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Advanced prostate cancers preferentially metastasize to bone, suggesting that this tissue pro-
duces factors that provide a suitable microenvironment for prostate cancer cells. Recently, it has
become clear that even in antiandrogen-resistant cancers, the androgen receptor (AR)-signaling
axis is required for prostate cancer progression. Therefore, we hypothesized that AR may be
involved in the regulation of pathways that are responsible for the homing of prostate cancer cells
to select microenvironments. In support of this hypothesis, we have determined that chemokine
(C-X-C motif) receptor 4 (CXCR4), the receptor for the chemokine CXCL12, is up-regulated in
prostate cancer cells in response to androgens. Given that the levels of CXCL12 are elevated at sites
of known prostate cancer metastases such as bone, these results suggest that androgens may
influence prostate cancer metastasis. Specifically, we demonstrate that androgens increase the
levels of both CXCR4 mRNA and functional protein in LNCaP prostate cancer cells. Importantly,
androgens enhanced the migration of LNCaP cells toward a CXCL12 gradient, an effect that could
be blocked by the specific CXCR4 antagonist AMD3100. Interestingly, CXCR4 is not directly regu-
lated by androgens but rather is positively up-regulated by Krüppel-like factor 5 (KLF5), a tran-
scription factor that we have shown to be an early, direct target of AR. Further, KLF5 is both
required and sufficient for androgen-mediated CXCR4 expression and migration toward CXCL12.
Taken together, these findings demonstrate that AR can utilize the CXCL12/CXCR4 axis through
induction of KLF5 expression to promote prostate cancer progression and highlight the potential
utility of CXCR4 antagonists as prostate cancer therapeutics. (Molecular Endocrinology 23:
1385–1396, 2009)

Prostate cancer is the most commonly diagnosed ma-
lignancy in American men and is second only to lung

cancer in terms of cancer mortalities in men (1). Early/
localized prostatic tumors are most often successfully
treated by surgery alone (i.e. radical prostatectomy). As

with many cancers, however, the treatment of advanced
disease state requires a systemic intervention to inhibit the
growth and spread of secondary metastasis. The majority
of prostate cancers express the androgen receptor (AR)
and rely on androgens for growth and survival (2). Hence,
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inositol 3-kinase; Pol II, RNA polymerase II; PRF, phenol red-free; qPCR, quantitative RT-PCR;
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small interfering RNAs.
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androgen ablation therapies are the standard of care for
late-stage disease. While 80% of patients with local or
metastatic prostate cancer initially respond favorably to
androgen ablation therapy, most patients experience a
relapse of the disease in 1–2 yr (2). Although hormone-
refractory disease is unresponsive to androgen-depriva-
tion therapy, AR-regulated signaling pathways remain
active and have been shown to be necessary for cancer
progression. Thus, it is now considered that AR itself and
the processes downstream of the receptor remain viable
targets for therapeutic intervention.

Androgens exhibit mitogenic activities in prostate can-
cer cells. Recently, however, it has become evident that
AR also has a significant role in metastasis. Specifically, in
a phase III clinical trial in patients undergoing radiother-
apy for prostate carcinoma with or without long-term
administration of adjuvant goserelin (an LHRH analog
that blocks testicular androgen production), it was found
that 27% of the patients receiving goserelin had distant
metastases in comparison with 37% of the patients re-
ceiving radiotherapy alone (3). Likewise, the European
Organization for Research and Treatment of Cancer re-
ported that 27% of patients who received radiotherapy
alone developed distant metastases in comparison with
only 10.6% of patients that received long-term adjuvant
goserelin treatment (4). This suggests that androgen ab-
lation therapy not only inhibits the growth of the primary
tumor but also reduces progression to metastatic disease.

During the later stages of metastasis, tumor cells leave
the vasculature and eventually extravasate into surround-
ing tissues. Whereas many cancers simply metastasize to
regions that physically favor cell retention due to high
circulation or close proximity, some cancers preferen-
tially extravasate to unique microenvironments. For ex-
ample, there is usually a high degree of bone metastasis in
patients with advanced prostate cancer (5). Therefore, we
were interested in defining factors, enriched in the bone
microenvironment, that could be responsible for the hom-
ing of AR-driven prostate metastases.

Chemokine (C-X-C motif) receptor 4 (CXCR4) is a
cell surface receptor for the chemokine CXCL12 (for-
merly known as stromal-cell derived factor-1) and plays an
important role in the homing of hematopoietic stem cells
to the bone (6). This is due to the fact that CXCL12 levels
are relatively high in the bone microenvironment. Re-
cently, induction of the CXCL12/CXCR4 axis has been
implicated in the progression and metastasis of prostate
cancer (7–13). Additionally, the expression level of
CXCR4 itself is elevated in a number of advanced cancers
(14–16). Interestingly, in a series of microarray studies
performed by our laboratory, we determined that the che-
mokine receptor CXCR4 was positively up-regulated by

androgens in cellular models of AR-positive prostate can-
cer (17). We therefore hypothesized that AR drives pros-
tate cancer progression, in part, through the up-regulation
of CXCR4, leading to the migration of cancer cells toward
microenvironments in which CXCL12 is expressed. In this
study, we demonstrate that AR utilizes a novel mechanism
that involves the transcription factor Krüppel-like factor 5
(KLF5) to up-regulate CXCR4 expression and that this fa-
cilitates the migration of LNCaP prostate cancer cells to-
ward CXCL12.

