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ABSTRACT

Early studies indicated that selective inflammatory immune cells in the prostate
tumor microenvironment might be able to influence prostate cancer (PCa) progression.
Here we found treating PCa cells with androgen deprivation therapy (ADT) results
in the recruitment of more mast cells, which might then increase PCa cell invasion
via down-regulation of AR signals in 4 different PCa cell lines. Mechanism dissection
revealed infiltrating mast cells could decrease AR transcription via modulation of the
PRC2 complex with LhcRNA-HOTAIR at the AR 5’ promoter region in PCa cells. The
consequences of suppressing AR may then increase PCa cell invasion via increased
MMP9 expression and/or increased stem/progenitor cell population. The in vivo
mouse model with orthotopically xenografted PCa CWR22Rv1 cells with/without
mast cells also confirmed that infiltrating mast cells could increase PCa cell invasion
via suppression of AR signals. Together, our results provide a new mechanism for
the ADT-enhanced PCa metastasis via altering the infiltrating mast cells to modulate
PCa AR-MMP9 signals and/or AR-stem/progenitor cell population. Targeting these
newly identified inflammatory mast cells-AR signals may help us to better suppress
PCa metastasis at the castration resistant stage.

INTRODUCTION

Prostate cancer (PCa) is the second most commonly
diagnosed cancer worldwide [1]. The androgen receptor
(AR) signals play critical roles for PCa initiation and
progression [2, 3] and androgen deprivation therapy
(ADT) is the standard treatment for PCa at late stages,
with better efficacy during the first 12-24 months before
development into castration resistance [4-6].

A growing body of evidence suggests that several
immune cells (including macrophages, T cells, neutrophils
and mast cells) with their secreted inflammatory cytokines
may play roles to influence the PCa progression [7-9].

Mast cells function in many conditions including allergies,
angiogenesis, tissue remodeling, and immunomodulation
of cancer [10, 11]. Mast cells were detected in the prostate
tumor microenvironment (pTME) and their expression
has been linked to the PCa progression [12]. There are
two different types of mast cells in tumors, intra- and
peri-tumoral mast cells. and they may play different roles
in tumor progression [12]. The intra-tumoral mast cells
play a protective role in tumor development yet the peri-
tumoral mast cells play a negative role to promote tumor
progression [12]. Most mast cells were detected around the
peri-tumoral area in the pTME, and ADT with castration
may increase the recruitment of mast cells to PCa [13].
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However, the detailed mechanism how recruited mast cells
may contribute to the PCa progression remains unclear.

Cancer stem/progenitor cells have been well-
documented to play important roles in tumor initiation
and metastasis [14, 15]. Earlier reports found that PCa
also contained stem/progenitor cells that might play
essential roles in prostate tumorigenicity and metastasis
[16, 17] and AR might play differential roles in PCa stem/
progenitor cells vs. PCa parental cells [18].

Polycomb Repressive Complex 2 (PRC2) is one of
the two classes of the polycomb-group proteins (PcG), and
this complex has histone methyltransferase activity and
primarily trimethylate histone H3 on lysine 27 [19, 20],
a mark of transcriptionally silent chromatin. It is believed
that PRC2, comprised of H3K27 histone methyltransferase
(HMTase) EZH2 and core components SUZ12 and EED,
initiates this histone modification and that the subsequent
Polycomb Repressive Complex 1 (PRC1) maintains this
modification and promotes chromatin compaction [21].

The long non-coding RNA, HOTAIR (for HOX
antisense intergenic RNA), is a human gene located on
the chromosome 12 [22]. It is the first example of an RNA
expressed on one chromosome that has been found to
influence transcription on another chromosome. HOTAIR

interacts with PRC2 [21] and is required for gene-silencing
of the HOXD locus by PRC2 [23]. Higher expression
of HOTAIR in primary breast tumors is a significant
predictor of subsequent metastasis and death [24].

Here we found ADT treatment of PCa resulted in
increased cell invasion via increased numbers of recruited
mast cells-PCa AR-MMP?9 signals and alteration of the
AR-induced stem/progenitor cell population.

RESULTS

PCa cells treated with ADT using casodex or
enzalutamide recruit more mast cells

Early studies suggested that mast cells could be
recruited to various tumors cells, including PCa [12]. Here
we applied the Boyden chamber migration system to assay
the human mast cells (HMC-1) migration ability to LNCaP
and C4-2 cells after treatment with 10 uM casodex or 10
uM enzalutamide, and the results revealed cells treated
with both anti-androgens recruited more HMC-1 cells than
DMSO control treated cells (Figure 1A and 1B).
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Figure 1: Prostate cancer cells recruit more mast cells after the treatment with casodex or enzalutamide (MDV3100).
A. Mast cell recruitment capabilities were assayed using LNCaP and C4-2 cells conditioned media (CM) treated with 10 uM casodex or 10
uM MDV3100. B. Quantification data for mast cell migration. Results were presented as the mean + SEM. Statistical analysis was done

by two-tailed Student’s t test, * p < 0.05.

www.impactjournals.com/oncotarget

14180

Oncotarget



PCa cells have better capacity than normal
prostate cells to recruit more mast cells

We applied IHC staining in the human PCa samples
using the tryptase as a marker of mast cells, and found
more mast cells were recruited to the PCa as compared
to the adjacent normal prostate tissue (Figure S1A-B). To
confirm these in vivo clinical data, we assayed the HMC-
1 cells migration ability to PCa LNCaP cells vs. normal
prostate RWPE1 cells by using the Boyden chamber
migration system (Figure S1C), and the results showed
LNCaP cells have better capacity to recruit more mast
cells than normal prostate RWPELI cells (Figure S1D-E).
Similar results were obtained when we replaced LNCaP
cells with other PCa cells, including C4-2, C4-2B and
CWR22RV1 cells (Figure S1D-E).

