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Aberrant up-regulation of P-Rex1 expression plays important
roles in cancer progression and metastasis. The present study
investigated the regulatory mechanism underlying P-Rex1 gene
expression in prostate cancer cells. We showed that P-Rex1
expression was much higher in metastatic prostate cancer cells
than in prostate epithelial cells and non-metastatic prostate
cancer cells. Histone deacetylase (HDAC) inhibitors or silence
of endogenous HDAC1 and HDAC2 markedly elevated P-Rex1
transcription in non-metastatic prostate cancer cells, whereas
overexpression of recombinant HDACI1 in metastatic prostate
cancer cells suppressed P-Rex1 expression. HDAC inhibitor tri-
chostatin A (TSA) also significantly increased P-Rex1 promoter
activity and caused acetylated histones to accumulate and asso-
ciate with the P-Rex1 promoter. One Sp1 site, essential for basal
promoter activity, was identified as critical for the TSA effect.
TSA treatment did not alter the DNA-binding activity of Sp1
toward the P-Rex1 promoter; however, it facilitated the dissoci-
ation of the repressive HDAC1 and HDAC2 from the Sp1 bind-
ing region. Interestingly, HDAC1 association with Sp1 and with
the P-Rex1 promoter were much weaker in metastatic prostate
cancer PC-3 cells than in non-metastatic prostate cancer cells,
and HDAC inhibitors only had very modest stimulatory effects
on P-Rex1 promoter activity and P-Rex1 expression in PC-3
cells. Altogether, our studies demonstrate that HDACs could
regulate P-Rex1 gene transcription by interaction with Sp1 and
by region-specific changes in histone acetylation within the
P-Rex1 promoter. Disassociation of HDACs from Spl on the
P-Rex1 promoter may contribute to aberrant up-regulation
of P-Rexl1 in cancer.

Rac is a member of the Rho family of small G-proteins that
are important regulators of the cell cytoskeleton during the
establishment of cell polarity and cell processes such as migra-
tion, vesicle trafficking, and cell division (1, 2). Hyperactivation
of Rac has been found in some cancers and may control tumor
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cell movement (3, 4). P-Rex1? is a guanine nucleotide exchange
factor that specifically activates Rac by catalyzing exchange of
GDP for GTP bound to Rac (5). It is among the few Rac-guanine
nucleotide exchange factors that are known to be synergisti-
cally activated by both receptor tyrosine kinases and G-protein-
coupled receptors (5-7). In addition, the mammalian target of
rapamycin, which integrates nutrient and growth factor signals
(8), also activates P-Rex1 (9). Thus, P-Rex1l simultaneously
integrates signals from several input pathways and plays impor-
tant roles in both normal physiology and pathological condi-
tions. For example, P-Rex1 has been implicated in chemotactic
migration of neutrophils (5, 10), neurite differentiation (11),
migration of cortical neurons (12), cerebellar long term poten-
tiation (13), prostate cancer metastasis (14), the angiogenic
responses of microvascular endothelial cells (15), and breast
cancer progression (16).

In humans, P-Rex1 has a very limited distribution. It is
expressed in cells of hematopoietic lineage and in neurons (5,
12), suggesting that the P-Rex1 gene is normally repressed in
most human tissues. We recently found that the expression
levels of P-Rex1 were very low in normal human primary pros-
tate epithelial cells and in non-metastatic prostate cancer cells,
whereas levels were highly elevated in metastatic prostate can-
cer cells (14). Immunohistochemical staining of P-Rex1 protein
in human prostate cancer specimens also suggests that P-Rex1
expression levels are an index of metastasis, the major cause of
prostate cancer death. Indeed, using a mouse xenograft model,
we demonstrated that up-regulated P-Rex1 promotes the spon-
taneous metastasis of human prostate cancer cells to mouse
lymph nodes (14). In addition, P-Rex1 is also overexpressed in
estrogen receptor-positive and/or ErbB2-positive breast can-
cers (16), and increased expression of P-Rex1 correlates with
poor patient outcome in breast cancer (17). Thus, it has been
suggested that up-regulated P-Rex1 could be a novel therapeu-
tic target in cancers and other pathological conditions (9, 14, 16,
17). Understanding fundamental mechanisms controlling
expression of P-Rex1 gene is crucial for introducing effective
therapies.

P-Rexl1 is located at 20q13.13, a chromosomal region that is
often relatively spared from amplifications and somatic muta-
tions in prostate cancer cell lines (18), implying that other

3The abbreviations used are: P-Rex1, phosphatidylinositol 3,4,5-trisphos-
phate-dependent Rac exchanger 1; HDAC, histone deacetylase; TSA, tri-
chostatin A; MMA, mithramycin A; pRL-tk, TK-Renilla plasmid; 5-Aza-dC,
5-aza-2'-deoxycytidine; NaB, sodium butyrate.
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mechanisms may be involved in P-Rex1 up-regulation in met-
astatic prostate cancer cells. Recent evidence has suggested that
DNA-change-independent or epigenetic events, such as aber-
rant histone modifications and DNA methylation, play an
important role in transcriptional regulation of a number of tar-
get genes, critical for prostate tumor progression (19-22).
P-Rex1 expression is normally repressed in most cells, suggest-
ing that epigenetic mechanisms may be responsible for its low
levels, whereas a reversal of epigenetic inhibition could contrib-
ute to the elevated expression of P-Rex1 during the later phases
of prostate cancer progression. However, the exact molecular
mechanism for P-Rex1 regulation is entirely unknown. In the
present study, we demonstrate for the first time that HDACs
have a major role in suppressing Sp1-driven P-Rex1 gene tran-
scription. Disassociation of HDACs from Spl on the P-Rexl
promoter may contribute to aberrant up-regulation of P-Rex1
in metastatic prostate cancer cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—All cell lines were from the Amer-
ican Type Culture Collection (Manassas, VA). PC-3 cells were
cultured in RPMI 1640 medium with 5% fetal bovine serum
(FBS). Non-metastatic prostate cancer LNCaP and CWR22Rv1
(22Rv1) cells were grown in RPMI 1640 with 10% FBS, 10 mm
HEPES, 4.5 g/liter glucose, and 1.0 mM sodium pyruvate.
Immortalized human prostate epithelial RWPE-1 cells were
cultured in keratinocyte medium supplemented with 5 ng/ml
human recombinant epidermal growth factor and 0.05 mg/ml
bovine pituitary extract. HEK293 cells were maintained in
DMEM with 10% FBS. Pre-immune rabbit IgG, anti-HDAC]I,
anti-HDAC?2, anti-histone H4, anti-acetyl-H4 (Ac-H4) anti-
bodies, and sodium butyrate (NaB) were from Millipore (Bil-
lerica, MA). Sp1 and B-actin antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-hemagglutinin (HA)
antibody was from Covance (Princeton, NJ). Sp1 IRdye-labeled
oligonucleotide and IRdye700 and IRdye800 secondary anti-
bodies were from LI-COR Biosciences (Lincoln, NE). Lipo-
fectamine LTX and Plus reagent, Lipofectamine 2000, and a
Dynabeads® Protein A Immunoprecipitation Kit were from
Invitrogen (Carlsbad, CA). ON-TARGETplus SMARTpools
targeting human Sp1l, HDACI, and HDAC2 were purchased
from Thermo Scientific Dharmacon (Lafayette, CO). P-Rex1
monoclonal antibody 6F12 was a gift from Dr. Marcus Thelen
(Institute for Research in Biomedicine, Switzerland). P-Rex1
polyclonal antibody, TSA, 5-aza-2'-deoxycytidine (5-Aza-dC),
and mithramycin A (MMA) were from Sigma-Aldrich. Other
reagents were from either Sigma-Aldrich or ThermoFisher Sci-
entific (Waltham, MA).