Results

Androgens increase CXCR4 mRNA and protein
levels in an AR-dependent manner

LNCaP human prostate carcinoma cells have previ-
ously been shown to be a reliable in vitro model with
which to study androgen-regulated migration (18, 19).
Microarray analysis performed in our laboratory re-
vealed that the CXCR4 mRNA is regulated by androgens
in LNCaP cells (17). To validate our microarray studies,
we performed quantitative RT-PCR (qPCR) to demon-
strate that the synthetic androgen R1881 increased
CXCR4 mRNA levels with a maximal induction after a
12-h treatment (Fig. 1A). The androgen-mediated induc-
tion of CXCR4 expression occurred in a dose-dependent
manner with significant induction of mRNA observed
after treatment with 100 pM R1881. Maximal induction
occurred at 10 nM R1881, resulting in an approximately
12-fold increase in expression (Fig. 1B). Importantly, this
dose-dependent increase in CXCR4 levels could be sup-
pressed by pretreatment with the antiandrogen Casodex,
indicating that, indeed, AR was necessary for androgen-
mediated CXCR4 expression (Fig. 1B). Casodex suppres-
sion was overcome when cells were cotreated with a sat-
urating concentration of R1881 (Fig. 1B), demonstrating
the competitive ligand-specific effect. Furthermore, three
separate small interfering RNAs (siRNAs) targeting AR
completely blocked the androgen-mediated up-regulation
of CXCR4 mRNA (Fig. 1C). Importantly, androgens also
increased CXCR4 protein levels (Fig. 1D), an effect that
was also dependent on AR (supplemental Fig. S1 published
as supplemental data on The Endocrine Society’s Journals
Online web site at http://mend.endojournals.org). Collec-
tively, these studies confirm that CXCR4 is an AR target in
prostate cancer cells.

Androgens increase cell surface levels of
CXCR4 protein

In order for CXCR4 to be functional, it must be ex-
pressed, translated, and translocated to the cell surface,
where it acts as a receptor for its ligand CXCL12. To
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determine whether androgen treatment led to an increase
in cell surface levels of CXCR4, we performed flow cytom-
etry using a phycoerythrin (PE)-conjugated antibody that
recognizes the extracellular surface of CXCR4. As shown in
Fig. 2A, treatment with the synthetic androgen R1881 in-
creased CXCR4 surface levels in a dose-dependent manner
with levels starting to significantly increase at 1 nM R1881.
Androgen-mediated CXCR4 cell surface levels were detect-
able at 18 h after treatment and increased even further up to
48 h (Fig. 2B). The overall percentage of cells that were
stained with the CXCR4 antibody in this assay was rela-
tively low because addition of the receptor antibody results
in a very rapid internalization of the receptor (20–24). Nev-
ertheless, although semiquantitative, the results of this assay
confirm that androgens increase the expression of CXCR4
on the surface of LNCaP cells.

Androgens increase migration toward a CXCL12
gradient in a CXCR4-dependent manner

We next wanted to determine whether the androgen-
mediated increase in CXCR4 resulted in enhanced migra-
tion toward the chemoattractant CXCL12. To test this, a
Boyden dual-chamber migration assay was used. In the

presence of a CXCL12 gradient, R1881 treatment led to
significant LNCaP migration (Fig. 3, A and B). Not sur-
prisingly, the absolute level of migration toward CXCL12
was less than toward full serum, the latter of which prob-
ably contains additional chemoattractants (Fig. 3, A and
B). Whereas CXCL12 alone was able to promote andro-
gen-mediated LNCaP migration in the Boyden chamber
assay, it, unlike serum, did not induce significant LNCaP
invasion (data not shown). Importantly, the selective
CXCR4 antagonist, AMD3100 (25), blocked R1881-
mediated LNCaP migration toward CXCL12, confirm-
ing the role of CXCR4 in this process (Fig. 3C). Al-
though AMD3100 completely inhibited migration
toward CXCL12, it did not completely block migration
toward serum (data not shown), indicating that serum
contains other important chemoattractants.

It has been shown by others that the CXCL12/CXCR4
axis is involved in cancer cell growth (15, 26–29). However,
in our hands, AMD3100, although having a significant ef-
fect on migration, had no effect on R1881-mediated LNCaP
cell growth (Fig. 3, C and D). Taken together, these results
confirm a specific role for the CXCR4-signaling axis in
androgen-mediated LNCaP cell migration.

The CXCR4 gene is not a direct transcriptional
target of AR

We next sought to define the mechanism by which AR
regulates CXCR4 expression. To determine whether this
was a direct AR effect, we cotreated LNCaP cells with or
without the translational inhibitor cycloheximide in con-

FIG. 1. Androgens up-regulate CXCR4 transcript and protein levels
through the AR. LNCaP cells were treated with (A) 10 nM R1881 for
the indicated time points or (B) pretreated with or without 10 !M

Casodex for 30 min before addition of indicated doses of R1881 for an
additional 24 h. C, LNCaP cells were transiently transfected with
Stealth siRNAs targeting AR (siARs nos. 1–3) or a negative control
(siScramble) at a final concentration of 100 nM. Cells were treated 48 h
later with vehicle (white) or 10 nM R1881 (black) for 24 h. Inset,
Western blot control confirming AR knockdown with siRNAs using
GAPDH as a loading control. A–C, After treatment, cells were lysed,
RNA isolated, and reverse transcribed. The expression of CXCR4 was
assessed using qPCR and normalized to 36B4 levels. Results are
expressed as fold induction over vehicle-treated cells ! SE (n " 3). *,
P # 0.05 indicates significant changes from vehicle-treated cells. #,
P # 0.05 indicates significant changes from cells treated without
Casodex. D, LNCaP cells were treated with vehicle or 10 nM R1881 for
24 h and then subjected to Western blot analysis (n " 3). Blots were
probed for CXCR4 (clone 12G5) or GAPDH (loading control). veh, Vehicle.

