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Abstract
CXC chemokine receptor 4 (CXCR4) has been implicated in prostate cancer metastasis and this
receptor also acts as a coreceptor for HIV-1 120-kDa glycoprotein variant IIIB (gp120-IIIB). The
interaction between CXCR4 and gp120-IIIB has been shown to mediate apoptosis of both immune
and endothelial cells. In this study, we have examined the effects of gp120-IIIB on hormone-
refractory prostate cancer cells (PC3 and DU145) in vitro and tumor growth in vivo. Normal
prostatic epithelial (PrEC) and prostate cancer cell lines were treated with gp120-IIIB with or
without anti-CXCR4 antibody. Caspase expression was evaluated by real-time PCR and active
caspase assays. Apoptosis was determined by flow cytometry. gp120-IIIB treatment correlated
with active caspase-3 and -9 expression and apoptosis of prostate cancer cells but not PrEC cells.
This effect was significantly inhibited after CXCR4 blockade. PC3 and DU145 tumor-bearing
mice received intraperitoneal injections of gp120-IIIB and controls received bovine serum
albumin in PBS. PC3 and DU145 tumor sizes were measured over time and excised tumors were
evaluated for CD44, CD34, lymphatic endothelial cell marker LYVE-1, active caspase-3, and
active caspase-9 expression by immunohistochemistry. The tumor size in mice receiving gp120-
IIIB was significantly smaller than compared with tumors in control mice. This regression was
associated with significant decreases in CD44, CD34, and LYVE-1 and increases in active
caspase-3 and -9 expression. These results suggest that gp120-IIIB induced apoptosis in prostate
cancer cells and reduced tumor-associated lymphoendothelial cells.

Introduction
Despite recent advancements in the treatment and management of prostate cancer, it still
remains the most common malignancy and second leading cause of cancer-related deaths
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among men in the United States. The main treatment strategy for advanced prostate cancer
involves androgen ablation. Unfortunately, this therapy eventually fails and many patients
frequently develop metastatic disease. New agents that would prevent and/or inhibit
hormone-refractory prostate cancer progression are needed.

CXC chemokine receptor 4 (CXCR4) and its ligand CXCL12 have been implicated in
prostate cancer (1, 2) and in other malignancies (3–6). CXCR4-CXCL12 interaction has
been proposed to play a significant role in prostate cancer cell homing (1, 7, 8) and other
tumor cell types to several anatomic sites (4–6, 9). These studies suggest that the
development of CXCR4 antagonists would be useful in inhibiting cancer progression and
metastasis. Although small-molecule inhibitors (plerixafor, maraviroc, etc.) of chemokine
receptors show promise, these hydrophobic molecules may prove difficult to deliver and
might be associated with inferior clinical performance and toxicities (10, 11). CXCR4 also
acts as a coreceptor for certain isolates of HIV-1 (12, 13). In addition to infection, HIV-1
gp120 variants have been shown to mediate apoptosis of several cell types in a CXCR4-
dependent fashion (14, 15).

Metastasis via blood vessels is well recognized for many tumors and correlates with cancer
progression (16). However, tumor growth and metastasis can be supported by both vascular
and lymphatic endothelia (17). The number and size of lymphatics in and around tumors are
an important determinant for metastasis (18–20). In light of these previous findings, this
study tests the hypothesis that gp120-IIIB selectively induces apoptosis in CXCR4-
expressing androgen-independent prostate cancer cells and tumors.

Materials and Methods
Proteins and Antibodies

gp120-IIIB protein was obtained from Mardx Diagnostics and bovine serum albumin (BSA)
was purchased from Sigma. Mouse IgG2a anti-human fusin/CXCR4 and anti-mouse
lymphatic endothelial cell marker LYVE-1 monoclonal antibodies were obtained from R&D
Systems. Rat anti-mouse CD31, anti-mouse CD34, and anti-human CD44 antibodies were
purchased from BD Pharmingen. Anti-active capase-3 and -9 antibodies were obtained from
Epitomics and Biovision, respectively.

