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Androgen receptor and chemokine receptors
4 and 7 form a signaling axis to regulate
CXCL12-dependent cellular motility
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Abstract

Background: Identifying cellular signaling pathways that become corrupted in the presence of androgens
that increase the metastatic potential of organ-confined tumor cells is critical to devising strategies capable of
attenuating the metastatic progression of hormone-naïve, organ-confined tumors. In localized prostate cancers,
gene fusions that place ETS-family transcription factors under the control of androgens drive gene expression
programs that increase the invasiveness of organ-confined tumor cells. C-X-C chemokine receptor type 4 (CXCR4)
is a downstream target of ERG, whose upregulation in prostate-tumor cells contributes to their migration from
the prostate gland. Recent evidence suggests that CXCR4-mediated proliferation and metastasis of tumor cells is
regulated by CXCR7 through its scavenging of chemokine CXCL12. However, the role of androgens in regulating
CXCR4-mediated motility with respect to CXCR7 function in prostate-cancer cells remains unclear.

Methods: Immunocytochemistry, western blot, and affinity-purification analyses were used to study how androgens
influenced the expression, subcellular localization, and function of CXCR7, CXCR4, and androgen receptor (AR)
in LNCaP prostate-tumor cells. Moreover, luciferase assays and quantitative polymerase chain reaction (qPCR)
were used to study how chemokines CXCL11 and CXCL12 regulate androgen-regulated genes (ARGs) in LNCaP
prostate-tumor cells. Lastly, cell motility assays were carried out to determine how androgens influenced
CXCR4-dependent motility through CXCL12.

Results: Here we show that, in the LNCaP prostate-tumor cell line, androgens coordinate the expression of CXCR4
and CXCR7, thereby promoting CXCL12/CXCR4-mediated cell motility. RNA interference experiments revealed
functional interactions between AR and CXCR7 in these cells. Co-localization and affinity-purification experiments
support a physical interaction between AR and CXCR7 in LNCaP cells. Unexpectedly, CXCR7 resided in the nuclear
compartment and modulated AR-mediated transcription. Moreover, androgen-mediated cell motility correlated
positively with the co-localization of CXCR4 and CXCR7 receptors, suggesting that cell migration may be linked
to functional CXCR4/CXCR7 heterodimers. Lastly, CXCL12-mediated cell motility was CXCR7-dependent, with CXCR7
expression required for optimal expression of CXCR4 protein.

Conclusions: Overall, our results suggest that inhibition of CXCR7 function might decrease the metastatic potential
of organ-confined prostate cancers.

Keywords: Androgen receptor, CXCR4, CXCR7, Cell motility, Prostate cancer
* Correspondence: michael-e-wright@uiowa.edu
1Department of Molecular Physiology & Biophysics, The University of Iowa,
Carver College of Medicine, 51 Newton Road, Iowa City, Iowa 52242, USA
Full list of author information is available at the end of the article

© 2015 Hsiao et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

mailto:michael-e-wright@uiowa.edu
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


Table 1 Gene expression profiles of CXCR7, CXCR4,
CXCL11, CXCL12 in human prostate cancer samples

Gene name Cancer vs. normal References

CXCR7 ↓ [32-35] Welsh JB et., [32]

La Tulippe E et al., [33]

Luo JH et al., [34]

Liu P et al., [35]

CXCR4 ↑ [30,32] Yu YP et al., [29]

Wallace et al., [30]

CXCL11 ↑ [32] Welsh JB et al., [32]

CXCL12 ↑ [34] Luo JH et al., [34]

Legend: ↑indicates increased expression.
↓indicates decreased expression.
p-value <0.05, 2-fold change.
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Background
Prostate cancer is among the most common and deadly
of cancers that afflict men in the United States, and is
second only to lung cancer with respect to cancer-related
death [1]. Organ-confined prostate cancer is readily cured
through radical prostatectomy and has a 5-year relative
survival rate of nearly 100% [1]. Notably, in the case of
metastatic prostate cancer, the survival rate is only ~29%
[1]. Given that current therapies are ineffective at curing
these more advanced cancers, it has become common to
treat patients at the organ-confined stage of disease. How-
ever, this results in the significant overtreatment of low-
risk, organ-confined prostate cancer, as the majority of the
early-stage tumors are indolent [2]. Identifying biomarkers
linked to the metastasis of prostate tumor cells will be
critical to distinguish tumors with a high risk of progres-
sion from those that are truly indolent.
Approximately 50% of organ-confined prostate cancers

harbor chromosomal rearrangements that lead to gene
fusions involving the transcription factor-encoding genes
of the ETS family (e.g., ERG, ETV1) [3]. This places
them under the control of androgen-regulated gene pro-
moters such as TMPRSS2, so that their expression is
upregulated in the presence of androgens [3]. In tumor
cells harboring PTEN loss-of-function mutations, andro-
gens acting through TMPRSS2-ETS gene fusions promote
prostate tumorigenesis by upregulating ETS-responsive
target genes that promote cell motility, cell prolifera-
tion, and androgen metabolism [4-7], thereby increasing
the metastatic potential of the cells [5,6]. Thus, the
products of such genes in low-grade, organ-confined
prostate cancers might represent novel biomarkers of
significant disease.
Transcriptional upregulation of the chemokine recep-

tor 4 gene (CXCR4) in organ-confined tumor cells that
overexpress the ETS-related gene ERG (i.e., TMPRSS2-
ERG fusion) increases the motility of prostate tumor
cells in vitro [8]. CXCR4 is a seven-transmembrane G
protein-coupled receptor involved in the development,
migration, and morphogenesis of cells in the hematopoietic,
cardiovascular, and central nervous systems [9-11]. It
plays an important role in the homing of hematopoietic
stem cells [12], particularly to bone marrow [13-15],
which is the most frequent site of metastasis for pros-
tate cancers [14].
CXCR4 forms a signaling axis with chemokine ligand

12 (CXCL12) and chemokine receptor 7 (CXCR7) [16].
CXCL12 binds both CXCR4 and CXCR7, inducing Gαi-
dependent signaling through CXCR4 and Gαi-independent
signaling through CXCR7 [17-19]. CXCL12 mediates the
homing of cells that express CXCR4 [13], and high levels
of CXCL12 are associated with the preferential metastasis
of prostate-cancer cells to the bone [14,20-24]. In vitro
studies have recently shown that androgens regulate the
expression of CXCR4 to increase the metastatic potential
of prostate-tumor cells [8,25].
Androgens stimulate CXCR4 expression through two

pathways: 1) in TMPRS22-ERG positive cells they pro-
mote the transcriptional actions of ERG [8], and 2) in
TMPRS22-ERG negative cells they work through the
transcription factor Krüppel-like factor 5 (KLF5) [25]. In
contrast, androgens influence expression of the CXCR7
mRNA in a manner dependent upon cell malignancy;
they promote CXCR7 expression in immortalized, non-
malignant human prostate epithelial cells (e.g., HPr-1AR)
[26], but repress it in neoplastic prostate epithelial cells
(e.g., LNCaP) [27,28]. Notably, in clinical prostate sam-
ples, androgenic control of the expression of CXCR4
and CXCR7 is regulated in reciprocal fashion. For ex-
ample, analysis of the Oncomine database showed that
expression of the CXCR4 mRNA in normal prostate epi-
thelial cells is lower than that in organ-confined neoplas-
tic counterparts (Table 1) [29,30]. This suggests that in
hormone-naïve patients with organ-confined prostate
tumors with presumably normal circulating levels of an-
drogens (e.g., ~10-34 nM testosterone) [31], expression
of the CXCR4 mRNA becomes de-repressed. Con-
versely, expression of the CXCR7 mRNA is reduced in
organ-confined prostate cancer cells relative to normal
prostate epithelial cells. This finding suggests that in pa-
tients with hormone-naïve, organ-confined prostate-cancer
cells, expression of the CXCR7 mRNA is repressed or
deactivated [32-35].
In summary, androgens appear to repress transcription

of the CXCR4 mRNA and to stimulate that of the CXCR7
mRNA in normal prostate epithelial cells, but to have the
opposite effect in the neoplastic prostate epithelial cells of
organ-confined cancers. In this study we detail how the
synthetic androgen R1881 regulates the CXCR4/CXCR7
axis to control CXCL12-mediated motility of LNCaP
prostate tumor cells. Physical and functional interac-
tions were detected between AR and CXCR7 in cells to
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demonstrate the biochemical integration of androgen
signaling and cellular motility machinery at the molecular
level in LNCaP prostate tumor cells. Furthermore, our
findings demonstrate that CXCR7 is a critical determinant
of motility in response to CXCL12, and that it acts by up-
regulating CXCR4 protein levels in these cells.
Methods
Reagents
The following reagents were purchased from the indicated
vendors: AR agonist R1881 (methyltrienolone) (Perkin
Elmer Life Sciences, Waltham, MA); CXCL11 (672-IT) and
CXCL12 (2716-SD) ligands (R&D Systems, Minneapolis,
MN); double-stranded experimentally validated siRNAs
for scrambled control (1027281), AR (SI02757258),
CXCR4 (SI02664235), CXCR7 (SI02660644) (Qiagen,
Valencia, CA), and CXCR7 (109229) (Life Technologies,
Chicago, IL); RNeasy Mini kit, RT2 qPCR primers for
AR (PPH01016A), CXCR7 (PPH01182F), CXCR4 (PPH0
0621A), PSA (PPH01002B), FASN (PPH01012B), NK
X3.1 (PPH02267C), TMPRSS2 (PPH02262C) (Qiagen);
Oligofectamine Transfection Reagent, 4%-12% SDS-
polyacrylamide gels, Superscript III enzyme, CyQUANT
Cell Proliferation Assay Kit (Life Technologies); iQ
SYBR-Green Supermix, Precision Plus Prestained Pro-
tein Standards, goat anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibody, goat anti-rabbit
HRP-conjugated secondary antibody (BioRad, Hercules,
CA); mouse monoclonal AR antibody (AR441), rabbit
polyclonal AR antibody (N-20), mouse monoclonal SBP
antibody (SB19-C4) (Santa Cruz Biotechnology, Santa
Cruz, CA); rabbit polyclonal CXCR7 antibodies (ab38089
[a.a. 1–100], and ab72100 [a.a. 106–117, QHNQWPM
GELTC]), rabbit polyclonal CXCR4 antibody (ab2074)
(Abcam, Cambridge, MA); rabbit polyclonal CXCR4 anti-
body (PAB9849) (Abnova, Taipei, Taiwan); mouse mono-
clonal GM130 antibody (BD Transduction Laboratories,
San Jose, CA); rabbit polyclonal PSA antibody (DAKO,
Carpinteria, CA); mouse monoclonal PSMA antibody
(Meridian Life Science Inc, Memphis, TN); rabbit poly-
clonal Histone H3 antibody, rabbit monoclonal GAPDH
antibody (14C10) (Cell Signaling Technology, Beverly,
MA); BCA Protein Assay Kit and ECL Western Blotting
Substrate Kit (ThermoFisher Scientific, Waltham, MA);
Hyperfilm ECL film (GE Healthcare, Piscataway, NJ);
fetal bovine serum, charcoal-stripped fetal bovine serum
(Hyclone Laboratories, Logan, UT); GeneRuler 1 kb DNA
Ladder (MBI Fermentas, Hanover, MD); Protein Deglyco-
sylation Mix (P6039S, New England BioLabs, Ipswich,
MA); Synthetic peptides to CXCR7 (a.a. 348–362, RVSET
EYSALEQSTK) and AR (a.a. 299–315, KSTEDTAEYS
PFKGGY) were synthesized by Alpha Diagonistics (San
Antonio, TX).
Generation of the polyclonal rabbit pAbCXCR7 antibody
to CXCR7
The pAbCXCR7 polyclonal antibody was generated, by
Alpha Diagnostics, against a synthetic peptide encoded
by NCBI’s original CXCR7 cDNA sequence, which con-
tained asparagine and alanine residues at amino acid
positions 360 and 361 (348-RVSETEYSALEQNAK-362).
Updated NCBI cDNA sequences for CXCR7 are poly-
morphic at codons S360N and T361A; therefore, the
original antibody was subjected to peptide affinity-
purification. A C-terminal polypeptide containing serine
and threonine residues at these respective positions was
used to enrich for antibodies that are cross-reactive to this
CXCR7 isoform (348-RVSETEYSALEQSTK-362) based
upon the peptide affinity antibody purification protocol
[36]. The 15 amino acid residues of human CXCR7 (348-
RVSETEYSALEQSTK-362) were subjected to a BLAST
analysis to the UniProt Human protein sequence database
to identify high scoring polypeptide matches. The affinity-
purified antibody (pAbCXCR7) was used throughout the
experiments described here.