FIG. 2. Androgens increase cell surface levels of CXCR4. LNCaP cells
were treated with ethanol (veh) or (A) increasing concentrations of
R1881 for 24 h or (B) 10 nM R1881 for the indicated time points. After
treatment, cells were dissociated and resuspended at a concentration
of 1000 cells/ml in PBS and 1% BSA. Anti-CXCR4-PE or isotype
control-PE (IgG) conjugates (100 !l) were incubated with the cells for
30–45 min on ice, followed by two washes and resuspension in PBS
and 1% BSA. Cells expressing surface CXCR4 were then detected
using flow cytometry. Results are expressed as percent gated cells ! SE

(n " 3). *, P # 0.05 indicates significant changes from vehicle-treated
cells.
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junction with vehicle or R1881. Using qPCR, we found that
cycloheximide completely blocked R1881-induced CXCR4
mRNA expression while having no effect on serum and glu-
cocorticoid-regulated kinase 1 (SGK1) (Fig. 4), an estab-
lished primary target of AR (30). These results indicate that
the ligand-dependent action of AR on the CXCR4 gene is
indirect and requires intermediate protein synthesis.

Krüppel-like factor 5 is both necessary and
sufficient for androgen-mediated CXCR4
expression and migration toward a
CXCL12 gradient

In search of a potential transcription factor that could
mediate the androgen-induced CXCR4 expression, we
reanalyzed the microarray data we had generated from
prostate cancer cells treated for 6 h with an androgen
(17). Specifically we used gene ontology term analysis to
screen for transcription factors the expression of which
preceded that of CXCR4. Among the factors identified,
one in particular, Krüppel-like factor 5 (KLF5), was se-
lected for further analysis because it has previously been
implicated in cancer progression and cell migration (31–
35). R1881 increased KLF5 mRNA levels rapidly within
1 h, which preceded the expression of CXCR4 (Fig. 5A).
Furthermore, cotreatment of LNCaP cells with cyclohex-
imide indicated that KLF5, unlike CXCR4 (Fig. 4), was a
direct AR target (Fig. 5B). Using siRNAs targeting AR, we
confirmed that, indeed, KLF5 was an AR target gene
(supplemental Fig. S2). KLF5 is a member of the Sp su-
perfamily of transcription factors that bind to GC-rich
DNA elements (36). To determine whether GC-rich re-
gions are important for androgen-dependent CXCR4 in-
duction, cells were cotreated with androgens and mithra-
mycin A, a compound that binds GC-rich regions and

FIG. 4. CXCR4 is not a direct target of AR. LNCaP cells were
pretreated for 1 h with vehicle (dimethylsulfoxide) or 1 !g/ml
cycloheximide followed by vehicle or 10 nM R1881 for 16 h. SGK1 or
CXCR4 mRNA levels were quantitated using qPCR and normalized to
36B4. Results are expressed as fold induction over vehicle (no R1881)-
treated cells $ SE (n " 3). *, P # 0.05 indicates significant changes
from vehicle-treated cells.

FIG. 3. Androgen increases the migration of LNCaP prostate cancer
cells toward a CXCL12 gradient. A and B, Seeded cells were treated
with or without 10 nM R1881 for 24 h followed by dissociation and
reseeding of cells in the top chamber for a Boyden dual chamber
migration assay. Fresh medium with or without 10 nM R1881 was
added to the top and bottom chambers while either no chemoattractant,
5% FBS (serum), or 400 ng/ml CXCL12 was added to the bottom
chamber. After 16 h, migrated cells were fixed, stained with crystal
violet, and (A) imaged at %100 magnification and (B) counted in three
different microscopic fields and added together. The results are
expressed as mean $ SE (n " 3). *, P # 0.05 indicates significant
changes from vehicle-treated cells. C, Migration assay was performed
as described in panels A and B, except cells were pretreated for 1 h
with vehicle, 1 or 10 !g/ml of the selective CXCR4 antagonist
AMD3100 before treatment with or without 10 nM R1881. The
following day, migration was assessed toward no gradient or 400 ng/
ml CXCL12 as described in panel B. D, LNCaP cells were plated in
96-well plates and grown for 3 d. Cells were treated with vehicle
(ethanol) or increasing concentrations of R1881 (0.01, 0.1, 1 nM) and
the indicated doses of AMD3100 or vehicle (water) on d 3, d 5, and d
7. On d 10, cells were lysed and the relative number of cells was
measured with the fluorescent DNA binding dye FluoReporter Blue.
Each sample was performed in triplicate, and results from a
representative experiment are shown. Results are expressed as relative
cell number $ SE (n " 3).
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inhibits transcription factor binding at these sites. At
concentrations previously shown to inhibit GC-rich-
mediated gene expression (37), mithramycin A blocked
R1881-mediated CXCR4 expression (Fig. 5C), but did
not alter the R1881-mediated expression of the direct
AR-target gene SGK1 (supplemental Fig. S3). To specifi-
cally implicate KLF5, we knocked down KLF5 expression

using three independent siRNAs targeting KLF5 (supple-
mental Fig. S4A). Knockdown of KLF5 significantly in-
hibited R1881-mediated CXCR4 expression (Fig. 5D)
but did not alter the expression of other well-character-
ized AR-regulated genes such as FKBP51 (supplemental
Fig. S4B). To complement our siRNA studies, we overex-
pressed either a GAL4[DNA-binding domain (DBD)]
negative control (Vec) or KLF5 by creating stable cell lines
using retroviral techniques. Using this approach we dem-
onstrated that overexpression of KLF5 significantly in-
creased both CXCR4 expression (Fig. 5E) and migration
toward a CXCL12 gradient (Fig. 5F). Interestingly, over-
expression of KLF5 also appeared to sensitize LNCaP
cells to lower levels of androgens, suggesting that patients
with high KLF5 levels, and thus CXCR4, may be more
prone to develop metastases from prostate cancers that
have elevated AR activity, as is commonly seen in hormone-
refractory diseases (38). Collectively, these data indicate
that KLF5 is a direct androgen target that is important for
AR-mediated CXCR4 expression and migration. Studies
are ongoing to determine the exact mechanism by which
KLF5 regulates CXCR4 expression.

