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Abstract
Inactivation of the tumor suppressor phosphatase and tensin homolog deleted on chromosome 10
(PTEN) is heavily implicated in the tumorigenesis of prostate cancer. Conversely, the upregulation
of the chemokine (CXC) receptor 4 (CXCR4) is associated with prostate cancer progression and
metastasis. Studies have shown that loss of PTEN permits CXCR4-mediated functions in prostate
cancer cells. Loss of PTEN function is typically due to genetic and epigenetic modulations, as well
as active site oxidation by reactive oxygen species (ROS); likewise ROS upregulates CXCR4
expression. Herein, we show that ROS accumulation permitted CXCR4-mediated functions
through PTEN catalytic inactivation. ROS increased p-AKT and CXCR4 expression, which were
abrogated by a ROS scavenger in prostate cancer cells. ROS mediated PTEN inactivation but did
not affect expression, yet enhanced cell migration and invasion in a CXCR4-dependent manner.
Collectively, our studies add to the body of knowledge on the regulatory role of PTEN in CXCR4-
mediated cancer progression, and hopefully, will contribute to the development of therapies that
target the tumor microenvironment, which have great potential for the better management of a
metastatic disease.
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Introduction
Prostate cancer is the most commonly diagnosed and second leading cause of cancer-related
deaths among men in the United States, where 90% of cancer-related mortalities are due to a
metastatic disease [1]. Emerging evidence has implicated the tumor microenvironment in
cancer progression and metastasis. Most of the influences from the tumor microenvironment
are due to secretion of various molecules from immune cells, such as cytokines and
chemokines, which results in dysregulation of tumor suppressor genes and oncogenes [2].
The tumor microenvironment also secretes reactive oxygen species (ROS), which are
associated with tumorigenesis by modulating anti-cancer and pro-cancer pathways [3].

ROS are a group of highly reactive oxygen containing molecules, such as hydrogen peroxide
(H2O2) and O2

- radicals, that are produced by the tumor microenvironment and cellular
metabolic processes [4,5]. The accumulation of ROS typically regulates cell survival,
proliferation and migration in cancer cells by functioning as a second messenger in
intracellular signal transduction; however, excessive amounts of ROS in cells result in
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deleterious effects, such as genotoxicity and cell death [6]. Under physiologic conditions,
ROS homeostasis is maintained by various neutralizing enzymes, such as catalase and
superoxide dismutase [4]. An imbalance in ROS homeostasis is associated with prostate
tumorigenesis by activating pro-cancer signaling pathways and inactivating tumor
suppressor genes [7]. Furthermore, ROS has been linked to cell survival through activation
of PI3K/AKT and ERK1/2 pathways [8]. ROS is also associated with inactivating the tumor
suppressor PTEN, by forming a disulfide bond within the active site, rendering it
catalytically inactive. Consequently, PTEN inactivation permits downstream survival
signaling, such as PI3K/AKT, to support cancer progression [9].

Li et al. and Steck et al. first identified a high frequency of PTEN mutations and deletions in
cancers of the brain, bladder, breast and prostate, implicating PTEN as a novel tumor
suppressor in tumorigenesis [10,11]. Loss of PTEN by genetic or epigenetic modifications is
an early event in prostate carcinogenesis, and is correlated with progression to an aggressive
castration-resistant disease [12]. PTEN is involved in regulating a variety of cellular
functions, including cell cycle, apoptosis, DNA repair, signal transduction and cell adhesion.
Catalytically, PTEN functions by dephosphorylating PIP3, a product of PI3K, to form PIP2;
thus negatively regulating the activation of AKT [13]. Consequently, loss of PTEN
expression results in the accumulation of PIP3, and subsequently, constitutive activation of
the PI3K/AKT signaling pathway. We have shown that reconstitution of PTEN expression
negatively regulated CXCR4-mediated migration and proliferation in advanced prostate
cancer cells, indicating that an absence of PTEN functioned as a permissive switch for
CXCR4-mediated signaling and functions [9]. Furthermore, knockdown of PTEN by siRNA
in DU145 cells enhanced CXCR4-mediated migration; thus indicating that PTEN serves as a
regulator of CXCR4 function. PTEN did not directly regulate CXCR4; rather, their
pathways converged at the level of cellular signaling [9].

