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Cellular prostatic acid phosphatase (cPAcP), an authentic
tyrosine phosphatase, is proposed to function as a negative
growth regulator of prostate cancer (PCa) cells in part
through its dephosphorylation of ErbB-2. Nevertheless, the
direct interaction between cPAcP and ErbB-2 has not been
shown nor the specific dephosphorylation site of ErbB-2 by
cPAcP. In this report, our data show that the phosphorylation
level of ErbB-2 primarily at Tyr1221/2 correlates with the
growth rate of both LNCaP and MDA PCa2b human PCa
cells. Further, cPAcP reciprocally co-immunoprecipitated
with ErbB-2 in a non-permissive growth condition. Expres-
sion of wild type cPAcP, but not inactive mutant, by cDNA in
cPAcP-null LNCaP C-81 cells results in decreased tyrosine
phosphorylation of ErbB-2 including Tyr1221/2. Concur-
rently, Tyr317 phosphorylation of p52Shc, proliferating cell
nuclear antigen expression, and cell growth are decreased in
these cells. Conversely, decreased cPAcP expression by short
hairpin RNA in LNCaP C-33 cells was associated with ele-
vated phosphorylation of ErbB-2 initially at Tyr1221/2. Its
downstream p52Shc, ERK1/2, Akt, Src, STAT-3, and STAT-5
were activated, and cell proliferation, proliferating cell
nuclear antigen, and cyclin D1 expression were increased.
Stable subclones of C-33 cells by small interfering PAcP had
elevated Tyr1221/2 phosphorylation of ErbB-2 and exhibited
androgen-independent growth and increased tumorigenicity
in xenograft female animals. In summary, our data together
indicate that in prostate epithelia, cPAcP interacts with and
dephosphorylates ErbB-2 primarily at Tyr1221/2 and hence
blocks downstream signaling, leading to reduced cell
growth. In PCa cells, decreased cPAcP expression is associ-
ated with androgen-independent cell proliferation and
tumorigenicity as seen in advanced hormone-refractory pros-
tate carcinomas.

Because testicular androgens are involved in prostate carci-
nogenesis, systematic androgen ablation therapies are usually
performed in advanced stages of prostate cancer (PCa)3 (1, 2).
In most cases, however, patients eventually relapse into the
highly aggressive form of cancer, which acquires a hormone-
refractory (HR) or castration-resistant phenotype, leaving lim-
ited modalities in its treatment currently. Understanding the
molecular mechanism of HR PCa can lead to improve its
therapy.
Clinical studies show that AR plays a critical role in most HR

PCa progression. For example, hypersensitivity of AR pathway
may circumvent ablation therapy by reducing the threshold of
androgens required for cell proliferation (3). Elevated AR pro-
tein can convert the action of some AR antagonists to agonists
(4). AR mutation may allow AR to be activated by non-andro-
genic molecules (5). However, elevated expression and muta-
tion of AR together only account for a subpopulation of HR
PCa. Thus, other mechanisms such as cross-talk with other
signaling pathways could also be involved in the development
of HR phenotype (6–8). Recent results indicate that ErbB-2
plays a critical role in AR activation and HR PCa progression.
ErbB-2 expression is increased in an androgen-independent
xenograft mouse model (9), and elevated ErbB-2 expression
allows PCa cells to grow (10) as well as prostate-specific antigen
secretion (9–11) in androgen-reduced conditions. Further,
ErbB-2 can activate Akt in the absence of androgen, and subse-
quently, Akt phosphorylates AR at Ser213 and Ser791 sites.
Abrogation of Akt signaling abolishes the androgen-indepen-
dent survival and growth of these cells (12). Nevertheless, in
prostate carcinomas, the ErbB-2 gene is not amplified, and
ErbB-2 protein is elevated only in a subset of advanced HR PCa
(12–16). Other mechanisms including ErbB-2 activation exist
for HR PCa progression.
Several lines of evidence suggest that cellular prostatic acid

