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ABSTRACT

Activation of Rac by guanine-nucleotide exchange factors (GEFs) at the leéding
edge of the cell plays an important role in directional cell migration, a critical step of
tumor metastasis cascades. We investigated the role of P-Rex1, a novel specific GEF
for Rac, in human prostate cancer metastasis. P-Rex1 expression (mRNA and/or protein)
was almost undetectable in normal prostate epithelial cells (PrEC) and two
nonmetastatic prostate cancer cell lines (LNCaP and CWR22Rv1), but was clearly
detectable in highly metastatic prostate cancer celi lines (PC3-LN4 and PC-3). Studies of
human prostate tumor specimens revealed a 1.6-fold increase in P-Rexi protein
expression in localized cancer cells and a 3.7-fold increase in lymph node prostate
metastasis when compared to noncancerous prostate tissues. Migration abilities of
various prostate cancer cell lines determined by transwell chamber assays were directly
correlated with their - P-Rex1 expression levels. Silencing endogenocus P-Rex1
expression significantly reduced cell migration ability in metastatic PC-3 cells. Stable
expression of wild-type P-Rex1 but not its “GEF-dead” mutant increased CWR22Rv1 celi
migration and invasion by 3-fold. Further study indicated that P-Rex1 promotes prostate
cancer cell migration and invasion via Rac activation. Finally, in vivo studies revealed
that expression of wild-type P-Rex1 but not its “GEF-dead” mutant significantly promdted
spontaneous metastasis of CWR22Rv1 cancer celis tb mouse lymph nodes without
 effects on primary tumor growth. Altogether, our results identify P-Rext as an important
regulator of prostate cancer metastatic progression ahd suggest that it may be targeted

for prevention and treatment of prostate cancer metastasis.
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CHAPTER |

BACKGROUNDS AND OVERALL OBJECTIVES OF THE STUDY

Prostate cancer and metastasis

Prostate cancer is a major public health problem affecting men worldwide. In the
United States, it is the most common form of cancer and the second leading cause of
cancer death in men. It has been predicted. that in 2008, approximately 186,320 (25% of
total in males) new cases of prostate cancer will be diagnosed and over 28,660 (10% of
total in males) men will die from this disease in the United States [Jemal et al. 2008].
Prostate cancer progresses on a continuum through localized, ‘Iocally advanced,
advanced and hormone-refractory stages. Choice of treatments for prostate cancer
patients includes watchful waiting, surgeries (radical prostatectomy or pelvic
lymphadenectomy), radiation therapy, hormone therapy and chemotherapy, which are
dependent on the stage of disease. A tumor localized to the prostate itself is generally
not deadly on its own, with 100% of patients living more than five years [Jemal et al.
2008]. However, as the prostate tumor grows, some of tumor cells may break off and
spread to other parts of the body, a process knowh as metastasis. Distant metastases,
most commonly to bone, 'aré detected in about 5% of prostate cancer patients at the
time of diagnosis. The development of such metastases leads to painful and untreatable
conseguences to which the vast majority of prostate cancer death (32% five-year

survival rate) has been related [Jemal et al. 2008; Carroll and Grossfeld 2002].



Metastasis is a complex pathophysiological process which consists of a long series
of sequential, interrelated steps (Figure 1). Tumor cells detach from the primary tumor
site and invade local host stroma by breaking down the basement membrane and then,
enter via the lymph system or directly into the bioodstream circulation. Some remaining
tumor cells become trapped in the capillary beds of distant organs. Extravasation occurs
next, probably with similar mechanisms operating during invasion. After being exposed
to factors of the microenvironment that support proliferation and angiogenesis,
metastasis occurs eventually at the target organ [Steeg 2002; Mundy 2002]. Prostate
cancer metastasis is highly organ selective and involves numerous interactions befween
metastatic tumor cells and the host. Se\)eral general theories on therpathogenesis of
cancer. metastasis, including the “seed and soil” hypothesis and the homing theory, have
been proposed [Fidler 2003; Murphy 2001]. There are also some putative prostate
cancer metastasis-suppressor genes that have been identified over the years [Karayi
and Markham 2004]. Despite extensive studies, the precise molecular mechanisms
responsible for prostate cancer metastasis remain largely unknown [Gupta and
Massague 2006], which presents a major hurdle for the treatment of metastatic pfostate
cancer. Thus, a better understanding of the molecular events underlying the prostate
cancer metastasis becomes an important goal of prostate cancer researdh and holds the

promise of effective therapeutic approaches for treating this disease.

Rac. a key requlator of dire(;tional cell migration

Tumor cells move toward targets by their own motility during metastasis, therefore

the acquisition of directional migration is a critical and fundamental step for tumor cells to



invade and metastasize. Contributing to both pathological and physiological (e.g.
de'velopment, immunity) processes, cell migration has been explored exiensively over
the past few years. In general, to migrate, cells must operate in cycles of a highly
integrated multistep process in which a chemotatic signaling cascade(s) is triggered by
the binding of chemoattractans to cell surface receptors (e.g. GPCRs) [Karnoub et al.
2004]. The cycle starts with formation of a membrane protrusion at a polarized celi
leading edge which pushes the membrane forward (Figure 2). These extensions can be
large, broad lameliipodia or spike-like filopodia. Then new cell-substréte adhesions form
at sites close to the leading edge. Next, the cell body is translocated by actomyosin-
mediated contraclile forces. Finally, at the cell rear, adhesions disassemble as the tail of
the cell retracts. It has been well established that reorganization of the actin cytoskeleton
plays a pivotal role in these processes of cell migration cycle and is regulated by Rho
family small GTPases such as Rac, Cde42 and Rho [Yamazaki 2005; Nobes and Hall
.1 995; Hall 1998]. During cell movement, Rac is crucial for generating the actin-rich
lamellipodial protrusions at the leading edge that are thought to be a major part of the
driving force for directional movement [Ridiey et al. 2003]. Moreover, Rac is also
required in the second step of cell migration, formation of new contacts 1o stabilize the
protrusion. Because of its importance in cell migration due to its ability to initiate and
maintain protrusion, the study of Rac pathway in human cancer malignant transformation
has beeﬁ attractive to some research groups. Ever-increasing evidence, including RNA
interference data [Chan et al. 2005], shows that Rac supports a central role in huhan
tumor invasion and metastasis. Interestingly, Knight-Krajewski et al. demonstrated that

Rac activity was significantly higher in more metastatic prostate cancer cells compared



to that in less aggressive prostate cancer cells [Knight-Krajewski et al 2004]. It was also
reported that NSC23766, a Rac-specific small molecule inhibitor, was able to inhibit
prostate cancer cell migration and invasion that requires endogenous Rac activity [Gao
et al. 2004]. The finding that Rac is involved in prostate cancer metastasis is not
surprising since it is one of the key regulators of cell migration. However, litle is known
regarding the molecular mechanisms underlying the hyperactivity of Rac in metastatic
prostate cancer.

Like other members of Rho family GTPases, Rac acts as a molecular switch and
can cycle between an inactive GDP-bound form and an active GTP-bound form (Figure
3). The GTP/GDP cycle is regulated by two distinct families of proteins. Guanine
nucleotide exchange factors (GEFs) activate Rac GTPase by catalyzing the release of
GDP, thereby facilitating GTP binding. Conversely, GTPase-accelerating proteins (GAPs)
negatively regulate Rac function by increasing the GTP hydrolysis rate, therefore
promoting formation of the GDP-bound state and leading to inactivation of the GTPase
cycle [Karnoub 2004]. Once activated, Rac GTPase can interact with a spectrum of
downstream effectors, stimulating cellular responses that control actin organization and

other activities.

P-Hexi, a novei Rac-GEF

Interactions between chemoattractants and their corresponding receptors trigger a
series of coordinated cellular events including the stimulation of Rho GEFs and
eventually the activation of Rho GTPases. Since the discovery of the first Rho GEF Dbl

(from diffuse B-cell-lymphoma cells) proto-oncogene {Hart et al. 1991], a large family of



Rho GEFs has been identified [Karnoub et al. 2004 and Rossman et al. 2005]. For
example, T lymphoma invasion and metastasis 1 (Tiam1) is a Rac specific GEF in vivo
and has been extensively explored. It was originally identified in 1994 as an invasion &
rﬁetastasis—inducing gene in T lymphoma cells [Habets et al. 1994]. Tiam1 is highly
expressed in the brain and testis and at refatively low levels in other tissues [habets et al.
1994 & 1995]. Interestingly, the role of Tiam1 in cellular migration, invasion, and
metastasis is not limited to T lymphoma cells in which it was first discovered. To date,
studies have demonstrated that Tiam1 is important'in promoting tumor progression in a
variety of cancers, such as breast cancer [Minard et al. 2004], colorectal cancer [Minard
et al. 2004 & 2006; Liu et al. 2006] and Ras-induced skin tumors [Malliri et al. 2002].
Preliminary studies assessing Tiam1 expression in human specimens suggest that
Tiam1 may be a prognostic marker for breast cancer [Adam et al. 2001], prostate cancer
[Engers et al. 20086], though more tests are needed o confirm this. Despite the notable
role of Tiam1 in cancer, it éhares the phosphorylation-based mechanisms of activation
with many other Rac-GEFs [Schiller 2006]. Phosphorylation is the major pathway by
which GEFs are activated and is primarily regulated by phosphoinositide 3-kinases
(PI3Ks) involved in extracellular stimulation of cell surface receptors such as tyrosine
kinase receptors and tyrosine kinase-associated cytokine receptors [Karnoub et al.
2004]. Cancer is a complicated and heterogeneous disease. It's reasonable that multiple
signal transduction pathways contribute to tumor cell migration, invasion and metastasis.
As a matter of fact, silencing of Tiam1 can only reduce, but not eliminate, colorectal
metastasis [Liu et al. 2006]. Existence of various Rac-GEFs is probably due to the fact

that Rac takes part in different biological activities under different conditions or at



different sites. Therefore, identification of major GEF-mediated signal transduction
pathways in specific diseases is of great interest.

In 2002, Welch H.C.E. et al. purified and identified a novel Rac activator, P-Rex1
[Welch et al. 2002]. 1t is a 185-kDa specific GEF for Rac initially identified in neutrophil
cytosol based on its activity. The protein contains a tandem DH (Dbl-homology) / PH
(pleckstrin  homology) dohain typical of Rho-GEFs, two DEP (disheveled, EGL-10,
pleckstrin homology) and two PDZ (post-synaptic density disc-large zo-1 homology)
domains and an IP4P (inositol polyphosphate 4-phosphatase) domgl‘n (Figure 4)
[Weiner 2002]. P-Rex1 is a very unique Rac-GEF since it is directly, substantially, and
synergistically activated by PIP3 ' produced by PI3Ks and the By subunits of
heterotrimeric G _proteins both in vitro and vivo. P-Rex1 is the first well-confirmed
example of Rho family GEFs that is directly activated by Gpy. It is a very efficient signal
network, representing abouf 65% of the total Rac GEF activity in neutrophil lysates
[Welch et al. 2002]. Data also showed the degree of GEF activation by PIP3 was much
higher for P-Rex1 (20-fold) than for some other PIP3-inducible Rac-GEFs (e.g. less than
2.5-fold for Vali and Pix) [Weiner 2002]. More interestingly, like Tiam1, P-Rexi is
expressed in brain and has been shown to be involvéd in the central nervous system
development by enhancing migration of neurons. In addition to the uniqueness of P-
Rex1 mentioned above, P-Rex1 is structurally and functicnally similar to Tiam1 which
was initially identified as a cancer metastasis promoter. It is uncleaf whether P-Rex1 is
also involved in tumor cell migration, invasion and metastasis. To answer this question, 1
first analyzed the expression profile of P-Rext in my study system, prostate cancer, and

then investigated its potential role and mechanisms.



Objectives of the study

The overall goal of my study was to investigate the biological importance of P-
Rex1 and its signal transduction pathways in prostate cancer. | proposed that P-Rex1
promotes prostate cancer metastasis. In order 1o accomplish the goal and test my
hypothesis, | used various prostate cell lines and clinical human samples to identify P-
Rex1 as a target. In vivo studies were also performed to validate this target. In summary,
the following objectives were pursued in my studies.

1. Assessthe biologicai_ importance of P-Rex1 in prostate cancer.

a) Characterize the expression profile of P-Rex1 in prostate cell lines of
different metastatic abilities and in human prostate cancer specimens.

b) Determine the effect of knock-down of endogenous P-Rex1 using siBNA
on prostate cancer cell migration.

¢) Determine the effect of exogenous expression of P-Rex1 by transient
transfection on prostate cancer cell migration.

2. - Investigate the mechanism by which P-Rex1 promotes prostate cancer cell

migration and invasion.

a) Involvement of small GTPases Rac and Rho in prostate cancer cell
migration.

b) Involvement of G; protein in prostate cancer cell migration.

c) Involvement of GRy protein in prostate cancer cell migration.

d) Involvement of PI3K in prostate cancer ceil migration.

e) Determine whether P-Rex1 promotes prostate cancer cell migration and



invasion via Rac'activaﬂon.

In vivo studies using mouse models.

a) Determine effect of P-Rex on tumor growth: subcutaneous injection in a
mouse model. |

b) Determine effect of P-Rex on prostate spontaneous metastasis to lymph

nodes: intraprostatic injection in a mouse model.
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Figure 1. A schematic of the metastatic process [adapted from Steeg 2002; Mundy
2002]. Metastasis proceeds through the migration and invasion of cancer cells into
surrounding vasculature following by extravasation from the circulation and proliferation

at sites distant from the primary tumor.
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CHAPTER |l

THE BIOLOGICAL IMPORTANCE OF P-REX1 IN PROSTATE CANCER CELL

MIGRATION AND INVASION

A. INTRODUCTION

As mentioned above, prostate cancer is the most commonly diagnosed cancer in
American men and the second leading cause of cancer mortality. Prostate tumor
metastases account for the majority of deaths from prostate cancer. Therefore_, a bgtter
understanding of the molecular mechanisms thét regulate prostate cancer metastasis is
of immediate impoﬁance, because this may lead to developmenis of new and safer
treatments for prostate cancer metastasis in patients. Metastasis is an orderly, multistep
process involving the migra’tion and invasion of cancer cells from the primary tumor to
specific organs. Past studies have clearly established that Rho smali GTPases play a
critical role in cell migration and invasion via cytoskeleton rearrangements. The Rho
GTPase family is a branch of the Ras superfamily of small GTPases [Sahai and Marshall,
2002]. So far, more than 20 different members of the Rho family have been identified
[Hal 2005]. Three subgroups of them, Rac, Rho and Cdc42, have been well
characterized. All of them are involved in the regulation of coordinated cell movement,
while Rac induces actin polymerization at the cell periphery to produce protrusions
driving celis move toward chemoatiractants. Rac is activated when bound to GTP, which

is catalyzed by guanine nucleotide exchange factors (GEFs) in response to membrane
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receptor-mediated stimulations. Previous studies have discovered a large family of
GEFs (more than 80 in mammals). The majority (about 69) of known GEFs belong to the
Dbl subgroup that contains a DH (Dbl homoiog.y) / PH (pleckstrin homology) tandem
domain. chers were identified more recently and are related to the member of DOCK
{dedicator of cytokinesis). Some Dbl-GEFs have been studied in great detail and several
GEFs for Rac have been suggested to play roles in tumor cell migration, invasion and
metastasis. Among them, Tiam1 is a typical example. Ever-increasing evidence shows
Tiam1-Rac signaling is involved in metastasis of different types of cancers including
prostate cancer. Nevertheless, signal transduction pathways involved in prostate cancer
metastasis are still far from being understood. It is most likely that multiple pathways
play roles in this pathological process. ldentifying new potential targets (e.g. GEFs) and
defining their signaling may help to develop novel strategies for prostate cancer

metastasis therapies.

We therefore performed a small screening to identify the Rac-GEFs that may be
differentially expressed in established prostate normal and cancer cell lines with various
metastatic abilities. Five cell lines were used in our study as in vitro models,. including a
representative normal prostate epithelial celt line (PrEC) and four comrﬁonly used
prostate cancer cell lines (LNCaP, CWR22Rvi, PC3-LN4 and PC-3). These in vitro cell
models have been established from different sources and vary in characteristics [Arun
and Figg, 2005]. LNCaP cells were isolated from a needle aspiration biopsy of a human
prostate cancer lymph node metastatic Iesion_, while CWR22Rv1 is a human prostate

carcinoma epithelial celt line. Both LNCaP and CWR22Rv1 cell lines express androgen
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receptor and prostate specific antigen (PSA). Injecting either of these two cell lines into
athymic mouse prostates did not result in metastases [Arun and Figg, 2005; Kovar et al.
2006]. PC-3 cells were derived from a-bone metastasis from a white man and PC3-LN4
is a subline of PC-3. In contrast to LNCaP and CWR22Rv1 cells, PC3-LN4 and PC-3 cell
lines express no androgen receptor and prostate specific antigen (PSA) and metastases
have been détected in both PC3-LN4 and PC-3 orthotopic injection moﬁée models [Arun
and Figg, 2005]. interestingly, we found that P-Rex1, a novel Rac Dbl-GEF, was
upregulated in metastatic PC3-LN and PC-3 cells. This finding was further confirmed in
human clinical specimens. P-Rex1 is a recenily identified unique Rac-GEF since so far it
is the only example of Rho family GEFs that could be directly activated by GBy subunits,
and also by the PIP3, a product of PI3Ks. They can function either independently of
each other or in synergy. Because of the unigque expression pattern of P-Rex1, we then
extensively investigated its role in prostate cancer cell migration and invasion.
Experiments using a small interfering RNA indicate thaf endogenous P-Rex1 is involved
in Rac activation and prostate cancer cell migration. We also found that P-Rexi-
mediated prostate cancer cell migration is blocked by the G specific inhibitor pertussis
toxin (PTx), consistent with the previous report that PTx treatment significantly reduces
metastasis of human prostate cancer celi in nude mice. Inhibition studies also suggest
Gy subunits are required for activating P-Rex1, and synergize with PIP3 through PI3Ks
for P-Rex1 activation. Finally, GTPase pull-down assays show that P-Rex1 can activate
Rac in prdstate cancer cells, which is further demonstrated by cortactin staining.
'Collectively, our study presents the first evidence showing P-Rex1 plays important role

in prostate cancer cell migration and invasion via activating small GTPase Rac.
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B; MATERIALS AND METHODS

Materials and reagents. Pertussis toxin, wortmannin, LY294002, NSC23766 and
anti-Green Fluorescent Protein (GFP) antibody were purchased from Calbiochem (San
Diego, CA). C3 transferase and the F-actin visualization kit were purchased from
Cytoskeleton, Inc (Denver, CO). The Rac activation assay kit was from Upstate
{Charlottesville, VA). Rat monoclonal anti-P-Rex1 antibodies- (4A3 and 3A11) and P-
Rex1 “GEF-dead” mutant were generated as described previously, respectively
[Yoshizawa et al. 2005 and Hill et al. 2005]. Rabbit anti-HA and anti-pB-actin antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The IRDye-labeled
secondary antibodies .were purchased from LI-COR Biosciences (Lincoln, NE). Fetal
bovine serum (FBS) was from Hyclone (Logan, UT). Trizol, Lipofectamine™ 2000,
RPMI-1640 and DMEM media were purchased from Invitrogen (Carlsbad, CA). Matrigel
was obtained from BD Biosciences {(Bedford, MA).

Cells and cell culture. PC-3 cell line (ATCC) was culiured in RPMI-1640 medium
supplemented with 10% FBS. PC3-LN4 cell line (a gift from Dr. Melanie A. Simpson,
University of Nebraska at Lincoln) was cultured in DMEM supplemented with 10% FBS,
non-essential amino acids and 1.0 mM sodium pyruvate. LNCaP and CWR22Rv1 cell
lines (ATCC) were grown in RPMI-1640 medium supplemented with 10% FBS, 10 mM
HEPES and 1.0 mM sodium pyruvate. The human prostate epithelial cell line (PrEC)
was a gift from Dr. Zafar Nawaz (University of Miami). All cell lines were routinely

maintained at 37°C in a humidified atmosphere of 5% CQO; in air.
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 Conventional RT-PCR and quantitative real-time RT-PCR.

(a) Total RNA isolation and reverse transcription (RT)

Total BRNA was isolated from cells using Trizol Reagent according to the
manufacturer's protocol. The quality of the RNA was confirmed by visualization of the
integrity of the 185 and 288 RNA bands on agarose gel. The concentration of the total
RNA was determined by measuring the absorbance at 260nm with an ultraviolet
spectrophotometer.

