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Abstract

The inactivation of tumor suppressor genes (TSGSs) plays a vital role in the progression of human
cancers. Nevertheless, those ubiquitous TSGs have been shown with limited roles in various
stages of diverse carcinogenesis. Investigation on identifying unique TSG, especially for early
stage of carcinogenesis, is imperative. As such, the search for organ-specific TSGs has emerged as
a major strategy in cancer research. Prostate cancer (PCa) has the highest incidence in solid
tumors in US males. Cellular prostatic acid phosphatase (CPACP) is a prostate-specific
differentiation antigen. Despite intensive studies over the past several decades on PAcP as a PCa
biomarker, the role of cPAcP as a PCa-specific tumor suppressor has only recently been emerged
and validated. The mechanism underlying the pivotal role of cPACP as a prostate-specific TSG is,
in part, due to its function as a protein tyrosine phosphatase (PTP) as well as a phosphoinositide
phosphatase (PIP), an apparent functional homologue to Phosphatase and tensin homolog (PTEN)
in PCa cells. This review is focused on discussing the function of this authentic prostate-specific
tumor suppressor and the mechanism behind the loss of cPAcP expression leading to prostate
carcinogenesis. We review other phosphatases’ roles as TSGs which regulate oncogenic PI3K
signaling in PCa and discuss the functional similarity between cPAcP and PTEN in prostate
carcinogenesis.
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1. Introduction

Protein tyrosine phosphorylation is a key event in cellular signaling that drives cell division,
proliferation, differentiation and apoptosis [1]. It is essential to maintain normal
physiological phosphorylation signaling as deregulation can lead to dysfunction in cell
survival and transformation [2]. The dynamic equilibrium of tyrosine phosphorylation and
dephosphorylation is maintained respectively by protein tyrosine kinases (PTKSs) and protein
tyrosine phosphatases (PTP). The spatial distribution and existence of an almost equal
number of coding genes for PTKs and PTPs suggest the substrate specificity and importance
in maintaining the optimal level of protein phosphorylation [1-3].

Structural, functional and sequence analyses have classified the PTP superfamily enzyme
into (i) Class I cys-based PTPs including “classical tyrosine-specific’ and ‘dual specificity
phosphatases (DSPs)’, (ii) Class Il cys-based low molecular weight acid phosphatases, (iii)
Class 111 cys-based CDC25 and (iv) Asp-based PTPs [2-4] and (v) His-based PTPs [5]
(Table 1). Further, the “classical tyrosine-specific’ PTPs are divided into two subfamilies:
the receptor-type PTP (RPTP), primarily localized at transmembrane region, and the
nonreceptor-type PTP (NRPTPs), which localized in the cytosol. The majority of the
‘classical’ tyrosine-specific phosphatases have been hypothesized to possess tumor
suppressor function. However, data indicate that some of the RPTPs can function as
oncogenes, e.g., RPTPA (RPTPa) in prostate cancer (PCa) [6,7]. DSPs can act both as
positive and negative regulators of signal transduction pathways based on its specific
dephosphorylation function by either activating or inactivating/suppressive kinases [2,3].

PCa has the highest incidence of non-cutaneous malignancy and is the second leading cause
of cancer-related death in US males [8]. Androgen deprivation therapy (ADT) is still the
gold standard for the metastatic PCa [9]. However, most patients fail to respond after a
certain period and eventually develop metastatic castration-resistant prostate cancer (MCR
PC) for which there is no curative except taxels and PROVENGE which could prolong
one’s life span for a few months [10,11]. One of the mechanisms behind the development of
castration resistance is the activation of kinases by tyrosine phosphorylation [12,13]. In past,
major efforts have been made on investigating Tyr-phosphorylation regulation of kinases in
PCa. Recent advances have moved to search for prostate-specific PTPs and revealed
approximately one hundred PTPs expressed in prostate tissue (Table 1) [3-5] in addition to
eight ubiquitously known tumor suppressor genes (TSGs) (Rb, p53, PTEN, PP2A, PHLPP,
APC, BRCA2 and WT1; Table 2) [14-45]. Further analyses of PTP expression and
comparison of closely related PTPs have demonstrated their function to maintain prostate
cell homeostasis and revealed cellular prostatic acid phosphatase (CPAcCP) as a unique
prostate-specific TSG. Although secretory PAcP (sPACP), an isoform of cPACP protein, has
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been recognized as a marker to detect PCa, only recently studies have underscored the
importance of cPACP in PCa growth suppression.

The loss of cPACP has been shown to be an early event in PCa. Understanding of
consequences of the early loss of cPACP in PCa cells will reveal a mechanism underlying
the development of PCa and its progression. In this review, we focus on cPACP, a classically
known prostate-specific differentiation antigen, as a prostate-specific tumor suppressor. We
emphasize the recent developments in understanding the mechanistic role of cPAcCP as a
PTP as well as phosphoinositide phosphatase (PIP). We further overview the central
function of several other phosphatases as TSGs which regulate phosphoinositide 3-kinase
(PI3K)/Akt signaling in PCa. We highlight the significance of cPACP as a prostate-specific
tumor suppressor.

2. Prostatic acid phosphatase

PACP (E.C.3.1.3.2) is a member of the acid phosphatase superfamily, which hydrolyzes a
variety of small organic phosphomonoesters in acidic conditions within the range of pH 4-6
[46-48]. PACP has been shown to have high levels of expression in normal adult prostate
epithelia [49,50]. Recent studies validate very low levels of PACP expression (less than 2%)
in several other non-prostatic tissues by quantitative real-time polymerase chain reaction
(QRT-PCR) [51,52].