Together, both in vivo human clinical data and in
vitro cell co-culture data proved that PCa cells could
recruit more mast cells than normal prostate cells.

Increased infiltrating mast cells to PCa enhanced
PCa cell invasion

We then applied chamber invasion assays in co-
culture system (Figure 2A) to examine the consequences
of increased infiltrating mast cells on PCa progression. We
first treated HMC-1 cells with the differentiation reagent
phorbol 12-myristate 13-acetate (PMA) to induce the mast
cell differentiation and maturation. We then used these
matured mast cells HMC-1 co-cultured with 4 different
PCa cells (LNCaP, C4-2, C4-2B and CWR22RV1) for
their capacity to invade (Figure 2B). As shown in Figure
2C-D, PCa (LNCaP, C4-2, C4-2B and CWR22RV1) cells
with recruited mast cells all become more invasive in the
Boyden chamber invasion system, suggesting that the
recruitment of mast cells to PCa cells might increase their
invasiveness.
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Figure 2: Increased infiltrating mast cells to PCa enhanced PCa cell invasion. A. The cartoon illustrated the invasion assay.
In brief, we co-cultured four different PCa cells with/without mast (HMC-1) cells for 2 days, and then washed out the HMC-1 cells. The
co-cultured PCa cells were collected and re-seeded in the 8 pm pore size insert wells pre-coated with matrigel to perform invasion assays.
B. Images show mast cells co-cultured PCa cells have a higher invasiveness. The top panels show untreated PCa cells as control, the bottom
panels show PCa cells co-cultured with HMC-1 cells. C. Quantification data of changed PCa cells invasion. D. 3D invasion assay results
showed mast cells co-cultured PCa cells have an increased invasiveness. E. Quantification data of 3D invasion. * p < 0.05.
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Mechanism dissection why recruited mast cells
increased PCa cell invasion

To dissect the molecular mechanisms why increased
infiltrating mast cells could increase PCa cell invasion,
we examined the AR expression since recent reports
demonstrated targeting PCa AR (with siRNA) could
increase PCa cell invasion [8, 25]. As shown in Figure
3A-B and S2 (for LNCaP and C4-2 cells), recruited HMC-
1 cells or conditioned media (CM) after co-culture with
PCa cells could decrease AR expression at both protein
and mRNA levels in all four PCa cell lines (LNCaP, C4-
2, C4-2B and CWR22RV1). We further confirmed these
conclusions by demonstrating that co-culturing PCa cells
with HMC-1 cells could also decrease the expression
of AR downstream target genes including PSA and
FKBP5 expression in all four PCa cell lines (Figure 3C),
suggesting that more infiltrating mast cells to PCa could
increase PCa cell invasion via down-regulation of AR
signaling in PCa cells.

To further dissect the mechanism why infiltrated
mast cells suppressed AR signaling could increase PCa
cell invasion, we then applied focus-array with several
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PCa metastasis-related genes (Table S1) and found MMP9
was consistently increased in all four different PCa cell
lines (with many other metastasis-related genes increased
in one, two or three PCa cell lines, and qPCR and western
blot assays confirmed the increased MMP9 at both mRNA
(Figure 4A) and protein level (Figure 4B). Importantly,
we also demonstrated that knocking-down AR increased
MMP9 expression, yet suppression of MMP9 with the
inhibitor failed to alter the expression of AR, suggesting
MMP9 is a downstream target gene of AR (Figure 4C-D
and S3A-B) in C4-2 and CCWR22Rv1 cells.

Together Figure 4 and S3 suggest that recruited mast
cells may need to function through modulation of AR-
MMP9 signals to increase PCa cell invasion.

Recruited mast cells increased PCa cell invasion
via modulation of AR signals to alter the CD133*
stem/progenitor cell population

Early studies suggested that stem/progenitor
cells have higher invasive capacity to promote tumor
metastasis [26]. We were interested in whether infiltrating

mast cells could also increase PCa cells invasion via
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Figure 3: Recruited mast cells enhanced PCa cell invasion via alteration of AR signaling. All the detailed co-culture
conditions were described in Materials and Methods. A. AR mRNA level was down-regulated in PCa cells after co-cultured with HMC-1
cells. B. AR Protein level is down-regulated in PCa cells after co-cultured with mast cells. C. QPCR results confirmed AR target genes (PSA
and FKBP5) were also down-regulated in PCa cells after co-cultured with mast cells. ** p < 0.01.
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increasing the stem/progenitor cell population. We first
found co-culturing with HMC-1 cells could induce PCa
(LNCaP, C4-2 and C4-2B) cells to express more stem/
progenitor cell markers including CD133, Nanog and
CXCR4 (Figure 5A). We then applied flow cytometry to
analyze the percentage of CD133" stem/progenitor cells
population in C4-2 cells, and results showed co-culturing
with HMC-1 cells could increase CD133" stem/progenitor
cells population in C4-2 cells (Figure 5B). The sphere
formation assay also revealed that infiltrating HMC-1
cells could further increase the self-renewal capacity in the
C4-2 CD133" stem/progenitor cell population (Figure 5C).

