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Abstract: Prostate cancer (PCa) is the most common cancer and second leading cause of cancer death in American 
men. Most patients with metastatic disease respond initially to androgen deprivation therapy (ADT), but almost 
inevitably progress to castration resistant prostate cancer (CRPC). Identification of markers and drivers of mCRPC 
that (a) represent a progenitor-type cancer cell population (b) persist in castration resistant disease (c) are action-
able targets expressed on the cell surface, and (d) are induced by hypoxia, is required to facilitate the develop-
ment of novel targeted therapies. We identified prostatic acid phosphatase (PAP), particularly the transmembrane 
form (TMPAP), as one such potential target. PAP is both a phosphatase and a 5’ectonucleotidase that generates 
adenosine. We herein demonstrate that PAP is expressed early on during fetal development and persists in cas-
tration-resistant disease. The VCaP and VCaP-enzalutamide-resistant PCa cell lines express secretory (sPAP) and 
TMPAP. Androgens downregulate while hypoxia upregulates PAP expression. In vivo, PAP persists in hypoxic areas of 
castration-resistant tumors. Knockdown of PAP decreases VCaP migration and colony formation. Finally, treatment 
of VCaP tumor-bearing mice with inhibitors of adenosine receptors reduces tumor growth. This data demonstrates 
that TMPAP is a novel therapeutic target in advanced prostate cancer.

Keywords: Prostate cancer, transmembrane prostatic acid phosphatase, progenitor/stem cell, metastatic, castra-
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Introduction

Prostate cancer (PCa) is the most common can-
cer and second leading cause of cancer death 
in American men [1]. The majority of patients 
with metastatic disease respond initially to 
androgen deprivation therapy (ADT), but almost 
inevitably progress to castration resistant pros-
tate cancer (CRPC) [2, 3]. Despite more po- 
tent novel anti-androgen therapies, metastatic 
CRPC (mCRPC) is incurable and contributing to 
patient lethality. Resistance to therapy may be 
intrinsic or may result from the adaptive re- 
sponses to the pressure in the tumor microen-
vironment (TME). Identification of markers and 
drivers of mCRPC that (a) represent a progeni-
tor-type cancer cell population (b) persist in 
castration resistant disease (c) are actionable 
targets expressed on the cell surface, and (d) 

are induced by hypoxia in the TME, is required 
to facilitate the development of novel targeted 
therapies to overcome resistance and lethal 
disease [4]. We identified prostatic acid phos-
phatase (PAP) as one such potential target.

PAP is a protein phosphatase and 5’ectonucleo-
tidase expressed in normal and cancerous 
prostate epithelial cells that has served as a 
diagnostic marker for prostate cancer [5]. PAP 
expression persists in most mCRPC in bone 
metastases and may play a causal role in cas-
trate-resistant osteoblastic metastasis and 
mineralization, possibly via effects on the 
RANK/RANKL/OPG system [6-10].

The prostate gland develops from epithelial 
buds arising from the urogenital sinus (urethra) 
immediately below the bladder [11]. Epstein et 
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al. reported on a series of bladder cancers and 
tumors with mixed glandular and transitional 
features that expressed PAP, even those de- 
rived from female patients [12]. This data indi-
cates that neither androgens nor AR signaling 
are needed for PAP expression and implies that 
PAP expressing cells represent a more progeni-
tor/stem cell like phenotype. Elevated levels of 
PAP protein have been reported to be an inde-
pendent predictor of tumor recurrence, sug-
gesting that PAP expressing cells represent a 
more aggressive, PCa progenitor population 
[13].

Significantly, studies from our group and others 
indicate that PAP expression persists in bone 
metastases derived from patients with mCRPC 
[7-9]. More recent evidence suggests that in 
addition to secretory PAP, a membrane-bound 
splice variant, transmembrane PAP (TMPAP) is 
detected in mouse tissues (prostate lobes, sali-
vary gland, thymus, lung, kidney, brain, spleen 
and thyroid) as well as a number of human  
cells [14]. Mechanistically, the ectonucleotid-
ase function of TMPAP generates extracellular 
adenosine, which promotes cancer cell growth, 
migration, and invasion [15].