Cell Lines and Cell Culture
Prostate cancer cell lines (PC3 and DU145) were obtained from the American Type Culture
Collection. PrEC cells (Cambrex) were cultured in prostate epithelial basal medium
(Cambrex). PC3 cells were cultured in F12K medium with 2.0 mmol/L L-glutamine adjusted
to contain 1.5 g/L sodium bicarbonate (American Type Culture Collection) with 10% fetal
bovine serum (Sigma) at 37°C and 5% CO2. DU145 cells were cultured in Eagle’s MEM
with 10% fetal bovine serum at 37°C and 5% CO2. Both prostate cancer cell lines were
switched to RPMI 1640 (Cellgro) supplemented with 10% fetal bovine serum at 37°C and
5% CO2 after five passages.

Flow Cytometry Analysis of CXCR4 Expression
PC3, DU145, and PrEC cells were washed three times in PBS supplemented with 0.5% BSA
(fluorescence-activated cell sorting buffer) and stained with 1.0 µg isotype control mouse
IgG2a or mouse anti-human CXCR4 monoclonal antibodies (R&D Systems) per 106 cells
for 15 min at room temperature. Cells were washed with 1.0 mL fluorescence-activated cell
sorting buffer to remove unbound antibodies. After the final wash, labeled cells were fixed
in 500 µL of 2% paraformaldehyde in PBS and 105 cells were analyzed by flow cytometry
using a FACScan flow cytometer and CellQuest software (BD Pharmingen).
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Flow Cytometry Analysis of Apoptosis
Prostate cancer cell lines (PC3 and DU145) and PrEC cells were cultured in 24-well culture
plates at a density of 105 per well and treated with or without 100 ng/mL gp120-IIIB (Mardx
Diagnostics), 1 µg/mL anti-CXCR4 monoclonal antibody, or isotype control antibody IgG2a
antibody (R&D Systems) and incubated overnight at 37°C with 5% CO2. Next, cells were
stained using the Vybrant Apoptosis assay (Invitrogen) according to the manufacturer’s
protocols and assessed by flow cytometry using a FACScan flow cytometer and CellQuest
software (BD Pharmingen).

RNA Isolation and mRNA Expression Analysis
Human mRNA sequences of CXCR4, caspase-3, and caspase-9 mRNAs as well as 18S
rRNA were obtained from the NIH/National Center for Biotechnology Information gene
bank database (accession nos. NM003467, U26943, U60521, and X00686.1, respectively).
Primers were designed using the Primer 3 software (Whitehead Institute at Massachusetts
Institute of Technology), which generated amplicons 188, 67, 86, and 149 bp in size for
CXCR4, caspase-3, and caspase-9 mRNAs and 18S rRNA, respectively. Thermodynamic
analysis of the primers was conducted using computer programs: Primer Premier (Integrated
DNA Technologies) and Massachusetts Institute of Technology Primer III webware. The
resulting primers were compared against the entire human genome using National Center for
Biotechnology Information to confirm specificity and insure they flanked mRNA splicing
regions. Total RNA was isolated using Tri-reagent (Molecular Research Center) according
to the manufacturer’s protocols. Potential genomic DNA contamination was removed from
these samples by treatment with RNase-free DNase (Invitrogen) for 15 min at 37°C. RNA
was then precipitated and resuspended in RNA secure (Ambion). Next, cDNA was
generated by reverse transcribing 1.5 µg total RNA using TaqMan reverse transcription
reagent (Applied Biosystems) according to the manufacturer’s protocols and amplified with
specific cDNA primers using SYBR Green PCR master mix reagents (Applied Biosystems).
The copies (>10) of target mRNA relative to 18S rRNA copies were evaluated by real-time
PCR using the Bio-Rad ICycler and software.