Identification of a functional AR-binding site
within intron 1 of KLF5 and demonstration of the
role of KLF5-CXCR4 in a model of hormone-
refractory prostate cancer

Given that KLF5 is a direct target of the AR, we next
wanted to identify the androgen response element(s)
[ARE(s)] within the KLF5 gene. Mining previous chro-
matin immunoprecipitation (ChIP) on Chip data (39) we
found one potential AR-binding site within intron 1 of the
KLF5 gene (Fig. 6A, top). No other AR binding was de-
tected within the KLF5 gene or within 100 kb in either
direction of the KLF5 gene. Consistent with CXCR4 not
being a direct target of AR, we did not detect any poten-
tial AR-binding sites within the CXCR4 gene or 100 kb in
either direction of the CXCR4 gene. Using chromatin
immunoprecipitation assays, we demonstrate receptor
binding to the identified region in the KLF5 intron 1 in a
ligand-dependent manner (Fig. 6A, middle). Further-
more, we could also immunoprecipitate RNA polymerase
II (Pol II) to this region in a ligand-dependent manner,
demonstrating this is an active region of transcription
(Fig. 6A, bottom). In support of these findings, LNCaP
cells engineered to express higher levels of AR (supple-
mental Fig. S5) demonstrated increased AR binding to
this site and subsequent increased Pol II recruitment (Fig.
6A). This corresponded with a simultaneous increase in
both KLF5 (Fig. 6B) and CXCR4 mRNA levels (Fig. 6C)
and CXCR4-mediated migration toward CXCL12 (Fig.
6D). The AR-overexpressing cells exhibited both a higher

FIG. 5. KLF5 is a direct AR target gene that is necessary for androgen-
mediated CXCR4 expression and migration. A, LNCaP cells were
treated for indicated time points with vehicle or 10 nM R1881. KLF5 or
CXCR4 mRNA levels were quantitated using qPCR and normalized to
36B4. Results shown are fold R1881 induction $ SE (n " 3). B, LNCaP
cells were pretreated for 1 h with vehicle (dimethylsulfoxide) or 1 !g/
ml cycloheximide followed by vehicle or 10 nM R1881 for 16 h. KLF5
mRNA levels were quantitated using qPCR and normalized to 36B4.
Results are expressed as fold induction over vehicle (no R1881)-treated
cells $ SE (n " 3). *, P # 0.05 indicates significant changes from
vehicle-treated cells. C, LNCaP cells were pretreated for 30 min with
vehicle (dimethylsulfoxide) or indicated concentrations of mithramycin
A (Mit. A) followed by vehicle or 10 nM R1881 for 16 h. CXCR4 mRNA
levels were quantitated using qPCR and normalized to 36B4. Results
are expressed as fold induction over vehicle-treated cells $ SE (n " 3).
*, P # 0.05 indicates significant changes from vehicle-treated cells. D,
LNCaP cells were transfected for 48 h with siRNAs targeting a scramble
sequence or KLF5 and then treated overnight with vehicle or 10 nM

R1881. CXCR4 mRNA levels were quantitated using qPCR and
normalized to 36B4. Results are expressed as fold induction over
vehicle (siScramble)-treated cells $ SE (n " 3). *, P # 0.05 indicates
significant changes from vehicle (siScramble)-treated cells. E, LNCaP
cells stably expressing either GAL4(DBD) (Vec) or KLF5 were harvested
for RNA. CXCR4 mRNA levels were quantitated using qPCR and
normalized to 36B4. Results are expressed as fold induction over
negative control (Vec) cells $ SE (n " 2). *, P # 0.05 indicates
significant changes from control cells. Inset, Western blot control
confirming KLF5 expression using GAPDH as a loading control. F,
LNCaP-Vec and LNCaP-KLF5 stable cell lines treated with indicated
concentrations of R1881 were subjected to a migration assay as
described in Fig. 3 using either no gradient or 400 ng/ml CXCL12 as a
chemoattractant. The results are expressed as mean $ SE (n " 2). *, P #
0.05 indicates significant changes from vehicle-treated LNCaP-Vec cells.
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basal rate of migration and responded to lower concen-
trations of R1881 than their negative control counter-
parts (Fig. 6D). These results align with those seen in the
KLF5-overexpressing cells (Fig. 5F) and therefore support
our proposed AR-KLF5-CXCR4 mechanism.

To determine the functionality of the AR-binding site
identified, we cloned overlapping regions of KLF5’s in-
tron 1 and tested their ability to confer androgen respon-
siveness to an enhancerless luciferase reporter gene. Of
three initial constructs spanning intron 1, only the 3&-
most fragment, 2167 bp in length, was androgen respon-
sive (Fig. 7A). This androgen response could be blocked
by pretreatment with 10 !M Casodex (Fig. 7B). Deletion
analysis further narrowed down the androgen-responsive
region to a 328-bp stretch of DNA included in our

1367-bp KLF5 enhancer construct but not in our 1039-bp
construct (Fig. 7C). Within the 328-bp fragment we
found the sequence AGAACGttgTGTTTA that was most
similar to the consensus androgen response element
(ARE) sequence AGAACAnnnTGTTCT. Deletion of
only these 15 bp completely eliminated androgen respon-
siveness, confirming this to be the exact ARE (Fig. 7D).
Importantly, we confirmed this enhancer to be AR depen-
dent in an AR-negative cell line (HepG2) transfected with
an AR expression construct (Fig. 7E), indicating the AR
cofactors needed for KLF5 expression exist in other cell/
tissue types.