All the RNA samples used for assay were treated with DNase | to remove
cohtaminating genomic DNA prior to experiments.rTo do that, 1 ug of RNA was added
into a 0.2 ml RNase-free PCR tube on ice which contained the following: 1 pul 10X DNase
| reaction buffer, 1 ul DNase | (1U/ ul, Invitrogen #18068-015), 0.25 ui RNase inhibitor
(40U/T01 , Promega #2611), and diethylpyrocarbonate (DEPC)-treated water to a final
volume of 10 pl. After incubating the tube for 15 min at room temperature, the DNase |
was inactivated by the addition of 1 ul of 25 mM ethylenediaminetetraacetic acid (EDTA)
solution to the reaction mixture (now 11 pl in total) followed by heating at 75°C for 10 min

with a thermocycler. If needed, the reaction was scaled up linearly for larger amounts of

RNA.

Following DNase treatment, the RNA was reverse transcribed intc complementary
DNA (;:DNA), The RT reaction was performed by incubating a reaction mixture
cbntaining 2 pb of 10X PCR buffer, 2 pl of 50mM MgCl,, 2 ul of 10mM dNTP Mix
(Invitrogen #18427-088), 1 ul of 50uM random Hexamer primer (Applied Biosystems

#N808 0127), 1 pb of 50U/ul MuLV reverse transcriptase (Applied Biosystems #N808
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0018}, 0.5 ul of 40U/uil RNase inhibitor (Promega #2611), 11 ul DNase reaction solution
(from the above step, equivalent to 1.0 ug RNA}, and DEPC-treated water in a total
volume of 207}L| at room temperature for 10 min, then at 42°C for 50 min, followed by
95°C for 5 min. No-reverse transcriptase negative controls were also prepared
containing DEPC water in place of reverse franscriptase. The cDNA samples were then
stored at -20°C until use.

(b) Conventional PCR and real-time PCR

For PCR reactions, specific primers were designed and synthesized by IDT
(Integrated DNA Technologies, Inc.). Human primers were as following. P-Rex1
(predicted PCR product size: 163-bp). forward 5'-CCTTCTTCCTCTTCGACAAC -3
and reverse 5?-CCATCTTCCACATTCTCCAC -37; P-Rex2 (228-bp). forward 5'-
ACCAAACTCCACATCCAAAGCTGCC -3¢ and reverse 57-

- CGATGCACACCGCTGCTGCAC -3’ P-Rex2b (223-bp): forward  5'-

GGTTTTACAATTTCACAGCACGGC -3 and reverse 5-
CCAAAGGGTAAGAATCAGACAGGGG -37; Tiam1  (253-bp). forward 5--
AAGACGTACTCAGGCCATGTCC -3 and reverse 5' -GACCCAAATGTCGCAGTCAG -
3’; Vavi (323-bp): forward 5'-CGACATGGGCAAGATTTCCCAG -3’ and reverse 5'-
| GCGTACCAGAGATGAACAGACAG =37 Vav2 (314-bp): forward 57-
ACAAAGCCAATGCCAACCACC -3¢ and reverse 5/ -CCTCAGCAGCTCAAGCACGTC -
37; Vav3 (273-bp): forward 5’ -GGGACACTCAAACTACCAGAGAAAC -3’ and reverse
5 -CACACATGGGCAAGGCTTGAC -3’ The house keeping gene B-actin (forward

primer; 5-AGCACGGCATCGTCACCAACT-3"; reverse primer: 57-
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TGGCTGGGGTGTTGAAGGTCT-37) was used a control gene. The predicted size of
the PCR product was 180-bp for B-actin. The conventional PCR was performed in a 100
ul reaction volume. The following was added to each PCR tube: 10 pul of 10X PCR buffer,
3 ul of 50mM MgCle, 2 wl of 10mM dNTP Mix, 2 pl of 25uM forward and reverse primers,
0.5 ul of 5U/ul Tag DNA polymerase (Invitrogen #18038-018},10 ul of cDNA from RT,
and DEPC-treated water. The PCR cycling conditions were 1 cycle at 94°C for 3 min, 35
(figure 7A) or 25 (figure 24) cycles of 94°C for 30 seconds, 55°C for 30 seconds, 72°C
for 30 seconds, followed by 1 cycle at 72°C for 7 min. The PCR products were separated
by 3% agarose gel electrophoresis, stained with ethidiumwbromide, and then digitally
photographed under UV light. P-Rex1 PCR product was confirmed by DNA sequencing
analysis.

To do quantitative Real-Time PCR, human P-Rex1 and B—act_in plasmids were
prepared by using the Qiagen Spin Mini-Prep Kit. Quantification of plasmid was
performed by using a UV/visible spectrophotometer. To create a standard curve with
either of these plasmid DNA templates, the mass of a single plasmid molecule was first
caiculated using the following formulation: mass (g) = plasmid size (bp) X 1.096 X 10!
a/bp [Applied Biosystems Reference 2003]. Next, mass of plasmid DNA needed was
calculated by multiplying mass of single plasmid with copy number of inierest. Finally,
the mass needed was divided by the plasmid concentration to calculate the volumes for
the preparation of a dilution series of each plasmid from 10° to 10° copy number. The
same human P-Rex1 primers were used as in conventional PCH. New B-actin primers

(forward primer: 5'-AATGTGGCCGAGGACTTTGATTGC-3’; reverse primer; 5’-
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AGGATGGCAAGGGACTTCCTGTAA-3) were designed and synthesized for real-time
PCR and the predicted PCR size is 93-bp. A 96-well optical plate was prepared in
triplicate with each well containing 12.5 ul of 2X SYBR Green PCR Master Mix (Applied
Biosystems), 0.3 ul of 25uM forward and reverse primers, 2 u template DNA (either
cDNA or plasmid DNA dilutions), and DEPC-treatéd water to a final volume of 25 ul. The
real-time PCR was performed using an ABI Prism 7000 Sequence Detection System
(Applied Biosystems) under default condition as follows: 10 min at 95°C, then 40 cycles
of 15 seconds at 95°C, and 1 min at 60°C. Standard curves were drawn by plotting the
threshold cycle (CT) against the natural iog of the copy number‘of plasmid molecules.
The CT value is defined as the cycle at which a statistically significant increase in the
magnitude of the signal generated by the PCR reaction was first detected. The
equations drawn from the graphs were used to calculate the copy numbers of cDNA
molecules present in the.unknown samples based on the corresponding CT values.
Finally the eﬁ(pression of specific RNA levels was calculated ;elative to the control of p-

actin RNA.

Protein extraction, electrophoresis and western blot analysis. Cells were
seeded onto 6-well or 12-well plates. At the confluence of about 80%, culture medium
was carefully removed from adherent cells, followed by washing twice with cold PBS.
Cells were then lysed in cold RIPA (RadiolmmunoPrecipitation) buffer (100 pl / well for
6-wéll plates, 50 ul/well for 12-well plates) containing Tris HCI 50 mM, NaCl 150 mM,
EDTA 1 mM, ethylene glycoi tetraacetic acid (EGTA) 1 mM, Triton X-100 0.1% and

sodium dodecy! sulfate (SDS) 0.1%. Protease inhibitors were added to RIPA buiffer
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imrﬁediate!y before use: 10 pug/ml leupeptin, 10 pg/ml aprotinin and 1 mM
phenyimethylsulfonyl fluoride (PMSF). The cell lysate was gathered using a cell scraper,
collected and transferred to a microcentrifuge tube which was then kept on ice for 30 min
and sonicated 3 times for 5 seCondé each. To pellet the cell debris, the sample was
centrifuged at 12,000 X g for 10 min. The supernatant was transferred to a new tube and
the protein content was quantitated by Bradford assay (Bio-Rad). Protein samples {40
ug) and prestained protein standards were loaded on 10% SDS polyacrylamide gels,
electrophoresed (120 V for 1 hr at room temperature} and transferred to a polyvinylidene
fluoride (PVDF) membrane (200 mA for 2 hr at 4°C} (Millipore, Immobilon-
FL#IPFL10100). The membrane was blocked in Odyssey Blocking Buffer {Li-COR #927-
40000) for 1 hr at room temperature. Primary antibodies were used to determine the
specific protein. B-Actin was also measured as a loading control. For the detection of
endogenous P-Rex1, the 3A11 rat monoclonal antibody was used (1:1000). The biot
was incubated with these primary antibodies diluted in Odyssey blocking butfer overnight
at 4°C, respectively. After a thorough washing, the blot was incubated with a species-
appropriate secondary antibody labeled with either IRDye700 or IRDye800 (50 min at
room temperature, protect from light), and then imaged with a Li-Cor QOdyssey (LI-COR

Biosciences, Lincoln, NE) at wavelengths of 700 or 800 nm.

For the Akt phosphorylation detection, 24 hr post serum-starvation, PC-3 cells were
treated with DMSO or inhibitors as indicated for 1 hr, followed by 10 min treatment of
3T3 CM plus corresponding DMSO or inhibitors. In this case, a different lysis buffer was

prepared, which contained Tris HCI 20 mM, NaCl 137 mM, CaCl, 1 mM, MgCl> 1 m, and
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Nonidet P-40 0.5%. Protease inhibitors were added to this buffer im.mediateiy before use:
10 pyg/mi leupeptin, 10 pg/mi aprotinin and 1 mM phenylmethylsulfonyi fluoride (PMSF).
In addition, a phosphatase inhibitor cockta.i[ (Pierce #78420) was also added. Phosphb-
Akt {Serd73) (Cell Signaling Technology #9271, 1:1000) antibody was used for p-Akt
detection and Akt antibody (Cell Signaling Technology #9272, 1:1000) for the total Akt
as a loading control. All the other steps for western blot were followed as described

above.

Fluorescence Microscopy. Human pfostate cancer celis were cuitured in 8-well
plates containing coverslips. They were washed three times in ice-cold PBS and fixed
and permeabilized in 100% methanol at -20°C for 10 min. After fixation, cells were
washed three times fof 5 min increments in PBS, blocked for 40 min with 10% horse
serum & 1% BSA in PBS, and washed once for 5 min with PBS. They were then
incubated overnight at 4°C in 100% humidity, together with the primary antibodies for P-
Rex1 (1:40 in 1% BSA in PBS, rat monoclonal P-Rex1 4A3 antibody). Second antibody-
only controls were also prepared for P-Rex1 (1:400 in 1% BSA in PBS, Alex Fluor® 488-
conjugated donkey anti-rat 1gG second antibody; Molecular Probes). After washing off
the primary antibodies with PBS three times for 5 min increments, the slips were
incubated at room temperature in the dark for 30 min with the secondary antibodies,
then washed in PBS and mounted in a Vectorshield® mounting medium with 4,6-
diamidino-2-phenylindole hydrochloride (DAP!), which stains the nuclei. Images were

captured by fluorescent microscopy.
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For cortactin and F-actin double staining, cells seeded on coverslips were grown in
full growth media to 30% to 50% confluency. Media were changed to serum-free DMEM
for 24 hr then to DMEM or NIH-3T3 CM for add'itional 5 hr. The F-actin visualization
Biochem kit (Cytoskeleton #BK005) was used for the staining procedure as follows.
Coverslips were carefully removed from media using tweezers and placed with cell side
up on the filter paper in the Dark Box. Next, samples were washed once with 200 ul of
Wash Buffer (contained in the kit) for 30 seconds at room temperature. Wash Buifer was
removed using kimwipes by touching the side of coverslips. 200 pl of Fixative Working
Solution was added to coverslips which were then incubated for 10 min at room
temperature. Coverslips were washed and dried once again following the same
procedures described above. Cells were permeabilized by adding 200 ul of
Permeabilization Buffer to coversfips and incubating for 5 min at room temperature.
After washing, they were then incubated with the primary antibody for cortactin (-.Millipore
mouse anti-cortactin p80/85, clone 4F11, 1:200) overnight at 4°C in 100% humidity. After
washing off the primary antibody with Washing Buffer, coverslips were incubated at 37-C
in the dark for 1 hr with the secondary antibody, anti-mouse IgG Fiu (1:200), then
washed in Washing Buffer again. Next, F-actin was stained with rﬁodamine-fabeled
phalloidin by incubating the samples with 200 pl of working stock Rhodamine Phalloidin
for 30 min at room temperature. Finally, coverslips were mounted onto microscope
slides with mounting media. Images were captured by CoolSNAP CF camera attached
to a Nikon Ti-80 .microscope and processed by Image-Pro® Plus software (\}6.1).
Lamellipodia were identified as a smooth convex stretch of perpendicular actin stain at

the peripheral edge of the cell as apparent in the rhodamine-labeled phalloidin stain.
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Conditioned medium preparation and cell migration and invasion assays. NIH-
3T3 fibroblast cells were cultured in complete growth medium to 50% confluence. The
medium was then changed to serum-free medium. After incubating for an additional 48
hr, the conditioned medium (CM) was collected with ceflular debris removed by
centrifugation. Prostate cancer cell migration was determined using a 24-well transwell
apparatus (8-um pore size with polycarbonate membrane; Corning Costér) according to
the manufacturer's instructions (Figu're 5). In brief, cells (50,000) suspended in 200 ul
serum-free medium were seeded {0 the upper chamber. 600 ul CM was added to the
lower chamber to serve as a chemoattractant. After incubation at 37°C, migrated cells
were fixed and stained using the Diff-Quik kit (Andwin Scientific, Addison, IL). These
cells were quantified by counting seven randomly selected and non-overlapping
microscope fields at 40X magnification. For inhibition experiments, cell suépensions
were incubated wfth various concentrations of inhibitors for 15 min and then added fo the
transwell chambers, while CM was supplemented with inhibitors in parallel. Tra'nswell
invasion assays were similar to the migration assays except that Matrigel (40 ug/100ul in
serum-free medium) was polymerized in the upper chamber at 37°C for 5 hr before cells
were added. All experiments were performed at least three times; bars, mean = S E.

Immuthistochemistry analysis. Formalin-fixed, paraffin-embedded blocks of '
cancerous prostate tissue were collected with informed consent for research purposes
by the Department of Pathology of the Creighton University Medical Center. The use of
sections from these tissue blocks for immunohistochemistry analysis was approved by
the Institutional Review Board at Creighton University. Immunohistochemistry was

performed using standard techniques. Tissue sections were cUt from the tissue blocks

24



and deparaffinized. Antigen was retrieved by boiling the slides in an antigen unmasking
sotutioh (Vector Laboratories, Burlingame, CA). Any residual endogenous peroxidase
activity was quenched with hydrogen peroxide and nonspecific binding was blocked with
normal goat serum before incubating the sections with a rat monoclonal anti-P-Rex1 4A3
antibody (1:200). For detection of the immunoreactivity, the sections were then incubated
with biotinylated anti-rat antibody and developed with 3,3'-diaminobenzidine (DAB
substrate kit; Vector Laboratories). The sections were counterstained with hematoxylin.
The levels of cellular expression of P-Rex1 protein were measured on
immunohistochemically stained tissue slides using the Automated Cellular Imaging
System (ACIS, ChromaVision Medical Systems, Inc., San Juan Capiétrano, CA) as
described previously [Gao et al.. 2005]. This system combines cqlor-based imaging
technology with automated microscopy to provide quantitative information on intensity of
staining. A “histo-score” (H score) was calculated for each case to estimate the P-Rex1
protein expression level and was obtained by multiplying the percentage (P) of staining

positive cells with the average intensity (I}, ie. H=P x I.

RNA Interference (RNAi). RNAI is a posi-transcriptional process triggered by the
introduction of small double-stranded RNA (referred as small interfeﬁng RNA or siRNA)
- which leads to gene silencing in a sequence-specific manner. The siRNAs are
incorporated in the BRNA Induced Silencing Complex (RISC), which contains several
protein components including a ribonuclease which degrades the targeted mRNA, and
then knocks down the synthesis of its corresponding protein (Figure 6). The antisense

strand of the siRNA duplex directs target specificity of the RISC RNase activity while the
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sense strand functions mainly to stabilize the RNA prior to entry into RISC and is

degraded after entering RISC.

To knock down P-Rex1 at specific target sequence 5-
GCAACGACTTCAAGCTAGTGGAGAA-3' {gene accession number NM_020820.2), a 21-
nt siRNA duplex with 37 -UU overhangs, antiseﬁse 5/- ACGACUUCAAGCUGGUGGAUU-
3’ and sense 5’ -UCCACCAGCUUGAAGUCGUUU-3’, was designed and ordered from
IDT. PC-3 cells were initially transfected with 50 nM of scramble siRNA (negative control
#1° siRNA, Ambion) or synthesized P-Rex1 siRNA in suspensions using Lipofectamine™
2000 according to the manufacturers instructions. After 5 hr of incubation, 90% of the
transfection medium volume was replaced with fresh culture medium. One day later,
adherent PC-3 cells were re-transfected with 50 nM of siRNAs. After an additional 2 days
of incubation; cells were harvested and subjected to real-time RT-PCR, western blot
analysis of P-Rex1 protein expression using the anti-P-Rex1 antibody 3A11 (1:1000),
cortactin staining and the transwell migration assay.

Establishing stable cell lines. Stable wild-type P-Rex1, P-Rex1 “GEF-dead”
ES6A/N238A mutant or pcDNA3.1 vector expressing CWR22Rv1 cell lines were
established according to a standard protocol. In brief, CWR22Rv1 cells were transfectéd
~with 20 ug of DNA for each 100 mm tissue culture dish using Lipofectamine™ 2000.
After 48 hr of incubation, cells were selected with G-418 (400 pg/mi) for two weeks.
Positive clones Were selected, amplified and verified by Western blotting for P-Rex1

expression.
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Rac Activation Assay. Activated Rac was assayed in an in vitro pull-down assay
using the Rac Activation Assay Kit. Cells at 70% - 90% confluency were washed with
- ice-cold Tris-Buffered Saline (TBS), lysed using lysis buffer by scraping, and transferred
to microfuge tubes on ice. The cell lysates were then pre-cleared by incubating with
glutathione agarose and centrifuge. The. supernatant aliquots were collected for
immediate use. PAK-1-PBD (10 ug) coup!éd to agarose beads was added to the
supernatant and the mixture incubated at 4 °C for 60 min with gentle agitation. Beads
were washed three times and samples wére subjected to 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by immunaoblot with anti-Rac antibody (clone 23A8,
Upstate). The secondary antibody was tagged wifh IRDye800, and membrane imaging
was carried out using a Li-Cor Odyssey at a wavelength of 800 nm. The corresponding
10% of the lysate was also assayed for total Rac.

Statistical analysis. Results are expressed as the mean = S.E. of at least three
determinations and statistical comparisons are based on the Student's t-test. A

probability (P) value of < 0.05 was considered to be significant.
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C. RESULTS

P-Rex1, a Rac specific activator, is upregulated in highly metastatic human
prostate cancef cell lines. Total RNA was isolated and both real-time RT-PCR and
conventional RT-PCR were performed (Figure 7). As shown in Figure 7B, guantitative
real-time RT-PCR analysis indicated that expression levels of P-Rex1 mRBNA were
significantly higher in the metastatic PC3-LN4 and PC-3 cells but was low or
undetectable in normal primary human prostate epithelial cells (PrEC) as well as in
nonmetastatic prostate cancer LNCaP and CWR22Rv1 cells. Consistent with this result,
the conventional RT-PCR showed product of P-Rex1 was clearly detected in more
aggressive prostate cancer celt lines but alhost undectable in normal and less
aggressive prostate cancer cell lines (Figure 7A). In supporting of this finding, western
blot analysis indicated that P-Rex1 protein was significantly higher in PC-3 cells than in
LNCaP and CWR22Rv1 cells (Figure 8A). These results were further confirmed by
immunoflucrescent staining using a P-Rex1 specific antibody. Interestingly, the majority
of the P-Rex1 is located in the cytosol, with a small fraction found on the leading edge of
- the plasma membrane of PC-3 cells, but not in LNCaP or CWR22Rv1 cells (Figure 8B).
More importantly, migration abilities of those prostaie cancer cells in response to the
NIH-3T3 CM, as measured by transwell chamber assays, were directly correlated with
their P-Rex1 expression levels (Figure 9). Taken together, these results indicated that
P-Rex1 expression was significantly elevated in metastatic prostate cancer cells and
provided the initial evidence that upregu_lation .of P-Rex1 may be associated with

increased metastatic abilities of prostate cancer cells.
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P-Rex1 protein is upregulated in human prostate adenocarcinoma and
lymph node metastasfé. We further performed immunchistochemical analysis of P-
Rex1 protein expression in neoplastic cells of formalin-fixed, paraffin-embedded prostate
tissue blocks. Figure 10A shows the representative immunostaining of P-Rex1 protein
as indicated by brown color in prostate carcinoma with adjacent noncanceroﬁs tissue
(A1 and A2) as well as their metastases in lymph nodes (A3 and A4) of two prostate
cancer cases. Compared with the noncancerous tissue (green arrows), the
immunostaining intensity of P-Rex1 is greatly increased in metastases in lymph nodes
{red arrows), but only slightly increased in the localized prostate carcinoma (black
arrows). Prostate tissue sections from eight prostate cancer patients were
immunohistochemically stained for P-Rex1 protein and then analyzed by an Automated
Cellular Imaging System (Gao et al. 2005). From each patient, noncancerous prostate
tissue; adjacent localized cancer; and a lymph node metastasis were examined. The
average H-score, an.indication of the expression levels of P-Rex1 in these tissues, is
éhown in Figure 10B. All cancer samples exhibited increased immunostaining intensity
compared with the noncancerous tissue. Although not quantified, the staining tends to
be more homogeneous in the metastatic prostate cancer than localized cancer. On
average, there was an approximately 3.7-fold increase inthe mean H-score in the lymph
node metastases and about a 1.6-fold increase in localized prostate tumors when
compared to nearby ’noncancerous prostate tissues, differences that were statistically
significant (P = 0.0004 and P= 0.016, respectively) by Student’s paired f test analysis.
Furthermore, the H-score was significantly higher in prostate cancer lymph node

metastases than in the localized tumor from the same patient (P = 0.0055), raising the
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possibility that heterogeneous upregulatioh of P-Rex1 in the primary tumor is associated
with progression to the invasive phenotype.