Prior to puberty, PACP is expressed at low levels. In normal, well differentiated adult
prostate epithelia, PAcP protein is present at a very high level, up to 0.5 mg/gm wet tissue,
correlating with decreased cell growth. Hence it has been proposed that cellular PAcP
(cPACP) can be involved in normal prostate cell growth regulation. Since Gutman and
colleagues observed elevated PACP activity in the circulation of PCa patients with bone
metastasis, vast clinical studies had provided valuable insight on PAcP as a PCa biomarker
until the discovery of prostate-specific antigen (PSA) [53-57]. It should be noted that
despite the elevation of circulating PACP, cellular levels of PAcP (cPACP) decrease and
inversely correlate with PCa progression. Recent advances in functional and mechanistic
studies reveal cPACP’s specific role in maintaining prostate cell homeostasis. Novel
substrates and their interactions with cPACP have been identified by depleting or mutating
cPACP protein. Together these outcomes support the notion that cPAcP functions as a
prostate-specific tumor suppressor and its loss of expression can lead to prostate
carcinogenesis [12,26,27,58,59].

3. PAcCP structure and isoforms

The human PACP gene is located on chromosome 3¢21-23, which spans approximately 51
kb [60,61]. The PACP gene is comprised of 10 exons, which encode a 386 amino acid
precursor. This precursor is posttranslationally modified into a mature 354 amino acid
protein with a molecular weight of ~49 kDa by removing a 32 amino acid signal peptide at
N-terminal [60,61]. The mature form of human PAcP is a 100 kDa glycoprotein containing
two subunits of 50 kDa each with post-translational modifications, which is synthesized in
the differentiated columnar epithelia of prostate gland [62—64]. The differential
modifications result in two forms of the protein, the cellular and secretory form.
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Interestingly, a new species of PACP protein was identified as a result of alternate splicing of
the PACP gene [28] which will be discussed later in section 3.2.

3.1. PACP protein structure

Structural analyses show human PAcP (hPACcP) protein is a dimer, consisting of two
subunits [65] with a larger o/p domain and a smaller a-helical domain in each subunit
[65,66]. While it was proposed the PACP subunits are inactive; serial dilution experiments
showed that each subunit exhibits phosphatase activity and though dimerization greatly
enhances their specific activity by allosteric, cooperative activation [67].

Initial structural analyses revealed PACP contains six cysteine residues at positions 129, 183,
281, 314, 319 and 340 [68]. Subsequent three-dimensional structure analyses reveal PAcP
can form only two disulfide bonds because cysteine residues 183 and 281 are too far apart to
form a disulfide bridge [69]. Additionally, titration experiments confirm PACP has two
reactive free sulfhydryl groups [70]. Hence, it was hypothesized that Cys183 is essential for
the PTP activity of PAcP. Nevertheless, biochemical studies revealed histidine plays a
critical role in PACP activity. Site-directed mutagenesis analyses showed His12 and Asp258,
but not Cys183 or Cys281, are essential for the PTP activity of PACP [71]. For the
hydrolysis reaction, His12 and Asp258 of PACP act as a phosphate acceptor and the proton
donor, respectively [5,70,72,73]. It should also be noted Asp258 is conserved in the PTP
family [5,70]. These results demonstrate PACP represents a novel class of histidine-
dependent PTPs (Table 1) [5]. The detailed description of cPACP structure and its regulation
can be found in other reports [5,11,27].

3.2. PAcP protein isoforms

Several lines of evidence show the existence of different forms of PAcP proteins. For
example, biochemical characterizations show a species of PAcP protein purified from
prostate tissue exhibits different isoelectric point (pl) values compared to SPACP [46,74].
Though they exhibit unique antigenic epitope(s), they also share partial cross-reactivities
[46]. Immunohistochemical (IHC) staining of normal human prostate archival specimens
with anti-PAcP antibody (Ab) show very high levels of PACP protein in the cytosolic area of
differentiated epithelial cells [49,50,75]. While some PACP proteins are retained
intracellularly; others are secreted into the prostatic fluid [76]. Further,
immunocytochemical staining with anti-PAcP Ab shows strong, positive staining in the
cytosolic area of permeabilized prostate carcinoma cells, but not the intact cells [77]. In
addition, prostate cell homogenate contains high PAcP activity in the cytosolic fraction,
including the supernatant fraction after 150,000xg ultracentrifugation [12]. It should also be
noted that in prostate carcinomas, intracellular PACP protein levels decrease and inversely
correlate with PCa progression [26,27,64] despite the fact that its circulation level can be
elevated. The decreased protein level, at least in part, is due to the decrease of mRNA level
[27,78,79]. The elevation of circulating PACP is at least in part due to increased
glycosylation including high levels of sialylation, which prolongs its half-life in circulation
[48]. It has thus been proposed that the same mRNA encodes for both cellular (cPAcP) and
secretory PACP (SPACP) proteins. Our recent studies reveal the hPAcP signal peptide can
direct differential post-translational modifications in biosynthetic pathways, resulting in
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different subcellular localizations of PACP protein (Vishwanatha Lingappa and Ming-Fong
Lin, Unpublished observations).

In addition to the known classical PAcP isoforms, cPAcP and sPACP proteins, a recent study
reported the PAcP gene can encode for a third isoform: transmembrane PAcP (TM-PAcP)
from alternate splicing of approximately 11 kb between exon 10 and intron 10 [28]. The
deduced 417 amino acids of TM-PACP is predicted to have an endosomal/lysosomal
targeting sequence (Y[G\R]NI) separated from a 22 amino acid TM domain in its C-
terminus. Although TM-PACP has been demonstrated to be widely expressed in many
mouse tissues including thymus, lung, kidney, spleen, thyroid and fibroblast, with higher
levels of expression than in prostate; its expression profile in human tissues other than
prostate remains completely unknown [28]. Further analyses revealed that TM-PAcP
expression level is not significantly changed in PCa cells, the authors thus concluded that
this TM-PACP does not play a role in prostate carcinogenesis [28].