Cell lines
LNCaP, 22Rv1, DU145, and PC3 cells were obtained
from the American Tissue Type Culture Collection. LNCaP
and 22Rv1 cells were grown in phenol red-deficient RPMI
1640 medium (Invitrogen) containing either 10% fetal
bovine serum (FBS) or 10% charcoal/dextran-treated (CS-
FBS). DU145 and PC3 cells were grown in phenol red-
deficient high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS. All cell lines were supple-
mented with penicillin/streptomycin/glutamine and main-
tained at 37°C and 5% CO2.
For the generation of the SBP and C7-SBP LNCaP cell

lines, the mammalian expression vector pCMV-SPORT6-
CXCR7 was used as a template for PCR-based amplifica-
tion of CXCR7, which was subcloned into the synthetic
pcDNA3-streptavidin binding peptide (SBP)-FLAG ex-
pression vector (Genscript, Piscataway, NJ). Amplification
of CXCR7 was carried out using the Advantage GC-2
polymerase (Clontech, Mountain View, CA), and the
cDNA was cloned in-frame into the C-terminus of the 5′
EcoRI and 3′ XhoI restriction sites of the pcDNA3-SBP-
FLAG vector. The SBP sequence used was 5′-ATGGAC
TACAAGGACGACGAC-3′. Oligonucleotide primers (In-
tegrated DNA Technologies, Coralville, IA) used for clon-
ing CXCR7-SBP were: the 5′ EcoRI primer, 5′-GAT
CGAATTCGCCACCATGGATCTGCATCTCTTCGACT
ACTCAGAGCCAGGGAAC-3′, and the 3′ XhoI primer,
5′-GATCCTCGAGTTTGGTGCTCTGCTCCAAGGCA
GAGTACTC-3′. Individual pcDNA3-SBP-FLAG and
pcDNA3-CXCR7-SBP-FLAG cDNAs were transfected
into LNCaP cells and stable clones were selected under
G418 selection.
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Competition experiments
All peptide/antibody blocking experiments were performed
by pre-incubating the pAbCXCR7 antibody with 10 μg of
AR (a.a. 299–315) or CXCR7 peptide (a.a. 348–362) for
1 hr at 37°C in Tris-buffered saline containing 0.1% Tween
20 (TBST) and 5% bovine serum albumin (BSA). These
antibody/peptide mixtures were used for western blot ana-
lyses as detailed in the immunoblotting section.

Western blot
Whole cell lysates (WCL) were derived from AD- and AS-
LNCaP cells solubilized in 0.3 ml of buffer A (50 mM
Tris–HCl, 150 mM NaCl, 5 mM EDTA, pH 7.4, 1% SDS)
and quantified via the BCA Assay. 4 μg of microsomal
protein were heated to 95°C for 5 mins and subjected to
western blot analysis.
For the western blot analysis of neoplastic epithelial

cell lines (Additional file 1: Figure S1.C), total proteins
were resolved into a 12% SDS polyacrylamide gel, and
the molecular weight marker used was different com-
pared to other western blot experiments.
For knockdown experiments, 96 hr siRNA-transfected

LNCaP cells were solubilized in 0.3 ml of buffer A and
heated to 95°C for 5 min. Total protein in each lysate
was quantified using the Pierce BCA Protein Assay Kit,
and 4 μg each were subjected to SDS-PAGE (4%-12%
gradient precast gels). Proteins were transferred onto a
PVDF membrane, incubated in TBST, and blocked with
5% nonfat milk (w/v) for 1 hr. Membranes were incu-
bated overnight at 4°C in TBST containing 5% BSA and
one of the following antibodies: 1:500 dilution of CXCR4
rabbit polyclonal antibody; 1:5000 dilution of rabbit
polyclonal CXCR7 antibody (pAbCXCR7); 1:1000 dilu-
tion of rabbit polyclonal AR (N-20) antibody; 1:250 dilu-
tion of mouse monoclonal AR (441) antibody; 1:1000
dilution of rabbit polyclonal PSA antibody; 1:000 dilu-
tion of mouse monoclonal H3 antibody; 1:1000 dilution
of mouse monoclonal GM130 antibody. Membranes
underwent three 5 min TBST washes before a 1 hour,
room temperature incubation with secondary antibody
(i.e., goat anti-mouse or goat anti-rabbit horseradish
peroxidase secondary) at a 1:10,000 dilution in TBST
containing 5% BSA. Three more 5 min TBST washes were
performed, and immunoreactive bands were developed
and visualized using ECL Western Blotting Substrate. The
blots were exposed to Hyperfilm ECL film for < 5 min.
4 μg of total protein lysates were resolved on SDS-PAGE
and total protein was visualized by silver staining.

qPCR analysis
Total RNA was extracted using the RNeasy Mini kit
following the manufacturer’s protocol. RNA (0.5 μg) was
converted to cDNA with Superscript III enzyme, and
qPCR was performed with iQ SYBR-Green Supermix
using AR, CXCR7, CXCR4, FASN, NKX3.1, TMPRSS2,
and PSA primers in a CFX Connect real-time PCR ther-
mocycler (BioRad).

Subcellular fractionation
Subcellular fractionation was carried out on LNCaP cells
grown in 10% FBS for 96 hr or 10% CS-FBS for 72 hrs
and then treated with either vehicle (ethanol, AD) or an-
drogen (1nM R1881, AS) for 24 hrs, using the Subcellu-
lar Protein Fractionation Kit for Cultured Cells (Thermo
Scientific), according to the manufacturer’s guidelines.
For acute CXCR7 ligand-treatment experiments, the

androgen-depleted LNCaP cells were treated with vehicle,
100 nM CXCL11, or 100 nM CXCL12 for 30 min, lysed,
and subjected to subcellular fractionation through differen-
tial centrifugation. Briefly, harvested cells were incubated
in hypotonic solution (10 mM Hepes, 1.5 mM MgCl2,
10 mM KCl, pH 7.9) for 10 min and passed through an 18-
gauge syringe 15 times. Nuclei were pelleted via centrifuga-
tion at 600 × g for 20 min at 4°C and then resuspended in
nuclear extraction buffer (20 mM Hepes, 600 mM KCl,
25% glycerol, 1.5 mM MgCl2, 0.2 mM ZnCl2, pH 7.9).
The supernatant was decanted and subjected to ultra-
centrifugation at 100,000 × g for 3 hrs at 4°C to separate
the membranes (i.e., crude microsomes) from the cytosol.

Structured illumination/ApoTome microscopy
AD- and AS-LNCaP cells were fixed and permeabilized
with freshly depolymerized 4% formaldehyde, 0.1% TX-
100, in PBS at 4°C for 30 min., washed, and blocked in
Blotto (3% nonfat dry milk powder, 0.1% TX-100 in TBS).
Cells were simultaneously stained with rabbit anti-CXCR7
polyclonal antibody and mouse anti-EEA1 monoclonal
antibody (BD Biosciences) for 1 hr at room temperature.
These were then stained with Alexa 488 conjugated goat
anti-rabbit IgG, Alexa 594 goat anti-mouse IgG, and DAPI
nuclear dye (Invitrogen) for 1 hr at room temperature.
Cells were mounted in Prolong Gold, and immunofluores-
cence was imaged on a Zeiss Axiovert 200 microscope
equipped with an Apotome structured illumination sys-
tem under a 63X/1.4 NA objective. Optical Z-sections
(24–32 Z-sections, 0.4 mm thick) were acquired from
each sample and a cross-sectional view was generated
using Axiovision software (in “Cut View” processing
mode). Reconstruction of the entire Z-stack from indi-
vidual optical sections was performed using Extended
Focus processing.

Immunofluorescence
For CXCL11 and CXCL12 ligand treatment experiments,
LNCaP cells depleted of androgen for 72 hrs were treated
with BSA (0.1%), CXCL11 (100 nM), or CXCL12 (100
nM) for 30 min. Media was removed, and cells were fixed
in DPBS containing 4% formaldehyde for 20 min at room
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temperature. After three washes with DBPS, cells were
blocked in Blotto and then processed for immunofluores-
cence imaging by staining the cells with CXCR7, CXCR4,
or AR antibodies. DNA was labeled with DAPI, F-actin
was labeled with Texas Red-X phalloidin, and samples
were labeled with Alexa Fluor 488 goat anti-rabbit or
Alexa Fluor 488 goat anti-mouse secondary antibodies.
For the semi-permeabilization of cells treated with dif-

ferent androgen doses, cells were fixed in DPBS con-
taining 4% formaldehyde and 4% methanol for 20 min
at room temperature. After three washes with DBPS,
cells were blocked in Blotto and then processed for im-
munofluorescence imaging by staining the cells with
CXCR7, CXCR4, or AR antibodies. DNA was labeled
with DAPI, F-actin was labeled with Texas Red-X phal-
loidin, and samples were labeled with Alexa Fluor 488
goat anti-rabbit or Alexa Fluor 488 goat anti-mouse sec-
ondary antibodies.

Transfection of siRNAs
LNCaP cells were seeded at 2,000 cells/cm2 in antibiotic-
deficient medium A for 24 hrs prior to transfection. Ex-
perimentally validated control, AR, CXCR7, and CXCR4
siRNAs were transfected into the cells for 72 hrs at a final
concentration of 100 nM using Oligofectamine Reagent
(Invitrogen) according to the manufacturer’s guidelines.
Light micrographs were taken using the VWR™ Vista-
Vision™ inverted microscope at 10× magnification.

Streptavidin affinity purification of SBP-tagged CXCR7
SBP and C7-SBP cells were each grown in one plate of
500 cm2 cell culture dish (Corning Inc., Corning, NY) to
80% confluency for 96 hr. Cells were collected with
DPBS, and subjected to hypotonic lysis for subcellular
fractionation. The collected cell pellets were resuspended
in 5 ml of hypotonic buffer (10 mM HEPES, 1.5 mM
MgCl2, 10 mM KCl, pH 7.9 with 10 mM DTTand 1× pro-
tease inhibitor cocktail [PIC]), and incubated on ice for
10 min. The cells were then subjected to nitrogen cavita-
tion at 100 psi for 5 min, and the nuclei were pelleted by
centrifugation at 10,000 × g for 20 min at 4°C. The
supernatant was then subjected to ultra-centrifugation
at 100,000 × g for 3 hr at 4°C, to separate the mem-
branes (crude microsome) from the cytosol. The mem-
brane proteins were extracted from the membrane
pellet using 1% digitonin in microsome buffer (20 mM
Tris, 150 mM NaCl, 0.1 mM CaCl2, 0.1 mM MnCl2,
pH 7.5 with 10 mM DTT and 1 × PIC) and rotated end-
over-end overnight at 4°C. Detergent-insoluble material
was removed by centrifugation at 100,000 × g for 3 hr at
4°C. The isolated membrane proteins were analyzed by
silver staining to determine protein concentration. 2 mg
of SBP and C7-SBP membrane proteins were incubated
with 50 μl of equilibrated Streptavidin Plus UltraLink
Resin (Thermo Scientific) beads and rotated end-over-
end overnight at 4°C. The flow-through was collected
and the beads were washed three times (200 μl/wash)
with microsome buffer containing 0.1% of digitonin,
10 mM DTT and 1 × PIC. The washes were pooled and
Streptavidin bound proteins were eluted with a total of
200 μl of 5 mM D-Biotin in microsome buffer.

