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INTRODUCTION:

Specific chromosomal alterations were recently discovered in prostate cancer (PC) patients using
bioinformatics analysis of micro-array data (1, 2). Prevalent chromosomal alterations due to interstitial
deletion or translocations result in the fusion of the androgen responsive TMPRSS2 gene promoter with Ets
transcription factor coding sequences. Ets family of transcription factors ERG, Etvl and Etv4, were shown to
be involved in chromosomal alterations. Among these transcription factors, ERG was identified as being
commonly fused with the TMPRSS2 gene in a majority of PC patients (1-3). Some reports suggest that the
presence of fusions is associated with a poor outcome (4-6) and that specific ERG isoform expression
correlates with aggressive disease characteristics (7). Other studies suggest that these chromosomal
alterations alone are not associated with patient outcome, but that copy number increase of the alterations
results in poor outcomes (8). Previous reports demonstrate that prostate specific overexpression of the ERG
gene in transgenic mouse models results in the development of prostate intraepithelial neoplasia (PIN)
without progression to carcinoma (9, 10). TMPRSS2-ERG translocations have also been identified in the low
grade PIN lesions adjacent to cancer suggesting that ERG expression contributes to PIN development (11).
Further, two recent reports demonstrate that ERG overexpression alone is not sufficient for prostate cancer
progression; additional loss of PTEN co-operates in the development of highly invasive prostate
adenocarcinoma (12, 13). Studies with patient tumor tissues confirmed in vivo findings that alterations in ERG
and PTEN genes in prostate cancer patients results in the development of aggressive disease (14). The
molecular targets related to androgen mediated activation of TMPRSS2-ERG are currently unknown; herein,
we provide evidence that chemokine receptor CXCR4 is one such target of androgens in PC cells.

CXCR4 is a chemokine receptor that has been shown to function as a key receptor for homing of
circulating tumor cells to secondary sites; its ligand CXCL12 is highly expressed at these metastatic sites (15-
17). CXCL12/CXCR4 signaling has been shown to be involved in the adhesion, migration, invasion, and
metastasis of PC cells in laboratory model systems (16, 17). We have recently shown that CXCL12/CXCR4
signaling transactivates members of the Epidermal Growth Factor Receptor (EGFR) family in membrane
microdomains of prostate cancer cells, and this transactivation contributes to the expansion of intraosseous
metastatic deposits (18). CXCR4 has been shown to be deregulated in tumor cells through transcriptional
mechanisms. Prostate tumors and metastases express higher levels of CXCR4 compared to non tumor
tissue (19-21) and this overexpression is associated with aggressive disease in patients (20, 22).

BODY:

Specific Aim 1: To test hypothesis that the ERG transcription factor promotes PC progression via
regulation of CXCR4 expression and that this process is driven by androgens.

EMSA experiment with CXCR4 promoter sequences: We performed electrophoretic mobility shift assay to
determine which of the putative ERG binding sites in the CXCR4 promoter binds with the ERG factor
expressed in VCaP cells. Relative locations of these sites to CXCR4 coding sequence were shown in Figure
1A. Single stranded oligonucleotides were prepared and labeled with IR Dye™ 700 to each of the putative
ERG site in CXCR4 promoter (IDT Inc., Skokie, IL). Single stranded nucleotides were annealed to prepare
double stranded oligonuclotides. Nuclear extracts from VCaP cells were incubated with IR Dye™ 700 labeled
oligonucleotides corresponding to putative ERG binding sites. As a negative control either nuclear extract or
IR Dye™ 700 was omitted in binding reaction. Strong binding of oligonucleotides with nuclear proteins was
observed with elements 1, 7, 8 and 9 of CXCR4 promoter. Weaker binding was observed with 2,3,4 and 10
oligonucleotides with CXCR4 promoter (Figures 1,2 in Molecular Cancer Research journal (in press)
appended with report). These data demonstrate that VCaP cell expressed Ets/ERG nuclear factors interact
with multiple binding sites in CXCR4 promoter.

ERG factor activates CXCR4 promoter: We have cloned 996 bp (contains 1-8 elements), 896 bp (contains
2-8 elements) and 231 bp (contains only 8th element) CXCR4 promoter fragments in pGL3 basic vector. We
cloned full length ERG into pCMV-IRES-puromycin vector (Clontech). We transfected CXCR4 promoter
deletion-reporter constructs and ERG expression vector into HEK293 cells and performed luciferase reporter
gene assay (Figure 3 in Molecular Cancer Research journal (in press) appended with report). Both 996 and
896 bp CXCR4 promoters activated 10 to 15 fold in ERG transfected cells. Deletion of these two binding



sites leads to abrogation of ERG induced CXCR4 promoter activation. These data demonstrate that ERG
factor not only binds with upstream CXCR4 elements but also activates promoter.

Androgens regulate CXCR4 expression in VCaP cells: To determine whether androgens regulate CXCR4
expression, we treated VCaP cells with different concentrations of synthetic androgen R1881 and measured
cell surface CXCR4 expression through FACS analysis. R1881 treatment upregulated cell surface CXCR4
expression and a higher concentration of R881 further enhanced CXCR4 cell surface expression (Figure 1
and 2 in Translational Oncology manuscript 2010).

ERG mediated CXCR4 expression regulates PC cell chemoinvasion. We have previously shown that
bone tissue associated CXCL12 is active in CXCR4 dependent prostate cancer cell chemoinvasion via the
expression of MMP-9 (17). To assess the functional significance of ERG mediated CXCR4 expression in
VCaP cells, we performed in vitro chemoinvasion assays (Figure 3A). CXCL12 induced chemoinvasion of
VCaP cells, which suggests that the CXCR4 expressed in these cells was active in chemoinvasion towards
the CXCL12 gradient. Treatment of VCaP cells with R1881 also induced chemoinvasion compared to that in
vehicle treated cells. Interestingly, simultaneous exposure to both agents additively enhanced chemoinvasion
of VCaP cells, suggesting that androgen induced CXCR4 is active in the chemoinvasion of VCaP cells
towards a CXCL12 gradient. To determine, if R1881-induced CXCR4 enhances VCaP cell chemoinvasion,
we treated VCaP cells with the CXCR4 antagonist AMD3100. AMD3100 downregulated CXCL12/CXCR4
mediated VCaP cell chemoinvasion similar to the levels of R881 treatment (Figure 6 Translational Oncology
manuscript 2010). Together, these data suggest that the androgen activation of TMPRSS2-ERG
translocations contributes to PC cell chemoinvasion via CXCR4 expression and activation.

Specific aim 2: To test the hypothesis that CXCR4 activation promotes PC progression via
transactivation of certain EGFR family members:

Identify the individual EGFR
family members transactivated by
CXCL12/CXCR4: To determine the
cellular location of CXCL12/CXCR4
transactivation of EGFR family members,
we treated PC-3 and C4-2B cells with
CXCL12 and performed Western blot
analysis for HER2, pHER2, EGFR and
pEGFR. CXCL12 did not significantly
altered total cellular HER2 or EGFR
phosphorylation in in PC cells. Then, we
analyzed HER2 and EGFR
phosphorylation in cell surface
populations with biotinylation
methodology. CXCL12 did not
significantly change HER and EGFR
phosphorylation in cell surface expressed
receptors. We analyzed HER2 and
EGFR phosphorylation in lipid raft
microdomains and cytosol and

membrane fractions, CXCL12 induced
both HER2 and EGFR phosphorylation in
lipid raft membrane microdomains in PC-
3 cells (Figure 1). Thus,
CXCL12/CXCR4 axis in lipid raft
membrane microdomains transactivate
EGFR and HER?2 in prostate cancer
cells.

Figure 1: CXCL12/CXCR4 transactivates HER2 and EGFR in lipid
raft membrane microdomains: Panel A. C4-2b and PC-3 cells were
untreated or treated with CXCL12 at 200ng/ml for 15 min and total
cellular lysates were immunoprecipitated with anti-HER2 and anti-
EGFR antibodies and immunoblottd with pHERZTyrlm, HERZ2,
PEGFR™'"® and EGFR. Panel B. C4-2b and PC-3 cells were
untreated or treated with CXCL12 at 200ng/ml for 15 min. Cells
were biotinylated and cell extracts were affinity captured with anti-
streptavidin beads and immunobolted with pHER2"™"***®, HER2 and
cell surface protein marker transferrin receptor. Panel C. C4-2b and
PC-3 cells were untreated or treated with CXCL12 at 200ng/ml for
15 min and lipid raft microdomains and cytosol and membrane
fractions were isolated. Both fractions were immune blotted with
pHERZTyr1248 and HER2. In PC-3 cells both fractions were
immunobloted with lipid raft marker Flotillin and cytosol marker beta
Tubulin.




2.1 Intratibial model to target the CXCR4 and EGFRHER2 functions PC cells.

CXCRA4 targeting delays intratibial tumor
growth in PC-3 cells: We implanted PC-3 cells
expressing luciferase construct and treated mice
with CXCR4 inhibitor AMD3100 with a
subcutaneous pump system. Tumor growth was
monitored with luciferase imaging. AMD3100
treatment significantly reduced the tumor growth
compared to control mice as measured by
luciferase signal. X-Ray analysis of bone tumors
showed osteolysis of bone tumors in untreated
mice and AMD3100 treated mice show no signs of
osteolysis. CXCR4 inihibitor significantly inhibited
tumor growth and bone tumor osteolysis in
intratibial bone tumor growth model (Figure 2).

KEY RESEARCH ACCOMPLISHMENTS:

1. T'\{[I.PR,[SSZ'IIER? fug%répfrotteln S.mg.s an_c: Figure 2. AMD3100 inhibits intratibial tumor growth of PC-3
?‘C lvates selective actor binding sites cells.PC-3ML_Luc cells were implanted in tibiae of mice and
in CXCR4 promoter. treated with AMD3100. Panel A shows a representative 3

2. Upstream ERG binding sites in CXCR4 mice images qf X-rays and luciferase imagipg. I?anel B is sum
promoter mediate CXCR4 promote of photons which represents tumor burden in animals.

activation.

3. Androgens induce functionally active CXCR4 expression via ERG factor in TMPRSS2-ERG fusion
positive cells.

4. CXCL12/CXCR4 trans activated HER2 and EGFR receptors in PC cells and lipid raft microdomains is
the site for transactivation.

5. Targeting CXCL12/CXCR4 axis with AMD3100 inhibits PC bone tumor growth.

REPORTABLE OUTCOMES:
Abstracts:

Chinni, SR, Cai J, Sheng S, Kropinski A. CXCR4 is a target for androgen activated TMPRSS2-ERG fusions
in prostate cancer cells. The 16" annual scientific retreat of Prostate Cancer Foundation.
Lake Tahoe, NV. September 23-26 2009.

Singareddy R, St. John J and Chinni, SR. Molecular characterization of ERG mediated CXCR4
transcriptional regulation. 102end annual American Association for Cancer Research.
Orlando, FL. April 2-6, 2011.

Chinni, SR. Singareddy R, and St. John J. Role of ERG and CXCR4 in prostate cancer progression.
Innovative Minds in Prostate Cancer Today. Orlando, FL. March 9-12, 2011.
Podium Presentation:

The role of ERG and CXCR4 in Prostate Cancer Metastasis. The 16" annual scientific retreat of Prostate
Cancer Foundation. Lake Tahoe, NV. September 2009.

The role of ERG and CXCR4 in Prostate Cancer Metastasis. Protease group meeting, Wayne State
University, Detroit, MI. October 7", 2009.



The role of ERG and CXCR4 in Prostate Cancer Metastasis. Prostate Cancer Working Group meeting,
Wayne State University, Detroit, Ml. October 2nd, 2009.

The role of ERG and CXCR4 in Prostate Cancer Progression. Innovative Minds in Prostate Cancer Today.
Orlando, FL. March 9-12, 2011.

Role of ERG and CXCR4 in Prostate Cancer Bone Metastasis. 7" Annual National Symposium on Prostate
Cancer. Clark Atlanta University, Atlanta, GA. May 23-24, 2011.

Publication:

Cai, J., Kandagatla, P., Singareddy, R., Kropinski, A., Sheng, S., Cher, M.L., and Chinni, S.R. Androgens
Induce Functional CXCR4 via ERG Factor Expression in TMPRSS2-ERG Fusion Positive Prostate Cancer
Cells. Translational Onclology. 3(3):195-2003, 2010.

St. John, J*, Powell, K*, Conley-LaComb, M, and Chinni, S.R. TMPRSS2-ERG fusion gene expression in
prostate tumor cells and its clinical and biological significance in prostate cancer progression. Journal of
Cancer Science and Therapy 4(4):94-101, 2012.

Singareddy R., M, Semaan L, Coney-LaComb M.K, St. John J, Powell K, Smith D, Heilbrun LK, Shi D, Sakr
W, Cher ML, Chinni, S.R. Transcriptional regulation of CXCR4 in prostate tumor cells: Significance of
TMPRSS2-ERG fusions. Molecular Cancer Research. In Press.

Conley-LaComb M.K, Saliganan A, Kandagatla P, Chen, YQ, Cher ML, Chinni S.R. PTEN loss mediated Akt
activation promotes prostate tumor growth and metastasis via CXCL12/CXCRA4 signaling. Molecular
Cancer. In Press.

CONCLUSION:

Our results suggest that androgens activate CXCR4 expression in TMPRSS2-ERG fusion positive prostate
cancer cells. ERG induced CXCR4 expressed in these cells is active in chemoinvasion in response to
CXCL12 and sensitive to CXCR4 antagonist AMD3100. Biochemical studies indentified upstream ERG
binding sites in CXCR4 promoter are active in ERG binding and transactivation of promoter. Further,
androgens can induce CXCR4 gene expression via induced ERG factor expression. These studies identify a
specific pathway involving selective ERG binding sites in CXCR4 promoter mediating CXCR4 gene
transcription.

CXCL12/CXCRA4 axis activates EGFR and HER2 members of EGFR family. Biochemical studies demonstrate
that this transactivation is exclusively occurring in lipid raft membrane microdomains in PC cells. Targeting
CXCRA4 receptor with small molecule inhibitor AMD3100 show that tumor growth in bone site is inhibited. This
inhibition of bone tumor growth is accompanied by reduced tumor mediated osteolysis at bone site. These
studies identify that GPCR mediated activation of growth family factor receptors particularly CXCR4
transactivation of HER2 and EGFR is confined to lipid raft microdomains in PC cells and targeting the receptor
activity inhibits bone tumor growth in intratibial animal model.
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APPENDICES
CXCR4 IS A TARGET FOR ANDROGEN ACTIVATED TMPRSS2-ERG FUSIONS IN PROSTATE
CANCER CELLS.

Sreenivasa R. Chinni**%*  Juan Cai', Shijie Sheng®®, Anthony Kropinski*

! Departments of Urology and “Pathology, Wayne State University School of Medicine and °The
Barbara Ann Karmanos Cancer Institute, Detroit, Ml 48201

ABSTRACT

TMPRSS2-ERG fusion transcripts have been shown to be expressed in a majority of Prostate
Cancer (PC) patients due to chromosomal translocations or deletions between the TMPRSS2 gene
promoter and the ERG gene coding sequence. The TMPRSS2 promoter contains androgen receptor
binding sites, and these alterations cause androgen dependent expression of ERG transcription
factor expression in PC patients. We and others have shown that chemokine receptor CXCR4
expression is upregulated in PC tumor cells and its ligand CXCL12 is expressed in bone stromal cells.
The CXCL12/CXCR4 axis functions PC progression to enhance cell invasiveness and metastatic
growth. Towards this end, we recently identified CXCL12/CXCR4 transactivation of epidermal
growth factor receptor system to be an upstream signaling pathway for PC cell invasion and
metastatic growth at secondary sites. To address the regulation of CXCR4 expression, we identified
several putative ERG consensus binding sites in the promoter region of CXCR4. We hypothesized
that androgen dependent regulation of the ERG transcription factor could induce CXCR4 expression
in PC cells. Using a variety of methods including RT-PCR, chromatin immunoprecipitation, Western
Blot Analysis, siRNA transfection, and chemoinvasion assay, we show that (a) CXCR4 expression is
increased in TMPRSS2-ERG fusion positive cell line; (b) ERG transcription factor binds to CXCR4
gene promoter; (c) Prostate tumor cells co-express higher ERG and CXCR4 expression compared to
non tumor cells from cancer patients; (d) synthetic androgen (R1881) upregulated both ERG and
CXCR4 in TMPRSS2-ERG fusion positive VCaP cells; (e) siRNA mediated downregulation of ERG
resulted in a loss of androgen dependent regulation of CXCR4 expression in VCaP cells; (f) both
R1881 and CXCL12 enhanced VCaP cell chemoinvasion and a combination exposure to both
reagents produced an additive effect on cellular chemoinvasion. These findings may provide a link
between TMPRSS2-ERG translocations and enhanced metastasis of tumor cells via CXCR4 function in
PC cells.



Molecular characterization of ERG mediated CXCR4 transcriptional regulation.
Rajareddy Singareddy, Jason St. John and Sreenivasa R. Chinni

CXCR4 is a chemokine receptor, which has been shown to be expressed in several types of tumor
cells, and mediate invasion and metastasis. CXCR4 expression is transcriptionally regulated in cancer cells
and is associated with aggressive phenotypes of prostate cancer. Previously, we and others have shown that
ERG transcription factor regulates CXCR4 expression in prostate cancer cells. In prostate cancer patients
ERG is expressed via chromosomal alterations resulting in fusion of androgen responsive TMPRSS2
promoter with the coding sequence of ERG transcription factor and systemic androgens regulate ERG
expression. We further show that in TMPRSS2-ERG fusion positive prostate cancer cells androgens regulate
CXCR4 expression via activating ERG transcription factor expression. The CXCR4 promoter contains
several putative ERG/Ets transcription factor binding sites. We hypothesize that ERG binds to selective
ERG/Ets binding sites in the CXCR4 promoter and activates CXCR4 expression. Using electrophoretic
mobility shift assay experiments with each of the individual ERG/Ets binding sites with VCaP cell nuclear
extracts and in vitro translated ERG protein, sequential ERG/Ets binding site deletions in CXCR4 promoter
reporters, chromatin immunoprecipitation experiments with anti-ERG antibodies in TMPRSS2-ERG positive
VCaP cells, and chemoinvasion studies with VCaP cells we show that: (a) ERG expressed in VCaP cells
selectively interacts with specific ERG/Ets bindings sites in the CXCR4 promoter; (b) several Ets factor family
members are expressed in VCaP cells; (c) in vitro translated ERG binding with ERG/Ets elements in CXCR4
promoter further confirms that selective ERG/Ets sites in CXCR4 promoter are active in binding with ERG; (d)
ERG binds with CXCR4 gene promoter in VCaP cells; (e) androgens regulate CXCR4 expression in
TMPRSS2-ERG fusion positive cells; and (f) androgen induced CXCR4 is active in chemoinvasion of prostate
cancer cells.