As expected, knocking-down AR in C4-2 cells with
AR-siRNA could also increase the CD133"stem/progenitor
cell population (Figure 5D). Importantly, applying an
interruption approach for blocking the AR function during
the co-culture system showed that infiltrating HMC-1 cells
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no longer were able to significantly increase the CD133*
stem/progenitor cell population in PCa C4-2 cells (Figure
5D), suggesting infiltrating HMC-1 cells might function
through down-regulation of AR to increase PCa CD133"
stem/progenitor cell population.

Interestingly, we also confirmed the expression of
AR and MMP9 in PCa stem/progenitor cells population.
As expected, the MMP9 expression was up-regulated
(Figure S4A) but AR expression was down-regulated
significantly in CD133" cells compared to CD133- cells
(Figure S4B), suggesting low expression of AR could
increase PCa invasion capabilities via increasing stem/
progenitor population after ADT.

Together, results from 4 different assays, stem/
progenitor cell markers (Figure 5A), cell sorting (Figure
5B), sphere formation (Figure 5C) and interruption
assay (Figure 5D), all suggest that enhanced mast
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Figure 4: MMP9 expression in PCa cells after co-cultured with mast cells. A. QPCR results of MMP9 (mmp9) expression in
4 different PCa cells after being co-cultured with HMC-1 cells. B. Western blot confirmed the increased MMP9 expression in PCa cells
after being co-cultured with HMC-1 cells. C-D. Targeting MMP9 by specific inhibitor to interrupt mast cell mediated (C) C4-2 and (D)
CWR22Rv1 (22Rv1) cells invasion. E. Quantification results of (C). F. Quantification results of (D). * p <0.05 ,** p <0.01.
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cell recruitment may also be able to function through
modulation of AR signaling to alter CDI133* stem/
progenitor cell population in PCa cells to increase PCa
cells invasion.

Mechanism dissection why infiltrating mast cells
could suppress PCa AR expression

After confirming the AR down-stream signals (either
via AR—MMP9 or via AR—CD133" stem/progenitor cell
population) play key roles for infiltrating mast cells to
enhance PCa cell invasion, we decided to dissect the AR
up-stream signals to see how infiltrating mast cells may
influence the AR expression in this co-culture system.

We first demonstrated that infiltrating mast cells
could decrease AR expression at the protein and mRNA
levels (Figure 3). We then constructed luciferase reporter
linked with AR promoter to confirm if infiltrating
mast cells could also decrease AR expression at the
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transcriptional level. The results showed that infiltrating
mast cells could decrease AR promoter transcriptional
activity (Figure 6A). Importantly, after screening many
candidate genes involved in the modulation of AR
transcriptional activity, we found Inc-RNA HOTAIR in
PCa cells could be increased after co-cultured with HMC-
1 cells (Figure 6B and S5A). We also found the increased
binding of Inc-RNA HOTAIR to PRC2 complex might
then increase binding to the AR promoter in C4-2 and
CWR22Rv1 cells after co-culture with HMC-1 cells
(Figure 6C and S5B). Since the PRC2 complex is a
silencing gene that requires HOTAIR for its binding to the
target genes, we then applied HOTAIR-shRNA to suppress
the PRC2 complex binding to the AR promoter. As shown
in Figure 6D, adding HOTAIR-shRNA in C4-2/HMC-1
co-culture system decreased the PRC2 complex binding
to the AR promoter (Figure S6) and further reversed the
HMC-1 cells suppression of AR expression. As expected,
with the HOTAIR-shRNA, the HMC-1 cells increased
PCa C4-2 cell invasion was also partially reversed (Figure
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Figure 5: Recruited mast cells enhance PCa cell invasion via alteration of AR-mediated CD133* stem/progenitor cell
population. A. Co-culture of mast cells with PCa cells led to increased stem cell marker proteins, CD133, NANOG, and CXCR4. B. Flow
cytometry analysis showed increased CD133* cell population in PCa after being co-cultured with HMC-1 cells. C. Sphere formation assay
validated the increased stem/progenitor cells. The PCa cells were co-cultured with or without HMC-1 cells for 5 days. PCa cells were then
mixed with matrigel (1:1, v/v), plated in 24-well plates, and cultured for 7 days. Quantification results are presented in the lower panel.
D. Knockdown of AR in PCa cells changes their responsiveness to mast cells-promoted CD133* stem cell marker expression. * p < 0.05.
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6E).

Together, results from Figure 6A-E and S5-6
suggest that infiltrating HMC-1 cells may function through
modulation of Inc-RNA HOTAIR-PRC2 complexes to
suppress AR in PCa cells.