Knock-down of endogenous P-Rex1 reduces Rac-dependent prostate
cancer cell migration. To examine the biological function of P-Rex1 in prostate cancer,
we used a P-Rexi-specific sSiRNA to silence endogenous P-Rex1 expression in PC-3
cells which have the highest P-Rex1 expression among all the prostate cell lines used in
our study. Delivery of this synthesized P-Rex1 siRNA into PC-3 cells suppressed
expression of P-Rex1 mRNA level by over 60% (Figure 11A) and effectively decreased
P-Rex1 protein level as compared to cells transfected with the scramble siRNA (Figure
11B). We further studied the subcellular localization of cortactin. Cortactin is a cytosolic
protein and is translocated by activated Rac to the lamellipodia (Li et al. 2004). As
shown in Figure 12A, knock-down of P-Rex1 blocks the translocation of cortactin to the
lamellipodia in PC-3 cells. This finding of altered cortactin subcellular localization is
consistent with the notion that the P-Rex1 stimulates Rac activation. Consequently, the
cell migration was decreased by about 46% (Figure 12B). These data suggést that
endogenous P-Rex1 functions as a regulator of prostate cancer cell migration, and
further demonstrate that the elevated P-Rex1 level in metastatic prostate cancer cells
contribuies to the increased cell migration.‘

Expression of P-Rexi increases prostate cancer cell migration. Since
CWR22Rv1 cells express very low endogenous P-Rex1 protein, we first used this cell
line as an in vitro model! to investigate the effect of transient expression of exogenous P-
Rex1 protein on the prostate cancer cell migration in response fo NIH-3T3 CM. As

shown in Figure 13, under 40-50% of transfection efficiency, exogenous expression of
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P-Rex1 increased CWR22Rv1 cell migration by about two-fold. Deletion of the DH
domain, the Rac-GEF functional domain of P-Rex1 protein, completely abolished its
ability to enhance the CWR22Rv1 cell migration. This result suggests that P-Rex1-
promoted CWR22Rv1 cell migration is dependent on the Rac-GEF function of P-Rex1.
To determine if the stimulatory effect of P-Rex1 on CWR22Rv1 cell migration was
applicable to other brostate cancer cells, we transiently expressed GFP-taggéd P-Rex1
protein in PC3-LN4 cells which express modest level of endogenous P-Rex1 protein
(see Figure 7).VSince the transfection efficiency of PC3-LN4 cells was only about 25%,.
we enriched the transfected cells by flow cytometry sorting based on the GFP
fluorescence (Singh et al. 2005) and then performed transwell miération assays. As
expected, despite a similar expression level (Figure 14A), exogenous expression of
wild-type P-Rex1 but not the P-Rex1 (-DH) mutant resulted in a four-fold increase in

PC3-LN4 cell migration (Figure 14B).

Rac activation plays an important role in directed migration of prostate
cancer cells. PC-3 adenocarcinoma cell fing, originally established from bone
metastases of prostate cancer, has been widely used as a model for studying prostate
cancer metastasis (Sobel and Sadar 2005). To investigate the molecular mechanisms
underlying P-Rex1-mediated prostate cancer migration, we examined the effects of
inhibitors selective for Rac, Rho or Rho-kinase, a downstream effector of Rho, on the
directional migration of PC-3 cells {Figure 15). As shown in Figure 15B, the basal
migration of PC-3 cells in response to the DMEM is very low, demonstrating that the

 migration observed is dependent on factors present in the NIH-3T3 CM. NSC23766, a
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Rac-specific inhibitor (Gao et al. 2004), significantly inhibited the PC-3 cell migration in a
dose-dependent manner, causing about a 70% inhibition at 100 pM without a significant
effect on cell viability. In contrast, C3 transferase (2 pg/ml), a cell permeable Rho
inhibitor or 15 uM.Y-27632, a éelective inhibitor of Rho-kinase, only reduced the cell
mobility by about 35%. Taken together, our results indicated that Rho family GTPases,
particularly Rac, play an important role in directed migration of prostate cancer cells.

Gpy subunits and PI3K activation contribute to GPCR-stimulated migration
of prostate cancer cells. Rac is activated by GEFs upon external stimuli from surface
ligand-receptor systems such as GPCRs and receptor tyrosine kinases (Eltlenbroek and
Collard 2007). We found that pre-treatment of PC-3 cells with PTx (500 ng/ml, 6 hr), a G;
specific inhibitor, blocked cell migration by over 80% (Figure 16, left). Interestingly, PTx
treatment also inhibited cell migration of another highly metastatic prostate cancer cell
line PC3-LN4 by over 90% (Figure 16, right). Therefore, our data suggest that
~activation of Gi-coupled receptors is required for directed prostate cancer cell migration,
which is consistent with a previous report showing a role of the G; family of G proteins in
prostate cancer metastasis in vivo (Bex et al. 1999).

The binding of ligand (such as chemokines) to a GPCR promotes its interaction
with G proteins, resulting in dissociation of the Gu-GTP from GBy subunits. As shown in
Figure 17, M119, a recently identified specific inhibitor of GBy (Bonacci et al. 2008),
reduced PC-3 cell migration in a dose-dependent manner, with over 85% inhibition

observed at 25 pM without a significant effect on cell viability (over 95% of the cells were
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trypan blue impermeable), suggesting an important role of Gy in prostate Céncer
Migration.

GBy subunits released from G; proteins can trigger a number of downstream
events, including activation of the PI3K signaling cascade (Brock et al. 2003). PI3Ks
have been implicated as major regulétors of Rac-GEFs (Vivanco and Sawyers 2002)
and PI3K-dependent stimulation of Rac plays a critical role in regulating the migration of
many cell types (Barber and Welch 2006). However, blocking PI3K activity by the
specific inhibitor LY294002 (10 uM)} or wortmannin (100 nM) only resuited in less than
50% inhibition -of'PC—S cell migration (Figure 18B). This partial inhibitory effect was not
due to inefficient inhibition qf PI3K activity because LY294002 (10 pM) or wortmannin
(100 nM) can block more than 85% of the activity of Akt, a down-stream effector of
PI3Ks (Figure 18A). Therefore, our data suggest thét directed migration of prostate
cancer cells is dependent on GBy subunits, and may be regulated by both PI3K-
dépendent and -independent mechanisms.

P-Rex1 promotes prostate cancer cell migration and invasion via Rac
activation. To further .determine whether the effect of P-Rex1 was specifically
dependent .on its ability to activate Rac via its GEF activity, we generated stable
CWR22Rv1 cells expressing either wild-type P-Rex1 or a P-Rex1(E56A/N238A) “GEF-
dead” mutant (Figure 19A). Aithough P-Rex1 “GEF-dead” mutant expression was
similar to wild-type P-Rex1 (Figure 19B), cells expressing wild-type P-Rex1 but not its
mutant showed an approximate 3-fold increase in both cell migration (Figure 20) as

compared to control cells stably transfected with vector. More importantly, cell invasion

33



(Figure 21), ancther critical step in cancer metastatic cascades, was also increased
about 3-fold upon expression of wild-type P-Rex1.

Cell migration is a seguential, interrelated multistep process (Yamazaki et al.
2005). It involves the formation of lamellipodia at the front edge (Hall 2005), cycles of
adhesion and detachment, cell body contraction, and tail retraction. As shown in the
Figure 22 (A), Lamellipodia (white arrows) form in metastatic PC-3 cells, but not in
nonmetastatic CWR22Rv1 cells. Stable expression of P-Rex1, but not its “GEF-dead”
mutant, significantly increased the lamellipodia formation (Figure 22 (B)). Because Rac
controfs lamellipodia formation and P-Rex1 is a Rac-specific activator, we used a GST-
PAK1 fusion protein containing the Rac-binding domain as an affinity reagent to analyze
the activated GTP-bound Rac levels in prostate cancer cells. As shown in Figure 23,
Rac activities were much higher in PC3 cells than in CWR22Rv1 cells. This result
correlates with the level of endogenous P-F{exi in those cells (Figure 7). Interestingly,
CWR22Rv1 cells expressing wild-type P-Rex1 had significantly higher Rac activity as
compared to the control cells or cells expressing the “GEF-dead” P-Rex1 mutant.

To confirm this finding, we further studied the subcellular localization of cortactin.
As shown in Figure 22A&B, similar to F-actin polymer staining, the translocation of
cortactin to the lamellipodia is detected in PC-3 cells or CWR22Rv1 cells expressing
wild-type P-Rex1 protein but not control CWR22Rv1 cells or cells expressing the “GEF-
dead” P-Rex1 mutant. These findings_ of altered cortactin subcellular localization are
consistent with the notioﬁ that the P-Rex1 stimulates Rac activation. Altogether, our data
provide a molecular mechanism by which P-Rex1 promotes prostate tumor metastasis

through stimulation of Rac activity and, thus, the enhancement of lameliipodia formation.
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D. DISCUSSION

Metastasis is the spread of primary tumor cells to other sites elsewhere in the
body by way of the blood vessels or lymphatic systems. It plays the major contributing
role in cancer mortality and has attracted more and more interests of tumor biology
researchers. The process of metastasis heavily depends on the acquisition of increased
motility and invasiveness of cancer cells. In another words, the ability of a cell tol
metastasize requires changes that allow it to escape the normal boundaries of the tumor
in which it originated, and to migrate to and invade sites distinct from the primary tumor,
It is-therefore important to define the signaiing pathway(s) involved in the activation and
promotion of cancer cell migration and invasion. Extensive studies have revealed that
the small GTPase Fiaé significantly contributeskto these signaling transducﬁons. Itis
reasonable to investigate how Rac is involved in cell migration and invasion by studying
its activators, GEFs. Although some important ‘Rac-GEFs, like Tiam1, have been
identified, the whole or major network remains to be elucidated. In this study, we report
that an increase of P-Rex1 protein, a novei Rac specific GEF that normally helps
regulate neutrophil chemotaxis (Welch et al. 2002 & 2005), is markedly upregulated in
metastatic prostate cancer and may be another GEF that contributes to prostate cancer
cell migration and invasion.

In the present study we measured and compared gene expressions of some
typical GEFs, Tiam1 (GEF for Rac), Vav1/2/3 (GEF for Rac, Rho and Cdc4l2), and P-
Rex1, in the four different prostate cancer cell lines with varying degrees of metastatic
activity. As indicated by white arrows in Figure 24, we were surprised to find that P-

Rex1 showed a similar expression pattern as Tiam1: significantly elevated in metastatic
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prostate cancer celié, while Vav1/2/3 had a random expression (Figure 24). As
mentioned earlier, involvement of Tiam1 in cancer cell migration and invasion has been
well established. Therefore, we proposed that P-Rex1 may be another molecular
contributor of prostate cancer metastasis and focused our research on the role of P-
Rex1 in prostate cancer cell movement. In this dissertation, after démonstrating that the
endogenous levels of P-Rex1 directly correlated with the degree of in vitro migration of
prostate cancer cells, we carried out a series of experiments to test our hypothesis.
Silencing the endogenous expression of P-Rex1 protein in highly metastatic prostate
cancer PC-3 celis significantly reduced their ability to migrate. Conversely, when P-Rex1
was transiently expressed in CWR22Rv1 cells that express low levels of endogenous P-
Rex1, the cells exhibited increased migratory activity. Similarly, PC3-LN4 cells that
possess a modest level of P-Rexi also gained increased migratory activity upon
transient expression of P-Rex1. We also investigated archived specimens from human
prostate cancer. The P-Rex1 protein expression level is higher in metastatic tumors
when compared to non-cancerous prostate tis_sue and localized prostate cancer. All our
results suggest an important functional role for the P-Rex1 in contributing to prostate
cancer cell motility.

P-Rex1 is a GEF that was discovered based on its ability to specifically activate
Rac in migrating cells (Welch et al. 2002; Yoshizawa et al. 2005). It is a member of the
P-Rex family which consists of P-Rex1, P-Rex2 and P-Rex2b (a splice variant of P-
Rex2). They are homologous but differ in tissue distributions. P-Rex1 is mainly-found in
neutrophils and in brain, whereas P-Rex2 has a wide tissue distributicn except in

neutrophils. The heart is the major site where P-Rex2b is expressed (anald et al. 2004;
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Rosenfeldt et al. 2004). It is worth noting thaf our PCR experiments showed both P-Rex2
and P-Rex2b were almost undectable in the prostate cancer cells for which parallel
PCRs were also carried out for P-Rex1 and other GEFs described above (Figure 24).
Therefore, it is not likely that P-Rex2 or P-Rex2b is involved in prostate cancer
metastasis. in cells, P-Rex1 can only activate Rac, though it becomes less specific in the
test tube, where it also can activate cdc.42. There are three Rac subfamilies: Rac1, 2
and 3. They are highly homologous in sequence but have distinct tissue distribution.
Rac2 is specifically found in hematopoeitic cells, whereas Rac3 is highly expressed in
the brain and detected at lower levels in a wide range of tissues. In contrast, Racl is
ubiquitously expressed and has been well characterized [Chan 2005j. In our Rac pull-
down assay, only Rac1, but not Rac2 {not shown), was detected by using specific
antibodies. 1t is most likely that P-Rex1 activates Rac1 subfamily in prostate cancer célls,
though we did not measure Rac3. In normal stationary epithelial .cells, Rac appears to be
01; greatest importance during initial cell-cell contacts when new epithelial monolayers
form, and immediately thereafter when there is assembly of tight junctions and the
underlying cytoskeleton between adjacent cells {Braga 2000). Pathologically, Fiac'
hyperactivation has been reported to play a critical role in cancer metastasis (Sun et al.
2006). In 2004, Gao et al. designed and developed a specific inhibitor of Rac,
NSC23766 (Gao et al. 2004). This small molecule compound can effectively inhibit
Rac1-mediated cellufar functions by interfering Rac1 interaction with the Rac-GEFs,
without affecﬁng Cdcd2 or RhoA activation. In NiH 3T3 cells, the effective dose of

NSC23766 for blocking Rac1 is 50 to 100 uM (Gao et al. 2004). in our study, NSC23766

reduced metastatic prostate cancer PC-3 cell migration in vitro by about 50% at 50 uM
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and up to 70% at 100 uM, indicating a significant role of Rac in regulating prostate
cancer cell migration.

P-Rex1 has been shown to be activated by PIP3 and GRy (Welch et al. 2002).
interestingly, GBy not only interacts with P-Rex1 but also stimulates PIP3 production by
activation of PI3Ks. Therefore, both co-activators of P-Rex1 are naturally produced upon
activation of G-protein coupled receptors (GPCRs). GPCRs play a critical role in
physiological and pathological processes. Dysfunction of GPCRs is reéponsible for many
human diseases and more than 50% of current pharmaceutical products target GPCR-
mediated signal cascades [Edwards et al. 2000]. Recent studies have demonstrated that
many GPCRs and their ligands are also involved in cancer progression and metastasis.
[Daaka 2004; Dorsam and Gutkind 2007], and the list of overexpression of GPCRs in
different types of cancer cells is huge [Li et al. 2005]. In malignant prostate cancer,
several metastasis-promoting ligands/GPCRs are excessively up-regufated and convey
signals that control the mobility and invasive potential of cancer cells, for example
chemokine ligand/GPCR axes (stromal-derived factor-1(SDF-1)/CXCR4, CCL5/CCR5)
[Sun et al. 2005; Cooper et al. 2003;-Vaday et al. 2005], protease-activated receptor
(PAR1) [Chay et al. 2002] and matrix metalloproteinases [Cao et al. 2005; Daja et al.
2003]. These ligands/GPCRs play important roles in prostate cancer invasion and
metastasis, particularly skeletal metastasis, the most common metastasis of prostate
cancer. Although over-stimuiated GPCR signaling pathways are implicated in cancer
metastasis, molecules finking hyperactivated GPCRs with cancer cell migration remain
to be elucidated. Classically, GBy released from G broteins upon activation of GPCR

activates GEFs such as Tiam1 and Vav3 only by stimulating PI3Ks to produce PIP3.
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However, a unigue feature of P-Rex1 is that it can be synergistically activated by both
GBy and PIP3. It is possible that selective upregulation of P-Rex1 contributes to the
hyperactivation of Rac in metastatic prostate cancer cells ( Knight-Krajewski et al. 2004).
As we have shown, there is a correlation between the P-Rext expression level and
metastasis in both cell lines and human prostate cancer tissues. GPCRs have been
shown to be involved in the prostate cancer migration and metastasis both in vitro (our
data) and in vivo (Bex et al. 1999). In particular, the newly identified Gy inhibitor, M119
compound, dramatically reduced the migration of high P-Rex1 expressing PC-3 cells at
10 - 25 pM. This is well consistent with the published data in which the same
concentration range is required to block the interactions between GRy and its down-
stream targets (Bonacci et al. 2006). Taken together, these studies suggest that
hyperactivation of Rac may be due to, at least in part, elevated P-Rext, which
contributes to the progression of prostate cancer to the metastatic stage.

"Like Tiam1, P-Rex1 is a multi-domain Dbl-like GEF, which means it has a DH
domain and other domains. It is well known that the GEF DH domain is an essential
region and has nucleofide exchange activity. Structurally, DH domains consist of three
conserved regions (CR1 — CR3) and poorly conserved “seat-back” regions. These
regions can extensively interact with the switch domains of small GTPases, causing the
remodeling of the switch regions. Eventually, these interactions at the Rho-GEF/GTPase
inferface will alter nucleotide-binding pockets of GTPases, resulting in GDP/GTP
exchange (Rossman et al. 2005). Two P-Rex1 mutants were used in our studies. One is
the DH-deletéd mutant and another is the “GEF-dead” DH-ES56A/N238A duai-point

mutant. Regulating accessibility of the substrate GTPase to the GEF DH domain is
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important for GEF activation. The design of the P-Rex1 DH-E56A/N238A mutant has 7
been based on the alignment of the Tiam1 DH domain. GIu®® in P-Rex1 is equi;\/afent to
Glu" in Tiam1 and Asn®® in P-Rex1 to Asn'®? in Tiam1 (Hill et al. 2005). Studies
suggesfed that these two residues in Tiam1 are involved in building the interface with
Rac. Both DH-deleted and DH-dual point mutants lack Rac-GEF activity and failed to
activate Rac activity, resulting in a loss of its ability to promote prostate cancer cell
migration and invasion in the present study. These experiments demonstrated the
importance of the classical action of P-Rex1 as a GEF in prostate cancer cells.

