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CCL-4 enhances prostate cancer migration and invasion
by modulating integrin expression
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Abstract: Prostate cancer (PCa) is the second leading cause of cancer-related deaths in men in the United States
and is the most commonly diagnosed non-cutaneous cancer. CCL4 is a secreted chemokine that is over expressed
in patients that show PCa recurrence after prostatectomy. Currently, no reported evidence shows the biological role
of CCL4 in PCa progression. We studied the role of CCL4 in PCa progression using in vitro and in vivo models. PC3
and 22RV1 PCa cell lines were treated with CCL4 at 0.001 ng/mL and 0.1 ng/mL and subjected to migration and
invasion assays. Tumor progression was evaluated using a xenograft model in which the anterior prostate lobes of
SCID mice were injected with 250,000 22RV1 cells. CCL4 was administered bi-weekly with intraperitoneal injec-
tions. Tumor tissue was collected for immunohistochemical and gene expression analysis. In vitro studies showed
that CCL4 increased invasion and migration of PCa cells. In vivo studies demonstrated that CCL4 increased tumor
volume. Immunohistochemical analysis showed that these tumors expressed higher levels of desmin and phospho-
histone 3 (pH3), and showed increased angiogenesis. Gene expression analysis showed that CCL4 increased the
expression of genes associated with metastasis. Western blot analysis showed that CCL4 increased integrin ex-
pression and FAK phosphorylation suggesting integrin pathway activation. This suggests that CCL4 is important for
negative outcomes such as metastasis and PCa recurrence.
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Introduction the available biomarkers and (or) clinical infor-

mation are insufficient to predict recurrence

Prostate cancer (PCa) is the most frequently
diagnosed non-cutaneous cancer in the United
States and Puerto Rico. It is the second leading
cause of cancer related deaths among men, in
the United States and the principal cause of
mortality in Puerto Rico [1-3]. Prostate cancer
is often treated via prostatectomy or radiation.
However, approximately 15-30% of prostate
cancer patients develop biochemical recur-
rence (i.e. increased serum prostate specific
antigen (PSA) levels) following primary treat-
ment, which often results in death [4, 5].
Biochemical recurrence typically occurs due to
prostate cancer cells that have metastasized to
distant sites after prostate tumor removal [6].
Although the early detection of potential meta-
static or recurrent prostate cancer can lead to
proactive use of adjuvant therapeutic options,

and metastasis [7]. Thus, there is a pressing
need for novel diagnostic and prognostic tools
for the management of prostate cancer.

Given the important role of inflammation in
cancer development, the expression of inflam-
matory mediators, such as chemokines, is
significant during prostate cancer progression.
Previous studies have found that the expres-
sion of different cytokines and their receptors
varies with stage and aggressiveness in
many types of cancer [8, 9]. The pro inflamma-
tory chemokine Macrophage Inflammatory
Protein-1B (also known as CCL4 or MIP-1b) was
found over expressed in patients with biochem-
ical recurrence after radical prostatectomy
[10]. This makes CCL4 a possible predictive
biomarker for prostate cancer recurrence.
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Moreover, chemokines such as CCL4 modulate
macrophage movement by increasing the
expression of several integrins in the endothe-
lium [11]. Integrins play an important role in
promoting cancer cell motility and invasion that
lead to metastasis and recurrence [12].
Nevertheless, no previous work has studied the
role of CCL4 in prostate cancer progression or
integrin modulation.

In this study, we evaluated the role of CCL4 in
migration, invasion, proliferation, tumor growth,
and angiogenesis using cellular and animal
models of prostate cancer. We show that CCL4
increased prostate cancer cell motility, inva-
sion, and integrin expression in vitro. In addi-
tion, CCL4 increased tumor growth, promoted
metastatic potential, increased desmin and
phospho-histone 3 expression, and increased
angiogenic potential in vivo. Thus, our studies
provide evidence that CCL4 is relevant to pros-
tate cancer progression and metastasis; sug-
gesting an important role in recurrence.
Furthermore, we suggest a possible mecha-
nism of action through which CCL4 promotes
cancer progression by modulating integrin
expression.

Materials and methods
Cell culture

Androgen receptor negative (PC3) and andro-
gen receptor positive (22RV1) prostate cancer
cell lines were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA,
USA). Cells were maintained in RPMI-1640
medium (Hyclone, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS)
(Hyclone, Waltham, MA, USA) and penicillin-
streptomycin complex (1,000 units/mL) (Gibco,
Life Technologies, Carlsbad, CA, USA) at 37°C
and 5% CO, in a humidified incubator. Murine
prostate fibroblasts were obtained from wild-
type C57BL/6 mice (Taconic, Germantown, NY,
USA). Prostates were dissected in our lab and
cells were maintained in DMEM medium
(Hyclone, Waltham, MA, USA) supplemented
with 5% FBS (Hyclone, Waltham, MA, USA), 5%
Nu-Serum (Becton Dickinson, Franklin Lakes,
NJ, USA) penicillin-streptomycin complex (100
units/mL), 0.1% insulin (Becton Dickinson,
Franklin Lakes, NJ, USA), and testosterone 10
nM (Sigma-Aldrich, St. Louis, MO, USA) at 37°C
and 5% CO,, in a humidified incubator.
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Scratch wound healing assay

PC3 cells (2x10° cells/mL) were grown to 95%
confluence in 12-well tissue culture plates.
Following serum starvation for 24 hours, a
scratch wound was made across the center of
the monolayer of cells using a 200 uL pipette
tip and washed using PBS. Cells were treated
with RPMI medium containing CCL4 (Genway,
San Diego, CA, USA) (0.001 ng/mL and 0.1 ng/
mL), or control (PBS). Cells were photographed
using a Nikon Eclipse TS100 microscope
(Nikon, Tokyo, Japan) at O, 12 and 24 hours of
treatment at a 4x maghnification. A total of 10
distance measurements within each wound
were analyzed using Image Pro Plus Software.
The differences in wound closure were normal-
ized and compared to the control using
Student’s T-test at a 95% confidence interval.
All experiments were performed in triplicate,
each with 3 wells per group.