Luciferase Reporter Constructs and HA-tagged Sp1 Construct—
All primers are shown in supplemental Table S1. The P-Rex1
promoter fragments (—2024/+3) and (—576/+3) were ampli-
fied from human genomic DNA by PCR with BglII- and Hin-
dIlI-flanked primers and were cloned into the pGL3-Basic
luciferase reporter vector (Promega, Madison, W1). Progressive
deletion mutants of the P-Rex1 promoter-luciferase construct
were created by inverse PCR with promoter-specific primers,
using the P-Rex1 promoter luciferase construct (—576/+3) asa
template, followed by self-ligation. The P-Rex1 luciferase con-
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struct (—190/+3) with mutations in Sp1 sites were also gener-
ated by inverse PCR. Nucleotide changes are indicated under-
lined for each primer. The HA-tagged Spl construct was
generate by amplifying from the pBS-Sp1 plasmid (Addgene,
Cambridge, MA) using the indicated primers and subsequently
subcloning into pcDNA3.1-HA vector (Invitrogen) via Xhol/
Kpnl sites. All constructs were validated by DNA sequencing.

Conventional RT-PCR and Quantitative Real-time RT-PCR—
Conventional and real-time RT-PCR analyses were done as
described previously (14) for P-Rex1 (28 cycles) and B-actin (22
cycles). The conventional PCR products were separated by 2%
agarose gel electrophoresis and confirmed by DNA sequencing
analysis. The P-Rex1 and B-actin primers are listed in supple-
mental Table S1.

RNA Interference—PC-3 cells in suspension were transfected
with 50 nM control siRNA (negative control #1 siRNA, Ambion)
or siRNAs targeting Spl or HDAC1 and HDAC2 using Lipo-
fectamine 2000. Cells were seeded on six-well plates, and 90% of
the transfection medium was replaced with fresh culture
medium after 5 h of incubation. The following day, adherent
PC-3 cells were re-transfected with the same siRNAs. Two days
later, cells were harvested for Western blot analysis of Spl,
HDAC1, HDAC2, and P-Rex1 expression.

Western Blot—Protein was extracted from exponentially
growing cells using 1X radioimmune precipitation assay lysis
buffer (Santa Cruz Biotechnology). Protein samples (40 ug)
were loaded on SDS-PAGE, electrophoresed, and transferred to
an Immobilon-FL. membrane (Millipore). Primary antibodies
were used to identify the relevant protein of interest and load-
ing control (B-actin). IRdye700- or IRdye800-labeled secondary
antibodies were used for protein band detection. The images
were captured with a LI-COR Odyssey infrared imaging system
(LI-COR Biosciences) at wavelengths of 700 or 800 nm.

Transient Transfection and Luciferase Assay—To analyze the
effect of recombinant HDAC1 on endogenous P-Rex1 expres-
sion, PC-3 cells (100-mm dish) were transfected with 10 ug of
pEGFP-NI1 or 20 ug of HDAC1-GFP plasmids (Addgene) using
Lipofectamine LTX with Plus reagent. 18 h post-transfection,
the cells were treated with or without 500 nm TSA for 24 h.
GFP™ cells were then separated from GFP™ cells by fluores-
cence-activated cell sorting using a FACSAria (BD Immunocy-
tometry Systems) at the Creighton University Flow Cytometry
Core Facility. Alteration of P-Rex] mRNA and protein expres-
sion in GFP™ cells was analyzed by quantitative RT-PCR and
Western blot analysis, respectively.

For luciferase reporter assays, cells were seeded in 24-well
plates, and transfections were performed when the cells were
grown to 90% confluence. 22Rv1 cells or HEK293 cells were
transfected with 500 ng of pGL3-Basic vector or P-Rex1 pro-
moter reporter constructs with 10 ng of TK-Renilla plasmid
(pRL-tk), used to normalize for transfection efficiency. For Sp1
overexpression experiments, HEK293 cells were co-transfected
with P-Rex1 promoter reporter constructs (100 ng), pRL-tk (10
ng), and 1000 ng of pcDNA3.1 empty vector or vector encoding
HA-tagged Spl. For HDAC1 overexpression experiments,
HEK293 cells were co-transfected with the P-Rex1 promoter
reporter construct, pRL-tk, and GFP-tagged HDAC1 or control
pEGFP-N1 plasmid. To examine P-Rex1 promoter activities in
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various cell lines, 100 ng of pRL-tk and 3 ug of the P-Rex1
promoter luciferase construct (—576/+3), cloned from the
genomic DNA of RWPE-1 cells, were transfected into
RWPE-1, 22Rv1, or PC-3 cells (2 X 10°) with a Cell Line
Nucleofector Kit V using the Amaxa Nucleofector System
(Lonza Inc., Walkersville, MD), and transfected cells were
seeded onto 24-well plates. After 24 h of culture, cells were
harvested and subjected to luciferase assays. The luciferase
activities were measured using the dual luciferase assay kits
(Promega) (23). The data presented are averages of at least
three independent experiments.