4. cPACP protein: as a prostate-specific tumor suppressor

Based on several biochemical features, cPAcP has been proposed as a tumor suppressor.
First, PAcP expression is associated with normal prostate differentiation, i.e., slow cell
growth. Conversely, cPACP levels are decreased in PCa cells, lower than in adjacent non-
cancerous cells [26,27,80]. Second, the genetic manipulations of PAcP by cDNA and
shRNA transfection in PCa cells result in opposite effects on PCa cell proliferation and
tumorigenicity [12,26,27,58,81,82]. In parallel, incorporation of purified PACP protein into
PACcP-null PCa cells decreases tyrosine phosphorylation in those cells. Third, ectopic
introduction of wt PAcP cDNA expression vector suppresses LNCaP C-81 tumor growth in
xenograft animal models [58]. Finally, PAcP-knockout mice develop prostatic intraepithelial
neoplasia (PIN) followed by carcinoma in situ in a 12-month period [29,59]. All the
evidence together support the notion that decreased cPACP drives PCa initiation and
progression, and cPACcP functions as an authentic tumor suppressor in PCa.

4.1. cPACP protein in normal and cancerous prostate

Biochemical analyses such as IHC, in situ hybridization and electron microscopy reveal
hPACP is primarily localized in the glandular and ductal regions of differentiated human
prostate epithelial cells [64,83-87]. In normal prostate tissue, cPACP expression is low until
puberty, after which PACP protein level can reach high levels in well-differentiated prostate
tissue [49,50]. In prostate adenocarcinomas, cPACP expression is decreased, lower than
adjacent non-cancerous cells, correlating with an increased tumorigenicity and cancer
progression [26,50,64,88].

4.2. cPACP protein as a negative growth regulator

Decreased cPACP has been characterized to coordinate with activated receptor tyrosine
kinases (RTK) in upregulating PCa cell proliferation, and thus is hypothesized to function as
a negative growth regulator [27,81]. Hence, it is hypothesized that loss of cPAcP function
favors the increased tyrosine phosphorylation of ErbB-2, an epidermal growth factor
receptor (EGFR) family member, which in turn activates downstream signaling and

Biochim Biophys Acta. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Muniyan et al.

Page 6

promotes PCa cell growth [12,27]. Supportively, in LNCaP and MDA PCa2b androgen-
sensitive (AS) PCa cell lines, upon passage, CPACP expression decreases which correlates
with increased growth rates of LNCaP C-81 and MDA PCa2b androgen-independent (Al)
cells [12,27,81,89-91]. Further, growth stimuli decrease cPACP protein level with a
concurrent increase in cell proliferation. Conversely, incorporation of purified PACP protein
in PAcP-null PCa cells decreases ErbB-2 tyrosine phosphorylation [92,93]. In histone
deacetylase (HDAC) inhibitor-treated PCa cells, growth suppression correlates with cPAcP
expression and ErbB-2 dephosphorylation [94]. Consistent with our hypothesis, silencing
endogenous PACP in LNCaP C-33 cells with antisense cDNA or shRNA resulted in
enhanced ErbB-2 activation and Al cell proliferation. The introduction of cPAcP cDNA in
PAcP-deficient Al LNCaP C-81 cells or PAcP-null PC-3 cells also increases PAcP
expression and decreases PCa cell proliferation [12,27,58,77,81]. These results are further
supported by the observation of decreased PAcP expression in PCa cells on both mRNA and
protein levels when compared to normal epithelia in archival specimens [26,27,64,80,95,96].

4.3. cPACP protein exhibits the tumor suppression activity on xenograft tumors

Experimental animal studies indicate cPACP has a potential therapeutic effect against PCa.
Supportively, PCa cells expressing cPAcP have low tumorigenicity in soft agar anchorage-
independent assay as well as in xenograft animal models [26]. LNCaP C-81 xenograft tumor
recapitulates human castration-resistant (CR) PCa phenotype and serves as a useful model
for studying the tumor suppressor role of cPAcP [12,26,81,97]. The introduction of single
intratumoral injection of cDNA encoding the wild-type PACP protein, but not PTP-inactive
mutant, in pre-established C-81 xenograft tumors results in the suppression of growth and
progression of xenograft tumors [58]. Conversely, subcutaneous inoculation of PAcP-
knocked down PCa cells in female mice with low circulating testosterone resulted in
increased tumorigenicity when compared to the animals injected with control PCa cells
expressing endogenous cPACP [12]. Thus, cPAcP functions as a TSG in culture and
xenograft animal models.

4.4. PAcP-knockout mice develop prostatic intraepithelial neoplasia (PIN) and
adenocarcinomain situ

In knockout experiments, mice (C5BL/6J) lacking the exon 3 of the PAcP gene develop
prostate hyperplasia at 3 months, prostatic intraepithelial neoplasia (PIN) lesions at 6 months
and adenocarcinomas at 12 months of age [29,59]. The close observation of phenotypic
changes reveals the similarity of PAcP-knockout mice with PTEN-knockout mice in the
stage of PCa progression. In both the conditions with similar genetic (C5BL/6J) background,
the knockout mice develop PIN at 3—-6 months and adenocarcinoma at 12 months of their
age, which mimics human PCa development and progression [29,98,99]. In addition, the
histological changes demonstrate the microinvasive properties of PAcP-knockout mice,
including bulging of epithelial cells into the stroma with broken fibromuscular sheath [29].
Thus, PACP functions as a prostate-specific TSG.