A major function of Rac is its control of actin polymerization in the cytoskeleton to
form lamellipodia, the thinned-out leading edge that is a crucial invasive characteristic of
metastatic cancer cells. Indeed, we found that expression of wild-type P-Rex1, but not its
“‘GEF-dead” mutant, promotes lamellipodia formation in prostate cancer cells. These
data  indicated that the celular basis for the action of P-Rex1 on prostate cancer
metastasis involves the activation of Rac with subsequent formation of lamellipodia and
the DH is the catalytic domain for P-Rex1 GEF function. Importantly, it has been
reported that the DH domain is the region by which Gy regulates P-Rex1 GEF activitity
(Hill et al. 2005). This finding is supportive of our GPRy inhibition results as mentioned
above. In Dbl-like GEFs, the DH domain is usually followed by a PH motif. There is no
exception for P-Rex1. P-Rex1 also possesses two tandem PDZ domains, two tandem
DEP domains and a carboxyl-terminal IP4P domain. We did not examine the potential
roles of these motifs in reguiating prostate cancer cell migration. Generally, the DH-
associated PH domains regulate GEF activity by binding to 'phosphoinositides, which

has been confirmed for P-Rex1 (Hill et al. 2005). PDZ and DEP domains are known as
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protein-interaction domain serving adaptor-type functions to target their proteins to
specific positions like membranes. The IP4P has a primary structure similar to inositol
polyphosphate-4-phosphatase. However, the detailed roles of PDZ, DEP and IP4P
domains are unknown in the P-Rex1 protein, though there is evidence showing the
presence of these domains affects both basal and stimulated P-Rex1 Rac-GEF activity,
which is likely due to their autoinhibition effect (Hill et al. 2005).

The reason for the upregulation of P-Rex1 in metastatic prostate cancer cells is
unclear. The gen'e for P-Rex1 is found at chromosome 20q13.13. Most of the prostate
cancer cell lines studied fréquently have excess copies of chromosome 20 ( Aurich-
Costa et al. 2001 and Strefford et al. 2001). In addition, histone deacetylation and
methylation seems to contribut_e to the silencing of endogenous P-Rex1 expression in
CWR22Rv1 cells (Dr Tu lab, unpublished observations). This suggests that there could
be both genetic and epigenetic alterations in the regulation of P-Rex1 expression, which
is a focus of on-going research in our lab.

Although our work has only focused on the small GTPase Rac, it is always
important to take into account all the major subfamities of Rho small GTPases. It has
been well established that Rac, Rho and Cdc42 are all involved in the assembly and
organization of the actin cytoskeleton (Hall 1998). Generally, Rac activation leads to
formation of lamellipodia, while as Cdc42 and Rho induce filopodia and stress fibers,
respectively. During the cell movement, Rac and Cdc42 work together promoting
formation of protrﬁsioﬁs at the leading edge, and Rho induces retraction at the tailing
portion. It'is this coordinated reorganization of cell skeleton that permits cells to move

toward a target. Thus, it was not surprising that Rho also played a role in prostate cancer
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cell migration as shown in ouf Rho inhibition experiments. In our study model, Rac and
Rho demonstrated differential effects on prostate cancer cell migration. We are not sure
if this applies to other disease models, because the difference may vary due to cell and
tissue types.

In the present study, we used the simple and classic transwell cell migration
aésay, a modified Boyden chamber assay. This is a very reliable approach for the
analysis of chemotaxis, directed cell migration (Guan 2005). In general, cells placed on
the top compartment are allowed to migrate through the pores of the membrane into the
lower compartment. This process is driven by the chemotactic agents present in the
fower chamber. In our study, NIH 3T3 conditioned media has been used as the source of
chemotactic agents. We have so far not been able to identify individual components
contained in this media and what stimulating factors are involved in the P-Rex1-
mediated signal transduction pathways. However, evidence suggests that NiH 3T3
conditioﬁed media is a rich source of chemoattractants. In addition, matrix proteins in
this media like fibronectin and vitronectin can form a supportive coat at the underside of
thé membrane and this coat may provide a matrix substrate used by the migrated cells
to adhere (Guan 2005). Thus, NIH 3T3 conditioned media has been widely used in the
cell migration and invasion assays. Cell invasion is a defining step in tumor progression
and one of the hallmarks of the metastatic phenotype. The same transwell device was
applied for invasion assays, but with a basement membrane mlatrix preparation coated
on the top of the filter membrane. The matrix preparation used in our study is Matrigel
which is a soluble matrix extracted from the Engelbreth-Hoim-Swarm (EHS) mouse

sarcoma, a tumor rich in extracellular matrix proteins. Although Matrigel is not likely to be
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able to represent all the aspects of an actual basement membrane, it is an effective
membrane barrier to mimic it. Albini et al. (1987) demonstrated that there was an ideal
correlation between the invasive behavior of tumor cells in vivo and their ability to invade
i.n vitro using this approaoh. Cell migration and invasion have become the focus of much
research because of their importance. Therefore, more and more new testing methods
have emerged. li is important to note that although our transwell assays provided useful
basic knowledge of P-Rex1-mediated prostate cancer cell migration and invasion
péthways, further understanding of the signaling by using complicated assay systems is
stifl desired. For example, using the Dunn chemotaxis chamber with time-lapse
microscopy (video) will éllow us to observe directly the morphological changes of cells in
response to chemoatiractants in real time. Tumor cells can move either in single-cell
model or monolayer cell migration model. It is not clear whether prostate cancer cells
adopt one of modes or the combination. Performing a scatter assay or wound-healing

assay will help us obtain more detailed information (Guan 2005).
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Figure 5. Transwell assay principle {adapted from www.cellbiolabs.com).
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Figure 6. (A) The mechanism of RNA interference (RNAI) (adapted from
http://www.ambion.com/techlib/append/RNAi_mechanism.html). (B} P-Rex1 siRNA
sequences.
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Relative expression of P-Rex1

Figure 7. Analysis of P-Rex1 mRNA expression in human prostate cell lines. Total RNA
was isolated from cultures of normal prostate epithelial cells (PrEC) and four prostate
cancer cell lines (LNCaP, CWR22Rv1, PC3-LN4 and PC-3). (A) Conventional RT-PCR
(35 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds). PCR
products were subjected to 3% agarose gel electrophoresis and visualized by staining
with ethidium bromide. House-keeping gene B-actin was used as an internal control. {B)
Quantitative real-time RT-PCR. Bars represent the mean + S.E. values of P-Rex1 mRNA

levels normalized to B-actin levels (n=5).
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Figure 8. Analysis of P-Rex1 protein expression in prostate cancer cells. A: Western blot
analysis of P-Rex1 protein using the anti-P-Rex1 antibody 3A11. B: Representative
immunofiuorescence staining of prostate cancer cells for P-Rex1 protein with the anti-P-
Rex1 antibody 4A3, followed with Alexa-F488 (green)-linked secondary antibody. DAP!

staining (blue) indicates the nuclei.
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Figure 9. Transwell cell migration assays of prostate cancer cells toward NIH-3T3 CM.
All results are represented as mean + S.E. of migrated celis per 10,000 loaded cells
(n=3).
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A. Noncancerous prostate Lymph node
' & localized cancer metastasis

s

Figuré 10. Immunochistochemical staining of human specimens for P-Rex1 protein using
the antibody 4A3 as indicated by brown color. The top panel shows representative
staining. A1 and A2 show noncancerous prostate epithelial cells (green arrow) and
localized prostate cancer (black arrow). Prostate metastases (red arrow} into lymph
nodes are illustrated in A3 and A4. The average H-score was used to grade P-Rex1
expression levels. The bottom panel shows the mean + S.E of eight cases. *p=0.016,
**p=0.0055, ***p=0.0004.
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Figure 11. RNA interference for P-Rex1 expression in PC-3 cells using double
transfection as described in the Materials and Methods. Cells were then harvested for
real-time RT-PCR (A) and Western blot analysis (B) to detect P-Rex1 expression. Bars

show mean = S.E. with *p<0.05 compared to control (n=3).
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Figure 12. (A} Treatment of PC-3 celis with P-Rex1 siRNA blocks the translocation of
cortactin (green) to the membrane. DAPI| staining (blue) indicates the nuclei. (B) RNA

interference for P-Rex1 results in suppression of transwell migration of PC-3 celis.

51



DH PH DEP PDZ IP4P 1659
o BEG ot N = P-Rex1 (full lengh)

— P-Rex1 (-DH)

250~ *

200+
CWR22Rv1

% Migration
2 o
A

[41]
[=]
[

(=]
1

CN P-Rex1 (-DH) P-Rex1

Figure 13. (A) Schematic structures of wild-type P-Rex1 and DH-deleted P-Rex1 mutant.
Numbers: amino acid positions. (B} CWR22Rv1 cells were transfected with control GFP,
GFP-tagged P-Rex1 or P-Rex1(-DH) for 48 h, and then subjected to transwell migration
assay for 8 h. Bars show mean = S.E. with *p<0.05 compared to control set at 100%

(n=3).
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Figure 14. PC3-LN4 cells were transfected with the indicated plasmids. (A} Expression
of P-Rex1 and P-Rex1(-DH) protein detected by western blot analysis using anti-GFP
antibody. (B) Transfected cells were selected by flow cytdmetry cell sorting based on
GFP fiuorescence, followed by transwell migration assays. Bars show mean = S.E. with

*p<0.05 compared to control (n=3).
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Figure 15. (A) Scheme of reguiation of prostate cancer cell migration by small GTPases.
(B) Prostate cancer cells were pretreated with different inhibitors and then added to the
upper well (50,000 cells/well) of each chamber and allowed to migrate for 5 h toward
DMEM medium or NIH-3T3 CM in the absence or presence of inhibitors. Migration

toward CM in the absence of inhibitors was normalized to 100% (about 663 X+ 95 per
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10,000 loaded celis). PC-3 cell transwell migration assays without (control: CN) or with
indicated concentrations of Rac inhibitor NSC23766 (NSC), Rho inhibitor C3 transferase
{C3) or Rho-kinase inhibitor Y27632 (Y). Bars show the mean = S.E. {n=3) with "p<0.05.
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Figure 16. Transwell migration assays of PC-3 or PCS;LN4 cells without (CN) or with G-
protein inhibitor pertussis toxin (PTx, 500 ng/mi) pretreatment for 6hr. Bars show the

mean = S.E. (n=3) with *p<0.01 compared 1o untreated cells (Control).
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Figure 17. Transwell migration assays of PC-3 cells in the presence of GRy specific
inhibitor M119 at the indicated concentrations. Bars show the mean + S.E. (n=4) with

*p<0.05 compared to control.
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Figure 18. (A) Representative western blot showing effective inhibition (85%) of
activated Akt (pAkt), a downstream effector of PI3K, by 10uM LY or 100nM Wort. Total
Akt was used as a loading control. (B) Transwell migration assays of PC-3 cells in the
presence of PI3K inhibitors LY294002 (LY, 10 uM), wortmannin (Wort, 100 nM) or
- vehicle control (CN). Bars show the mean + S.E. (n=3) with "p<0.01 compared to control.
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Figure 19. (A) Schematic structures of full-lengh P-Rex1 and P-Rex1 “GEF-dead”
mutant. Numbers denote amino acid positions. E: glutamic acid; A: alanine; N:
asparagines. (B) Expression levels of P-Rex1 and its mutant in CWR22Rv1 cells were

determined by western blot analysis.
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Figure 20. CWR22Rv1 cells stably expressing wild type P-Rex1, P-Rex1 “GEF-dead”
mutant or control vector were subjected to migration assay for 24 h. Bars show mean =

S.E. with *p<0.01 comrpared to control (n=3).
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Figure 21. CWR22Rv1 cells stably expressing wild type P-Rex1, P-Rex1 “GEF-dead”
mutant or control vector were subjected to invasion assay through Matrigel for 24 hr.
Bars show mean = S.E. with *p<0.01 compared to control (n=3).
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Figure 22 (A). P-Rex1 promotes the formation of lamellipodia and the iranslocation of
cortactin. CWR22Rv1 cells stably expressing vector is used as negative controi and PC-
3 cells used as positive control. Serum-starved CWR22Rv1 or PGC-3 cells were
incubated with DMEM or NIH-3T3 CM for 5 hr and then stained with anti-cortactin
antibody and FITC-conjugated secondary antibody (green) to detect cortactin in
combination with rhodamine-conjugated phalloidin (red) for detection of F-actin. DAPI
staining (blue) indicates the nuclei. Accumulation of cortactin and F-actin at the cell

periphery is indicated by arrows.
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Figure 22 (B). P-Rex1 promotes the formation of lamellipodia and the translocation of

cortactin.
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Control P-Rex1 Mutant PC-3

GTP-Rac
Total Rac

Figure 23. P-Rex1 activates Rac in prostate cancer cells. The amount of activated GTP-
bound Rac was guantified by PAK-1-PBD-conjugated agarose pull-down assay as
described in the Materials and Methods. The precipitated active Rac was analyzed by
immunoblotting with anti-Rac antibody (top panel). The immuncbiot of the cell lysates
{bottom panel) was used as an index of the total Rac for the puli-down assay.
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Figure 24. Analysis of GEF mRNA expression in human prostate cell lines. Total RNA
was isolated from cultures of four prostate cancer cell lines (LNCaP, CWR22Rv1, PC3-
LN4 and PC-3), followed by conventional RT-PCR (25 cycles of 94°C for 30 seconds,
55°C for 30 seconds, 72°C for 30 seconds). PCR products were subjected to 3%
agarose gel electrophoresis and visualized by staining with ethidium bromide. House-
keepi'ng gene B-actin was used as an internal control. White arrow: bands of P-Rex1 and
Tiam1. STD: standard.
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CHAPTER Il

EFFECTS OF P-REX1 IN PROSTATE TUMOR GROWTH AND METASTASIS

IN VIVO

A. INTRODUCTION

We previously demonstrated that P-Rex1 was elevated in metastatic prostate cancer
cells and human clinical tissues. Altera.tion of P-Rex1 expression was positively
correlated with cell migration in prostate cancer cell models. Cell models are useful
research tools for testing of genes of interest in vitro, but after all they are simplified |
s.ystems and may not display real features of more complicated biological systems.
Animal models have been widely used in the translational and preclinical research
phases of new drug discovery and development. Therefore, we next performed in vivo
studies to examine the role of P-Rex1 in prostate cancer growth and metastatic

progression.

in order to carry out in vivo studies, CWR22Rv1 stable cell ines were established
and PC3-LN4 has enhanced metastatic potential and then was chosen as positive cell
model. Since P-Rex1 is a Rac GEF and Rac may have other functions than being a
regulator of cell migration, we first examined the effect of P-Rex1 on prostate tumor
growth by injecting prostate cancer cells with varying P-Rex1 expression subcutaneously
into nude mice. For the in vivo metastasis testing, we used the orthotopic mouse model

in which prostate cancer cell were injected directly into mouse prostates.

We compared tumor growth kinetics and prostate spontaneous lymph node

metastases of stable CWR22Rv1 cell lines expressing empty vector, P-Rex1 or P-Rex
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mutant lacking GEF function. We provided the first evidence that P-Rex1 can promote

prostate cancer metastasis in vivo,
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B. MATERIALS AND METHODS

Subcutaneous injection of prostate tumor cells. These in vivo experiments
were performed in accordance with protocols approved by the Creighton University
Institutional Animal Care and Use Committee. A stable CWR22Rv1 cell suspension {1 x
10° cells in 200 pl of 1:1 culture medium and Matrigel) was injected subcutaneously into
the dorsal surfaces of male athymic Nu/Nu-Foxn1 mice (Charles River, Wilmington, MA,
five mice per group). Tumor growth was monitored once a week an_d tumor volume (V)
was estimated from the volume formula for an ellipsoid: V = 0.5236 x length x width x
height (Fizazi et al. 2002).

Orthotopic injection of prostate tumor cells. Orthotopic injections of tumor
cells were performed as described elsewhere (Koyar et al. 2006). Briefly, the left anterior
prostate of male NOD/SCID mice (Charles River) was exteriorized through a small
suprabubic abdominal incision and injected with 50,000 CWR22Rv1 celis or PC3-LN4
cells in 15 pl growth media. After returning the abdominal contents, wounds were
sutured and the mice were checked at least once per week for 9 weeks. At the endpoint,
abdominal cavities of mice were opened to remove the primary prostate tumors and then

dissected to examine tumor metastases into the para-aortic lymph nodes.
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C. RESULTS

P-Rex1 does not affect prostate tumor growth We fested the effect of P-Rex1
expression on prostate tumor growth in vivo. CWR22Rv1 control cells or cells stably
expressing wild-type P-Rex1 or the P-Rex1 “GEF dead” mutant were subcutaneously
injected into nude mice, and tumor volumes were measured once a week. PC3-LN4 was
used a positive control. Figure 25 showed representative CWR22Rv1 tumor formation
and growth over the five-week experi ment period. At week 1 no macroscopic tumor was
found. Tumors were detected beginning week 2 and continued to grow in the rest of
studies. H.owever, there was no statistical difference in the growth rate of the
subcutaneous tumors among the groups (Figure 26), suggesting that P-Rex1 does not

have a direct impact on prostate tumor growth.

P-Rex1 induces spontaneous lymph node metastasis in mouse models. We
therefore used a well-characterized orthotopic model to determine the role of P-Rex1 in
the prostate cancer spontaneous metastasis to lymph nodes. The CWR22Rv1 stable
transfectants were orthotopically implanted into prostate of immunodeficient male
NOD/SCID mice. The highly metastatic PC3-LN4 cell line was used as a positive control.
Animals were tracked through a 9-week period and then dissected to expose the primary
tumors and lymph nodes at the endpoint. All mice bore primary prostate tumors and
there were no significant differenbe in size of these tumors among three CWR22Rv1
groups. However, as shown in the Figure 27, all mice in the PC3-LN4 positive control
group showed macroscopic lymph node metastases. There was no visible metastasis
detected in any mice bearing tumors derived from CWR22Rv1 cancer cells expressing
either vector or P-Rex1 “GEF-dead” mutant. In contrast, express_ion of wild-type P-Rex1
in CWR22Rv1 cells significantly increased the incidence of lymph node metastasis (3

out of 5 mice). To further evaluate and confirm tumor growth and metastasis, formalin-
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fixed mouse prostate and lymph node tissues were routinely embédded, sectioned, and
stained with hematoxin and eosin using standard techniques for microscopic
examination. As shown in Figure 28, histopathology of the prostates from both
CWR22Rv1 P-Rex1 and PC3-LN4 groups showed the prostate glands were almost
replaced by tumor cells (PC3-LN4 cells are larger than CWR22Rv1 celis) and few
glandular structures of epithelial cells were observed. Interesting, we found widespread
infiltration of tumor cells in lymph node metastases. The majority area of lymph nodes
analyzed was occupied by tumor cells. These findings clearly demonstrate that P-Rex1

promotes spontaneous prostate cancer metastasis in vivo.
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D. DISCUSSION

There are some methods which may closely mimic that observed in vivo, such as
three-dimensional rﬁatrices. However, understanding the process of metastasis in
animals can provide tremendous insight into the mechanisms in real biological systems.
Mice have provided a powerful mode! for cancer in a mammalian system. This has
allowed us to define signal transduction pathways and identify potential molecular
targets. In our work, traditional xenograft mouse models have been used to study
potential roles of P-Rex1 in prostate cancer progression. In these models, primary or
genetically cell lines derived from primary tumors were incorporated into
immunodeficient mice. Nu/NU-Foxm mouse model is athymic and T-cell deficient,
whereas NOD/SCID mice have impaired T and B cell lymphocyte function as well as
lacking NK function and the. ability to stimulate complement activity. These features will

alfow the engraftment of human tumor cells in mice.

Subcutaneous and orthotopic mice models are two commonly used in vivo models.
There has been a debate on the utility of subcutaneous tumor models versus orthotopic
models. Generally speaking, subcutaneous models seem to be more suitable for tumor
growth testing, because it is easier to monitor ahd measure formed tumors in a relatively
- shorter time after injection. On the other hand, orthotopic models show some
advantages' over subcutaneous models for tumor metastatic studies. This method
preserves the relevant tumor microenvironment and may give rise of to spontaneous
metastases, which mimics the whole process of metastasis event, including local

invasion, survival and colony formation.

In our studies, CWR22Rv1 stable cell lines were compared for tumorigenic and

grow potential in subcutaneous injections. No statistic differences were found in growth

71



rates of these tumor cells, although they vary in P-Rex1 or its mutant expressions. This
result suggested that P-Rex1 did not influence prostate cancer cell growth. it is reported
that Rho family proteins could play many roles in biclogical events, including migration,
invasion, cell cycle, growth and survival [reviewed by Ridley, 2004]. P-Rex1 can activate
Rac. a member of Rho family. We did not see an effect of P-Rexi on prostate tumor

growth and it may be because Rho-mediated events are cell or tissue specific.