Nuclear Extracts and Electrophoretic Mobility Shift Assays—
Nuclear extracts from PC-3 cells were prepared using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (ThermoFisher
Scientific) according to the manufacturer’s instructions. EMSA
was preformed as previously described (23), using the Spl
IRdye-labeled oligonucleotide as a probe. Briefly, PC-3 nuclear
extract (5 ug) was incubated with the IRdye-labeled double-
stranded Sp1 consensus binding motif (50 fmol) in 20-ul solu-
tion containing 10 mm Tris, pH 7.5, 50 mm KCl, 1 mm dithio-
threitol, 0.25% Tween 20, 1 mm EDTA, and 100 ug/ml
poly(deoxyinosinic-deoxycytidylic acid) for 30 min on ice. For
competition assays, the competitive oligonucleotide (2.5 pmol)
was preincubated with nuclear extracts for 5 min before adding
the Sp1 IRdye-labeled oligonucleotide. The protein-DNA com-
plexes were resolved on a 4% non-denaturing polyacrylamide
gel containing 2.5% glycerol. Gel imaging was carried out using
the Odyssey infrared imaging system at 700 nm.

Chromatin Immunoprecipitation Assay—ChIP assay was
carried out using the ChIP-IT express kit (Reactive Motif,
Carlsbad, CA) according to the manufacturer’s instructions.
Briefly, cells (80% confluence) were cross-linked with 1% form-
aldehyde for 10 min at room temperature. The cell lysates were
centrifuged to pellet the nuclei at 5000 rpm for 10 min in 4 °C.
DNA was sheared into 200- to 800-bp fragments by sonications,
followed by centrifugation to remove debris. The chromatin
fraction was incubated for 4 h at 4 °C in ChIP buffer containing
protein G magnetic beads and 5 ug of the following antibodies:
anti-Sp1, anti-HDAC]1, anti-HADC2, anti-Ac-H4, or control
rabbit IgG. The chromatin-protein complexes were eluted
from magnetic beads, reverse-cross-linked, and then treated
with proteinase K at 37 °C for 1 h. The final DNA products were
used as PCR templates for amplification using the P-Rex1 prox-
imal promoter-specific primers (supplemental Table S1).

Co-immunoprecipitation of Spl and HDACI—Nuclear ex-
tracts of PC-3 and 22Rv1 cells were prepared using a Nuclear
Complex Co-IP Kit (Active Motif, Carlsbad, CA) in the pres-
ence of phosphatase inhibitors (Sigma) following the manufac-
ture’s protocol. Co-immunoprecipitation was performed using
a Dynabeads Protein A Immunoprecipitation Kit (Invitrogen).
In brief, 3 ug of polyclonal Sp1 antibody or pre-immune rabbit
IgG was incubated with 40 ul of Dynabeads Protein A suspen-
sion. Cell nuclear extracts were incubated with IgG-Dynabeads
or Spl-Dynabeads for 5 h at 4 °C. Immunoprecipitated com-
plexes were washed four times with immunoprecipitation
buffer and eluted in SDS sample buffer and detected by West-
ern blot using monoclonal HDACI antibody and polyclonal
Sp1l antibody.
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FIGURE 1. Stimulation of P-Rex1 expression by HDAC inhibitors in human
prostate epithelial cells and prostate cancer cells. A, 22Rv1 cells were
treated without (control) or with 5-Aza-dC (10 um) for 2 weeks or TSA (500 nm)
for 24 h. PC-3 cells, which express higher levels of endogenous P-Rex1, were
used as a positive control. P-Rex1 mRNA and protein expression were deter-
mined by conventional RT-PCR (top section) and Western blot (WB) analysis
using P-Rex1 monoclonal antibody 6F12 (bottom section), respectively. B-Ac-
tin was used as an internal control. B, concentration-dependent (top section)
and time-dependent (bottom section) stimulation of P-Rex1 mRNA expression
in 22Rv1 cells following TSA treatment. C, P-Rex1 mRNA expression in differ-
ent prostate cell lines treated with HDAC inhibitors (10 mm NaB or 500 nm TSA)
or vehicle (Control). Left section, representative images of conventional RT-
PCR results; right section, quantitative RT-PCR results. Data shown are
means * S.E. of at least three independent experiments. In the absence of
TSA, P-Rex1 expression in PC-3 cells was significantly higher than that in
RWPE-1, 22Rv1, and LNCaP cells (*, p < 0.01). *, p < 0.05 indicated that TSA
treatment induced a significant increase of P-Rex1 expression.

Statistical Analysis—Results are the mean * S.E. of at least
three determinations. Statistical comparisons used a Student’s ¢
test, or a two-way analysis of variance with the Bonferroni cor-
rection or Newman-Keuls test where there were multiple com-
parisons. A probability (p) value of <0.05 was considered
significant.

RESULTS

Stimulation of P-RexI Expression by HDAC Inhibitors in
Human Prostate Epithelial Cells and Prostate Cancer Cells—To
understand the epigenetic mechanisms underlying regulation
of P-Rex1 expression, non-metastatic prostate cancer 22Rv1
cells were treated with a DNA methyltransferase inhibitor
5-Aza-dC or a histone deacetylase inhibitor TSA (24). P-Rex1
mRNA expression (Fig. 14, top section) increased dramatically
after TSA treatment, whereas 5-Aza-dC treatment had no
effect. Western blot analysis using a monoclonal P-Rex1 anti-
body confirmed that P-Rexl protein was also significantly
increased in TSA-treated but not in 5-Aza-dC-treated 22Rv1
cells (Fig. 1A, lower section). In contrast, the expression of the
B-actin gene was not affected. As previously reported (14),
human metastatic prostate cancer PC-3 cells express high levels
of P-Rex1 mRNA and protein (Fig. 14, lane 4).
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FIGURE 2. HDACs inhibit P-Rex1 gene expression in prostate cancer cells.
A, silence of HDAC1 and HDAC2 by siRNAs increased P-Rex1 transcription in
22Rv1 cells, determined by quantitative RT-PCR. The P-Rex1 mRNA level in
untransfected 22Rv1 cells was set as 1. Data shown are means = S.E. of three
independent experiments with *, p < 0.01 compared with cells transfected
with scramble siRNA. Inset, Western blot analysis of HDAC1,HDAC2, and 3-ac-
tin. B, PC-3 cells were transfected with either GFP or GFP-HDAC1. Alteration of
P-Rex1 mRNA expression in GFP™" cells was analyzed by quantitative RT-PCR.
The P-Rex1 mRNA level in PC-3 cells transfected with GFP was set as 1. Data
are mean =* S.E. of three experiments performed in duplicate. *, p < 0.01
compared with cells transfected with GFP. Inset, Western blot analysis of pro-
tein levels of P-Rex1, GFP-HDAC1, endogenous HDAC1, and S-actin in GFP™
cells. Images shown are representative of two independent experiments.