phosphatase (cPAcP), a prostate epithelial differentiation anti-
gen, is involved in regulating the growth of prostate epithelia.
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The expression and the activity of cPAcP in prostate carcinoma
cells is lower than that in normal and benign hypertrophic pros-
tate tissue despite that secreted PAcPmay be elevated in circu-
lation (17–20). It is noted that cPAcP and secreted PAcP exhibit
different biochemical properties including different isoelectric
points and sensitivities to endoglycosidases (20). The function
of cPAcP in growth regulation is at least in part contributed by
its intrinsic PTP activity (20–23), although it does not contain
the signaturemotif, HCXXGXXR, found in cysteine-dependent
PTPs (24, 25). The overall tyrosyl phosphorylation level, the
tyrosyl kinase specific activity, and the cell growth rate are
inversely correlated with cPAcP activity in PCa cell lines under
various growth conditions (26–28). Further studies reveal that
the tyrosyl phosphorylation level of ErbB-2/HER-2/neu protein
inversely correlates with the activity of cPAcP (29–31). Ectopic
expression of WT cPAcP results in decreased ErbB-2 tyrosyl
phosphorylation (32). Intratumor injection of PAcP cDNA
expression vector suppresses xenograft tumor progression and
decreased ErbB-2 tyrosyl phosphorylation (33). Supportively,
in PAcP knock-out mice, the prostate develops carcinomas
spontaneously and increased tyrosine phosphorylation (34). In
addition, ERK1/2 are activated by phosphorylation in prostate
carcinomas andPCa cells inwhich cPAcP is decreased, suggest-
ing that decreased cPAcP resulted in activating ErbB-2 and
ERK1/2 signaling (11, 32). Therefore, cPAcP plays a regulatory
role of controlling the activation of ErbB-2, and in cPAcP-null
PCa cells, activated ErbB-2-induced signaling can be involved
in ligand-independent AR activation, leading to HR progres-
sion of these cells.
Due to the importance of cPAcP and ErbB-2 involvement in

regulating HR PCa progression, it is imperative to clarify the
direct interaction of cPAcP and ErbB-2 because until now, only
correlative results have been reported. Further, the identifica-
tion of a ErbB-2 dephosphorylation site by cPAcP can help
delineate the biological outcome of PAcP and ErbB-2 interac-
tion and the mechanism involved in the development of HR
PCa. Restoring cPAcP expression thus may represent an alter-
native therapeutic approach in treating PCa patients.

EXPERIMENTAL PROCEDURES

Materials—RPMI 1640 medium, gentamicin, FBS, trypsin/
EDTA, and Lipofectamine PLUSTM reagents were purchased
from Invitrogen. Charcoal/dextran-treated FBS was from
HyClone (Logan, UT) and Atlanta Biologicals (Lawrenceville,
GA). Acrylamide, protein molecular weight standard markers,
and protein estimation kit were obtained from Bio-Rad. ECL
reagent was purchased from Pierce. Anti-phospho-HER-2/
ErbB-2 (Tyr877) Ab, anti-phospho-HER-2/ErbB-2 (Tyr1112) Ab,
anti-phospho-HER-2/ErbB-2 (Tyr1221/1222) Ab, anti-phospho-
STAT3 (Tyr705) Ab, anti-phospho-STAT5 (Tyr694) Ab, anti-
phospho-Src (Tyr416) Ab, anti-phospho-Akt (Ser473) Ab, anti-
STAT3 Ab, anti-STAT5 Ab, and anti-Src Ab were from Cell
Signaling Technology (Beverly, MA). Anti-phospho-Erk1/2
(Thr202/Tyr204) Ab was fromUnited States Biological (Swamp-
scott, MA). Anti-PCNAAb, anti-ErbB-2/Neu Ab (C-18) (9G6),
anti-cyclin D1Ab, anti-Erk1/2 Ab, anti-SHP1 (SH-PTP1) Ab,
anti-SHP-2 (SH-PTP2) Ab, anti-Akt Ab, anti-PAcP Ab (045),
and horseradish peroxidase-conjugated polyclonal secondary

Abs were from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-phospho-Tyr (4G10) Ab, anti-phospho-HER-2/ErbB-2
(Tyr1248) Ab, anti-phospho-p52Shc (Tyr317) Ab, and anti-Shc
Ab were fromMillipore (Billerica, MA). Anti-�-Actin (AC-15)
Ab and anti-PAcP Ab (P-9808) were from Sigma. Anti-�-tubu-
lin Ab was from NeoMarkers (Fremont, CA). Anti-PAcP anti-
serum (ATM-3) was obtained as described previously (22).
Cell Culture—Human PCa cell lines LNCaP and MDA

PCa2b were purchased from the American Type Culture Col-
lection (Manassas, VA). LNCaP cellswere routinelymaintained
in the regular medium, i.e. phenol red-positive RPMI 1640
medium supplemented with 5% FBS, 2 mM glutamine, and 50
�g/ml gentamicin. The LNCaP cell model was described orig-
inally by Lin et al. (30) and further characterized by Igawa et al.
(36). The C-33 cells are androgen-sensitive, whereas C-81 cells
behave androgen independently. MDA PCa2b cells were main-