Colorimetric Caspase Assays
PC3 and DU145 cell lines and PrEC cells were seeded in 24-well culture plates (106 per
well) in complete RPMI 1640. Cells were treated with 100 ng/mL gp120-IIIB or BSA as
control. Caspase-3 and -9 activity was tested after 16 h of treatment using active caspase
assays (Biovision) according to the manufacturer’s protocol. Briefly, cells were harvested
and resuspended in chilled lysis buffer, incubated on ice for 10 min, and centrifuged for 10
min at 10,000 × g. Supernatants were transferred in fresh tubes and total proteins in
cytosolic extracts were estimated by using the Bradford protein assay (Bio-Rad). Protein
(200 µg) was diluted in 50 µL cell lysis buffer and 50 µL of 2× reaction buffer containing 10
mmol/L DTT. Next, 5 µL of 4 mmol/L p-nitroanilide substrate was added and samples were
incubated at 37°C for 2 h and read at 405 nm.

In vivo Tumor Growth
Male severe combined immunodeficient mice (4–6 weeks old) were obtained from Charles
River Laboratory. Prostate cancer cells (PC3 and DU145) were counted using a
hemacytometer. A sterile, individual syringe for each mouse was prepared and used to
subcutaneously inject 2 × 106 cells in 100 µL serum-free RPMI 1640 in the right lateral
flank using a 27.5-gauge needle. All mice were monitored daily and tumor growth was
monitored twice per week. Once tumors reached ~500 mm3, mice received intraperitoneal
injections of 100 ng gp120-IIIB or BSA in 100 µL PBS every 3 days for 18 days. Tumor
size was measured before each treatment using a Thorpe engineer’s caliper (Biomedical
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Research Instruments). After 18 days of treatment, mice were sacrificed and tumors were
excised and fixed for immunohistochemistry analysis.

Immunohistochemical Staining
Paraffin-embedded sections were deparaffinized following three exchanges in xylene for 5
min each, rehydration through a graded series of ethanol for 5 min each (100%, 90%, 70%,
and water alone), and finally rinsed in PBS (pH 7.4). Endogenous peroxidase was blocked
using 3% H2O2 for 5 min and blocked with 3% goat serum for 1 h at room temperature. The
sections were incubated overnight at 4°C with rat anti-mouse CD34 (10 µg/mL; BD
Pharmingen), anti-human CD44 (10 µg/mL; BD Pharmingen), anti-mouse LYVE-1 (20 µg/
mL; R&D Systems), anti-active human caspase-9 (15 µg/mL; Epitomics), and active human
caspase-3 (1:50 dilution; Epitomics) antibodies or associated isotype control antibodies in
PBS. After washing with PBS, sections were incubated with biotinylated IgG antibody (BD
Pharmingen) for 30 min at room temperature and washed with PBS. The sections were
incubated with peroxidase-conjugated streptavidin or alkaline phosphatase-conjugated
streptavidin (BD Pharmingen) for 30 min in a moist chamber and washed with PBS. The site
of peroxidase complex was visualized by diaminobenzidine tetrahydrochloride solution
(Biogenex) or alkaline phosphatase with AP New Magenta (Bio-FX Laboratory). Sections
were subsequently counterstained with hematoxylin and dehydrated through a graded series
of ethanol. After dehydration, the sections were passed through xylene and mounted with
paramount (Fisher Scientific). Slides were observed using a Leica DMLB compound
microscope with a ×20 objective.

Statistics
Sigma Plot 2000 (Systat Software) was used to compile data. Kolmogorov-Smirnov two-
sample test using Cell-Quest Software (BD Pharmingen) for Macintosh computers was used
to compute the statistical significance (P < 0.001) between PrEC and PC3 or DU145 cell
flow cytometry histograms. The Student’s t test using a two-factor, unpaired test was applied
to the significance of differences of other results with P < 0.01.