Increased PCa metastasis with recruited mast
cells in orthotopically xenografted mouse model

To demonstrate the above in vitro cell results in the
in vivo animal models, we then used a mouse model with
orthotopically xenografted PCa CWR22Rv1 cells that
were stably transfected with pPCDNA-luciferase plasmid
to monitor the PCa progression with IVIS Imaging system.
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After orthotopically xenografting 1x10° CWR22Rv1 cells
with or without 1x10° HMC-1 cells for six weeks, we
found (from IVIS image) increased metastatic foci in 6
out of 10 mice with xenografts of PCa and HMC-1 cells,
compared to only 3 out of 15 mice having metastatic
foci with CWR22Rv1 cells only (Figure 7A). We further
identified one mouse to have metastatic foci in the
diaphragm after sacrifice, suggesting 70% (7/10) of mice
xenografted with co-cultured PCa and mast cells have
metastatic foci vs. 20% (3/15) of mice xenografted with
PCa cells alone (Figure 7C). The metastasis foci were also
confirmed by staining PSA as compared with local tumor
(Figure S7).

H&E staining in those metastatic foci confirmed
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Figure 6: Mechanisms why mast cell recruitment suppressed PCa AR expression and increased PCa cells invasion.
A. QPCR shows HOTAIR mRNA level changes after co-culture of C4-2 cells with HMC-1 cells. B. AR promoter luciferase assay. We
transfected C4-2 cells with two different AR promoter plasmids (1.7 kb and 8.0 kb) and then co-cultured with HMC-1 cells for 24 hrs
and detected luciferase signal. C. ChIP assay results showed PRC2 complex could bind to the AR promoter. After 48 hrs co-culture,
protein-DNA complex of C4-2 cells was cross-linked, sonicated, and precipitated by the SUZ12 antibody. The DNAs were purified from
the pulldown complex and subjected to PCR. Rabbit IgG was used as the negative control. D. Knocking-down HOTAIR reversed AR
expression. The left panel shows HOTAIR knock down efficiency after knocking down HOTAIR in C4-2 cells. We co-cultured with HMC-
1 cells for 48 hrs, extracted RNA and detected AR mRNA level changes as shown in middle panel. Right panel Cartoon model of HOTAIR
transporting the PRC2 complex to the AR promoter region. E. After knocking down HOTAIR, we co-cultured C4-3 cells with HMC-1 cells

and detected C4-2 invasion ability changes. * p < 0.05 .
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those are PCa foci, including the one in diaphragm
(Figure 7B). Importantly, IHC staining of AR and MMP9
expressions are also in agreement with in vitro co-culture
studies showing infiltrated mast cells could decrease AR
expression and increase MMP9 expression (Figure 7D-E).

DISCUSSION

The tumor microenvironment with selective
inflammatory immune cells plays an important role in PCa
progression [9]. Mast cells are one of these immune cells
that could be recruited into various tumor tissues to impact
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the tumor progression via influencing the angiogenesis
[27]. Recent reports also found the infiltrated mast
cells in the peri-tumoral compartment could be a novel
independent prognostic marker for PCa, and it may also be
linked to the progression into the castration resistant stage
[12]. Our finding that recruited mast cells could enhance
PCa growth and invasion provides strong in vitro and in
vivo evidence to support mast cells roles in the late PCa
castration resistant stage.

Mechanism dissection found recruited mast cells
might function through modulation of AR signaling to
enhance PCa cell invasion, which is in agreement with
early studies showing targeting AR with AR-siRNA might
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Figure 7: Mast cells promoted PCa invasion using in vivo orthotopic PCa model. A. Orthotopic-implantation of mast cells
together with PCa cells promotes PCa invasion. The CWR22Rv1 cells were transfected with pPCDNA-luciferase (22rv-1-luc). CWR 22Rv1-
Luc cells (1x10°) with or without mast cells (1x10°) were orthotopically implanted into the AP of nude mice. After 6 weeks implantation,
the PCa growth was monitored by IVIS imaging following tail vein injection with Luciferin. B. Image illustrates metastasized tumors in
the diaphragm. The top panels show the tumor mass in the diaphragm, and the bottom panels are the HE staining to confirm the tumors
are cancer. C. Quantification data for tumor metastases in mice. D. IHC staining for AR and MMP9 in orthotopic mice tumor tissues. E.

Quantification data for IHC staining. * p < 0.05.
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lead to enhance PCa cell invasion via either TGF-1/
Smad3/MMP9 signaling [25] or STAT3-CCL2/CCR2
signaling [8]. Importantly, we are able to link the Inc-
RNA HOTAIR-PRC?2 signaling as an upstream signal to
modulate AR at the transcriptional level. Early studies
indicated that methylation of the AR promoter CpG
islands might also be able to suppress the AR expression
at the transcriptional level in PCa cells [28, 29]. PRC2,
with H3K27 histone methyl transferase HMTase EZH2
and core components SUZ12 and EED, could influence
the chromatin compaction [21] and IncRNA-HOTAIR
(HOX antisense intergenic RNA) might interact with
PRC2 for gene-silencing with a mechanism involving the
methylation regulation [23]. With data showing mast cells
could increase IncRNA HOTAIR to promote the binding of
PRC2 complex (via SUZ12) to AR promoter CpG region
for the suppression of AR expression, the axis of Inc-
RNA-HOTAIR to—AT promoter methylation—reduced
AR expression—increased PCa metastasis may represent
a key mechanism to control the PCa metastasis at the later
castration resistant stage.