Luciferase assay
LNCaP cells were seeded into Falcon (BD Biosciences)
48-well tissue culture dishes at a density of 30,000 cells/
cm2 and incubated for 24 hrs in phenol red-deficient
RPMI 1640 medium containing 10% CS-FBS. Cells in
each well were transfected, in triplicate, with Lipofecta-
mine 2000 (Invitrogen) and 335 ng of total plasmid DNA
as follows: pGL4.10-Luc2-probasin [10 ng], pRLSV40
Renilla [25 ng] [Promega], increasing amounts (30 ng,
100 ng, 300 ng) of mammalian expression vector, and
pcDNA3 (270 ng, 200 ng, 100 ng) to have a total of
335 ng of plasmid DNA. Vehicle (ethanol) or androgen (1
nM R1881) was added 24 hrs after transfection, and total
cell lysates were assessed for luciferase activity 24 hrs later
using the Dual-Luciferase Reporter (DLR) Assay System
(Promega) according to the manufacturer’s detailed proto-
col. Values for firefly and Renilla luciferase were deter-
mined using the Veritas microplate luminometer (Turner
Biosystems, Sunnyvale, CA). The means and standard de-
viations for all firefly luciferase values were calculated and
statistical significance (*p ≤ 0.05, n = 3) between control
and experimental transfected cells was determined with
Student’s t-test for the androgen-treatment group.
For siRNA knockdown luciferase assays, LNCaP cells

were seeded into Falcon (BD Biosciences) 48-well tissue
culture dishes at a density of 30,000 cells /cm2. After
24 hrs in phenol red-deficient RPMI 1640 growth medium
supplemented with 10% charcoal-stripped FBS, the cells
were transfected with Lipofectamine 2000. Transfections
were carried out in triplicate with pGL4.10-Luc2-probasin
(10 ng) and pRLSV40 Renilla (25 ng) for 48 hrs and then
treated with vehicle (ethanol) or androgen (1 nM R1881)
for 24 hrs. The means and standard deviations for all fire-
fly luciferase values were calculated, and the statistical sig-
nificance (*p ≤ 0.05, n = 3) was determined between cells
transfected with control or experimental siRNAs for each
treatment group using the Student’s t-test.
For siRNA knockdown luciferase experiments with

ligand treatment, either vehicle, 100 nM CXCL11, or
100 nM CXCL12 was added to the cells 48 hrs after
transfection for 30 mins, and vehicle (ethanol) or andro-
gen (1 nM R1881) was added for 12–18 hrs. Total cell
lysates were assessed for luciferase activity using the
Dual-Luciferase Reporter (DLR) Assay System (Promega)
according to the manufacturer’s protocol. The means and
standard deviations for all firefly luciferase values were
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calculated, and the statistical significance (*p ≤ 0.05, n = 3)
was determined between cells transfected with control
and experimental siRNAs for each treatment group using
the Student’s t-test.

Isolation of membrane and membrane-associated
glycoproteins
Crude microsomes derived from lysates of AD and AS (i.e.,
0.1 nM, 1.0 nM, and 10 nM R1881) LNCaP cells were solu-
bilized in 50 mM Tris–HCl, 150 mM NaCl, 0.1 mM CaCl2,
0.1 mM MnCl2, 1% Digitonin, pH 7.5, and quantified by
BCA assay. 10 mg of protein from each condition were
subjected to lectin-affinity chromatography, using wheat
germ agglutinin (WGA) beads to isolate N-linked glyco-
proteins and concanavalin A (ConA) beads for O-linked
glycoproteins. Glycoproteins were eluted with sugars
according to the manufacturer’s guidelines. Samples
were subjected to Western blot analysis as described
below with the CXCR4 (1:1000), pAbCXCR7 (1:5000),
PSA (1:1000) and PSMA (1:500) antibodies.

Boyden-chamber cell motility assay
Androgen treatment
LNCaP cells grown in phenol red-deficient RPMI 1640
medium containing 10% FBS for 72 hrs were dissoci-
ated using Accutase (Invitrogen) and counted with a
hemocytometer. 75,000 cells were seeded per well in
24-well plates with phenol red-deficient RPMI medium
containing 1% charcoal-stripped FBS. The top and bot-
tom of Biocoat control inserts (BD Biosciences, Palo
Alto, CA), an 8 μm membrane pore size, were coated
with 5 μg/ml of fibronectin in DPBS for 2 hrs at 37°C and
subsequently washed with 1 DPBS and dried at 25°C. Cells
were seeded into the top chamber, and the bottom cham-
ber was filled with phenol red-deficient RPMI medium
containing 1% charcoal-stripped FBS plus androgen (0,
0.1, 1, or 10 nM R1881). Migration was allowed to
proceed at 37°C under 5% CO2 for 18–24 hrs. The cells
were then fixed with −20°C methanol for 10 min at 25°C,
and inserts were stained with 0.5% crystal violet (Sigma)
in 25% methanol for 10 min at 25°C. Inserts were washed
with ddH2O for 5 mins at 25°C and visualized under a
light microscope to count cells. The means and stand-
ard deviations for counted cells were calculated, and
ANOVA was used to determine statistical significance
(*p ≤ 0.05, n = 3) between vehicle (ethanol) and androgen-
treated cells.

CXCL12 treatment
Cell migration assays were prepared exactly as described
for androgen treatment experiments, except cells were
treated with 0.1% BSA or CXCL12 at 0.3, 3, or 30 nM
in the presence of 1 nM R1881. The means and stand-
ard deviations for counted cells were calculated and
ANOVA was used to determine statistical significance
(*p ≤ 0.05, n = 3) between vehicle- (ethanol) and androgen-
treated cells.
siRNA experiments
LNCaP cells were plated at a density of 3,000 cells/cm2

on 6-well tissue culture plates and incubated for 24 hrs
at 37°C, in 2 ml of phenol red-deficient RPMI 1640
growth medium supplemented with 10% FBS. Cells were
then transfected with control, AR, CXCR7, or CXCR4
siRNA at a final concentration of 100nM using the Oligo-
fectamine Transfection Reagent according to the manufac-
turer’s guidelines. After 72 hrs, the cells were dissociated
using Accutase and seeded into the top chamber of an
insert as described above. The bottom chamber was
filled with phenol red-deficient RPMI medium with 1%
charcoal-stripped FBS containing 1 nM androgen (R1881)
and treated with 0.1% BSA, 0.003, 0.03, or 0.3 nM
CXCL12. Cell motility was measured and analyzed as de-
tailed above. The means and standard deviations were de-
termined, and ANOVA was used to determine statistical
significance (*p ≤ 0.05, n = 3) between control and experi-
mental transfected cells.
Results
Molecular characterization of a C-terminal polyclonal
antibody to CXCR7
Androgens are known to induce CXCR4-dependent cell
motility in prostate-cancer cells by upregulating CXCR4
[8,25]. CXCR7 is a key regulator of CXCR4-dependent
motility [17,18,37-39], and we have previously shown
that it is an androgen-sensitive microsomal protein in
the LNCaP prostate-cancer cell line [40]. Therefore, we
set out to examine how androgens regulate the subcellular
localization of CXCR7 and to determine the role of this
protein in CXCR4-mediated motility in prostate-cancer
cells. Commercial CXCR7 antibodies are available but have
not been subjected to careful molecular characterization in
prostate-cancer cells. Therefore, we developed a polyclonal
antibody (i.e., pAbCXCR7) against the CXCR7 C-terminus
(i.e., residues 348–362) to use in exploring, in depth, the
subcellular localization and expression of this protein in
prostate-cancer cells.
Initial western blot characterization of the pAbCXCR7

revealed two prominent immunoreactive CXCR7 bands
at approximately 40 kDa and 48 kDa (Figure 1A, left
panel, lane 1). More importantly, pAbCXCR7 immunore-
activity was specific for CXCR7, as immunoreactive bands
were competitively removed when pAbCXCR7 was pre-
incubated with the C-terminal CXCR7 peptide (i.e., amino
acids 348–362), but not with the non-competitive AR pep-
tide (i.e., amino acids 299–315) (Figure 1A, right panel
versus left panel).



Figure 1 CXCR7 expression in prostate-cancer cells. (A) Western blot of 1, 2, and 4 μg of LNCaP total lysate with pAbCXCR7 antibody in the
presence of the non-competitive AR peptide (a.a. 299–315, left panel) or the CXCR7 blocking peptide (a.a. 348–362, right panel) as detailed in
Materials and Methods section. The CXCR7 bands are indicated by arrowheads. (B) AR, CXCR7, CXCR4, and PSA gene expressions in LNCaP cells
transfected with AR, CXCR7, or scrambled control siRNA. RNA was isolated 72 hrs post-transfection and measured by qPCR. Student’s t-test was
used to calculate significant differences (*p≤ 0.05, n = 3) between control and experimental cells. (C) Western blot (left panel) of whole cell
lysates from LNCaP cells transfected with control or two experimentally-validated CXCR7 siRNAs (CXCR7 #1 or #2) for 72 hrs using antibodies to
pAbCXCR7 and GAPDH. Silver-stained gel demonstrated equal protein loading across samples (right panel). The densitometry values were labeled
below the blot and normalized to the control transfected cells loaded with the same amount of total proteins. (D) Light microscopy of LNCaP
cells transfected with control or CXCR7 siRNA for 72 hrs.
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To further demonstrate the specificity of pAbCXCR7
for the CXCR7 protein, LNCaP cells were transfected
with two experimentally validated siRNAs directed against
CXCR7. Western blot analysis showed a reduction in
CXCR7 protein that was concordant with the ~30% re-
duction in CXCR7 mRNA determined by qPCR in CXCR7
knockdown cells relative to control knockdown cells
(Figure 1B and C). Phenotypically, 72-hr CXCR7 knock-
down cells were noticeably more rounded-up and
loosely attached to the dish when compared to control
knockdown cells (Figure 1D). Despite repeated siRNA
experiments, a reduction in CXCR7 mRNA or protein
beyond ~30% was unattainable in siRNA-transfected
LNCaP cells. This outcome most likely reflects the find-
ing that CXCR7 expression is required for cell viability
in prostate-cancer cells [41]. Two independent, com-
mercially available rabbit polyclonal CXCR7 antibodies
(i.e., Ab72100 and Ab38089) also confirmed that CXCR7
protein was reduced in CXCR7 knockdown cells relative
to control cells (Additional file 1: Figure S1.A).
We further tested the specificity of the antibody by
assessing its ability to detect epitope-tagged CXCR7 het-
erologously expressed in LNCaP cells. Western blot
analyses were performed on two LNCaP-derived cell
lines. The first was the C7-SBP cell line, which stably ex-
presses a CXCR7 fusion protein that contains a C-terminal
Streptavidin Binding Peptide-Flag (CXCR7-SBP-Flag) epi-
tope (Additional file 1: Figure S1.B, lane 2) [42], and the
second derivative was the SBP cell line, which stably ex-
presses the C-terminal SBP-Flag epitope (Additional file 1:
Figure S1.B, lane 1). As predicted, pAbCXCR7 cross-
reacted with the endogenously expressed CXCR7 pro-
tein in both the SBP and C7-SBP cells (i.e., ~40 kDa
and ~48 kDa) (Additional file 1: Figure S1.B, left panel).
More importantly, the banding pattern for the CXCR7-
SBP-Flag fusion protein in the C7-SBP cells was nearly
identical between the pAbCXCR7 and anti-SBP antibodies
(Additional file 1: Figure S1.B, left panel-pAbCXCR7; right
panel-SBP). These findings showed that pAbCXCR7 rec-
ognized heterologously expressed, epitope-tagged CXCR7
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in LNCaP cells, and that pAbCXCR7 specifically recog-
nized the endogenous CXCR7 protein in these cells.
We also examined expression of the CXCR7 protein

in human epithelial cancers, since the transcripts are
expressed in human transformed cell lines [43]. Western
blot analysis showed the 40- and 48-kDa CXCR7 isoforms
were expressed in the panel of neoplastic human epithelial
cell lines (Additional file 1: Figure S1.C). This included the
human prostate-cancer cell lines LNCaP, 22Rv.1, DU145,
and PC3, the human breast cancer line MCF7, the human
cervical cancer line HeLa, and the human embryonic kid-
ney line HEK293 (Additional file 1: Figure S1.C). These re-
sults confirmed that CXCR7 protein is expressed in both
normal adult human tissues and cancerous human epithe-
lial cell lines, as reported previously [41,44,45].