Results
CXCR4 Expression by the Prostate Cancer Cell Lines and PrEC Cells

Prostate cancer cell lines previously isolated from bone (PC3) or brain (DU145) metastases
significantly expressed CXCR4 mRNA and surface protein than compared with PrEC cells
(Fig. 1). PC3 cells expressed significantly more copies of CXCR4 transcripts than DU145
cells. CXCR4 protein expression by prostate cancer cells and PrEC cells was confirmed by
flow cytometry. The cell surface CXCR4 expression by the prostate cancer cell lines was
significantly higher than PrEC cells. Moreover, PC3 cells expressed higher levels of CXCR4
than DU145 cells.

gp120-IIIB-Mediated Apoptosis
gp120-IIIB induced apoptosis of prostate cancer cells but not PrEC cells (Fig. 2). PC3 cells,
which expressed the highest levels of CXCR4, also displayed the greatest increase in cell
permeability and chromatin condensation after gp120-IIIB treatment than compared with
DU145 cells. The lower level of chromatin condensation correlated with the lower
concentration of CXCR4 expression by DU145 cells relative to PC3 cells. This increase in
cell permeability and chromatin condensation after gp120-IIIB treatment was significantly
reduced by CXCR4 blockade. Interestingly, gp120-IIIB treatment significantly enhanced
active caspase-3 and -9 expression by PC3 and DU145 cell lines than compared with PrEC
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cells, which was also reduced by CXCR4 blockade (Fig. 3). These data show that gp120-
IIIB-mediated apoptosis of prostate cancer cells occurs in CXCR4-dependent fashion.

Effect of gp120-IIIB Treatment on Tumor-Associated Endothelium Development Tumor
Growth

Tumor-bearing mice were treated with gp120-IIIB or BSA (controls) every 3 days for 18
days. Treatment using gp120-IIIB yielded significant decreases in the size of PC3 and
DU145 tumors than compared with control mice (Fig. 4). We further investigated the effect
of gp120-IIIB on human CD44, active caspase-3, and active caspase-9 as well as murine
CD34 and LYVE-1 expression by PC3 tumors. Tumors excised from the mice receiving
gp120-IIIB showed higher expression of active caspase-3 and -9 than tumors from control
mice (Fig. 5). This increase in caspase activity correlated with lower LYVE-1 but not CD34
expression than compared with tumors excised from control mice (Fig. 6). Taken together,
the reduction in the tumor size of mice treated with gp120-IIIB was associated with
enhanced caspase-3 and -9 activity as well as lower levels of lymphangiogenesis and
adhesion biomarkers.

Discussion
Prostate cancer is one of the leading causes of cancer-related mortalities among men in
United States. CXCR4 has been recently implicated in prostate cancer metastasis (1, 2).
CXCR4 also acts as a coreceptor for gp120-IIIB, which is a glycoprotein expressed by
HIV-1 (12, 13, 21). In this study, the cytotoxic effects of gp120-IIIB were examined using
hormone-refractory prostate cancer cell lines (PC3 and DU145) as well as PrEC cells that
differentially express CXCR4. For the first time, we have shown that the CXCR4-tropic
gp120-IIIB selectively induced apoptosis of prostate cancer cells in a CXCR4-dependent
fashion. The amount of apoptosis induced by CXCR4-expressing gp120-IIIB-treated
carcinoma cells appeared to be directly proportional to the relative amount of CXCR4
expressed by these cells. Indeed, gp120-IIIB-mediated apoptosis did not occur in PrEC cells,
which express lower levels of CXCR4. It is also possible that these significantly slower
growing cells may not be susceptible to CXCR4/gp120-IIIB-mediated apoptosis. In
confirmation, others have shown that immune and endothelial cells undergo apoptosis via
gp120-IIIB-CXCR4 interactions (14, 15), which supports our current findings.