Invasion assay

22RV1 and PC3 cells (4x10* cells/mL) were
serum starved and seeded in laminin/entactin-
coated (Becton Dickinson, Franklin Lakes, NJ,
USA) 24-well 8.0 ym pore transwell chamber
(Corning, Corning, NY, USA). The cell suspen-
sion had serum free RPMI 1640 (Hyclone,
Waltham, MA, USA). The reservoir well had a
monolayer of murine prostate fibroblasts in
DMEM medium supplemented with 5% FBS, 5%
nu-serum and CCL4 for a final concentration of
0.001 ng/mL or 0.1 ng/mL. The cells were
allowed to invade during 24 hours under cultur-
ing conditions (37°C and 5% CO,). Non-invasive
cells were removed from the top chamber using
a sterile cotton swab and PBS. Invasive cells
were fixed to the membrane with buffered for-
malin 10% (Thermo Scientific Waltham, MA,
USA) for 30 minutes, and stained over night
with hematoxylin (American Master Tech, Lodi,
CA, USA). The membranes were washed with
water and mounted on slides. Photographs
were captured at a 4x magnification with a
Nikon Eclipse TS100 microscope (Nikon, Tokyo,
Japan) and the total number of invasive cells
was counted using Image Pro Plus Software.
Results were analyzed using the Student’s
T-test at a 95% confidence interval. All experi-
ments were performed in triplicate with three
wells per group.

Orthotopic mouse model

Male ICR-SCID mice (7-8 weeks old) were
housed and maintained in a pathogen-free
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environment at The University of Puerto Rico
Medical Sciences Campus animal facility, under
the Institutional Animal Care and Use
Committee regulations. Animals received food
and water ad libitum with a 12-hour light cycle.
An orthotopic xenograft model in which 22RV1
(250,000 cells) were injected in the anterior
prostate lobes of ICR-SCID mice (lcrTac: lcrCrl-
SCID) (Taconic, Germantown, NY, USA) was
used to develop 2 prostate tumors per mice.
Cell suspensions in PBS were placed in 30 uL
of collagen | (Becton Dickinson, Franklin Lakes,
NJ, USA) and allowed to partially solidify to hold
cells in place and reduce leakage in the perito-
neal cavity during surgery. Mice were intraperi-
toneally injected bi-weekly with CCL4 (0.001
ng/mL) or vehicle (Saline). At 4 weeks of treat-
ment, tumors were collected. Tumor volume
was determined using caliper measurements.
Results were analyzed using the Student’s
T-test at a 95% confidence interval. n =26
tumors, n . , = 21 tumors.

Tissue collection and processing

Tumor samples (n . = 26 tumors, n.. , =21
tumors) were collected and divided in two sec-
tions. One section was snap frozen in dry ice
and stored at -80°C, the other was fixed in 10%
buffered formalin. The fixed tissue was pro-
cessed, embedded in paraffin, and cutin 5 um
sections for hematoxylin and eosin staining
(H&E) and immunostaining. The frozen tissue
section was used to isolate RNA for gene
expression assays.

Hematoxylin-eosin staining

For histological examination by H&E staining,
slides with 5 um sections of paraffin embedded
tumor were deparaffinized in xylene, and
hydrated using serial descending concentra-
tions of alcohol. Tissue was stained with hema-
toxylin followed by stain differentiation with 1%
v/v acid alcohol (80% ethanol, 19% deionized
water, 1% HCI), 0.3% v/v ammonia water (0.3%
NH,OH in de-ionized H,0) and washing with
70% ethanol. After eosin staining (0.05% Eosin
Y in 70% Ethanol-0.005% acetic acid) the tis-
sue was dehydrated with increasing serial dilu-
tions of ethanol and xylene. Slides were mount-
ed using permount mounting medium. n = 5
representative tumors per group.

5428

Immunohistochemistry and immunofluores-
cence

Formalin-fixed paraffin-embedded tumor sam-
ples were dewaxed in xylene and rehydrated in
descending concentrations of alcohol and
water. Tumor antigens were retrieved using
Antigen Unmasking Solution (1:100 dilution)
(Vector Laboratories, Burlingame, Ca, USA) fol-
lowed by quenching of endogenous peroxidase
with 3% v/v H,0,. The primary antibodies used
were the following: phospho-histone 3 (pH3)
(1:1000 dilution) (Abcam, Cambridge; MA,
USA), CD31 (1:50 dilution) (Abcam, Cambridge;
MA, USA), desmin (1:1000 dilution) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), integrin-f1
(1:100 dilution) (Cell Signaling, Danvers, MA,
USA), PFAK (1:100 dilution) (Epitomics,
Burlingame, CA, USA). All immunohistochemis-
try was detected by Dako Envision system-HRP
(DAB) (anti-rabbit) (Dako; Glostrup, Denmark) or
Dako LSAB System-HRP (DAB) (anti-mouse)
(Dako; Glostrup, Denmark) according to the
manufacturer’s instructions. Hematoxylin was
used as a counterstain. For immunofluores-
cence, the secondary antibody used was Alexa-
Fluor 594 (anti-rabbit) 1:2000 (Molecular
Probes, Life Technologies, Carlsbad, CA, USA)
and nuclei were stained with DAPI 1:5000
(Santa Cruz Biotechnology, Santa Cruz, CA,
USA). To quantify pH 3 and desmin, a subjective
scale from 1-4 was used. In this scale, we gave
a score of one (1) if 25% or less of the tumor
cells were stained, a score of two (2) if 26% to
50% of the tumor cells were stained, a score of
three (3) if 51% to 75% of the tumor cells were
stained, and a score of four (4) if more than
75% of the tumor cells were stained. Score was
given in a blind manner. n = 10 representative
tumors per group. To quantify CD31, a set of 3
random fields were chosen per slide and the
total number of blood vessels was counted.
Statistical analysis was done wusing the
Student’s T-test t a 95% confidence interval. n
= 5 representative tumors per group.