Adenosine signaling via the adenosine receptor 
2B (A2BR) promotes tumor progression, angio-
genesis, metastasis and escape from immune 
attack in diverse cancers including prostate 
cancer [16-20]. Prostate cancer cell lines also 
express the A3 receptor and A3R inhibitors 
reduce tumor growth [21]. Extracellular ade-
nosine promotes cell migration and invasion  
of glioblastoma via the A3 receptor [22]. Pro- 
cesses defining the landscape of the TME such 
as hypoxia and ischemia, can increase adenos-
ine 1000-fold. Studies utilizing a glioblastoma 
(GBM) stem-like human cell line, U87MG, as 
well as primary cultures from GBM patients, 
demonstrated that (1) extracellular adenosine 
production was higher under hypoxia than nor-
moxia mainly due to (2) hypoxia-inducible fac-
tor-2 alpha (HIF-2a) induction of expression of 
PAP driving adenosine production from AMP 
and resulting in (3) maintenance of the cancer 
stem cell phenotype and enhanced cell migra-
tion, invasion and EMT [18, 19, 22].

In the present study, we demonstrate that 
TMPAP is a marker of more progenitor-like  
prostate cancer cells that persist in CRPC. 
Mechanistic profiling demonstrates that TMPAP 

generates adenosine promoting cancer cell in- 
vasion and this activity is enhanced by hypoxia. 
Therefore, TMPAP is a novel target for the treat-
ment of advanced prostate cancer.

Materials and methods

Tissue specimens

Archival specimens were obtained from male 
fetuses at the time of pregnancy interruption 
and prostate cancer bone metastases (from 
clinical specimens) under the guidelines of  
the Mount Sinai Medical Center Institutional 
Review Board as previously reported [7, 23].

Immunohistochemistry

Immunohistochemical reagents were obtained 
from Vector Laboratories (Burlingame, CA). 
Formalin-fixed tissues were embedded in par-
affin. Staining was carried out using an avidin-
biotin complex method as previously described 
[23].

Reagents, cell culture, and Western blotting

VCaP, LNCaP and 22Rv1 (ATCC# CRL-2876, 
CRL-1740, CRL-2505) have been cultured as 
suggested by ATCC. LNCaP cell lines used in 
this study were maintained in RPMI with 10% 
fetal calf serum, while VCaP and 22Rv1 cell 
lines were maintained in DMEM with 10% fetal 
calf serum, at 37°C in 5% CO2, as per recom-
mendation. For DHT studies, the cell lines are 
maintained in serum-free growth media supple-
mented with charcoal stripped serum. DHT 
treatments were maintained at the indicated 
concentration with addition of DHT every 24 
hours. The following antibodies were used for 
Western Analysis: PAP, 1:2000 dilution (abcam: 
ab109004) or 1:1000 (Invitrogen: PA5-22322); 
AR, 1:1000 dilution (abcam: ab133273); PSA 
1:1000 (Invitrogen: PA1-38514); PSMA 1:1000 
(Proteintech: #66678-1-IG); GAPDH 1:1000 
(Proteintech: #60004-1); and Vinculin 1:1000 
dilution (Cell signaling #13901). AlexaFlour  
secondary antibodies were used at 1:10000 
(Invitrogen: A21037, A21039, A21076, A21- 
057). Hybridized blots were imaged and ana-
lyzed on Licor Odyssey FC 2800.

Soft agar assay and migration assay

Assays were performed essentially as de- 
scribed [24]. Briefly, 5% (w/v) agar (DIFCO, 
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Detroit, MI, USA) was prepared in distilled 
water, autoclaved, then diluted to 0.5% final 
concentration with complete media and kept at 
45°C in a water bath. A bottom layer of 0.5% 
agar was plated in each well of six-well plates to 
which cells were subsequently plated in a top 
layer of 0.37% agar cooled at 37°C. VCaP cells 
were treated with control and PAP siRNA for 48 
hrs prior to plating on the soft agar. Samples 
were placed in humidified cell culture incuba-
tors at 37°C for 3 weeks after which colonies 
were stained using 1 ml solution of MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (2 mg/ml in H2O). Colony num-
bers were quantified using ImageJ. Results rep-
resent Average ± SD of colony number per well 
from three wells. Migration assay was done 
using kit (abcam: CBA-101) per the manufac-
turer’s protocol. Assays were performed with 
VCaP cells treated for 48 hrs with control and 
PAP siRNA prior to plating on the transwell  
plate and observed for migration within a 24 
hr-window.