These data suggest that androgens regulate CXCR4 expression via ERG transcription factor expression and
ERG factor may regulate CXCR4 expression by binding to the specific ERG/Ets responsive elements and
activating CXCRA4 transcription. These findings may provide a link between TMPRSS2-ERG translocations
and enhanced metastasis of tumor cells via CXCR4 function in PC cells.



ROLE OF ERG AND CXCR4 IN PROSTATE CANCER PROGRESSION.
Chinni, SR. Singareddy R, and St. John J

TMPRSS2-ERG fusion transcripts have been shown to be expressed in a majority of Prostate
Cancer (PC) patients due to chromosomal translocations or deletions between the TMPRSS2 gene
promoter and the ERG gene coding sequence. The TMPRSS2 promoter contains androgen
receptor binding sites, and these alterations cause androgen dependent expression of ERG
transcription factor in PC patients. Overexpression of ERG factor confers growth and invasive
advantage to PC cells.

We and others have shown that chemokine receptor CXCR4 expression is upregulated in PC
tumor cells and its ligand CXCL12 is highly expressed in bone stromal cells. The CXCL12/CXCR4
axis functions in PC progression to enhance cell invasiveness and metastatic growth. Towards this
end, we recently identified CXCL12/CXCR4 transactivation of the epidermal growth factor receptor
system to be an upstream signaling pathway for PC cell invasion and metastatic growth at
secondary sites. To address the regulation of CXCR4 expression, we identified several putative
ERG consensus binding sites in the promoter region of CXCR4. We hypothesized that androgen
dependent regulation of the ERG transcription factor could induce CXCR4 expression in PC cells.
Subsequent CXCR4 localization to raft membrane microdomain and signaling contributes to PC cell
invasion and metastasis.

Using a variety of methods including RT-PCR, chromatin immunoprecipitation, Western Blot
Analysis, siRNA transfection, and chemoinvasion assay, we show that (a) prostate tumor cells co-
express higher ERG and CXCR4 compared to benign tissue; (b) CXCR4 expression is increased in
the TMPRSS2-ERG fusion positive cell line; (c) ERG transcription factor binds to the CXCR4 gene
promoter; (d) synthetic androgen (R1881) upregulates both ERG and CXCR4 in TMPRSS2-ERG
fusion positive VCaP cells; (e) sSIRNA mediated downregulation of ERG resulted in a loss of
androgen dependent regulation of CXCR4 expression in VCaP cells; (f) R1881 activated TMPRSS2-
ERG expression functionally activates CXCR4 in VCaP cells; (g) CXCR4 activation in raft membrane
microdomains leads to Src and EGFR family member activation. These findings identify CXCR4 as
a target for androgen activated TMPRSS2-ERG fusions in PC cells. Subsequent CXCR4 function in
raft membrane microdomains confers invasive and metastasis phenotype to cancer cells. Together
these results may provide a link between TMPRSS2-ERG translocations and enhanced metastasis
of tumor cells via CXCR4 function in PC cells.
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Abstract

TMPRSS2-ERG fusion transcripts have been shown to be expressed in a majority of prostate cancer (PC)
patients because of chromosomal translocations or deletions involving the TMPRSS2 gene promoter and the
ERG gene coding sequence. These alterations cause androgen-dependent ERG transcription factor expression in
PC patients. We and others have shown that chemokine receptor CXCR4 expression is upregulated in PC tumor
cells, and its ligand, CXCL12, is expressed in bone stromal cells. The CXCL12/CXCR4 axis functions in PC
progression to enhance invasion and metastasis. To address the regulation of CXCR4 expression, we identified
several putative ERG consensus-binding sites in the promoter region of CXCR4. We hypothesized that androgen-
dependent regulation of the ERG transcription factor could induce CXCR4 expression in PC cells. Results of the
current study show that 1) prostate tumor cells coexpress higher ERG and CXCR4 compared with benign tissue,
2) CXCR4 expression is in-creased in the TMPRSS2-ERG fusion—positive cell line, 3) ERG transcription factor
binds to the CXCR4 gene promoter, 4) synthetic androgen (R1881) upregulates both ERG and CXCR4 in
TMPRSS2-ERG fusion—positive VCaP cells, 5) small interfering RNA—-mediated down-regulation of ERG resulted
in the loss of androgen-dependent regulation of CXCR4 expression in VCaP cells, and 6) R1881-activated
TMPRSS2-ERG expression functionally activates CXCR4 in VCaP cells. These findings provide a link between
TMPRSS2-ERG translocations and enhanced metastasis of tumor cells through CXCR4 function in PC cells.

Translational Oncology (2010) 3, 195-203
(ETV1 and ETV4), were shown to be involved in chromosomal altera-tions.

Among these transcription factors, ERG was identified as being commonly
) fused with the TMPRSS2 gene in most PC patients [1-3]. Some reports
Introduction suggest that the presence of fusions is associated with a poor outcome [4—6]

Specific chromosomal alterations were recently discovered in prostate cancer  and that specific ERG isoform expression correlates with aggressive disease
(PC) patients using bioinformatics analysis of microarray data [1,2].

characteristics [7]. Other studies suggest that these chromosomal alterations
Prevalent chromosomal alterations due to interstitial deletion or

translocations result in the fusion of the androgen-responsive TMPRSS2  4f the alterations results in poor outcomes [8]. Previous reports demonstrate
gene promoter with Ets transcription factor coding sequences. The Ets  that prostate-specific overexpression
family of transcription factors ERG, ETS translocation variants 1 and 4

alone are not associated with patient outcome but that copy number increase



of the ERG gene in transgenic mouse models results in the development
of prostate intraepithelial neoplasia (PIN) without progression to carci-
noma [9,10]. TMPRSS2-ERG translocations have also been identified in
the low-grade PIN lesions adjacent to cancer, suggesting that ERG
expression contributes to PIN development [11]. Further, two recent
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reports demonstrate that ERG overexpression alone is not sufficient
for PC progression; additional loss of PTEN co-operates in the
develop-ment of highly invasive prostate adenocarcinoma [12,13].
Studies with patient tumor tissues confirmed in vivo findings that
alterations in ERG and PTEN genes in PC patients result in the
development of aggressive disease [14]. The molecular targets
related to androgen-mediated acti-vation of TMPRSS2-ERG are
currently unknown; herein, we provide evidence that the chemokine
receptor CXCR4 is one such target of an-drogens in PC cells.

CXCR4 is a chemokine receptor that has been shown to function as a
key receptor for homing of circulating tumor cells to secondary sites; its
ligand CXCL12 is highly expressed at these metastatic sites [15—17].
CXCL12/CXCR4 signaling has been shown to be involved in the adhe-
sion, migration, invasion, and metastasis of PC cells in laboratory model
systems [16,17]. We have recently shown that CXCL12/CXCR4 sig-
naling transactivates members of the epidermal growth factor receptor
family in membrane microdomains of PC cells, and this transactivation
contributes to the expansion of intraosseous metastatic deposits [18].
CXCR4 has been shown to be deregulated in tumor cells through tran-
scriptional mechanisms. Prostate tumors and metastases express higher
levels of CXCR4 compared with nontumor tissue [19-21], and this
overexpression is associated with aggressive disease in patients [20,22].

A recent study suggests that CXCR4 is one of the functional target
genes for ERG transcription factor in PC cells [12]. To determine the
link between TMPRSS2-ERG translocations and CXCR4 expression in
PC cells, we investigated the role of androgens in the activation of
TMPRSS2-ERG and the subsequent expression of CXCR4 in PC cells.
Herein, we show that PC cells that exhibit TMPRSS2-ERG fusions have
androgen-regulated CXCR4 expression and that knock down of ERG
abrogates androgen-induced CXCR4 expression. Furthermore, the
CXCR4 promoter contains several putative ERG binding sites, and the
ERG factor binds to the CXCR4 promoter in TMPRSS2-ERG—positive
VCaP cells. Androgens and CXCLI12 independently induced
chemoinvasion of VCaP cells, and in combination, they in-duced
chemoinvasion in an additive manner. CXCR4 inhibition studies suggest
that androgen-induced CXCR4 expression is functional in TMPRSS2-
ERG—positive PC cells. These studies provide an impor-tant link
between TMPRSS2-ERG chromosomal translocations and androgen-
induced CXCR4-mediated metastasis formation.

Materials and Methods

Cell Culture

VCaP, PC-3, and LNCaP cells were purchased from American Type
Culture Collection (Manassas, VA). PC-3 and LNCaP cells were cultured in
RPMI 1640 medium, and VCaP cells were cultured in Dulbecco’s modified
Eagle medium. All cell lines were tested for Mycoplasma con-tamination
before use in the experiments with VenorGeM Mycoplasma detection kit
from Sigma Biochemicals (St Louis, MO). The culture medium was
supplemented with 10% fetal bovine serum and 1% peni-cillin and
streptomycin. R1881 was purchased from NEN Life Sciences (Waltham,
MA), flutamide and cycloheximide were purchased from Sigma, and
CXCL12 was purchased from Peprotech (Rocky Hill, NJ).

Quantitative Polymerase Chain Reaction

A total of 4 x 105 cells were seeded in six-well plates. Each plate was
treated with a single agent of an androgen agonist R1881, antagonist

flutamide, or cycloheximide or with a combination of R1881 with flutamide
or cycloheximide as shown in figure legends. Total RNA was isolated using
the TRIzol reagent (Invitrogen, Carlsbad, CA). For reverse transcription—
polymerase chain reaction (PCR) studies, first-strand complementary DNA
was synthesized from 2 pg of total RNA with an oligo(dT) primer and
SuperScript II Reverse Transcriptase (Invitrogen). Forward and reverse
primers were designed using the Primer 3 program
(http:/frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The for-ward
and reverse primers are as follows: for ERG, 5'-AAC GAG CGC AGA GTT
ATC GT-3'and 5'-GTG AGC CTC TGG AAG TCG TC-3"; for CXCR4, 5'-
GGC CCT CAA GAC CAC AGT CA-3"and 5'-TTA GCT GGA GTG AAA
ACT TGA AG-3'; for prostate-specific antigen (PSA), 5'-GGT GAT GAC
TCC AGC CAC GA-3"and 5-GCG CAC ACA CGT CAT TGG AA-3'; and
for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5'-AAG GTC
ATC CCT GAG CTG AA-3"and 5-TGA CAA AGT GGT CGT TGA GG-
3'. Real-time PCR analysis was performed with SYBR Green PCR core
reagents (Stratagene, La Jolla, CA) in a Stratagene Mx4000 cycler, and data
analy-sis was performed using Mx4000 v3.01 software. All primer sets were
tested in real-time PCR and found to produce no detectable peaks in
dissociation curves due to primer-dimer amplifications. Relative message
levels were calculated with a comparative C; (threshold cycle) method [23].
Briefly, message levels were normalized to endogenous GAPDH message
levels. In treated samples, relative quantitation was performed by the

comparative C; method [23] using the formula 2~  C,, where C, = [C; test

gene (treated sample) — C; GAPDH (treated sample)] — [C ; test gene
(control sample) — C  GAPDH (control sample)]. For each sample, real-

time PCR was performed in triplicate samples. C; rep-resents the mean C;
value of each sample, and GAPDH is the endoge-

nous control used to normalize the quantification of a test gene.

Secondary Data Analysis for ERG and CXCR4 Expression
in Human Benign Prostate and Prostate Cancer Tissue
Expression profile data sets for human benign and PC tissue were
queried for ERG and CXCR4 expression using the Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo/). This record
was deposited by Yu et al. as previously described [24]. We
extracted the gene expression values for ERG and CXCR4 for
benign prostate (n = 18) and PC tissue (n = 65) from GDS2546
record. ERG and CXCR4 expression values were analyzed with
GraphPad Prism software version 3.0 (GraphPad, San Diego, CA).

Western Blot Analysis

Subconfluent cultures of VCaP cells were washed with phosphate-
buffered saline, and total cellular proteins were extracted with buffer
con-taining 62.5 mM Tris-HCI (pH 6.8), 2% SDS, | mM PMSF, and 1 x
Protease inhibitor cocktail (Roche, Indianapolis, IN). Protein content
was quantified with a BCA protein assay (Pierce Biotechnology, Inc,
Rockford, IL), and equal amounts of protein were resolved by 10%
SDS-PAGE. Immunoblot was performed with antibodies to ERG (Santa
Cruz Biotechnology, Santa Cruz, CA), CXCR4 (Millipore, Billerica,
MA), and GAPDH (Trevigen, Gaithersburg, MD). After secondary anti-
body incubation, chemiluminescence reaction was performed with
SuperSignal Western Femto or Pico Substrate (Pierce Biotechnology,
Inc). The band intensities were determined by quantitation of pixel
intensities using Un-Scan-It software (version 5.1; Orem, UT). Appar-
ent molecular weights of ERG forms were also determined by Un-Scan-
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It software using a reference position of molecular weight
markers in the radiographs.

Fluorescence-Activated Cell Sorting Analysis

Fluorescence-Activated Cell Sorting Analysis (FACS) was performed
on VCaP cells as previously described [17]. Briefly, VCaP cells grown
in culture plates were scraped and counted on hemocytometer. A total of
5 x 10° cells were resuspended in phosphate-buffered saline supple-
mented with 5% fetal bovine serum and incubated with either phyco-
erythrin (PE)-conjugated anti-CXCR4 antibody (BD Pharmingen, San
Diego, CA) or isotype-matched IgGp, (BD Pharmingen) for 15 min-utes
on ice. Antibody-bound cancer cells were washed three times and
analyzed on fluorescence-activated cell sorter (Becton Dickinson, San
Diego, CA). CXCR4-positive cells were enumerated using the cell quest
software (Becton Dickinson). Data shown are percent of total gated cells
that are positive for anti—-CXCR4-PE antibody binding.

Chemoinvasion Assay

VCaP cells were serum-starved for 4 hours. A total of 1.5 to 2.0 x 10°
cells were seeded onto inserts in the upper chamber of transwell culture
plates (Becton Dickinson). Before seeding, the inserts were pre-coated
with Matrigel. To activate the androgen receptor (AR), 0.5 nM of R1881
was added to the upper chamber. CXCL12 was placed in the bottom
chamber for CXCR4-mediated chemoinvasion. Cell invasion was
allowed to proceed for 24 hours. Later, the upper chambers were cleaned
with cotton swabs to remove nonmigrated/invaded cells, and the inserts
were stained with Diff-Quik stain set (Dade Behring, Inc, Newark, DE).
The total number of migrated cells in a high-power field was counted
under a microscope, and the data presented are based on three
independent experiments.

Chromatin Immunoprecipitation

The experiment was performed using a kit from Active Motif, Inc
(Carlsbad, CA). As per the manufacturer’s recommendations, sub-
confluent cultures of VCaP cells were fixed with 1% formaldehyde
solution, sonicated to shear the chromatin, and incubated with anti-
ERG or isotype IgG antibodies and protein G magnetic beads. The
immunoprecipitates were washed to remove nonspecific complexes.
Chromatin was then eluted by reverse cross-linking and was treated
with proteinase K. PCR was performed with primers designed with
5" sequences of CXCR4 and GAPDH promoters. The forward primer
5'-GGA TCC CCA ACG CCT AGA AC-3' and reverse primer 5'-
CAG CCC ATT CAG GAG GTA AA-3" were used for CXCR4, and
the forward primer 5-TAC TAG CGG TTT TAC GGG CG-3' and
reverse primer 5-TCG AAC AGG AGG AGC AGA GAG CGA-3'
were used for GAPDH in the PCR. PCRs were analyzed on 2%
agarose gels.

Statistical Analysis

For CXCR4 and ERG expression, the Mann-Whitney test was per-
formed between benign and PC tissue data. The Pearson correlation test
was performed for CXCR4 and ERG expression in tumor samples, and
the correlation coefficient, r, was determined using GraphPad Prism
software version 3.0 (GraphPad). For in vitro chemoinvasion study,
statistical significance was determined by the nonparametric analysis of

variance test followed by the Tukey posttest to compare all pairs
of a column. P = .05 was considered statistically significant.

Results

ERG and CXCR4 Coexpressed in PC Cells

CXCR4 expression in PC cells has been shown to contribute to
secondary metastasis formation in bone tissue [18,25]. We
identified several Ets transcription factor binding sites, including
several consen-sus ERG transcription factor binding sites [26] in
the promoter region of CXCR4 (Table W1). Binding of Ets
factors to these sites potentially contribute to CXCR4 expression.
To determine the role of TMPRSS2-ERG translocations on
CXCR4 expression, we assessed ERG and CXCR4 expression in
TMPRSS2-ERG fusion—positive VCaP cells, TMPRSS2-ERG
fusion—negative PC-3 cells, and human prostate tumor tissues.

Secondary analysis of public domain expression array profile data of
benign prostate and prostate tumor tissue [24] shows that both ERG and
CXCR4 are expressed significantly higher in prostate tumor tissue samples
(Figure 1A). Correlation studies with ERG and CXCR4 in prostate tumor
samples show a moderate association between ERG and CXCR4 gene
expressions (I =0.4238 and P < .001). Similar ERG and CXCR4 expression
patterns have been observed in the lim-ited number of PC patient tumor
tissues and the adjacent nontumor tissue available for investigation (data not
shown). Together, these data suggest a concerted up-regulation of ERG and
CXCR4 in tumor cells. Gene expression studies with cell lines show that
both ERG and CXCR4 transcript levels are higher in VCaP cells compared
with PC-3 cells (Figure 1B). Western blot analysis showed that ERG expres-
sion is not detectable in PC-3 cells, whereas in VCaP cells, ERG is ex-
pressed in two different forms. Similarly, the level of CXCR4 expression is
significantly higher in VCaP cells compared with that in PC-3 cells (Figure
1C). To address whether ERG can regulate CXCR4 gene ex-pression, we
performed chromatin immunoprecipitation experiments with VCaP cells.
These studies demonstrated that in VCaP cells anti-ERG antibodies
immunoprecipitated ERG and CXCR4 gene promoter fragment complexes,
whereas IgG failed to immunoprecipitate such com-plexes in VCaP cells
(Figure 1D). Together, these data suggest that in TMPRSS2-ERG—positive
cells, ERG and CXCR4 are highly expressed, and ERG binds with the
CXCR4 promoter sequences in VCaP cells.