Intracellular localization of CXCR7 in prostate-cancer cells
CXCR7 has been localized to the cell surface of neoplas-
tic prostate epithelial cells [41,46], but the intracellular
localization of endogenously expressed CXCR7 remains
poorly defined. We used indirect immunofluorescence
(IF) to characterize the intracellular localization of CXCR7
protein in both androgen-sensitive (i.e., LNCaP, 22Rv1)
and androgen-refractory (i.e., PC-3, DU145) human pros-
tate tumor cell lines. Chronic exposure of LNCaP cells to
synthetic androgen R1881 has been shown to reduce
CXCR7 levels in microsomes [40], and thus we wanted to
characterize the intracellular localization of CXCR7 in the
absence or presence of androgen. Western blot analysis
and IF analysis was performed on LNCaP cells grown in
normal, androgen-depleted (AD), or androgen-stimulated
(AS) growth medium (Figure 2). First, we assessed the in-
fluence of androgens on CXCR7 levels and/or subcellular
localization in LNCaP cells. A detergent-based kit was
used to generate cytosolic, membrane, nuclear, and chro-
matin protein extracts from normal, AD-, and AS-LNCaP
cells. The intensity of the ~48 kDa CXCR7 isoform was
increased in the cytosolic, nuclear, and chromatin frac-
tions from the AD-cells relative to AS and normal cells
(Figure 2A, compare lanes 1,3-4, 5, 7–8, 9, 11–12). Al-
though the ~40 kDa CXCR7 isoform was undetectable in
the cytosolic, membrane, and nuclear fractions, in the case
of the chromatin fraction a similar increase was observed
for the AD–LNCaP cells relative to the AS-LNCaP cells
and normal cells (Figure 2A, compare lanes 4, 8, and 12).
Interestingly, a novel immunoreactive ~44 kDa CXCR7
band was also observed in the membrane fractions of both
the AD- and AS-LNCaP cells (Figure 2A, lane 2, 6, and
10). This led us to verify the integrity of cytosolic, mem-
brane, nuclear, and chromatin-bound protein fractions
by subjecting all protein fractions to western blot ana-
lysis with the following compartment-specific markers:
heat shock protein 90 beta (Hsp90, cytosol), early endo-
some antigen 1 (EEA1, membrane), androgen receptor
(AR, nucleus), and histone H3 (H3, chromatin) (Figure 2A,
right panel). EEA1 was primarily present in the cytosolic
and membrane fractions, and histone H3 was restricted to
the chromatin-bound fractions (Figure 2A, right panel). In
mammalian systems, androgens promote the translocation
of AR and Hsp90 from the cytoplasm to the nucleus. As
predicted, in the cases of both the cytosolic and mem-
brane fractions, AR and Hsp90 levels were increased in
the AD-cells relative to AS-LNCaP cells (Figure 2A, com-
pare lanes 6–7, AD-LNCaP cells, to lanes 11–12, AS cells).
In contrast, in the nuclear fractions, AR levels were in-
creased in the AS cells relative to AD-cells (Figure 2A,
compare lanes 13, AS-LNCaP cells, to 7, AD-LNCaP cells).
In the context of androgen deprivation, Hsp90 levels
were restricted to the cytosolic fraction, whereas under
androgen stimulation, Hsp90 levels increased in the
membrane, nuclear, and chromatin-bound fractions
(Figure 2A, compare lanes 6–9 to lanes 11–14). Overall,
these results verified the compartment-specific protein
localization observed in the fractionated protein ex-
tracts, and thus, their utility for verifying the subcellular
compartmentalization of CXCR7 in LNCaP prostate-
cancer cells.
Next, optical sectioning was used in conjunction with

structured illumination microscopy to more precisely de-
lineate the intracellular expression of CXCR7 (Figure 2B).
We stained both AD- and AS- LNCaP cells for CXCR7
and EEA1, and applied DAPI. In both cell types, CXCR7
(green) was found throughout the cytoplasm in puncta
that are distinct from the early endosomes (red). Very lit-
tle plasma membrane-associated staining was observed
(lack of staining at the cell periphery) in individual optical
sections of the cells, cross sections of the cells, or recon-
structions of whole cells (Figure 2B). Notably, both AD-
and AS-LNCaP cells exhibited robust nuclear CXCR7
staining, but the cytoplasmic puncta were more intensely
stained in AD- vs. AS-LNCaP cells (Figure 2B). This was
consistent with previously published quantitative protein
profiling of microsomes in AD- and AS-LNCaP cells [40].
The CXCR7 staining in the cytoplasmic and nuclear com-
partments was specific, as pre-absorption of pAbCXCR7
with the C-terminal CXCR7 peptide eliminated intracellu-
lar CXCR7 staining (Figure 2B). These results showed that
CXCR7 is present in the cytoplasm and nucleus in both
AD- and AS-LNCaP prostate-cancer cells.
Further IF analyses in 22Rv1, PC-3, and DU145

prostate-cancer cells showed that CXCR7 was localized
to the membrane-cytoplasmic and nuclear compart-
ments (Additional file 1: Figure S1.D, I-I, II-I, and III-I),
whereas in DU145 prostate-cancer cells it was restricted
to the nuclear compartment (Additional file 1: Figure S1.D,
II-I). Importantly, staining was specific for CXCR7, as
CXCR7 immunoreactivity was abolished in LNCaP, 22Rv1,
DU145, and PC3 cells when pAbCXCR7 was pre-absorbed



Figure 2 CXCR7 subcellular localization in prostate-cancer cells. (A) Western blot of proteins from cytosolic, membrane, nuclear, and
chromatin fractions isolated from normal, AD-, and AS-LNCaP cells with antibodies to pAbCXCR7 (top left panel), Hsp90, EEA1, AR, or histone
H3 (right panels, with blank lanes in lanes 5 and 10). Silver-stained gel demonstrated equal protein loading across samples (bottom left panel).
(B) Upper panels: AD-LNCaP cells. Left panel: Image of a single optical section (section 17 out of 32), with “Cut View” analysis of the entire Z-stack
shown in margins. Green = CXCR7, Red = EEA1, Blue = DAPI. Right top panel: Reconstruction of entire Z-stack of sample shown in left. Scale
bar = 20 μm. Right bottom panel: Similar reconstruction of cells stained in the presence of competing peptide. Scale bar in lower right = 20 μm
and is for top and bottom right panels. Lower panels: Androgen stimulated LNCaP cells. Left panel: Image of a single optical section (section 12
out of 32), with “Cut View” analysis of the entire Z-stack shown in margins. Green = CXCR7, Red = EEA1, Blue = DAPI. Scale bar = 20 μm. Right top
panel: Reconstruction of entire Z-stack of sample shown in left. Right bottom panel: Similar reconstruction of cells stained in the presence of
competing peptide. Scale bar in lower right = 20 μm and is for top and bottom right panels.
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to the C-terminal CXCR7 peptide (Figure 2B, AD, AS
lower right panels, and Additional file 1: Figure S1.D, I-
III, II-III, and III-III). These results demonstrated that
intracellular CXCR7 is present in both the cytoplasm
and nucleus of human prostate-cancer cells.
CXCL11 and CXCL12 modulate the expression of CXCR7,
CXCR4, and AR in LNCaP cells
In prostate-cancer cells, androgens are known to stimu-
late expression of the CXCR4 mRNA and to repress that
of the CXCR7 mRNA [8,25,47]. Moreover, androgen-
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triggered motility of prostate-cancer cells depends on
signaling by the CXCL12/CXCR7/CXCR4 axis [8,25]. We
thus tested whether acute exposure to either CXCL11 or
CXCL12 affects the levels of CXCR7 or its intracellular
localization in AD-LNCaP cells. The cells were incubated
with bovine serum albumin (BSA) (control), CXCL11 (100
nM), or CXCL12 (100 nM) for 30 mins and processed for
IF analysis. CXCR7 expression (green), with respect to the
cytoplasm (F-actin as labeled with Texas Red-X Phalloidin)
and nucleus (DAPI), was then evaluated (Figure 3A).
CXCL11 treatment resulted in a low CXCR7 immunore-
activity in the cytoplasm and nucleus relative to that in
control (BSA-treated) cells (Figure 3A, compare II-I to I-I).
In contrast, acute treatment with CXCL12 led to an in-
crease in the CXCR7 signal in both the cytoplasmic and
nuclear compartments (Figure 3A, compare III-I to I-I and
II-I). Notably, CXCR7 staining was concentrated in the
cytoplasmic puncta of CXCL12-treated cells. This finding
suggests that CXCL12-mediated binding to the CXCR7
and/or CXCR4 receptors induces the formation of cyto-
plasmic puncta, possibly by mobilizing plasma membrane-
bound or intracellular CXCR7 (Figure 3A, III-I).
Figure 3 CXCR7 expression and localization are modulated by CXCL1
AD-LNCaP cells treated with vehicle (0.1% BSA), CXCL11 (100 nM), or CXCL1
Texas-red phalloidin, respectively. (B) Western blot of cytosolic, membrane,
described in (A) with pAbCXCR7 antibody. (C) Immunofluorescence stainin
of cytosolic, membrane, and nuclear protein fractions isolated from LNCaP
(E) AR, GM130, and histone H3. Silver staining demonstrates equivalent loa
BSA-treated samples for each subcellular compartment and labeled below
We extended the IF analysis to CXCR4 to determine
whether the effects of CXCL11 and CXCL12 were re-
stricted to CXCR7. Since CXCR4 and CXCR7 form het-
erodimers that promote cell migration in response to
CXCL12 stimulation [17,18,48,49], we assessed CXCR4
levels and compartmentalization after acute treatment
with CXCL12. Intracellular CXCR4 was detected using
the anti-CXCR4 antibody ab2074, which recognizes extra-
cellular N-terminal residues (1–14) of the human protein.
In control cells, intracellular CXCR4 staining was diffuse in
both the cytoplasm and the nucleus (Figure 3C, IV-I). Not-
ably, in CXCL11-treated cells, CXCR4 staining was lower
in both the cytoplasm and nucleus (Figure 3C, compare V-
I to IV-I), concordant with the reduction in intracellular
CXCR7 observed in CXCL11-treated cells (Figure 3A, II-I).
In CXCL12-treated cells, by contrast, CXCR4 staining
was increased in the cytoplasmic and nuclear compart-
ments (Figure 3C, compare VI-I to IV-I), concordant
with an increase in CXCR7 staining in CXCL12-treated
cells (Figure 3A, III-I). Analysis of the expression of F-actin
revealed that its levels were increased in CXCL12-treated
cells (Figure 3A, compare III-II to I-II; 3C, VI-II to IV-II,
1 and CXCL12. (A) Immunofluorescence staining of CXCR7 in
2 (100 nM) for 30 min. Nuclei and F-actin are labeled with DAPI and
and nuclear protein fractions isolated from LNCaP cells, cultured as
g of CXCR4 in AD-LNCaP cells as described in (A). (D-E) Western blot
cells, cultured as described in (A), with antibodies to (D) CXCR4, and
ding across samples. The densitometry values were normalized to
the blots.
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respectively) and decreased in CXCL11-treated cells
(Figure 3A, compare II-II to I-II; 3C, compare V-II to
IV-II). Thus, F-actin polymerization was differentially
regulated by CXCL12 and CXCL11 in AD-LNCaP cells.
The stimulation of F-actin polymerization in the context
of CXCL12 in these cells was reminiscent of that observed
during CXCL12-mediated cell motility of HCT116 colon-
carcinoma cells [50]. Together, these data showed that
acute stimulation by chemokines CXCL11 and CXCL12
changed the intracellular immunoreactivity of CXCR4 and
CXCR7 in AD-LNCaP prostate-cancer cells.
Next, we sought to establish whether the observed ef-