Gene expression

To evaluate changes in gene expression at the
RNA level, the Qiagen RT? PCR arrays (human
tumor metastasis and PI3K pathway) were
used (Qiagen Inc., Valencia; CA, USA). RNA was
extracted and purified from frozen mice tumors
using the RNeasy Mini Kit (Qiagen Inc., Valencia;
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Table 1. Primer sets used for Real-Time PCR analysis

cells were washed and

Primer* Sense

Antisense

protein was extract-

BRMS1  5'-AGACAGAGTCAGAAGAGGAGAG-3’ 5’-CTTCTCCTTTAGCTCCGAGAAC-3’
CXCR2 5’-CTCGTGATGCTGGTCATCTTAT-3"  5-CAAGGTCAGGGCAAAGAGTAG-3’
GAPDH 5’-GGTGTGAACCATGAGAAGTATGA-3' 5-GAGTCCTTCCACGATACCAAAG-3’
FOS 5’-GGTGCATTACAGAGAGGAGAAA-3’  5'-GTGTGTTTCACGCACAGATAAG-3’

ed with lysis buffer
(HEPES 25 mM, MgCL,
5 mM, NaCl 300 mM,
EDTA 1 mM, EGTA 1
mM, DTT 1 mM, 10%

ITGA7  5-CTCTGCCTGTCCAATGAGAAT-3'  5-AGGTGCTAAGGATGAGGTAGA3'  Glycerol, 1% Triton-X,

MMP10  5-GGCCCTCTCTTCCATCATATTT-3’ 5’-CCTGCTTGTACCTCATTTCCT-3’
5’-CATCAAGTGGATGCCCCACA-3’
5’-GATCCCAGTCCCAGATTTCTAC-3’
RORB 5’-TAAGTCCTCTGGGATCCACTAC-3"  5-GCCTTGGGCAGGAATAAGAA-3’
RPS6KA1 5'-GAGGGCAAGCTCTATCTCATTC-3' 5-CTCCGTGAACATCACCTCTTT-3’

PISKA 5’-AGAGCCCCGAGCGTTTCTG-3’
PRKCA 5’-CCATCCGCTCCACACTAAAT-3’

0.1% Na-deoxycholate,
0.1% SDS, Na,VO, 1
mM, p-nitrophenyl ph-
osphate 20 mM, beta-
glycerolphosphate 20

*(BRMS1) Breast cancer metastasis suppressor 1, (CXCR2) Chemokine (C-X-C motif) recep-
tor 2, (GAPDH) Glyceraldehyde 3-phosphate dehydrogenase, (FOS) FBJ murine osteosar-
coma viral oncogene homolog, (ITGA7) Integrin-a7, (MMP10) Matrix metallopeptidase 10,
(PIBKA) Phosphatidylinositol-4,5-bisphosphate 3-kinase, alpha, (PRKCA) Protein kinase C,
alpha, (RORB) RAR-related orphan receptor B, (RPS6KA1) Ribosomal protein S6 kinase,

polypeptide 1.

CA, USA). RNA (2 pg per array) was copied to
cDNA using the RT? First Strand Kit including
DNA elimination procedure (Qiagen Inc.,
Valencia; CA, USA). Results were analyzed using
the MS Excel based tool provided by Qiagen
(PCRArrayAnalysisV4, available for download at
https://www.giagen.com/us/resources/resour-
cedetail?id=d8d1813e-e5ba-4d29-8fdf-07a3f-
4227e0a&lang=en). To validate results, quanti-
tative Real time PCR (gRT-PCR) was performed
under standard conditions using the Step One
Plus Real-time PCR System (Applied Bio-
systems, Carlsbad; CA, USA). Real-time PCR
was performed using SYBR super mix (Bio-Rad,
Hercules, CA, USA) in a total volume of 10 pL.
Depending on the gene of interest the cycle
was, at 95°C for 15 seconds and 62°C for 1
minute or 95°C for 15 seconds and 56°C for 1
minute. PCR efficiency was examined using
serial dilutions of the template cDNA and the
melting curve data was collected for PCR speci-
ficity. GAPDH was used as housekeeping
gene. Results were quantified using the AAC,
method. No PCR product was detected in con-
trol samples in which the template was omit-
ted. Primer sequences are listed in Table 1.
PCR arrays: n = 3 tumors per group, randomly
chosen. Real-time PCR confirmation: n = 5 rep-
resentative tumors per group.

Western blotting

22RV1 prostate cancer cells were co-cultured
using 6-well 0.4 um transwell plates (Corning,
Corning, NY, USA) for 24 hours with murine
prostate fibroblasts treated with PBS (Control),
or CCL4 at 0.001 ng/mL and 0.1 ng/mL. 22RV1
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mM, Na-pyrophosphate
2 mM, PMSF 1 mM,
Microcystin 10 nM,
Aprotinin 10 ug/mL,
Leupeptin 10 pg/mL)
followed by centrifuga-
tion at 15,000 g for 10
minutes at 4°C. Supernatants were stored at
-20°C. Protein concentration was determined
using the detergent compatible (DC) protein
determination kit (BioRad, Hercules, CA, USA).
Samples (40 pg of protein) were separated on
10% SDS-PAGE and transferred to a PVDF
membrane (EMD Millipore, Billerica, MA, USA).
The membranes were incubated for an hour
with 5% w/v BSA in TBST to block nonspecific
antibody binding. Membranes were incubated
overnight at 4°C with primary antibody,
integrin-B1 1:1000 (Cell Signaling, Danvers,
MA, USA), PFAK 1:2000 (Epitomics, Burlingame,
CA, USA), and B-actin 1:5000 (Sigma-Aldrich,
St. Louis, MO, USA). Secondary antibodies,
goat anti-mouse 1:5000, and goat anti-rabbit
1:5000, (Cell Signaling, Danvers, MA, USA)
were incubated for an hour at room tempera-
ture. Membranes were developed using ECL
(BioRad, Hercules, CA, USA) and radiography
films (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Densitometry was determined using
the Image J software. Quantification was done
using B-actin as a loading control and all ratios
were normalized to the control sample.
Statistical analysis was performed using the
Student’s T-test at a 95% confidence interval.
All experiments were performed in triplicate
with one sample each.