FIGURE 1. Analyses of tyrosine phosphorylation of ErbB-2 in different
LNCaP and MDA PCa2b cells. Upper panels, A, LNCaP C-33 and C-81 cells
were seeded in regular culture medium at a density of 5 � 105/T25 flask for 3
days. p indicates phosphorylation. B, MDA PCa2b cells (passages 38 and 89)
were seeded with a density of 1 � 106/T25 flask in regular culture medium.
Cells were fed with fresh medium and cultured for another 2 days. Immuno-
blottings were performed with Abs to different tyrosine phosphorylation
sites of ErbB-2. After stripping, the membrane was hybridized with Ab to
detect ErbB-2 protein. Similar results were obtained from over three sets of
independent experiments. Lower panels, growth rates of different LNCaP and
MDA PCa2b cells. A, LNCaP cells were seeded at a density of 3 � 104 cells/well
in 6-well plates in the regular culture medium. 3 days after plating, one set of
attached cells was harvested and counted as day 0. The remaining cells were
refreshed with the regular medium, and the total cell numbers were counted
on the indicated days. B, for MDA PCa2b cell growth kinetics, cells were
seeded in regular medium at a density of 1 � 105 cells/well in 6-well plates
and counted on days 3, 5, and 7. Data shown are the ratios of cell numbers
normalized to the corresponding number on day 0. Bars � the range of dupli-
cates. Similar results were obtained from at least three sets of independent
experiments. Y, tyrosine.
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tained in BRFF-HPC1 medium supplemented with 20% FBS, 2
mM glutamine, and 50 �g/ml gentamicin (37).
Stable Transfectants with PAcP Expression Vector—LNCaP

C-81 cells were transfected with PAcP expression vector con-
taining WT PAcP cDNA with LipofectamineTM and PlusTM
reagents inOptiMEMmedium and followed the accompanying
protocol. Two stable subclones designated as LNCaP-28 and
-40 were described previously (30, 31). LNCaP-CMV is a sub-
line of LNCaP C-81 cells transfected with the pCMV-neo vec-
tor alone.
Generation of cPAcP siRNA and Establishment of cPAcP

Knockdown Stable Subclones—The pSUPER system-based
siRNA approach and the protocol from OligoEngine (Seattle,
WA) were utilized. Briefly, four different oligonucleotides were
synthesized: siPAcP-78, 5�-GCCTTAGCCTTGGCTTCTT-3�;
siPAcP-126, 5�-GTGTACTAGCCAAGGAGTT-3�; siPAcP-
183, 5�-GTCCCATTGACACCTTTCC-3�; and siPAcP-236,
5�-GGATTTGGCCAACTCACCC-3�. A pair of 64-nucleotide
oligonucleotides containing 19 nucleotides targeting to PAcP
mRNA sequence was inserted into the mammalian expression

vector pSUPER at the BglII/HindIII
restriction sites. Because siPAcP-
126 consistently showed the high
efficiency of PAcP knockdown, sta-
ble subclones were established in
LNCaP C-33 cells by transfecting
with siPAcP-126 pSUPER plasmid.
Positive clones were selected by
G418 (600 �g/ml) and screened for
cPAcP expression by Western blot-
ting. Three subclones C-3, C-11,
and C-17, were selected for further
analyses. For the control, pSUPER
vector containing scramble oligo-
nucleotide was transfected into
C-33 cells, and clone V-3 was estab-
lished. The transfection was per-
formed as described above.
Immunoblotting and Immunopre-

cipitation—Subconfluent cells were
harvested, and the immunoblotting
was performed as described in
previous reports (11, 30). For rehy-
bridization, the membranes were
stripped as described previously (11,
30, 31), blocked, and reprobed with
specific Abs. For immunoprecipita-
tion, cells were harvested and lysed
in ice-cold cell lysis buffer (20 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Non-
idet P-40, plus phosphatase and
protease inhibitors). An aliquot of
250 �g of lysate protein was incu-
bated with primary Ab at 4 °C over-
night, and then protein A-agarose
beadswere added (20�l of 50%bead
slurry) for 3 h at 4 °C. The immuno-

complexes were spun at 700 � g for 1 min, washed three times
with ice-cold lysis buffer, and suspended in SDS-PAGE sample
buffer.
In Vitro Growth Kinetics Analysis—Cells were seeded at den-

sities as indicated in each set of experiments and cultured in the
corresponding regular culture medium. The maintenance and
determination of cell growth were conducted as described (30,
31). The cell number was counted with a Z1 model Coulter
counter (Coulter Corp.). To determine androgen-independent
growth, cells weremaintained in a steroid-reducedmedium for
4 days before cell number analysis (30, 33).
Subfractionation of Cellular Proteins—To subfractionate cel-

lular proteins, subconfluent or confluent LNCaP C-33 cells
were fed with a steroid-reduced medium for 2 days. Cell mem-
brane, cytoplasmic, and nuclear proteins were fractionated fol-
lowing the protocol of the subcellular protein fractionation kit
(Thermal Scientific). LNCaP C-33 cells were also subfraction-
ated by ultracentrifugation. Briefly, confluent cells were lysed in
a hypotonic Buffer A (20 mM acetate buffer, pH 5.0, containing
1mMdithiothreitol and protease inhibitors), homogenized, and