fects of chemokines on the intracellular localization of
CXCR4 and CXCR7 was a consequence of epitope mask-
ing or bona fide changes in either their abundance at the
protein level and/or their compartmentalization. To meas-
ure CXCR4 and CXCR7 levels across the intracellular
compartments, we performed western blot analysis on
cytosolic, membrane, and nuclear protein extracts from
AD-LNCaP cells exposed to CXCL11 and CXCL12
(Figure 3B and D). The 40- and 48-kDa CXCR7 iso-
forms were detected across the cytosolic, membrane,
and nuclear fractions (Figure 3B). Both CXCL11 and
CXCL12 reduced levels of the 48-kDa isoform in the
nuclear and membrane fractions and the levels of the
40-kDa isoform in the nuclear fraction (Figure 3B, com-
pare lanes 2, 3, 5, 6, 8 and 9). Similar to CXCR7, CXCR4
was detected across the cytosolic, membrane, and nu-
clear fractions of all experiment groups (Figure 3D).
However, CXCL11 treatments had minimal effects on
levels of the ~50 kDa CXCR4 receptor relative to those
in the BSA-treated cells (Figure 3D, compare lanes 1–6),
whereas CXCL12 increased CXCR4 levels in the mem-
brane and nuclear fractions (Figure 3D, compare lanes
2–3, and 8–9). Overall, these results show that under
conditions of androgen depletion, acute stimulation with
CXCL11 or CXCL12 leads to a reduction in the intracellu-
lar levels of CXCR7, while stimulation with CXCL12 in-
creases CXCR4 levels.
Chronic CXCL12 exposure has recently been shown to

promote androgen-independent but AR-dependent pro-
liferation by LNCaP cells [51]. Therefore, we assessed
whether CXCL11 or CXCL12 had any effect on the levels
or subcellular localization of AR. Western blot analysis
showed that AR levels increased in the cytosolic, mem-
brane, and nuclear fractions of CXCL11-treated cells rela-
tive to control cells (Figure 3E, first panel: compare lanes
1–6). In addition, CXCL12 treatment increased AR levels
in the cytosolic and membrane fractions but not the nu-
clear fractions (Figure 3E, first panel: compare lanes 1–3,
7–9). To ensure that acute exposure to CXCL11 and
CXCL12 had no effect on proteins that are unrelated to
chemokine-mediated signaling, we verified the integrity
of the cytosolic, membrane, and nuclear fractions. The
compartment-specific marker proteins selected were the
Golgi matrix protein of 130 kD (GM130) and the
chromatin-associated histone H3 (Figure 3E, second
panel: GM130; third panel: histone H3). Histone H3 was
predominantly in the nuclear fraction of BSA-treated
cells, however, exposure to both CXCL11 and CXCL12
increased histone H3 levels in the membrane fraction
and marginally decreased its levels in the nuclear frac-
tion (Figure 3E, third panel: compare lanes 2–3, 5–6,
and 8–9). Given these were crude protein extracts, we
suspect the residual histone staining was due to poten-
tial leakage or cross-contamination of the Histone H3
proteins into the crude membrane fraction. The purity
of the nuclear fraction was confirmed as GM130 was
predominantly localized to the membrane fraction, and
its levels were slightly increased in the membrane frac-
tions of both CXCL11- and CXCL12-treated cells relative
to control cells (Figure 3E, second panel: compare lanes 2,
5, and 8). Overall, these findings demonstrate that acute
stimulation by chemokines CXCL11 and CXCL12 influ-
ences intracellular protein metabolism and/or protein traf-
ficking in AD-LNCaP prostate-cancer cells.

Chemokines 11 and 12 modulate androgen-regulated
gene expression in LNCaP cells
The CXCL12/CXCR4 axis engages the AR signaling
pathway by promoting ligand-independent AR activity in
LNCaP cells [51]. We thus reasoned that the CXCL11/
CXCR7 axis may also engage the AR signaling pathway
in human prostate-cancer cells. Therefore, we examined
potential functional interactions between CXCR7 and AR
that could explain how AR levels and/or localization were
modulated by CXCL11 and CXCL12. First, we wanted to
determine if CXCR7 expression is required for the normal
transcriptional activity of AR in LNCaP cells. Western blot
analysis was carried out on extracts from cells transfected
with control, AR, and CXCR7 siRNAs, and the expression
of PSA, a model androgen-regulated gene that serves as a
surrogate marker of AR transcriptional activity in prostate-
cancer cells, was monitored [51,52]. The levels of CXCR7
and PSA were reduced in CXCR7 knockdown cells (50 nM
siRNA for 96 hrs) relative to control cells (Figure 4A,
second panel: compare lane 1 and 3, third panel: com-
pare lane 1 and 3), concordant with the expected reduc-
tion in PSA levels that was observed in AR knockdown
cells (Figure 4A, third panel: compare lane 1 and 2).
Thus, CXCR7 expression was required for normal AR
activity in LNCaP cells. Interestingly, CXCR7 levels
were reduced in AR knockdown cells (Figure 4A, sec-
ond panel: compare lane 1 and 2), and AR levels were
reduced in CXCR7 knockdown cells (Figure 4A, first
panel: compare lanes 1 and 3).
Having shown that CXCR7 is required for the normal

expression of AR and PSA in LNCaP cells, we sought to



Figure 4 CXCR7 functionally interacts and colocalizes with AR. (A) Western blot of LNCaP cells transfected with the indicated siRNA
combinations: control (50 nM), AR (50 nM), CXCR7 (50 nM), AR/control (25 nM/25 nM), CXCR7/control (25 nM/25 nM), or AR/CXCR7 (25 nM/25
nM) for 72 hrs. Western blot was performed using AR, CXCR7, and PSA antibodies. Silver staining demonstrates equivalent loading across the
samples. The densitometry values were normalized to control siRNA transfected cells and labeled below the blots. (B) Immunofluorescence
analysis of CXCR7 and AR in LNCaP cells under AR or CXCR7 knockdown conditions. Cells were transfected with control (I-I to I-III), AR (II-I to II-III),
or CXCR7 (III-I to III-III) siRNA, stained with antibodies against AR and CXCR7, and treated with DAPI.
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explore a genetic interaction between CXCR7 and AR in
the context of AR signaling [51]. CXCR7 and AR were co-
targeted for siRNA-mediated knockdown, and AR and
PSA expression was evaluated by western blot analysis
(Figure 4A, first and third panels: compare lanes 4–7). As
expected, AR and CXCR7 levels were reduced in cells co-
transfected with AR and control siRNAs (i.e., 25 nM/25
nM, 50 nM total) and CXCR7 and control siRNAs relative
to cells transfected with control siRNA only (Figure 4A,
first and second panels: compare lanes 4–6). Again, we de-
tected a co-dependence in expression between AR and
CXCR7; a small reduction in AR levels was observed in
CXCR7/control knockdown cells relative to control cells
(Figure 4A, first panel: compare lane 4 and 6), and a small
reduction in CXCR7 levels was detected in AR/control
knockdown relative to control cells (Figure 4A, second
panel: compare lane 4 and 5). More importantly, compari-
son of AR/CXCR7 knockdown to AR/control, CXCR7/
control, and control knockdown cells revealed an additive
reduction in AR and PSA levels (Figure 4A, first, and third
panels: compare lanes 4–7).
Next, we examined the colocalization of CXCR7 and

AR in LNCaP cells in normal growth medium, since
CXCR7 and AR were found in the same cellular fractions
(Figure 3B, 3E). IF staining of control siRNA-transfected
cells showed strong nuclear staining for both AR (red)
and CXCR7 (green), and this staining was not present in
cells transfected with AR- and CXCR7-targeted siRNAs
(Figure 4B, compare I-I to II-I and III-I, and I-II to II-II
and II-III). Overlay of the AR and CXCR7 channels for
control cells revealed a strong yellow staining pattern
(Figure 4B, I-III). In addition, overlay of the AR and
CXCR7 channels in cells transfected with either an AR
or CXCR7 siRNA showed a reduction in intensity of the
yellow staining pattern, supporting the notion that AR
and CXCR7 are co-localized in the nucleus. (Figure 4B,
compare I-III to II-III and III-III). Moreover, these results
were congruent with the western blot results (Figure 4A),
and suggest that CXCR7 and AR expression are co-
regulated in LNCaP cells.

Colocalization and physical interaction of AR and
CXCR7-SBP in LNCaP cells
These results prompted us to further explore the mo-
lecular relationship between AR and CXCR7 because an
additive interaction on AR, PSA, and CXCR7 expression
was observed in AR/CXCR7 double knockdown cells [52].
Therefore, we explored if AR and CXCR7 were further
co-localized beyond the nuclear compartment to include
the cytosol and membrane compartments in LNCaP cells.
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Thus, AR and CXCR7 were co-stained in the cytosolic
and membrane compartments of semi-permeabilized (i.e.,
4% formalin and 4% methanol) LNCaP cells in response
to different doses of androgen for 24 hrs. AR staining was
restricted to the cytosolic and membrane compartments
in AD-LNCaP cells treated with vehicle (ethanol), while
staining in the cytosolic and Golgi-like compartments
increased in a dose-dependent manner with androgen
(Figure 5A, I-I, II-I, III-I). However, AR staining was
nearly undetectable in the cytosolic and membrane
compartments and was restricted to the nuclear com-
partment at the highest dose of androgen (Figure 5A,
IV-I). Similarly to AR, androgen increased CXCR7 stain-
ing in the cytosolic and membrane compartments in a
dose-dependent manner until staining was completely
undetectable at the highest dose of androgen (Figure 5A,
I-II, II-II, III-II, and IV-II). More importantly, overlay of
the AR and CXCR7 channels showed they were co-
Figure 5 CXCR7 colocalizes and physically interacts with AR in LNCaP
and AR in semi-permeabilized AD-LNCaP cells treated with vehicle (0.1% BS
(B) Western blot analysis of crude cytosolic, membrane, and nuclear protei
peptide tag (SBP) or CXCR7 with a SBP-tag on the C-terminus (C7-SBP) usin
gel demonstrated equal protein loading across samples (bottom panel). (C
detergent-solubilized microsomal protein fraction of SBP or C7-SBP cells us
flow-through (void), and 5% (10 ul) of the biotin elution were loaded.
localized in the cytosolic and membrane compartments in
vehicle- and 0.1nM R1881-treated AD-LNCaP cells
(Figure 5A, I-III, II-III). These results demonstrate that
androgens had a dose-dependent effect on the co-
localization of AR and CXCR7 in LNCaP cells to suggest
a potential physical interaction between AR and CXCR7
in LNCaP cells.
Next, we wanted to determine if CXCR7 and AR phys-