In our in vivo metastasis testing, same cell lines used in subcutaneous models were
implanted into mouse prostates respectively by doing surgery. None of mice injected
with CWR22Rv1 control cells developed-spontaneous lymph node metastases, whereas
metastases were detected in all positive controls. Kovar et al. reported the same reéu[ts
as our control groups previously (Kovar et al. 2006). Consistent with in vitro obéervations,
expression of P-Rex1, but not its “GEF-dead” mutant, significantly promoted CWR22Rv1
tumor metastases.” Taken together, P-Rex1 not only enhanced prostate.cancer cell

migration and invasion in vitro, but also promoted prostate tumor metastasis in vivo.

While our data suggest a functional role of upregulated P-Rex1 in prostate cancer
metastatic progression both in vitro and in vivo, further research is required to explore
how P-Rex1 is involved in this process in greater detail. Metastasis is complex multiple-
step cascade, including primary tumor growth, detachment/local invasion, survival in the
circulation, arrest in organs, exiravasation and progressive outgrowth within distant
organs (Fidler 2002). Each of these major steps can be rate limiting.. Based on our
results, it is likely P-Rex1 is a motility-related gene and can facilitate some steps of
metastasis such as local invasion of some tumor cells into the host stroma, intravasation
and extravasation, because directed cell migration is required in these sieps. It is
interesting to note that directed cell migration is critical for both cancer metastasis and

inflammation responses and P-Rex1 represents about 65% of the total Rac GEF activity
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in neutrophils. Thus, in cancer cells P-Rex1 probably adapted mechanisms similar to
those operated by inflammatory cells. As a multigene phenomenon, the outcome of
-metastasis largely depends on the context of the cancer cells and the particular
extracellular milieu. P-Rex1 appears to be just one of factors that can influence the
process. It is not clear if P-Rex1 plays roles other than enhancing directed cell migration.
There are many other factors involved in the metastasis cascade. For example, loss or
downregulation of metastasis suppressor genes such as KAI-1, CD44 and NM23 may
contribute to the prostate cancer metastatic progression {Karayi and Markham 2004).
Integrins-mediated tumor cell-exiracellular matrix interactions are important for the
development of metastasis (Steeg 2006). Moreover, the biological heterogeneity of
tumor cells is one of main barriers to freatment of metastasis. Specific pathways may be
fimited to a subset of tumor cell types. Thus, further understanding of the P-Rex1-

mediated pathway in cancer metastasis is still desired.
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Week 4

Week 5

Figure 25. Representative tumor formation and growth (red arrow) that results from

subcutaneous injection of CWR22Rv1 cells into nude mice.
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Figure 26. CWR22Rv1 cells (1 x 10°) stably expressing either wild-type P-Rex1, P-Rex1
‘GEF-dead” mutant, vector or positive conirol PC3-LN4 cells were injected
subcutaneously (SC) into Nu/Nu mice (five mice per group). Tumor growth was
monitored once per week for 5 weeks. One way ANOVA analysis indicates no statistical

differences in tumor growth among the three groups.
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CWR22Rv1 PC3-LN4
_ P-Rex1 P-Rex1 mutnt

Control

Incidence of Metastasis
CWR22Rv1 Control : 0/6
CWR22Rv1 P-Rext 3/5
CWR22Rv1 P-Rex1 mutant 0/5
PC3-LN4 5/5

Figure 27. Intraprostatic injection of CWR22Rv1 cells or PC3-LN4 cells into male
NOD/SCID mice {50,000 cells in 15 pl culture medium/mouse) as described in the
Materials and Methods. Nine weeks post injection, mice were sacrificed to examine
spontaneous metastases (green arrow) of prostate tumor into lymph nodes. The

incidence of spontaneous metastasis in each group is shown in the table.
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Figure 28. Representative histopathology (H&E staining) of primary tumors and lymph

mode metastases of CWR22Rv1 P-Rex1 cells and PC3-LN4 cells. Lym: lymphatic cells.
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CHAPTER IV
SUMMARY AND CONCLUSEONS

The aim of our study was to investigate the role of P-Rex1 in prostate cancer
migration, invasion and metastasis. The first major objective of our study Was to assess
the biological importance of P-Rex1 in prostate cancer. Different prostate cell lines were
cultured, hawested and then RNA was extracted for both conventional RT-PCR and
real-time PCR. It was found that P-Rex1 gene expression is significanﬂy elevated in
metastatic prostate cancer cells, but very low or undetectable in normal prostéte cells or
nonmetastatic prostate cancer cells. To see if P-Rex1 protein expression is consistent
with its gene expression, we did both western blot and immunofiucrescence staining and,
as expected, there was higher P-Rex1 protein expression in more aggressive prostate
~ cancer cells. More importantly, the transwell migration assay shows prostate cancer cell
migration is positively correlated with its P-Rex1 expression. To determine whether the
findings in cell lines that P-Rex1 expression is upregulated in metastatic prostate cancer
cells extend to clinical human tissues, we collaborated with the Depariment of Pathology,

Creighton University, to carry out immunohistochemical analysis of P-Rex1 protein

. expression in specimens from prostate cancer patients, including primary tumor and

lymph node metastasis samples. Our data revealed that P-Rex1 level was slightly
increased in noncancerous prostate tissues and much more significantly elevated in
tymph node prostate metastases. These results suggested that P-Rex1 may be involved
in and play an important role in prostate cancer metastasis, probably by promoting cell

migration and invasion.
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Next, we investigated what potential biological function P-Rex1 may have in
prostate cancer cell migration. RNAI technology has been commonly used to knock
down genes of interest. In our studies, knock-down of endogenous P-Rex1 using siRNA
reduced prostate cancer cell migration. We also showed that this procéss was Rac-
dependent. Transienf expression of P-Rex1 by transfection in prostate cancer cells
increased their migration. Taken together, manipulation of P-Rex1 expression positively
affects prostate cancer cell migration. In addition, our data indicated the DH domain of
P-Rex1 was critical for its GEF function.

The second major objective of our study was to investigate the molecular
mechanisms underlying P-Rex1-mediated prostate cancer cell migration and invasion.
Sufficient evidence shows small Rho GTPases are imporiant regulators of cell migration.
Therefore, we first examined involvement of small GTPases Rac and Rho in prostate
cancer cell migration. As expected, both Rac and Rho play a éignificant role in this
important biological event. Our inhibition experiments also suggested that G; protein,
GBy.subunits and PI3Ks are involved in prostate cancer cell migration. All these results
obtained from prostate cancer cell models are consistent with data previously published
by other research groups. P-Rex1 was discovered as a Rac specific activator. However,
none of past P-Rex1-related studies has been performed on cancer cells. To determine
whether P-Rex1 promotes prostate cancer cell migration and invasion via Rac activation,
we established CWR22Rv1 cell lines stably expressing vector, full-length P-Rex1 or P-
Rex1 “GEF-dead” mutant. Once again, expression of P-Rex1 enhanced prostate cancer
cell migration. More importantly, ‘P-Rex1 also promoted CWR22Rv1 cell invasion, which

is another critical step in tumor metastasis. In our studies, Rac activation by P-Rex1 in
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prostate cancer cell models were demonstrated either indirectly through observation of
lamellipodia formation and cortactin subceliular translocation, or directly by the Rac pull-
down assay which determines the amount of activated Rac. This series of in vitro
experiments using prostate cell models suggested that P-Rex1 can activate. Rac and
promote prostate cancer cell migration and invasion.

Finally, in vivo studies using mouse models were performed to determine effect of
- P-Rex on tumor growth and spontaneous metastasis to lymph nodes. The subcutaneous
injection mouse model showed P-Rex1 did not affect prostate tumor formation and
growth rate. However, we found that expression of P-Rex significantly promoted prostate
cancer spontaneous metastasis to lymph nodes in an intraprostatic injection mouse
model. This in vivo metastasis study further verified our in vitro finding that P-Rext was
involved in prostate cancer migration and invasion.

In summary, our data are consistent with the model depicted in Figure 29 showing
chemotactic factor-stimulated Gi-coupled GPCR induced dissociation of.GBy from Go.
Free GRy (inhibited by M119) can activate P-Rex1 directly or indirectly éhrough'a PI3K-
dependent pathway (inhibited by LY294002 and Wortmannin). Synergistic activation of
P-Rex1 by GBy and PIP3 causes hyperactivation of Rac (inhibited by NSC23766), which
drives prostate cancer cell migration. In addition, PTx can atienuate activation of G-
protein, thus blécking prostate cancer cell migraticn. Evidence is presented that P-Rex1
plays an important role in prostate cancer metastasis in vivo. The pathway(s) leading to
Rac activation in prostate cancer cells offer possible targets for intervention (Sun et al.
2008), and the important effects of P-Rex1 documented here make it one of those
targeté. P-Rex1 was postulated to function as a coincidence detector of signaling for cell

migration (Welch et al. 2002). Also, the Rac GTPase acts as a node of signaling
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convergence and divergence for outside-in signaling transmission. We have not been
able to identify individual membrane receptor systems that play considerable roles in P-
Rex1 activation signals. It .is most likely that diverse extracellutar stimuli that not only
recognize GPCRs, but also other receptors like receptor tyrosine kinase (RTK), tyrosine
kinase associated receptors, integrins (af heterodimers), and other cell surface
receptors contribute o prostate cancer progression (Mimeault et al. 2006, Karnoﬁb etal
2004). By functioning as a molecule that integrates separate inputs from GPCRs and
receptor tyrosine kinases or adhesion moiecules simultaneously activated in the local
microenvironment, P-Rex1 could alsoc help control the direction of prostate cancer cell

movement.
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Figure 29. A proposed model for the regulation of P-Rex1-mediated prostate
cancermetastasis through Gi-coupled receptor signaling pathway. Chemoattractants
bind 1o G protein-coupled receptors (GPCRs) of prostate fumor cells and then trigger G
proteins to activate a signaling cascade that causes chemotaxis (stimulated, directed cell
migration.). Up-regulated P-Rex1-mediated signal transduction plays an important role in
prostate cancer cell migration, invasion and metastasis because P-Rex1 is a unique and
efficient Rac activator. P-Rex? can be activated not only by PI3Ks (like many other Rho
family GEFs) but also by GBy subunit directly. PI3Ks can also be activated by other
signals like receptor tyrosin kinases (RTKs) (solid line: direct interaction; dashed line:
indirected interaction). Inhibitiors of this signal pathways can attenuate directed prostate

cancer cell migration.
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Regulator of G-protein mgnahng 2 (RGS2) inhibits androgen- mdependent
activation of androgen receptor in prostate cancer cells
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Hormones acting through G protein-coupled receptors
(GPCRs) can cause androgen-independent activation of
androgen recepter {(AR) in prostate cancer cells. Regu-
lators of G-protein signaling (RGS) proteins, through
their GTPase activating protein (GAP) activities, inhibit
GPCR-mediated signaling by inactivating G proteins.
Here, we identified RGS2 as a gene specifically down-
regulated in androgen-independent prostate cancer cells.
Expression of RGS2, but not other RGS proteins,
abolished androgen-independent AR activity in androgen-
independent LNCaP cells and CWR22Rvl cells. In
LNCaP cells, RGS2 inhibited G,-coupled GPCR signal-
ing. Expression of exogenous wild-type RGS2, but not its
GAP-deficient mutant, significantly reduced AR activa-
tion by constitutively activated G,Q209L mutant whereas
silencing endogenous RGS2 by siRNA enhanced
G,Q209L-stimulated AR activity. RGS2 had no effect
on RGS-insensitive G;(209L/G188S-induced AR activa-
tion. Furthermore, extracellular signal-regulated kinase
1/2 (ERK1/2) was found to be involved in RGS2-mediated
regulation of androgen-independent AR activity. In
addition, RGS2 functioned as a growth suppressor for
androgen-independent LNCaP cells whereas androgen-
sensitive LNCaP cells with RGS2 silencing had a growth
advaptage wunder steroid-reduced conditions. Finally,
RGS2 expression level was significantly decreased in
human prostate fumor specimens. Taken together, our
results suggest RGS2 as a novel regulator of AR signaling
and its repression may be an important step during
prostate tumorigenesis and progression.
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Introduction

Prostate cancer is the most commonly diagnosed cancer
in American men and the second leading cause {after
lung) of cancer mortality (Jemal et af., 2005). In early
stages, the growth of prostate cancer cells depends on
androgens, thus hormone therapies that remove andro-
gen and block androgen receptor (AR) cause. the
repression of prostate tumors. Unfortunately, the
majority of prostate cancers eventually progress from
being androgen-dependent to androgen-independent,
making hormone therapies ineffective (Feldman and
Feldman, 2001). Despite decades of intense laboratory
and clinical investigations, the treatment for androgen-
independent prostate cancer is still limited. The precise
mechanisms underlying prostate cancer progression
have remained largely unknown. It cannot be simply
ascribed to the loss of AR expression since most of these
prostate tumors still express the functional AR (Sadi
et al., 1991; Chodak et al., 1992; Hobisch et al., 1996).
Thus, at least some hormone-refractory prostate cancers
are thought to be caused by ligand-independent activa-
tion of AR (Heinlein and Chang, 2004). For example, in
most androgen-independent prostate tumors, AR is
activated despite the continued presence of hormonal
therapies and is involved in the transition of prostate
cancer from androgen dependence to androgen inde-
pendence (Grossmann er @f., 2001). Additionally, most
hormone-refractory prostate tumor cells express PSA,
an androgen-regulated antigen, implying the functional
activity of AR in these carcinomas (Taplin and Balk,
2004). Therefore, understanding the mechanisms of
signal pathways regulating AR activation is critical for
overcoming the current therapeutic imitations treating
this disease. Recent works have suggested that signaling
pathways triggered by G protein-coupled receptors
(GPCRs) can induce androgen-independent AR activa-
tion, thus sustaining androgen-independent cell growth
of prostate cancer (reviewed by Daaka, 2004).

The basic signating unit of a GPCR signaling system
contains four major components: receptor, G protein
(trimeric wfy), effector and regulators of G-protein
signaling (RGS) protein (Ross and Wilkie, 2000). G
proteins, classified into Gs, Gj, Gq and G > subfamilies,
stimulate intracellular signal proteins (effectors) when
they bind GTP in response to ligand-activated GPCRs;
signaling ends when bound GTP is hydrolysed. RGS
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proteins display GTPase activating protein (GAP)
activity toward G proteins. They increase the rate of
GTP hydrolysis of G proteins as many as 1000-fold,
thus inactivating' G-protein activity. Therefore, the
intensity and duration of a GPCR signaling are
controlled at least in part by GPCR-mediated activation
of G proteins and RGS-mediated inactivation of
( proteins.

Basic and clinical research results demonstrate that
GPCR systems in some advanced prostate cancers may
be excessively activated, due to abnormally elevated
iigands of GPCRs (Nelson ef af., 1996; Porter and Ben-
Josef, 2001; Xie ef al., 2002) andfor overexpression of
GPCRs including endothelin A receptor (Gohji er al.,
2001), bradykinin I receptor (Taub et al., 2003), follicle-
stimulating hormone receptor (Ben-Josefl et al., 1999),
thrombin receptor (Chay et al., 2002) and the orphan
prostate-specific GPCR (Xu et al., 2000; Xia et al., 2001;
Weng et al., 2005). In addition, advanced prostate
cancers often have increased numbers of neuroendocrine
cells that are known to secrete neuropeptides (Abra-
hamsson, 1999). These neuropeptides, exemplified by
bombesin and neurotensin, acting through their GPCRs
result in androgen-independent AR activation, thus
promote prostate cancer cells from an androgen-
dependent to androgen-independent state (Lee et al.,
2001; Dai et al., 2002).

Since RGS proteins inhibit GPCR signaling in cells,
it is reasonable to hypothesize that dysregulated RGS
proteins can contribute to the aberrant GPCR signaling
observed i advanced prostate cancers. Therefore,
inhibiting aberrant GPCR signaling by targeting RGS
gene expression in prostate cancer cells may help con-
trol prostate cancer development and/or progression.
Currently, about 20 different mammalian RGS proteins
that share a conservative RGS domain have been
identified and classified into R4, R7, R12, RZ and RL
subfamilies (Ross and Wilkie, 2000; Hollinger and
Hepler, 2002). Of all the modulators involved in GPCR
signaling, RGS proteins are the only ones showing
dynamic changes of gene expression in response to
various stimuli (Ingi er al., 1998; Burchett er al., 1999;
Robinet ef al., 2001; Grillet et al., 2003} and have been
shown to be biologically important in neuronal,
cardiovascular, and lymphocytic activities (Hollinger
and Hepler, 2002; Neubig and Siderovski, 2002; Wie-
land and Mittmann, 2003). However, the role of RGS
proteins in prostate carcinogenesis has not been
explored in any depth.

The LNCaP cell line, originally established from a
human prostate adenocarcinoma, is androgen sensitive
and moderately differentiated. It has been used to study
the regulation of AR signaling by GPCR signaling
pathways. In vitre, stimulation of the endogenous
Gg-coupled bombesin/gastrin-releasing peptide (GRP)
receptor {Lee er al., 2001) or the Ggcoupled fo-
adrenergic receptor (Kasbohm et al., 2005) activates
AR in LNCaP cells. In addition, the meuropeptide
calcitonin, activating both G, and G, signaling path-
ways, can stimulate androgen-independent growth of
LNCaP cells (Shah er al., 1994), Recently, Lin and his
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co-workers developed a useful prostate cancer cell
model including sublines of LNCaP cells (Lin ez al,
1998; Igawa et al, 2002). The sublines express the
similar level of functional AR. However, the low-
passage LNCaP cells (C33) grow slowly in an andro-
gen-sensitive manner, whereas high-passage (C81) cells
grow aggressively and also become androgen-indepen-
dent even though they are still androgen-responsive.
This tumor cell model closely resembles the two stages
of tumorigenesis with the acquisition of hormone-
refractiveness as seen in prostate cancer patients (Karan
et al., 2001, 2002; Denmeade et ol., 2003) and is useful in

studying the progressive changes in the primary and

metastatic stages of prostate cancer (Karan et al., 2001;
Lee ef al., 2003; Lin et af., 2003; Unni ef al., 2004).
Here we provide data showing that selective reduction
of a specific type of RGS proteins, R(GS2, is associated
with acquisition of androgen-independence by prostate
cancer cells. RGS2 is a 24-kDa protein and was
originally identified as an early response gene named
as GOSB (G0/G1 switch regulatory gene 8) that was
upregulated during the activation of T celis (Siderovski
et al., 1994; Wu et al, 1995). Subsequent studies
indicated that it has an RGS domain and can
profoundly inhibit Gg-coupled GPCR signaling # vivo,
and therefore was renamed as RGS2 (Druey et al.,
1996). RGS2 also functions as a GAP for G; (Ingi et a/.,
1998; Hains ¢f al., 2004) and may produce inhibitory
effects on G-mediated adenyiate cyclase activity via
binding to adenyiate cyclase (Sinnarajah et al., 2001;
Salim et al., 2003). Functions of RGS2 in the immune,
neurological and cardiovascular systems are well estab-
lished utilizing RGS2-deficient mrice (Oliveira-Dos-San-
tos et al., 2000; Heximer et al., 2003; Tang ef al., 2003).
A recent study suggests that RGS2 appears to be a locus
implicated in solid tumor development (Collier ez af.,
2005). Interestingly, RGS2 maps to human chromosome
1931 (Wu ef gl., 1995), a region where 20-40% of allelic
loss was found in clinical human prostaie tumor
specimens (Cunningham et al., 1996; Karan et al,
2001). Using a guantitative real-time PCR technique, we
found that the expression level of RGS2 is significantly
downregulated in human prostate tumor specimens as
compared to normal prostate tissues. Expression of the
wild-type RGS2 but not GAP-deficient RGS2 mutant
blocks Gg-induced activation of AR in LNCaP-C33
and LNCdP-C81 cells. Moreover, our results demon-
strated that RGS2 can inhibit both the constitutively
activated extracellnlar signal-regulated kinases (ERKs)
and androgen-independent AR activity in androgen-
independent prostate cancer cells, thus blocking the
androgen-independent prostate cancer cell growth.