Androgens Regulate CXCR4 Gene through ERG
Transcription Factor Expression in PC Cells

To determine whether R1881 regulation of CXCR4 gene expres-sion
was mediated through the activation of TMPRSS2-ERG fusions, gene
expression studies with VCaP, LNCaP, and PC-3 cells were per-formed.
In the absence of R1881 stimulation, CXCR4 was expressed in all cell
types, whereas ERG expression was higher in VCaP cells com-pared
with PC-3 and LNCaP cells (Figure 2A). R1881 treatment of VCaP cells
induced both ERG and CXCR4 messenger RNA expression (Figure
2B). As expected, synthetic androgens induced PSA expression in AR—
positive VCaP and LNCaP cells but not in PC-3 cells that lack a
functional AR. Synthetic androgen treatment enhanced both ERG and
CXCR4 expression in VCaP cells but not in AR—positive LNCaP cells.
As expected, the antiandrogen flutamide abrogated the synthetic andro-
gen induction of PSA in VCaP and LNCaP cells. Similarly, flutamide
treatment also abrogated the androgen-induced ERG and CXCR4
expression in VCaP cells and CXCR4 expression in LNCaP cells
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Figure 1. ERG and CXCR4 were highly expressed in TMPRSS2-ERG fusion—positive cell and prostate tumor cells, and ERG binds to
CXCR4 promoter. (A) Expression array data for ERG and CXCR4 were obtained from GDS2546 record from Gene Expression
Omnibus database. Mann-Whitney test was performed between samples to determine statistical significance. (B) Quantitative PCR
analysis of ERG and CXCR4 genes was performed with messenger RNA prepared from PC-3 and VCaP cells. The relative
expressions of genes were shown after normalization with the housekeeping gene GAPDH. (C) Total cellular proteins were isolated
from PC-3 and VCaP cells and immunoblotted with anti-ERG, anti-CXCR4, and anti-GAPDH antibodies. A representative radiograph of
chemiluminescence detection is shown with multiple independent Western blot analyses. Apparent molecular weights of ERG forms
are shown for VCaP cells. (D) Chro-matin immunoprecipitation assay was performed with VCaP cell DNA with anti-ERG and isotype
antibodies. Immunoprecipitated chro-matin was amplified with CXCR4 and GAPDH gene primers in the 5'region. Ethidium bromide—

stained gel analysis of PCR-amplified DNA fragments is also shown.

(Figure 2C ). The absence of androgen-induced ERG expression
in LNCaP cells suggests that androgen-induced ERG
transcriptionally regulates CXCR4 in VCaP cells.

To determine whether androgens regulate CXCR4 expression, we
treated VCaP cells with different concentrations of the synthetic
andro-gen R1881 and measured cell surface CXCR4 expression
through FACS analysis. R1881 treatment upregulated cell surface
CXCR4 expression, and a higher concentration of R881 further
enhanced CXCRA4 cell sur-face expression (Figure 3).

To further determine that CXCR4 is an indirect target of androgens,
we treated VCaP cells with the translational inhibitor cycloheximide.
Vehicle- and cycloheximide-treated cells were analyzed for R1881 in-
duction of CXCR4 and PSA expression in VCaP cells. As expected,
cycloheximide did not abrogate R1881 induction of PSA but inhibited
the R1881 induction of CXCR4 expression in VCaP cells (Figure 4).
These data imply that R1881-induced new protein synthesis is required
for CXCR4 expression in VCaP cells. Together, these data support the
notion that R1881 activation of TMPRSS2-ERG translocations in-duces
CXCR4 expression in PC cells.

ERG Is Required for CXCR4 Gene Expression in VCaP Cells
To confirm that the androgen-induced ERG transcription factor regu-
lates CXCR4 gene expression, we tested the effect of small interfering
RNA (siRNA)—mediated down-regulation of the ERG gene. SiERG
transfection resulted in the down-regulation of both ERG and CXCR4
gene expression compared with scrambled siRNA transfection (Fig-ure
5A). Western blot analysis show that a 60% inhibition of ERG protein
expression compared with scrambled siRNA transfection (Fig-ure 5B).
To assess the role of androgens in the regulation of CXCR4 expression,
we treated the scrambled and siERG-transfected VCaP cells with
synthetic androgens and measured the CXCR4 gene expression (Figure
S, B and C ). Synthetic androgens upregulated the CXCR4 gene
expression in scrambled siRNA-transfected cells but were un-able to
upregulate the CXCR4 gene in siERG-transfected cells. As ex-pected,
synthetic androgens upregulated PSA expression in both cells (Figure
5D). These data imply that, although PSA is not a target for R1881-
induced ERG expression, CXCR4 is regulated by this mecha-nism.
Taken together, these data demonstrate that the androgen-induced
expression of ERG transcription factor regulates CXCR4 expression.
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Figure 2. The synthetic androgen, R1881, induces ERG and CXCR4 expression in PC cells. (A) Relative gene expressions of ERG, CXCR4, and PSA
are shown in PC-3, LNCaP, and VCaP cells. (B) R1881- and vehicle-treated VCaP cells were analyzed for ERG, CXCR4, and GAPDH gene
expression. The PCR-amplified gene products were analyzed on ethidium bromide agarose gel. (C) PC-3, LNCaP, and VCaP cells treated with vehicle,
R1881, flutamide, and a combination of both reagents were analyzed for ERG, CXCR4, PSA, and GAPDH gene expressions.

Figure 3. CXCR4 is an androgen-responsive gene in VCaP cells. VCaP cells were treated with different concentrations of R1881, and
cell surface expression of CXCR4 was determined by FACS analysis.
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Figure 4. Cycloheximide abrogates R1881 induction of CXCR4 gene
expression. VCaP cells were treated with vehicle, R1881 (0.5 nM),
cycloheximide (5 wg/ml), and a combination of cycloheximide and
R1881. In the combination experiment, cycloheximide was initially
treated with cells, and 1 hour later, R1881 was added. CXCR4 and
PSA gene expressions were determined by quantitative PCR. Fold
differences in the gene expression were determined after normaliza-
tion with GAPDH expression.

ERG-Mediated CXCR4 Expression Regulates
PC Cell Chemoinvasion

We have previously shown that bone tissue associated CXCL12 is
active in CXCR4-dependent PC cell chemoinvasion through the ex-
pression of matrix metallopeptidase-9 [17]. To assess the functional
significance of ERG-mediated CXCR4 expression in VCaP cells, we
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performed in vitro chemoinvasion assays (Figure 6A). CXCL12 induced
chemoinvasion of VCaP cells, which suggests that the CXCR4
expressed in these cells was active in chemoinvasion toward the
CXCL12 gradient. Treatment of VCaP cells with R1881 also induced
com-pared with that in vehicle-treated cells.
Interestingly, simultaneous expo-sure to both agents additively enhanced
chemoinvasion of VCaP cells, suggesting that androgen-induced
CXCR4 is active in the chemoinva-sion of VCaP cells toward a
CXCL12 gradient. To determine whether R1881-induced CXCR4
enhances VCaP cell chemoinvasion, we treated VCaP cells with the
CXCR4  antagonist AMD3100. AMD3100  down-regulated
CXCLI12/CXCR4-mediated VCaP cell chemoinvasion similar to the
levels of R881 treatment (Figure 6B). Together, these data sug-gest that
the androgen activation of TMPRSS2-ERG translocations contributes to
PC cell chemoinvasion through CXCR4 expression and activation.

chemoinvasion

Discussion

Herein, we demonstrate that androgens induce CXCR4 gene expres-sion
in TMPRSS2-ERG—positive VCaP cells. To our knowledge, this is the
first report identifying the CXCR4 gene as a target for TMPRSS2-ERG
activation in PC cells. In this study, we show that androgen-responsive
VCaP cell lines coexpress higher levels of CXCR4 and ERG compared
with androgen-unresponsive PC-3 cells. ERG protein expres-sion is
absent in PC-3 cells, whereas it is expressed in two forms by VCaP cells
(Figure 1B) as was previously shown by Tomlins et al. [1]. The two
ERG species expressed in VCaP cells are most likely due to the alterna-
tive splicing of the fusion transcript. There is significant heterogeneity in
the expression of fusion transcripts in tumor cells with TMPRSS2-ERG
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Figure 5. ERG factor mediates CXCR4 expression in VCaP cells. (A) ERG, CXCR4, and GAPDH gene expressions were determined in
scrambled (Scr) and ERG siRNA-transfected VCaP cells, and ERG and CXCR4 gene expressions shown after normalization for GAPDH.

(B) Scrambled and ERG siRNA-transfected VCaP cell lysates were immunoblotted with anti-ERG, anti-CXCR4 and anti-GAPDH antibodies.
(C)Scr and ERG siRNA-transfected VCaP cells were treated with vehicle and R1881. Quantitative PCR analysis of CXCR4 and
GAPDH was performed. (D) PSA gene expression was analyzed in scrambled and ERG siRNA-transfected VCaP cells.
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Figure 6. R1881 induced CXCR4 active in the chemoinvasion of VCaP cells: (A) VCaP cells were serum-starved, and chemoinvasion
was performed using Matrigel-coated filters. CXCL12 was included in the bottom chamber as a chemoattractant. The cells were treated
either with vehicle or with R1881 at 0.5 nM. (B) R1881-treated VCaP cells were further exposed to the CXCR4 antagonist AMD3100,

and chemoinvasion was performed in the presence of CXCL12.

alterations [1,7,27,28], and the translation of these transcripts could give
rise to several ERG species. For example, these ERG forms can lack 39
amino acids at the N-terminus [1], fusion with the first five amino acids
of TMPRSS2 protein and lack the N-terminus of ERG [7], have an
insertion of 24 amino acids in the central domain of ERG [29], or have a
deletion of the C-terminus Ets binding domain [27]. A recent study by
King et al. [13] has shown that fast migrating ERG species in the dou-
blet has been the translation product from the first AUG codon in the
fourth exon. This translation product lacks 39 N-terminal amino acids.
Overexpression studies in cell culture and animal models with several of
these ERG forms, with the exception of the C-terminus Ets domain de-
letion, demonstrate that they play a key role in PC cell proliferation [29],
invasion [9,10], and progression [12,13]. Overall, the data strongly indi-
cate that activation and alterations of TMPRSS2-ERG contribute to the
lethal characteristics of PC development in patients.

Previous studies show that similar TMPRSS2-ERG deletions are
pres-ent in both primary tumor cells and disseminated metastatic
cells to several secondary sites [30], which suggest that downstream
target genes of TMPRSS2-ERG fusions facilitate the tumor cell
invasion and dis-semination process. Recent studies suggest that the
chemokine receptor CXCR4 in tumor cells and its ligand CXCL12
expressed in secondary metastatic sites play a key role in the
metastasis of primary tumor cells [16—18,25]. Our data support the
notion that TMPRSS2-ERG activa-tion in PC cells regulates CXCR4
expression and subsequent metastasis to secondary sites.

Our study shows that the synthetic androgen upregulates the ERG
expression in fusion-positive VCaP cells, which is in line with findings
previously reported by Tomlins et al. [1]. Interestingly, we found that
CXCR4 is regulated in parallel with ERG in a panel of PC cells. In
LNCaP cells, the synthetic androgen induced a very modest degree of
CXCR4 gene expression in (Figure 2C). Because LNCaP cells have
very low levels of ERG in the absence of TMPRSS2-ERG transloca-
tions, this regulation could be mediated indirectly by additional AR-
dependent processes. Alternatively, other Ets factors could contribute to
CXCR4 expression in these cells. In support of the potential regula-

tion by other Ets factors, ETV1 has been shown to be expressed in
LNCaP cells [1] and could mediate CXCR4 expression through Ets
binding sites in the CXCR4 promoter. Studies are in progress to iden-
tify the specific ERG and Ets binding sites in the CXCR4 promoter. The
moderate levels of CXCR4 expression induced by R1881, coupled with
the presence of ETV1 in these cells, support the notion that ERG and
ETV1 translocations could be mutually exclusive in prostate tumor
samples and could mediate prometastatic CXCR4 gene expression, as
well as the subsequent invasion and metastasis of tumor cells. In VCaP
cells, androgen-induced CXCR4 expression is mediated by the over-
expression of ERG rather than by the general growth effects of andro-
gens because we did not observe changes in the CXCR4 expression in
VCaP cells in the presence of serum (data not shown).

CXCR4 has been shown to be regulated at the transcriptional level by
the growth factor through hypoxic [31] and nuclear factor KB transcrip-
tion factor activities [32]. In contrast with those models, our data with
cycloheximide (Figure 3) suggest that androgen-mediated protein syn-
thesis is required for CXCR4 expression in PC cells. Furthermore, such
a requirement is only present in PC cells exhibiting the TMPRSS2-ERG
translocations. Our analysis (data not shown) suggests that CXCR4 pro-
moter does not contain consensus AR binding sites [33], and thus, this
regulation is most likely to be mediated indirectly. Conversely, Akashi
et al. [34] have shown that overexpression of AR in DU145 cells down-
regulated CXCR4 expression, although it is not clear whether the over-
expressed AR is active in these cells. Although the lack of an AR
binding site in the CXCR4 promoter region suggests that such down-
regulation could be indirectly mediated by AR activation, which would
be inde-pendent of ERG function in these cells, overexpression of ERG
in TMPRSS2-ERG fusion—positive cells could override these inhibitory
ef-fects on CXCR4 expression.

In agreement with our conclusions, Carver et al. [12] recently reported,
while this article was in preparation, that ERG-transfected PC-3 cells have
higher functional CXCR4 expression. Our data also demonstrate that
CXCR4 is a target gene for the ERG transcription factor, and our results
with the synthetic androgen regulation of CXCR4 (Figure 2) further
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suggest that CXCR4 is a physiological target of androgens in prostate tumor
cells and that this process could facilitate the pathological progres-sion of
tumor cell metastasis through the CXCL12/CXCR4 axis. Carver et al.
reported that ERG binds to Ets binding sites in the —2683 to —2531 promoter
of CXCR4, whereas the data from chromatin immunoprecip-itation analysis
in this study identified ERG binding sites in the CXCR4 promoter between
the transcription start site and the —513 of the CXCR4 promoter. We
identified eight potential ERG binding sites in the 1-kb CXCR4 promoter,
and three of these putative sites were present in the transcription start site to
the =513 of the CXCR4 promoter. Maroni et al. [35] reported that Etsl
factor binds to —397 to —-412 and -478 to —481 sites in the CXCR4
promoter, suggesting that Erg could also bind to these sequences. Because
ERG is under androgen control in TMPRSS2-ERG- positive cells, it is
highly likely that ERG could be the relevant factor in-teracting with the
CXCR4 promoter in PC cells. The sequences between —513 and —996 have
four potential ERG binding sites, but our attempts to design primers to
amplify this region have been unsuccessful so far because of the high
percentage of GC content at this region. Studies are in progress to determine
the relative contribution of these putative ERG binding sites in the regulation
of the CXCR4 promoter.

ERG knock down by siRNA has been shown to decrease invasive and
proliferative functions in VCaP cells. Our previous data demonstrated
that the CXCL12/CXCR4 axis promotes PC cell invasion through
activation of signaling pathways leading to protease expression [17].
CXCR4 expression also has been shown to contribute to the growth of
tumor cells in bone metastatic sites [18]. Our present data demon-strate
that ERG knockdown attenuates androgen-dependent CXCR4
expression without significantly changing PSA expression. These re-
sults suggest that the TMPRSS2-ERG fusion facilitates tumor cell inva-
sion and metastasis through the regulation of CXCR4 expression and
function in PC cells. To test this concept, our data with an in vitro in-
vasion assay (Figure 6) demonstrate that R1881 alone can induce VCaP
cell invasion. This supports previously published reports that R1881-
induced ERG expression contributes to in vitro invasion of VCaP cells
and is mediated by the expression of proteases [9,10]. Interestingly, the
R1881-treated cells invaded more efficiently in the presence of
CXCL12. CXCR4 inhibition suppressed the CXCL12 effect, suggest-ing
that androgen-induced CXCR4 expression is functional in VCaP cells
and contributes to PC cell invasion. These data are in line with previous
reports, demonstrating the role of ERG in CXCR4 function in PC cells
[12].

In summary, we show that TMPRSS2-ERG activation in fusion-positive
cancer cells induces the expression of the prometastatic gene CXCR4, which
is functionally active in the chemoinvasion process. Tar-geting CXCR4, a
relevant target for androgen activation of TMPRSS2-ERG, could be an
advantageous associated with these

strategy for lethal phenotypes

chromosomal translocations in PC patients.
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Table W1. ETS/ERG Binding Sites in CXCR4 Promoter.