Results

CCL4 increased prostate cancer cell motility
and invasion

To study the effect of CCL4 in cell motility we
performed a wound healing assay. A confluent

Int J Clin Exp Med 2016;9(3):5426-5438
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Figure 1. CCL4 increased PC3 cell migration. PC3 cell migration was evaluated using the wound healing method. A.
Representative images (4x magnification) of PC3 cells treated with CCL4 0.1 ng/mL at O h and 24 h. B. CCL4 treat-
ment caused a significant increase in cell migration, Triplicate experiments, Mean + SEM (*P<0.05).
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Figure 2. CCL4 increased 22RV1 cell invasion. Cell invasion was evaluated using the boyden chamber method.
Representative images (10x magnification) of invasive 22RV1 cells (A) Control (B) CCL4 0.001 ng/mL (C) CCL4
0.1 ng/mL. (D) CCL4 0.001 ng/mL caused a significant increase in invasion. Triplicate experiments, Mean + SEM
(*P<0.05).

monolayer of androgen independent PC3 cells hours with CCL4 at 0.001 ng/mL and 0.1 ng/
was wounded and allowed to migrate for 24 mL. The migration of PC3 cells treated with
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Figure 3. CCL4 increased tumor growth. The role of CCL4 in tumor growth was evaluated with an orthotopic model.
22RV1 cells were xenografted in the anterior prostate lobes. Tumors were allowed to develop for 4 weeks and CCL4
was administered bi-weekly with intraperitoneal injections. The tumor volume was determined with caliper measure-
ments. A. Representative images of tumors show differences in size. B. Relative tumor volume quantification. Mean

+ SEM (*P<0.05) (n =26 tumors, n
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CCL4 at 0.1 ng/mL increased in 10% when
compared to control (P<0.05) (Figure 1). 22RV1
cells were not used for the wound-healing assay
because these cells do not grow in a confluent
monolayer. To study cell invasion, we performed
a boyden chamber assay. We found that CCL4
at 0.001 ng/mL increased 22RV1 cell invasion
by 10% when compared to the control (P<0.05)
(Figure 2). Invasion of PC3 cells treated with
CCL4 was not significantly different when com-
pared to control (Data not shown). Additionally,
we studied cell proliferation using an MTS
based assay. We found no significant differenc-
es in cell proliferation (both PC3 and 22RV1)
with CCL4 treatment (Data not shown). These
results show that CCL4 promoted cancer cell
motility and invasion in prostate cancer cells
while cell proliferation remained unaffected.

CCL4 promoted tumor growth

The effect of CCL4 in tumor growth was studied
using an orthotopic model in which the anterior
prostate lobes of SCID mice were injected with
250,000 22RV1 cells in a collagen-1/PBS sus-
pension. Chemokine treatment proceeded with
bi-weekly intraperitoneal injections of saline
solution for the control group and CCL4 0.001
ng/mL solution for the treatment groups. After
four weeks of treatment, the mice were eutha-
nized and tumor volume was calculated using
caliper measurements. Mice treated with CCL4
intraperitoneal injections (0.001 ng/mL) devel-
oped significantly larger tumors when com-
pared to the control (P<0.05) (Figure 3). This
result suggests that the chemokine CCL4, pro-
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=21 tumors).

motes prostate cancer progression by increas-
ing tumor growth.

CCL4 increased proliferative, metastatic and
angiogenic potential in vivo

Pathological, histological and immunohisto-
chemical analysis of collected tumor tissue was
used to study the effect of CCL4 in tumor biol-
ogy. Slides were examined by a pathologist at
low, medium and high power under a compound
light microscope. Tumor assessment was made
as described by Lsaacs and Hukku [13].
Histologically, tumors were classified in four
categories: histologically well differentiated,
histologically moderately differentiated, histo-
logically poorly differentiated, and histologically
anaplastic. A well-differentiated tumor was
characterized by the presence of glandular
structures or acinic carcinoma with a lumen,
basement membrane, and stroma. A moder-
ately differentiated tumor was characterized by
smaller glandular structures in which the lumen
could be obstructed by tumor cells, but still
retained a basement membrane and stroma. A
histologically poorly differentiated tumor was
characterized by the absence of glandular
structures, basement membrane, or consistent
relationship between tumor cells and stroma.
Individual tumor cells, however, still retained
secretory appearance (regular size nucleus,
normal nucleus to cytoplasm ratio). A histologi-
cally anaplastic tumor lacked all appearance of
tissue organization and individual tumor cells
were anaplastic in appearance (irregular nucle-
us size and abnormal nucleus to cytoplasm

Int J Clin Exp Med 2016;9(3):5426-5438
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ratio). All tumor samples, regardless of the
treatment, were classified in histologically
poorly differentiated or histologically anaplastic
showing no significant differences among treat-
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Figure 4. CCL4 increased
3] the expression of phos-
pho histone 3 and desmin.
Representative photogra-
phs of tumors generated
with 22RV1 cells Control ed that CCL4 significantly
at the left and CCL4 0.001
ng/mL to the right (A)
Hematoxylin-Eosin
staining shows no differ-
ences in tissue structure.
(B) CCL4 increased the ex-
pression of pH3 (C) CCL4
increased the expression
of Desmin.
staining quantification of
pH3. (E) Relative staining
quantification of Desmin.
Scale bars: 20 ym. n = 10
tumors per group. Mean +
SEM (*P<0.05).