Discussion

Prostate cancer preferentially metastasizes to bone. In
fact, 90% of patients with advanced disease have osseous
metastases (5). Previous studies aimed at investigating the
link between AR and invasion/metastasis used androgen-
independent cell lines that do not express endogenous
AR, such as DU145 and PC3, in which AR cDNA was
transfected and reexpressed. When AR is overexpressed
in these cell lines, their invasive capacity is inhibited and
the addition of androgens represses their growth and en-
hances apoptosis, contrary to what is commonly known
for androgens in vivo (40, 41). Therefore, reintroducing
AR into these cells creates an artificial system that may
not accurately reflect in vivo prostate cancer biology. It is
likely that these androgen-independent and AR-negative
prostate cancer cell lines have developed mutations that
enable them to functionally compensate for the loss of
AR. In support of this, an androgen-independent subline
of the LNCaP cell line, LNCaP C4-2B, selected for its
ability to form osteoblastic skeletal metastases, expresses
higher basal levels of the AR-regulated prostate specific
antigen, indicating that the AR-signaling axis is still active
in these cells and has elevated levels of CXCR4 and
CXCL12 (9, 42). In this study, we demonstrated in pros-
tate cancer cells expressing endogenous AR that the ex-
pression of CXCR4 is up-regulated by androgens and
promotes migration toward a CXCL12 gradient. Further-
more, overexpression of AR (LNCaP-SR"AR cells), as is
commonly found in prostate cancer, also increases the
expression of CXCR4 and CXCR4-mediated migration.
Conversely, because of CXCR4’s low expression in be-
nign prostate, we think it is unlikely to play a physiolog-
ical role in the normal prostate. Interestingly, although we
were able to demonstrate androgen induction of KLF5 in
AR-positive LNCaP prostate cancer cells and AR-neg-
ative HepG2 hepatoma cells transfected with an AR
expression vector, we were unable to detect androgenic
regulation of either KLF5 or CXCR4 in two other AR-

FIG. 6. Identification of an AR-binding site within KLF5 intron 1 and
evaluation of the impact of AR overexpression on KLF5-CXCR4-
mediated migration. A, LNCaP-SR" (Vec) or LNCaP-SR"AR (AR) cells
were treated with vehicle or 10 nM R1881 for 4 h. Cross-linked
chromatin was immunoprecipitated with indicated antibodies. The
precipitated DNA was amplified using primers spanning a region
identified using ChIP on Chip data as a potential AR-binding site
(indicated in top schematic) or a distal upstream region (negative
control). The results are presented as percent input $ SE (n "3). *, P #
0.05 indicates significant changes from IgG controls. B and C, LNCaP-
SR" (Vec) or LNCaP-SR"AR (AR) cells were treated with vehicle or 10
nM R1881 for 16 h. The expression of KLF5 (B) or CXCR4 (C) was then
assessed using qPCR and normalized to 36B4 levels. Results are
expressed as fold induction over vehicle-treated cells $ SE (n " 3). *,
P # 0.05 indicates significant changes from LNCaP-SR" cells. D,
LNCaP-SR" or LNCaP-SR"AR cells pretreated for 1 h with vehicle
(water) or 10 !g/ml AMD3100 before treatment with indicated
concentrations of R1881 were subjected to a migration assay as
described in Fig. 3 using either no gradient or 400 ng/ml CXCL12 as a
chemoattractant. The results are expressed as mean $ SE (n " 2). *,
P # 0.05 indicates significant changes from double vehicle-treated
(water, ethanol) cells. #, P # 0.05 indicates significant changes from
LNCaP-SR" cells receiving identical treatments.
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positive prostate cancer cell lines, LAPC4 and VCaP (data
not shown). This indicates the AR-CXCR4 signaling axis
may be important for a subset of prostate cancers. However,
data extracted from the Oncomine database demonstrate
that CXCR4 expression levels are increased in advanced
prostate cancers (16). Hence, it is possible that we have
simply not yet found another suitable AR-positive prostate
cancer cell model to study this process.

Recently, our laboratory has demonstrated that SGK3,
a protein involved in the regulation of the turnover of

CXCR4 (43), is up-regulated in androgen-
treated cells (30). Specifically, SGK3-mediated
phosphorylation of the ubiquitin ligase, AIP4,
inhibits the ubiquitination of CXCR4, thus
stabilizing the receptor (43, 44). Therefore, in
addition to increasing the transcript levels of
CXCR4, androgens may also stabilize the
CXCR4 protein. Additionally, the phosphati-
dylinositol 3-kinase (PI3K) pathway (which
activates SGK3) is stimulated downstream of
CXCR4 activation by CXCL12, suggesting
the presence of a feed-forward mechanism,
wherein androgens increase the expression of
SGK3 and CXCR4, and upon binding
CXCL12, SGK3 is also activated via PI3K
stimulation. This, in turn, would lead to stabi-
lization of CXCR4 protein and enhanced abil-
ity to respond to increasing concentrations of
CXCL12, facilitating chemotaxis along a gra-
dient of CXCL12. CXCR4 could then also be
elevated when PI3K is constitutively activated
after loss of phosphatase and tensin homo-
logue activity (which suppresses PI3K) as is
found in most prostate cancers (45).

The CXCR4-CXCL12 signaling axis is
used by tumors to metastasize to sites, such as
bone, in which CXCL12 is elevated. Not sur-
prisingly, therefore, it has been demonstrated
that the expression of CXCR4 is significantly
elevated in more aggressive primary tumors
and in those that have metastasized to bone (9,
46). CXCL12 signaling through CXCR4 en-
hances the adhesion of prostate cancer cells to
bone marrow endothelial cells, possibly by ac-
tivating "V#3 integrins, and stimulates pros-
tate cancer migration toward a CXCL12 gra-
dient (11, 47, 48). Furthermore, activation of
CXCR4 by CXCL12 stimulates the produc-
tion of multiple matrix metalloproteinases
(MMPs), including MMP-1, MMP-13, MMP-2,
and MMP-10, facilitating invasion (8, 49).
However, in our hands, and in the model
systems we examined, CXCL12 alone did

not increase the invasiveness of androgen-treated pros-
tate cancer cells. Importantly, however, others have
demonstrated that neutralizing anti-CXCR4 antibod-
ies significantly inhibited PC3 prostate cancer metasta-
sis and growth in osseous sites in an in vivo animal
model (10).