ically interacted in LNCaP cells. We decided to test if
endogenous AR physically interacted with CXCR7-SBP
in C7-SBP cells because the SBP epitope provided a high-
affinity tag for the selective isolation of the CXCR7-SBP
protein using streptavidin-affinity chromatography [42].
Since a strong co-localization signal between AR and
CXCR7 was detected in the membrane fraction of
LNCaP cells (Figure 5A), we explored a physical inter-
action between CXCR7-SBP and AR in the detergent-
solubilized microsomal protein fraction of CXCR7-SBP
prostate-tumor cells. (A) Immunofluorescence staining of CXCR7
A), 0.1, 1, or 10 nM R1881 for 96 hrs. The nuclei are labeled with DAPI.
ns isolated from LNCaP cells stably expressing streptavidin binding
g antibodies to GM130 and Histone H3 (top panel). Silver-stained
) Western blot analysis of streptavidin affinity purified samples from
ing the SBP, and (D) AR antibody. Equal proportions (10 μl) of input,
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cells relative to SBP cells using streptavidin-affinity
chromatography (Figure 5C-5D). Western blot analysis
of crude cytosolic, membrane, and nuclear protein frac-
tions verified the compartmentalization of known subcel-
lular protein markers (Figure 5B, upper panel- membrane
marker GM130, middle panel- nuclear marker Histone
H3, lower panel silver-stained gel). As shown in Figure 5C,
SBP western blot analysis demonstrated the affinity-
purification and biotin elution of CXCR7-SBP from C7-
SBP cells relative to SBP cells (Figure 5C, compare lanes
5 and 6). More importantly, western bot analysis
showed AR was selectively enriched in the biotin-eluted
microsomal protein extracts derived from C7-SBP cells
relative to SBP cells (Figure 5D, compare lanes 5 and 6).
These biochemical results demonstrated the co-elution
of CXCR7-SBP and AR proteins to support a physical
interaction between CXCR7-SBP and AR in the mem-
brane fraction of C7-SBP cells.
Since a physical interaction between CXCR7-SBP and

AR was detected in the membrane fraction of C7-SBP
cells (Figure 5C and D), and CXCR7 expression was re-
quired for optimal AR and PSA expression (Figure 4A),
we assessed the effects of CXCR7 overexpression on AR-
mediated transcription in LNCaP cells. Endogenous AR
activity was measured in vehicle- and androgen-treated
AD-LNCaP cells co-transfected with the androgen-
responsive probasin-luciferase expression vector and in-
creasing amounts of the CXCR7-SBP expression vector
(30 ng, 100 ng, and 300 ng; Figure 6A) [53]. To compare
the effects of CXCR7 to that of a known co-regulator of
AR-mediated transcription, AD-LNCaP cells were co-
transfected with an expression vector encoding α-actinin-
4, a protein that enhances or represses AR activity when
expressed at low and high doses, respectively, in mamma-
lian cells (Figure 6A) [53]. CXCR7 had a dose-dependent
effect on AR-mediated transcription in CXCR7-transfected
cells (Figure 6A). The lowest dose of CXCR7 expression
vector enhanced AR activity relative to that in control sam-
ples, while higher doses progressively repressed AR activity
(Figure 6A). These results show that CXCR7 can co-
regulate AR-mediated transcription in LNCaP cells, thus
providing evidence of a functional relationship between
CXCR7 and AR in prostate-cancer cells.
This prompted us to further characterize crosstalk be-

tween CXCR7 and AR, testing whether pre-treatment of
AD-LNCaP cells with CXCL11 or CXCL12 could influ-
ence androgen-dependent gene transcription through
CXCR7 (Figure 6B). Endogenous AR activity was measured
48 hrs post-transfection in AD-LNCaP cells cotransfected
with the probasin-luciferase vector and control, CXCR7, or
AR siRNAs. The AD-LNCaP cells were treated with BSA
(100 nM, control), CXCL11 (100 nM), or CXCL12 (100
nM) for 30 mins, and then challenged with androgen (i.e.,
1 nM R1881) for 24 hrs. We found that both CXCL11 and
CXCL12 antagonized AR activity in control knockdown
cells, demonstrating that both chemokines attenuated
androgen-induced AR transcriptional activity (Figure 6B).
Moreover, CXCR7 expression was required for optimal AR
transcriptional activity; luciferase activity was noticeably
reduced in CXCR7 knockdown versus control cells
(Figure 6B). Since CXCL11 and CXCL12 both engage
CXCR7, these results suggest that CXCR7 expression is
required for CXCL11- and CXCL12-mediated antagon-
ism of AR activity in LNCaP cells.
We extended these findings by exploring whether

CXCL11 and CXCL12 could modulate the expression of
endogenous androgen-regulated genes (ARGs) in LNCaP
cells [54]. The target ARGs included AR, fatty acid
synthase (FASN), NK3 homeobox 1 (NKX3.1), prostate-
specific antigen (PSA), and transmembrane protease
serine 2 (TMPRSS2) (Figure 6C). qPCR analysis was per-
formed on 48 hr AD-LNCaP cells that were pre-treated
with BSA (0.1%, control), CXCL11 (100 nM), or CXCL12
(100 nM) for 30 mins, and subsequently challenged with
vehicle (ethanol) or androgen (1 nM R1881) for 24 hrs.
CXCL11 antagonized the expression of all ARGs in the
androgen-treated cells, whereas CXCL12 antagonized the
expression of only FASN and TMPRSS2 in this context
(Figure 6C). These results demonstrate that the CXCL11
and CXCL12 signaling pathways intersect with the AR-
regulated gene expression program in LNCaP cells.

Androgens regulate CXCR4 and CXCR7 expression and
potential glycosylation linked to cell motility in LNCaP cells
CXCR7 regulates CXCL12/CXCR4-mediated cell motility
by scavenging CXCL12, both during normal processes
(e.g., development) and in the diseased state (e.g., cancer).
CXCR7 can act in a cell-autonomous manner in cells that
co-express CXCR4, or in trans when CXCR4 expression is
restricted to adjacent cells [37]. We wanted to determine
if CXCR7 is a critical determinant of androgen-mediated
cell motility in LNCaP cells, since androgens stimulate cell
motility through KLF5-mediated upregulation of CXCR4
transcription [25]. First, we wanted to determine if there is
an androgen concentration that stimulates maximal cell
motility in LNCaP cells. A bare filter cell migration assay
was performed on LNCaP cells treated with vehicle (etha-
nol) or androgen at various concentrations (i.e., 0.1 nM, 1
nM, and 10 nM R1881). Increasing concentrations of an-
drogen produced a biphasic cell motility response in
LNCaP cells, and the maximum response was observed at
1 nM R1881 (Figure 7A). This increase in cell motility was
not due to an increase in cell proliferation (Additional
file 2: Figure S2.B). These findings demonstrate that the
androgen-mediated cell motility of LNCaP prostate-
cancer cells is dose-dependent.
Since androgens promote cell motility through the up-

regulation of CXCR4 in LNCaP cells [8,25], we wanted



Figure 6 CXCR7 modulates AR transcriptional activity. (A) Luciferase assay testing the effects of CXCR7 overexpression on the AR-target
promoter probasin in LNCaP cells. LNCaP cells were co-transfected with the pGL4.10-Luc2-probasin and pRLSV40 Renilla vectors along with
increasing amounts (30 ng experimental + 270 ng pcDNA3, 100 ng experimental + 200 ng pcDNA3, 300 ng experimental + 0 ng pcDNA3) of
CXCR7 or ACTN4 cDNA mammalian expression vectors. The maximal amount (300 ng) of the pcDNA3 mammalian expression vector served as
the positive control. Cells were subsequently treated with androgen (1 nM R1881) or vehicle (ethanol) and tested for dual luciferase activity.
Student’s t-test was used to calculate significant differences (*p≤ 0.05, n = 3) between control and experimental cells within the androgen-treatment
group. (B) Luciferase assay testing the effects of CXCR7 siRNA knockdown and treatment with CXCR7 ligand on the AR-target promoter probasin.
LNCaP cells were co-transfected with the pGL4.10-Luc2-probasin and pRLSV40-renilla vectors, along with control or experimental siRNAs (50 nM). Next,
cells were pre-treated with indicated ligands (BSA, CXCL11, or CXCL12) for 30 min. Cells were then subsequently treated with androgen (1 nM R1881)
or vehicle (ethanol) for 18 hrs and tested for dual luciferase activity. Student’s t-test was used to calculate significant differences (*p ≤ 0.05,
n = 3) between control cells and experimental cells within the androgen-treatment group. (C) RNA isolated from LNCaP cells treated with
vehicle (0.1% BSA), CXCL11 (10 nM), or CXCL12 (10 nM) for 30 min and subsequently treated with vehicle or androgen (1 nM R1881) for 18 hrs
were subjected to qPCR analysis for AR, FASN, NKX3.1, PSA, and TMPRSS2 gene expressions. Student’s t-test was used to calculate significant
differences (*p ≤ 0.05, n = 3) between control and chemokine ligand-treated cells.
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Figure 7 CXCR7 modulates androgen-mediated cell motility through CXCR4. (A) Transwell assay assessing the effects of androgens on
LNCaP migration. ANOVA was used to determine significant differences between vehicle (ethanol) and androgen (R1881) treated cells (*p≤ 0.05,
n = 3). (B-D) Western blot analysis of LNCaP membrane glycoproteins enriched from cells grown in androgen-depleted medium for 72 hrs and
treated with 0, 0.1, 1, or 10 nM R1881 for 24 hrs with antibodies to (B) PSA, PSMA, (C) CXCR7, and (D) CXCR4. Red asterisks = putative glycosylated
CXCR4 and CXCR7 isoforms. The densitometry values were normalized to vehicle-treated lysates and labeled below the blots. (E) Silver staining
demonstrates equivalent loading across the samples. (F) Immunofluorescence staining of CXCR4 and CXCR7 in semi-permeabilized AD-LNCaP
cells treated with 0, 0.1, 1, or 10 nM R1881. The nuclei are labeled with DAPI.
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to examine how different doses of androgens influence
the expression of CXCR4 and CXCR7 in the context of
androgen-mediated cell motility. To isolate mature re-
ceptors capable of binding soluble CXCL12 ligand at the
plasma membrane, we implemented a purification strat-
egy that enabled us to isolate glycosylated isoforms of
CXCR4 and CXCR7. Detergent solubilized microsomal
protein extracts from 72 hr AD-LNCaP cells challenged
with vehicle (ethanol), 0.1 nM, 1 nM, or 10 nM R1881
for 24 hrs were subjected to lectin affinity chromatography
(i.e., wheat-germ agglutinin (WGA) and concanavalin A
(ConA)) and selectively eluted with N-acetylglucosamine
and mannose sugars to isolate N-linked and O-linked
membrane and membrane-associated glycoproteins. To
validate the enrichment of known androgen-regulated
membrane and membrane-associated glycoproteins, west-
ern blot analysis of LNCaP lysates was performed for ex-
pression of the model androgen-regulated glycoproteins
PSMA and PSA (Figure 7B). Consistent with the known
repression of PSMA expression by androgens [54], a dose-
dependent decrease in glycosylated PSMA was observed
with higher doses of androgen (Figure 7B). PSA expres-
sion, in contrast, is stimulated by androgens [55,56], and
as expected, a dose-dependent increase in glycosylated
PSA was observed up to the 1 nM dose of androgen, al-
though a reduction was detected in cells treated with 10
nM androgen (Figure 7B). We extended the western blot
analysis to CXCR7 and CXCR4. Even though the 40- and
48-kDa CXCR7 isoforms were present at each dose of an-
drogen (Figure 7C), a larger molecular weight (putatively
glycosylated) isoform of CXCR7 at ~60 kDa was detected
predominantly in the 0.1 nM R1881-treated sample
(Figure 7C). Similarly to CXCR7, the predicted ~50-kDa
CXCR4 isoform was present at each dose of androgen
(Figure 7D). However, several higher molecular-weight
immunoreactive CXCR4 isoforms were also detected in
the 1 nM R1881-treated sample, suggesting that these
are glycosylated isoforms of CXCR4 (i.e., ~60-, 75-kDa)
(Figure 7D, lane 3). These findings validate the dose-
dependent effects that androgens have on the glycosylation
of androgen-regulated proteins in LNCaP prostate-cancer
cells. Moreover, these results also suggest that CXCR4
and CXCR7 are potential androgen-regulated glycopro-
teins in LNCaP prostate-cancer cells.
Next, we wanted to examine, in greater detail, the
dose-dependent effects of androgens on the expression
of cell surface- or membrane-localized CXCR4 and CXCR7
proteins in LNCaP cells. IF analysis of CXCR4 and CXCR7
was performed on 72 hrAD-LNCaP cells subjected to con-
trol treatment (ethanol) or exposed to various doses of an-
drogens (i.e., 0.1, 1, 10 nM R1881) for 24 hrs (Figure 7F).
To minimize nuclear staining of CXCR4 and CXCR7, cells
were semi-permeabilized to better evaluate CXCR4 and
CXCR7 staining at the plasma membrane, membrane-
associated structures, and cytosolic compartments in
both AD- and AS-LNCaP cells. CXCR4 protein was
faintly detectable along the plasma membrane and punc-
tate intracellular structures in vehicle and androgen-
treated AD-LNCaP cells (Figure 7F, I-I, II-I, III-I, IV-I),
while CXCR7 exhibited strong perinuclear staining
(Figure 7F, I-II, II-II, III-II, IV-II). CXCR4 staining
increased at the plasma membrane and perinuclear
compartment at concentrations of up to the 1.0 nM an-
drogen, but was undetectable at the 10 nM concentra-
tion (Figure 7F, IV-I). The intracellular and perinuclear
staining of CXCR7 were visibly increased at 0.1 nM an-
drogen but noticeably reduced at the higher doses (1
and 10 nM R1881; Figure 7F, III-II and IV-II). More im-
portantly, an overlapping staining pattern for CXCR4
and CXCR7 was detected in the perinuclear compartment,
and this co-localization was maximal at 1 nM androgen
(Figure 7F, III-III). Interestingly, this dose of androgen
triggers maximal androgen-mediated cell motility re-
sponse in LNCaP cells to support current models that
cellular motility is regulated through functional CXCR4/
CXCR7 heterodimers (Figure 7A) [37,49]. Thus, andro-
gens have dose-dependent effects on the intracellular
localization and co-localization of CXCR4 and CXCR7
proteins in LNCaP prostate-cancer cells.