CXCR4 is a G-protein coupled receptor (GPCR) that exclusively binds to its ligand stromal
cell-derived factor 1α (SDF1α or CXCL12). CXCR4 activity is involved in normal
homeostasis, such as immune cell migration, embryonic development, growth, angiogenesis,
and hematopoiesis [14]. Studies have also implicated CXCR4 in malignant cancer
development by its involvement in cell motility, adhesion, secretion of matrix
metalloproteinases (MMPs), angiogenesis and activation of survival signaling pathways
(PI3K/AKT, ERK1/2, JAK/STAT, Src kinase and HER2) [15]. Thus, the CXCR4/SDF1α
axis plays a crucial role in targeting solid tumor metastasis to sites outside of the primary
tumor [16]. In cancer and stem cell models, CXCR4 was upregulated in high ROS
environments, indicating that a ROS-enriched microenvironment may have a critical
influence on CXCR4 expression and functions during cancer progression [17].

The tumor microenvironment influences the metastatic potential of various cancer models,
including prostate cancer. These influences are in the form of various molecules, such as
ROS, which can function as a secondary signaling molecule and negatively regulate tumor
suppressors in favor of oncogenes for cancer survival. Studies have shown, independently,
that ROS inactivates PTEN and up-regulates CXCR4; therefore, we investigated ROS-
mediated PTEN inactivation, and subsequent upregulation of CXCR4, in prostate
tumorigenesis and metastasis. We observed that ROS increased expression of
phosphorylated AKT, while PTEN expression was stabilized. ROS inhibited PTEN catalytic
function, while aberrantly regulating expression of phosphorylated ERK1/2. Upon treating
prostate cancer cells with ROS, we observed an up- regulation of CXCR4 expression, and
subsequent cell migration and invasion. Moreover, up-regulation of CXCR4 and subsequent
functions were independent of its ligand, SDF1α. We have previously identified a functional
relationship between PTEN and CXCR4 in prostate cancer [9]. Herein, we describe a
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putative mechanism by which PTEN function is lost in prostate cancer cells, resulting in
enhanced CXCR4 expression and function, and overall tumorigenesis.

Materials and Methods
Cell culture, antibodies, and reagents

DU145 human prostate cancer cells were obtained from American Type Culture Collection
(ATCC) and maintained in complete RPMI 1640 media (10% FBS, 1% nonessential amino
acids and 1% antibiotic-antimycotic), or starvation media (RPMI only), at 37°C and 5%
CO2. All cells were maintained at 60% to 80% confluency. Hydrogen peroxide (H2O2) was
used as our model of ROS (Acros Organics). AMD3100 and N-acetyl-cysteine (NAC) were
from Sigma Aldrich; N-ethylmaleimide was from EMD Chemicals. Cell culture supplies
were from MediaTech and the following human antibodies were from Cell Signaling: anti-
PTEN, anti-AKT, anti-phospho-AKT (p-AKT) and anti-phospho-ERK1/2 (p-ERK1/2).
Anti-ERK1/2 was from Biosource; anti-Tubulin and anti-Fusin (CXCR4) were from Santa
Cruz Biotech.

Western blot analysis
1×106 cells were harvested in lysis buffer (Cell Signaling), as previously described [9].
Equal concentrations of total cell lysate were resolved by 10% SDS-PAGE and transferred
to a polyvinylidene fluoride (PVDF) transfer membrane. Nonspecific binding sites were
blocked with 5% nonfat dry milk/0.1% Tween 20/1XTBS, followed by an incubation with
primary antibodies for the proteins of interest in 3% bovine serum albumin–Tris buffered
saline Tween 20 (BSA-TBST; p-ERK1/2, p-AKT, AKT, PTEN,) or 3% nonfat dry milk-
TBST (ERK1/2). Protein complexes were detected with horseradish peroxidase-conjugated
secondary antibodies (Jackson) and enhanced chemiluminescence reagents (Pierce).
Exposed films were developed using an automated X-ray processor (Kodak X-OMAT
M35A Processor).