Apoptosis is coordinated by a family of cysteine proteases, which are activated by
frequently divergent proapoptotic stimuli (22). Activation of the caspase cascade has been
correlated with the onset of apoptosis (23). Caspases are synthesized as relatively inactive
precursors that require proteolytic processing for activation (24). The absence of caspase-9
can prevent caspase-3 activation and cytochrome c-dependent processing of procaspase-3,
which fails to occur in cytosolic extracts of caspase-9 deficient cells (25). Hence, caspase-9
is a critical upstream activator of caspase-3 (26). Once caspase-3 is activated, downstream
cell death substrates are cleaved by this enzyme (27). Caspase-3 also amplifies other cell
death cascades, including cytochrome c release from mitochondria, by cleaving Bcl-2 and
converting it from an antiapoptotic to a proapoptotic protein (28). In this study, we have
shown that gp120-IIIB caused a significant increase in both initiator (caspase-9) and effector
(caspase-3) caspases in a CXCR4-dependent fashion.

In correlation with the differential CXCR4 expression levels of PC3 > DU145 cells, gp120-
IIIB induced higher membrane permeability and chromatin condensation in PC3 cells than
compared with DU145 cells. These levels might also be attributed to differences in the
apoptosis machinery of PC3 and DU145 cell lines. For example, apoptotic DU145 cells,
which are Bax deficient, display less chromatin condensation than compared with Bax-
positive cancer cells (e.g., PC3 cells; ref. 29). Despite these differences, gp120-IIIB
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treatment inhibited PC3 and DU145 xenograft tumor growth at the same rate. Moreover,
gp120-IIIB treatment also reduced CD44 expression by tumors in severe combined
immunodeficient mice. To this end, tumor progression is regulated by cell-cell and cell-
extracellular matrix interactions (30, 31). CD44 is a cell surface receptor for hyaluronan,
which is a critical component of the extracellular matrix (32, 33). Hyaluronan and CD44 are
often up-regulated at sites of morphogenesis, inflammation, and tumor invasion (34, 35) and
play important roles in tumor invasion, growth, and metastasis (36, 37). Studies have shown
that CD44 expression by tumors promoted cancer cell survival (38); CD44 also anchors
matrix metalloproteinase-9 on the cell surface (39) and works together with transforming
growth factor-β1 to promote tumor growth (37). These studies support our findings that
gp120-IIIB is capable of lowering tumor progression and CD44 expression by prostate
tumor cells. Together, these events increase apoptosis, reduce adherence, and inhibit cell
survival and/or growth.

No doubt, angiogenesis and/or lymphangiogenesis are considered hallmarks of prostate
cancer progression (40–43). It has also been shown that vascular endothelium are CD34+

(44), whereas lymphatic endothelium express LYVE-1 (45). Although hematogenous
metastasis via blood vessels is well recognized for many tumors and correlates with cancer
progression (16), it is thought that high interstitial pressure inside tumors prevents the
growth of lymphatic vessels into the tumor mass (46). However, recent experimental and
clinical data (18–20) strongly indicate that the number and size of lymphatics in and around
a tumor is an important determinant of tumor aggressiveness. In light of these reports, we
investigated LYVE-1 and CD34 expression by prostate tumors from mice treated with or
without gp120-IIIB. Whereas CD34 expression was not affected by gp120-IIIB treatment,
the number of LYVE-1-expressing cells was significantly lowered. These data suggest that
lymphatic endothelial cell reduction, but not neovascular cell growth inhibition, contributed
to the observed reduction in tumor volume following gp120-IIIB treatment. Hence, our
findings suggest that gp120-IIIB impedes tumor progression by predominately inhibiting
lymphangiogenesis.