Nucleotide Position Relative to Transcription
Start Site in CXCR4 Promoter

Nucleotide Sequence

=119 to -126
=234 to -241
-420 to —417
=513 to =520
=700 to =707
-850 to —857
-889 to -896
-919 to -926
=2517 to —2525

—2664 to —2656

GAGGAAGC
TAGGAAAT
GCGGATGT
AAGGAAGT
TAGGATAA
CAGGAAGT
GCGGATCT

CCGGAAGA
CTGGAATT

GGGGAATG




ETS core sequence: GGA(A/T).
ERG consensus sequence: (C/A)GGAA(G/A)T.
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Abstract: CXCR4 is a chemokine receptor that mediates invasion and metastasis. CXCR4
expression is transcriptionally regulated in cancer cells and is associated with aggressive
phenotypes of prostate cancer. Previously, we and others have shown that the ERG transcription
factor regulates CXCR4 expression in prostate cancer cells. We further showed that androgens
regulate CXCR4 expression via increasing ERG transcription factor expression. Herein, we
investigated molecular mechanisms of ERG-mediated CXCR4 promoter activation,
phosphorylation of ERG by intracellular kinases and subsequent CXCR4 expression, as well as
expression of ERG and CXCR4 in human prostate tumor tissues. Using multiple molecular
strategies, we demonstrate that: (a) ERG expressed in TMPRSS2-ERG fusion positive VCaP
cells selectively binds with specific ERG/Ets bindings sites in the CXCR4 promoter; (b) distal
binding sites mediate promoter activation; (c) exogenously expressed ERG promotes CXCR4
expression; (d) ERG is phosphorylated at Serine 81 and 215, both IKK and Akt kinases induce
serine phosphorylation, and Akt mediates CXCR4 expression; (¢) ERG-induced CXCR4 drives
CXCL12-dependent adhesion to fibronectin; (f) ERG and CXCR4 were co-expressed in human
prostate tumor tissues, consistent with ERG-mediated transcriptional activation of CXCR4.
These data demonstrates that ERG factor activates CXCR4 expression by binding to the specific
ERG/Ets responsive elements and intracellular kinases phosphorylate at ERG at serine residues
to induce CXCR4 expression. These findings may provide a mechanistic link between
TMPRSS2-ERG translocations and intracellular kinase mediated phosphorylation of ERG on

enhanced metastasis of tumor cells via CXCR4 expression and function in prostate cancer cells.



Introduction:

TMPRSS2-ETS gene fusions are highly prevalent in prostate cancer (PC) patients, where
the androgen responsive TMPRSS2 gene promoter is fused with ETS transcription factor coding
sequences (1). Approximately 50% of prostate cancers harbor TMPRSS2-ETS fusions, of which
greater than 90% involve ERG factor (2). Presence of TMPRSS2-ERG fusions associate with
high grade disease (3) and different subsets of rearrangements, including 2+Edel, T2-E4 and
presence of 72 bp insert in ERG gene, are associated with aggressive disease characteristics (4-
7).

Tumor biology studies show that oncogenic ERG overexpression along with tumor
suppressor PTEN loss contributes to invasive PC development (8, 9). Clinical studies also
further validate that TMPRSS2-ERG fusions are significantly enriched for loss of the tumor
suppressor PTEN (8). Several studies demonstrate that TMPRSS2-ERG fusions promote
invasive phenotype of prostate cancer cells via the expression of several protease family
members (6, 10) and prometastatic genes (8, 11, 12), but the underlying mechanisms related to
how these genes were transcriptionally regulated are only beginning to be investigated (12).
ERG has been shown to interact with other transcription factors via dimerization (13-15), and a
recent study demonstrates that ERG interacts with PARP1 and DNA-PKcs to mediate target gene
expression (16). ERG has been shown to regulate gene expression both positively and
negatively (11, 12, 15, 17, 18); thus, understanding the molecular mechanisms of gene regulation
can link ERG oncogenic transcription factor function with specific pathological functions in
tumor cells. Furthermore, there has been considerable progress in mapping the ERG
transcriptome in TMPRSS2-ERG fusion positive tumors, but little is known about functional
aspects of ERG regulated genes in prostate cancer progression. Towards this end, recent studies
have demonstrated that ERG expression regulates the expression of CXCR4, a prometastatic

chemokine receptor (8, 11), which contributes to cancer progression.



CXCR4 function has been implicated as a major contributor to the cross-talk between
tumor cells and the microenvironment. At the cellular level, CXCL12 with its receptor CXCR4
functions to increase tumor aggressiveness by enhancing adhesion of tumor cells to extracellular
matrix components and endothelial cells (19). Tumor microenvironment interactions further
activate the CXCL12/CXCR4 pathway in tumor cells and promote invasion by expression and
subsequent function of several types of proteases (20-24). In PC, CXCR4 expression increases
during progression; localized prostate carcinoma and bone metastasis tissue express significantly
higher levels than benign prostate tissue (25, 26). Higher expression of CXCR4 was documented
in prostate tumor tissues from African Americans, who often have more aggressive disease (27).
CXCR4 expression in PC is also associated with poor survival (28). The CXCL12/CXCR4 axis
has been shown to play an important role in PC cell proliferation, migration, and invasion (19-
21, 23, 25, 29-33). We showed that CXCL12/CXCR4 signals through the PI3 kinase/Akt
pathway to induce matrix metalloproteinase (MMP) expression and secretion, ultimately leading
to migration and invasion of PC cells(22).

Transcriptional regulation of the CXCR4 gene is a key determinant of net cell surface
expression of the CXCR4 and its subsequent metastatic function in cancer cells. Several factors
and organ microenvironments have been shown to regulate CXCR4 expression in tumor cells
(31, 34-41). Previous studies demonstrate that ERG factor regulates CXCR4 gene expression via
androgen-induced activation of TMPRSS2-ERG fusions in PC cells (11). Herein, we show that
ERG binding and activation of upstream elements in the CXCR4 promoter mediate functional

CXCR4 expression.



Materials and Methods

Cell Culture and Reagents

VCaP, LNCaP, and HEK293T cells were obtained from American Type Culture Collection
(Manassas, VA). VCaP cells were cultured in DMEM medium (American Type Culture
Collection, Manassas, VA) with 10% regular fetal bovine serum (FBS) and 1% penicillin and
streptomycin. LNCaP cells were cultured in RPMI 1640 (Invitrogen Life Technologies,
Carlsbad, CA), and HEK293T cells were cultured in DMEM medium, supplemented with 10%
heat inactivated FBS and 1% penicillin and streptomycin. C4-2B cells were obtained from Dr.
Leland Chung (42) and maintained in T-media supplemented with 10% FBS and 1% penicillin
and streptomycin. All cell lines were tested for Mycoplasma contamination before use in the
experiments with VenorGeM Mycoplasma detection kit from Sigma Biochemicals (St. Louis,
MO). PD 325901 (cat #P-9618), LY294002 (cat #L.-7962) were obtained from LC Laboratories
(Woburn, MA), BMS34551 (cat #B9935) was obtained from Sigma Aldrich (St. Louis, MO),
Akt Inhibitor IV (cat #50-230-3383) was obtained from Fisher Scientific (Pittsburgh, PA), and

CXCLI12 (cat #300-28A) was obtained from Peprotech (Rockyhill, NJ).

CXCR4 Promoter Cloning and Luciferase Reporter Transfections

Human genomic DNA (Roche Diagnostics, Indianapolis, IN) was used for cloning 962bp
CXCR4 promoter in pGL3 basic vector (Promega, Madison, WI). Forward primer, 5’-
TACCCATCTCTCCGGGCTTATTTG-3, and reverse primer, 5’-
TACCCCGCAGCCAACAAACTGA-3, were used in PCR amplification and cloned at Kpnl
site in pGL3 basic vector. 899bp promoter was obtained from Dr. Nakshatri, Indiana University

(43) and sub-cloned into pGL3 basic vector. 231bp CXCR4promoter fragment was PCR



amplified and sub-cloned into PGL3 basic vector. HEK293T cells were transfected with either
pGL3-CXCR4 plasmid containing 962bp, 899bp, and 23 1bp promoters or pGL3 basic vector
along with either pIRES-puro (Clontech, Palo Alto, CA) or pERG-IRES-puro plasmids. Renilla
luciferase vector pRL-NULL (Promega, Madison, WI) or pRL-CMYV was cotransfected to serve
as an internal control for normalizing transfection efficiency. Cell lysates were assayed for

luciferase and Renilla luciferase activities.

ARR2-pb-ERG-Luc cloning

EF2-IRES-Luc plasmid was obtained from Dr. Alexander Kazansky, Baylor College of
Medicine and used in cloning ARR2-Pb to generated ARR2-Pb-Luc plasmids. ARR2-Pb was
obtained from Dr. Robert J. Matusik's laboratory Vanderbilt Univeristy (44). ERG gene was

cloned in-between ARR2-Pb promoter and IRES sequence to generate ARR2-pb-ERG-Luc.

In Vitro Translation of ERG

PCR cloning method was used to clone full length ERG in pT7CFE1-CHis vector. ERG was in
vitro transcribed and translated per manufacturer’s instructions (Pierce Biotechnology, Rockford,
IL). In vitro translated ERG protein was resolved by 9% SDS gel and immunoblotted with anti-

ERG antibody (sc-28680, Santa Cruz Biotechnology Inc, Santa Cruz, CA).

ERG shRNA lentivirus infection

Six different ERG shRNA plasmids were purchased from OpenBioSystems and tested in
transient transfections with VCaP cells. ERG6515 plasmid consistently downregulated ERG in
two independent transfections. ERG6515 plasmid was used in preparation of lentivirus using
Trans-Lentiviral ORF packaging kit (part number TLP5918) form Fisher Scientific (Pittsburgh,

PA). HEK293T cells were transfected with ERG6515 shRNA plasmid and scrambled shRNA



plasmid along with virus packaging constructs as per manufacturers recommendations. Forty-
eight hours post-transfection, supernatant containing viral particles were collected and used to
infect VCaP cells. Forty-eight hours post-infection, VCaP cells expressing scrambled and ERG

shRNA were selected with 0.25 pl/ml puromycin.

Immunoprecipitation and Western Blot Analysis

Total cellular proteins were extracted with buffer containing 62.5 mM Tris-HCI (pH 6.8), 2%
SDS, 1 mM PMSF, and 1X protease inhibitor cocktail (Roche, Indianapolis, IN); for IP studies,
cellular proteins were extracted in 1X RIPA buffer. Protein content was quantified with a BCA
protein assay (Pierce, Rockford, IL). For immunoprecipitation, 500 pg of protein were incubated
with anti-ERG antibodies (sc-28680) and protein-G agarose beads for overnight, washed with 1X
RIPA buffer and resolved in 9 % SDS PAGE. For Western blot, equal amounts of protein were
resolved by 9% SDS PAGE. Immunoblot was performed with antibodies against ERG (sc-
28680), pTyr and pSer (9419S and 96468, Cell Signaling Technology, Boston, MA), anti-
CXCR4 antibody (Millipore, Billerica, MA) and V5 fusion antibody (P/N - 46-0708, Invitrogen,

Carlsbad, CA).

Electrophoretic Mobility Shift Assay (EMSA)

VCaP cells were treated with buffer A (10mM Tris —PH: 7.8, SmM MgCl, and 0.05% Triton X-
100) for 30 min on ice, homogenized by dounce homogenizer for 20-40 strokes, and centrifuged
for 20 min at 10,000 x g. The pellet containing nuclear proteins was suspended in buffer B
(10mM Tris —PH: 7.8, 5SmM MgCl, and 500mM NaCl), vortexed, mixed in rotary for 20 min at
4°C, and centrifuged at 10,000 x g; supernatant containing nuclear proteins was collected. For
EMSA, 2pg of protein was incubated with IR Dye'™700 labeled CXCR4 promoter oligo

nucleotides and binding mix (LICOR, Lincoln, Nebraska, USA). Samples were loaded on 6%



gel. EMSA competitor was performed using 100x excess oligo nucleotide in the reaction mix.
For super shift assay, anti-ERG antibodies were included in the binding reaction (Cat # Sc-353,
Sc-354, Sc-28680, Santa Cruz Biotechnology Inc, Santa Cruz, CA).

Quantitative Polymerase Chain Reaction

Total RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA). For reverse
transcription—polymerase chain reaction (PCR) studies, first-strand complementary DNA was
synthesized from 2 pg of total RNA with an oligo (dT) primer and SuperScript II Reverse
Transcriptase (Invitrogen, Carlsbad, CA). Real-time PCR analysis was performed with SYBR
Green PCR core reagents (Stratagene, La Jolla, CA) in a Stratagene Mx4000 cycler, and data
analysis was performed using Mx4000 v3.01 software as described previously (11).
Fluorescence-Activated Cell Sorting Analysis (FACS)

A total of 5x10° cells were suspended in phosphate-buffered saline supplemented with 5% FBS
and incubated with either phycoerythrin (PE)-conjugated anti-CXCR4 antibody (BD
Pharmingen, San Diego, CA) or isotype-matched IgG2a (BD Pharmingen, San Diego, CA) for
30 minutes on ice. Antibody-bound cells were washed three times and analyzed on fluorescence-
activated cell sorter (Becton Dickinson, San Diego, CA). CXCR4-positive cells were enumerated
using the cell quest software (Becton Dickinson). Data shown are percent of total gated cells that

are positive for anti-CXCR4-PE antibody binding.

Cell Adhesion

96-well plates were coated with 5 pg/ml fibronectin, and control wells were coated with 2%
BSA to determine nonspecific adhesion. 5x10° PC-3 cells overexpressing Neo and CXCR4 and
VCaP cells were loaded with 5 pl of Calcein AM (Molecular Probes, Inc., Eugene, OR) in a one
ml volume and incubated for 30 min at 37°C. Subsequently, cells were treated with 200 ng/ml

CXCLI12 as shown in figure. 6x10* cells were seeded on plates and incubated for 1 hour at 37°C



in a cell culture incubator. Non-adherent cells were removed from the plate under static
condition using a static cell adhesion wash chamber (Glycotech, Rockwille, MA). Subsequently,
wells were washed with HEPESCaMg buffer (50 mM HEPES, 150 mM NaCl, 1 mM CaCl,, 1
mM MgCl,, pH 7.4) under static condition five times, and cellular fluorescence was measured at

494 nm excitation and 517 nm emissions maximum.

In vitro migration and invasion assay

In vitro migration and invasion assays were performed as previously described with minor
modifications (21, 22). Briefly, for invasion studies scrambled and ERG shRNA infected VCaP
cells were seeded on matrigel coated transwell inserts. For migration studies cells were seed on

empty transwell inserts.

LC/MS/MS and Data Analysis.

ERG protein was immunoprecipitated from VCaP cells, resolved in SDS-PAGE, eluted from gel,
and trypsinized to generate peptides. Peptides were either used for MS analysis or enriched with
Ti0; beads for phosphopeptides. Peptides were separated by reverse phase chromatography
before introduction into a linear 1on trap mass spectrometer (LTQ-XL, Thermo Scientific). A
data-dependent neutral loss method was employed. For MS2, the top seven peaks from MS1
were selected for fragmentation by collision-induced dissociation with dynamic exclusion turned
on (one repeat within 5 sec, then excluded for 20 sec; mass list = 200). An MS3 fragmentation
event was triggered if a neutral loss of 24.5, 32.7 or 49.0 was found within the top three
fragments of the MS2 spectrum. For protein identification, Proteome Discoverer (ver 1.3;
Thermo Scientific) was used to prepare peak lists from MS2 and MS3 spectra that were sent to
the Mascot search engine (ver 2.3; Matrix Science). Data were simultaneously searched against

human sequences in the UniProtKB database and a decoy database. Mascot scores were then



imported into Scaffold (ver 3.3; Proteome Software), which incorporates the X! Tandem search
engine and the PeptideProphet and ProteinProphet algorithms for probability assignment.
Immunohistochemical Analysis of CXCR4 and ERG.

Slides of 29 formalin-fixed, paraffin-embedded human prostate carcinoma specimens were
obtained from the Wayne State University Pathology Research Services facility. Tissue slides
were deparaffinized, and antigen retrieval was performed by steaming for 20 min in a sodium
citrate buffer (BioGenex, Freemont, CA). Slides were incubated overnight at 4°C in a
humidified chamber with either anti-CXCR4 Ab (R&D Systems MAB170, 1:750 dilution), or
anti-ERG Ab (Epitomics, 2805-1, 1:100). Sections were then washed twice with PBS and
incubated with VECTASTAIN ABC Kit according to manufacturer’s protocol, followed by
incubation with 3,3’-diaminobenzadine tetrahydrochloride (DAB, Vector Labs), counterstained
with Mayer’s hematoxylin, dehydrated, and mounted with Permount (Fisher Scientific,

Pittsburgh, PA).

Statistical Methods.

The association of ERG and CXCR4 expression in IHC samples was examined using the Mantel-
Haenszel test statistic of association (Qcs), which is sensitive to the ordinal categorical feature of
the two coded gene variables. To measure the strength of linear association of ERG
presence/absence and CXCR4 presence/absence, we calculated the Spearman rank correlation
coefficient (tho), and its 90% confidence interval (CI). The 90% confidence level is appropriate
for a preliminary investigation with a modest sample size (N=29). Exact statistical inference
methods were used to produce exact (not asymptotic) p-values for testing the null hypothesis Qs
= 0, and for testing the null hypothesis rho = 0. Statistical analyses and calculations were

performed using the Frequency procedure in SAS 9.3 software (45). For tumor gene expression



analysis, ERG and CXCR4 expression values were analyzed in Graphpad prizm software (ver

3.0), and Pearson r values were calculated.



Results:

Identification of specific ERG binding sites in CXCR4 promoter: We and others have shown
that the ERG factor regulates CXCR4 expression in prostate cancer cells (8, 11), and we have
further demonstrated that androgen-mediated activation of TMPRSS2-ERG fusions enhances
CXCR4 expression in fusion positive VCaP cells (11). Analysis of the CXCR4 promoter reveals
eight putative Ets/ERG binding sites spanning between -919 to -119 upstream of transcription
start site (Figure 1A) (11). To determine whether ERG directly regulates CXCR4 gene via the
binding and activation of these putative Ets/ERG binding sites, we performed electrophoretic
mobility shift assay (EMSA) with IR Dye labeled oligos with each individual Ets/ERG binding
site. EMSA data show that VCaP cell nuclear proteins bind with -919, -879 and -119 Ets/ERG
binding sites (Figure 1B). Specificity of this binding was tested with competition binding assay;
where 100 fold excess unlabeled oligos in assay abrogated VCaP nuclear protein binding to these
sites (Figure 1C). Further, higher amounts of nuclear proteins in EMSA showed enhanced
binding (Figure 1D).