Western blot analysis of alkylated PTEN
The oxidation state of PTEN was investigated using alkylating agents, as described by Lee
et al. [18]. Briefly, 1×106 cells/well were treated with 0.25mM H2O2 and scraped into
alkylating lysis buffer (20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L
Na2EDTA, 1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L b-
glycerophosphate, 1 mmol/L Na3VO4, 1 mg/mL leupeptin, 1mmol/L PMSF, 2% SDS and
40 mM N-ethylmaleimide (NEM)). The cell lysate was sonicated, and equal amounts of
protein (60 μg) were incubated at room temperature for 30 minutes. Total protein lysates
were resolved by 10% SDS-PAGE under non-reducing conditions and transferred to a
PVDF membrane. Reduced and non-reduced forms of PTEN were detected as described
above.

Migration assay
Assays were done using 8μm pores Transwell chambers (Costar). Briefly, cells were
harvested in starvation media for 24 hours prior to detachment with 1× citric saline. 4×104

cells each were resuspended in RPMI media, and added to the upper Transwell chamber.
RPMI containing various treatments were added to the lower chamber, and cells were
allowed to migrate toward the lower chamber for 6 hours at 37°C. Cells that remained in the
upper chamber were removed with a cotton swab, and the entire chamber was fixed and
stained with Hemacolor Solution 3 Kit (EMD). Migrated cells were counted using a Zeiss
Axiovert 200M light microscope. Results were quantified using GraphPad Prism 5 statistical
program.
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Invasion assay
Transwell chambers with 8μm pores (Costar) were coated with 40 μL of Matrigel (BD
Scientific) gel mixture (1:4 in RPMI), and allowed to solidify for 1hour at 37°C. Briefly,
cells were harvested in starvation media for 24 hours prior to detachment with 1× citric
saline. 8×104 cells were resuspended in RPMI media, and added to the upper Transwell
chamber. RPMI containing various treatments were added to the lower chamber, and cells
were allowed to invade Matrigel towards the lower chamber for 24 hours at 37°C. Matrigel
and cells that remained in the upper chamber were removed with a cotton swab, and the
entire chamber was fixed and stained with Hemacolor Solution 3 Kit (EMD). Invaded cells
were counted using a Zeiss Axiovert 200M light microscope. Results were quantified using
GraphPad Prism 5 statistical program.

Statistics and quantifications—Data are presented as the mean ±SE of at least 3
independent experiments and were analyzed by 2-way ANOVA or Student's t test. All
statistical analyses were done, and all graphs generated, using GraphPad Prism 5.0 software
(GraphPad).

Results
H2O2 induced gradual expression of phosphorylated AKT

Generally, the presence of ROS increases expression of phosphorylated proteins, through
activation of protein kinases and inhibition of protein phosphatases [7,19]. In prostate
cancer, activation of survival proteins are the hallmark of the cancer progression [20];
therefore, we investigated whether H2O2, our model of ROS, increased expression of
phosphorylated survival kinases. DU145 cells were treated with various concentrations of
H2O2 for 1 hour and the expression of phosphorylated AKT (p-AKT) and phosphorylated
ERK1/2 (p-ERK1/2) was determined by western blot analysis. We observed that H2O2
induced a gradual expression of p-AKT in a concentration dependent manner, which was
abrogated by 10 mM NAC, a ROS scavenger (Fig. 1A). Furthermore, cells treated with
H2O2 showed a maximum induction of p-ERK1/2 at 0.05mM H2O2, followed by a gradual
decrease in expression. Likewise, 10mM NAC abrogated induction of p-ERK by H2O2 (Fig.
1B). These results show that the presence of ROS increases expression of survival kinases
DU145 cells.