CXCR7 regulates the androgen-mediated motility in
LNCaP cells
Given that CXCL12 can stimulate or repress cell motility
in a dose-dependent manner in monocytic leukemia and
colon cancer cell lines [18,50], we wanted to determine
the CXCL12 concentration that is optimal for stimulating
CXCR4-mediated motility in LNCaP cells. All CXCL12-
dependent cell motility assays were performed in the
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presence of 1 nM androgen, the dose that promoted max-
imal motility (Figure 7A). A bare filter cell migration assay
was performed on LNCaP cells treated with control (0.1%
BSA) or various concentrations of CXCL12 (i.e., 0.3 nM, 3
nM, and 30 nM) (Figure 8A). As shown in Figure 8A,
CXCL12 induced a biphasic cell motility response in
LNCaP cells, with maximum cell motility observed at 0.3
nM CXCL12. Moreover, the increase in cell motility was
not due to an increase in cell proliferation under the con-
ditions of the cell motility assay (Additional file 2: Figure
S2.C). These results demonstrate that CXCL12 mediates a
dose-dependent cell motility response in LNCaP cells.
Previous studies have shown that a reduction in CXCR7

expression enhances chemotaxis in response to low levels
of CXCL12 in human T-cells, yet in the migrating neurons
of mice, Cxcr7 prevents Cxcl12-mediated desensitization
of Cxcr4 due to stabilization of Cxcr4 protein [55,56].
Therefore, we wanted to determine if the expression of
CXCR4 or CXCR7 had any influence on the biphasic
CXCL12-mediated cell motility response in LNCaP cells.
Migration assays were performed on LNCaP cells trans-
fected with control, CXCR4, or CXCR7 siRNAs and
treated with control (0.1%BSA) or various concentrations
Figure 8 CXCR7 knockdown leads to a reduction in CXCR4 protein lev
CXCL12 on LNCaP migration. ANOVA was used to determine significant diff
(*p≤ 0.05, n = 3). (B) Transwell assay assessing the effects of CXCR4 and CX
cells transfected with 100 nM scrambled control, CXCR4, or CXCR7 siRNAs
contained medium with 1% CS serum with 1 nM R1881 and CXCL12 at 0, 0
siRNA transfected, vehicle-treated cells. ANOVA was used to determine sign
cells. (C-E) Western blots to test the effects of CXCR7 and CXCR4 knockdow
CXCR7 or CXCR4 siRNA for 72 hrs and probed with antibodies against (C) C
normalized to control siRNA transfected cells and labeled below the blots.
of CXCL12 (0.003 nM, 0.03 nM, and 0.3 nM) (Figure 8B).
As shown in Figure 8B, the maximal motility response in
control cells was observed at 0.3 nM CXCL12, whereas
maximal motility in the CXCR7 knockdown cells was ob-
served at 0.03 nM CXCL12. This result showed that the
maximum response was shifted to a 10-fold lower concen-
tration in the CXCR7 knockdown cells (Figure 8B). In
contrast, the cell motility response was severely blunted in
CXCR4 knockdown cells (Figure 8B), highlighting the
functional significance of CXCR4 signaling in CXCL12-
mediated chemotaxis.
Next, we examined co-dependent gene expression re-

lationships between CXCR7 and CXCR4, since in breast
cancer cells CXCR7 is known to regulate CXCL12-
mediated cell motility by modulating CXCR4 expression
[37]. Whole-cell lysates isolated from LNCaP cells trans-
fected with control, CXCR7, or CXCR4 siRNAs for 96 hrs
were subjected to western blot analysis to quantify CXCR7
and CXCR4 levels (Figure 8C and D). Higher levels of
CXCR7 were detected in CXCR4 knockdown cells relative
to controls (Figure 8C, compare lane 3 to lane 1), suggest-
ing that CXCR4 expression attenuated CXCR7 levels in
LNCaP cells. In contrast, lower levels of CXCR4 were
els in LNCaP cells. (A) Transwell assay assessing the effects of
erences between vehicle (0.1% BSA) and CXCL12-treated cells
CR7 knockdown on CXCL12-induced LNCaP cell migration. LNCaP
were seeded to the top chamber of the insert. The bottom chamber
.003, 0.03, or 0.3 nM concentrations. Data was normalized to control
ificant differences (*p≤ 0.05, n = 3) between control and experimental
n on AR signaling in LNCaP cells. Cells were transfected with control,
XCR7, (D) CXCR4, (E) AR, and PSA. The densitometry values were
(F) Silver staining demonstrates equivalent loading across the samples.
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detected in CXCR7 and CXCR4 knockdown relative to
control cells. (Figure 8D, compare lane 2 and 3 to lane 1).
Moreover, AR and PSA levels were reduced in CXCR7
knockdown relative to control cells (Figure 8E, compare
lane 2 to lane 1) but were relatively unchanged in CXCR4
knockdown cells (Figure 8E, compare lane 3 to lane 1).
Overall, these results show that homeostatic levels of
CXCR4 protein require CXCR7 expression, and that
CXCR4 expression is required for CXCL12-mediated
motility in LNCaP prostate-cancer cells.

Discussion
Androgens have been shown to increase the metastatic
potential of prostate tumor cells by upregulating the
expression of CXCR4 [8,25]. In cells positive for the
TMPRS22-ERG gene fusion, androgens promote CXCR4
expression through the transcriptional actions of the onco-
genic ETS-family transcription factor ERG; in TMPRS22-
ERG negative cells, it occurs through the transcriptional
upregulation of the KLF5 transcription factor [25]. In the
context of human prostate cancer development, CXCR4
expression is higher in localized prostate-cancer cells
than in the surrounding normal tissue (Table 1). This
suggests that CXCR4 expression is antagonized under
homeostatic conditions and in the presence of circulat-
ing androgens, but that this suppression is relieved in
hormone-naïve organ-confined prostate tumor cells.
CXCR7 expression, on the other hand, is lower in local-
ized prostate cancers than normal prostate tissue, suggest-
ing that homeostatic, physiological levels of androgens
enhance CXCR7 expression (Table 1). Overall, gene ex-
pression analyses of clinical samples show that androgenic
control of the CXCR4/CXCR7 axis becomes corrupted
when normal prostate epithelial cells are transformed into
organ-confined prostate-cancer cells [32-35]. This cor-
rupted signaling continues in sex-steroid-responsive pros-
tate and breast tumor-cell lines [29,30]. In established
cellular models of human prostate and breast cancer, an-
drogens and estrogens engage the CXCR4/CXCR7 axis by
stimulating or inhibiting CXCR4 and CXCR7 expression,
respectively [25,57,58]. In this study we showed that the
synthetic androgen R1881 reciprocally regulates CXCR4
and CXCR7 expression at the protein level in androgen-
sensitive human LNCaP prostate tumor cells. In these
cells, the in vitro cell-motility response to androgen was
dose-dependent and biphasic, with maximal motility
observed at physiological levels of androgen (e.g., 1 nM
R1881) (Figure 7A). Previous studies had shown that the
proliferation of hormone-sensitive prostate tumor cells
(e.g., LNCaP cells) is biphasic and dependent on the
dose of androgen, and maximal proliferation occurs at
physiological concentrations (i.e., 1 nM R1881) [59-61].
Notably, we found that a supraphysiologic concentra-
tion of androgen (i.e., 10 nM R1881) antagonized the
motility of LNCaP cells; this same treatment is also
known to antagonize their proliferation in vitro [59-61].
It will be interesting to explore if supraphysiologic levels
of androgen antagonize cell motility and proliferation
in vivo, since these cellular processes are determinants of
the tumorigenic potential of human prostate-cancer cells.
We have also provided indirect biochemical evidence