ments (Figure 4A). To deter-
mine if CCL4 affected cell pro-
liferation, the expression of
phospho-histone 3 (pH3) was
measured in tumors by immu-
nohistochemistry (Figure 4B).
Tumors developed in mice
treated with CCL4 showed a
significant increase in pH3
expression suggesting in-
creased proliferation (P<0.05)
(Figure 4D). To study mesen-
chymal characteristics and
changes in stroma, we mea-
sured the expression of des-
min in tumors using immuno-
histochemistry (Figure 4C).
Our results showed that
tumors developed in mice
treated with CCL4 had in-
creased expression of des-
min, suggesting an increased
metastatic potential (P<0.05)
(Figure 4E).

During gross examination, we
observed that tumors devel-
oped in mice treated with
CCL4 were more vascular
than control tumors. There-
fore, we evaluated angiogen-
esis measuring CD31 expres-
sion by immunofluorescence
(Figure 5A). Our results show-

increased the number of
(H&E) blood vessels in tumor tissue
(P<0.05) (Figure 5B). These
results suggest that CCL4
treatment affects the tumor
development by increasing
proliferation, mesenchymal

(D) Relative i ” .
properties, and angiogenesis.

CCL4 altered the expression
of genes associated with tu-
mor metastasis and the PI3K
pathway

To identify changes in gene
expression caused by CCL4,
we performed PCR arrays. Given that we
focused on prostate cancer recurrence, we
specifically tested the tumor metastasis array.
Additionally, since CCR5, the CCL4 receptor, is

Int J Clin Exp Med 2016;9(3):5426-5438
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Figure 5. CCL4 increased angiogenesis in vivo. A. Representative Immuno-
fluorescence images of 22RV1 tumors, Control and CCL4 0.001 ng/mL. Nu-
clei are stained in blue and blood vessels are stained in red. B. Blood vessel
counts per field are significantly increased with CCL4 treatment.

a G-protein coupled receptor (GPCR), we stud-
ied the PI3K pathway; which is activated down-
stream. Results showed that CCL4 treatment
significantly increased the expression of 5
genes associated with tumor metastasis:
breast cancer metastasis suppressor 1
(BRMS1), Chemokine (CXC Motif) Receptor 2
(CXCR2), Integrin-o7 (ITGAT7), matrix metallopro-
teinase 10 (MMP10), and RAR-related orphan
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receptor b (RORB) (Table 2).
In the context of prostate can-
cer BRMS1 is a tumor sup-
pressor gene, CXCR2 is the
receptor of IL-8, ITGA7 is
associated with tumor sup-
pressor activity, MMP10 over-
expression is associated with
metastasis, and RORB, a

nuclear receptor family, is
deregulated in prostate can-
cer [14-19]. In addition, CCL4
increased the expression of 4
genes associated with the
PI3K pathway: FBJ murine
osteosarcoma viral onco-
gene homolog (FOS), phos-
phatidylinositol 3-kinase alp-
ha (PI3KA), protein kinase
C-alpha (PRKCA), and Ribo-
somal Protein S6 Kinase
(RPS6KA1L) (Table 2). The over
expression of these genes
was confirmed by real time
PCR (Figure 6). These results
show that CCL4 modulated
the expression of genes asso-
ciated with tumor metastasis
and PI3K pathway.

Cell motility is associated
with integrin expression via
FAK phosphorylation

The gene expression analysis
showed an over expression
of FOS, a constituent of the
AP-1 transcription factor, whi-
ch is regulated by integrin sig-
naling. As integrins mediate
intracellular signals in re-
sponse to the extracellular
matrix, we performed co-cul-
ture experiments and murine
fibroblasts treated with PBS (control), CCL4 at
0.001 ng/mL or 0.1 ng/mL for 24 hours to
mimic the tumor microenvironment in vitro.
Given that integrin signaling is modulated by
the phosphorylation of focal adhesion kinase
(FAK), we assessed the expression of integrins
and phospho-FAK using western blotting
(Figure 7A). We observed increase of FAK phos-
phorylation in 22RV1 treated with 0.001 ng/ml

Int J Clin Exp Med 2016;9(3):5426-5438
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Table 2. Differentially expressed genes

Gene Bank Accession
Number

Gene
Symbol

Description

Fold
Change

P Value

NM_015399
NM_001557
NM_005252
NM_001144997
NM_002425
NM_006218
NM_002737
NM_006914
NM_002953

BRMS1
CXCR2
FOS
ITGA7
MMP10
PIBKA
PRKCA
RORB
RPS6KA1L

Breast cancer metastasis suppressor 1

Chemokine (C-X-C motif) receptor 2

FBJ murine osteosarcoma viral oncogene homolog,.
Integrin alpha 7

Matrix metallopeptidase 10
Phosphatidylinositol-4,5-bisphosphate 3-kinase, alpha
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Figure 6. Real-time PCR confirmation of differentially expressed genes. Real time PCR was quantified using the
AAC, method. A. BRMSZ1; B. CXCR2; C. FOS; D. ITGA7; E. MMP10; F. PI3KA; G. PRKCA; H. RORB; I. RPS6KAL. Values
normalized to GAPDH and relative to the control, Mean + SEM (*P<0.05). n = 5 tumors per group.