H2O2 inhibited PTEN catalytic domain in DU145 cells
Kumar et al. induced expression of endogenous ROS in prostate cancer cells, which resulted
in increased expression of AKT [7]. It is well established that the tumor suppressor PTEN
negatively regulates the PI3K/AKT pathway by dephosphorylating PIP3, a product of PI3K,
to form PIP2; thus negatively regulating the activation of AKT [13]. Ha et al. found that
exogenous treatment of hepatocellular carcinoma with H2O2 resulted in catalytic
inactivation of PTEN [21]. Therefore, we determined whether the observed increased
expression of p-AKT was due to H2O2-mediated inactivation of PTEN in DU145 cells,
which have one functional allele of PTEN [10]. Cells were treated with various
concentrations of H2O2 for 1 hour, and PTEN expression was determined by western blot
analysis. We did not observe a significant change in PTEN expression upon treatment with
H2O2 compared to control, except for a slight decrease at 0.5mM (Fig. 1C). Treatment with
10mM NAC showed similar results, with no change in PTEN expression (data not shown).

H2O2 oxidizes PTEN within its catalytic domain by forming a disulfide bond between
Cys124 and Cys71 in the active site, thus inactivating its phosphatase function [18]. We
investigated whether H2O2 inhibits the catalytic activity of PTEN, since there was no change
observed in PTEN expression, but increased expression of p-AKT. Cells were treated with
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0.25mM H2O2 for 90 minutes to induce oxidation within cysteine residues, which renders
PTEN inactive. Cell extracts were then lysed in alkylating buffer (NEM) to block free
sulfhydryls, and then subjected to western blot analysis with PTEN specific antibodies.
Oxidized PTEN has two less cysteine residues available for alkylation, which results in a
lower molecular weight form of the protein. We observed an increase in oxidized PTEN
(inactive) in H2O2-treated cells compared to control (Fig. 1D). Collectively, these results
suggest that H2O2 inactivates PTEN catalytically, which may allow the increased expression
of p-AKT, in a concentration dependent manner.

H2O2 induced expression of CXCR4 in DU145 cells
In mesenchymal stem cells, H2O2 induced CXCR4 expression [17]. We observed that
various concentrations of H2O2 gradually increased CXCR4 expression, up to 0.5 mM H2O2
(Fig. 2A). 10mM NAC abrogated H2O2-induced expression of CXCR4 (Fig. 2B).
Previously, we have shown that PTEN regulates CXCR4 signaling, and an absence of PTEN
permits CXCR4-mediated functions [9]. We wanted to evaluate the importance of H2O2-
mediated inactivation of PTEN, and up-regulation of CXCR4. We analyzed whether
CXCR4-mediated functions were enhanced in the presence of H2O2. We evaluated DU145
cells for migration towards a combination of ligands and inhibitors (0.25mM H2O2, 10mM
NAC and 10mM AMD3100) in the lower chamber. By transwell assay, we observed a
significant increase in cells migrating towards H2O2 compared to control (Fig. 3 A), which
was not observed with NAC or AMD3100 (CXCR4 antagonist) in the lower chamber.
Moreover, H2O2 failed to induce migration in the simultaneous presence of NAC (Fig. 3 A).
Finally, using a CXCR4 antagonist, we confirmed that ROS-mediated migration was
through CXCR4. Likewise, ROS induced invasion through matrigel, which was inhibited by
NAC and AMD3100 (Fig. 3 B).