TSA treatment significantly increased P-Rex1 transcription
in 22Rv1 cells in a time-dependent and concentration-depen-
dent manner (Fig. 1B). To further confirm that transcription of
P-Rex1 gene was subject to regulation by HDACs through
chromatin modifications, NaB, another HDAC inhibitor (25),
was also used. In human immortalized prostate epithelial
RWPE-1 cells and non-metastatic prostate cancer 22Rv1 and
LNCaP cells, both NaB and TSA significantly increased P-Rex1
expression by over 30-fold (Fig. 1C). In contrast, the basal level
of P-Rex1 expression in PC-3 cells was significantly higher than
that in RWPE-1, 22Rv1, or LNCaP cells, and NaB or TSA only
increased P-Rex1 expression by <2-fold in PC-3 cells (Fig. 1C).

HDACs Suppress P-Rex1 Expression in Human Prostate Can-
cer Cells—The functions of HDACs, especially HDAC1 and
HDAC?2, in gene transcriptional regulation have been exten-
sively studied. Thus, we next examined the effects of knocking
down endogenous HDAC1 and HDAC2 on P-Rex1 expression
in 22Rv1 cells. As shown in Fig. 24, a combination of siRNAs
against HDAC1 and HDAC2 reduced expression of HDAC1
and HDAC?2 in 22Rv1 cells by ~70 and 50%, respectively. Con-
sequently, P-Rex1 gene expression in 22Rv1 cells was signifi-
cantly increased by ~4-fold. We further investigated the effect
of overexpression of HDAC1 on endogenous P-Rex1 expres-
sion in PC-3 cells. As shown in Fig. 2B, the endogenous P-Rex1
mRNA expression in PC-3 cells transfected with GFP-tagged
HDAC1 was ~60% lower than that in cells transfected with
GEFP control. Western blot analysis confirmed that P-Rex1 pro-
tein was also significantly decreased by ~50% in PC-3 cells
expressing GFP-HDAC1 as compared with cells expressing
GEFP alone (Fig. 2B, inset). Together, our results demonstrate
that HDACs such as HDAC1 and HDAC2 act as a negative
regulator of the transcription of the P-Rex1 gene.

Identification of the Promoter Region Regulating P-Rexl
Expression—TIt is generally accepted that HDACs suppress the
transcription of a specific gene by binding to its promoter
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region. To identify the putative promoter that regulates P-Rex1
expression, a 2024-bp DNA fragment upstream of the human
P-Rex1 coding region was amplified using genomic DNA of
human prostate tissue as a template and was then cloned into
the luciferase reporter vector pGL3-Basic, designated as
P(—2021/+3) (the “+3” represents the third base from the
putative transcription start site). 22Rv1 cells transiently trans-
fected with the P(—2021/+3) or the control pGL3-Basic vector
were treated with or without 500 nm TSA. As shown in Fig. 34,
the P(—2021/+3) construct displayed a 4-fold basal activity
over the pGL3-Basic vector, and a further 13.8-fold induction
after TSA treatment. In contrast, TSA treatment only increased
the activity of pGL3-Basic vector by <2-fold. This result dem-
onstrates that the fragment cloned is both transcriptionally
active and TSA-inducible. Analysis of this fragment by Promot-
erScan software identified a putative promoter region within
the 579-bp fragment upstream of the P-Rexl gene. The
P(—576/+3) plasmid containing this region displayed similar
basal and TSA-induced promoter activities as compared with
P(—2021/+3) (Fig. 34), and the induction of its promoter activ-
ity by TSA was concentration-dependent (Fig. 3B). In 22Rv1
cells, NaB also stimulated the P(—576/+ 3) promoter activity by
9-fold (Fig. 3C).

Interestingly, the P(—576/+3) constructs cloned from
RWPE-1, 22Rv1, or PC-3 cells displayed similar promoter activi-
ties in HEK293 cells (Fig. 3D). DNA sequence analysis of the
579-bp fragments cloned from these cell lines confirmed the iden-
tical sequences (data not shown). We then compared the pro-
moter activity of P(—576/+3) construct cloned from RWPE-1
cells in various prostate cell lines. The data shown in Fig. 3E indi-
cated that the basal promoter of the P(—576/+3) activity was
5-fold and 2-fold higher in PC-3 cells than that in RWPE-1 cells
and 22Rv1 cells, respectively. In contrast, TSA-mediated stimula-
tion of the P(—576/+3) promoter activity was only 3.5-fold in
PC-3 cells but 30-fold and 13-fold in RWPE-1 cells and 22Rv1 cells,
respectively. Thus, the P-Rex1 promoter has higher basal activity
with less TSA response in PC-3 cells than that in RWPE-1 cells or
22Rv1 cells, similar to the endogenous P-Rex1 expression patterns
and TSA-response in these cell lines.

To further determine the cis-element responsible for TSA
stimulation within the P-Rex1 promoter, luciferase reporter
gene constructs containing the various 5’ flanking regions of
the P-Rex1 promoter were transiently transfected into 22Rv1
cells, and their promoter activities were determined in the pres-
ence or absence of 500 nm TSA. As shown in Fig. 44, following
progressive deletion, the P(—190/+3) plasmid still retains the
basal promoter activity, similar to that of the P(—576/+3) plas-
mid (3.5- versus 5.0-fold, respectively). Moreover, P(—190/+3)
displayed a similar TSA induction compared with P(—576/+3)
(12.2- versus 13.3-fold, respectively). However, a further 92-bp
deletion of P(—190/+3) resulted in a significant loss of the basal
promoter activity (1.2- versus 3.5-fold) and TSA induction (2.0-
versus 12.2-fold) (Fig. 4A), suggesting that this deleted 92-bp frag-
ment (—190/—98) contains key elements of the P-Rex1 promoter.