FIGURE 2. Co-immunoprecipitation of cPAcP and ErbB-2. A, confluent C-33 cells were maintained in a ste-
roid-reduced medium for 48 h. Cells were then harvested, lysed, and immunoprecipitated by PAcP Ab (ATM-3)
(36). The immunoprecipitate was electrophoresed and blotted (IB) with anti-ErbB-2 Ab (C-terminal (C-Ter) Ab)
and anti-PAcP Ab (Sigma catalog number P-9808). B, C-33 cells in a steroid-reduced medium for 48 h were
harvested and lysed for immunoprecipitation by ErbB-2 Ab (N-terminal (N-Ter) Ab). The immunoprecipitate
was immunoblotted with anti-PAcP Ab (ATM-3) and anti-ErbB-2 Ab (C-terminal Ab). Similar results were
obtained from three sets of independent experiments. C, LNCaP C-33 cells were seeded at a density of 0.6 �
106/T75 (Subconfluent) and 4.5 � 106/T75 (Confluent) for 3 days and then maintained in steroid-reduced
medium for 2 days. Cells were harvested and separated into membrane (Mem), cytoplasmic (Cyto), and nuclear
(Nu) protein subfractions using the subcellular protein fractionation kit. Immunoblottings were performed
with respective Abs to detect ErbB-2, cPAcP, Shc proteins, EGFR, PYK2, and HNF3�. The intensity of the hybrid-
ization band was semiquantified and calculated for a total of 100% for each group. EGFR, PYK2, and HNF3�
served as markers for the respective subcellular fractionation. D and E, confluent LNCaP C-33 cells were har-
vested after being maintaining in a steroid-reduced medium for 2 days. The total cell lysates, membrane, and
cytoplasmic fractions, separated by the subcellular protein fractionation kit, were immunoprecipitated by
cPAcP Ab (ATM-3) or ErbB-2 Ab (N-terminal Ab). The immunoprecipitate was immunoblotted with anti-PAcP
Ab (Santa Cruz Biotechnology (Santa), sc-80908) and anti-ErbB-2 Ab (C-terminal Ab). Similar results were
obtained from three sets of independent experiments.
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followed by centrifugation at 2000 � g. The obtained soluble
fraction was spun at 160,000 � g for 1 h, and the supernatant
was collected as the cytosol fraction. The pellets were sus-
pended in Buffer B (i.e. Buffer A plus 0.15 M NaCl) and spun at
100,000 � g for 45 min. The supernatant was designated as the
membrane-associated fraction. The pellet was then solubilized
in Buffer C (i.e. Buffer B plus 0.5% Nonidet P-40) and centri-
fuged at 40,000 � g. The supernatant was designated as the
membrane-bound fraction.
Acid Phosphatase Assay—TheAcP activity was performed as

described previously with para-nitrophenyl phosphate as the
substrate in a citrate buffer, pH 5.5 (22, 30, 38). L(�)-Tartrate is
a classical inhibitor of PAcP activity (21, 22, 26, 38), and in
LNCaP C-33 cells, L(�)-tartrate-sensitive AcP activity is rou-
tinely used to represent PAcP activity (26, 27). Alternatively,
PAcP-specific AcP activity was analyzed in the immunocom-
plex by anti-PAcP Ab (22, 26).
Xenograft Animal Experiments—To compare the tumorige-

nicity of PAcP knockdown stable sublines, 1 � 106 cells at the
exponential growth phasewere suspended in 0.1ml ofmedium,
mixed with 0.1 ml of Matrigel (BD Biosciences), and injected
subcutaneously in the hind flank of female nude mice (Charles
River Laboratories) (19, 33). Animal maintenance and tumor
measurement were done according to National Institutes of
Health guidelines and the specific guidelines at our medical
center. The protocol was approved by the University of
Nebraska Medical Center Institutional Animal Care and Use
Committee.
Statistical Analyses—Experimental results were expressed as

themean� S.E. Paired two-tailed Student’s t testswere used for
comparison between each groups. p� 0.05 was considered sta-
tistically significant.