CCL4 and in integrin-B1 expression in 22RV1
treated with 0.1 ng/ml and 0.001 ng/ml CCL4,
although these changes did not reach statisti-
cal significance (Figure 7B). However, in 22RV1
treated with CCL4 0.1 ng/mL FAK phosphoryla-
tion was significantly increased (Figure 7C). To
determine if these changes were translated in
vivo, we performed immunostaining against
PFAK and ITGBZ1 in mouse tumor samples. Our
results showed that CCL4 caused a significant
increase of FAK phosphorylation in vivo (Figure
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7D-F). We observed a trend of increasing ITGB1
expression in vivo (Figure 7G-I). These results
suggest that the presence of CCL4 in the micro-
environment increased integrin expression via
FAK phosphorylation.

Discussion
Currently, prostate cancer diagnosis and risk

stratification of patients is achieved via a com-
binatorial assessment of PSA value, clinical

Int J Clin Exp Med 2016;9(3):5426-5438
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Figure 7. CCL4 increased FAK phosphorylation and integrin-B1 expression. (A) Representative images of western
blot films. (B) CCL4 treatment showed a trend of increasing ITGB1 expression in vitro. (C) CCL4 treatment signifi-
cantly increased FAK phosphorylation in vitro. Protein expression normalized to B-actin and relative to the control.
(D) Representative image (40x) of PFAK immunostaining for Control. (E) PFAK immunostaining for CCL4 0.001
ng/mL. (F) CCL4 treatment significantly increased FAK phosphorylation in vivo. (G) Representative image (40x%) of
ITGB1 immunostaining for Control (H) ITGB1 immunostaining CCL4 0.001 ng/mL (l) CCL4 treatment showed a trend
of increasing ITGB1 expression in vivo. n = 5 tumors per group. Scale bar: 50 ym. Mean + SEM (*P<0.05).

tumor stage, and biopsy Gleason score.
However, these methods are unable to predict
biochemical recurrence, which occurs in
15-30% of patients with early-stage prostate
cancer after definitive local therapy [5, 20].
Determining which patients can be managed
with active surveillance and which require
aggressive therapy is a challenging task. Even
though prompt anti-androgenic and chemother-
apeutic treatment of metastatic cancers has
shown benefits, these are administered after
serum PSA is detectable in the context of an
ablated prostate. It is critical to determine can-
didates that would benefit from adjuvant thera-
py because patients that experience biochemi-
cal recurrence may probably have metastatic
spread of the disease [21]. This highlights the
pressing need for novel diagnostic and prog-
nostic tools that can better aid in the identifica-
tion of prostate cancer.

Over-expression of CCL4 has been associated
with prostate cancer recurrence within five

5435

years of a radical prostatectomy [10]. This sug-
gests that CCL4 can be a possible predictive
biomarker for prostate cancer recurrence.

Previous work has not studied the role of CCL4
in prostate cancer progression. In this study,
we examined the role of CCL4 in prostate can-
cer using both in vitro and in vivo models. We
evaluated different hallmarks of cancer such
as cell motility, invasion, tumor growth, prolif-
eration, and angiogenesis. Our data showed
that the presence of CCL4 in the micro environ-
ment enhanced prostate cancer cell migration
and invasion, increased tumor growth,
increased proliferation, and increased blood
vessel formation. Additionally, we found that
CCL4 altered the expression of several genes
associated with tumor metastasis such as inte-
grins, MMPs, and transcription factors that pro-
mote cell proliferation.

CCL4 is a secreted chemokine involved in pro
inflammatory processes. Some of the main
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the internalization of FOS to form the AP-1 transcription complex.

functions of CCL4 are: the attraction of macro-
phages to infection sites, the promotion of reg-
ulatory T cell (Treg) migration, and the induction
of mast cell degranulation [22]. In the context
of cancer, the over expression of CCL4 and its
receptor, CCR5, has been associated with
breast cancer metastasis [23]. Furthermore,
due to Treg recruitment, CCL4 expression in
solid tumors promotes immune system eva-
sion; which increases tumor growth [24]. CCR5
is a G-Protein coupled receptor (GPCR) that can
activate several pathways, including: the MAPK
pathway, the PI3K pathway, and the integrin
signaling pathway [25].

This study showed that CCL4 increased the
expression of integrin-B1 via phosphorylation
of focal adhesion kinase (FAK). Integrin-B1 is
up-regulated in progressive prostate cancer
and allows cells to grow in an anchorage-inde-
pendent manner. In turn, this increases interac-
tions with the extracellular matrix (ECM)
and promotes cell invasion [12]. Moreover,
integrin-B1 signaling can increase the expres-
sion of chemokine receptors; allowing a posi-
tive feedback loop that promotes prostate can-
cer progression [26]. Further studies are
needed to investigate if CCR5 expression is
increased by integrin-B1 signaling.

In addition to its association with cell invasion,
integrin-B1 expression is associated with tumor
growth via increased IGF1R signaling [12]. Our
data showed that CCL4 increased tumor vol-
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Furthermore, CD31 expres-
sion in blood vessels increas-
es integrin-B1 signaling and promotes T-cell,
eosinophil, and macrophage infiltration [29]. In
addition, integrin-B1 has been shown to be
involved in the modulation of blood vessel for-
mation by promoting endothelial cell prolifera-
tion, cell migration, and vascular patterning
[30]. This suggests an explanation for the
increased metastatic potential in CCL4 treated
tumors.