Identification of the Spl Binding Domain as Critical for
TSA-mediated Activation/Derepression of P-Rex1 Gene Tran-
scription—Using TESEARCH, a tool for searching transcrip-
tion factor binding sites, we identified two consensus Sp1 bind-
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cells by TSA was determined by analysis of variance and a Newman-Keuls multiple comparison test. TSA-induced promoter activities were shown as -fold
induction with*,p <0.05and*, p < 0.01 compared with that in the absence of TSA or presence of 50 nm TSA, respectively. C, HDAC inhibitors stimulated P-Rex 1
promoter activities. 22Rv1 cells transfected with pGL3-Basic vector or the P(—576/+3) construct were treated with 10 mm NaB or 500 nm TSA for 18 h before
luciferase assays. *, p < 0.01 compared with untreated cells (control). D, the P(—576/+3) constructs, cloned from the genomic DNA of RWPE-1, 22Rv1, or PC-3
cells, displayed similar promoter activities in HEK293 cells. E, the P(—576/+3) construct, cloned from the genomic DNA of RWPE-1 cells, displayed different
basal promoter activities and TSA-stimulation in RWPE-1, 22Rv1, and PC-3 cells. *, p < 0.01 compared with the basal promoter activity in RWPE-1 and 22Rv1

cells.*, p < 0.001 indicated that TSA induced a significant increase of P-Rex1 promoter activity.

ing domains at —178/—169 bp (Sp1l-1) and —147/—138 bp
(Sp1-2) in this 92-bp fragment (Fig. 44, lower section). Simul-
taneous mutation of these two consensus Spl binding
domains in the P(—190/+3) construct (Spl-1/2m) signifi-
cantly reduced both basal promoter activity and TSA induc-
tion by ~85% (Fig. 4B). Interestingly, mutation of the first
Sp1 binding domain (Sp1-1m) had similar inhibitory effects
on the basal promoter activity and TSA induction as the
mutations of both Sp1 binding domains, whereas mutation
of the second Sp1 binding domain (Sp1-2m) only reduced
basal promoter activity by ~25% (p < 0.05) without any
significant effect on TSA induction (Fig. 4B). Taken
together, these studies demonstrate that the first Sp1 bind-
ing domain (—178/—169) is critical for both basal promoter
activity and activation/derepression of P-Rexl gene tran-
scription by the HDAC inhibitor TSA.

We further investigated whether oligonucleotide containing
this putative Sp1 binding domain can attenuate the binding of
Sp1 from PC-3 nuclear extracts to the Sp1 IRdye-labeled oligo-
nucleotide. The electrophoretic mobility shift assay (EMSA)
results shown in Fig. 5 indicate that transcriptional factors in
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PC-3 nuclear extracts bind to this Spl probe. As previously
reported (26, 27), the bands with lower mobility and higher
mobility are Sp1 binding and Sp3 binding, respectively (Fig. 5,
lane 1). Preincubation with 50-fold excess of non-labeled
P-Rex1 Spl-1 wild-type oligonucleotide almost completely
abolished Sp1 binding to its probe and partially reduced the Sp3
binding (Fig. 5, lane 2 versus lane 1). In contrast, a 50-fold
excess of non-labeled P-Rex1 Spl-1 mutant competitor had
only slight inhibitory effects on Sp1 or Sp3 binding to the Sp1
IRdye-labeled oligonucleotide (lane 3 versus lane I). These
results further confirm the existence of the Sp1 binding domain
within the P-Rex1 promoter.

Sp1l Dependence of Human P-Rexl Promoter Activity—To
evaluate the functional importance of Spl on human P-Rex1
promoter activity, an HA-tagged human Sp1l-expressing plas-
mid was co-transfected with P(—190/+ 3) plasmids containing
the wild-type Sp1 binding domain or the Sp1-1m mutant, into
HEK293 cells. Western blot analysis using anti-HA and anti-
Sp1l antibodies confirmed ectopic expression of HA-tagged Sp1
(Sp1-HA) in HEK293 cells (Fig. 6A, inset). Ectopic expression of
Sp1-HA enhanced the promoter activity of P(—190/+3) by 1.7-
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FIGURE 4. Identification of the Sp1 binding domain as critical for TSA-mediated activation/derepression of P-Rex1 gene transcription. The promoter
activity and TSA response of pGL3 vectors containing various lengths of the P-Rex1 promoter (A) or its Sp1 binding site mutants (B) were assayed in 22Rv1 cells.
Data shown are means = S.E. of at least three independent experiments. A, identification of TSA response region in the P-Rex1 promoter. Upper section: serial
deletion constructs from the 5’ site were created as shown on the /eft, and their relative promoter activities are shown on the right. Lower section: schematic
diagram depicting the putative Sp1 binding domains in the —190/—98 region of the P-Rex1 promoter. *, p < 0.05 and #, p < 0.01 compared with P(—576/+3)
in the absence and presence of TSA, respectively. B, mutation of a putative Sp1 site at —178/—169 caused the significant loss of both basal promoter activity
and TSA induction of the P(—190/+3) construct. The two putative Sp1 sites located at the —190/—98 region were double or single mutated as depicted on the
left, and relative promoter activities are shown on the right. *, p < 0.05 and *, p < 0.01 compared with the P(—190/+3) construct with wild-type Sp1 sites in the
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FIGURE 5. EMSA demonstrated that P-Rex1 Sp1-1 oligonucleotide (— 182/
—161) blocked Sp1 binding to the IRdye-labeled Sp1 probe. Left section:
sequences of IRdye 700-labeled Sp1 probe, P-Rex1 Sp1-1 wild-type (WT), and
its mutant (M) oligonucleotide. The sequences of putative Sp1 binding sites
are boxed, and mutations are denoted by asterisks. Right section: EMSA. PC-3
nuclear extracts (5 ng) were preincubated without (lane 7) or with 2.5 pmol of
P-Rex1 Sp1-1 WT (lane 2) or its mutant oligonucleotide (lane 3) for 5 min
before adding the IRdye 700-labeled Sp1 probe (50 fmol) to the mixture. The
image shown is representative of four independent experiments.

fold, which was significantly reduced by an Sp1-specific inhib-
itor, MMA (500 nm) (Fig. 6A). In addition, MMA treatment also
inhibited the promoter activity of P(—190/+ 3) by >50% in con-
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trol cells (Fig. 64), suggesting endogenous Sp1 in HEK293 cells
has a significant role in regulating P-Rex1 promoter activities.
Mutation of the first Sp1 site (Sp1-1m) of P(—190/+ 3) resulted
in significant loss of both basal and Sp1-HA-enhanced P-Rex1
promoter activities, and MMA treatment had no additional
inhibitory effect. As a control, neither expression of Spl1-HA
nor MMA treatment had any significant effect on pGL3-Basic
activities (Fig. 6A). Thus, Sp1 has a positive regulatory function
on the P-Rex1 promoter, and the Spl binding site located at
—178/—169 is required for its activation.