RESULTS

Tyrosyl Phosphorylation of ErbB-2 in Different Passages of
LNCaP and MDA PCa2b Cells—To investigate the correlation
of cPAcP expression with ErbB-2 tyrosyl phosphorylation, we
examined the phosphorylation status of specific Tyr residues of
ErbB-2 with commercially available Abs in both LNCaP and
MDAPCa2b cells. As shown in Fig. 1A (upper panel), in regular
culture medium, the expression of cPAcP decreased in LNCaP
C-81 cells; concurrently, the overall Tyr(P) level of ErbB-2 ele-
vated, correlating with increased cell growth rate by about

FIGURE 3. Effect of cPAcP expression on tyrosine phosphorylation of
ErbB-2 in LNCaP C-81 cells. A, LNCaP C-81 cells were transiently transfected
with WT PAcP, mutant PAcP H12A cDNAs, or vector alone. Cells were har-
vested after 48 and 72 h, respectively, and an equal amount of cellular lysates
was separated by SDS-PAGE for Western blot analyses. cPAcP, the total and
the specific tyrosine phosphorylation (p) level of ErbB-2, and phosphorylation
of p52Shc and PCNA were detected by the corresponding Ab. The protein
levels of ErbB-2, Shc, and �-actin were examined with the respective Ab after
the membranes were stripped. B, cPAcP, ErbB-2, and total tyrosine phos-
phorylation of ErbB-2 protein in WT PAcP cDNA-transfected LNCaP-28 and
LNCaP-40 stable sublines were detected with anti-PAcP, anti-ErbB-2, and
4G10 anti-Tyr-phosphorylation Abs, respectively. For cell growth kinetics,
cPAcP-28, cPAcP-40, and LNCaP C-81 cells were seeded at a density of 5 � 104

cells/well in 6-well plates in regular medium for 3 days. One set of attached
cells was harvested and counted as day 0. The remaining cells were fed with
regular medium. Cells were harvested on days 2, 4, and 7 for counting. Similar
results were obtained in two sets of independent experiments in duplicate
wells. *, p � 0.05 versus LNCaP C-81 cells; **, p � 0.01 versus LNCaP C-81 cells.
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2-fold (Fig. 1A, lower panel). Notably, phosphorylation of
Tyr1221/2 and Tyr1248, but not Tyr877 or Tyr1112, was elevated in
C-81 cells, higher than that in C-33 cells. In parallel, in MDA
PCa2b p89 cells, cPAcP decreased, cell growth increased by
about 2-fold, and Tyr1221/2 phosphorylation was greatly ele-
vated (Fig. 1B). The phosphorylation of Tyr1112 andTyr1248 was
only slightly elevated with no significant change at Tyr877 (Fig.
1B). The data collectively imply Tyr1221/2 and possibly also
Tyr1248 as potential dephosphorylation sites by cPAcP in PCa
cells, resulting in growth regulation.
Interactions of cPAcP and ErbB-2 Protein—To determine the

interaction of cPAcP and ErbB-2, we performed co-IP of cPAcP
with ErbB-2 in a non-permissive growth condition.As shown in
Fig. 2A, ErbB-2 co-immunoprecipitated with cPAcP by anti-
PAcPAbs. The 50-kDa formof PAcP is themature glycosylated

subunit, and the 42-kDa protein is
an intermediate form of processing
product (20). Both forms of PAcP
proteins are recognized by anti-
PAcP Ab (20). This co-IP was fur-
ther validated by reciprocal co-IP
(Fig. 2B). Significantly, only the
mature 50-kDa cPAcP was seen to
co-immunoprecipitate with ErbB-2
by anti-ErbB-2 Ab, even after pro-
longed exposure (Fig. 2B). The data
together indicate that cPAcP and
ErbB-2 are in the same functional
complex.
To clarify the co-subcellular lo-

calization of cPAcP and ErbB-2, we
subfractionatedmembrane, cytosol,
and nuclear fractions of LNCaP
C-33 cells from both subconfluent
and confluent cells under a non-
permissive growth condition. Im-
munoblotting revealed that ErbB-2
was in all three fractions, and the
distribution was independent of cell
density (Fig. 2C). Interestingly, in
subconfluent cells, the majority of
cPAcP protein was localized in the
membrane fraction, whereas in con-
fluent cells, cPAcP was greatly
enriched in the cytosolic fraction by
about 3-fold (Fig. 2C). Unexpectedly,
we observed a subgroup of cPAcP in
thenuclear fraction (Fig. 2C). Further,
the membrane fraction of p52Shc that
mediates receptor tyrosine phosphor-
ylation signaling was reduced by
about 40% in confluent cells (Fig.
2C). EGFR, PYK2, and HNF3�
served as markers for membrane,
cytosol, and nucleus, respectively
(Fig. 2C).
We examined the interaction of