Previous data demonstrate that VCaP cell nuclear extracts are active in binding to
Ets/ERG factor binding sites in CXCR4 promoter oligos. To determine the expression of other
Ets family members in VCaP cells, RT-PCR analysis was performed. Analysis of other Ets
members’ expression in VCaP cells show that Ets2, ETV1, ETVS5 and Fli-1 are expressed in
addition to ERG (Figure 2A). To determine whether ERG binds to CXCR4 promoter oligos,
ERG was sub-cloned into an in vitro translation vector, and ERG protein was prepared using an
in vitro translation system (Figure 2B). EMSA analysis of in vitro translated ERG with CXCR4
promoter oligos show that -919, -879, and -119 Ets/ERG binding elements in CXCR4 promoter
are active in binding (Figure 2C and D). To determine whether VCaP cell expressed ERG binds

to these elements, EMSA assay was performed using anti-ERG antibodies with VCaP nuclear



extracts. The results show a supershift of ERG with CXCR4 promoter oligos in the presence of
anti-ERG antibodies (Figure 2E). Further, the reciprocal experiment was performed, where -919
and -879 sites were mutated (Supplementary figure 1A). The results showed that mutation at
these sites abrogated the VCaP cell nuclear protein binding to oligos (Supplementary Figure 1B).
The data suggest that these three Ets/ERG binding sites (-919, -879, and -119) are required for
ERG binding to CXCR4 promoter using VCaP nuclear extracts. ChIP seq analysis of
immunoprecipitated ERG in VCaP cells (46) show that ERG interacts with CXCR4 promoter

(Supplementary Figure 2)

ERG activates CXCR4 promoter: To determine the significance of ERG binding to -919, -879
and -119 Ets/ERG binding elements in CXCR4 promoter, promoter luciferase activation
experiments were utilized. The 962bp CXCR4 promoter was cloned from human genomic DNA
into pGL3 basic vector containing luciferase reporter gene. Additionally, deletion constructs
lacking one or more elements of Ets/ERG binding sites were sub-cloned, generating 899 and
231bp CXCR4 promoter fragments. Transfection of ERG into HEK293 cells resulted in
expression of ERG protein (Figure 3A). To determine the role of ERG mediated transactivation
of CXCR4 promoter, ERG and each individual CXCR4 promoter luciferase constructs were co-
transfected into HEK293 cells. ERG activated 962 and 896 bp CXCR4 promoter luciferase
constructs by 10-15 fold, with a greater effect on the 896 bp construct. Deletion of both
upstream Ets/ERG binding sites abrogated ERG-induced CXCR4 promoter activation (Figure 3B
and C). These results suggest that -919 and -879 Ets/ERG binding elements are sufficient for
ERG mediated CXCR4 promoter activation.

TMPRSS2-ERG fusions transcripts undergo alternate splicing and produce different
isoforms. Major isoforms expressed in patient tumors produce either full length ERG or a form

that is lacking the N-terminal 39 amino acids; the latter form is predominantly expressed in



tumor tissues. A C-terminal truncation lacking the DNA binding domain has been also reported
to be expressed patient tumor tissues (47). We determined the effect of C- and N-terminus
truncations of ERG in regulating CXCR4 promoter activation. Full length ERG as a native or C-
terminus V5 fusion, and N-terminus and C-terminus truncations as V5 fusions were cloned and
expressed in HEK293 cells (Supplementary Figure 3A). Transfection of 962 and 896 promoter
constructs with different forms of ERG factor show that full length and N-terminus mutants
activated CXCR4 promoter constructs to similar levels. The C-terminus ERG truncation resulted
in loss of CXCR4 promoter transactivation (Supplementary Figure 3B and C). Both native and
V5 fusions activated the CXCR4 promoter to similar levels, suggesting that the addition of the

V5 tag did not alter the ERG function in transactivating the CXCR4 promoter.

ERG regulates CXCR4 gene expression: To determine whether the ERG binding and
activation of CXCR4 promoter can induce CXCR4 expression, we transfected the ERG
expression vector into LNCaP cells, which lack TMPRSS2-ERG fusions, and measured CXCR4
gene expression. Q-RT-PCR analysis showed that ERG induced expression of CXCR4 mRNA
(Figure 4A), and FACS analysis showed ERG transfection into LNCaP cells enhanced cell
surface expression of CXCR4 (Figure 4B). Our previous report demonstrates that synthetic
androgens induce CXCR4 gene expression in TMPRSS-ERG fusion positive cells in an ERG
dependent manner (11). To determine if androgen-induced ERG can regulate cell surface
CXCR4 expression, the ERG gene was cloned in ARR2-Pb-luc promoter; LNCaP cells were
transfected with both ARR2-Pb-Luc and ARR2-Pb-ERG-Luc constructs. Q-RT-PCR analysis
showed that synthetic androgen R1881 induced both ERG and CXCR4 only in ARR2Pb-ERG-
Luc transfected cells. R1881 also induced CXCR4 expression in ARR2-Pb-Luc transfected
cells, but its expression was higher in ARR2-Pb-ERG-Luc transfected cells (Figure 4C).

Analysis of another CXCL12 receptor, CXCR7, showed that its expression was inhibited by



R1881 treatment (Supplemental Figure 4), suggesting the CXCR4 gene may be a target for
R1881-induced ERG factor. FACS analysis of ARR2-Pb-ERG-Luc transfected cells revealed

that R1881 induced expression of CXCR4 expression at the cell surface (Figure 4D).

ERG is a serine phosphorylated protein in TMPRSS2-ERG fusion positive cells:
Transcription factor activity of Ets family members is modulated by post-translational
phosphorylation at serine/threonine and tyrosine (48). To determine whether ERG is
phosphorylated at any serine, threonine, or tyrosine, ERG was immunoprecipitated from VCaP
cells, and the protein was subjected to MS analysis. MS/MS analysis of peptides revealed that
Ser 215 was phosphorylated with 94% certainty (Figure 5A). To confirm this phosphorylation,
ERG was immunoprecipitated from VCaP cells and subjected to tryptic digestion, then peptides
were captured on titanium dioxide column and analyzed on MS. Ser 215 and Ser 81
phosphorylation (Supplementary Figure 5) was detected in ERG protein (Gene accession
#NM_182918). To confirm serine phosphorylation, VCaP cell lysates were isolated on pSerine
agarose and pTyrosine agarose beads and subjected to Western blot analysis with anti-ERG
(Figure 5B). ERG was detected in pSerine agarose beads and absent in pTyrosine agarose beads.
Reverse immunoprecipitation studies with anti-ERG IP followed by Western blot analysis with
anti-pSer antibodies confirmed ERG phosphorylation at serine (Figure 5C). To determine the
upstream kinase(s) phosphorylating ERG, cells were treated with MEK inhibitor (PD0325901),
IKK inhibitor (BMS34551), PI3K inhibitor (LY294002) and Akt inhibitor (Akt Inhibitor IV);
ERG was immunoprecipitated and immunoblotted with anti-pSer antibody. Both IKK and Akt
inhibitors reduced serine phosphorylation to 0.3 and 0.4 folds respectively (Figure 5D). To
further determine if Akt inhibitor-induced reduction in ERG phosphorylation regulates CXCR4
expression, cells were treated with 1 and 5 puM Akt inhibitor followed by Western blot analysis.

Akt inhibitor reduced CXCR4 expression in cells in a dose dependent manner (Figure SE).



These biochemical studies suggest that the TMPRSS2-ERG fusion expressed ERG protein is
post-translationally modified by phosphorylation at Ser 81 and 215 in VCaP cells, both IKK and
Akt pathways mediate the ERG phosphorylation, and Akt-induced ERG phosphorylation

regulates CXCR4 expression.

CXCL12/CXCR4 axis induces adhesion of prostate cancer cells, and ERG-induced CXCR4
expression mediates CXCL12 dependent adhesion, invasion, and migration of TMPRSS2-
ERG fusion positive tumor cells: We have previously shown that overexpression of CXCR4 in
PC-3 cells promotes intraosseous tumor growth in SCID-human prostate cancer model (22). The
initial growth of bone tumors could be due to enhanced adhesion of tumor cells to extracellular
matrix proteins. We tested CXCR4 overexpressing cells for the adhesion to fibronectin matrix.
CXCR4 overexpression enhanced adhesion to fibronectin, and CXCL12 activation further
enhanced binding to fibronectin by PC-3 cells (Figure 6A). To verify that ERG-regulated
CXCR4 expression mediates adhesion to fibronectin as well as in vitro migration and invasion,
ERG expression was stably knocked down by ERG shRNA lentiviral infection. ERG shRNA
lentiviral infection downregulated both ERG and CXCR4 RNA (Figure 6B) and protein (Figure
6C) expression in VCaP cells compared to scrambled shRNA infection. CXCL12 treatment
enhanced VCaP cell binding to fibronectin and matrigel invasion in scrambled shRNA infected
cells. ERG knockdown reduced VCaP cell binding to fibronectin and matrigel invasion, and
CXCLI12 treatment did not promote adhesion and invasion (Figure 6D), while cell migration was
not affected by the ERG knockdown. However, CXCL12 induced cell migration only in cells
transfected with scrambled shRNA. Taken together, these data demonstrate that ERG-induced
CXCR4 expression is functionally active in CXCL12-expressing cells and induced adhesion to

extracellular matrix fibronectin, matrigel invasion, and migration.



ERG and CXCR4 co-localized to tumor cells in human prostate tumors: To determine
whether ERG and CXCR4 are co-expressed in human prostate tumor tissues, we performed
immunohistochemistry on human prostate tumors. From a total of 29 prostate cancer patient
tissues, 16 tumor samples stained positive for ERG expression, and 18 samples stained positive
for CXCR4 expression. Histological studies show that there is a tendency for co-expression of
ERG and CXCR4 in tumor tissues (Figure 7A).

The two-way frequency distribution of the 29 prostate cancer patients by ERG presence
or absence versus CXCR4 presence or absence is shown in Figure 7B. The Mantel-Haenszel
test statistic (Q.s = 5.3853) provided evidence of a statistically significant positive association (p
=0.0266). The Spearman rank correlation coefficient was rho = 0.44, with 90% confidence
interval (0.17 — 0.71). The magnitude of the statistic rho = 0.44 suggests a modest linear
correlation and is statistically significantly different from zero (p = 0.0266).

Secondary analyses of expression data sets were performed to determine correlation
between ERG and CXCR4 expression in prostate tumor tissues (Figure 7C). Two data sets were
analyzed for correlation (49, 50). The data sets show a Pearson r value of 0.4238 (p=0.0002) and
0.4633 (p<0.0001), suggesting a statistically significant moderate correlation between ERG and
CXCR4 expression. Together, these data show that ERG factor may regulate CXCR4 expression

in prostate tumor tissues.



Discussion:

Previous studies demonstrated that androgens act through TMPRSS2-ERG fusion to
increase the ERG expression. We and others have shown that ERG enhances the expression of
prometastatic gene, CXCR4 (8, 11). In fusion positive VCaP cells, androgens can induce
functional CXCR4 expression via the expression of ERG (11). The CXCR4 promoter contains
eight ERG/Ets factor binding sites within the 1 kb of promoter (Figure 1A). We showed that
ERG factor regulates CXCR4 expression in TMPRSS2-ERG fusion positive cells via two distal
promoter elements. This is the first study to molecularly characterize ERG-mediated CXCR4

expression in prostate cancer cells.

ERG regulation of downstream gene expression is complex, with its transactivation
potential depending on the protein interactions with other heterodimerizing partners as well as
structural features of ERG factor (13-15). In addition, different domains on ERG also have both
inhibitory and activating function (46, 51) that can influence target gene expression. Due to this
fact, ERG can activate or repress gene expression depending on the context of heterodimerizing
partners and structural changes in ERG. Published reports are consistent with ERG’s dual role
on transcriptional regulation, showing that PLAU (6), CXCR4 (8, 11), MMPs (6) and
osteopontin (12) are upregulated, and TFF3 (18) and PSMA (17) are downregulated upon ERG
transcriptional activation. A recent study demonstrates that ERG function as a negative regulator
of androgen receptor activity (46). This dual regulation also depends on the nature of ETS
binding sites, as some binding sites have an inhibitory function as opposed to the activating
function on transcription because of occupancy by heterodimeric partners (13-15). The CXCR4
gene contains eight binding sites for ERG/Ets factors (Figure 1A), and our studies in VCaP cells

showed that these cells express several other Ets-family transcription factors (Figure 2A). To



molecularly characterize ERG mediated transcriptional regulation of the CXCR4 gene; we
performed EMSA studies, which showed that VCaP nuclear proteins selectively bind certain
elements in CXCR4 gene. As VCaP cells express multiple Ets factor family members, we
performed EMSA studies with in vitro translated ERG, and these studies confirmed the binding
data from VCaP cells. Furthermore, to determine the nature of ERG/Ets binding sites, we
mutated these sites in the CXCR4 promoter, and our data confirmed that specific ERG binding
sites localize to -919, -879, and -119 in CXCR4 promoter. Previous studies show that ERG can
differentially regulate promoter activities of downstream genes (14, 15). To determine the ERG
binding sites in CXCR4 promoter elements in promoter activation, we made promoter deletion
constructs and tested the promoter activation in ERG overexpression system. These studies
confirmed that ERG binding activates the promoter, and this activation is confined to upstream
promoter binding elements in CXCR4 promoter (Figure 4). Taken together, transcriptional
regulation of CXCR4 gene is under transcriptional control of ERG genes. Blast analysis of -919
and -879 oligo primer sequences (Supplementary Table 1) do not give a complete homology to
any other sequences in human genomic plus transcript database, but Ets core sequence flanked
by four nucleotides at the 5’ and 3’ ends in both primers identified several homologous
sequences in the human genome. Therefore, it appears that ERG binding is confined to -919 and
-879 sequences in the CXCR4 gene. To determine the nature of structural requirements of ERG
protein, we utilized full length and N-terminus truncated form that corresponds to T1-E4 form.
Our data show that both forms similarly activated CXCR4 promoter activation, and deletion of
C-terminus results in loss of CXCR4 promoter transactivation. ERG transfection in LNCaP cells
that are TMPRSS2-ERG fusion negative induced cell surface expression compared to empty
vector transfected cells. In addition, androgen-induced expression of ERG in LNCaP cells also
induced cell surface CXCR4 expression. Two previous studies show that androgens regulate

CXCR4 gene expression in LNCaP cells (11, 52). This regulation appears to be indirect and



requires the expression of a transcription factors. Consistent with these published AR ChIP seq
data do not identified a AR binding site in CXCR4 gene (46). Collectively, these data
demonstrate that androgens do not directly regulate CXCR4 gene expression, but androgen-
induced ERG factor regulates CXCR4 expression. Recent studies demonstrate that ERG in
fusion positive cancer cells extinguishes AR signaling in a negative feedback manner in
repressing AR differentiation process. In TMPRSS2-ERG fusion positive cells ERG also
overexpress EZH2 gene and mediate epigenetic repressive program. In addition to activating
epigenetic silencing, EZH?2 has novel function as a AR co-activator (53), suggesting that the
AR/ERG/EZH?2 axis works in concert to promote AR mediated cancer progression. ERG
activation also induces invasive signaling in fusion positive cancer by inducing protease
expression (6, 10), and our data with pharmacological inhibition of Akt and CXCR4 suggest that
the AR/ERG/CXCR4 axis promotes CXCL12-dependent cancer cell invasion. Altogether, these
studies convincingly demonstrate that ERG transcriptionally regulates CXCR4 in TMPRSS2-

ERG fusion positive cells.

Transcription factor function has been shown to be regulated by post-translational
phosphorylation. This phosphorylation facilitates nuclear transport and interaction with co-
activators and subsequent DNA binding. Ets family factors have been shown to be either
activated or repressed by the phosphorylation. For ERG mediated transcriptional regulation, a
key question that needs to be addressed is whether deregulated ERG expression via TMPRSS2-
ERG fusion activation is sufficient for transcriptional regulation of responsive genes or whether
overexpressed ERG requires activating signals through phosphorylation. Towards understanding
this key question, we investigated the phosphorylation status of ERG in VCaP cells through MS
analysis. Our data identified two serine phosphorylation sites in ERG factor, suggesting that at

the basal level ERG is phosphorylated specifically at Ser 81 and 215 positions in TMPRSS2-



ERG fusion positive cells. To our knowledge, this is the first report presenting phosphorylation
status of ERG in fusion positive prostate cancer cells. Based on the collaboration of ERG with
alternative signaling pathways such as alterations in PI3K signaling via PTEN loss and androgen
receptor in driving adenocarcinoma (8, 9, 54) and our current data suggesting phosphorylation of
ERG in VCaP cells (Figure 5), it could be postulated that these altered signaling pathways drive
pathological progression via phosphorylation mediated activation of ERG factor. Recent studies
show that ERG in fusion positive tumors interacts with poly ADP-ribose polymerase 1 (PARP)
and DNA protein kinase (DNA-PK) to activate gene programs including invasion (16, 55),
suggesting that phosphorylated ERG may interact with these proteins to promote downstream
transcriptional program leading to cellular invasion. Our data with Akt inhibitor-mediated
inhibition of ERG phosphorylation, subsequent CXCR4 expression and CXCL12-induced
invasion further support this notion that Akt kinase activation is a an upstream signal for CXCR4
expression. These studies also further suggest that Akt/ERG/CXCR4 axis as molecular
mediators in previously identified co-operation between PTEN and ERG in driving

adenocarcinoma development.

The potential biological relevance of the CXCL12/CXCR4 axis has been shown to be
mediated by selective adhesion to extracellular matrix components (19) and to enhance migration
and invasion by increasing protease expression (21, 23). CXCR4 overexpression enhanced
binding to fibronectin in PC-3 cells, suggesting that CXCL12/CXCR4 mediated adhesion is a
key event in tumor metastasis. Moreover, in ERG-knocked down cells, CXCL12 is unable to
enhance adhesion, migration, and invasion due to lower CXCR4 expression, implying ERG-
induced CXCR4 is functionally involved in tumor cell adhesion, migration, and invasion. Based
on the critical role of ERG in tumor cell invasion (6), our data for the first time assign ERG-

induced gene expression in initial phases of invasion, i.e. adhesion of tumor cells to extra cellular



matrix proteins. CXCL12/CXCR4 signaling also induces protease expression mediating tumor
cell invasion (21, 23); thus, ERG regulation of CXCR4 contributes to multiple steps of tumor
metastasis. The clinical relevance of the ERG/CXCR4 axis is well supported by data from
human tumor tissue studies. ERG has been shown to be expressed in human tumor tissues as a
fusion gene with androgen responsive TMPRSS2 promoter in approximately 50% of patients. Its
expression in tumors is multifocal, and expression is strongly associated with prostate cancer and
persistent in metastatic prostate cancer. Similarly, CXCR4 expression is enhanced during
prostate cancer progression (25). CXCR4 expression is also associated with aggressive
phenotypes of prostate cancer (27). Our data are the first to determine expression of both genes
in human prostate tumor cells and analysis of multiple tumor specimens reveals a statistically
significant positive association between the expressions of both genes in human prostate tumor
tissues. These data are consistent with secondary analysis of tumor microarray gene expression,
where both ERG and CXCR4 were co-expressed in prostate tumors (11) (Figure 7C). Based on
these studies, targeting TMPRSS2-ERG fusion positive cancers with CXCR4 inhibitors may

have therapeutic benefit for prostate cancer patients.