Xenograft tumor model

10e6 VCaP cells were collected and resuspend-
ed in half volume of Matrigel. 100 ul of this cell 
suspension was injected into the flank of SCID 
mice (Charles River, Wilmington, MA). Surgical 
castration or treatments were initiated once 
tumors became palpable, followed by measure-
ments with calipers weekly. The animals were 
euthanized when the tumor volume exceeded 
500 mm3. The volume of the tumors was calcu-
lated according to the following formula: W2 * 
L/2 (W = shorter diameter, L = longer diameter 
of the tumor). The adenosine receptor inhibitor 
treatment groups were as follows: (1) Control 
(PBS injection), (2) the A2BR antagonist PSB-
603 (Cat # 3198, Tocris Biosciences) 0.05 mg/
kg and (3) the A3R antagonist MRS1220 (Cat # 
1217, Tocris Biosciences) 0.05 mg/kg, all gi- 
ven intraperitoneally three times weekly for 4 
weeks.

Confocal microscopy

VCaP cells were grown on collagen coated 
35-mm glass-bottom culture dishes (MatTek 
#P35GCOL-1.0-14-C), fixed with 3.7% formalde-
hyde, permeabilized with methanol and block- 
ed with 5% BSA in PBS. PAP protein is labeled 
with 1:100 dilution of PAP primary antibody 
(abcam: ab109004) followed by 1:1000 anti-

rabbit Alexafluor 488 conjugated secondary 
antibody (Invitrogen: A32731). Hoechst 33342 
(ThermoFisher: 62249) was used as a nuclear 
stain. E-Cadherin is labeled 1:200 (Invitrogen: 
MA1-10192) followed by 1:1000 anti-mouse 
Alexafluor 555 conjugated secondary antibody 
(Invitrogen: A21422). Confocal images are cap-
tured using Leica SP8 confocal microscopy 
housed at Leica Microsystems Center of Ex- 
cellence at Icahn School of Medicine at Mount 
Sinai.

Sphere formation assay

Cells were seeded in six-well ultralow attach-
ment plates (TPP; Thermo Fisher Scientific) at 
1000 cells/ml of culture medium. The cells 
have the capability to grow and form spheres  
in serum-free DMEM/F12 media (Lonza, USA) 
supplemented with 0.2 ng/ml of epidermal 
growth factor and 25 µg/ml of bovine pituitary 
extract. In addition, 827 S0x (Thermo Fisher 
Scientific), 20 ng/mL epidermal growth factors 
(Thermo Fisher Scientific), and 20 ng/ml basic 
fibroblast growth factors (Thermo Fisher Sci- 
entific) were added to the cell culture media.

Statistical methods

Data Analysis and visualization was performed 
on Graphpad Prism 5.0. All data was analyzed 
with Two-Way ANOVA with Bonferroni’s multiple 
comparisons test, significance as indicated by 
* is P < 0.05.

Results

Immunohistochemical profiling of human fetal 
prostates demonstrates PAP expression in the 
transitional cells of the prostatic urethra and 
prostate epithelial cells in the solid ducts of the 
prostatic buds as early as 11.5 weeks with con-
tinued expression in canalized ducts at 16 
weeks gestation (Figure 1A-D). In CRPC bone 
metastasis, there is limited expression of PSA, 
modest expression of AR and robust immuno-
reactivity for PAP (Figure 1E-H).

We subsequently examined PAP protein expres-
sion in human PCa cell lines. Neither the LNCaP 
nor the 22Rv1 cell lines expressed measurable 
levels of PAP by Western blotting (Figure 2A). 
However, the castration-resistant cell line VCaP 
derived from a vertebral bone metastases 
expressed PAP protein, both the monomer of 
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the secretory form and the transmembrane 
TMPAP (Figure 2A). Confocal imaging of VCaP 
cells demonstrated primarily cytoplasmic PAP 
(Figure 2B); although subcellular fractionation 
revealed that there was both cytosolic and 
TMPAP expression in VCaP cells (Figure 2C).

DHT addition to VCaP cells resulted in down-
regulation of PAP mRNA in VCaP cells (Figure 
3A). Figure 3B demonstrates the differential 
protein expression of monomeric PAP, TMPAP, 
AR, ARv7, PSMA, PSA and synaptophysin in 
parental VCaP cells vs. enzalutamide resistant 
VCaP (VCaP-Enz). Of note, the protein expres-
sion of all forms of PAP as well as AR, PSMA  
and synaptophysin are increased in VCaP-Enz 
whereas PSA is decreased compared to paren-

tal VCaP (Figure 3B). DHT decreases and 
enzalutamide restores AR, ARv7, TMPAP, mono-
meric sPAP and synaptophysin in both VCaP 
and VCaP-Enz cells. In contrast, there is no sig-
nificant effect of DHT or enzalutamide on PSMA 
but a clear increase in PSA with DHT that is 
decreased with the addition of enzalutamide to 
DHT. VCaP tumors grown in vivo ± castration 
express AR and PAP, but castration decreases 
AR expression while increasing PAP expression 
(Figure 3C). These data indicate that all forms 
of PAP are downregulated by DHT and that PAP 
is increased in Enz-resistant and castrated 
tumors.

