapoptotic protein and that overexpression of p52 increases
resistance to chemotherapy in prostate cancer cells is in agree-
ment with the role of p52 in tumor development (35-37). In view
of the fact that Stat3 is activated in many types of human cancers
(4, 38), it is likely that the induction of processing of p100 by
Stat3 resulting in generation of p52 protein may commonly be
present in many types of human cancers. This phenomenon may
result in the simultaneous loss of p100 and the generation of p52
protein in cancer cells, which may disrupt the balance between
the proapoptotic protein p100 with an antioncogenic function
and the antiapoptotic protein p52 with an oncogenic property. It
is possible that the effects of Stat3 on cell proliferation, differ-
entiation, survival, and immune evasion may be magnified by the
induction of p52 production, which regulates the transcription of
genes that control cell proliferation, survival, and transforma-
tion. Stat3 is activated in many types of cancers, and it is likely
that activation of the processing of p100 to p52 by Stat3 is one
of the common pathways used by cancer cells to survive and
escape therapy.

Materials and Methods

Cell Lines, Plasmids, and Antibodies. The prostate cancer cell lines
LNCaP, PC3, and DU145, the breast cancer cell line MDA-MB-
231, and HEK293 cells were purchased from the American Type
Culture Collection. The antibodies against Stat3, p100/p52, p65,
p50, and RelB were purchased from Santa Cruz Biotechnology.
Anti-phospho-Y705-Stat3 and anti-acetyl lysine antibodies were
purchased from Cell Signaling Technology (Beverly, MA). The
acetylation defective mutant of Stat3, Stat3K68R was generously
provided by Eugene Chin (Brown University Medical School,
Providence, RI). All other reagents were of analytical grade
from Sigma.

Preparation of Cell Lysates and Immunoblotting. Cells were lysed in
a high-salt buffer containing 10 mM Hepes (pH 7.9), 0.25 M
NaCl, 1% Nonidet P-40, and 1 mM EDTA, and total protein in
the lysates was determined with the Coomassie blue Protein
Assay Reagent (Pierce). Equal amounts of protein were elec-
trophoresed by 10% SDS/PAGE and transferred to a nitrocel-
lulose membrane. The membranes were blocked for 1 h at room
temperature in 5% milk in 1X PBS plus 0.1% Tween 20 and
incubated with primary antibody diluted in 1% BSA overnight.
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After washing, the membranes were incubated for 1 h in
secondary antibody conjugated to horseradish peroxidase di-
luted in 5% milk in 1X PBS plus 0.1% Tween 20. After washing,
the membranes were incubated in a 1:1 ratio of reagents A and
B (ECL, Amersham Pharmacia) for 1 min and exposed to film.

EMSAs. Stat3, Stat3c, p100, and p300 plasmids were cotransfected
into LNCaP or HEK293 cells, and cytoplasmic and nuclear
extracts were made from the cells by using low-salt and high-salt
buffers, respectively, as described previously (26). Ten micro-
grams of nuclear protein was incubated with binding buffer
containing 10 mM Hepes (pH 7.9), 400 mM NaCl, 1 mM EDTA,
40% glycerol, and 1 pg of poly(dI-dC) per reaction with 103 cpm
of the [y-*P]ATP-labeled consensus oligonucleotides (Stat3,
NF-«B, and Blc-«B) for 20 min at room temperature. The
reactions were stopped with the addition of 6X DNA-loading
buffer and electrophoresed on a 5% nondenaturing polyacryl-
amide gel. The gel was dried and exposed to a phosphorimager
screen. For supershift assays, the reaction mixtures were incu-
bated with the appropriate antibodies for 45 min after the initial
20-min reaction, and the reactions were stopped with loading
buffer and run on a 5% nondenaturing polyacrylamide gel.

Immunoprecipitation. Dul45 and PC3 cells were lysed in high-salt
buffer. Equal amounts of the lysates were immunoprecipitated
with 1 ug of the Stat3 antibodies with 30 ul of protein A/G-
agarose with constant rotation overnight and washed with 10
mM Hepes (pH 7.9), 1 mM EDTA, 150 mM NacCl, and 1%
Nonidet P-40 twice with 400 ul each. The precipitated proteins
were eluted with 30 ul of SDS/PAGE sample buffer and boiled
for 10 min. The eluted proteins were electrophoresed by 10%
SDS/PAGE, transferred to nitrocellulose membranes, and
probed with anti-p100/p52 antibodies.

In Vitro Kinase Assays. Stat3, Stat3c, p100, Stat3F, and Stat3
siRNA plasmids were cotransfected into LNCaP cells, and cells
were lysed in high-salt buffer as described earlier. Equal amounts
of lysates were immunoprecipitated overnight with anti-IKKa
antibodies, and the protein A/G-agarose beads were incubated
with 5 uCi (1 Ci = 37 GBq) of [y-*?P]ATP in the presence of 1X
kinase assay buffer (20 mM Hepes, pH 7.5/10 mM MgCl,/20
mM B-glycerophosphate/50 uM Na-orthovanadate/1 mM
DTT/20 uM ATP) for 30 min at 30°C. HEK293 cells were
transfected with pCDNA3.1-HA-p100 (WT) expression vector,
and 50 pg of total protein with overexpressed p100 was used as
the substrate in each reaction. The reaction was stopped by the
addition of 20 ul of 4xX SDS/PAGE sample buffer and boiling
for 10 min. The reaction mixtures were electrophoresed by 10%
SDS/PAGE and transferred to nitrocellulose membranes, and
the p100 phosphorylated by the kinase IKKa was visualized by
autoradiography. The membrane was probed with anti-IKK«
antibodies to normalize for equal amounts of kinase in each
reaction.

Construction of Adenoviruses. cDNAs encoding full-length p100
(WT), p100 (SS/AA), and p52 were cut from pCDNA3.1 vectors
encoding HA-tagged p100 (WT), pl00 (SS/AA), and p52,
respectively (HinDIII/Xbal), and cloned into the shuttle vector
pDC316 (Microbix Biosystems, Toronto, ON, Canada) under a
mouse CMV promoter. The shuttle vectors and the
pBHGlox(delta)E1,3Cre vector containing the adenoviral ge-
nome (Microbix Biosystems) were cotransfected into the pack-
aging (HEK293) cells by using Superfect reagent (Qiagen). The
supernatants containing the adenoviruses were collected and
used to infect HEK293 cells. Adenoviral recombinants contain-
ing the cloned genes as well as homologous recombinants were
selected from the initial heterogeneous pool and plaque-purified
by infecting HEK293 cells at different dilutions and picking up
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single plaques formed by single infectious units. Viral recombi-
nants expressing optimal amounts of the proteins of interest were
purified, amplified in HEK293 cells, and used to infect either
LNCaP or DU145 cells.

Apoptosis Assays and Cell Death Detection ELISA. LNCaP or DU145
cells were treated with 50-150 uM etoposide for 24-48 h to
induce apoptosis after infection with adenoviruses encoding
pl00 or p52. LNCaP cells were cultured under androgen-
deprivation conditions (10% charcoal-stripped serum) for 3-7
days after infection with the adenoviruses. The degree of
apoptosis was measured by cell death detection ELISA accord-
ing to the manufacturer’s instructions. Briefly, floating and
attached cells were collected and homogenized in 400 ul of
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