Although androgens facilitated an enhanced migra-
tion of prostate cancer cells toward a serum gradient (Fig.
3), this activity was not blocked by the CXCR4 antago-

FIG. 7. Characterization of the functional ARE within KLF5 intron 1. A, Various
KLF5 intron 1 luciferase reporter constructs (depicted in top model) were transfected
into LNCaP cells and then treated overnight with 0, 0.1, 1, or 10 nM R1881. After
treatment, cells were harvested and assayed for luciferase activity. Luciferase values
were normalized to #-galactosidase control. Data are the mean relative light units
(RLUs) $ SEM for one representative experiment performed in triplicate (n " 3). *,
P # 0.05 indicates significant changes from vehicle-treated cells. B, A KLF5 enhancer
(2167 bp; fragment “C” from Fig. 7A) luciferase reporter construct was transfected
into LNCaP cells and then pretreated for 30 min with vehicle or 10 !M Casodex
followed by treatment overnight with vehicle or various concentrations of R1881 as
indicated. After treatment, cells were harvested and assayed for luciferase activity.
Luciferase values were normalized to #-galactosidase control. Data are the mean
relative light units (RLUs) $ SEM for one representative experiment performed in
triplicate (n " 3). *, P # 0.05 indicates significant changes from vehicle-treated cells.
C–E, KLF5 enhancer deletion constructs were transfected alone into LNCaP cells (C
and D) or with an AR expression construct into HepG2 cells (E) and then treated
overnight with vehicle or 10 nM R1881. After treatment, cells were harvested and
assayed for luciferase activity. Luciferase values were normalized to #-galactosidase
control. Data are the mean relative light units (RLUs) $ SEM for one representative
experiment performed in triplicate (n " 3). *, P # 0.05 indicates significant changes
from vehicle-treated cells. Emp Vec, Empty vector.
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nist AMD3100 (data not shown). Thus, it is likely that
serum contains additional chemokines that function in-
dependently of CXCR4. For example, IL-8 has previously
been shown to enhance R1881-mediated LNCaP migra-
tion (50). If this is indeed the case, future treatment regi-
mens may require a cocktail of drugs that can block mul-
tiple overlapping chemokine-signaling pathways.

In addition to uncovering a link between androgens
and the migratory potential of prostate cancer cells, we
also defined a novel mechanism by which androgens in-
directly regulate their target genes. Specifically, we ob-
served that androgens increased CXCR4 expression, in
part, through the direct up-regulation of the transcription
factor KLF5 (Figs. 4–7). Although KLF5 is necessary and
sufficient for maximal CXCR4 expression and migration,
it is still unclear how this is accomplished. We have not as
yet been able to define the KLF5-responsive enhancer
within the CXCR4 promoter. At this time, we cannot rule
out the possibility that KLF5 may indirectly regulate
CXCR4 through the expression of yet another factor.
Additionally, there may be other factors independent of
KLF5 that contribute to androgen-mediated CXCR4 reg-
ulation. For example, activator protein-1 has been impli-
cated in the regulation of a number of androgen-regulated
genes where no canonical ARE has been identified (51,
52). KLF5 could increase the expression of a Jun or Fos
family member, and thereby expression of activator protein-
1-regulated genes. Further, the ability of AR to form large
transcriptional complexes with other factors (39) opens
the possibility that androgen regulation of CXCR4 may
utilize both direct and indirect AR actions.

Although we have focused here on the ability of KLF5
to regulate a receptor involved in migration, we acknowl-
edge the potentially pleiotropic effects of this transcrip-
tion factor due to its ability to regulate transcription
through relatively common GC-rich elements. Although
KLF5 levels are not strongly correlated with overall pros-
tate cancer progression, it is possible that KLF5 is impor-
tant for a subset of cancers, particularly considering pre-
vious reports that suggest KLF5 expression impacts cell
proliferation (31–33, 53). KLF5 belongs to the large Sp
family of transcription factors that all bind GC-rich se-
quences. Interestingly, other members of this family, such
as the closely related KLF4, appear to oppose KLF5 ac-
tions, whereas yet other members may be functionally
redundant to KLF5 (31, 53, 54). Hence, although KLF5
may not correlate with a particular cancer, it remains to
be seen if another Sp family member may exhibit a similar
activity. For example, more than 75% of prostate cancers
were found to contain mutations in the KLF6 gene (55,
56). KLF6 is thought to be a tumor suppressor, and thus
inactivation of KLF6 may subsequently allow a balance in

the Sp/KLF family to tilt toward a more tumorigenic role.
Certainly, more studies are needed to better understand
how changes in Sp/KLF activities impact overall biologi-
cal processes.

Collectively, these data demonstrate the indirect
androgen-mediated regulation of a gene involved in can-
cer cell migration. Although it has become apparent that
the CXCL12/CXCR4 signaling axis plays a critical role in
a number of cancer metastases, this is the first report that
links it to androgen signaling. Given the recent findings
that AR remains active and necessary for the growth and
survival of advanced prostate cancers, there is renewed
interest in the pharmacological exploitation of down-
stream AR-signaling pathways for the development of
novel therapeutic approaches. These studies indicate the
KLF5-CXCR4 pathway may be a suitable target for such
future endeavors.

Materials and Methods

Chemicals
Methyltrienolone (R1881) was purchased from PerkinElmer

(Waltham, MA) and bicalutamide (Casodex) was provided as a
gift from P. Turnbull (GlaxoSmithKline, Research Triangle
Park, NC). Cycloheximide, mithramycin A, and AMD3100
were obtained from Sigma (St. Louis, MO). CXCL12/stromal-
cell derived factor-1" was purchased from R&D Systems (Min-
neapolis, MN).