DHT addition to VCaP cells grown as spheroids 
resulted in more viable cancer cells with less 

Figure 1. Immunohistochemical expression of PAP in fetal prostate and bone metastases. (A, B) Low and High 
magnification of 11.5 week (C, D) and 16 week human fetus, stained for PAP; σ: Transitional cells of the prostatic 
urethra; ɛ: Ductal budding into primitive mesenchyme; (E-H) mCRPC in bone demonstrating minimal PSA expression 
(F), heterogeneous AR (G) and persistent strong expression of PAP (H).

Figure 2. PAP expression in PCa cell lines. A. Im-
munoblot representing PAP expression in various 
PCa cell lines. B. Confocal image representing in-
tracellular localization of PAP in VCaP cell line. C. 
Subcellular fractionation representing the local-
ization of a pool of PAP in the Plasma Membrane 
(Top band).
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areas of necrosis. In non-DHT treated spher-
oids, AR was only expressed at the periphery 
whereas PAP was demonstrable both at the 
periphery and in the central necrotic core 
(Figure 4). These findings imply that AR is 
expressed in more differentiated PCa cells 

whereas PAP expression persists in hypoxic 
cells.

Hypoxia is a key factor that enriches cancer 
progenitor cell populations. VCaP cells grown 
under hypoxic conditions had increased TMPAP 

Figure 3. Regulation of PAP expression by androgenic signaling. (A) PAP transcription is downregulated by DHT in 
VCaP cells (B) monomeric and TMPAP protein is downregulated by DHT and restored by Enzalutamide treatment in 
VCaP and VCaP-Enzalutamide Resistant cell lines. (C) AR and PAP staining in VCaP mouse xenograft models with 
and without castration.
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and dimeric sPAP with down-
regulation of monomeric sPAP, 
AR and PSA (Figure 5A). In vivo, 
hypoxic areas of tumors away 
from blood vessels continued 
to express PAP but lost AR 
expression (Figure 5B).

To investigate the effect of PAP 
on VCaP cell migration and an- 
chorage-independent growth, 
PAP siRNA knockdown was per-
formed. Figure 6 demonstrates 
the successful dose and time-
related knockdown of PAP ex- 
pression under both normoxic 
and hypoxic conditions with 
PAP siRNA (Figure 6A-D). Re- 
duction in PAP protein expres-
sion resulted in decreased 
VCaP cell migration and an- 
chorage-independent growth, 
indicating that PAP promotes 
PCa invasiveness. We next in- 
vestigated the effects of ade-
nosine receptor inhibitors on 
VCaP growth in vivo, as hypox-
ia-induced TMPAP expression 
has been demonstrated to 
increase adenosine levels via 
its 5’ectonucleotidase activity 
[15] and promote cell migra-
tion/invasion of glioblastoma 
cells via the A3R [25].

It was reported that both A2BR 
and A3R are expressed in 
human prostate cancer speci-
mens [21] and cell lines [18]. 
We confirmed A2BR and A3R 
receptor expression in VCaP 
cells (data not shown). Figure 7 
demonstrates that treatment 
of in vivo VCaP tumors with 
either the A2BR antagonist 
PSB (Figure 7A) or the A3R 
antagonist MRS1220 (Figure 
7B) inhibited tumor growth 
compared to control. 

Discussion

Prostatic acid phosphatase 
(PAP) is the oldest serum tu- 
mor marker ever described 
[26]. In the landmark studies 

Figure 4. PAP and AR localization in VCaP cells grown as spheroids: PCa cell 
lines were seeded in Matrigel and grown in standard culture conditions to 
form 3D spheroids, treated without (A and B) or with DHT (C and D).