In summary, we show that ERG factor specifically binds to upstream ERG/Ets sites and
activates CXCR4 promoter. In TMPRSS2-ERG fusion positive cells, ERG is expressed as a
phosphoprotein, suggesting the presence of post-translational modification of ERG protein.
ERG factor induced CXCRA4 is functionally active in adhesion of tumor cells to extracellular
matrix protein. These data suggest that CXCR4 is a relevant target for androgen-mediated

activation of TMPRSS2-ERG fusion in prostate tumor cells.



Legends:

Figure 1. Electrophoretic mobility shift assay of CXCR4 promoter elements with VVCaP cell
nuclear extracts. (A) Depicted is the 962bp CXCR4 promoter containing eight (number 1 to 8)
ERG putative binding sequences (refer to Supplementary Table 1 for sequences) that are
represented by rectangular boxes. (B) Electrophoretic mobility shift assay (EMSA) of IR Dye
TM"™ labeled CXCR4 promoter sequences with VCaP nuclear extracts (lane 1-8), control
experiment lacking either oligo (lane 9) or nuclear extract (lane 10) in assay. (C) Specificity of
oligos 1, 2, and 8 binding to nuclear protein were shown with inclusion of 100 fold excess of
unlabeled competitor oligo in the assay and last two lanes are controls either lacking oligo or
nuclear extract in the assay. (D) 0.01, 0.1, 1, and 2 mg of VCaP nuclear extracts were incubated
with oligos in EMSA assay (lane 1-4) control assay lacking either oligo (lane 5) or nuclear
extract (lane 6).

Figure 2. In vitro expressed ERG binds with CXCR4 promoter elements. (A) RT-PCR
analysis of VCaP cell mRNA show expression of other Ets family transcription factors ETSI,
ETS2, ETV1, ETV4, ETVS5, Fli-1, ERG, and GAPDH. (B) Western blot with in vitro translated
ERG protein, VCaP extracts, and C4-2B cells transfected with empty vector and puro-ERG were
shown as positive controls. (C) 962 bp CXCR4 promoter showing 1-8 putative ERG binding
sites. Blocked boxes represent positive for elements binding to VCaP cell nuclear extracts as
shown in Figure 1. (D) In vitro translated ERG with 1-8 oligos in EMSA assay (lanes 1 to 8) and
controls lacking either oligo (lane 9) or in vitro translated ERG (lane 10). (E) Supershift assay
with three different ERG antibodies (SC-353, SC-354 and SC-28680 antibodies) in EMSA assay.
* Represents shifted band in EMSA, and arrow represents antibody mediated super shift of ERG
and labeled oligo.

Figure 3. ERG regulates CXCR4 promoter activation. (A) Empty vector and puro-ERG

plasmids were transfected to HEK293 cells, and western blot analysis was performed with anti-



ERG and GAPDH antibodies as a loading control. (B) Different CXCR4 promoter (962, 899,
and 231 bps) luciferase constructs used in the transfection experiment. (C) Different CXCR4
promoter luciferase reporter plasmids, either puro-empty vector or puro-ERG plus CMV Renilla
luciferase plasmids were co-transfected into HEK293 cells and luciferase and Renilla luciferase
activities were measured. Fold induction of luciferase activities in puro-ERG transfected cells
over empty vector transfected cells were determined. Data shown are from triplicate
transfections in three independent experiments.

Figure 4. Androgen-induced ERG factor regulated CXCRA4 cell surface expression. (A)
LNCaP cells were transfected with vector control and ERG expression plasmid, and CXCR4
gene expression was quantitated. (B) FACS analysis of cell surface CXCR4 expression was
determined in puro-empty and puro-ERG transfected cells (middle and right panel). Isotype IgG
PE was used as control for background signal (left panel). (C) LNCaP cells were transfected
with ARR2Pb-LUC as a vector control and ARR2Pb-ERG-LUC plasmids and treated with
R1881. Relative gene expression of CXCR4 and ERG were determined. (D) Cell surface
expression of CXCR4 was analyzed by FACS in ARR2Pb-LUC and ARR2PbERG-LUC
transfected cells (middle and left panel). Isotype IgG PE was used as a control for background
staining (left panel).

Figure 5. ERG is a phospho-Serine protein in VCaP cells, IKK and Akt kinases
phosphorylate ERG, and Akt kinase regulates CXCR4 expression. (A) MS3 spectrum of
trypsin-digested ERG from VCaP cells. Inset table shows the masses of B and Y ions in
collision-induced fragmentation of MS2 peptide and shows Serine 81 has an additional mass of
80, suggesting phosphorylation. (B) VCaP cell lysates were affinity purified with anti-phospho-
Serine and anti-phospho-Tyrosine agarose beads and Western immunoblotted with anti-ERG
antibody. (C) VCaP cell lysates were imumoprecipitated with anti-ERG antibodies and

immunoblotted with anti-phospho-Serine antibodies. (D) VCaP cells were treated with 10 uM of



PD32901, 10 uM of BMS34551, 10 uM of LY294002, and 5 pM of Akt Inhibitor IV overnight;
cell lysates were immunoprecipitated with anti-ERG antibody and immunoblotted with anti-
phospho-Serine and anti-ERG antibodies. Fold changes in serine phosphorylation in ERG were
determined by densitometric scanning and quantitation of pSerine and ERG expression with
ImagelJ software and normalized for ERG expression. (E) VCaP cells were treated with 0, 1, and
5 uM of Akt Inhibitor IV overnight, and cell lysates were immunoblotted with anti-CXCR4 and
anti-GAPDH antibodies. Fold changes in CXCR4 expression were determined by densitometric
scanning and quantitation of CXCR4 and GAPDH expression and normalized for GAPDH
expression. (F) VCaP cells were treated with Akt Inhibitor IV overnight and AMD3100 for two
hours. Untreated and inhibitor-treated cells were seeded on the upper chamber in transwell
inserts. Either serum free media or CXCL12 (200ng/ml) were added to the bottom chamber.
Number of invaded cells were scored after 24 hour invasion.

Figure 6. ERG-induced CXCR4 is functionally active in cellular adhesion. (A) PC-3 Neo,
CXCR4-2.1 and CXCR4-2.3 cells were treated with vehicle or 200 ng/ml CXCL12 and seeded in
fibronectin-coated 96 well plates. After one hour plates were washed and adhered cells were
measured for fluorescence. Based on standard curve, fluorescence values were converted to
number of cells, and percent adhered cells were determined. (B) ERG was knocked down with
shERG lentivirus in VCaP cells; ERG, CXCR4, and GAPDH mRNA expressions were
determined. ERG and CXCR4 expressions were normalized for GAPDH expression, and in (C)
ERG, CXCR4 and GAPDH protein expression were determined. Fold expression of ERG and
CXCR4 were determined by densitometric scanning of bands and normalized for GAPDH
expression. (D) VCaP scrambled and shERG lentivirus infected cells were treated with vehicle
or 200ng/ml CXCL12 followed by adhesion, migration, and invasion assays.

Figure 7. Expression of ERG and CXCR4 in human prostate tumors. (A)

Immunohistochemical analysis of ERG and CXCR4 in human prostate tumor tissue specimens.



* indicates no positivity of tumor cells for ERG and CXCR4; arrow represents tumor tissues
showing positivity for both genes. (B) Distribution of 29 patients by presence or absence of
CXCR4 and ERG in prostate tumor tissues. (C) Expression array data for ERG and CXCR4
were obtained from GDS2545 and GSE 14097 (CXCR4 ID 7934 and ERG ID 23711) record
from Gene Expression Omnibus database. Correlation analysis was performed between ERG

and CXCR4 expression data to determine Pearson r value.



Acknowledgements: The work was supported by U.S. Department of Defense, W81 XWH-09-
1-0250, NIH-NCI Grant CA151557, The Fund for Cancer Research, and NIH-NCI Cancer
Center Support Grant CA-22453. Katelyn Powell was supported by T32 CA009531 pre-doctoral
training grant. We would like to thank Meggan Shell for sub-cloning ERG into pT7CFE1-CHis
vector and Pridvi Kandagatla for sub-cloning CXCR4 promoter deletion constructs. We would
like to thank Proteomics core facility for performing MS analysis study. The authors thank Dr.
Michael Tainsky and Dr. Raymond Mattingly of Wayne State University for critically reading

the manuscript.



References:

1. Tomlins SA, Rhodes DR, Perner S, Dhanaseckaran SM, Mehra R, Sun XW, et al.
Recurrent fusion of TMPRSS2 and ETS transcription factor genes in prostate cancer. Science.
2005;310(5748):644-8.

2. Kumar-Sinha C, Tomlins SA, Chinnaiyan AM. Recurrent gene fusions in prostate cancer.
Nat Rev Cancer. 2008;8(7):497-511.

3. Demichelis F, Fall K, Perner S, Andren O, Schmidt F, Setlur SR, et al. TMPRSS2:ERG
gene fusion associated with lethal prostate cancer in a watchful waiting cohort. Oncogene.
2007;26(31):4596-9.

4, Attard G, Clark J, Ambroisine L, Fisher G, Kovacs G, Flohr P, et al. Duplication of the
fusion of TMPRSS2 to ERG sequences identifies fatal human prostate cancer. Oncogene.
2007;27(3):253-63.

5. Wang J, Cai Y, Yu W, Ren C, Spencer DM, Ittmann M. Pleiotropic Biological Activities
of Alternatively Spliced TMPRSS2/ERG Fusion Gene Transcripts. Cancer Res.
2008;68(20):8516-24.

6. Tomlins SA, Laxman B, Varambally S, Cao X, Yu J, Helgeson BE, et al. Role of the
TMPRSS2-ERG gene fusion in prostate cancer. Neoplasia. 2008;10(2):177-88.

7. Wang J, Cai Y, Ren C, Ittmann M. Expression of Variant TMPRSS2/ERG Fusion
Messenger RNAs Is Associated with Aggressive Prostate Cancer. Cancer Res.
2006;66(17):8347-51.

8. Carver BS, Tran J, Gopalan A, Chen Z, Shaikh S, Carracedo A, et al. Aberrant ERG
expression cooperates with loss of PTEN to promote cancer progression in the prostate. Nat
Genet. 2009;41(5):619-24. Epub 2009/04/28.

0. King JC, Xu J, Wongvipat J, Hieronymus H, Carver BS, Leung DH, et al. Cooperativity
of TMPRSS2-ERG with PI3-kinase pathway activation in prostate oncogenesis. Nat Genet.
2009;41(5):524-6. Epub 2009/04/28.

10. Klezovitch O, Risk M, Coleman I, Lucas JM, Null M, True LD, et al. A causal role for
ERG in neoplastic transformation of prostate epithelium. Proc Natl Acad Sci U S A.
2008;105(6):2105-10.

11. Cai JPK, Rajareddy Singareddy, Anthony Kropinski, Shijie Sheng, Michael L Cher and
Sreenivasa R Chinni. Androgens Induce Functional CXCR4 via ERG Factor Expression in
TMPRSS2-ERG Fusion Positive Prostate Cancer Cells. Translational Oncology. 2010;3(3). Epub
(Not yet in print).

12. Flajollet S, Tian TV, Flourens A, Tomavo N, Villers A, Bonnelye E, et al. Abnormal
expression of the ERG transcription factor in prostate cancer cells activates osteopontin. Mol
Cancer Res. 2011;9(7):914-24. Epub 2011/06/15.

13. Carrere S, Verger A, Flourens A, Stehelin D, Duterque-Coquillaud M. Erg proteins,
transcription factors of the Ets family, form homo, heterodimers and ternary complexes via two
distinct domains. Oncogene. 1998;16(25):3261-8.

14.  Basuyaux JP, Ferreira E, Stehelin D, Buttice G. The Ets transcription factors interact with
each other and with the c-Fos/c-Jun complex via distinct protein domains in a DNA-dependent
and -independent manner. J Biol Chem. 1997;272(42):26188-95. Epub 1997/10/23.



15. Buttice G, Duterque-Coquillaud M, Basuyaux JP, Carrere S, Kurkinen M, Stehelin D.
Erg, an Ets-family member, differentially regulates human collagenasel (MMP1) and
stromelysinl (MMP3) gene expression by physically interacting with the Fos/Jun complex.
Oncogene. 1996;13(11):2297-306. Epub 1996/12/05.

16. Brenner JC, Ateeq B, Li Y, Yocum AK, Cao Q, Asangani IA, et al. Mechanistic rationale
for inhibition of poly(ADP-ribose) polymerase in ETS gene fusion-positive prostate cancer.
Cancer Cell. 2011;19(5):664-78. Epub 2011/05/18.

17. Yin L, Rao P, Elson P, Wang J, Ittmann M, Heston WD. Role of TMPRSS2-ERG gene
fusion in negative regulation of PSMA expression. PLoS One. 2011;6(6):¢21319. Epub
2011/07/07.

18. Rickman DS, Chen YB, Banerjee S, Pan Y, Yu J, Vuong T, et al. ERG cooperates with
androgen receptor in regulating trefoil factor 3 in prostate cancer disease progression. Neoplasia.
2010;12(12):1031-40. Epub 2010/12/21.

19. Sun YX, Fang M, Wang J, Cooper CR, Pienta KJ, Taichman RS. Expression and
activation of alpha v beta 3 integrins by SDF-1/CXC12 increases the aggressiveness of prostate
cancer cells. Prostate. 2007;67(1):61-73.

20. Serrati S, Margheri F, Fibbi G, Di Cara G, Minafra L, Pucci-Minafra I, et al. Endothelial
cells and normal breast epithelial cells enhance invasion of breast carcinoma cells by CXCR-4-
dependent up-regulation of urokinase-type plasminogen activator receptor (WPAR, CD87)
expression. J Pathol. 2008;214(5):545-54.

21. Chinni SR, Sivalogan S, Dong Z, Filho JC, Deng X, Bonfil RD, et al. CXCL12/CXCR4
signaling activates Akt-1 and MMP-9 expression in prostate cancer cells: The role of bone
microenvironment-associated CXCL12. Prostate. 2006;66(1):32-48.

22. Chinni SR, Yamamoto H, Dong Z, Sabbota A, Bonfil RD, Cher ML. CXCL12/CXCR4
Transactivates HER2 in Lipid Rafts of Prostate Cancer Cells and Promotes Growth of Metastatic
Deposits in Bone. Mol Cancer Res. 2008;6(3):446-57.

23. Singh S, Singh UP, Grizzle WE, Lillard JW, Jr. CXCL12-CXCR4 interactions modulate
prostate cancer cell migration, metalloproteinase expression and invasion. Lab Invest.
2004;84(12):1666-76.

24, Struckmann K, Mertz K, Steu S, Storz M, Staller P, Krek W, et al. pVHL co-ordinately
regulates CXCR4/CXCL12 and MMP2/MMP9 expression in human clear-cell renal cell
carcinoma. J Pathol. 2008;214(4):464-71.

25. Sun YX, Wang J, Shelburne CE, Lopatin DE, Chinnaiyan AM, Rubin MA, et al.
Expression of CXCR4 and CXCL12 (SDF-1) in human prostate cancers (PCa) in vivo. J Cell
Biochem. 2003;89(3):462-73.

26. Mochizuki H, Matsubara A, Teishima J, Mutaguchi K, Yasumoto H, Dahiya R, et al.
Interaction of ligand-receptor system between stromal-cell-derived factor-1 and CXC chemokine
receptor 4 in human prostate cancer: a possible predictor of metastasis. Biochem Biophys Res
Commun. 2004;320(3):656-63.

27. Wallace TA, Prueitt RL, Yi M, Howe TM, Gillespie JW, Yfantis HG, et al. Tumor
immunobiological differences in prostate cancer between African-American and European-
American men. Cancer Res. 2008;68(3):927-36.

28. Akashi T, Koizumi K, Tsuneyama K, Saiki I, Takano Y, Fuse H. Chemokine receptor
CXCR4 expression and prognosis in patients with metastatic prostate cancer. Cancer Sci.
2008;99(3):539-42.

29. Taichman RS, Cooper C, Keller ET, Pienta KJ, Taichman NS, McCauley LK. Use of the
stromal cell-derived factor-1/CXCR4 pathway in prostate cancer metastasis to bone. Cancer Res.
2002;62(6):1832-7.



30. Arya M, Patel HR, McGurk C, Tatoud R, Klocker H, Masters J, et al. The importance of
the CXCL12-CXCR4 chemokine ligand-receptor interaction in prostate cancer metastasis. J Exp
Ther Oncol. 2004;4(4):291-303.

31. Kukreja P, Abdel-Mageed AB, Mondal D, Liu K, Agrawal KC. Up-regulation of CXCR4
expression in PC-3 cells by stromal-derived factor-lalpha (CXCL12) increases endothelial
adhesion and transendothelial migration: role of MEK/ERK signaling pathway-dependent NF-
kappaB activation. Cancer Res. 2005;65(21):9891-8.

32. Darash-Yahana M, Pikarsky E, Abramovitch R, Zeira E, Pal B, Karplus R, et al. Role of
high expression levels of CXCR4 in tumor growth, vascularization, and metastasis. Faseb J.
2004;18(11):1240-2.

33, Sun YX, Schneider A, Jung Y, Wang J, Dai J, Cook K, et al. Skeletal localization and
neutralization of the SDF-1(CXCL12)/CXCR4 axis blocks prostate cancer metastasis and growth
in osseous sites in vivo. J Bone Miner Res. 2005;20(2):318-29.

34, Ao M, Franco OE, Park D, Raman D, Williams K, Hayward SW. Cross-talk between
paracrine-acting cytokine and chemokine pathways promotes malignancy in benign human
prostatic epithelium. Cancer Res. 2007;67(9):4244-53.