Sp1 Activity Is Required for P-Rex1 Gene Expression in Pros-
tate Cancer Cells—W e also found that 500 nm MMA treatment
suppressed both basal and TSA-induced P-Rexl promoter
activity in 22Rv1 cells by ~80% (Fig. 6B). Thus, we further
investigated whether the transcription factor Sp1 functionally
regulates endogenous P-Rex1 expression in prostate cancer
cells. As shown in Fig. 6C, TSA stimulation of P-Rex1 expres-
sion in 22Rv1 cells was significantly suppressed by MMA treat-
ment in a concentration-dependent manner. Treatment with
500 nm MMA completely abolished TSA-induced P-Rexl
expression in 22Rv1 cells. MMA treatment also blocked NaB-
stimulated P-Rex1 promoter activity and endogenous P-Rex1
expression in 22Rv1 (data not shown).
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FIGURE 6. Sp1 activity is required for P-Rex1 gene expression in prostate cancer cells. A, Sp1 stimulates P-Rex1 promoter activity. HEK293 cells were
transfected with pGL3-Basic vector, P(—190/+3) wild type, or its Sp1-1m mutant along with pcDNA3.1-Sp1-HA or vector control. Cells were treated without or
with 500 nm of the Sp1 inhibitor MMA for 24 h, and promoter activities were measured using the dual luciferase assay. *, p < 0.01 indicates a significant
difference. Inset: Western blot analysis of ectopic expression of HA-tagged Sp1 using anti-HA or anti-Sp1 antibodies. B, MMA suppresses both basal and
TSA-induced promoter activity of the P(—190/+3) construct in 22Rv1 cells. The basal activity of the P(—190/+3) construct in the absence of MMA was setas 1,
and data shown are mean = S.E. of three experiments performed in duplicate. *, p < 0.01 compared with untreated control cells. C, MMA inhibits 500 nm
TSA-induced expression of P-RexT mRNA in 22Rv1 cells. D, MMA inhibits endogenous P-Rex1 expression in PC-3 cells. Relative P-Rex1 mRNA (left) and protein
expression (right) in control PC-3 cells and cells treated with 500 nm of TSA or MMA for 24 h. Inset: representative images of conventional RT-PCR analysis (left)
and Western blot analysis (right) of P-Rex1 expression. E, silence of Sp1 by siRNAs suppressed P-Rex1 expression in PC-3 cells. P-Rex1 protein levels in mock
transfected cells were set as 1. Data shown are means = S.E. of three independent experiments with *, p < 0.01 compared with cells transfected with control

siRNA. Inset: representative images of WB analysis of P-Rex1, Sp1, and B-actin expression.

Interestingly, the expression levels of endogenous P-Rex1
mRNA and protein in PC-3 cells were only modestly increased
by TSA treatment, but were reduced by >50% following 500 nm
MMA treatment, as determined by quantitative RT-PCR (Fig.
6D, left) and Western blot (Fig. 6D, right), respectively. In addi-
tion, when endogenous Spl expression in PC-3 cells was
knocked down by over 90%, endogenous P-Rexl protein
expression was also reduced by ~50% (Fig. 6E). These results
demonstrate that Sp1 plays an important role in up-regulated
P-Rex1 gene expression in PC-3 cells.

Association of Sp1 with the P-Rex1 Promoter in both 22RvI1
and PC-3 Cells—To directly assess whether the Sp1 transcrip-
tion factor is associated with the proximal region of the P-Rex1
promoter, ChIP assays were carried out using an antibody
against Spl. The genomic DNA that was co-immunoprecipi-
tated with the Sp1 transcription factor was amplified with the
specific primers for the P-Rex1 promoter fragment, which har-
bors the previously identified TSA-responsive Spl binding
domain (see Fig. 4). As shown in Fig. 74, Sp1 binding to the
P-Rex1 promoter proximal region was comparable between
22Rv1 and PC-3 cells, and was not altered by TSA treatment. In
addition, Western blot analysis indicated that the expression
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level of Sp1 protein in 22Rv1 cells was also similar to that in
PC-3 cells and was not affected by TSA treatment (Fig. 7B).
These results suggest that up-regulation of P-Rex1 expression
in PC-3 cells and TSA induction of P-Rex1 expression in 22Rv1
cells are not due to altered Sp1 levels or accessibility of Sp1 to
the P-Rex1 promoter. It should be noted that a negative control
IgG failed to immunoprecipitate the P-Rex1 promoter DNA in
either 22Rv1 or PC-3 cells (Fig. 7A).

Association of HDACI and HDAC2 with the P-Rex1 Promoter
in 22Rv1 but Not in PC-3 Cells—W e next investigated associa-
tion of HDAC1 and HDAC2 with the P-Rex1 promoter in
22Rv1 cells and PC-3 cells. As shown in Fig. 7A, binding of both
HDAC1 and HDAC?2 to the P-Rex1 promoter was detected in
22Rv1 cells but was diminished after TSA treatment. In con-
trast, little association of HDAC1 and HDAC2 with the P-Rex1
promoter was found in PC-3 cells. These results suggest that
association of HDAC1 and HDAC2 with the P-Rex1 promoter
may be involved in the repression of P-Rex1 gene transcription
in 22Rv1 cells. It should be noted that reduced association of
HDACI1 and HDAC2 with the P-Rex1 promoter in TSA-treated
22Rv1 cells was not due to TSA-induced degradation of
HDAC:s, because Western blot analysis showed that there were
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FIGURE 7. Association of HDAC1 with the P-Rex1 promoter viainteraction
with Sp1 in 22Rv1 cells but not in PC-3 cells or TSA-treated 22Rv1 cells.
A, ChIP analysis of association of Sp1, HDAC1, HDAC2, and Ac-H4 with the
P-Rex1 promoter in PC-3 cells and 22Rv1 cells treated with or without 500 nm
TSA. Results of amplification of soluble chromatin before immunoprecipita-
tion are shown as Input, whereas normal rabbit IgG was used a negative con-
trol. B, whole cell extracts prepared from PC-3 cells and 22Rv1 cells were
subjected to Western blot (WB) analyses using antibodies against p-actin,
Sp1, HDAC1, HDAC2, Ac-H4, or total H4. C, Sp1 inhibitor MMA abolishes the
association of both Sp1 and HDAC1 with the P-Rex1 promoter in 22Rv1 cells.
ChIP assays were performed using soluble chromatin prepared from 22Rv1
cells treated without or with 500 nm MMA for 12 h. Images shown are repre-
sentative of at least three independent experiments. D, determination of Sp1
and HDACT interactions. Nuclear extracts prepared from 22Rv1 cells and PC-3
cells were subject to co-immunoprecipitation (Co-IP) assay with rabbit poly-
clonal Sp1 antibody, followed by Western blot analysis using monoclonal
HDAC1 antibody and polyclonal Sp1 antibody (top section). The bottom sec-
tion shows the image of Western blot analysis of Sp1 and HDACT in 10% of
input.