Results from a Phase II study of abiraterone acetate
treatment for castration resistant prostate cancer (CRPC)
patients found that 79% of patients have a decline in
PSA level of 50% or more, but 52% of PCa patients have
either increased new bone lesions or intensity of existing
bone lesions [30]. Cooperberg et al also reported the
increased PCa specific mortality in clinical patients after
ADT [31]. The recently published reports also found
increased expressions of the epithelial-mesenchymal
transition (EMT) marker following ADT [32], and Niu
et al found that TRAMP mice with knocked-down AR in
prostate epithelial cells also had increased metastatic PCa
with mice dying earlier than the wild type TRAMP mice
[33]. Finally, Lin et al demonstrated that ADT with the
anti-androgens casodex or enzalutamide could increase
the PCa cell invasion via either altering the TGFp-1/
Smad3/MMP9 signals [25] or influencing the infiltrating
macrophages via reduced AR-mediated PIAS3 expression
and then enhanced pSTAT3-CCL2 signals (32). Here we
found another mechanism to explain why PCa cells treated
with ADT using casodex or enzalutamide could have
increased cell invasion via alteration of the recruitment
of mast cells. These new findings not only strengthen the
early conclusion that ADT with casodex or enzalutamide
could increase PCa cell invasion and may also provide a
potential new therapeutic approach via interrupting the
infiltrating mast cells and their induced IncRNA-HOTAIR-
PRC2 complex—AR—MMP9 signals.

In summary, our results concluded that infiltrating
mast cells could increase PCa metastasis via modulation of
IncRNA-HOTAIR-PRC2 complex—AR—MMP?9 signals,
which may provide us a potential therapeutic approach
to better battle PCa metastasis via targeting this newly
identified signaling from infiltrated mast cells.

MATERIALS AND METHODS

Cell culture

LNCaP and CWR22Rv1 cell lines were purchased
from the American Type Culture Collection (ATCC,
Manassas, VA). C4-2 and C4-2B cell lines were a gift
from Dr. Jer-Tsong Hsieh of University of Southwestern
Medical Center. Human mast cell line HMC-1 was a gift
from Dr. John Frelinger of Eye Institute of University
of Rochester Medical Center. HMC-1 was cultured
in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% heat inactivated fetal bovine
serum (FBS), 2 mM L-glutamine,100 [U/mL penicillin,
and 50 pg/mL streptomycin. When indicated, HMC-1 cells
were exposed to the differentiation reagent PMA (Sigma-
Aldrich, Paso Robles, CA) at 20 ng/ml for 3 days. For the
remainder of this study, PMA treated HMC-1 cells will be
considered mature (differentiated) and untreated HMC-1
cells will be considered immature (undifferentiated) [34].

Reagents and materials

GAPDH (6¢5), B-actin (I-19), and AR (N-20)
antibodies were purchased from Santa Cruz Biotechnology
(Paso Robles, CA). MMP9 (ab38898) was from Abcam
(San Diego, CA). SUZ12 (3737) was from Cell Signaling
(Boston, MA). Human IL6 protein was from PROSPEC
Corp (Houston, TX). IL6 and IL8 neutralizing antibody
was from R&D (Minneapolis, MN). Crystal violet was
from Fisher Scientific Company (Grand Island, NY).
Anti-mouse/rabbit secondary antibody for Western Blot
was from Invitrogen (Grand Island, NY).

Mast cell recruitment assay

Mast cell migration was detected using a 24-well
transwell assay. Briefly, PCa cells were placed in the lower
chambers of the 24-well transwells. Mast cells (1x10°
cells/mL) were then seeded in the upper chambers. The
upper and lower chambers were separated by an 8 pm
polycarbonate filter coated with fibronectin (10 pg/ml,
sc-29011 Santa Cruz, Paso Robles, CA) and dried for 1
hr in the hood. The chambers were incubated for 4 hours
at 37°C. Filters were then scraped, washed, fixed with
cold methanol, and stained with 1% toludine blue. Cell
migration was measured by counting the number of cells
attached to the lower surface of the filter. Each experiment
was tested in triplicate. The results were expressed as the
mean + SEM of the number of migrating cells.
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Cell invasion assay

24-well (8 um pores) transwell plates (Corning,
Lowell, MA) were used for invasion assays. For in vitro
invasion assays, the upper chambers of the transwells
(8 wm) were pre-coated with diluted matrigel (BD
Biosciences, Sparks, MD). Before performing invasion
assays, PCa cells were cultured with either mast cells or
CM for 48 hrs, and then wash out mast cells with PBS 3
times and then collected the co-cultured cells for further
experiments. In brief, 10°PCa cells (in serum free media)
and 10% serum containing media were plated in the upper
chambers. After 48 hrs incubation, invaded cells were
stained with 0.1% crystal violet, and positively stained
cells were counted. The cell numbers were calculated from
counting six random fields. Quantitation indicates mean of
triplicate repeats + SEM.