Plasmids
The CMV-#gal plasmid was obtained from CLONTECH

Laboratories, Inc. (Palo Alto, CA), the pBSII vector was pur-
chased from Stratagene (La Jolla, CA), pGL4.26 was obtained
from Promega Corp. (Madison, WI) and pcDNA3.1 was ob-
tained from Invitrogen (Carlsbad, CA). The creation of
pcDNA3.1-ARwt has previously been described (57). MSCV-
GWb-GAL4(DBD)-IRES-EGFP and MSCV-GWb-KLF5-IRES-
EGFP were created using the Invitrogen Gateway recombinase
subcloning system according to the manufacturer’s instructions.
To do this, GAL4(DBD) or KLF5 was shuttled from pENTR-
GAL4(DBD) or pOTB7-KLF5 (Invitrogen) to MSCV-IRES-
EGFP that was converted to a Gateway destination vector.
pGL4.26-KLF5enh (2.1 kb) was created by PCR amplifying a
2.1-kb genomic sequence within intron 1 of the KLF5 gene that
encompassed the potential AR binding site identified using ChIP
on Chip [previously described (39)]. This fragment was then
cloned into the pGL4.26 vector using NheI and HindIII restric-
tion sites. Subsequent deletion constructs were created by PCR
amplifying smaller fragments that were again cloned into
pGL4.26 using NheI and HindIII restriction sites. Finally, the
pGL4.26-KLF5enh(1.3kb)-ARE deletion construct was created
from the pGL4.26-KLF5enh (1.3 kb) construct using the ExSite
PCR-Based Site-Directed Mutagenesis Kit (Stratagene). All
primers used for the construct creation are listed in supplemen-
tal Table 1. All sequences were confirmed using restriction di-
gests and sequencing.
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Antibodies
The CXCR4 antibody (clone 44717)-PE conjugate, its con-

trol, mouse IgG2B, and the CXCR4 antibody (clone 12G5) used
for Western blot were obtained from R&D Systems. The rabbit
KLF5 (sc-22797) and goat polyclonal glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) V-18 antibodies were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and the
mouse monoclonal AR441 antibody against AR was received as
a gift from D. Edwards (Baylor College of Medicine, Houston,
TX). The secondary horseradish peroxidase antibody conju-
gates were purchased from Amersham Biosciences (Bucking-
hamshire, UK).

Cell culture
The human prostate carcinoma cell line LNCaP and the hu-

man hepatoma cell line HepG2 were obtained from American
Type Culture Collection (Manassas, VA). The LNCaP cells were
maintained in RPMI Medium 1640 (Invitrogen) supplemented
with 8% fetal bovine serum (FBS) (Sigma), 0.1 mM nonessential
amino acids (NEAA), and 1 mM sodium pyruvate (NaPyr) (In-
vitrogen). The HepG2 cells were maintained in MEM (Invitro-
gen) supplemented with 8% FBS, 0.1 mM NEAA, and 1 mM

NaPyr.

Transient transfections and reporter gene assays
For transient transfections, cells were split into phenol red-

free (PRF) medium, supplemented with charcoal-stripped fetal
bovine serum (CS-FBS) (Hyclone Laboratories, Inc., Logan,
UT), 0.1 mM NEAA, and 1 mM NaPyr in 24-well plates 24 h
before transfection. Lipofectin (Invitrogen)-mediated transfec-
tion has been previously described in detail (58). Cells were
treated with hormones approximately 16 h before the assay.
Luciferase and #-galactosidase activities were measured as pre-
viously described (58). Each treatment was performed in tripli-
cate, and results are expressed as mean $ SE. Each experiment
was repeated at least three times, with a representative experi-
ment shown.

Creation of LNCaP stable cell lines
To create LNCaP-SR" and LNCaP-SR"AR cells, cells were

infected with empty SR" or SR" retrovirus expressing wild-type
AR (gift of C.L. Sawyers, Memorial Sloan-Kettering Cancer
Center, New York, NY). Infected cells were selected by growth
in RPMI 1640 supplemented with 8% FBS, 0.1 mM NEAA, 1
mM NaPyr, and 400 !g/ml G418 (Invitrogen). AR expression
levels were confirmed by qPCR and Western analysis (supple-
mental Fig. S5). To create LNCaP-Vec and LNCaP-KLF5 cells,
parental cells were infected with retrovirus expressing either
MSCV-GWb-GAL4(DBD)-IRES-EGFP (negative control) or
MSCV-GWb-KLF5-IRES-EGFP. Enhanced green fluorescent
protein (EGFP)-positive cells were then selected through two
rounds of cell sorting using flow cytometry, and KLF5 expres-
sion levels were confirmed by Western blot (Fig. 5E, inset).

siRNA transfection of cultured human prostate
cell lines

Stealth siRNA (Invitrogen) transfections were previously de-
scribed (30). A Stealth siRNA targeting a scrambled sequence
(siScramble) was used as a negative control. All siRNAs were
used at a final concentration of 100 nM.

RNA Isolation, cDNA preparation, and
quantitative RT-PCR

RNA isolation, cDNA preparation and qPCR were per-
formed as previously described (59). Each cDNA reflecting each
biological sample was analyzed in triplicate and expressed as an
average $ SE. Each experiment was performed at least three
times, with a representative experiment shown. All qPCR prim-
ers used in this study are listed in supplemental Table 1.

Western blot analysis
Western blots were performed as previously described (59).

Of note, although a number of groups have suggested various
technical modifications are necessary for isolating cell extracts
suitable for CXCR4 (clone 12G5) Western blots, we found that
altering the protein sample preparation at a variety of points
(e.g. lysis buffer, lysis technique, boiling, cell debris spin-downs,
etc.) continually generated similar results.

Flow cytometry
LNCaP cells were plated in six-well tissue culture-treated

plates (Corning, Inc., Corning, NY) at a density of approxi-
mately 3 % 105 cells/ml in 2 ml of PRF-RPMI 1640 supple-
mented with 8% CS-FBS, 0.1 mM NEAA, and 1 mM NaPyr in a
37 C incubator with 5% CO2. After 2 d, media was replaced
with PRF-RPMI 1640 with 0.1% fatty acid free BSA (Invitro-
gen) and 10 mM HEPES (Invitrogen) with ethanol (vehicle con-
trol) or R1881. After 24 h or the time points indicated in Fig. 2B,
cells were dissociated with Accutase dissociation buffer (Milli-
pore Corp., Billerica, MA). Cells were resuspended in cold 1%
PBS with 1% BSA to a concentration of 1000 cells/!l. Cells (100
!l) were stained with 10 !l anti-CXCR4-PE or the isotype con-
trol IgG2B-PE conjugate at 4 C in the dark for 30–45 min. Cells
were washed two times with 4 ml cold 1% PBS with 1% BSA and
resuspended in 1% PBS with 1% BSA for flow cytometry anal-
ysis with a FACSCaliber flow cytometry machine. Cells were
gated for live cells based on light scatter, and the percentage of
stained cells was quantitated.