4.5. cPAcP vs. TM-PACP protein as tumor suppressor in prostate

The investigators of the report for studying PAcP-knockout mice, however, proposed that
the tumor suppressor effect of PACP is solely due to the transmembrane variant of PAcP
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(TM-PACP) but not cPACP, the classical PAcP. It should be noted this notion on which form
of PACP isoenzymes as PCa tumor suppressor is totally contradict to their own data
[28,29,59]. First, the PAcP-knockout mice were developed by the deletion of exon 3, which
is present in both PAcP isoforms, the classical PAcP and the TM-PACcP, and those mouse
prostate cells lost the expression of both proteins [29,59,100]. Second, gRT-PCR analyses of
PCa specimens revealed that the classical PAcCP mRNA, not TM-PAcP mRNA, was
significantly decreased in those PCa specimens [28]. It was thus proposed by the same group
of investigators that classical PACP, but not TM-PACP, is involved in prostate
carcinogenesis [28]. Third, TM-PACcP expression level is comparatively low in mouse
prostate lobes when compared to the expression in other mouse tissues; while classical PAcP
has a predominant expression in prostate than other tissues [28,51,52]. These results suggest
the deletion of classical PAcP in knockout mice would have more profound effect on tumor
development than TM-PACcP. Finally, the TM-PACcP was observed in membranous prostate
structures using a polyclonal PAcP antibody which could potentially cross-react with
lysosomal acid phosphatase [101]. This cross-reactivity raises a concern regarding the
identity of the detected phosphatase. It is further proposed by the same team of investigators
that the phosphatase domain of TM-PACP localizes extracellularly and hydrolyses AMP in
circulation for pain suppression [28,29,100]. This topology of TM-PACcP active domain
clearly contradict to the report on observed biochemical properties of the activation of
tyrosine phosphorylation as well as phospholipid homeostasis in those PAcP-knockout
prostate cells and the colocalization of PAcP with PIP3 in dorsolateral lobe (DL) of prostate
[59]. All the above observations together clearly suggest the observed phenotype of PACP as
TSG can be explained only by the loss of both forms of PACP, if not the classical PAcP
alone. Hence, it is even reasonable to suggest the tumor suppressor effect is essentially due
to cellular PACP protein.

Mechanism of action in tumor suppression

Biochemically, PAcP is a member of dual specificity phosphatase (DSP) and can
dephosphorylate phosphotyrosine, phosphoserine and phosphothreonine with a lower km
value of p-Tyr than that of p-Ser or p-Thr [102-105]. While PAcP does not contain the
signature motif as the classical DSPs; biochemical characterizations, including site-directed
mutagenesis, demonstrate PAcCP has histidine and aspartate in its active site [70-72,106—
108]. Supportively, initial studies demonstrated that cPACP is co-purified with the major
PTP activity in non-cancerous human prostate tissue [109]. Biochemical studies using
purified human PACP protein [103] and recombinant rat PAcP protein expressed in a
baculoviral expression system [110] further support the notion that cPAcP exhibits neutral
PTP activity. Incorporation of purified PAcP protein into PAcP-null DU145 cells is
associated with phosphotyrosine dephosphorylation [93]. Thus, understanding the
reprogramming of PCa cell proliferation by PAcP can aid in the development of novel
approaches for PCa therapy.

5.1. cPAcP and ErbB-2 signaling in prostate cancer

Several studies support the notion that elevated ErbB-2 specific activity, but not its
amplification plays a critical role in CR PCa progression [82,93,111,112]. In human prostate
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archival specimens, PAcP enzyme activity, protein level and its mMRNA level were decreased
in cancer cells, when compared to normal or benign prostate tissue [26,27,80,95,96]. The
inverse correlation of cPACP activity and the level of tyrosyl phosphorylation activity
provide the first indication of cPACP as a PTP in cells [89,103]. Significantly, we have
shown PACP prefers neutral pH for the dephosphorylation of tyrosyl phosphorylated EGFR
[113]. EGFR family member activation can directly activate ERK1/2 and/or
phosphatidylinositol 3-kinase (P13K)/Akt pathways and contributes to the survival of CR
PCa cells [12,27,111,114-118].

The relationship between ErbB-2 tyrosine phosphorylation level and cPAcP PTP activity has
been demonstrated by many intensive studies. In Al LNCaP C-81 and MDA PCa2b-Al PCa
cells which have lower endogenous cPACP level with respect to their AS counterparts and
have elevated ErbB-2 tyrosine phosphorylation correlating with increased cell proliferation
[12,26,27,119,120]. In parallel, in AS cells, in the presence of phosphatase inhibitors, PAcP
activity decreases and inversely correlates with increased protein tyrosine phosphorylation
level as well as cell proliferation [119,120]. The in vitro tumorigenic analyses, including
anchorage-independent growth assay and xenograft animal experiments on Al LNCaP C-81
cells, further support the notion that PCa cells with lower PAcP and higher ErbB-2 activity
will have increased tumorigenic activity [12,58,121]. In addition, the Al LNCaP C-81 PCa
cells show enhanced tumor migration and metastasis [122, Ta-Chun Yuan, Fen-Fen Lin and
Ming-Fong Lin, unpublished observations]. Conversely, the incorporation of PACP protein
and cDNA into PAcP-null DU145 and PC-3 PCa cells results in decreased Tyr-P of a 185
kDa (ErbB-2) protein [26,93,114]. Intratumor expression of cPAcP by injecting wt PAcP
cDNA expression vector, but not the phosphatase inactive mutant, results in tumor
suppression and decreased ErbB-2 tyrosine phosphorylation [58]. Importantly, reciprocal co-
immunoprecipitation analyses demonstrate interaction between cPAcP and ErbB-2 under
non-permissive growth conditions [12]. This interaction by co-immunoprecipitation is
decreased upon growth stimulation [119]. Thus, the effect of cPAcP on down-regulation of
PCa cell growth is at least in part due to its dephosphorylation of the p-Tyr of ErbB-2
protein in those cells [12,26,71,114,119].

cPACP may dephosphorylate human ErbB-2 at different sites in PCa cells. In Al human
LNCaP C-81 and MDA PCa2b-Al PCa cells in which PAcP expression is decreased, the
phosphorylation levels of Tyr1221/2 and Tyr1248 are elevated [12]. Our results clearly
show both the autophosphorylation sites of ErbB-2 are activated in PCa cells with low
cPACP activity. Our kinetic analyses upon shRNA transfection shows knockdown of cPAcP
is preferentially associated with pY1221/2 phosphorylation followed by pY1248
phosphorylation of ErbB-2. Sharma and his colleagues also demonstrate the peptide, C-
DNLpYYWD-N which has a sequence from rat ErbB-2 auto-phosphorylation sites (1197-
1203), exhibits the most favorable free energy of binding and interaction [123]. Thus, the
cPACP dephosphorylation model indicates dimeric cPAcP dephosphorylates two
autophosphorylated residues on an activated receptor simultaneously because the presence
of a second phosphorylated tyrosyl residue at the C-terminus of ErbB-2 can considerably
enhance the binding affinity [123]. Alternatively, due to the proximity of Tyr1221/2 and
Tyr1248, dephosphorylation of Tyr1248 by PAcP can be secondary to the removal of
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Tyrl221/2. Thus, understanding the role of PACP in altering ErbB-2 phosphorylation level
may give more insight into cPACcP’s mechanistic role in regulating PCa.