no differences in the levels of HDAC1 and HDAC?2 proteins in
control and TSA-treated 22Rv1 cells (Fig. 7B).

The HDAC family of proteins suppresses the transcription of
a specific gene by binding to its promoter region, leading to the
deacetylation of core histones in the chromosomal context (28,
29). Indeed, more Ac-H4 was found to be associated with the
P-Rex1 promoter in PC-3 cells than in 22Rv1 cells (Fig. 7A).
TSA treatment substantially increased binding of Ac-H4 to the
P-Rex1 promoter in 22Rv1 cells (Fig. 7A). Interestingly, West-
ern blot analysis indicated that the total levels of Ac-H4
between 22Rv1 cells and PC-3 cells are comparable even
though TSA treatment could remarkably increase levels of
Ac-H4 in 22Rv1 cells (Fig. 7B). Total histone H4 protein levels
in 22Rv1 cells and PC-3 cells are also comparable, which was
not affected by TSA.

Association of HDAC1 With the P-Rex1 Promoter Is Depen-
dent on SpI1—Spl was originally identified as a positive tran-
scription factor, but recent studies show that Spl can also
suppress gene expression, especially as a component of an
inhibitory complex that contains HDAC1 (30-32). Thus, we
further examined whether the binding of HDAC1 to the P-Rex1
promoter is via the transcription factor Spl. As shown in Fig.
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7C, treatment of 22Rv1 cells with the Spl-specific inhibitor
MMA reduced the association of both Spl and HDAC1 with
the P-Rex1 promoter. In contrast, TSA treatment only reduced
the binding of HDACI1 to the P-Rex1 promoter without effects
on Spl association with the P-Rex1 promoter (see Fig. 7A).
Therefore, these results suggest that Sp1 binding to the P-Rex1
promoter is critical for HDAC1 association with the P-Rex1
promoter.

Association of HDACI with Spl in PC-3 Cells Was Much
Weaker Than That in 22Rv1 Cells—We further examined the
potential interaction between Spl and HDACI in 22Rv1 and
PC-3 cells. The nuclear protein extracts derived from 22Rv1
and PC-3 cells were immunoprecipitated with the Sp1-specific
antibody and analyzed for the presence of HDAC1 by Western
blot using the antibody against HDAC1. As shown in Fig. 7D,
HDAC1 was present in the immunoprecipitates from 22Rv1
cells with much less HDAC1 in the immunoprecipitates from
PC-3 cells. It should be noted that, in the presence of phospha-
tase inhibitors, Sp1 appears in double bands, as compared with
a single band in the absence of phosphatase inhibitors (see Fig.
7B).

DISCUSSION

In humans, P-Rex1 has a very limited distribution (5, 12),
suggesting that the P-Rex1 gene is normally repressed in most
human tissues. Up-regulation of P-Rex1 gene expression has
been linked with cancer progression and metastasis (14, 16, 17).
Thus the one or more mechanisms regulating P-Rex1 gene
expression could be a novel therapeutic target in cancers. How-
ever, how this gene is controlled has not been elucidated. In the
present study, using prostate cells as a model, we have pre-
sented the first evidence that histone deacetylation, but not
DNA methylation, is involved in the suppression of P-Rexl
expression. More importantly, our studies suggest that disasso-
ciation of HDACs from Sp1 on the P-Rex1 promoter may con-
tribute to aberrant up-regulation of P-Rex1 in cancers.

The activation/derepression of endogenous P-Rexl gene
expression in three different cell lines by HDAC inhibitors, in
contrast to the unchanged level of the B-actin gene mRNA,
indicates that histone deacetylation is a general mechanism
underlying repression of P-Rex1 and that the HDAC inhibitor-
mediated up-regulation is a gene-selective effect. Inhibition of
HDAC activity affects a very limited portion of genes (~2%)
(33), but the P-Rex1 gene may belong to the small group whose
expression is highly sensitive to the degree of histone acetyla-
tion in chromatin. When compared with non-metastatic
prostate cancer 22Rv1 cells, acetylated histone H4 associated
with the P-Rex1 promoter was significantly higher in metastatic
prostate cancer PC-3 cells that have high basal level of P-Rex1
expression, and HDAC inhibitors only had very modest stimu-
latory effects (<2-fold) on its P-Rex1 expression. In contrast,
HDAC inhibitor significantly increased levels of acetylated his-
tone H4 associated with the P-Rex1 promoter in 22Rv1 cells
and markedly increased P-Rexl gene expression by over
30-fold. Thus, HDACs could repress P-Rex1 gene transcription
via deacetylation of histones associated with the P-Rexl
promoter.
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Four classes of HDACs with 18 members have been identi-
fied (34). The functions of class 1 HDACsS, especially HDAC1
and HDAC2, in gene transcriptional regulation have been
extensively studied (35-37). In 22Rv1 cells, the P-Rex1 pro-
moter is occupied with HDAC1 and HDAC2, whereas little
association of HDAC1 and HDAC2 with the P-Rex1 promoter
was found in PC-3 cells. More importantly, after TSA treat-
ment, the binding of HDAC1 and HDAC?2 to the P-Rex1 pro-
moter in 22Rv1 cells was significantly decreased, which corre-
lates with the drastic induction of P-Rex1 promoter activity and
gene expression. These results highlight the possibility that
HDACI1 and HDAC2 may be involved in the histone deacety-
lation-related repression of P-Rex1 gene expression. Indeed,
reduction of endogenous HDAC1 and HDAC?2 by siRNAs sig-
nificantly enhanced P-Rexl gene expression in 22Rv1 cells,
whereas ectopic expression of HDAC1 reduced P-Rex1 gene
expression in PC-3 cells.