As shown by PCR array analysis, CCL4 altered
the expression of several genes involved in
tumor metastasis and the PI3K pathway. Given
that CCR5is a GPCR, we expected the increased
PRKCA mRNA expression obtained though qRT-
PCR. PRKCA is activated downstream of GPCRs
[31] and is responsible for the activation of the
MAPK pathway, which is associated with
increased cell proliferation [32]. Additionally,
the over expression of PI3KA suggests activa-
tion of the PI3K pathway downstream of GPCR.
This pathway is associated with deregulated
cell cycle, increased cell proliferation, and inva-
sion [33]. The over expression of this gene may
aid in explaining the increased tumor volume
and metastatic potential observed in vivo. The
ribosomal protein S6 kinase polypeptide 1
(RPS6KA1) gene, also up-regulated in prostate
cancer tumors treated with CCL4, has been
found to be activated downstream of the MAPK
pathway and involved in the promotion of mMRNA
translation into protein [34]. FOS, another gene
up-regulated in prostate cancer tumors treated
with CCL4, can be found downstream of the
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MAPK pathway. It is a constituent of the AP-1
transcription factor, which promotes cell prolif-
eration and increases the expression of proin-
flammatory cytokines [35]. CXCR2, also up-reg-
ulated in prostate cancer tumors treated with
CCL4, is likewise a GPCR that binds interleukin
8 or CXCLS; a pro inflammatory cytokine associ-
ated with aggressive prostate cancer and regu-
lated by AP-1 [36]. The MMP10 gene, which
was likewise over expressed in prostate cancer
tumors treated with CCL4, is associated with
high grade prostate cancer and increased
angiogenesis [37]. This correlates with the
increased angiogenesis observed in vivo.
Further studies are needed to explain the
increased expression of ITGA7 and BRMS1],
since both genes are associated with metasta-
sis suppression.

In this present study, we showed that CCL4
plays a critical role in prostate cancer by
increasing cell motility, invasion, tumor growth,
angiogenesis, and metastatic potential. With
these data, we propose a mechanism of action
in which CCL4 binds its receptor CCR5 and
activates PRKCA, promoting FAK phosphoryla-
tion and, hence, integrin over expression.
Additionally, we have activation of the PI3K and
MAPK pathways downstream of PRKCA. These
pathways promote the internalization of FOS to
form the AP-1 complex (which in turn promotes
cell growth and survival (Figure 8)). This sug-
gests that CCL4 is important in promoting neg-
ative outcomes such as metastasis and re-
currence in prostate cancer. CCL4 expression
should therefore be considered as part of the
combinatorial assessment to better identify
and classify patients at risk of developing pros-
tate cancer recurrence.

Acknowledgements

This work was funded by NIH grant KO1
CA140711, MBRS-RISE grant R25GM061838,
MARC grant 5T34GM007821-35 and Institu-
tional funds from the University of Puerto Rico
Comprehensive Cancer Center and the School
of Pharmacy. We thank Némesis Merly, and
Yarimar Padin for technical assistance. We also
thank Dr. Navone and Dr. Montaner for revision
of the manuscript.

Disclosure of conflict of interest

None.

5437

Address correspondence to: Magaly Martinez-
Ferrer, Department of Pharmaceutical Sciences,
School of Pharmacy, Medical Sciences Campus,
University of Puerto Rico, PO Box 365067 San Juan,
PR 00936-5067, Puerto Rico, USA. E-mail: magaly.
martinez1@upr.edu

References

[1]  American Cancer Society. Cancer Facts & Fig-
ures 2014. Atlanta Am Cancer Soc 2014.

[2] Siegel R, Ma J, Zou Z, Jemal A. Cancer statis-
tics, 2014. CA Cancer J Clin 2014; 64: 9-29.

[3] Figueroa-Valles N, Ortiz-Ortiz KJ, Pérez-Rios N,
Villanueva-Rosa E, Traverso-Ortiz M, Torres-
Cintrén CR, Suarez-Ramos T. Cancer in Puerto
Rico 2004-2009. Puerto Rico Cent Cancer
Regist 2009.

[4] Freedland SJ, Humphreys EB, Mangold LA,
Eisenberger M, Dorey FJ, Walsh PC, Partin AW.
Risk of prostate cancer-specific mortality fol-
lowing biochemical recurrence after radical
prostatectomy. JAMA 2005; 294: 433-9.

[5] Alva A, Hussain M. Intermittent androgen de-
privation therapy in advanced prostate cancer.
Curr Treat Options Oncol 2014; 15: 127-36.

[6] Stephenson AJ, Kattan MW, Eastham JA, Dot-
an ZA, Bianco FJ, Lilja H, Scardino PT. Defining
biochemical recurrence of prostate cancer af-
ter radical prostatectomy: a proposal for a
standardized definition. J Clin Oncol 2006; 24:
3973-8.

[7] Bickers B, Aukim-Hastie C. New molecular bio-
markers for the prognosis and management of
prostate cancer-the post PSA era. Anticancer
Res 2009; 29: 3289-98.

[8] Wang J, He Q, Shao YG, Ji M. Chemokines fluc-
tuate in the progression of primary breast can-
cer. Eur Rev Med Pharmacol Sci 2013; 17:
596-608.

[9] Vindrieux D, Escobar P, Lazennec G. Emerging
roles of chemokines in prostate cancer. Endocr
Relat Cancer 2009; 16: 663-73.

[10] Blum DL, Koyama T, M’Koma AE, Iturregui JM,
Martinez-Ferrer M, Uwamariya C, Smith JA,
Clark PE, Bhowmick NA. Chemokine markers
predict biochemical recurrence of prostate
cancer following prostatectomy. Clin Cancer
Res 2008; 14: 7790-7.

[11] Edkins AL, Borland G, Acharya M, Cogdell RJ,
Ozanne BW, Cushley W. Differential regulation
of monocyte cytokine release by aV and B(2)
integrins that bind CD23. Immunology 2012;
136: 241-51.

[12] Goel HL, Li J, Kogan S, Languino LR. Integrins
in prostate cancer progression. Endocr Relat
Cancer 2008; 15: 657-64.

[13] Lsaacs JT, Hukku B. Nonrandom involvement
of chromosome 4 in the progression of rat
prostatic cancer. Prostate 1988; 13: 165-88.