In summary, we have shown that gp120-IIIB induced caspase-driven apoptosis of prostate
cancer cells but not PrEC cells in a CXCR4-dependent fashion. Further, gp120-IIIB and
CXCR4 interaction inhibited tumor growth, which is associated by increased active
caspase-3/9 and lower CD44 expression by cancer cells as well as a reduction in the number
of LYVE-1-expressing (lymphatic endothelial) cells. Additional studies will be required to
dissect the precise molecular mechanisms and interactions between gp120-IIIB and CXCR4
for targeted prostate cancer cell death and reduced tumor-associated lymphangiogenesis.
Due to the potential systemic adverse events (14, 15), it may not be feasible to use
recombinant gp120-IIIB as a cancer therapeutic. However, this study provides biological
and physiologic rationales to develop gp120-IIIB small-molecule or peptide mimics with
extended bioavailabilities and tumor specificities that can efficiently target and kill CXCR4+

prostate tumors.
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Figure 1.
CXCR4 expressed by prostate cancer cell lines and PrEC cells. Total RNA was isolated
from prostate cancer cell lines and PrEC cells and quantitative real-time PCR analysis of
CXCR4 mRNA expression was done in triplicate. Copies of transcripts were expressed
relative to actual copies of 18S rRNA ± SE. PC3 and DU145 cell lines and PrEC cells were
stained with PE-conjugated anti-CXCR4 (open histogram) or PE-conjugated isotype control
antibodies (solid histogram) and quantified in triplicate by flow cytometry. M, mean
fluorescent intensities of CXCR4-positive cells. ★, P < 0.001, statistical significance
between normal and prostate cancer cell lines.
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Figure 2.
gp120-IIIB-induced apoptosis. PC3 and DU145 cell lines and PrEC cells were treated with
100 ng/mL gp120-IIIB (solid columns) or 100 ng/mL gp120-IIIB + 1 µg/mL anti-CXCR4
antibody (open columns) in 100 µL PBS and incubated in 5% CO2 overnight (16 h). The
percent increase in the number of membrane-permeable cells or cells undergoing chromatin
condensation compared with untreated controls was measured by flow cytometry that was
done in triplicate in three separate experiments. ★, P < 0.01, statistical significance in the
percent increase of apoptotic cells after gp120-IIIB treatment or decrease in cell
permeability or chromatin condensation between cells treated with gp120-IIIB and cells
treated with gp120-IIIB + anti-CXCR4 antibody.
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Figure 3.
gp120-IIIB-induced caspase-3 and -9 expression. PC3 and DU145 cells were treated with
100 ng/mL gp120-IIIB or 100 ng/mL gp120-IIIB + 1 µg/mL anti-CXCR4 antibody. Total
RNA was isolated 16 h after treatment and proteins were isolated after 24 h of treatment.
Caspase mRNA was quantified by quantitative real-time PCR and active caspase protein
was confirmed by ELISA. ★, P < 0.01, statistical significance in the increase of caspase(s)
mRNA or active protein expression following gp120-IIIB treatment compared with controls.
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Figure 4.
Effects of gp120-IIIB treatment on prostate tumor growth. Male severe combined
immunodeficient mice were subcutaneously challenged in the right bilateral flank with 2 ×
106 PC3 or DU145 cells in 100 µL serum-free RPMI 1640. Tumors were allowed to reach
500 mm3 in size. Subsequently, tumor-bearing mice received 100 ng/mL gp120-IIIB in PBS
or 100 ng/mL BSA in PBS by intraperitoneal injection every 3 d. Mean ± SE percentage
change in tumor size from day 0 was measured using a Thorpe engineer’s caliper from three
separate experiments with experimental groups containing five mice each. ★, P < 0.01,
statistical significance between gp120-IIIB-treated and control groups.
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Figure 5.
Active caspase-3 and -9 expression by prostate tumors. Sections from PC3 tumors were
excised from mice treated with gp120-IIIB or BSA, stained for active caspase-3 or -9, and
counterstained with hematoxylin. Representative sections from three separate experiments
(×20 magnification), with groups containing five mice each.
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Figure 6.
Expression of CD44, LYVE-1, and CD34 by prostate tumors. Sections from PC3 tumors
were excised from mice following gp120-IIIB treatment, stained for CD44, LYVE-1, or
CD34 expression, and counterstained with hematoxylin. Representative sections from three
separate experiments (×20 magnification), with groups containing five mice each.
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