To identify the regions involved in the HDAC-dependent
suppression of P-Rexl expression, luciferase reporter con-
structs containing various lengths of the P-Rex1 promoter were
generated and promoter activities were analyzed. The P-Rex1
promoter cloned from different prostate cell lines displayed
similar promoter activities in HEK293 cells. In contrast, the
same P-Rex1 promoter had different basal activity and TSA
response in different prostate cell lines, similar to the endoge-
nous P-Rex1 expression patterns and TSA response in these
cell lines. These results suggest that the differences in P-Rex1
expression levels among different prostate cell lines are largely
due to epigenetic modifications of the P-Rex1 promoter. In
addition, a 92-bp minimal region that is essential for both basal
and TSA-induced P-Rexl promoter activity was identified.
Results obtained from mutagenesis and EMSA suggest that this
92-bp region contains a Spl binding site and may act as a reg-
ulatory cis element of P-Rexl gene transcription. Indeed,
ectopic overexpression of Spl significantly increased P-Rex1
promoter activity unless this Spl binding site was mutated.
Conversely, the Spl inhibitor MMA attenuated P-Rex1 pro-
moter activity and abolished TSA-induced P-Rex1 expression
in 22Rv1 cells. MMA treatment or silence of Sp1 also decreased
endogenous P-Rex1 expression in PC-3 cells by 50%. Together,
our study identified the minimal promoter regulating P-Rex1
expression and shows that the Sp1 transcription factor is criti-
cal for P-Rex1 expression.

Interestingly, this Sp1 binding domain is also responsible for
mediating the TSA effect, because mutation of this site totally
abolished TSA-induced P-Rex1 promoter activity. We had ver-
ified that Sp1 is associated with the P-Rex1 promoter in both
22Rv1 and PC-3 cells. The unchanged binding pattern of Sp1 to
the Sp1 binding domain of the P-Rex1 promoter in PC-3 cells
and 22Rv1 cells in the presence or absence of TSA indicates that
activation of P-Rexl promoter activity is not related to
increased DNA-binding activity of Spl. In addition, in 22Rv1
cells, treatment with MMA released both Spl and HDAC1
from the P-Rexl promoter, whereas TSA treatment only
reduced the HDAC1 occupancy without effect on Sp1 associa-
tion with the P-Rex1 promoter. These results suggest that Sp1
may be directly bound to the Sp1 site in the P-Rex1 promoter,
which is indispensable for HDAC1 occupancy. Our data are
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therefore consistent with previous studies suggesting that Sp1
could serve as a docking site for HDACs, enabling HDACs to
suppress gene transcription through modulating chromatin
structure (30-32). Indeed, HDAC1 associates with Spl in
22Rv1 cells. Thus, the Sp1 binding domain in the P-Rex1 pro-
moter may also be involved in HDAC-mediated repression of
P-Rex1 gene expression in addition to its central contribution
to the basal P-Rex1 gene promoter activity. However, HDAC1
association with Sp1 and with the P-Rex1 promoter were barely
detected in metastatic prostate cancer PC-3 cells, and HDAC
inhibitors had very modest stimulatory effects on P-Rex1 pro-
moter activity and P-Rex1 expression in PC-3 cells. Thus, dis-
association of HDACI from Sp1 may be one of the mechanisms
underlying up-regulation of P-Rex1 expression in metastatic
prostate cancer.

Histone acetylation/deacetylation is commonly known to be
involved in the regulation of gene transcription through mod-
ulating chromatin structure, so it is most likely that low expres-
sion of P-Rex1 in 22Rv1 cells is attributable to the condensed
and repressive chromatin structure in its promoter region due
to histone deacetylation. The higher expression of P-Rex1 in
PC-3 cells could possibly be caused by a more open and active
chromatin structure due to histone acetylation. Although the
total amount of acetylated H4 was similar between PC-3 cells
and 22Rv1 cells, the association of acetylated H4 with the
P-Rex1 promoter is much higher in PC-3 cells than that in
22Rv1 cells. Thus, up-regulation of P-Rex1 in metastatic pros-
tate cancer cells is not due to a global increase in histone acety-
lation but rather region-specific changes in histone acetylation
within the P-Rex1 promoter. Because histone deacetylation
regulates a set of genes that are actively involved in prostate
cancer development and progression (19, 21), HDAC inhibitors
are considered promising anti-cancer drugs due to their resto-
ration of the expression of silenced tumor suppressor genes.
However, our data caution that these inhibitors could have
severe side-effects by derepressing genes, such as P-Rexl1, that
promote tumor progression and metastasis. Thus, further iden-
tifying specific signaling pathways involved in the disassocia-
tion of HDACs from Sp1l on the P-Rex1 gene promoter may
provide an alternative and effective strategy to suppress cancer
progression and metastasis.

It should be noted that TSA treatment significantly increased
P-Rex1 mRNA expression in 22Rv1 cells, to levels comparable
to that in PC-3 cells. However, P-Rex1 protein level in TSA-
treated 22Rv1 cells was still much lower than that in PC-3 cells.
Thus, although promoter repression or activation is required
for P-Rex1 repression or expression, post-transcriptional regu-
latory events also play critical roles in aberrant up-regulation of
P-Rex1 protein in metastatic prostate cancer.

In summary, our study has identified the P-Rex1 gene pro-
moter as a target for regulatory repression of P-Rex1 gene tran-
scription by a Sp1-HDACs complex. P-Rex1 was postulated to
function as a molecule that simultaneously integrates signals
from several input pathways as the cells rearrange their cyto-
skeleton and migrate in response to those signals. The finding
that P-Rex1 gene expression is subject to HDAC-mediated reg-
ulation extends our understanding of the essential role of
P-Rex1 in both physiological and pathological situations. More
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importantly, our data suggest that disassociation of HDACs
from Sp1 on the P-Rex1 promoter may contribute to aberrant
up-regulation of P-Rex1 in metastatic prostate cancer.
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