Results

Androgen-independent AR activity in androgen-
independent LNCaP-C81 cells

To characterize the AR activity in LNCaP cells
before and after acquisition of androgen-independence,
we transiently fransfected LNCaP cells with an



AR-regulated luciferase reporter gene (ARE;-tk-LUC)
to detect AR-mediated gene transcription. The trans-
fected cells were cultured in a steroid-reduced medium
without or with synthetic androgen R1881. As shown in
Figure la, in the absence of exogenous androgen, the
basal relative luciferase activity in androgen-indepen-
dent LNCaP-C81 cells was about seven-fold higher than
that in androgen-sensitive LNCaP-C33 cells (P<0.01).
At the optimal concentration of RI881 (5nM) (Sato
et al., 1997}, additional activation of AR was observed
(three-fold in LINCaP-C81 celis vs 16-fold in LNCaP-
33 cells). '

Prostate-specific antigen (PSA) is an AR-regulated
serine proteass, secreted by the prostate. The elevated
level of PSA in circulation is known as the most sensitive
and reliable marker for diagnosing and monitoring
the relapse of prostate cancer after hormone therapies
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Figure 1 Androgen-independent AR activity in LNCaP cells. (a)
Dual reporter genes (ARE;-tk-LTUC and pRL-tk) were transfected
into LNCaP-C33 and LNCaP-C81 cells. Cells were cultured in
steroid-reduced medium without or with R1881 (5nM} treatment
for 24 h. Luciferase activities of cell ysates were measured using the
dual luciferase assay system (Promega). Bars show the mean+s.e.
of the normalized luciferase activities relative to LNCaP-(C33 cells
in the absence of R1881 (n=235) {RLUs, relative luciferase units).
(b) The PSA secretion was analysed by Western blotting using the
anti-PSA antibody (inset. is representative of four experiments).
Each lane contained 50ul of 1% chatcoal-stripped FBS condi-
tioned medium from LNCaP cells cultured without or with SnM
Ri881 for 48 h. Data show the mean t s.e. of relative PSA secretion
normalized to cell numbers. *P< 0.01 compared to LNCaP-C33
cells in the absence of RI&81.
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(Candas et al., 2000). Thus, we performed Western blot
analysis to examine PSA secretion from equal number of
LNCaP cells using an anti-PSA antibody. Similar to
previous report (Igawa et al, 2002), in the steroid-
reduced medium, the level of secreted PSA from
androgen-independent LNCaP-C81 cells was about
six-fold higher than that from androgen-sensitive
LENCaP-C33 cells (Figure 1b, P<0.01). Moreover, the
degree of Sam R1881 stimulation of PSA secretion from
LNCaP-C33 cells was much higher than that from
LNCaP-C81 cells {12-fold vs 1.6-fold). Thus, our results
strongly suggest that AR in LNCaP-C8&1 cells is already
activated under steroid-reduced medium atthough
androgen RI1881 can still induce additional modest
activation of AR, as seen in hormone-refractory clinical
prostate cancers (Taplin and Balk, 2004),

Downregulation of RGS2 in androgen-independent
prostate cancer cells

To address the role of RGS proteins in the regulation of
androgen-responsiveness in prostate cancer cells, we
performed quantitative real-time PCR to compare the
mRNA expression levels of 14 RGS genes between
androgen-sensitive LNCaP-(C33 and androgen-indepen-
dent LNCaP-C81 cells using the primer sets for human
RGS genes (Table 1). These RGS genes were selected to
represent five subgroups of the mammalian RGS gene
family (Ross and Wilkie, 2000; Hollinger and Hepler,
2002). The housekeeping gene f-Actin was used as the
normalizing gene in our experiments. While the tran-
scripts of two RGS genes (RGS 7 and 20) were
undetectable in either LNCaP-C33 or LNCaP-C81 cells,
there was only a moderate difference (0.8- to 2.3-fold)
in the mRNA levels of most RGS genes tested between
these two sublines of LNCaP cells. However, the
expression of RGS2 was decreased by more than 30-
fold in LNCaP-C81 cells, compared to LNCaP-C33 cells
{Figure 2a). Similar resulis were obtained when another
housekeeping gene cyclophilin B was used as the
normalizing gene (data not shown). Consistent with
this result, the conventional PCR product of RGS2 was
clearly detected in LNCaP-C33 celis but not in LNCaP-
CE81 cells (Figure 2a, inset). In support of this finding,
the endogenous RGS2 protein was detected in andro-
gen-sensitive LNCaP-C33 cells but not in androgen-
independent LNCaP-C81 cells by Western blot assay
while these LNCaP-C81 cells were capable of expressing
exogenous RGS2 (Figure 2h). Interestingly, Western
blot assays also showed that RGS2 protein could not be
detected in another androgen-independent prostate
cancer CWRZ22Rv]1 cell line that was derived from a
relapsed xenograft tumor and possesses features of
clinically advanced disease such as AR expression and
androgen-independeni proliferation (Sramkoski er al.,
1999). The expression levels of AR are similar between
LNCaP-C33 and LENCaP-C81 cells (Igawa et al., 2002;
Figure 2b). In contrast, the full-length AR from
CWR22Rv] cell lysates displays a consistently slower
mobility compared to LNCaP cells and a prominent,
truncated AR mutant with deletion of the ligand
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Table 1 Quantitative real-time PCR and conventional PCR primers

RGS subgroup Gene

Primer sequence {5 —3')

R4 RGS2 (AF493926)
RGS3 (BC019039)
RGS4 (AF493928)
RGSS (NM_03617)

RGS16 (BC006243)

R7 RGS7 {AF493931)

RGS9 (AY585191)

RI12 RGS10 (AF368902)

RGS14 (AF037195)

RZ RGS19 (CRo06250)

RGS20 (BCO15614)

RL LARG (AF180681)
pl15rhoGEF (NM_199002)
RGS PXI (AF420470)
S-Actin (NM_001101.2)

Cyclophiliz B (NM_000942)

Conventional PCR RGS2 (AF493926)
B-Actin (NM_001101.2}

Cyclophilin B (NM_000942)

208-ATCAAGCCTTCTCCTGAGGAA-228
267-GGCTAGCAGCTCGTCAAATGC-247
150-TCACTCGCAACGGGAACCT-168
219-CCCAGCTTGTTCTTCATGTCCTT-197
176-GGGCTGAATCACTGGAAAAC-195
250-ATTCAGACTTCAAGAAAGCTTT-229
575-GCTGAGAAGGCAAAGCAA-592
646-GTGGTCAATATICACCTCTTTAGG-623
620-CCCACGCTTCCTGAAGTCG-638
721-GTGTGTGAGGGCTCGTCCAG-702

362-GGGAGCCGGAAAACACAGATT-382
424-GTGCCTTGTITTGCATTGTTC-404
177-CGTCCAGCGGCTTIGG-192
234-GACAATAAAGTTGCCCAAGTT-214

186-TTGGCTAGCATGTGAAGATTTT-207
247T-TTGCCTTTTCCTGCATCTG-229
61-GCCCCGGCCGGACATGT-77
131-GCGCATAGCTGTCGAACTTC-112

105-GCAACCTCCTCCGCCCA-121
158-TGATCTGCTTCTCAGCCTCAT-138
159-GCATGCTGCTTCTGCTGGT-177
216-GATCTTCCTGGTTTCTAACAGTGA-193

824-GOGGACACCCTAACAGTCAGTGAGGCAGAAACESS
914-TGGGCCGAGAAGCATCTCCACTGCTAC-838
2423-AGTCCCTGCCCCTGCCTC-2440
2673-CCCCATTGTCTTCCTCCGCC-2654
2129-TTGCAGTTACTGTTAGCTCC-2148
2197-GAAATCATACACATAGTGAGCT-2176
1403-AATGTGGCCGAGGACTTTGATTGC-1426
1495-AGGATGGCAAGGGACTTCCTGTAA-1472
T14-TGGAGAGCACCAAGACAGACA-734
T79-TGCCGCAGTCTGCGATGAT-76!

84-GAAGCGAGAAAAGATGAAACGG-105
390-TGAGGACAGCTTTTGGGGTG-371
288-AGCACGGCATCGTCACCAACT-308
467-TGGCTGGGGTGTTGAAGGTCT-447
439-CAGCAAATTCCATCGTGTAATC-460
676-AAACACCACATGCTTGCC-659

binding domain was also detected, consistent with the
previous report (Tepper er al.,, 2002). Thus, our results
suggest that RGS2 was selectively silenced in AR-
positive prostate cancer cells after acquisition of
androgen-independence.

RGS2 inhibits the androgen-independent AR activity in
androgen-independent prostate cancer cells

To investigate whether dysregulation of RGS2 is
involved in the loss of androgen dependence of prostate
cancer ceils, we examined ‘the effects of exogenously
expressed hemagglutinin (HA)-tagged RGS proteins on
the AR activity in LNCaP cells. Western blot assays
using 2 monoclonal anti-HA antibody showed: similar
expression levels of these RGS proteins in LNCaP-C81
cells (Figure 3a, inset). However, expression of RGS2,
but not RGS5 or RGSI0, decreased the basal AR-
regulated Iuciferase activity in androgen-independent
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LNCaP-C81 cells. RGS2 reduced androgen-indepen-
dent AR activity by more than 80% (P£<0.01); while
RGS4 had only slight inhibitory effect (< 30%). Similar
results were observed when untagged RGS proteins were
expressed in LNCaP-C81 cells (data not shown).
Interestingly, neither the expression of AR (Figure 2b)
nor the androgen-stimulated AR activity (Figure 3a)
was affected by the expression of RGS2 in LNCaP-C81
cells. Consistent with the reporter gene assays, expres-
sion of RGS2 in LNCaP-C81 cells reduced androgen-
independent PSA secretion by 90% (Figure 3b,
P<{.01). Interestingly, RG54 also had an inhibitory
effect about 50% (P <0.01) while the effect of RGSS5 or
RGS10 was statistically insignificant (P>0.05). In
contrast, none of RGS proteins significantly impacted
the basal or R1881-stimulated AR activity in androgen-
sensitive LNCaP-C33 cells {(data not shown).

We also tested another AR-positive, androgen-
independent prostate cancer CWR22Rv] cells. In the
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Figure 2 Selective downregulation of RGS2 expression in andro-
gen-independent prostate cancer cells. Total RNA was prepared
from cultures of androgen-sensitive LNCaP-C33 or androgen-
independent LNCaP-C81 cells. (a) Quantitative real-time PCR was
used to compare mRNA expression levels of RGS genes in
LNCaP-C81 cells relative to LNCaP-C33 cells. Housekeeping gene
fB-Actin was used as an internal control. RGS7 and 20 were
undetectable in both LNCaP cell lines. Inset: Conventional PCR
products were subjected to 4% agarose gel electrophoresis and
visualized by staining with ethidium bromide. (b} Lysates were
obtained from CWR22Rv1, LNCaP-C33, LNCaP-C81 or LNCaP-
C81 transfected with pcDNA3.1 encoding RGS2. Equal amount of
protein (40 g} from each lysate was resolved by 10% SDS-PAGE
and immunoblotted for RGS2, AR or f-Actin (loading control).
Purified RGS2 (1 ng, lane 1) was used as a positive control. The
blot shown is representative of three replicates.

absence of androgen, CWR22Rv] cells were found to
possess high basal AR activity as shown in reporter gene
assays (Figure 3c), which was increased about two-fold
by 5nM R1881 but significantly inhibited by exogencus
RGS2 in a dose-dependent manner with the maximum
inhibition of 50%. These experiments suggest that
RGS2 can inhibit androgen-independent AR activation
in androgen-independent prostate cancer cell lines. Since
better transfection efficiency with greater inhibitory
effect of RGS2Z on the androgen-independent AR
activity was observed in androgen-independent LNCaP
cells compared to CWR22Rv] cells, we focused our
attention on LNCaP cells that provide a model system
to study the biological importance of dysregulated
RGS2 in androgen-independent activation of AR.

RGS?2 inhibits constitutively activated G,Q209L
mutant-induced AR activation

Data obtained from androgen-independent LNCaP-C81
and CWR22Rv] prostate cancer cells suggest that
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Figure 3 Inhibition of androgen-independent AR activity by
RGS2 in androgen-independent prostate cancer cells. Dual
reporter genes were transfected into LNCaP-C81 cells (a) or
CWR22Rv] cells {¢) together with either pcDNA3.1 {vector) or
pcDNA3.} encoding different RGS genes as indicated. AR-
regulated luciferase activities were measured as described in
Figure 1. (b) LNCaP-C8I cells were transfected with pcDNA3.1
vector or pcDNA3.1 encoding RGS genes as indicated for 24h
prior to androgen-independent PSA secretion analysis as deseribed
in Figure 1. Data show the relative PSA secretion normalized to
cell numbers. Inset: {a) Expression levels of different HA-tagged
RGS proteins detected by the anti-HA antibody. {b) The PSA
secrelion was analysed using the anti-PSA antibody. (¢) Expression
of RGS2 in CWR22Rv1 cells detected by the anti-RGS2 antibody.
Bars show the mean+s.e, (n=35) with *P<0.01 compared to cells
transfected with pcDNAJ.| vector in the absence of R1881.

RGS2 specifically ‘inhibits the androgen-independent
activation of AR. RGS2 can inhibit both G4-coupled
and Gi-coupled signaling pathways through its GAP
activity (Druey ez al., 1996; Ingi et af., 1998; Kammer-
meier and Tkeda, 1999; Hains ef al., 2004). We found
that expression of constitutively activated G;;Q204L
mutant in LNCaP-C33 cells had no effect on the AR-
regulated luciferase activity (data not shown), consistent
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with a previous report (Kasbohm er al., 2005). There-
fore, we further investigated whether the modulation of
Gy-coupled signaling by RGS2 would affect the AR
activity in those cells.

Expression of the constitutively activated G,Q209L
mutant bui not the wild-type Gy induced a dose-
dependent increase in the AR-regulated luciferase
activity in both LNCaP-C33 and LNCaP-C81 cells in
the absence of androgen (Figure 4a) using the ARE;-tk-
LUC reporter construct. The maximal stimulation of
about six-fold was achieved in androgen-sensitive
LNCaP-C33 cells (bar 4 vs bar 1). Coexpression of
RGS2 decreased GyQ209L-stimulated AR activity by
more than 80% (bar 6 vs bar 4). As shown in Figure 4a
(inset), expression of G, and/or RGS2 had no significant
effect on the expression levels of AR in LNCaP-C33.
Deletion of the ARE; from the ARE;-tk-LUC vector
abolished the changes of transcription in response to the
expression of constitutively activated G, Q209L or
RGS2 (data not shown). In androgen-independent
LNCaP-C81 cells, due to a high basal activity, maximal
stimulation by G,Q209L was about two-fold (bar 10 vs
bar 9). Co-transfection of RGS2 significantly reduced
both the basal and G,Q209L-stimulated AR activity in
LNCaP-C81 cells (bar 11 and 12). It should be noted
that neither the expression level of AR protein nor the
AR activity of LNCaP cells in the presence of androgen
was affected by the expression of G,Q209L or RGS2
(data not shown).

To test the role of RGS2 GAP activity, we generated
the mutation Asn'*® to Ala within the highly conserved

Figure 4 RGS2 inhibits androgen-independent, Gg-stimulated
AR activity. LNCaP cells were cultured in steroid-reduced medium
for 48 h and luciferase activities of cell lysates were measured. Each
bar represents the mean +s.e. of the normalized luciferase activities
(r=4) with *P<0.0l compared to cells transfected with
pecDNA3.1 vector. (a) Cells were co-transfected with dual reporter
genes (0.1 ug) and the wild-type Gy or constitutively activated
G,Q209L mutant plasmid, alone or together with HA-tagged
RGS2 plasmid (1 pg). Inset: Expression levels of AR, G, and HA-
tagged RGS2 were examined by Western blot. LNCaP cells also
express endogenous Gy as shown in lane [, % and 11. (b) Mutation
of Asn' 1o Ala (N149A) in RGS2 abolished both its G, GAP
activity and its ability to bind to constitutively activated G,
Carbachol-stimulated GTPase activity in mlAchR-G, vesicles was
measured in the presence of the indicated concentrations of purified
wide-type (WT} RGS2 (s} or RGS2N149A mutant (R). G, and
mlAchR were 1.3 and 0.27nM, respectively in assays. Inset:
HEK?293 cells were transfected with pcDNA3.1 enceding G,Q209L
mutant. HEK2%3 cell extracts (50pug) containing expressed
G,Q209L protein (Load) were incubated without (CN) or with
20nM purified Hisé-tagged RGS2 (WT) or N149A mutant. NTA-
Ni** agarose {Qiagen} was used to precipitate His6-tagged RGS2
(WT or NI49A)} and any associated proteins, Samples were
analysed by SDS-PAGE and blotted with the G, antibody and
RGS2 antibody. Purified G, (10ng, iane 1} was used as a positive

- control. (¢) LNCaP-C33 cells were cotransfected with dual reporter
genes (0.1pg), alone or together with 04ug G Q209L or
G,Q209L/G188S plus 1 ug of vector, vector encoding HA-tagged
wild-type R(GS2 or its NI49A mutant. Inset: Expression levels of
HA-tagged RGS2 or its N149A mutant were examined by Western
blot and f-Actin was used as loading controls. {d) The intracellular
localization of C-terminal GFP-tagged RGS2 in LNCaP-C33 cells
co-transfected with G mutants as indicated. Confocal microscepic
images shown are representative of at least 50 living cells.
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RGS domain of RGS2. The corresponding mutation
Asn'® to Ala in RGS4 reduces its binding to G proteins
by over three orders of magnitude (Posner-ef al., 1999).
We reconstituted M1 muscarinic receptors and Gy
(mIAchR-G) into proteoliposomes as described pre-
viousty (T ef al., 2001) and tested the GAP activity of
wild-type RGS2 and RGS2N149A mutant in a steady-
state, Gy-coupled G1Pase assay (Wang et af., 1998). As
shown in Figure 4b, RGS2N149A mutant retained less
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-than 1% of the GAP activity of wild-type protein,
presumably due to the loss of binding to G, (Figure 4b,
inset). As expected, RGS2ZNI49A mutant lost its ability
10 inhibit the G, Q209L-stimulated AR activily in
LNCaP-C33 cells in the absence of androgen
(Figure 4c) although its expression level was similar to
the wild-type RGS2 (Figure 4c, Inset).

To further determine the contribution of RGS2 to the
regulation of AR activity mediated by G4 in prostate
cancer cells, we used a RGS-insensitive Gy mutant
(Gly™ to Ser) that abrogates the RGS—G protein
interaction but does not affect other functions of the
G protein such as coupling to receptors or effectors
(DiBello et al., 1998). We transfected G4Q209L (RGS-
sensitive) or G,Q2091/G188S double mutant (RGS-
insensitive) into androgen-sensitive LNCaP-C33 cells.
As shown in Figure 4c, co-transfection of RGS2 only
blocked (G4Q209L-stimulated AR activity but had no
significant effect on G4Q209L/G1888-stimulated AR
activity in the absence of androgen. Moreover,
GQ209L/G1885 had stronger stimulatory effect on
the androgen-independent AR activity than G4Q209L in
LNCaP-C33 cells, although their expression levels were
similar {data not shown).

We also examined the intracellular localization of
GFP-tagged RGS2 to assess the importance of RGS2/
@, interaction in the regulation of AR activity. In the
absence of exogenous G,, GFP-tagged RGS2 was local-
ized predominantly in the nucleus of LNCaP-C33 cells
(Figure 4d). Constitutively activated G, Q209L caused
significant amounts of GFP-RGS2 to be re-localized

. to the plasma membrane. In conirast, the RGS-

insensitive (;Q209L/G188S mutant did not induce

GFP-RGS2 association with the plasma membrane,

consistent with previous findings in HEK293 cells (Roy

et al., 2003).