Figure 5. PAP expression in response to hypoxia. A. Western blot demon-
strating PAP upregulation in VCaP cells cultured under hypoxic conditions 
either with 5% FCS (Fetal Calf Serum) or 5% CSS (Charcoal Stripped Se-
rum); downregulation of AR in hypoxia. B. VCaP xenograft stained for AR 
(red) and PAP (black) showing a progression of decreasing AR and increas-
ing PAP towards the hypoxic, necrotic areas (yellow arrow) away from blood 
supply (*) (limited vascularity).
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by Huggins and Hodges, serum PAP decreased 
in response to castration, leading to the widely 
accepted concept that PAP, like PSA, is purely 
an indicator of androgen action in well-differen-
tiated prostate cancer cells [27]. In this study 
we report new results demonstrating that PAP 
is expressed in human fetal prostate epithelial 
cells in the solid ducts of the prostatic buds as 
early as 11.5 weeks, prior to the reported 
expression of AR or PSA [28]. Moreover, there is 
evidence that PAP persists in metastatic CRPC, 
when PSA expression is low, and that survival 
duration is significantly decreased in PAP+ gr- 
oups [29]. Early expression of PAP in prostate 
development coupled with its persistence in 
castration-resistant, metastatic disease sug-
gests that PAP is a marker of a more progeni-
tor/stem cell.

cancer cell stemness. Loss of expression of 
PAP decreased tumor cell migration and inva-
sion. The findings from glioblastoma cell lines, 
indicate that hypoxia induces TMPAP expres-
sion and increases adenosine via its 5’ectonu-
cleotidase activity, driving tumor cell invasion 
and aggressivity [22]. Blockade of A2A and  
A3 adenosine receptors reduced PCa tumor 
growth in vivo, suggesting that TMPAP is work-
ing similarly via its 5’ectonucleotidase activity 
in PCa as was demonstrated in glioblastoma.

A growing body of evidence has implicated 
TMPAP as a tumor-suppressor gene in prostate 
cancer. In a PAP mouse knockout model, there 
was an increase in slow-growing, non-metastat-
ic prostate adenocarcinoma [32]. In that same 
report and in a subsequent article, the authors 

Figure 6. siRNA knockdown of PAP decreases migration and anchorage in-
dependent growth. (A, B) Immunoblot showing dose and time dependent 
effects of PAP siRNA on PAP protein expression in VCaP cells. (C, D) The 
effect of hypoxia (18 hrs) on PAP expression in VCaP cells with/without PAP 
siRNA demonstrating that PAP levels increase with hypoxia and silenced 
with siRNA under both normoxic and hypoxic conditions siRNA knockdown 
of PAP decreases migration (E) and colony formation (F).

PAP has two splice variants 
encoding a secretory form and 
a type I transmembrane (TM) 
protein [14]. We herein demon-
strate that both the secretory 
and TMPAP are negatively regu-
lated by androgens in the hu- 
man PCa cell line VCaP, derived 
from a castration-resistant ver-
tebral bone metastasis. Fur- 
ther, the enzalutamide-resis-
tant subline of VCaP (VCaP- 
Enz) has higher basal expres-
sion levels of PAP, implying that 
TMPAP may serve as a thera-
peutic target in advanced, met-
astatic, castration-resistant di- 
sease. DHT addition decreases 
the expression of both PAP iso-
forms as well as AR and its 
splice variant ARv7. However, 
despite decreased AR levels, 
DHT increases PSA indicating 
that androgens have differen-
tial effects on PAP and PSA 
independent of AR levels.

Although it is well established 
that progenitor/stem cells re-
side in hypoxic niches [30, 31], 
our data provide the first evi-
dence that hypoxia increases 
PAP protein while decreasing 
AR protein both in vitro and in 
vivo models of prostate cancer. 
This is consistent with the con-
cept that PAP is a marker of 
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demonstrated that stable overexpression of 
TMPAP in the LNCaP PCa cell line reduced cell 
growth via accumulation of cells in the G1 
phase of the cell cycle [31]. LNCaP cells, 
although derived from a lymph node of a patient 
with castration resistant disease, still retain 
more androgen sensitivity than VCaP and its 
enzalutamide resistant subline, VCaP-Enz. The 
demonstration that in VCaP and VCaP-Enz 
there are high basal and hypoxia-induced 
TMPAP levels, decreased invasiveness with 
siRNA to PAP and tumor inhibition with adenos-
ine receptor inhibitors, indicates that in more 
aggressive tumors, TMPAP is mechanistically 
involved in tumor progression.

Our findings that TMPAP is a characteristic fea-
ture of a more progenitor/stem cell phenotype, 

persists in CRPC, is upregulated by hypoxia and 
promotes tumor invasion via its 5’ectonucleo-
tidase activity generating adenosine, identifies 
this cell surface protein as a novel therapeutic 
target in advanced prostate cancer.
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