IntJ Clin Exp Med 2016;9(3):5426-5438


mailto:magaly.martinez1@upr.edu
mailto:magaly.martinez1@upr.edu

(14]

(16]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

CCL4 in prostate cancer

Kauffman EC, Robinson VL, Stadler WM, So-
koloff MH, Rinker-Schaeffer CW. Metastasis
suppression: the evolving role of metastasis
suppressor genes for regulating cancer cell
growth at the secondary site. J Urol 2003; 169:
1122-33.

Campbell LM, Maxwell PJ, Waugh DJ. Rationale
and Means to Target Pro-Inflammatory Inter-
leukin-8 (CXCL8) Signaling in Cancer. Pharma-
ceuticals (Basel) 2013; 6: 929-59.

Tan LZ, Song Y, Nelson J, Yu YP, Luo JH. Integrin
o7 Binds Tissue Inhibitor of Metalloproteinase
3 to Suppress Growth of Prostate Cancer Cells.
Am J Pathol 2013; 183: 831-40.

Riddick AC, Shukla CJ, Pennington CJ, Bass R,
Nuttall RK, Hogan A, Sethia KK, Ellis V, Collins
AT, Maitland NJ, Ball RY, Edwards DR. Identifi-
cation of degradome components associated
with prostate cancer progression by expres-
sion analysis of human prostatic tissues. Br J
Cancer 2005; 92: 2171-80.

MacDonald BT, Tamai K, He X. Wnt/beta-
catenin signaling: components, mechanisms,
and diseases. Dev Cell 2009; 17: 9-26.

Long MD, Thorne JL, Russell J, Battaglia S,
Singh PK, Sucheston-Campbell LE, Campbell
MJ. Cooperative behavior of the nuclear recep-
tor superfamily and its deregulation in prostate
cancer. Carcinogenesis 2014; 35: 262-71.
Thompson KE, Hernandez J, Canby-Hagino ED,
Troyer D, Thompson IM. Prognostic features in
men who died of prostate cancer. J Urol 2005;
174: 553-6; discussion 556.

Glodé LM. The case for adjuvant therapy for
prostate cancer. J Urol 2006; 176: S30-3.
Maurer M, Von Stebut E. Macrophage inflam-
matory protein-1. Int J Biochem Cell Biol 2004;
36: 1882-6.

Kakinuma T, Hwang ST. Chemokines, chemo-
kine receptors, and cancer metastasis. J Leu-
koc Biol 2006; 79: 639-51.

Homey B, Muller A, Zlotnik A. Chemokines:
agents for the immunotherapy of cancer? Nat
Rev Immunol 2002; 2: 175-84.

Bedognetti D, Spivey TL, Zhao Y, Uccellini L, To-
mei S, Dudley ME, Ascierto ML, De Giorgi V, Liu
Q, Delogu LG, Sommariva M, Sertoli MR, Si-
mon R, Wang E, Rosenberg SA, Marincola FM.
CXCR3/CCR5 pathways in metastatic melano-
ma patients treated with adoptive therapy and
interleukin-2. Br J Cancer 2013; 109: 2412-
23.

Kiss DL, Windus LC, Avery VM. Chemokine re-
ceptor expression on integrin-mediated stel-
late projections of prostate cancer cells in 3D
culture. Cytokine 2013; 64: 122-30.

5438

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

(36]

[37]

Hans F, Dimitrov S. Histone H3 phosphoryla-
tion and cell division. Oncogene 2001; 20:
3021-7.

Wu JP, Huang WB, Zhou H, Xu LW, Zhao JH, Zhu
JG, Su JH, Sun HB. Intensity of stromal chang-
es is associated with tumor relapse in clinically
advanced prostate cancer after castration
therapy. Asian J Androl 2014; 16: 710-4.
Chiba R, Nakagawa N, Kurasawa K, Tanaka Y,
Saito Y, Iwamoto I. Ligation of CD31 (PECAM-1)
on endothelial cells increases adhesive func-
tion of alphavbeta3 integrin and enhances
betal integrin-mediated adhesion of eosino-
phils to endothelial cells. Blood 1999; 94:
1319-29.

Mettouchi A, Meneguzzi G. Distinct roles of B1
integrins during angiogenesis. Eur J Cell Biol
2006; 85: 243-7.

Oppermann M. Chemokine receptor CCR5: in-
sights into structure, function, and regulation.
Cell Signal 2004; 16: 1201-10.

Hamilton M, Liao J, Cathcart MK, Wolfman A.
Constitutive Association of c-N-Ras with c-
Raf-1 and Protein Kinase C in Latent Signaling
Modules. J Biol Chem 2001; 276: 29079-90.
Carnero A, Blanco-Aparicio C, Renner O, Link
W, Leal JFM. The PTEN/PI3K/AKT signalling
pathway in cancer, therapeutic implications.
Curr Cancer Drug Targets 2008; 8: 187-98.
Roux PP, Shahbazian D, Vu H, Holz MK, Cohen
MS, Taunton J, Sonenberg N, Blenis J. RAS/
ERK signaling promotes site-specific ribosomal
protein S6 phosphorylation via RSK and stimu-
lates cap-dependent translation. J Biol Chem
2007; 282: 14056-64.

Yu OM, Heller Brown J. GPCR and RhoA-Stimu-
lated Transcriptional Responses Mediating In-
flammation, Differentiation and Cell Prolifera-
tion. Mol Pharmacol 2015; 88: 171-80.
Khalaf H, Jass J, Olsson PE. Differential cyto-
kine regulation by NF-kappaB and AP-1 in Jur-
kat T-cells. BMC Immunol 2010; 11: 26.
Maruta S, Miyata Y, Sagara Y, Kanda S, Iwata T,
Watanabe SI, Sakai H, Hayashi T, Kanetake H.
Expression of matrix metalloproteinase-10 in
non-metastatic prostate cancer: Correlation
with an imbalance in cell proliferation and
apoptosis. Oncol Lett 2010; 1: 417-21.

Int J Clin Exp Med 2016;9(3):5426-5438