5.2. PAcP and PI3K/Akt survival signaling in prostate cancer

The activation of PI3K/Akt signal that drives cancer cell survival and growth reveals a
number of deregulated oncogenes and tumor suppressors. Several studies have established a
close relationship between activation of the PI3K/Akt pathway and deregulation of lipid
phosphatases such as Phosphatase and tensin homolog (PTEN) in advanced human PCa. The
lipid phosphatase PTEN has been demonstrated to regulate PI3K signaling by blocking the
activation of downstream Akt survival protein. Additionally, recent advances have revealed
PTP’s biological activity goes beyond the dephosphorylation of phosphoproteins. It is
hypothesized several tyrosine phosphatases could function as phospholipases in addition to
its canonical PTP function [124].

cPACP biochemically functions as a PTP, is decreased in PCa and its activity is associated
with dephosphorylation of ErbB-2 (as discussed in the section 5.1). Thus far, ErbB-2 has
been demonstrated as a phosphoprotein substrate of cPAcP and dephosphorylation of
ErbB-2 has been described as PAcP’s main function in controlling PCa cell growth [12].
Biochemical studies further reveal PACP possesses PIP activity and can dephosphorylate
phosphatidylinositol 3-phosphate (P1(3)P) from Phosphotidylinositol (3,4,5) phosphate
(PIP3) [12,59] (Fig. 1). Colocalization studies further indicate the interaction of cPAcP with
PIP3 in dorsolateral lobe of mice [59]. It is proposed that the positively charged side chains
in PACP’s active site may favor the binding of phosphate ion in PIP3. PIP3 is an activator of
Akt and is required for its full activation by phosphorylating S473. Our analyses on cPAcP
in LNCaP C-33 cells demonstrated the knockdown of cPAcP enhances Akt hyper-activation
at S473 and correlates with tumorigenicity [12]. In addition, there is a strong inverse
correlation between Akt activation and cPACP level in AS. vs. Al LNCaP and MDA PCa2b
PCa cells. For example, in LNCaP cells where PTEN is mutant, Akt (Ser473) is hyper-
activated in Al LNCaP C-81 cells as well as cPAcP-knockdown LNCaP C-33 cells with low
cPACP but not in LNCaP C-33 cells with high cPAcP [12,125]. Similarly, ErbB-2 and Akt
activation are observed in MDA PCa2b-Al cells, compared to AS MDA PCaz2b cells [12].
These Al cells in which ErbB-2 and Akt are activated have increased tumorigenicity in
culture and in xenograft animal models [12,58,121]. Nevertheless, further studies are
required to determine the mechanism of Akt hyper-activation in cPAcP-deficient PCa cells
and validate cPAcP hydrolyses PIP3 to PIP2.

6. Other phosphatases as tumor suppressors in prostate cancer

In human prostate cells, PI3K signaling plays an indispensable role in maintaining cell
homeostasis, and dysregulation of this signaling results in the pathogenic state. Results of a
recent genomic analyses predicted the PI3K pathway is aberrantly regulated in about 40% of
primary tumors and almost 100% of metastatic tumors [35]. cPAcP has been proposed to
regulate the PI3K signaling in PCa cells. Many other phosphatases are expressed in prostate
cells, and their biological functions are in relevant to PI13K signaling in PCa. In the
following section, we briefly discuss those protein phosphatases that are involved in
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regulating Akt activation and may have functional overlapping with cPAcP (Table 3)
[12,27,36,37].

6.1. Phosphatase and tensin homolog (PTEN)

PTEN is a mammalian lipid as well as protein phosphatase and consists of 403 amino acids
with the consensus catalytic signature motif required for dephosphorylation. The detailed
structure, regulation and mechanism of action of PTEN in maintaining cellular homeostasis
can be found elsewhere [126-130]. PTEN Loss of heterozygosity (LOH) and/or mutation
occurs most frequently in advanced cancers including PCa [20,21]. The principal function of
PTEN is dephosphorylating Phosphotidylinositol (3,4,5) phosphate (PIP3) to
Phosphotidylinositol (4,5) phosphate (P1P2) and thus inhibits the activation of
Phosphoinositide-dependent kinase 1 (PDK1) and then Akt (Fig. 2). There is evidence to
show PTEN deletion and increased level of PIP3 and Akt activation in advanced PCa. The
distinctive PIP3 lipid phosphatase activity makes PTEN as an essential molecule in
maintaining prostate cellular homeostasis which validates PTEN as a potent tumor
suppressor. Further studies show that germline mutations as observed in other cancer types
are rare in PCa and hence support the notion that loss of PTEN is a late event in prostate
carcinogenesis [22,23].