cPAcP with ErbB-2 in the mem-
brane and the cytosolic fractions of confluent LNCaPC-33 cells
under non-permissive growth condition. Reciprocal co-IP
showed that cPAcP interacts with ErbB-2 preferentially in
cytosol than in membrane fraction (Fig. 2, D and E). Addition-
ally, we quantified AcP activity in each fraction of confluent
cells after ultracentrifugation. As shown in supplemental Table 1,
both AcP and PAcP activities were detected in cytosol and mem-
brane-bound fractionswith�40%PAcPactivity in cytosol, similar
to that in Fig. 2C. Thus, the data clearly showed the presence of
cytosolic cPAcP in LNCaPC-33 cells, which is enriched in conflu-
ent cells under a non-permissive growth condition and interacts
with ErbB-2 protein in the same functional complex.
Effect of Ectopic cPAcP Expression on ErbB-2 Tyrosyl Phos-

phorylation and Downstream Signaling in LNCaP C-81 Cells—
We explored the interaction of cPAcP with ErbB-2 by tran-

FIGURE 4. Effect of transient knockdown of cPAcP by siRNA in LNCaP C-33 cells on tyrosine phosphory-
lation of ErbB-2. A, lysate proteins of transiently transfected cells with different amounts of PAcP siRNA-126
plasmids for 48 h were analyzed for cPAcP, cyclin D1, PCNA, and the phosphorylation (p) levels of ErbB-2,
p52Shc, ERK1/2, Akt, Src, STAT3, and STAT5 proteins. After stripping the membrane, the protein levels of ErbB-2,
Shc, ERK1/2, Akt, Src, STAT3, STAT5, and �-tubulin were detected, respectively. Similar results were obtained
from five sets of independent experiments. B, LNCaP C-33 cells were plated at a cell density of 3 � 105/well in 6-well
plates for 48 h and then transfected with different amounts of PAcP siRNA-126 plasmids. Control cells were trans-
fected with the vector containing scramble oligonucleotides. Cell numbers were counted 3 days after transfection.
The ratio of cell growth was calculated by normalizing the cell number to that of the control. The result shown is the
average from three sets of independent experiments in duplicates (n � 2 � 3). Bars � S.E.
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siently transfected LNCaP C-81 cells with PAcP cDNA encod-
ing WT PAcP protein. Control cells were transfected with the
vector alone or the expression vector encoding mutant PAcP
(H12A) that lacks PTP activity (32). Preliminary data
(supplemental Fig. 1) showed that when compared with C-33
cells (lane 1), the overall tyrosine phosphorylation of ErbB-2
and Tyr877, Tyr1221/2, and Tyr1248 phosphorylation levels were
highly elevated in control C-81 cells transfected with vector
alone (lane 2) or in the expression of inactive H12A PAcP
(lanes 3 and 4). In cells expressing WT cPAcP, phosphory-
lation levels of Tyr1221/2 and Tyr1248 decreased in a dose-de-
pendent manner and had the same low level as that in C-33
cells (supplemental Fig. 1, lane 1 versus lane 6).
The effect of cPAcP expression on the tyrosine phosphory-

lation of ErbB-2 was seen at 48 and 72 h after transfection (Fig.
3A). The overall tyrosine phosphorylation of ErbB-2 and its
Tyr877, Tyr1221/2, and Tyr1248 phosphorylation levels were
decreased in cells expressingWT cPAcP but not mutant PAcP.
The phosphorylation at Tyr317 of p52Shc, an ErbB-2 down-
stream signaling protein (39), and PCNAprotein, a positive cell
cycle-associated protein, also decreased in these cells. Kinetic
analyses revealed that decreased phosphorylation of Tyr1221/2
and Tyr1248 of ErbB-2 could be seen at 30 h after cDNA trans-
fection (data not shown). To examine the effect of cPAcP
expression on cell growth, we established cPAcP-28 and
cPAcP-40 stable sublines in C-81 cells by transfecting withWT
PAcP cDNAexpression vector. As shown in Fig. 3B, the expres-
sion of cPAcP resulted in decreased overall tyrosyl phosphory-
lation of ErbB-2, lower than that inC-81 parental cells. Concur-
rently, the proliferation of cPAcP-28 and cPAcP-40 cells
diminished (Fig. 3B, lower panel). These results together indi-
cate that cPAcP dephosphorylates ErbB-2 and blocks its down-
stream signaling via p52Shc tyrosine phosphorylation, resulting
in decreased cell proliferation.
Effect of PAcPKnockdown on ErbB-2Tyrosyl Phosphorylation