35. Castellone MD, Guarino V, De Falco V, Carlomagno F, Basolo F, Faviana P, et al.
Functional expression of the CXCR4 chemokine receptor is induced by RET/PTC oncogenes and
is a common event in human papillary thyroid carcinomas. Oncogene. 2004.

36. Staller P, Sulitkova J, Lisztwan J, Moch H, Oakeley EJ, Krek W. Chemokine receptor
CXCR4 downregulated by von Hippel-Lindau tumour suppressor pVHL. Nature.
2003;425(6955):307-11.

37. Lee BC, Lee TH, Zagozdzon R, Avraham S, Usheva A, Avraham HK. Carboxyl-terminal
Src kinase homologous kinase negatively regulates the chemokine receptor CXCR4 through
YY1 and impairs CXCR4/CXCL12 (SDF-1alpha)-mediated breast cancer cell migration. Cancer
Res. 2005;65(7):2840-5.

38. Schioppa T, Uranchimeg B, Saccani A, Biswas SK, Doni A, Rapisarda A, et al.
Regulation of the chemokine receptor CXCR4 by hypoxia. J] Exp Med. 2003;198(9):1391-402.
39. Phillips RJ, Mestas J, Gharaee-Kermani M, Burdick MD, Sica A, Belperio JA, et al.
Epidermal growth factor and hypoxia-induced expression of CXC chemokine receptor 4 on non-
small cell lung cancer cells is regulated by the phosphatidylinositol 3-
kinase/PTEN/AKT/mammalian target of rapamycin signaling pathway and activation of hypoxia
inducible factor-1lalpha. J Biol Chem. 2005;280(23):22473-81.

40. Han B, Mehra R, Dhanasekaran SM, Yu J, Menon A, Lonigro RJ, et al. A Fluorescence
In situ Hybridization Screen for E26 Transformation-Specific Aberrations: Identification of
DDX5-ETV4 Fusion Protein in Prostate Cancer. Cancer Res. 2008;68(18):7629-37.

41. Bachelder RE, Wendt MA, Mercurio AM. Vascular endothelial growth factor promotes
breast carcinoma invasion in an autocrine manner by regulating the chemokine receptor CXCR4.
Cancer Res. 2002;62(24):7203-6.

42, Thalmann GN, Anezinis PE, Chang SM, Zhau HE, Kim EE, Hopwood VL, et al.
Androgen-independent cancer progression and bone metastasis in the LNCaP model of human
prostate cancer. Cancer Res. 1994;54(10):2577-81.

43, Helbig G, Christopherson KW, 2nd, Bhat-Nakshatri P, Kumar S, Kishimoto H, Miller
KD, et al. NF-kappaB promotes breast cancer cell migration and metastasis by inducing the
expression of the chemokine receptor CXCR4. J Biol Chem. 2003;278(24):21631-8.

44.  Zhang J, Thomas TZ, Kasper S, Matusik RJ. A small composite probasin promoter
confers high levels of prostate-specific gene expression through regulation by androgens and
glucocorticoids in vitro and in vivo. Endocrinology. 2000;141(12):4698-710.

45. Stokes ME, Davis CS, Koch GG. Categorical Data Analysis Using the SAS System:
Wiley; 2001.



46. Yu J, Mani RS, Cao Q, Brenner CJ, Cao X, Wang X, et al. An integrated network of
androgen receptor, polycomb, and TMPRSS2-ERG gene fusions in prostate cancer progression.
Cancer Cell. 2010;17(5):443-54. Epub 2010/05/19.

47, Hu Y, Dobi A, Sreenath T, Cook C, Tadase AY, Ravindranath L, et al. Delineation of
TMPRSS2-ERG splice variants in prostate cancer. Clin Cancer Res. 2008;14(15):4719-25.

48. Sharrocks AD. The ETS-domain transcription factor family. Nat Rev Mol Cell Biol.
2001;2(11):827-37. Epub 2001/11/21.

49, Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al. Integrative
genomic profiling of human prostate cancer. Cancer Cell. 2010;18(1):11-22. Epub 2010/06/29.
50. Yu YP, Landsittel D, Jing L, Nelson J, Ren B, Liu L, et al. Gene expression alterations in
prostate cancer predicting tumor aggression and preceding development of malignancy. J Clin
Oncol. 2004;22(14):2790-9. Epub 2004/07/16.

51. Siddique HR, Rao VN, Lee L, Reddy ES. Characterization of the DNA binding and
transcriptional activation domains of the erg protein. Oncogene. 1993;8(7):1751-5. Epub
1993/07/01.

52. Frigo DE, Sherk AB, Wittmann BM, Norris JD, Wang Q, Joseph JD, et al. Induction of
Kruppel-like factor 5 expression by androgens results in increased CXCR4-dependent migration
of prostate cancer cells in vitro. Mol Endocrinol. 2009;23(9):1385-96. Epub 2009/05/23.

53. Xu K, Wu ZJ, Groner AC, He HH, Cai C, Lis RT, et al. EZH2 oncogenic activity in
castration-resistant prostate cancer cells is Polycomb-independent. Science.
2012;338(6113):1465-9. Epub 2012/12/15.

54, Zong Y, Xin L, Goldstein AS, Lawson DA, Teitell MA, Witte ON. ETS family
transcription factors collaborate with alternative signaling pathways to induce carcinoma from
adult murine prostate cells. Proceedings of the National Academy of Sciences.
2009;106(30):12465-70.

55. Brenner JC, Feng FY, Han S, Patel S, Goyal SV, Bou-Maroun LM, et al. PARP-1
inhibition as a targeted strategy to treat Ewing's sarcoma. Cancer Res. 2012;72(7):1608-13. Epub
2012/01/31.



PTEN loss mediated Akt activation promotes prostate tumor growth and metastasis via
CXCL12/CXCR4 signaling.”

M. Katie Conley-LaComb', Allen Saliganan', Pridvi Kandagatla', Yong Q. Chen’ , Michael L.

Cher'?, Sreenivasa R. Chinni'?

'Departments of Urology and Pathology, “The Barbara Ann Karmanos Cancer Institute, Wayne
State University, Detroit, MI 48201; *Department of Cancer Biology, Wake Forest University,
Winston-Salem, NC 27157.

Running title: Akt regulation of CXCL12/CXCR4 signaling in prostate cancer progression.

TSupported by U.S. Department of Defense, W81 XWH-09-1-0250 and NIH-NCI Grant
CAI151557.

*Address all correspondence to:
Sreenivasa R. Chinni, Ph.D.

Departments of Urology and Pathology
Wayne State University School of Medicine
9245 Scott Hall

540 E. Canfield Avenue

Detroit, MI 48201

Phone: 313-577-1833

Fax: 313-577-0057

E-mail: schinni@med.wayne.edu



Abstract

Introduction: The chemokine CXCL12, also known as SDF-1, and its receptor, CXCR4, are
overexpressed in prostate cancers and in animal models of prostate-specific PTEN deletion, but
their regulation is poorly understood. Loss of the tumor suppressor PTEN (phosphatase and
tensin homolog) is frequently observed in cancer, resulting in the deregulation of cell survival,
growth, and proliferation. We hypothesize that loss of PTEN and subsequent activation of Akt,
frequent occurrences in prostate cancer, regulate the CXCL12/CXCR4 signaling axis in tumor
growth and bone metastasis.

Methods: Murine prostate epithelial cells from PTEN"", PTEN*", and PTEN" (prostate specific
knockdown) mice as well as human prostate cancer cell lines C4-2B, PC3, and DU145 were used
in gene expression and invasion studies with Akt inhibition. Additionally, HA-tagged Aktl was
overexpressed in DU145, and tumor growth in subcutaneous and intra-tibia bone metastasis
models were analyzed.

Results: Loss of PTEN resulted in increased expression of CXCR4 and CXCL12 and Akt
inhibition reversed expression and cellular invasion. These results suggest that loss of PTEN may
play a key role in the regulation of this chemokine activity in prostate cancer. Overexpression of
Aktl in DU145 resulted in increased CXCR4 expression, as well as increased proliferation and
cell cycle progression. Subcutaneous injection of these cells also resulted in increased tumor
growth as compared to neo controls. Aktl overexpression reversed the osteosclerotic phenotype
associated with DU145 cells to an osteolytic phenotype and enhanced intra-osseous tumor
growth.

Conclusions: These results suggest the basis for activation of CXCL12 signaling through
CXCR4 in prostate cancer driven by the loss of PTEN and subsequent activation of Akt. Aktl-
associated CXCL12/CXCR4 signaling promotes tumor growth, suggesting that Akt inhibitors

may potentially be employed as anticancer agents to target expansion of PC bone metastases.






Introduction

Chemokines are a superfamily of cytokines known to regulate the migration of cells and play
a key role in the regulation of metastasis. The chemokine CXCL12, also known as stromal-
derived factor-1 (SDF-1), is a potent chemoattractant for hematopoetic cells[1] and activate
signaling events through its two distinct receptors, CXCR4 and CXCR7. CXCR4 has been
shown to be a key receptor in mediating the metastasis of multiple types of tumors. Binding of
CXCLI12 to CXCR4 induces trimeric G protein signaling leading to activation of the Src,
PI3K/Akt, ERK, and JNK pathways, contributing to protease production and cellular migration
and invasion. In addition, we recently found that epidermal growth factor receptor family
members are activated downstream of CXCL12/CXCR4 signaling, providing proliferative
signals in bone tumor growth. CXCL12 and its receptors have been strongly linked to prostate
cancer bone metastasis and are markers for poor prognosis[2-5].

The tumor suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN,
also known as MMACI1/TEP1) is a lipid and protein phosphatase that serves as a negative
regulator of the phosphatidylinositol-3 kinase (PI3K) pathway [6]. PTEN dephosphorylates
phosphatidylinositol-3,4,5-trisphosphate (PIP3), thus serving as an inhibitor of the PI3K
signaling pathway. Through its attenuation of the PI3K pathway, PTEN is a critical regulator of
growth factor signaling and is able to regulate key cellular processes such as cell proliferation,
motility, protein synthesis, glucose metabolism, genomic stability, and survival. Mutations of
PTEN are associated with several diseases, including Cowden disease, Lhermitte-Duclos disease,
and Bannayan-Zonana syndrome [7, §]. In addition, loss of PTEN has been shown to be
associated with many types of cancer, such as glioblastoma, endometrial carcinoma, and breast
cancer [9-11]. PTEN expression is frequently altered in cancer; PTEN is lost or mutated in 50-
80% of primary PC, and complete loss of PTEN is associated with aggressive and metastatic

cancer [5, 12]. In mouse models of PC, loss of PTEN is critical for tumor initiation, and the level



of PTEN expression is inversely associated with prostate tumorigenesis [13, 14]. As shown by
microarray analysis and immunohistochemistry, murine epithelial cells from these PTEN-
deficient prostate tumors display increased expression of CXCL12 and CXCR4 as compared to
the normal prostate glands of PTEN™" and PTEN™" mice [15]. However, it is not known whether
Akt activation downstream of PTEN loss regulates CXCL12/CXCR4 expression and function in
tumor cells.

In this study, by using cell lines derived from PTEN"*, PTEN™", and PTEN"" mice, we
demonstrate that loss of PTEN results in increased expression of CXCL12 and CXCR4. Using
inhibitor assays, we demonstrate that regulation of the PI3K/Akt pathway by PTEN in turn
regulates expression of both CXCL12 and CXCR4 in mouse and human prostate cancer cells.
Akt overexpression in PTEN wild type DU145 cells induced cell proliferation, tumor growth and
bone metastasis. Taken together, these data define a relationship between PTEN loss and

CXCL12/CXCR4 signaling in prostate cancer progression.



Materials and Methods

Cell culture. Cell lines were cultured in a humidified incubator with 5% CO2 at 37°C. All media
were supplemented with 2mM glutamine, 100units/ml penicillin, and 100mg/ml streptomycin
(Life Technologies Inc., Carlsbad, CA). Murine cell lines were maintained in Advanced DMEM
supplemented with 5% fetal bovine serum. The benign human prostate cell line BPH-1 and
human PC cell line PC3 were maintained in RPMI-1640 supplemented with 10% fetal bovine
serum. Human PC cell line C4-2B and DU145 were maintained in T-Medium supplemented with

10% fetal bovine serum and DMEM supplemented with 10% fetal bovine serum, respectively.

Establishment of PTEN**, PTEN*", and PTEN” mouse prostate epithelial cell lines,
DU145-neo and DU145-HA-AKkt1 stable cell lines. Murine cell lines were established as
described previously [16, 17]. Briefly, exon 5 of PTEN was deleted specifically in the murine
prostate. PTEN"", PTEN"", and PTEN" prostate epithelial cells were isolated from prostates of
corresponding mice at 8 weeks of age, and cell lines were established by serial dilution method
and subsequent clonal selection. DU145 cells were transfected with PLNCX-neo and PLNCX-
Hemagglutinin-tagged Aktl constructs using lipofectamine 2000; 48 hours post-transfection,

cells were exposed to Neomycin, and stable clones were selected.

Western Blot Analysis. Cells were washed with PBS, and total cellular proteins were extracted
with buffer containing 62.5 mM Tris-HCI (pH 6.8), 2% SDS, ImM PMSF, and 1X Protease
inhibitor cocktail (Roche, Indianapolis, IN). Protein content was quantified with a BCA protein
assay (Pierce Biotechnology, Inc, Rockford, IL), and equal amounts of protein were resolved by
10% SDS-PAGE. Immunoblot was performed with antibodies against PTEN, phosphorylated
Akt (S473), and total Akt (Cell Signaling Technology, Boston, MA), CXCR4 (Chemicon,

Billerica, MA) and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA). The band intensities



were determined by quantitation of pixel intensities using ImagelJ software (version 10.2;

National Institutes of Health, Bethesda, MD).

Quantitative RT-PCR. mRNA was purified from cells using the RNeasy kit (Qiagen, Valencia,
CA), and cDNA synthesis was performed with iScript Select cDNA Synthesis Kit (Biorad,
Hercules, CA). Real time RT-PCR was performed using SYBR Green mix plus ROX (Fisher
Scientific) and the Eppendorf Mastercycler ep realplex” gPCR System (Hauppauge, NY)
according to the manufacturer’s protocol. Relative values of gene expression were normalized to
GAPDH and calculated using the 27**“" method, where AACt = (ACtirget gene - ACtGAPDH)sample -
(ACtarget gene - ACtGaPDH)control- The fold change in relative expression was then determined by
calculating 272", Forward and reverse murine specific forward and reverse primers used are as
follows: CXCR4: 5’-TCAGTGGCTGACCTCCTCTT-3’, 5>-TTTCAGCCAGCAGTTTCCTT-
3’; CXCL12: 5’-CTTCATCCCCATTCTCCTCA-3’, 5’-GACTCTGCTCTGGTGGAAGG-3".
Forward and reverse human specific forward and reverse primers used are as follows: CXCR4:
5’-GGTGGTCTATGTTGGCGTCT-3’, 5’-TGGAGTGTGACAGCTTGGAG-3’; CXCL12: 5°-
ATGAACGCCAAGGTCGTG-3’, 5’>-CTTCGGGTCAATGCACACTT-3". Forward and reverse
primers recognizing both murine and human GAPDH were 5°-

ATCACCATCTTCCAGGAGCGA-3’ and 5’-GCCAGTGAGCTTCCCGTTCA-3’, respectively.

Inhibition of Akt signaling pathway. Cells were cultured with growth media supplemented
with 1% FBS and treated with indicated concentrations of Akt Inhibitor IV (Fisher Scientific,
Pittsburgh, PA) or vehicle control for 18 hours. Subsequently, mRNA and protein were collected

from cells and subjected to quantitative RT-PCR analyses or western blot analysis, respectively.



Invasion assay. Cells were cultured with complete growth media and treated with 10uM Akt
Inhibitor IV or vehicle control; after five hours, media was replaced with growth media
supplemented with 1% FBS containing 10uM Akt Inhibitor IV or vehicle control. After
overnight culture, cells were trypsinized and plated on the upper chamber of matrigel-coated
transwell filters (2x10° cells/filter) in growth media supplemented with 1% FBS containing
10uM Akt Inhibitor IV or vehicle control, with 200ng/mL CXCL12 added to bottom chamber.
After 24 hours, cotton swabs were used to remove unmigrated cells from the upper chamber, and
inserts were stained with 0.9% crystal violet. Total number of migrated cells was counted under

10X magnification. Assay was performed in triplicate.

In vivo studies and tumor tissue analyses. Both subcutaneous and intratibial tumor inoculation
studies were performed as described previously[18]. Briefly, five-week-old male C.B.-17 severe
combined immunodeficient (SCID) mice (Taconic Farms, Germantown, NY) were used in the
study. For subcutaneous tumor cell implantation, 5x10° cells of both DU145-Neo and DU145-
Hemagglutinin-tagged AKT transfectants were mixed in 50% matrigel in a volume of 100 ul and
implanted in flanks of mice. For each cell line, eight mice were used in the experiment. For
intratibial implantation 1x10° cells were injected per bone; for each cell line, 8-10 mice were
used. Histomorphometric analyses were performed to determine tumor burden and trabecular

bone area in both DU145 transfectants (Neo and HA-Akt1) as previously described[18].

Immunohistochemistry. Formalin-fixed, paraffin-embedded serial tissue sections from DU145-
Neo and DU145-HA-Akt1 tumors were deparaffinized with xylene and rehydrated in graded
EtOH. Endogenous peroxidase activity was blocked by incubating in 3% H,O, for 20 min. For
subcutaneous tumor sections, antigen retrieval was performed with Antigen Retrieval Citra Plus

Solution (BioGenex, Freemont, CA) in a steamer. For bone sections, antigen retrieval was



performed with proteinase K (Sigma-Aldrich, St. Louis, MO). Slides were then blocked with
Blocking Serum from ABC Vectastain Kit (Vector Labs, Burlingame, CA). Slides were
incubated at 4°C overnight in a humidified chamber with antibodies directed against Ki67 (BD
Biosciences, San Jose, CA), phosphorylated Akt (S473) (Cell Signaling Technology), or CXCR4
(R&D Systems, Minneapolis, MN). After washing, sections were incubated with ABC
Vectastain Kit, according to manufacturer’s protocol, followed by incubation with 3,3-
diaminobenzidine tetrahydrochloride (Vector Labs). Nuclei were counterstained with Mayer’s
hematoxylin (Sigma-Aldrich). Sections were then dehydrated with graded EtOH, washed with

xylene, and mounted with Permount (Sigma-Aldrich).