6.2. Protein phosphatase 2A (PP2A)

PP2A is a highly conserved serine/threonine protein phosphatase. Basically, PP2A is a
heterotrimeric complex with broad spectrum of substrates [131]. Structurally, PP2A is made
of ‘core dimer’ of scaffold (structural) and catalytic subunit, to which variable regulatory
subunits associate and form different active holoenzyme complex [132-135]. Currently,
based on the association and variable number of regulatory subunits, it is proposed there are
approximately 75-100 possible heterotrimeric complexes. It is estimated that PP2A accounts
for about 1% of total proteins and is responsible for 90% of total serine/threonine
phosphatase activity in any given cell [136]. Studies had also shown that there is an inverse
correlation between PP2A and Akt activity in prostate and other cancers [31,32,136,137].
The primary function of PP2A is to dephosphorylate and inactivate Akt and thus inhibits its
downstream signaling in PCa (Fig. 2). Recently, PP2A has received much attention in PCa
and is proposed to be a potent tumor suppressor [33]. PP2A loses its tumor suppressor
functions through diminished expression, mutations and/or somatic alterations either in their
scaffold or regulatory subunit [36,138]. In addition, PP2A has been proposed to play a
critical role in regulating MAPK signaling in Al PCa cells [31]. Biochemical studies further
suggest that the observed Akt elevation in PP2A-knocked down and metastatic PCa cells is
due to the B-subunit PR55a, a PP2A regulatory subunit [136-138]. Despite large numbers
of functional studies describing PP2A as a tumor suppressor in various cellular models,
further preclinical studies are needed to clarify the mechanistic function of PP2A regulatory
subunits in PCa. It is also suggested that due to the complexity of the holoenzyme and varied
nature of activities in each cell type, more studies on PCa are needed to determine the
specific subunit responsible for Akt and other substrates, such as 3-catenin and c-MYC
dephosphorylation, to delineate the mechanism underlying PP2A as a tumor suppressor.
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6.3. Pleckstrin homology domain leucine-rich repeat protein phosphatase (PHLPP)

The tumor suppressor PHLPP is classified as DSP and has three isozymes PHLPP1a,
PHLPP1B and PHLPP2 [139] (Table 3). Structural analyses reveled all three PHLPP
isozyme has an amino terminus, PH domain, leucine-rich repeat region, phosphatase domain
and C-terminal PDZ-binding motif. Genomic analyses show the isozymes PHLPP1 and
PHLPP2 are respectively deleted in 7 and 15 % of primary and 43 and 62 % in metastatic
PCa patients [35]. Our preliminary data indicated the potential regulation of Akt activation
by PHLPP (Yaping Tu and Ming-Fong Lin, unpublished observations). Mechanistic study
demonstrated PHLPP has the ability to dephosphorylate S473 and inactivate Akt [37] (Fig.
2). Further, PHLPP has been hypothesized to dephosphorylate PKC and S6K at their
hydrophobic phosphorylation motifs [37]. Knockdown and coimmunoprecipitation studies
have revealed that both PHLPP isoforms have differential specificities towards Akt isoforms
[140] and suggest the interaction between specific Akt and PHLPP isoform may be
responsible for its dephosphorylation activity. Further, the PHLPP1-knockout mice develop
high grade prostatic intraepithelial neoplasia (PIN) in 9 months of age, but not PCa, thus
established the potential of tumor suppressor activity of PHLPP1 protein [36]. Overall, the
results support PHLPP has the ability to suppress Akt signaling and can function as a
therapeutic target. Given the central role of this phosphatase family in terminating cell
survival pathways, more mechanistic studies are needed on the substrates signaling
pathways involving PHLPP in PCa.

7. Summary and conclusion

Since the identification of elevated PACP activity in the circulation of metastatic PCa
patients seven decades ago, PACP has been considered as a surrogate PCa marker until the
availability of PSA. Although the sPAcP level is upregulated by androgens, a main driving
force behind prostate carcinogenesis; cPACP is decreased upon androgen stimulation and has
been demonstrated to decline in PCa cells in comparison with normal prostate epithelia.
Most importantly, analyses by transcriptome-based tissue microarray reveal 90% of PCa
tissue specimens of Gleason scores 6-9 have decreased cPACP expression compared with
the adjacent non-cancerous tissue specimens [27]. Clinical data also supports cPACP is the
only known tissue-specific protein which progressively decreases from the premalignant
prostatic intraepithelial neoplasia (PIN) stage (Shiv Srivastava and Ming-Fong Lin,
Unpublished observations). Furthermore, PCa cells containing higher levels of cPAcP are
less tumorigenic when compared to PCa cells with lower cPACP levels, and PAcP knockout
mice have been demonstrated to develop prostate adenocarcinoma.

In PCa, cPACP and PTEN are apparent functional homologues in regulating prostate cell
homeostasis. In addition to both phosphatases exhibiting PTP activity, biochemically, PAcP
dephosphorylates PI(3)P, the same site of dephosphorylation by PTEN. The observed
phenotype of loss of cPACP expression with Akt hyper-activation in PTEN-inactive LNCaP
C-33 vs. C-81 cells supportively suggests cPAcP may function as a phospholipase in the
absence of PTEN. In parallel, cPAcP-knockdown LNCaP C-33 PCa cells show enhanced
Akt hyper-activation by S473 phosphorylation [12]. Also, PAcP-knockout mice show PI3K-
Akt activation and develop prostate adenocarcinoma with a similar phenotype observed in
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PTEN-knockout mice [29,59]. Thus, cPAcP behaves as PTEN-functional homologue in PCa
cells. Nevertheless, each phosphatase exhibits unique features. Although loss of PTEN in
mouse promotes prostate adenocarcinoma, studies on clinical archival specimens show that
the majority of PTEN loss is associated with the metastatic state with only about 10-20% of
primary PCa, differing from the early loss of cPACP. Also, cPAcP may directly regulate Akt
phosphorylation in addition to ErbB-2; while the PTEN in vivo phosphoprotein substrate
requires further identification. Taken together, the data clearly demonstrates cPACP, a
functional homologue to PTEN, is the prostate tissue-specific phosphatase which functions
as an authentic tumor suppressor in PCa. Its loss of expression is involved in the early stage
of prostate carcinogenesis.

8. Perspectives

In PCa, enormous progress has been made on identifying the genetic cause for the loss-of-
function of particular TSGs. Nevertheless, it is not yet known whether the decrease or
absence of PACP in PCa is due to biallelic silencing, point mutation or loss of
heterozygocity (LOH). Intriguingly, our recent report demonstrates cPAcP can be regulated
epigenetically [94] and hence we suggest the future screening for cPAcP functional loss in a
large population would be an active and stimulating area of investigation.