and LNCaP C-33 Cell Proliferation—To mimic clinical phe-
nomena of decreased cPAcP expression in PCa (18, 19), we
knocked down endogenous PAcP in LNCaP C-33 cells using
shRNA approach. Four oligonucleotides were designed, and
scrambled oligonucleotides were also generated and used as a
control. As shown in supplemental Fig. 2, transient transfection
of siPAcP shRNA resulted in decreased cPAcP expression in
C-33 cells, and siPAcP-126 consistently exhibited more effi-
ciency on knocking down cPAcP than siPAcP-78, siPAcP-183,
and siPAcP-236. In these same transfected cells, siPAcP shRNA
did not have an off-target effect on SHP-1 or SHP-2 proteins,
demonstrating the specificity of these siPAcP shRNA. The de-
creased cPAcP protein concurred with an elevation of overall
ErbB-2 tyrosyl phosphorylation.
siPAcP-126shRNAwasused for furtherexperiments.Asshown

inFig. 4A, siPAcP-126 shRNAknockeddowncPAcP in a dose-de-
pendent manner in C-33 cells, which inversely correlated with
increased phosphorylation at Tyr877, Tyr1221/2, and Tyr1248 of
ErbB-2. Significantly, the downstream p52Shc, ERK1/2, Akt, Src,
STAT-3, and STAT-5 were also activated by elevated phosphory-
lation. The cell proliferation was promoted as indicated by
increased level of cyclin D1 and PCNA (Fig. 4A) and cell num-
ber counting (Fig. 4B) in regular culture condition. Kinetic anal-

yses revealed that after siPAcP transfection, Tyr1221/2 of ErbB-2
and Tyr317 of p52Shc were activated by phosphorylation seen at
36 h, whereas elevated phosphorylation of Tyr877 and Tyr1248
was observed until 48 h (Fig. 5).
To explore the biological significance of decreased cPAcP

expression in PCa cells, we established PAcP knockdown stable
subclones, C-3, C-11, and C-17, in siPAcP-126-transfected
LNCaP C-33 cells. V-3 cells, a stable subline transfected with
pSUPER vector-containing the scrambled oligonucleotides,
had cPAcP expression similar to that of parental C-33 cells
(data not shown) and thus were used as a control. As shown in
Fig. 6A, in regular culture condition, C-17 cells showed the
greatest extent of cPAcP knockdown; concurrently, the overall
Tyr(P) level of ErbB-2 as well as the phosphorylation of
Tyr1221/2 in these cells were the highest among the four sub-
clones examined. Additionally, C-17 cells exhibit the fastest
growth rate and express the highest PCNA level among the
subclones examined at the exponential growth phase (Fig. 6B).

We examined the HR phenotype of these PAcP knocked
down stable subclone cells. In a steroid-reduced condition,
C-17 cells unexpectedly expressed a higher level of cPAcP than
C-11 and C-3 subclones (Fig. 6C, inset). Importantly, these
PAcP knockdown cells, but not V-3 control cells, proliferated
rapidly in a steroid-reduced condition, inversely correlated
with cPAcP expression (Fig. 6C). Further, cPAcP knockdown
subclone cells exhibited higher tumorigenicity than control

FIGURE 5. Kinetic effects of knockdown of cPAcP on tyrosine phosphory-
lation of ErbB-2. LNCaP C-33 cells were transiently transfected with siPAcP-
126 plasmid or vector alone and harvested at 30, 36, and 48 h after transfec-
tion. An equal amount of cellular lysates was separated by SDS-PAGE for
Western blot analyses. cPAcP, the specific tyrosine phosphorylation (p) level
of ErbB-2, and phosphorylation of p52Shc were detected by the correspond-
ing Ab. The protein levels of ErbB-2, Shc, and �-tubulin were examined after
the membranes were stripped. Similar results were obtained from three sets
of independent experiments.
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cells expressing cPAcP in tumor development in female mice
(Fig. 6D). These results together support the notion that
decreased cPAcP expression in PCa cells leads to increased cell
proliferation in androgen-ablated environment and enhanced
HR tumor progression, corroborating clinical phenomena.

DISCUSSION

The results of the present study clearly show that cPAcP
interacts with ErbB-2 in the same functional complex and
down-regulates its tyrosyl phosphorylation in prostate epithe-
lial cells, leading to blocking its downstream signaling and
diminished proliferation. Conversely, loss of cPAcP expression

as seen in clinical PCa correlates
with increased tumorigenicity and
the HR phenotype. Importantly, the
reciprocal co-IP of cPAcP with
ErbB-2 is conducted with different
Abs to the same molecule. Further,
decreased cPAcP expression corre-
lates with increased ErbB-2 tyrosyl
phosphorylation initially at Tyr1221/2,
an Shc protein-interacting site. The
data together provide a mechanistic
explanation on an important clini-
cal phenomenon of HR phenotype.
We previously showed an inverse