Silencing endogenous RGS2 by siRNAs enhances
G,0209L-induced AR activation in LNCaP-C33 cells
To test the hypothesis that endogenous RGS2 is
capable of downregulating androgen-independent acti-
vation of AR, we designed and synthesized a panet
of gene-specific siRNAs targeting human RGS2 gene.
One siRNA (RGS2si-3, targeting RGS2 sequence:
S-AAAGCCACAAATCACCACAGA-3, not homo-
genous to other RGS genes) effectively suppressed the
expression of endogenous RGS2 protein, but no RGS10
protein in- LNCaP-C33 cells (Figure 3a). In order to
avoid the possibility of off-target effect of siRNAs
(Jackson et al., 2003), we also generated three psiRNA-
hHIzeo (G2) expression vectors that express siRNAs
targeting the 3'-untranslated region (3'-UTR) of human
RGS2 gene. One RGS2 siRNA expression vector
(RGS82si-5, targeting RGS2 3-UTR sequence: -
GGAAACATCACTCAGAACTAT-3') strongly down-
regulated RGS2 expression in LNCaP-C33 cells. The
knockdown effect of RGS2si-3 or R(GS2si-5 was
apparently achieved by a sequence-specific event be-
cause their control siRNAs with scrambled sequences
had no significant effect on the expression of RGS2

RGS2 inhibits androgen receptor
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Figure 3 CDffects of RGS2 siRNAs on G,Q209L- or R1881-
stimulated AR activity in androgen-sensitive LNCaP-C33 cells.
LNCaP-C33 cells (1 x10%) were either untransfected (CN} or
transfected with RGS2si-3 expression vector (2 pg), RGS2si-3
(1.5 gy or their correspending control siRNAs with scrambled
sequences #s described in ‘Materials and methods’. Transfected
cells were harvested and subjected to Western blot analysis (a) or
were reseeded on 24-well plates for luciferase reporter assays (b).
(a) Western blot analysis with RGS2 antibody or RGS10 antibody
(f-Actin as loading controls). (b) LNCaP-C33 cells were trans-
fected with dual reporter genes pius control vector or G,Q209L
plasmid (0.25 ug) using Lipofectamine™ 2000 (Invitrogen). AR-
regulated luciferase activities were measured as described in
Figure 1. Data shown are meansts.e. of three independent
experiments each conducted in triplicates. *P< (.01 compared to
cells transfected with scrambled stRNAs, respectively.

protein. Under steroid-reduced medivm culture condi-
tions, introduction of RGS2si-3 or RGS2si-5 expression
vector into LNCaP-C33 cells resulted in an increased
basal AR activity (lane 1 vs 4) and enhanced the AR
activity induced by G,Q209L mutant by over three-fold
{lane 2 vs 5) as demonstrated in an AR-regulated
luciferase reporter assay (Figure 5b). However, the AR
activity in the presence of R1881 (5 nM) was-not affected
(lane 3 vs 6).

ERKI1[2 mediate the inhibition of androgen-independent
AR activity by RGS2 in LNCaP cells -

Since the mitogen-activated protein kinase (MAPK)
particularly the ERK signaling pathway, plays an
important role in prostate cancer progression {(Gioeli
et al, 1999; Bakin et al, 2003} and ERKI1/2 are
constitutively activated in high-passage androgen-
independent ENCaP cells (Lee et al., 2003; Unni ez al.,
2004), we investigated the role of ERK signaling
pathway in Gg-mediated activation of AR. G,Q209L
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Figure 6 ERKs are involved in RGS2-mediated regulation of AR in LNCaP cells. A Cell Line Nucleofector Kit V (Amaxa) was used
for cell transfection. As a control, cells were incubated with U0126 (10 M) for 30 min prior to transfection. (a) Upper panel: LNCaP-
C33 cells were transfected with pcDNA3.1 encoding different genes as indicated. Lower panel: LNCaP-C33 cells transfected with
pcDINA3Z.1 vector whereas LNCaP-C81 celis were transfected with pcDNAZL 1 vecior or pcDNA3ZE encoding RGS2 or RGS2ZN14%A.
Cell lysates were analysed by 10% SDS-PAGE and immunoblotting with antiphosphorylated ERK1/2 {active) antibody or anti-
ERK1/2 (total) antibody. (b) LNCaP-C33 cells were transfected with ERK reporter plasmids (pGAL4-LUC and pGAL4-Elk-1-TA)
along with either pcDNA3.1 or pcDNA3.] epcoding different genes as indicated for 30h. Expression levels of G, and HA-tagged
RGS2 or its mutant were shown at the botiom of Figure 2b. [nset: 1n a separate experiment, transfected celis were treated without or
with EGF (25 ng/ml) for 6 h. (¢} LNCaP-C33 cells were transfected with G;Q209L (0.4 ug) and dual reporter genes of AR (ARE;-tk-
LUC and pRL-tk} aleng with control vector, dominant-negative MEK1/ERK2 (DN} mutants or RGS2 plasmid for 16h and then
treated without or with R1881 (5nM) for 24 h. AR-regulated luciferase activities were measured as described in Figure 1. Data
(mean+s.e.) are shown for three independent experiments. *P<0.01 compared to cells transfected with control vector. {d) RGS2
inhibits constitutively activated ERK activity in androgen-independent LNCaP-C81 cells. LNCaP-C81 celis or LNCaP-C33 were
transfected with pGAL4-LUC and pGAL4-Elk-1-TA along with control vector, RGS2 or its NI149A mutant plasmid. Fnset:
Expression levels of HA-tagged RGS2 or RGS2ZN149N mutant. ERK-stimulated luciferase activities of different cells in (b) and (d) are
expressed as fold increase as compared to LNCaP-C33 cells transfected with control vector. Data (meants.¢.) are shown in four
independent experiments. *P<0.01 compared to either LNCaP-C33 cells transfected with G Q209L{(b} or LNCaP-C81 cells
transfected with control vector (d).

plasmid was transfected into LNCaP-C33 cells without
or with RGS2 or RGS2ZN149A plasmids and the level of
active ERKI/2 (phosphorylated) in cell lysates was
determined by Western blot assay using antiphosphoryl-
ated ERK1/2 antibody. As shown in Figure 6a (upper
panel), transfection of G,Q209L was associated with
an induction of ERKI/2 phosphorylation that was
blocked by co-transfected RGS2 but not RGS2NI49A.
As a confrol, MEK inhibitor U0126 (10 M)
completely diminished G,Q209L-stimulated ERKI1/2
phosphorylation.

Oncogene

Activated ERKs can phosphorylate transcription
factors such as Elk-1; thus ERK activity in LNCaP
cells can be estimated through the measurement of
ERK-activated, Elk-1-dependent expression of a luci-
ferase reporter gene (Guha er «l., 2001). As shown in
Figure 6b, transfection of (G,Q209L gene into LNCaP-
C33 cells stimulated the Elk-l1-dependent Tuciferase
activity by about three-fold. Co-transfection with
plasmid expressing the wild-type RGS2 blocked the
Gg-stimulated, Elk-1-dependent luciferase activity in a
dose-dependent manner with at least a 70% inhibition.



In contrast, the GAP-deficient RGS2ZN149A mutant
had no inhibitory effect. As a control, the G,Q209L-
stimulated, Elk-1-dependent luciferase activity was
abolished in LNCaP-C33 cells pretreated with the
MEK inhibitor U0126 (10 uM). We also examined the
effect of RGS2 on epidermal growth factor (EGF)-
induced ERK activity. As shown in Figure 6b (inset),
treatment with EGF {25ng/ml) increased Elk-1-depen-
dent luciferase activity in LNCaP-C33 cells by six-fold,
which was not affected by the expression of RGS2.

We next assessed the effects of inhibition of endo-
genous ERKI1/2 activity on GyQ209L-induced AR
activation using MEK 1-K97 M and ERK2-K52R domi-
nant-negative mutants (DN) (Frost ef al., 1994). As shown
in Figure 6c, the G Q2091 -stimulated A R-regulated huci-
ferase activity was inhibited over 60% in LNCaP-C33
cells transfected with MEK1/ERK2 (DN). In contrast,
expression of these mutants had a minimal effect on the
R1881-stimulated AR activity, suggesting that ERK1/2
signaling pathway is responsible for androgen-indepen-
dent, but not androgen-dependent activation of AR in
G, Q2091 -transfected LNCaP-C33 cells. This conclu-
sion was further supported by the result that LNCaP-
(33 cells treated with the MEK inhibitor U0126 (10 uMm)
for 30min prior to transfection had significant lower
androgen-independent AR activity but only a slight re-
duction in androgen-dependent AR activity (Figure 6¢).
In addition, the inhibition of* G,Q209L-stimulated AR
activity by exogenous RGS2 plus MEK1/ERK?2 (DN)
was only slightly greater than RGS2 or MEKI{/ERK2
(DN) alone.

We further investigated whether downregulation of
RGS2 expression contributes to constitutively activated
ERK activity in LNCaP-C81 cells. As shown in
Figure 6a (lower panel), the level of active ERK1/2
(phosphorylated) in LNCaP-C81 cells was significantly
higher compared to LNCaP-C33 cells, consisient with
the previous reports that ERKs were activated in
androgen-independent LNCaP celis in the absence of
exogenous androgen (Lee ef al., 2003; Unni ef al., 2004).
Expression of RGS2 or treatment of MEK inhibitor
U0126 strongly decreased the level of active ERK1/2
(phosphorylated) in LNCaP-CS81 cells. We then exam-
ined the exogenous expression of RGS2 on ERK
activities in LNCaP-C81 cells. As shown in Figure 6d,
under steroid-reduced medium, ERK-activated, Elk-1-
dependent Tuciferase activity in androgen-independent
LNCaP-C81 cells was five-fold higher than that in
androgen-sensitive LNCaP-C33 cells. Transfection with
plasmid enceding the wild-type RGS2 into LNCaP-C81
cells reduced the Flk-1-dependent luciferase activity in
a dose-dependent manner with a maximuom inhibition of
over 80%. Imterestingly, the GAP-deficient mutant
RGSZNI49A had a modest inhibitory effect (~40%,
P<(0.01) in LNCaP-C81. This result was supported by
the data that R(GS2NI49A also partially reduced the
level of active ERK1/2 in LNCaP-C81 cells (Figure 6a,
lower panel). Thus, our results suggest that RGS2 can
inhibit ERK activity independently of its GAP activity
in LNCaP-C81 cells. This is consistent with the fact that
GAP activity is not the only activity ascribed to R(GS2

RGS2 inhibits androgen receptor
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(Kehrl and Sinnarajah, 2002) (see Discussion). In
contrast, due fo low basal ERK activity in LNCaP-
(C33 cells, neither the wild-type RGS2 nor RGS2N149A
had a significant effect. Thus, RGS2 selectively inhibits
constitutively activated ERK activity in andro-
gen-independent LNCaP-C81 cells. As a control,
Elk-1-dependent luciferase was strongly reduced in
LNCaP-C81 and LNCaP-C33 cells pretreated with the
MEK inhibitor U0126 (10 uM).

RGS2 modulates androgen-independent growth of
LNCaP cells
We next performed colony formation assays to test the
growth-inhibitory effect of RGS2. We translected
vectors enceding GFP, GFP-fused RGS2, or GFP-
fused RGS2NI149A mutant into androgen-independent
LNCaP-CR1 cells, selected the transfected cells with
G418 in steroid-reduced medium for 3 weeks, then
counted the surviving colenies. In steroid-reduced
medium, GFP-fused RGS2 strongly suppressed both
the number of colonies by about 70% and size of
colonies relative to GFP control (Figure 7a). GFP-fused
RGS2ZNI49A mutant also showed a modest inhibitory
effect with a reduction of 40%. These results suggest
that in LNCaP cells, RGS2 functions as a potent cell
growth inhibitor and the mutation created in RGS2 that
disrupts GAP activity only partially limits its ability to
inhibit the androgen-independent LNCaP cell growth,
The correlation of hormone refractoriness with
downregulated RGS2 expression in androgen-indepen-
dent prostate cancer cells also prompted us to investi-
gate whether downregulation of RGS2 expression in
prostate cancer cells would have a growth advantage
under steroid-reduced culture conditions. As shown in
Figure 7b, in steroid-reduced medium, androgen-inde-
pendent LNCaP-C81 cells retained the rapid growth
ability, which was independent of androgen R1881 (lane
I vs 2) but was suppressed about 50% by the expression
of exogenous RGS2 {lane 1 vs 3). In contrast, LNCaP-
C33 cells grew very slowly in steroid-reduced medium.
However, 5nM RI1881 stimulated LNCaP-C33 cell
growth by more than six-fold (lane 5 vs 6). Silencing
RGS2 in LNCaP-C33 cells by transiently transfected
RGS2-specific siRNA (R(G82si-3) enhanced androgen-
independent cell growth by about 2.5-fold (Jane 5 vs 7)
but did not affect R1881-stimulated cell growth (lane 6
vs 8). Thus, downregulation of RGS2 expression
facilitates -androgen-independent cell proliferation.

Reduction of RGS2 expression in prostate tumors

To further explore the clinical relevance of dysregulation
of RGS2 in prostate cancer development and progres-
sion, we first used the semiquantitative PCR technigue
to examine the expression level of RGS2 mRNA in
Matched Tumor/Normal prostate tissue RNA pairs
(Ambion, Austin, TX, USA). As shown in Figure 8a,
the PCR product derived from RGS2 was clearly
detected in the normal sample but was decreased by
over 70% in the matched tumor whereas expression
ievels of housekeeping gene S-Actin or cyclophilin B
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Figure 7 RS2 inhibits androgen-independent growtk of LNCaP
cells. (a) Inhibition of colony formation of androgen-independent
LNCaP-C81 cells by RGS2. The indicated constructs were
transfected into LNCaP-C8] cells, and the cells were grown under
steroid-reduced medium in the presence of the selection agent G418
for 3 weeks. The colonies were stained with Giemsa solution, and
counted. The results are representative of six experiments. Data
show the meants.e. with *P<0.01 compared to cells transfected
with GFP, {b) Altering RGS2 expression modulates the growth of
LNCaP cells. ‘Androgen-independent LNCaP-C81 cells were
transfected with pcDNA3.] vector (lane 1 and 2) or pcDNA3.}
encoding RGS2 (lane 3 and 4) whereas androgen-sensitive LNCaP-
33 cells were transfected with RGS2si-3 (lane 7 and 8) or its
scrambled siRNA (lane 5 and 6). Transfected cells were seeded on
six-well plates and cultured for 24h in stevoid-reduced medium.
Cells were harvested and reseeded on 12-well plates (10%/well} and
were grown for 4 days in the steroid-reduced medium without or
with R1881 (5nm}. Total cell nombers in each well were counted.
Data shown are means+s.e. of triplicates and these experiments
were repeated twice. Student’s ~test indicates significant difference
between Jane 3 and 1, lane 7 and 5 (*P<0.01).

were similar between normal and tumor samples. Since
RGS2 and RGS3 are the most related genes in the RGS
family (Ross and Wilkie, 2000), we further examined the
expression levels of these two RGS genes in five pairs of
prostate tumors and their paired normal tissues using
quantitative real-time PCR. The data were shown as the
copy number of RGS82 or RGS5 per 1000 copies of
f-Actin. Al the samples examined showed lower levels
of RGS2Z mRNA in the tumors as compared to the
corresponding normal tissues (Figure 8b). The mean
ratio of amounts of RGS2 mRNA in prostate tumors to
those in corresponding normal prostate fissues was 1:6.5
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Figure 8 Analysis of RGS genes expression in human prostate
cancer specimens. T =tumor; N=corresponding normal tissue.
(a) Conventional PCR was performed -using one matched human
prostate tumor/normal RNA sample (Ambion). f-Actin or
cyclophilin B was used as a control in two separate experiments.
PCR products were subjected to 4% agarose gel electrophoresis
and visualized by staining with ethidiom bromide. {b) RGS2 and
RGS5 mRNA levels (copies/10° f-Actin) in human prostate tumors
and corresponding normal prostate tissues (=35} determined by
quantitative real-time PCR methed. ©* — ° shows the mean of RGS
mRNA in tumor or normal samples.

{£2.3) (P<0.001, n=75). When cyclophilin B was used

as the normalizing gene, the mean ratio was 1:8 (+4)
(P<0.001, n=35) (data not shown). In contrast, no
significant difference was observed for the expression
level of RGS3 (P> 0.05, n=>35).

Discussion

One of major challenges for treating advanced prostate
cancer is the acquisition of androgen-independence by
prostate cancer cells that causes the failure of hormone
ablation therapies. At Jeast a subpopulation of hor-
mone-refractory prostate cancer is thought to be
apparently caused by androgen-independent activation
of AR. Therefore, a full understanding of the mechan-
ism underlying androgen-independent activation of AR
will lead to improved therapies. Recent studies have
shown that aberrant GPCR signaling, due to over-
expression of GPCRs  and/or elevated ligands, can
promote androgen-independent prostate cancer cell
growth. In the present study, we investigated a possible
role of RGS proteins, negative regulators of GPCR
signaling, in prostate cancer cells during the transition
from an androgen-sensitive to androgen-independent
state. Our study presents the first evidence suggesting
that the decrease of a RGS protein may play an
important role in androgen-independent prostate cancer
progression.



First, we showed that the expression level of RGS?2 is
selectively reduced in androgen-independent prostate
cancer LNCaP-C81 and CWR22Rv1 cells as compared
to androgen-sensitive LNCaP-C33 cells. Conversely, the
expression of RGS82, but not other RGS proteins, is
able to significantly inhibit androgen-independent,
but not androgen-stimulated, AR activity in androgen-
independent LNCaP-C81 and CWR22Rv1 cells. These
results support the concept that loss of RGS2 expression
contributes to the androgen-independent activation of
AR in androgen-independent prostate cancer cells.

G proteins are classified into four subfamilies, G, Gi,
-Gy and Gy, (Wilkie er ol., 1992), Since RGS2 inhibits
Ggy-coupled signaling in vive (Drucy er afl, 1996;
Kammermeier and lkeda, 1999), we examined the effect
of reguiation of Gg-signaling by RGS2 on the AR
activity using the constitutively activated GyQ209L
mutant that mimics the activation of G, signaling
pathways by GPCRs. Interestingly, co-expression of
wild-type RGS2 but not GAP-deficient RGSZNI49A
mutant blocked G,Q209L-stimulated AR activity in
LNCaP-C33 cells. Since constitutively activated
G4Q209L mutant does not hydrolyse its bound GTP
even in the presence of RGS proteins {Berman et af,,
1996), the RGS2-mediated inhibitory effect is presum-
ably due to occlusion of the binding site on G4Q209L
for its primary effector phospholipase C by RGS2
(Hepler et al., 1997). This is consistent with the resuit
that G4Q209L can recruit RGS2 to the plasma
. membrane, which is crucial for the regulation of G
protein-coupled signaling by RGS proteins. Thus, our
data support the concept that RGS2 inhibits G-
mediated stimulation of AR activity through its inter-
action with G. This is further supported by the result
that RGS2 is unable- to suppress RGS-insensitive
G,Q209L/G188S-stimulated AR activity in prostate
cancer cells, presumahbly due to loss of interaction
between G,Q209L/G188S and RGS2 since G,Q209L/
(1888 is unable to recruit RGS2 to plasma membrane.

It should be noted that G,Q209L/G188S has a
stronger stimulatory effect on the AR activity than
RGB2-sensitive GqQ209L in LNCaP-C33 cells. This
result may suggest a possible contribution of endogen-
ous RGS2 in the downregulation of AR activity in
LNCaP-C33 cells. Indeed, silencing of endogenous
RGS2 in LNCaP-C33 cells by RGS2-specific siRNA
activates AR under steroid-reduced medium conditions

without any significant effect on androgen-dependent’

AR activity. Moreover, silencing of endogenous RGS2
further enhances constitutively activated G,Q209L-
stimulated AR activity. These results further implicate
the involvement of dysregulated RGS2 in the transition
of prostate cancer cells from an androgen-sensitive to
independent state.

Our data collectively suggest that RGS2 inhibits
androgen-independent AR activation by inactivating
Gy-coupled signaling pathway in prostate cancer cells.
Thus, reduced expression of RGS2 can lead to androgen-
independent proliferation. However, the mechanism
underlying androgen-independent, Gy -coupled signaling-
stimulated AR activity is still unknown, One possible
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mediator in this pathway is ERK, which has been
shown to play an important role in clinical prostate
cancer progression (Gioeli er al., 1999; Bakin er al.,
2003). In fact, activation of phospholipase C through
Gg-coupled receptors, with subsequently increased
levels of inositol-1,4,5-trisphosphate, diacylglycerol
and free intracellular Ca** can activate ERK via both
Ras-dependent and Ras-independent pathways (re-
viewed by Gutkind, 2000). Interestingly, in the presence
of U026, a specific inhibitor of MEK, both
ERK activity and AR activity were blocked in LNCaP
cells. Since dominant-negative mutants of MEKI
and ERK2 also blocked G, Q209L-stimulated AR
activity, our data suggest that ERK1/2 are implicated
in the transmission of signal from Gy to androgen-
independent AR activation in prostate cancer cells,
Furthermore, co-expression of RGS2 but not its
GAP-deficient mutant inhibited G,Q209L-stimulated
ERK activity ahd AR activity in androgen-sensitive
LNCaP-C33 cells under steroid-reduced conditions. In
addition, the inhibitory effect by exogenous RGS2 plus
dominant-negative mutants of MEK1 and ERK2 was
only slightly greater than RGS2 alone, suggesting that
RGS2 ahd dominant-negative mutants of MEKI and
ERK2 block the same G proiein-coupled signaling
pathway that stimulates the androgen-independent but
not androgen-dependent AR activity. In fact, ERKs can
directly phosphorylate AR in vitre, and inhibition of
ERK activity attenuates the human epidermal receptor 2
(HER2)-mediated activation of AR signaling (Yeh er i,
1999; Lee et al, 2003). It is possible that RGS2 sup-
presses androgen-independent AR activity by inhibiting
ERK activity in prostate cancer cells. Indeed, the
expression of exogenous RGS2 inhibits the constitu-
tively activated ERK activity that only affects androgen-
independent AR activity in LNCaP-C81 cells. Our data
are consistent with the model depicted in Figure 9 that
GPCRs induce androgen-independent AR activation via
a signal relay from Gg {inactivated by RGS2), MEK1/2
(inhibited by U0126), and ERK1/2 in prostate cancer
cells. RGS4, a known GAP toward Gj and G, (Hains
et al., 2004), also can inhibit intracellular G, signaling
but is less potent compared to RGS2 (Tovey and

- Willars, 2004). This is consistent with our observation

that at equivalent levels of expression, RGS2 reduced

ug1z2e

GPCRs mw G, proteirt = MEK1/2 amp ERK1/2

l

AR activation
{androgen-independent)

RGS2

Figure ¢ A model for the regulation of androgen-independent AR
activation by RGS2 through Gg-coupled receptor signaling path-
way. Varicus G protein-coupled receptors (GPCRs) induce
androgen-independent AR activation via signaling relay from Gy
to ERK1/2 in prostate cancer cells. RGS2 inactivates Gy, whereas
U0126 inhibits MEK1/2. Both inhibit androgen-independent AR
activation.
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AR-regulated PSA sccretion by 90% in LNCaP-C81
cells whereas RGS4 had only a moderate inhibitory
effect (about 50%).