In the present review, we have given mechanistic evidences that cPAcP can dephosphorylate
the HER-2 and PI(3)P in PCa cells. Interestingly, recent reports suggest that the blocking of
a single EGFR function can be compensated by the overexpression of alternative HERS,
establishing an autocrine growth factor loop that maintains downstream signaling and PCa
cellular proliferation [141-143]. Although substantial progress has been made toward
understanding HER-2 dephosphorylation mechanism by PACP; it is not yet known whether
cPACP is able to dephosphorylate other HER-2 family members such as EGFR and HER-3.
Interestingly, on defining the role of cPACP in regulating oncogenic PI3K/Akt signaling,
PP2A and PHLPP have also been demonstrated as tumor suppressors in PCa by
dephosphorylating Akt at T308 or S473 or both. However, when comparing PTEN to other
TSGs, further mechanistic studies of PP2A and PHLPP are needed to define their
dephosphorylating function in PCa.

Due to the proven importance of the PACP gene as a TSG in prostate carcinogenesis,
investigation of the basic biochemistry and molecular biology of cPACP, including its
interaction with oncogenic proteins, will further unearth the PAcP regulatory mechanisms as
a TSG. The information will provide valuable insight into its potential therapeutic
applications. Though further investigation is apparently needed, the data may implicate the
loss of both cPACP and PTEN proteins are required to obtain the advanced PCa phenotype,
the CR PCa. In parallel, it should also be noted for the remarkable similarity of functional
interplay between PTPs and HER-2 family members and between phosphatase and Akt in
other cancers for the survival of those cancer cells [126,144-154]. Based on the common
theme of dephosphorylation of HER-2 and PIP3s by cPACP in PCa, similar tissue-specific
PTPs and also the ubiquitous protein phosphatases such as PTEN, PP2A and PHLPP can
potentially be identified and developed as therapeutic targets for their respective carcinoma.
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Fig. 1.
A schematic representation of cPACP interaction with HER-2 and PI3K/Akt pathway in

regulating prostate cell homeostasis. cPAcCP loss of expression induces carcinogenesis and
subsequently prostate cancer (PCa) cell proliferation and progression. Initiation of PCa is
accompanied by an early decrease of cPACP expression in prostate cells resulting in
hyperphosphorylation of HER-2 on tyrosine residues including Y1221/2 and Y1248. In
addition to the activation of HER-2/MAPK pathway, loss of cPACP activity can lead to the
accumulation of PIP3 and subsequent Akt activation, which results in PCa progression and
survival. Akt activation can phosphorylate S6K and GSK3 and leads to prostate cell
proliferation. Activated Akt may phosphorylate and sequester FKHR and BAD in cytoplasm
which results in survival of PCa cells. In addition, Akt may also phosphorylate AR and ERK
which results in inducing PCa cell proliferation. Abbreviations: Akt, v-akt murine thymoma
viral oncogene homolog; AR, androgen receptor; BAD, Bcl-2-associated death promoter
protein; cPACP, cellular prostatic acid phosphatase; ERK, extracellular signal-regulated
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kinases; FKHR, forkhead in rhabdomyosarcoma (also designated FOXO1); GSK3, glycogen
synthase kinase 3; HER-2, human epidermal growth factor receptor-2 (also designated
ErbB-2/neu); PDK-1, phosphoinositide-dependent kinase 1; PIP2, phosphatidylinositol 4,5-
bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; S6K, ribosomal S6 kinase (a
family member of serine/threonine kinases).
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Fig. 2.
A schematic representation of phosphatases in maintaining prostate cell homeostasis. The

data indicate two negative regulations of cPAcP in PCa cell proliferation and survival. Early
decrease of cPACP expression results in hyperphosphorylation of HER-2 on tyrosine
residues including Y1221/2 and Y1248 and will initiate PCa and progression. Further,
ErbB-2 activation can lead to PI3K activation and results in PCa cell survival. Second,
cPACP function loss may result in PIP3 accumulation and subsequent Akt activation which
result in mediating downstream signal essential for prostate cell survival. The
phosphorylation of PIP3 can be maintained by cPAcP and PTEN by dephosphorylating back
into PIP2. PP2A may directly inactivate Akt and ERK in regulating prostate cell
homeostasis. PHLPP may also directly inactivate Akt and S6K which results in inhibiting
the downstream cell proliferation signals. Note: Phosphatases are indicated by blue.
Phosphatases of inhibitory activity are indicated in green solid line. The open dotted line
indicates cPAcP may directly dephosphorylate and inactivate Akt. The kinase-induced
activity is indicated in red solid arrows. Abbreviations: Akt, v-akt murine thymoma viral
oncogene homolog; AR, androgen receptor; cPACcP, cellular prostatic acid phosphatase;
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ERK, Extracellular signal-regulated kinases; HER-2, human epidermal growth factor
receptor-2 (also designated ErbB-2/neu); PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-trisphosphate; PHLPP, PH domain leucine-rich repeat protein
phosphatase; PP2A, protein phosphatase 2A; PTEN, Phosphatase and tensin homolog; S6K,
ribosomal S6 kinase (a family member of serine/threonine kinases).
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Expression of Protein tyrosine phosphatases (PTPs) including dual specificity phosphatases in prostate tissue.