that membrane-localized CXCR4 and CXCR7 are po-
tentially glycosylated (e.g., changes in N- and O-linked
glycosylation) in response to androgens in LNCaP cells
(Figure 7B). Although CXCR4 is known to harbor N-
linked glycans [62], future experiments will be required
to unequivocally determine if CXCR7 is also N-linked
glycosylated in prostate-cancer cells. Androgens may
also induce other post-translational modifications on
CXCR4 and CXCR7 (e.g., ubiquitination or phosphoryl-
ation) [63,64]. Androgens are known to increase the cell
surface expression of CXCR4 in LNCaP cells [25], and
our data extend these findings to show that androgens
also influence the intracellular expression and colocali-
zation of CXCR4 and CXCR7 in LNCaP cells (Figure 7F).
The optimal dose of synthetic androgen with respect to
promoting androgen-mediated motility correlated with
the maximal intracellular co-localization of CXCR4 and
CXCR7 in LNCaP cells (Figure 7A and F). These results
suggest that androgen-mediated cell motility occurs in
response to physical interactions between CXCR4 and
CXCR7 in LNCaP cells. Additionally, CXCR7 knock-
down attenuated the motility of LNCaP cells in response
to CXCL12 (Figure 8B), a result consistent with a previ-
ous demonstration that the dose–response curve to
CXCL12 shifted downward in CXCR7 knockdown cells,
allowing T-cell chemotaxis at lower CXCL2 concentra-
tions [18]. Recent mouse studies have shown that CXCR7
prevented CXCL12-mediated desensitization of CXCR4 in
migrating interneurons [55]. The mechanisms by which
CXCR7 does so remain an active topic of investigation.
Multiple studies suggest that it either acts as a scavenger,
sequestering CXCL12, or attenuates CXCR4 signaling by
forming CXCR7/CXCR4 heterodimers that influence
CXCR4 stability and degradation, possibly through interac-
tions with β-arrestin2 [17,18,49,65,66]. Both models could
explain why CXCL12-mediated cell motility was extin-
guished in CXCR7 knockdown cells at lower concentra-
tions of CXCL12 (Figure 8B).
CXCR7 expression was also required for CXCR4

homeostasis in LNCaP prostate-cancer cells, as CXCR4
protein levels were substantially reduced in the context
of CXCR7 knockdown (Figure 8D) [55]. CXCR7 levels
were increased in CXCR4 knockdown cells, demonstrat-
ing that CXCR4 antagonizes CXCR7 protein levels in
LNCaP cells (Figure 8C). Thus, CXCR7 and CXCR4 are
reciprocally regulated in LNCaP cells, with CXCR7 pro-
moting CXCR4 expression, but CXCR4 antagonizing
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CXCR7 expression. To the exclusion of transcription-
based mechanisms for regulating CXCR7 expression by
CXCR4, other mechanisms including protein degrad-
ation may also contribute to CXCR4-based antagonism
of CXCR7 expression. More importantly, an increase in
CXCL12-mediated motility was not observed in CXCR4
knockdown cells despite an increase in CXCR7 protein
(Figure 8B and C). These results provide further support
for the idea that CXCL12-mediated cell motility is
CXCR4-dependent in LNCaP cells, and that CXCR7
expression alone is insufficient to explain CXCL12-
mediated cellular motility. Additionally, our data in
LNCaP cells support the current cellular model where
the primary role of CXCR7 during CXCL12-mediated
cell motility is to prevent CXCR4 desensitization by scav-
enging CXCL12 [17,37,55]. A recent study also showed
that CXCR7-positive tumor cells promoted the metastasis
of CXCR4-positive breast tumor cells [37]. Metastasis did
not require cell-autonomous co-expression of both re-
ceptors; instead, the co-implantation of CXCR7- and
CXCR4-positive tumor cells was sufficient to promote
the metastasis of the latter, and this involved scavenging
of extracellular CXCL12 [37]. Moreover, our study shows
that CXCR7 regulates CXCR4 levels and is required for op-
timal CXCL12-dependent motility at the 0.3 nM concen-
tration of CXCL12 (Figure 8B and D). Overall, our findings
are consistent with CXCR7 modulating CXCL12-mediated
motility by regulating CXCR4 expression [17,37,55,56].
An unexpected finding of our study was that CXCR7

was present in the nucleus, in both androgen-sensitive
(i.e., LNCaP, 22Rv1) and androgen refractory (i.e., PC-3,
DU145) human prostate-tumor cells (Figure 2B, and
Additional file 1: Figure S1.D). A growing number of
studies have reported the nuclear localization of classical
GPCRs in human cell lines and tissues (e.g., gonadotropin
releasing hormone receptor-GnRH-R, beta-adrenergic
receptors-β1ARs and β3ARs) [67-69]. Notably, CXCR4
was shown to undergo transportin 1-dependent nuclear
localization in cancerous prostate tissues and estab-
lished, metastatic prostate-cancer cell lines [70]. More-
over, CXCR4 isolated from the nuclei of PC-3 cells was
capable of mediating G-protein signaling in response to
CXCL12 [70]. We carried out a bioinformatics analysis
of the primary sequence of CXCR4, using PSORT II,
and uncovered a putative nuclear localization sequence
(NLS) (e.g., RPRK) that contributed to CXCR4 nuclear
localization. However, this NLS does not fall within the
primary sequence of CXCR7 (Additional file 3: Table
S1), suggesting that the nuclear localization may involve
a transportin 1-independent mechanism(s). For example,
CXCR7 might gain access to the nucleus through the nu-
cleoplasmic reticulum, which brings the endoplasmic
reticulum and chromatin into close proximity and can
influence nuclear calcium signaling [71-73]. A model for
how a hydrophobic 7-transmembrane receptor such as
CXCR7 might traffic to the nucleus to modulate gene
transcription is shown in Figure 9B. Future studies are
warranted to test the validity of such mechanisms in
prostate-cancer cells and to determine whether these
are features that are restricted to neoplastic prostate
epithelial cells.
Unexpectedly, we observed a physical interaction be-

tween CXCR7-SBP and AR in C7-SBP cells, and func-
tional interactions between CXCR7 and AR in LNCaP
prostate-cancer cells (Figures 4, 5, and 6). Based upon
the co-localization of AR and CXCR7 proteins it is highly
likely AR, CXCR7, and β-arrestin 2 form a ternary complex
since β-arrestin 2 has been shown to bind both AR and
CXCR7 in prostate-cancer cells [19,46,74,75]. Further
biochemical experiments will delineate whether AR and
CXCR7 interact directly or indirectly in prostate-cancer
cells. AR-mediated transcription was modulated by changes
in CXCR7 expression, demonstrating crosstalk between the
CXCR7 and AR signaling pathways (Figure 6). Most inter-
estingly, CXCR7/AR knockdown had an addictive effect
on AR, CXCR7 and PSA levels (Figure 4A). This additive
interaction suggests that AR and CXCR7 act on separate
unrelated processes to reciprocally regulate their protein
expression in LNCaP prostate-cancer cells [76]. Given the
increased expression of the AR mRNA in CXCR7 knock-
down cells (Figure 1B), CXCR7 most likely modulates AR
protein levels through post-transcriptional mechanisms in
LNCaP cells (Figure 9A). Conversely, CXCR7 protein
levels are likely modulated post-transcriptionally by AR.
We propose a model where both proteins act to recipro-
cally regulate their levels in LNCaP cells (Figure 9A). Fu-
ture studies will seek to elucidate this post-transcriptional
relationship at the molecular level. Based upon the phys-
ical interaction of CXCR7-SBP with AR in C7-SBP cells,
we speculate that AR and CXCR7 protein levels might be
regulated through protein-protein interactions mediated
between AR and CXCR7 in androgen-sensitive prostate-
cancer cells. Notably, crosstalk between the CXCL12/
CXCR4 axis and the AR signaling pathway in established
prostate-cancer cell lines (i.e., LNCaP, 22Rv1 cells) was re-
ported previously [51], with chronic CXCL12 stimulation
inducing: nuclear translocation of AR; the transcription of
androgen-regulated genes (e.g., PSA, TMPRSS2); the asso-
ciation of AR with known AR co-regulators (e.g., SRC-1);
and cell proliferation in the context of serum-free growth
conditions [51]. Nevertheless, biochemical evidence estab-
lishing a molecular link between the CXCL12/CXCR4 axis
and the AR signaling pathway was not provided. Our re-
sults do so for LNCaP prostate-cancer cells (Figures 4, 5,
and 6). Surprisingly, pre-treatment of AD-LNCaP cells
with CXCL11 or CXCL12 disrupted androgen-mediated
expression of the probasin-luciferase vector. More im-
portantly, CXCL11 and CXCL12 were able to attenuate



Figure 9 Speculative models for CXCR7 signaling in prostate cancer cells. (A) CXCR7 and AR protein levels are modulated by AR and CXCR7
respectively, through post-transcriptional mechanisms (e.g., protein stability). (B) Reciprocal feedback loop regulating the expression of CXCR4
and CXCR7 in LNCaP prostate cancer cells, including protein trafficking pathways that could account for the transport of CXCR7 into the nuclear
compartment. Question mark indicates that AR may directly or indirectly interact with CXCR7. (I) CXCR7 gains access to the nucleus through the
nucleoplasmic reticulum (e.g. invaginations of the nuclear envelope) [73,77]. (II) CXCR7 gains access to the nucleus through the nuclear pore
complex (e.g., transportin-dependent), as shown for other GPCRs and more recently for CXCR4 [69,70].
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the expression of endogenous ARGs, demonstrating
crosstalk between chemokine/chemoreceptor pathways
and AR-mediated gene expression programs in prostate-
cancer cells (Figure 6C). In light of the finding that CXCR7
expression is required for normal AR transcriptional
activity, the pre-engagement of CXCL11 or CXCL12 with
CXCR7 in the context of androgen depletion likely disrupts
the physical interactions between CXCR7 and AR that
promote maximal AR transcriptional activity in prostate-
cancer cells. Future studies are warranted to unravel the
mechanism(s) by which chemokines CXCL11 and CXCL12
engage the AR signaling program at the molecular level.
This information may allow us to manipulate chemokine
pathways to disrupt the aberrant androgen-mediated cellu-
lar processes (i.e., cellular proliferation, cell motility) that
contribute to the progression of human prostate cancers.

Conclusions
In summary, our findings in androgen-sensitive prostate
tumor cells reveal that androgens modulate cell motility
in a dose-dependent manner in response to chemokine
CXCL12, and that they do so by regulating the expres-
sion of chemokine receptors CXCR4 and CXCR7. In
addition, biochemical and co-localization data support a
physical interaction between CXCR7 and AR, in establish-
ing a molecular link between the chemokine-dependent
signaling axis and AR signaling pathways. Further mo-
lecular dissection of how AR modulates the CXCL11/
CXCL12/CXCR4/CXCR7 axis to influence the motility
of prostate tumor cells is expected to facilitate the de-
velopment of new hormone-based strategies that are
capable of decreasing the metastatic potential of local-
ized prostate cancers exposed to androgens.
Additional files

Additional file 1: Figure S1. CXCR7 expression in prostate-cancer cells.
(A) Western blot of whole cell lysates from LNCaP cells transfected with
control or CXCR7 siRNA (100 nM) for 72 hrs with Ab72100 or Ab38089
antibodies. Ab38089 antibody only recognized the 60-kDa immunoreactive
band. The densitometry values were normalized to control siRNA
transfected cells and labeled below the blots. (B) Western blot analysis
of LNCaP cells stably expressing SBP-tag or CXCR7 with a SBP-tag on
the C-terminus (C7-SBP) using the pAbCXCR7 and SBP antibodies.
(C) Western blot of lysates from multiple human cell lines with the
pAbCXCR7 antibody. Sample extracts were resolved into a 12% SDS
polyacrylamide gel. (D) Immunofluorescence analysis of 22Rv1 (I-I to I-III),
DU145 (II-I to II-III), and PC3 (III-I to III-III) prostate-cancer cells with antibodies
against CXCR7 and treated with DAPI.

Additional file 2: Figure S2. (A) Quantitation of 1,000, 2,000, 3,000,
4,000, 5,000, and 8,000 LNCaP cells using the CyQuant Cell Proliferation
Assay Kit. (B-C) Quantitative measurement of LNCaP cells grown in different
doses of (B) androgen (R1881), or (C) CXCL12-treated cells for 24 hrs. ANOVA
was used to determine significant differences (*p≤ 0.05, n = 3) between
samples, and no statistical significant differences were found.

Additional file 3: Table S1. The human CXCR4 (UniProt ID: P61073)
and CXCR7 (UniProt ID: P25106) sequences were searched using PSORT II,
and the predicted NLS sequence for CXCR4 is shown.
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