Discussion
A large body of evidence suggests that the tumor microenvironment influences tumor
development and progression. The gradual accumulation of reactive oxygen species (ROS)
is commonly involved in promoting tumorigenesis through dysregulation of various anti-
cancer and pro-cancer pathways [7]. Leslie et al. observed that ROS inactivated PTEN
catalytic function, which failed to inhibit cell survival signaling pathways and correlated
with cancer progression toward a metastatic phenotype [22]. In a non-cancer model, ROS
induced expression of CXCR4, which has been shown to influence carcinogenesis and play
a critical role in directing cancer metastasis, including prostate [16]. Previously, we
observed that reconstitution of PTEN in PTEN-null prostate cancer cells inhibited CXCR4-
mediated functions, suggesting that PTEN can serve as a regulatory switch in CXCR4-
mediated events [9]. Loss of PTEN is commonly due to point mutations, genetic deletions
and epigenetic silencing; however, the effects of the tumor microenvironment on PTEN
expression and subsequent CXCR4 activation have yet to be explored [23]. Herein, we
describe that ROS may negatively affect PTEN activity, and conversely, induce the
expression of CXCR4 and survival signaling pathways.

Functionally, PTEN is involved in regulating a variety of cellular processes, including cell
cycle, apoptosis, DNA repair, signal transduction and cell adhesion. These functions are
mediated by the N-terminus phosphatase domain, which has dual-specificity activity that
dephosphorylates protein and phosphoinositide substrates [24]. The lipid phosphatase
activity of PTEN dephosphorylates PIP3, a product of PI3K, to form PIP2, thus negatively
regulating the activation of AKT [13]. Consequently, loss of PTEN results in the
accumulation of PIP3, and subsequently, constitutive activation of the PI3K/AKT signaling
pathway [25]. Nearly, 60% of advanced prostate cancers exhibit a loss of PTEN, suggesting
that the decreased expression of PTEN plays a crucial role in prostate cancer development
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and progression [10]. Previously, we have shown that PTEN expression negatively regulated
CXCR4-mediated migration and proliferation in advance prostate cancer cells, indicating
that loss of PTEN functioned as a permissive switch to promote CXCR4-mediated functions
(Fig. 2) [9]. Furthermore, knock-down of PTEN in Du145 cells enhanced CXCR4-mediated
migration, compared to control, thus indicated that PTEN served as a control for CXCR4
functions (Fig. 3). The regulation of CXCR4 by PTEN is indirect, as PTEN and CXCR4
converge at the signaling pathways that they both regulate, PI3K/AKT and ERK1/2 [9].

We were interested in investigating mechanisms by which PTEN is loss in advanced
prostate cancer. ROS has been linked to cell survival and proliferation through the activation
of ERK1/2 and PI3K/AKT pathways [26]. Therefore, we investigated the effects of ROS
(H2O2) on the phosphorylation of AKT. We observed a gradual increase in phospho-AKT
expression, but aberrant expression of phospho-ERK1/2, in a concentration dependent
manner. Furthermore, ROS is associated with PTEN inactivation; consequently, PTEN
inactivation permits downstream survival pathways, such as PI3K/AKT to support cancer
progression [27]. DU145 cells express a functional PTEN; therefore, we investigated
whether up-regulation of phospho-AKT was due to PTEN catalytic inactivation, mediated
by H2O2. There was no significant change observed in the expression levels of PTEN upon
treatment with H2O2, with a slight decrease at 0.5mM. The catalytic domain of PTEN can
form a disulfide bond between Cys124 and Cys71 in the active site [18,28]. Lee et al.
described that that H2O2 induced disulfide bonding within the active site of PTEN,
rendering it inactive [18]. We, too, observed an increase in this inactive form of PTEN,
suggesting that ROS-mediated upregulation in signaling was not due to diminished levels of
PTEN. Instead, ROS abrogated PTEN regulation through catalytic inactivation, thus
allowing increased expression of the activated survival kinase, phospho-AKT.

Prostate cancer mortality is often a result of metastasis to secondary organs. Taichman et al.
initially observed that CXCR4 facilitated prostate cancer metastasis to the bone, the primary
site of distal prostate cancer colonization [29]. SDF1α was constitutively expressed in the
bone marrow by osetoblasts, fibroblasts, and endothelial cells, which directed cell migration,
by attracting prostate cancer cells that expressed CXCR4 on the surface. CXCR4 is involved
in cell survival through activation of requisite pathways, which signals to downstream
targets for metastasis and anti-apoptosis [15]. In cancer and stem cells models, CXCR4 and
SDF1α are up-regulated in hypoxic and high ROS environments [17]. We observed that
H2O2 increased expression of CXCR4, which was inhibited by a ROS scavenger. Likewise,
DU145 cell migration and invasion were enhanced in the presence H2O2, in a CXCR4-
dependent manner.