PTP type | Approved symbol (based on HUGO gene Nomenclature Committee)
1 | Class I Cys-based PTPs
Classical PTP’s
Transmembrane receptor-like PTPs PTPRA; PTPRB; PTPRC; PTPRD; PTPRE; PTPRF; PTPRG;
PTPRH; PTPRJ; PTPRK; PTPRM; PTPRN2; PTPRO; PTPRQ;
PTPRR; PTPRS; PTPRT; PTPRU; PTPRVP.
Non-receptor PTPs PTPN1; PTPN2; PTPN3; PTPN6; PTPN7; PTPN9; PTPN11;
PTPN12; PTPN13; PTPN14; PTPN18; PTPN20A; PTPN20B;
PTPN21; PTPN22; PTPN23.
Dual specificity phosphatases
MAP kinase phosphatases DUSP1; DUSP2; DUSP4; DUSP5; DUSP6; DUSP7; DUSPS;
DUSP9; DUSP10; STYXL1.
Atypical dual specificity phosphatases | DUPD1; DUSP3; DUSP11; DUSP12; DUSP13; DUSP14; DUSP15;
DUSP18; DUSP19; DUSP21; DUSP22; DUSP23; DUSP26;
DUSP28; EPM2A; PTPMT1; RNGTT; STYX.
Slingshots SSH1; SSH2; SSH3.
PRLs PTP4ALl; PTP4A2; PTP4A3
CDCl14s CDC14A; CDC14B; PTPDCI1.
PTENSs PTEN; TENC1; TNS1.
Myotubularins MTM1; MTMR1; MTMR2; MTMR3; MTMR4; SBF1; MTMRG;
MTMR7; MTMR8; MTMR9; MTMR10; MTMR11; MTMR12;
SBF2; MTMR14.
2. | Class Il Cys-based PTPs | ACP1 (Low molecular weight acid phosphatase)
3. | Class 111 Cys-based PTPs | CDC25A; CDC25B; CDC25C.
4, | Asp-based PTPs | EYAL; EYA2; EYA3; EYA4.
5. | His-based PTPs | PACP.

Individual PTPs were classified and their expression in human prostate tissues were checked respectively in http://www.genenames.org and http://
biogps.org and based on the published literature [2-5].

Abbreviations: DSPs, dual specificity phosphatases; MTMs, myotubularins; PACP, prostatic acid phosphatase; PRLs, phosphatase of regenerating
liver; PTEN, phosphatase and tensin homolog; PTP, protein tyrosine phosphatase; PTPR, protein tyrosine phosphatase, transmembrane receptor-

type.
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Commonly known tumor suppressor gene expression and its major function in prostate epithelia.
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activity

Gene Loss of function in Prostate cancer associated major Reference(s)
prostate cancer function
RB1 Functional mutation Transcriptional regulator E2F binding; coactivator of androgen [14-16]
receptor.
p53 Functional mutation Transcription factor; regulates cell cycle and apoptosis. [17-19]
PTEN Homozygous deletions, loss of Regulation of PI3K/Akt signaling, MAPK activation by EGFR, cell [20-25]
heterozygosity (LOH), and inactivating | proliferation and apoptosis, and VEGF mediated angiogenesis.
mutations.
PACP Decreased expression Regulates HER-2 and PI3K/Akt signaling. [12,26-29]
PP2A Decreased expression Regualtes PI3K/AKkt, B-catenin, and FAK signalling. [30-34]
PHLPP | Loss of heterozygosity (LOH) Regulates PI3K/Akt signaling. [35-37]
APC Methylation Regulating p-catenin protein in cytosol. [38-40]
BRCA2 | Mutation DNA repair; complexes with Rad 51 and other BRCA gene. [41,42]
WT1 Function mutation; Tumor suppressor Transcription factor. [43-45]

Abbreviations: APC, adenomatous polyposis coli; BRCAZ2, breast cancer 2; EGFR, epidermal growth factor receptor; FAK, focal adhesion kinase;
HER-2, human epidermal growth factor receptor 2; MAPK, mitogen-activated protein kinase; p53, phosphoprotein p53; PAcP, prostatic acid
phosphatase; PHLPP, PH domain and leucine rich repeat protein phosphatases; PI3K, phosphoinositide 3-kinase; PP2A, protein phosphatase 2A,;

PTEN, phosphatase and tensin homolog; RB1, retinoblastoma 1; WT1, Wilms tumor 1; VEGF, vascular endothelial growth factor.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 August 01.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Muniyan et al.

Table 3

Commonly known phosphatase as tumor suppressor in prostate epithelia.
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Phosphatases Previous symbols/synonyms Gene family Chromosome

and its isoforms location

PAcP 3021

i. PACP ACP-3, ACP3, Also classically as ‘ACP2’. Histidine-dependent DSP.

ii. TM-PACP

PTEN MMACL, PTEN1, TEP1, BZS, MHAM. Class | Cys-dependent DSP. 10923

PP2A Serine/threonine protein phosphatase

i. PPP2CA Protein phosphatase 2, catalytic subunit, alpha isoform; 5g31.1
PP2Calpha.

ii. PPP2CB Protein phosphatase 2, catalytic subunit, beta isoform; 8p12
PP2Abeta.

iii. PPP2R2A PP2A regulatory subunit B isoform alpha; B55A; PR52A,; 8p21.2
PR55A.

iv. PPP2R5B PP2A, regulatory subunit B, beta isoform; PP2A, B 11qg12
subunit; B56B; FLJ35411; PP2A; R5 beta isoform;
PR61B.

v. PPP2R2C PP2A, regulatory subunit B, gamma isoform; IMYPNO; 4p16.1
MGC33570; PR52; PR55G.

vi. PPP2R1A PP2A, regulatory subunit A (PR 65), alpha isoform. 19913

PHLPP

i. PHLPP1 PLEKHEL, PHLPP. Mg?2*/Mn?*-dependent protein phosphatase. | 18921.32

ii. PHLPP2 PHLPPL 16¢22.2

Abbreviations: DSP, dual specificity phosphatase; MMACL1, mutated in multiple advanced cancers 1; PAcP, prostatic acid phosphatase; cPAcP,
cellular PACP; sPACP, secretory PACP; PP2A, protein phosphatase 2A; PHLPP, PH domain and leucine rich repeat protein phosphatase; PP2CA,
protein phosphatase 2C, alpha isoform; PP2CB, protein phosphatase 2C, betaisoform; PTEN, phosphatase and tensin homolog; TM-PACcP,

transmembrane PACP.
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