Migration assays
LNCaP, LNCaP-SR", LNCaP-SR"AR, LNCaP-Vec, or

LNCaP-KLF5 cells were plated in six-well tissue culture treated
plates at a density of approximately 5 % 105 cells/ml in 2 ml of
PRF-RPMI 1640 supplemented with 8% CS-FBS, 0.1 mM

NEAA, and 1 mM NaPyr in a 37 C incubator with 5% CO2.
After 2 d, media were replaced with PRF-RPMI 1640 with 0.1%
fatty acid free BSA and 10 mM HEPES with ethanol (vehicle
control) or R1881 (10 nM) in conjunction with sterile water
(vehicle control) or the selective CXCR4 antagonist AMD3100.
After 24 h, cells were dissociated with Accutase. Cells were
counted with a hemacytometer, and 50,000 cells were seeded in
PRF-RPMI ! 0.1% fatty acid free BSA ! 10 mM HEPES with
treatments in the top chamber of a Biocoat control insert (BD
Biosciences, Palo Alto, CA) with an 8 !m pore size for 24-well
Boyden dual chamber migration assays. Before cells were added,
the top and bottom of the membrane in the control insert were
coated with 5 !g/ml of fibronectin in PBS at 37 C for 2 h,
followed by washing with 1% PBS and subsequent drying of the
coated membrane at 25 C. The bottom chamber contained PRF-
RPMI ! 0.1% fatty acid free BSA ! 10 mM HEPES $ R1881 $
AMD3100 with 0–400 ng/ml of CXCL12 or 5% FBS. The
migration assay was allowed to proceed at 37 C, 5% CO2 for
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18–24 h, at which point the cells were fixed with 1.85% form-
aldehyde and 0.1% glutaraldehyde in PBS for 16 h at 4 C. The
inserts were washed three times with 1% PBS, followed by stain-
ing with 0.5% crystal violet (Sigma) in 20% methanol for 1 h at
25 C and then washed three more times with 1%PBS. The inserts
were visualized under a light microscope, pictures were taken,
and the cells were quantitated by counting the number of cells in
three randomly selected microscopic fields at %100 magnifica-
tion. The number of cells in all three fields were added together,
and an average of three inserts $ SE was determined. Light
microscope photographs were taken of cells using a Coolpix
990 digital camera (Nikon, Melville, NY) on an Olympus CK2
inverted microscope (Olympus Corp., Lake Success, NY).

Cell proliferation assay
Proliferation assays were performed as previously described

(59) by measuring the cellular DNA content using the FluoRe-
porter Blue Fluorometric double-stranded DNA Quantitation
Kit (Invitrogen) as per the manufacturer’s protocol.

Chromatin immunoprecipitation
LNCaP, LNCaP-SR", or LNCaP-SR"AR cells were plated in

15-cm dishes in the presence of 20 ml of RPMI 1640 supple-
mented with 8% FBS, 0.1 mM NEAA, and 1 mM NaPyr until
90% confluent. Medium was changed to PRF-RPMI 1640 sup-
plemented with 8% CS-FBS, 0.1 mM NEAA, and 1 mM NaPyr
for 24 h, and cells were treated with specified ligands for 4 h.
After ligand treatment, 1% formaldehyde was added to the
media for 10 min and quenched with 250 mM glycine for 5 min.
Cells were washed twice with PBS, pelleted, lysed in RIPA buffer
[50 mM Tris, pH 7.5; 0.15 M NaCl; 1% Nonidet P-40; 0.5%
Na-deoxycholate; 0.05% sodium dodecyl sulfate (SDS); 1 mM

EDTA] and sonicated. Each sonicated cross-linked chromatin
sample was diluted and precleared with 100 !l of 50% protein
A/G agarose slurry (SC-2003, Santa Cruz) containing 20 !g
sonicated salmon sperm DNA and 50 !g of BSA. Precleared
chromatin was then immunoprecipitated with the following an-
tibodies from Santa Cruz: 5 !g AR (SC-816), 10 !g Pol II
(SC-899), or 5 !g control IgG for 2 h at 4 C, after which protein
A/G agarose beads were added and incubated overnight at 4 C.
Protein A/G beads were washed two times sequentially in low-
salt buffer (50 mM HEPES, pH 7.8; 140 mM NaCl; 1 mM EDTA;
1% Triton X-100; 0.1% Na-deoxycholate; 0.1% SDS), high-
salt buffer (same as low-salt with 500 mM NaCl), LiCl buffer (20
mM Tris, pH 8.0; 1 mM EDTA; 250 mM LiCl; 0.5% Nonidet
P-40; 0.5% Na-deoxycholate), and TE buffer (50 mM Tris, pH
8.0; 1 mM EDTA). Protein-DNA complexes were eluted twice in
elution buffer (50 mM Tris, pH 8.0; 1 mM EDTA; 1% SDS) at 65
C for 15 min. Eluted protein-DNA complexes were reverse
cross-linked in the presence of NaCl overnight at 65 C and
further treated with EDTA and proteinase K at 42 C for 1 h. The
DNA fragments were purified and eluted in 10 mM Tris (pH 8.5)
using the QIAquick PCR purification kit (QIAGEN, Valencia,
CA), diluted and analyzed by qPCR.

Statistical analysis
Data were analyzed using one-way ANOVA and post hoc

Dunnett’s test with GraphPad Prism, Version 4 (GraphPad Soft-
ware, Inc., San Diego, CA). Statistically significant changes were
determined at the P # 0.05 level.
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