3D invasion assay

The PCa cells invasion were also assayed by using
3D matrigel assay. In brief, we thawed Matrigel on ice and
add 40 pl to each well of 8-well glass chamber slide (at 50
pl/em?2) and spread the Matrigel evenly, placed the slides
in the cell culture incubator and allowed the Matrigel
to solidify. We then plated 10* PCa cells into each well
with CM containing 5% Matrigel and 10 ng/ml EGF and
changed media every 4 days. PCa cells take about 7 days
to form acini-like structures. The number of structures in
each of 10 different random fields under 100 microscope
were counted.

RNA extraction and quantitative real-time PCR
analysis

Total RNAs were isolated using Trizol reagent
(Invitrogen). 1 pg of total RNA was subjected to
reverse transcription using Superscript III transcriptase
(Invitrogen). Quantitative real-time PCR (qRT-PCR) was
conducted using a Bio-Rad CFX96 system with SYBR
green to determine the mRNA expression level of a gene
of interest. Expression levels were normalized to the
expression of GAPDH RNA.

Western blot analysis

Cells were lysed in RIPA buffer and proteins (20
ng) were separated on 10-12 % SDS/PAGE gel and then
transferred onto PVDF membranes (Millipore, Billerica,
MA). After blocking membranes, they were incubated
with appropriate dilutions (1:1000) of specific primary
antibodies. The blots were incubated with HRP-conjugated
secondary antibodies and visualized using ECL system
(Thermo Fisher Scientific, Rochester, NY).

Luciferase reporter assays

Human AR promoter regions of 1.8kb and 7kb
were amplified and cloned into the pGL3 vectors as we
described previously [35], and obtained as a gift from Dr.
Yan Dong of Tulane University. The luciferase reporter
assays were performed according to the methods used
in a previous study [36]. PCa cells were lysed and the
luciferase activity was detected by the dual luciferase
assay using pRL-TK-luciferase as the internal control.
Each sample was normalized by pRL-TK-luciferase
activity, and data were presented as mean + SEM from at
least three independent experiments.

Chromatin immunoprecipitation assay (CHIP)

CHIP assay was performed as previously
reported [37, 38]. In brief, cell lysates were precleared
sequentially with normal rabbit IgG (sc-2027, Santa
Cruz Biotechnology) and protein A-agarose. Anti-
SUZ12 antibody (2.0 ng) was added to the cell lysates
and incubated at 4°C overnight. For the negative
control, IgG was used in the reaction. Specific
primer sets designed to amplify a target sequence
within human AR promoter were: hAR: Forward,
5’- CGACAGCCAACGCCTCTTG-3"; Reverse, 5°-
CCTTGCTTCCTCCGAGTCTTTAG-3’; PCR products
were identified by agarose gel electrophoresis.

In vivo metastasis studies

Male 6- to 8-week old nude mice were used.
CWR22Rv1 cells were engineered to express luciferase
reporter gene (PCDNA3.O-luciferase) by stable
transfection and the positive stable clones were selected
and expanded in culture. 15 mice were injected with
PCa cells (1 x 10° of luciferase expressing cells, as a
mixture with Matrigel, 1:1) and other 10 mice were co-
injected with PCa cells co-cultured with (HMC-1) (1 x
10%) to anterior prostate (AP). Metastasis in live mice was
monitored by using a Fluorescent Imager (IVIS Spectrum,
Caliper Life Sciences, Hopkinton, MA), following tail
vein injection of Luciferin, at 6 different time points (3,
4,5, and 6 wks after injection). After a final monitoring
with the Imager, mice were sacrificed and the metastases
were further examined by H&E. All animal studies were
performed under the supervision and guidelines of the
University of Rochester Medical Center Animal Care and
Use Committee.

H&E staining

The tissue sections were de-waxed and rehydrated
routinely. The sections were stained in hematoxylin for
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5 min, and washed in running tap water for 5 min. Then
the sections were stained in eosin for 30 sec, dehydrated,
and mounted by routine methods. The representative fields
were chosen to present in the figures.

Histology and IHC staining

Mouse prostate tissues were fixed in 10% (v/v)
formaldehyde in PBS, embedded in paraffin, and cut into
5 um sections. Prostate sections were deparaffinized in
xylene solution and rehydrated using gradient ethanol
concentrations, and immunostaining was performed.

Statistics

All statistical analyses were carried out with SPSS
16.0 (SPSS Inc, Chicago, IL). The data values were
presented as the mean + SEM. Differences in mean values
between two groups were analyzed by two-tailed Student’s
t test. p < 0.05 was considered statistically significant.

ACKNOWLEDGEMENTS

This work was supported by NIH grants
(CA155477 and CA156700), George Whipple
Professorship Endowment and Taiwan Department of
Health Clinical Trial, Research Center of Excellence
(MOHW104-TDU-B-212-113002 to China Medical
University, Taichung, Taiwan) and China 973 Program
(2012CB518305). We thank Karen Wolf for help in the
preparation of the manuscript.