Statistical analyses: Data were analyzed using Microsoft Excel 2008. All data are presented as
mean + SD. Data were analyzed using Student’s t-test; a p-value < 0.05 was considered

statistically significant.



Results

Progressive loss of PTEN results in increased expression of CXCL12 and CXCR4 in
murine prostate epithelial cells. In an effort to study the regulation of CXCL12 and its
receptor, a murine model was utilized. In this model system, prostate epithelial cell lines were
generated from anterior prostates of Pten'*, Pten””, and Pten” mice, using the method
previously described [15] [16] [19]. Loss of PTEN was verified at the protein level (Fig. 1A). As
shown by qPCR, PTEN" cells exhibit significantly increased mRNA levels of CXCL12 and
CXCR4 (Fig. 1B). These data are consistent with results from Berquin et al, where microarray
and immunohistochemistry demonstrated increased expression of both CXCL12 and CXCR4 in
PTEN" mice [15]. When PTEN™" cells were treated with increasing concentrations of Akt
Inhibitor IV, expression of both CXCR4 and CXCL12 decreased (Fig. 1C, D). As expected, Akt
Inhibitor IV inhibited Serine 473 phoshporylation on Akt without changing Aktl levels in cells.
As low as 1 uM Akt Inhibitor IV reduced Serine 473 phosphorylation. At this concentration, Akt
Inhibitor IV abrogated basal as well as CXCL12-induced cell invasion of PTEN cells through
Matrigel coated inserts (Fig. 1E). Notably, there was no significant difference in cell invasion
when 200ng/mL CXCL12 was added to the bottom chamber, likely due to the high basal levels

of CXCL12 expressed by PTEN™"cells.

Akt regulates CXCR4 expression in PTEN-null human prostate cancer cells. To examine
the role of PTEN in the regulation of CXCR4 in human prostate cancer, the cell lines BPH-1,
C4-2B, and PC3 were utilized. As shown in Figure 2A, BPH-1 expresses PTEN, while C4-2B
and PC3 are PTEN-null. Treatment with 1 and 10uM Akt Inhibitor IV resulted in decreased
expression of CXCR4 in C4-2B and PC3 cell lines (Fig. 2B). As low as 1 uM Akt Inhibitor IV
reduced CXCR4 expression in PC-3 cells, whereas in C4-2B cells 10 uM Akt inhibitor IV

inhibited CXCR4 expression. Additionally, CXCL12-mediated invasion through a matrigel-



coated transwell insert was abrogated by treatment with 1uM Akt Inhibitor IV in both C4-2B and

PC3 (Fig. 2C).

Overexpression of Akt results in increased phosphorylation of Akt, CXCR4 expression,
proliferation and invasion. Multiple cell surface receptors have been shown to activate Akt
kinase and induce downstream signaling events leading to cell survival. Among Akt family
members Aktl is predominantly expressed in prostate cancer cells[20]. Even though PTEN lipid
phosphatase activity has been shown to regulate the PI3K-Akt pathway, several studies
document PI3K-Akt-independent functions of PTEN [21-23]. PTEN loss deregulates both lipid
and protein phosphatase activity [24]. Figures 1 and 2 demonstrate that Akt activation regulates
CXCR4 expression. To determine Aktl function in tumor growth and metastasis without
disturbing other functions of PTEN, a novel model consisting of Aktl overexpression in PTEN-
intact DU145 cells was generated. Studies have been performed previously using a constitutively
active Akt via artificially tagging membrane localization myristoylation signal to study
downstream functions of activated Akt; however, in these studies, the transfected Akt must be
phosphorylated in the cell to induce downstream effects similar to endogenous Akt protein.
DU14S5 cells transfected with HA-Aktl exhibit increased levels of pAkt Ser473, p90rskSer380
and pFKHR Ser256 in serum free media, suggesting that transfected Aktl and its effector
signaling is activated in cells (Fig. 3A). In addition, Akt]l overexpression induced a 1.29 fold
increase in CXCR4 protein expression (Fig. 3A). Culture of the cells with 10% serum resulted in
a further increase of phosphorylated Akt (Fig. 3B). When cells were cultured in complete serum
conditions, HA-Aktl expression resulted in an increase in proliferation compared to Neo-
transfected cells (Fig. 3C). Additionally, cell cycle analysis revealed that expression of HA-Akt1
resulted in a decrease in the GoG; population and an increase in the S phase population (Fig. 3D),

suggesting cell cycle progression. To demonstrate that CXCR4 is a key element of Akt-induced



effects, an invasion assay was performed utilizing AMD3100, a pharmacological inhibitor of
CXCR4. DU145-HA-Aktl cells exhibited increased invasion through Matrigel coated inserts, as
compared to DU145-Neo cells (Fig. 3E). Treatment of DU145-Neo cells with AMD3100 did not
affect invasion. In DU145-HA-Aktl cells, however, invasion was inhibited by this treatment,
suggesting that the increased invasion of Aktl-transfected cells as compared to control cells is
driven at least in part by CXCL12/CXCR4 signaling. These studies together demonstrate Aktl

activity in DU145 cells, and that this activity induces CXCR4 expression and function.

Overexpression of Akt results in increased subcutaneous tumor growth. To determine the
biological importance for Akt in tumor growth, mice were injected subcutaneously with DU145-
Neo or DU145-HA-Akt1 cells. As shown in Fig. 4A, HA-Aktl expression resulted in increased
tumor volume after 60 days of inoculation; the growth rate was significantly faster compared to
DU145-neo cells. As shown by immunohistochemistry, tumors also exhibited increased
expression of both Serine 473 phosphorylated Akt and CXCR4, suggesting that activated Akt
mediates downstream gene expression, resulting CXCR4 overexpression (Fig. 4B). Furthermore,
Ki67 staining revealed increased proliferation in DU145-HA-Akt1 tumors as compared to neo
controls (Fig. 4C). These data demonstrate that overexpressed Akt is active in tumors and

mediate tumor growth by enhancing CXCR4 signaling.

Overexpression of Akt results in increased intratibial tumor growth. Prostate cancer
frequently metastasizes to the bone, and previous studies implicate key role for
CXCL12/CXCR4 signaling in bone metastasis. To examine the effects of Akt in the bone
environment, DU145-HA-Akt1 cells were cultured with bone conditioned media, resulting in
increased Serine 473 phosphorylation. This increase in phosphorylation was not detected in

DU145-Neo control cells (Fig. SA). Further, co-culture of DU145 transfectants with human fetal



bone stromal cells show that in HA-Akt1 transfected cells Akt is phosphorylated at Serine 473,
suggesting that Akt signaling in cancer cells is induced by bone stromal interactions in both a
paracrine manner and in direct contact. Next, mice were injected intratibially with DU145-Neo
or DU145-HA-Akt1 cells. Previous studies show that DU145 cells in intratibial model induce an
osteosclerotic phenotype, as evidenced by enhanced trabecular bone formation[18]. DU145-Neo
cells induced a similar osteosclerotic reaction in bone, while DU145-HA-Aktl1 cells resulted in
increased osteolysis at eight weeks (Fig. 5B, C). Histomorphometric analysis reveal that DU145-
HA-Akt] tumors exhibited a decreased ratio of trabecular bone area to tissue area, as well as an
increase in overall tumor burden in bone tumors (Fig. 5C). Furthermore, DU145-HA-Akt1

tumors expressed higher levels of phosphorylated Akt and CXCR4 (Fig. SE).



Discussion

Chemokines and their receptors play key roles in hematopoietic cell trafficking.
CXCLI12/CXCR4 has also been shown to play a key role in the regulation of metastasis, and its
expression has been shown to be elevated in localized and metastatic cancer, including bone
metastatic prostate tumors[2][3]. Among PC patients, higher expression of CXCR4 was
documented in prostate tumor tissues from African American patients, suggesting CXCR4
expression is associated with aggressive disease phenotypes in these patients[25]. Human
prostate tumor expression of CXCR4 is also associate with poor survival[4], as its expression is
significantly associated with local recurrence after therapy and formation of distant
metastases[5]. Taken together, these studies emphasize the clinical significance of

CXCL12/CXCR4 expression in prostate tumor progression.

Tumor cells expressing CXCR4 metastasize to target organs that express high levels of
CXCL12[26, 27]. Colonization of tumor cells in the bone microenvironment is thought to occur
through PC cell encroachment of the hematopoietic stem cell niche by mimicking the stem cell
interactions with bone resident stromal cells[28]. This concept is validated by studies showing
that targeting CXCR4 function through neutralizing antibodies inhibited prostate cancer bone
metastasis[29], and overexpression of CXCR4 in prostate cancer cells enhanced bone
metastasis[30]. Additionally, inhibition of CXCR4 with CTCE-9908 resulted in decreased tumor
growth, angiogenesis, and lymphangiogenesis, as well as increased apoptosis in a xenograft PC
model [31] . Thus, these studies show that the CXCL12/CXCR4 axis in tumor cells usurps stem
cell homing mechanisms to get into bone[28, 29] and subsequent colonization and growth
through activation of growth factor receptor signaling[30]. Studies with colorectal cancers show
that CXCR4 signaling is also involved in outgrowth of metastasis[32]. Taken together, these

studies demonstrate that CXCL12/CXCR4 signaling is a critical event mediating homing of



tumor cells and subsequent expansion of metastases.

Our previous studies show that PTEN knockout mouse model epithelial tumor cells gain
expression of an “osteogenic signature,” thus predisposing these cells for metastasis [15]. We
found that both CXCL12 and CXCR4 are overexpressed in epithelial tumor cells in PTEN
knockout mice. Herein, using cultured cells from PTEN intact, heterozygous, and knockout cells,
we show that both CXCR4 and CXCL12 expression is higher in PTEN knockout cells, thus
confirming the immunohistochemical tumor expression findings (Figure 1). Specific inhibition
of Akt resulted in downregulation of both CXCL12/CXCR4 expression, and an established P13
kinase inhibitor also downregulated both CXCL12 and CXCR4 gene expression (data not
shown). Similarly, Akt-mediated regulation of CXCR4 was observed in human prostate cancer
cells with loss or mutation of PTEN (Figure 2). In addition, in both mouse and human tumor
cells with either loss or mutation of PTEN, Akt Inhibitor IV treatment inhibited basal as well as
CXCL12-induced invasion. PTEN loss-induced PI3K/Akt has been shown to mediate migration
and invasion of prostate cancer cells in response to CXCL12/CXCR4 [20, 33, 34], suggesting
that Akt can function both upstream (as an inducer of CXCR4 expression) and downstream (as a
signaling kinase for induction of proteases and invasion) of CXCR4. Current studies with Akt
inhibitors implicate Akt as a key member in this pathway contributing to CXCR4 expression in

prostate cancer cells.

Tumor suppressive functions of PTEN independent of phosphoinositide lipid phosphatase
activity play a key role in cell cycle regulation, maintaining genomic instability, and controlling
DNA repair mechanisms that safeguard cells from accumulation of genetic mutations and
uncontrolled proliferation [24]. PTEN loss dysregulates these genome safeguard mechanisms

and also leads to Akt activation, promoting tumorigeneisis. To determine the function of Akt in



tumor growth and metastasis via regulation of CXCR4 function independent of other effects
induced by PTEN loss, DU145 cells were transfected with an HA-tagged Aktl, which is not
constitutively active and must be activated within the cell (Figure 3). Aktl overexpression
resulted in increased proliferation and cell cycle progression, suggesting that transfected Aktl
mimicked PTEN loss-associated hyperactivated Akt signaling. In an effort to determine the
biological significance of Akt/CXCR4 axis in tumor growth, we subcutaneously implanted both
low Aktl (Neo) and high Aktl (HA-Aktl) expressing cells in SCID mice (Figure 4). Aktl
overexpression significantly enhanced tumor growth starting from day 60. Immunohistochemical
analysis further revealed that HA-Akt1 tumors proliferated at a faster rate, as shown by increased
staining for Ki-67 proliferation marker. As expected, HA-Aktl tumors have stronger Akt Serine
473 phosphorylation and CXCR4 expression, suggesting that Aktl induced CXCR4 expression,
contributing to the primary tumor growth. Our previous data demonstrate that CXCR4
overexpression in the PTEN-null cell line PC-3 enhanced bone tumor growth in a SCID-human
model[20]; these tumors have activated Akt signaling, demonstrating the Akt signaling
downstream of CXCR4 contributing to bone tumor growth. Herein, we utilized DU145-HA-Akt1
overexpressing cells to specifically determine the contribution of Aktl without perturbing the
lipid/protein phosphatase functions of PTEN in CXCR4 expression and downstream signaling in
bone tumor growth. Activation of Aktl in these cells was enhanced by bone factors and/or bone
stromal cell interactions. In intratibial models, DU145 cells produce osteosclerotic reactions, as
evidenced by enhanced bone formation measured by X-rays and histomorphometry. DU145-Neo
cells produced similar bone reactions in our model, whereas overexpression of Aktl completely
reversed this phenotype to an osteolytic phenotype similar to PC-3 cells in this model, as
evidenced by enhanced tumor growth and destruction of trabecular bone (Figure 5). Akt1
activation, as measured by Serine 473 phosphorylation, is higher in DU145-HA-Akt1 cells and is

localized to the bone tumor interface, suggesting that transfected Aktl is activated by bone



remodeling-released and/or stromal-expressed factors. CXCR4 expression is also enhanced in
bone tumors (Fig. S5E), suggesting that CXCL12/CXCR4 signaling contributing to bone tumor

growth in Aktl transfected DU145 cells.

In summary, these data showed that PTEN loss-induced PI3K/Akt pathway induces
CXCL12/CXCR4 expression, and this expression is particularly mediated by Akt kinase in both
murine and human prostate cancer cells. Aktl-induced CXCR4 expression is active in CXCL12-
induced cellular invasion, tumor growth, and intraosseous tumor growth in murine model
systems. Given the frequency of PTEN gene alterations in advanced human prostate tumors and
expression of CXCR4 in these patients, Aktl signaling may be a therapeutic target for advanced

prostate cancer patients.
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Figure Legends

Figure 1. Loss of PTEN results in increased expression of CXCL12 and CXCR4 in murine
prostate epithelial cells. A) Cell lysates were collected from PTEN"", PTEN"", and PTEN™
cells and analyzed by Western blot for PTEN. B) mRNA expression levels of CXCL12 and its
receptor, CXCR4, in PTEN"*, PTEN"", and PTEN™" cells were analyzed by quantitative RT-
PCR. C, D) PTEN" cells were treated for 18 hours with increasing concentrations of Akt
Inhibitor IV. Protein and mRNA expression levels were analyzed by Western blot (C) and
quantitative RT-PCR (D), respectively. E) PTEN" cells were pretreated with or without 10uM
Akt Inhibitor IV; 2x10° cells were then plated on Matrigel coated inserts, allowed to invade for
24 hours, and stained with Crystal Violet. Total number of migrated cells was counted under

10X magnification in five fields. Assay was performed in triplicate. *: p<0.005.

Figure 2. Akt regulates CXCR4 expression in PTEN-null human prostate cells. A) Cell
lysate was collected from BPH-1, C4-2B, and PC3 cells. Protein levels of PTEN and B-actin
were analyzed by Western blot. B) BPH-1, C4-2B, and PC3 cells were treated for 18 hours with
increasing concentrations of Akt Inhibitor IV. Protein levels were analyzed by Western blot. C)
C4-2B (left) and PC3 (right) cells were pretreated with or without 1uM Akt Inhibitor IV; 2x10°
cells were then plated on Matrigel coated inserts, allowed to invade for 24 hours, and stained
with Crystal Violet. Total number of migrated cells was counted under 10X magnification in five

fields. Assay was performed in triplicate. *: p<0.05; **: p<0.015.

Figure 3. Overexpression of Akt results in increased phosphorylation of Akt, CXCR4
expression, and proliferation. A) DU145 cells were stably transfected with HA-tagged Aktl.
Lysate was collected from serum-starved cells, and protein levels were analyzed by Western

blot. B) Cells were cultured in the presence or absence of serum, lysate was collected, and



protein levels were analyzed by Western blot. C) Proliferation of DU145-Neo and DU145-HA-
Aktl cells was determined over three days. D) Cell cycle analysis of DU145-Neo and DU145-
HA-AKkt1 cells was performed. E) DU145-Neo or DU145-HA-Aktl cells treated with 5 uM
AMD3100 for two hours were plated on Matrigel coated inserts, allowed to invade for 24 hours,
and stained with Crystal Violet. Total number of migrated cells was counted under 10X

magnification in five fields. *: p<0.01

Figure 4. Overexpression of Akt results in increased subcutaneous tumor growth.
DU145-Neo and DU145-HA-Akt1 cells were injected into mice subcutaneously. A) Tumor
volume was measured over 80 days. B) Tissue sections from DU145-Neo and DU145-HA-Aktl1
subcutaneous tumors were immunostained with antibodies directed against pAkt(S473) or
CXCRA4, or with negative control. Images were taken at 20X. Bar represents S0uM. C)
Proliferation of DU145-Neo and DU145-HA-Akt1 tumors was analyzed by Ki67 staining;

average number of Ki67+ cells of five 20X fields was determined. Bar represents SOpuM.

Figure 5. Overexpression of Akt results in increased intratibial tumor growth. A) Cells
were cultured in presence or absence of bone conditioned medium then analyzed by Western blot
for pAkt(S473). B) Cells were injected into the tibiae of mice intratibially. After harvesting at 8
weeks, bones were analyzed by x-ray. C) Trabecular bone and tumor growth was analyzed at 8
weeks. D) H&E was performed on tissue sections from DU145-Neo and DU145-HA-Aktl1
intratibial tumors. Images were taken at 5X and digitally merged. E) Tissue sections from
DU145-Neo and DU145-HA-Akt1 intratibial tumors were immunostained with antibodies
directed against pAkt(S473) or CXCR4. Images were taken at 20X and 40X (insert). Bar

represents SOuM.
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