Interestingly, the GAP-deficient mutant RGS2N149A
alsc has an inlibitory effect by about 40% on the
constitutively activated ERX activity in LNCaP-Cg1
cells. Such an effect is probably not due to the residual
GAP activity of the mutant (< 1% of that of the wild-
type RGS2). Since RGS2ZNI49A showed no effect on
Gg-stimulated ERK  activity in androgen-sensitive
LNCaP-C33 cells, it is likely that signaling pathways
other than G,-coupled signaling also contribute to the
constitutively activated ERK activity in androgen-
independent LNCaP cells, which can be inhibited by
GAP-deficient RGS2N149A mutant. In fact, expression
of RGS2N149A mutant also showed a partial inhibitory
effect on the high basal AR activity in androgen-
independent LNCaP-C81 cells (unpublished data). It
has been shown recently that G, activates AR in LNCaP
cells by stimulating the adenylate cyclase/PKA pathway
(Kasbohm ef al., 2005) that can activate ERKs via the
small G protein Rapl (Schmitt and Stork, 2000). Since
RGS2 can also directly suppress the adenylate cyclase
activity independent of its GAP activity (Sinnarajah
et al., 2001; Salim ef 'afl., 2003). It is possible that
aberrant activation of the Gfadenylate cyclase/PKA
pathway contributes in part to both the constitutively
activated ERK activity and high basal androgen-
independent AR activity in androgen-independent
LNCaP celis, which can be inhibited by the GAP-
deficient RGS2N149A mutant. This is further supported
by the results that the RGS2N149A mutant could
partially inhibit androgen-independent growth of an-
drogen-independent LNCaP-C81 cells. The mechanism
underlying the regulation of G.-stimulated AR activity
by RGS2 is currently under investigation.

Regulation of the Gg-coupled signaling pathway by
RGS2 may be physiologically important in the regula-
tion of prostate cancer cell growth. It has been reported
that activation of Gg-coupled ol-adrenergic receptor by
its agonist can stimulate LNCaP cell proliferation in the

"absence of androgen (Thebault ef al., 2003). Neuropep-

tides such as neurotensin and bombesin, acting through
Gy-coupled receptors, also activate AR and enhance the
androgen-independent growth of prostate cancer cells
(Lee er al., 2001; Dai et al., 2002). Our data support the
notion that RGS2 can inhibit several Gg-coupled
GPCRs that stimulate the androgen-independent AR
signaling pathway, thus attenuating androgen-indepen-
dent prostate cancer cell growth. Indeed, our colony
formation assays demonstrate that RGS2 can inhibit
androgen-independent growth of prostate cancer cells.
This is further supported by the result that androgen-
sensitive LNCaP cells with silencing RGS2 expression
have a growth advantage under stercid-reduced culture
conditions, presumably due to the androgen-indepen-
dent activation of AR. Our findings may have important
clinical implications since many patients that become
refractory to the hormone therapy still express normal
levels of AR-regulated genes {Grossmann et af., 2001),
suggesting that AR is fully functional. Our results
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therefore predict that prostate cancer cells in which
RGS2 is downregulated would be resistant to hormone
therapy. In fact, alt five prostate cancer specimens tested
in our studies have lower levels of RGS2 expression as
compared 1o their noncancerous prostate tissues. Inter-
estingly, a recent study by Hubert Serve’s group showed
that RGS2Z protein was suppressed by fetal liver tyrosine
kinase 3 mutants (Fit3-ITD) in the majority of acute
myeloid leukemia cases and co-expression of RGS2 with
F1t3-ITD inhibited Flt3-ITD-induced autonomous pro-
liferation and clonal growth of myeloid cells (Schwable
et al., 2005). This finding is consistent with our results,
suggesting that repression of RGS2 is an important
event in the development of different cancers and
upregulation of RGS2 can potentially suppress the
proliferative signaling in cancer cells. Since expression of
RGS2 in androgen-independent prostate cancer cells
significantly decreased both the androgen-independent
AR activity and ceil growth, targeting the RGS2
expression level in prostate cancer cells, in combination
with hormone therapy, should significantly improve the
treatment of advanced prostate cancer patients.

Early prediction of androgen-independence of pros-
tate cancer is crucial to the treatment of advanced
prostate cancer. Since RGS2 expression levels are
reduced in androgen-independent prostate cancer cells
and in prostate cancer specimens we analysed, the
expression levels of RGS2 could potentially be used as
a novel marker for predicting the clinical efficacy of
antiandrogen therapy. Thus, future studies wili be
necessary to correlate RGS2 expression levels in clinical
prostate cancer samples with tumor progression
stages and therapeutic responsiveness to anti-androgen
treatment.

"Materials and methods

Materials

Gog, GA1y2 and mIAchR were purified from 519 cells whereas
His6 tagged RGS2 protein, wild-type and mutant, were
pusified from E. cofi as described (Tu e al., 2001). Phenol
red-free RPMI-1640 cell media were purchased from Invitro-
gen. FBS and charcoal-treated certified FBS were from
Hyclone (Logan, UT, TUSA). Rabbit poly-clonal anti-RGS2
C-terminal peptide (KKPQITTEPHAT) antibody was a kind
gift from Dr I Siderovski (University of Nerth Carolina at
Chapel Hill). The polyclonal rabbit G antibody {W082-14),
a gift from Paul C Sternweis (UT Southwestern Medical
Center), was raised against a peptide representing an internal
sequence in G, (Gutowski ef o, 1991). Monoclenal mouse
anti-human AR antibody, rabbit anti-humar PSA antibody,
rat anti-HA antibody and rabbit anti-RGS10 antibody were
purchased from Santa Cruz. Anti-phosphorylated p44/42
MAP kinases (active ERKI and 2) antibody (10E) and anti- _
ERK1/2 total protein antibody were from Cell Signaling
Technology. An enhanced chemiluminesence (ECL) reagent
kit was puarchased from Pierce (Rockford, IL, USA).
Nonmetabolizable androgen R1881 was obtained from NEN
Life Science Products (Boston, MA, USA). MAPK kinase
{MEK) inhibitor 1J0126 was from Calbiochem. ARE;-tk-LUC
was a gift from Dr Li-Hua Wang (National Cancer Institute-
Frederick Cancer Research and Development Center). It
contains three tundem copies of androgen-response element



(ARE) from the androgen-responsive, prostate-specific antigen
promoter upstream of the tk-LUC reporter. Renilla luciferase
expression plasmid, pRL-tk plasmid was a gift from Dr Zhaoyi
Wang (Cancer Center, Creighton University). The pFA2-Elk-1
(pGAL4-Elk-1TA) expresses the GAL4 DNA-binding domain
fused with the transactivation domain of Elk-1. The reporter
plasmid pFR-LUC (pGAL4-LUC) contains 5 copies of the
GAL4 binding site upstreamt of a minimal promoter that
drives expression of the firefly luciferase reporter gene. Both
were purchased from Stratagene. All pcDNA3.1 plasmids
encoding different HA-tagged or un-ltagged RGS proteins or
comstitutively activated GQ209L were obtained frem UMR
cDNA Resource Center (Rolla, MO, USA). GgQ209L/G1888
was generated from G4Q209L using a QuikChange mutagen-
esis kit (Stratagene). Gly at position 188 of Gy was mutated to
Ser using the oligonuclectides 5-GTATTCGATGATCGA
TGTGGTGGGGACTC-3 and Y-GAGTCCCCACCACAT
CGATCATCGAATAC-3. Asn at position 149 of RGS2 was
mutated to Ala (N149A) as described previously (Salim et g,
2003). Green fluorescent protein (GFP)-fused RGS2 or its
GAP-deficient N14%A mutant was generated by ligating RGS2
or RGS2ZN149A into pEGFP-N1 (Clontech). Catalytically
defective MEK1 mutant (K97M) and ERK2 mutant (K52)
were kind gifts from Dr M Cobb (University of Texas
Southwestern Medical Center, Dallas, TX, USA). The
MEKI1-K97M cDNA construct was subcloned into vector
pRSET (Invitrogen), and the ERK2-K52R cDNA was
subcloned into vector pCMV5M, All plasmids were verified
by DNA sequencing. Matched Tumor/Normal prostate tissue
RNA pairs were purchased from Ambion (Austin, TX, USA).
Prostate tumors and their adjacent normal tissues were
obtained from the National Cancer Institute (NCI) Coopera-
tive Prostate Cancer Tissue Resource.

Receptor-G protein vesicles and steady-state GAP assays

Unilamellar m1AchR-G, protein vesicles were reconstituted as
described previously (Tu er «f, 2001). Steady-state GAP
activity was determined according to the increase in agonist-
stimulated GTPase activity in phospholipid vesicles that
contained trimeric G protein and receptor (Wang er al., 1998),

Cells and cell culnure

Low-passage androgen-sensitive LNCaP-C33 (passage <33)
was purchased from the American Type Culture Collection
(ATCC). They are routinely maintained in RPMI-1640
medium supplemented with 5% FBS at 37°C in a humidified
atmosphere of 5% CO» in air. An androgen-independent
high-passage LNCaP-C81 (passage >81) cell line has been
established by more than 12-month continucus culture of low-
passage LNCaP-C33 cells as described previously (Igawa et 4l.,
2002). CWR22Rv1 cells (ATCC, CRL-2505), derived from the
relapsed xenograft, were grown in RPMI-1640 medinm
supplemented with 10% FBS, and 10mM HEPES.

Transfection and luciferase reporter assays

ENCaP cells were transiently transfected using Lipofectamine™
2000 (Invitrogen) in serum-free medium, according to the
manufacturer’s instructions. Briefly, 0.1 ug of dual luciferase
reporter constructs (ARE;-tk-LUC and pRL-tk) were co-
transfected with pcDINA3.1 empty vector or expression vectors
as indicated into 2 x 10° of LNCaP cells in 24-well ptates for
16h followed by incubation in steroid-reduced medium
(phenol red-free RMPI 1640 plus 5% charcoak-stripped FBS)
with or without R1881 for 24 h. The total amount of plasmid
DNA used was normalized to 2 ugfwell by the addition of
empty plasmid. Renilla luciferase expression plasmid, pRL-tk
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(10ng), was used as an internal control for transfection
efficiency. Luciferase activities in cell lysates were measured
with a Sirius luminometer (Berthold, Germany) using the dual
fuciferase assay system (Promega) and were normalized by the
Renilla activities and protein concentrations of the samples.
The results are presented as fold induction, which is the relative
fuciferase activity (RLUs, ratio of reporter luciferases/Renifia
fuciferases) of the treated cells over that of the control cells.

Detection of ERK activity

To monitor ERK activities, we used a reporter system (Stratagene)
based on the use of fusion proteins that are comprised of a GAL4
DNA binding domain fused to the activation domain of specific
transcription factors that, in turn, drive the expression of the
luciferase reporter gene (pGALALUC). An expression plasmid
(pFA-EIK) expresses a chimeric protein GAL4-Elkl, the phos-
phorylation target of activated ERKs. Routinely, 2 x 10° of
LNCaP cells were co-transfected with pGALA-LUC (8ng),
PGAL4-EIk-1-TA (8ng) and either pcDNAS3.1 or peDNA3.L
encoding different genes as indicated (total 2 ug) using Lipofecta-
mine™ 2000 (Invitrogen) for 30h. Luciferase activity was
measured using the dual luciferase assay system from Promega.

PSA secretion

ENCaP cells were cultured in phenol-free RPMT 1640 plus 1%
charcoal-stripped FBS conditioned medium without or with
5nM RI881 for 48h. PSA in 50 ul of collected medium was
analysed by Western blotting with the anti-PSA antibody as
described below, PSA levels were quantified by densitometry
and were corrected for LNCaP cell numbers.

Protein extraction, electrophoresis and Western blot analysis
Protein was extracted from exponentially growing cells using
1 x RIPA complete iysis buffer (Santa Cruz). Protein samples
(40 pg) and prestained protein standards were loaded on 10%
SDS polyacrylamide gels, electrophoresed and transferred
onto 2 PVDF membrane (Immobilon, pore size 0.45mm).
Immunoblots were probed with antibodies against AR, RGS2,
RGS10, Gy or anti-HA in a 10% blocking solution and
developed according to instrictions in the ECL kit (Amersham
Biosciences). Anti-fi-Actin antibody was used to detect Actin
in lysates as loading controls. Cell lysates transfected with
different plasmids were also analysed by 10% SDS-PAGE and
immunoblotting with a monoclonal antibody specific against
the phosphorylated ERKI1/2. Total ERK1/2 protein was
blotted as a control (Lee er al., 2002).

RNA interference experiments

Four RGS2 siRNAs were designed according to different
regions of RGS2 gene that are unique to RGS2 using siRNA
Wizard software on the website of InvivoGen Inc. One
relatively potent siRNA (RGS2si-3, targeting RGS2 sequence:
F-AAAGCCACAAATCACCACAGA-3) was identified by
its ability fo knockdown RGS2 expression in androgen-
sensitive LNCaP-C33 cells that expresses endogenous RGS2
protein. RGS2 siRNA (1.5pug) or its scrambled siRNA was
transfected into LNCaP-C33 cells (1 x 10%) with a Cell Line
Nucleofector Kit V (Amaxa), and transfected LNCaP-C33
cells were seeded on six-well plates. After 48 h of incubation at
37°C, cells were harvested and subjected to luciferase reporter
assays and cell growth analysis. We also designed three other
RGS2 siRNAs according to different regions of the 3'-
untranslated region (3-UTR) of RGS2 gene (GenBank
Accession No. NM-002923). The short-hairpin-RNA-encod-
ing complementary single-stranded oligonucleotides, which
hybridized to give overhangs compatible with BbsI/Bbsl, were
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synthesized and cloned into the expression vector psiRINA-
hH1zeo (G2) (Invivogen Inc.) that carries an SV40 promoter
and a Zeocin resistant gene as a selection marker. The three
siRNA expression vectors (2 ug) were transfected into LNCaP-
(C33 cells as described above, One of them (RGSZsi-5,
targeting RGS2 3-UTR sequence: 5-GGAAACATCACT
CAG AACTAT-3) strongly downregulated RGS2 expression
in LNCaP-C33 cells. Cells transfected with the RGS2si-5
expression vector were harvested 72h post-transfection and
subjected to luciferase reporter assays and cetl growth analysis.

Growih assays .
Approximately 1 x 10% transfected cells/well were plated in 12-
well tissue culture plates (Becton Dickinson) in steroid-reduced
medium for 24 h, and then the medium was replaced with fresh
steroid-reduced medium without or with 5nm RI1881 for 4
days. Cells were counted using a Coulter Counter ZM (Coulter
Electronics). Results represent an average of two independent
experiments performed in triplicates.

Colony formation assay

Androgen-independent LNCaP-C81 cells were transfected
with a vector encoding GFP, or a vector encoding GFP-fused
RGS82 or RGE2N149A mutant. After 24h, the celis were
replated into 60-mm dishes with 3 x 10* cells/dish and the cells
were cultured in steroid-reduced medium plus 500 pg/ml G418
for 3 weeks. The colonies were fixed with formalin, stained
with Giemsa, and counted. All assays were carried out in
triplicates, and the results are expressed as the number of
colonies obtained.

Confocal microscopy

GFP-tagged RGS proteins were visualized in live LNCaP cells.
Microscopy was performed using a Zeiss LSM 510 confocal
microscope equipped with three lasers (Argon, Green HeNe and
Red HeNe). Enhanced GFP fluorescence was examined under a
flucrescein isothiocyanate filter. For each experimental condi-
tion, fluorescence distribution patterns similar to the image
shown were observed in the majority { > 70%) of cells inspected.

Total RNA isolation and reserve transcription

Total RNA was isolated from cells or tissues using Trizol
Reagent (Life Technologies), according te the manufacturer’s
protocol. The quality of the RNA was confirmed by
visualization of the integrity of the 188 and 285 RNA bands
on agarose gel. The concentration of the total RNA was
determined by measuring the absorbance at 260 nm with an
ultraviolet spectrophotometer. All the RNA samples used for
assay were treated with DNase I (Life Technologies) to remove
contaminating genomic DNA prior to experiments. The
reverse transcription reaction was performed by incubating a
reaction mixture containing 0.5 gg RNA, 100 pmol of random
hexamer primer (Applied Biosystems), 50U of reverse
transcriptase (Applied Biosystems), 20U of RNase inhibitor
(Promega), and 1mM dNTP (Life Technologies) in a total of
20 4l reaction buffer at 42 °C for 50 min, followed by 95°C for
5min. The cDNA samples were then stored at ~20°C until use.

Conventional PCR and quantitative reai-time PCR
Primers for each gene were chosen with the assistance of the
computer program Primer Express (Applied Biosystems). The
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primers and probes used for convéntional PCR and quanti-
tattve real-time PCR of RGS genes are listed in Table 1. The
housekeeping genes f-Actin and cyclophilin B were used as
control genes,

The conventional PCR cycling conditions were 1 cycle at
94°C for 3 min; 30 cycles of 94°C — 1 min, 55°C - 1 min, 72°C -
I min, followed by 1 cycle of 72°C for 7min. The PCR
products were separated by a 4% agarose gel electrophoresis
and stained with ethidium bromide, then photographed under
UV light. The predicted size of the PCR product was 238-bp
for cyclophilin B, 180-bp for f-Actin and 307-bp for RGS2,
and confirmed by DNA sequencing analysis.

All real-time PCR reactions were performed using an ABI
Prism 5700 Sequence Detection: System (Applied Biosystems).
For each PCR tun, a master mix was prepared on ice with 1 x
TagMan buffer, 5mm MgCl, 200 M dNTP, 300uM of each
primer, 150nM probe, and 1U of AmpliTaq Gold DNA
Polymerase (Appled Biosystems), and 3 gl of cDNA sclution
in a total of 30 ul. The thermal cycling conditions were an
initizl denaturation step at 95°C for 10min, followed by 40
cycles at 95°C for 15s and 60°C for 1 min.

Human f-Actin plasmid was purchased from ATCC (MGC-
10559). Human RGS2, RGS3 or cyclophilin B was constructed
into pcDNA3.1 (Irivitrogen). All plasmids were prepared by
using the Qiagen Spin Mini-Prep Kit. Quantification of
plasmid was performed by using UV/visible spectrophoto-
meter (Beckman). The plasmid concenfration was converted
into copy number; a dilution series of each plasmid from 107 to
107 were used as DINA standard for real-time PCR. All real-
time PCR efficiencies were controlled in the range of
1004+ 10%. Standard curves were drawn by plotting the
threshold cyele (Cp) against the natural log of the copy
number of plasmid molecules. The Cr was defined as the cycle
at which a statistically significant increase in the magnitude of
the signal generated by the PCR reaction was first detected.
The equations drawn from the graphs were used Lo calcuiate
the copy numbers of ¢cDNA maolecules present in the unknown
samples based on the corresponding Cr values.

Statistical analysis

Results are expressed as the meanzts.e. of at least three
determinations and statistical comparisons are based on the
Student’s i-test. A probability (P), vatue of <0.05 was
considered to be significant.
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