CONFLICTS OF INTEREST

There are no conflicts of interest.

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E and Forman
D. Global cancer statistics. CA Cancer J Clin. 2011; 61:69-
90.

2. Chang CS, Kokontis J and Liao ST. Molecular cloning of
human and rat complementary DNA encoding androgen
receptors. Science. 1988; 240:324-326.

3. Heinlein CA and Chang C. Androgen receptor in prostate
cancer. Endocr Rev. 2004; 25:276-308.

4. Niu Y, Altuwaijri S, Yeh S, Lai KP, Yu S, Chuang KH,
Huang SP, Lardy H and Chang C. Targeting the stromal
androgen receptor in primary prostate tumors at earlier
stages. Proceedings of the National Academy of Sciences
of the United States of America. 2008; 105:12188-12193.

5. NiuY, Chang TM, Yeh S, Ma WL, Wang YZ and Chang
C. Differential androgen receptor signals in different cells
explain why androgen-deprivation therapy of prostate

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

cancer fails. Oncogene. 2010; 29:3593-3604.

Chang C, Lee SO, Yeh S and Chang TM. Androgen
receptor (AR) differential roles in hormone-related tumors
including prostate, bladder, kidney, lung, breast and liver.
Oncogene. 2013.

Ammirante M, Luo JL, Grivennikov S, Nedospasov S and
Karin M. B-cell-derived lymphotoxin promotes castration-
resistant prostate cancer. Nature. 2010; 464:302-305.
Izumi K, Fang LY, Mizokami A, Namiki M, Li L, Lin WJ
and Chang C. Targeting the androgen receptor with siRNA
promotes prostate cancer metastasis through enhanced
macrophage recruitment via CCL2/CCR2-induced STAT3
activation. EMBO Mol Med. 2013; 5:1383-1401.

Liotta LA and Kohn EC. The microenvironment of the
tumour-host interface. Nature. 2001; 411:375-379.

Soucek L, Lawlor ER, Soto D, Shchors K, Swigart LB
and Evan GI. Mast cells are required for angiogenesis and
macroscopic expansion of Myc-induced pancreatic islet
tumors. Nat Med. 2007; 13:1211-1218.

Gounaris E, Erdman SE, Restaino C, Gurish MF, Friend
DS, Gounari F, Lee DM, Zhang G, Glickman JN, Shin
K, Rao VP, Poutahidis T, Weissleder R, McNagny KM
and Khazaie K. Mast cells are an essential hematopoietic
component for polyp development. Proceedings of the
National Academy of Sciences of the United States of
America. 2007; 104:19977-19982.

Johansson A, Rudolfsson S, Hammarsten P, Halin S, Pietras
K, Jones J, Stattin P, Egevad L, Granfors T, Wikstrom P
and Bergh A. Mast cells are novel independent prognostic
markers in prostate cancer and represent a target for
therapy. Am J Pathol. 2010; 177:1031-1041.

Franck-Lissbrant I, Haggstrom S, Damber JE and Bergh A.
Testosterone stimulates angiogenesis and vascular regrowth
in the ventral prostate in castrated adult rats. Endocrinology.
1998; 139:451-456.

Zhang Q, Yang M, Shen J, Gerhold LM, Hoffman RM and
Xing HR. The role of the intravascular microenvironment
in spontaneous metastasis development. Int J Cancer. 2010;
126:2534-2541.

Mueller MT, Hermann PC and Heeschen C. Cancer
stem cells as new therapeutic target to prevent tumour
progression and metastasis. Front Biosci (Elite Ed). 2010;
2:602-613.

Pfeiffer MJ and Schalken JA. Stem cell characteristics in
prostate cancer cell lines. Eur Urol. 2010; 57(2):246-254.

Maitland NJ and Collins AT. Prostate cancer stem cells: a
new target for therapy. J Clin Oncol. 2008; 26:2862-2870.

Lee SO,Ma Z, Yeh CR, Luo J, Lin TH, Lai KP, Yamashita
S, Liang L, Tian J, Li L, Jiang Q, Huang CK, Niu Y, Yeh S
and Chang C. New therapy targeting differential androgen
receptor signaling in prostate cancer stem/progenitor vs.
non-stem/progenitor cells. ] Mol Cell Biol. 2013; 5:14-26.

Yoo KH and Hennighausen L. EZH2 methyltransferase and
H3K27 methylation in breast cancer. Int J Biol Sci. 2012;

www.impactjournals.com/oncotarget

14189

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

8:59-65.
Chase A and Cross NC. Aberrations of EZH2 in cancer.

Clinical cancer research : an official journal of the American
Association for Cancer Research. 2011; 17:2613-2618.

Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X,
Brugmann SA, Goodnough LH, Helms JA, Farnham PJ,
Segal E and Chang HY. Functional demarcation of active
and silent chromatin domains in human HOX loci by
noncoding RNAs. Cell. 2007; 129:1311-1323.

Woo CJ and Kingston RE. HOTAIR lifts noncoding RNAs
to new levels. Cell. 2007; 129:1257-1259.

Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK,
Lan F, Shi Y, Segal E and Chang HY. Long noncoding
RNA as modular scaffold of histone modification
complexes. Science. 2010; 329:689-693.

Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong
DJ, Tsai MC, Hung T, Argani P, Rinn JL, Wang Y, Brzoska
P, Kong B, Li R, West RB, van de Vijver MJ, et al. Long
non-coding RNA HOTAIR reprograms chromatin state to
promote cancer metastasis. Nature. 2010; 464:1071-1076.
Lin TH, Lee SO, Niu Y, Xu D, Liang L, Li L, Yeh SD,
Fujimoto N, Yeh S and Chang C. Differential androgen
deprivation therapies with anti-androgens casodex/
bicalutamide or MDV3100/Enzalutamide versus anti-
androgen receptor ASC-J9(R) Lead to promotion versus
suppression of prostate cancer metastasis. J Biol Chem.
2013; 288:19359-19369.

Visvader JE and Lindeman GJ. Cancer stem cells in solid
tumours: accumulating evidence and unresolved questions.
Nat Rev Cancer. 2008; 8:755-768.

Crivellato E, Beltrami C, Mallardi F and Ribatti D. Paul
Ehrlich’s doctoral thesis: a milestone in the study of mast
cells. Br J Haematol. 2003; 123:19-21.

Jarrard DF, Kinoshita H, Shi Y, Sandefur C, Hoff D,
Meisner LF, Chang C, Herman JG, Isaacs WB and
Nassif N. Methylation of the androgen receptor promoter
CpG island is associated with loss of androgen receptor
expression in prostate cancer cells. Cancer research. 1998;
58:5310-5314.

Tian J, Lee SO, Liang L, Luo J, Huang CK, Li L, Niu Y
and Chang C. Targeting the unique methylation pattern
of androgen receptor (AR) promoter in prostate stem/
progenitor cells with 5-aza-2’-deoxycytidine (5-AZA) leads
to suppressed prostate tumorigenesis. J Biol Chem. 2012;
287:39954-39966.

Ryan CJ, Shah S, Efstathiou E, Smith MR, Taplin ME,
Bubley GJ, Logothetis CJ, Kheoh T, Kilian C, Haqq CM,
Molina A and Small EJ. Phase II study of abiraterone
acetate in chemotherapy-naive metastatic castration-
resistant prostate cancer displaying bone flare discordant
with serologic response. Clinical cancer research : an
official journal of the American Association for Cancer
Research. 2011; 17:4854-4861.

Cooperberg MR, Vickers AJ, Broering JM and Carroll PR.

32.

33.

34.

35.

36.

37.

38.

Comparative risk-adjusted mortality outcomes after primary
surgery, radiotherapy, or androgen-deprivation therapy for
localized prostate cancer. Cancer. 2010; 116:5226-5234.

Sun Y, Wang BE, Leong KG, Yue P, Li L, Jhunjhunwala
S, Chen D, Seo K, Modrusan Z, Gao WQ, Settleman J
and Johnson L. Androgen deprivation causes epithelial-
mesenchymal transition in the prostate: implications for
androgen-deprivation therapy. Cancer research. 2012;
72:527-536.

Niu Y, Altuwaijri S, Lai KP, Wu CT, Ricke WA, Messing
EM, Yao J, Yeh S and Chang C. Androgen receptor is
a tumor suppressor and proliferator in prostate cancer.
Proceedings of the National Academy of Sciences of the
United States of America. 2008; 105:12182-12187.
Zudaire E, Martinez A, Garayoa M, Pio R, Kaur G,
Woolhiser MR, Metcalfe DD, Hook WA, Siraganian RP,
Guise TA, Chirgwin JM and Cuttitta F. Adrenomedullin
is a cross-talk molecule that regulates tumor and mast cell
function during human carcinogenesis. Am J Pathol. 2006;
168:280-291.

Zhan Y, Cao B, Qi Y, Liu S, Zhang Q, Zhou W, Xu D, Lu
H, Sartor O, Kong W, Zhang H and Dong Y. Methylselenol
prodrug enhances MDV3100 efficacy for treatment of
castration-resistant prostate cancer. Int J Cancer. 2013;
133:2225-2233.

Niu Y, Yeh S, Miyamoto H, Li G, Altuwaijri S, Yuan
J, Han R, Ma T, Kuo HC and Chang C. Tissue prostate-
specific antigen facilitates refractory prostate tumor
progression via enhancing ARA70-regulated androgen
receptor transactivation. Cancer research. 2008; 68:7110-
7119.

Liu NC, Lin WJ, Yu IC, Lin HY, Liu S, Lee YF and
Chang C. Activation of TR4 orphan nuclear receptor gene
promoter by cAMP/PKA and C/EBP signaling. Endocrine.
2009; 36:211-217.

Yang L, Xie S, Jamaluddin MS, Altuwaijri S, Ni J, Kim
E, Chen YT, Hu YC, Wang L, Chuang KH, Wu CT and
Chang C. Induction of androgen receptor expression by
phosphatidylinositol 3-kinase/Akt downstream substrate,
FOXO3a, and their roles in apoptosis of LNCaP prostate
cancer cells. J Biol Chem. 2005; 280:33558-33565.

www.impactjournals.com/oncotarget

14190

Oncotarget