Oxidative stress is higher in the epithelium of prostate cancer patients compared to normal
men, suggesting that ROS plays a critical role in prostate cancer development and
progression, which has not been fully elucidated [4]. ROS is classically known to induce
genomic alterations (point mutations or deletions), inhibit tumor suppressor genes and/or
activate oncogenes [30]. As we observed with PTEN, ROS inhibited the tumor suppressor,
protein tyrosine phosphatase (PTP) 1B, by inducing disulphide bonding in the active site
[19]. Likewise, Cao et al. suggested that ROS directly regulated AKT activation in human
leukemia cells [31]. We also observed that ROS induced expression of CXCR4 and
enhanced subsequent functions, independent of SDF1α. We have not explored, however,
whether increased expression of phospho-AKT was a direct result of ROS, or a result of
increased CXCR4, as AKT is a downstream target [15]. Thus, upregulation of phospho-
AKT and CXCR4 by ROS may coordinate ensuing metastatic events for cancer survival.

Our results contribute to the decipherment of molecular mechanisms that exist between the
tumor microenvironment, and the imbalance of tumor suppressor and oncogenic functions.
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Our studies add to the body of knowledge on the role of PTEN in CXCR4-mediated cancer
progression, and hopefully, will contribute to the development of therapies that target the
tumor microenvironment, which have great potential for the better management of
metastatic prostate cancer.
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Figure 1. ROS increased expression of p-AKT and p-ERK, but not PTEN in DU145 cells
Forty μg of total protein were analyzed for (A) p-AKT, (B) p-ERK and (C) PTEN by
western blot analysis using specific antibodies. Cells were treated at various time points with
the indicated concentrations of H2O2 and 10mM NAC. Total protein levels of AKT,
ERK1/2 and tubulin served as loading controls. (D) Sixty μg of total PTEN was analyzed for
oxidized and reduced forms by western blot analysis using a PTEN specific antibody. Cells
were exposed to H2O2 for 90 minutes, followed by alkylation as described. Tubulin served
as a loading control. *, P < 0.05.
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Figure 2. ROS induced expression of CXCR4
Fourty μg of total protein were analyzed for CXCR4 expression by western blot analysis
using a specific antibody. Cells were treated with various concentrations of H2O2 and 10
mM NAC. Tubulin served as a loading control. *, P < 0.05.
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Figure 3. ROS enhanced migration and invasion in a CXCR4-dependent manner
Migration assays: 4×104 cells each were seeded into the upper transwell chamber and
allowed to migrate towards various treatments in the lower chanber for 6 hours at 37°C, 5%
CO2. Five fields of each transwell insert were randomly selected and counted for migrated
cells at 10× magnification using a Zeiss Axiovert 200M light microscope and graphed. (A)
A graphical representation of total migrated cells. Experiments were repeated thrice, and
data represents the averages of 3 independent experiments. Invasion assays: 8×104 cells
each were seeded into the upper transwell chamber layered with matrigel and allowed to
invade towards the indicated treatments in the lower chamber for 24 hours at 37°C, 5% CO2.
Five fields of each transwell insert were randomly selected and counted for invaded cells at
10× magnification using a Zeiss Axiovert 200M light microscope. (B) A graphical
representation of total invaded cells. Experiments were repeated thrice, and data represents
the averages of 3 independent experiments. *, P < 0.05.
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Figure 4. Proposed mechanism for ROS-mediated regulation of PTEN and CXCR4
ROS mediated disulfide bonding within the active site of PTEN, rendering it inactive, and
increased expression of CXCR4 and phosphorylated AKT.
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