correlation between cPAcP expres-
sion and ErbB-2 tyrosine phosphor-
ylation. However, wewere unable to
obtain the co-IP of the two proteins
in the exponential growth condition
with numerous attempts (31). In
this report, we are the first to dem-
onstrate clearly that cPAcP inter-
acts with ErbB-2 in PCa cells under
a non-permissive growth condition
by reciprocal co-IP analyses. Thus,
in non-permissive growth condi-
tion, cPAcP as a negative growth
regulator can efficiently target to its
in vivo substrate ErbB-2, and the
cPAcP/ErbB-2 interaction occurs
effectively.
The differential subcellular local-

ization of cPAcP is biologically
important. Immunofluorescent stain-
ing has shown that the intensity of
PAcP staining in the cytosol area
correlates with cell density (23). In
confluent cells, a fraction of PAcP
was stained around the inner face of
the plasma membrane. In this
report, our data further show
different subcellular localizations
of PAcP biochemically (Fig. 2C,
supplemental Table 1). The molec-
ular mechanism as to how this
translocation is regulated is cur-

rently unknown; nevertheless, it would aid in regulating the
spatial and temporal interactions between cPAcP and
ErbB-2. In the absence of growth stimulus, cPAcP interacts
with and dephosphorylates ErbB-2, resulting in growth sup-
pression. It remains unknown regarding how ErbB-2 recruits
cPAcP. Further experiments are needed to clarify the
domain interaction between cPAcP and ErbB-2 protein and
themolecular mechanism of differential subcellular localiza-
tions of cPAcP relating to its biological function. The mech-
anism by which ErbB-2 recruits cPAcP also requires further
investigation, and the result may have a potential for clinical
applications. Our results further corroborate the notion that

FIGURE 6. Tyrosyl phosphorylation of ErbB-2 protein and the growth properties of PAcP knockdown
stable subclones. A, siPAcP stable sublines were seeded in regular culture medium with 5 � 105/T25 flask for
3 days. Total lysates from PAcP siRNA-transfected stable subclone cells (C-11, C-3, C-17) and the control sub-
clone cells (V-3) were analyzed by Western blotting. The data shown are representative of three sets of inde-
pendent experiments. B, for growth analyses, cells were seeded in duplicates at a density of 5 � 104/well in
6-well plates. After 3 days, the numbers of each stable subclone cell were counted at the time points as
indicated in the figure. The relative cell growth was represented by the ratio of total cell number normalized to
the respective number on day 0. Similar results were obtained from three sets of independent experiments
(n � 2 � 3). Bar � S.E. C, Cells were seeded in duplicates in the condition as described above. After 4 days of
culturing in steroid-reduced medium, the cell number was counted. The relative cell growth was represented
by the ratio of total cell number normalized to that of V-3 control cells. Similar results were obtained from three
sets of independent experiments (n � 2 � 3). Bar � S.E. Inset, cPAcP protein was analyzed by Western blotting
from one set of experiments. D, xenograft animal model for siPAcP subclone cells. 1 � 106 cells of each subline
in 0.1 ml of medium with 0.1 ml of Matrigel were injected into five female nude mice/group. The tumor growth
was monitored weekly. *, p � 0.05 versus V-3 control cells.
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histidine-dependent tyrosine phosphatases play a critical
role in regulating cell growth and differentiation (25).
Different autophosphorylation sites of ErbB-2 are shown to

transmit diverse biological responses. For example,mutation of
rat ErbB-2 protein (Tyr882), the homologous site to human
ErbB-2 (Tyr877), reduces its intrinsic kinase activity and trans-
forming potential (40). The residue Tyr1248 is also necessary for
the transforming activity of ErbB-2 protein (41–43), whereas
Tyr1221/2 phosphorylation is possibly a surrogate marker for
high grade tumorwith shorter disease-free survival in hormone
receptor-positive breast cancer (44). Accordingly, cPAcPmight
dephosphorylate human ErbB-2 at different sites. Phosphopep-
tide binding analyses show that cPAcP has the most favorable
binding energy toward the synthesized peptide DNLpYYWD,
corresponding to Tyr1221 phosphorylation, with the possibility
of acting on Tyr1248 as the additional site (45). The cPAcP
dephosphorylation model supports the notion that 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 may considerably enhance the binding affinity (45).
Alternatively, due to the close proximity of Tyr1221/2 and
Tyr1248, elevated phosphorylation on Tyr1248 in PAcP knock-
down cells may be secondary to the removal of cPAcP from
Tyr1221/2. Although further studies are required to clarify the
molecular mechanism, the kinetic studies on ErbB-2 activation
in PAcP knockdown cells reveal that phosphorylation of
Tyr1221/2 is elevated prior to Tyr1248 activation (Fig. 5).

The interaction between cPAcP and ErbB-2 is also regulated
by other factors. The growth condition affects the expression
level as well as the subcellular localization of cPAcP (Fig. 2C),
and the concentration of cPAcP affects its oligomerization and
specific activity (46, 47). Further, ErbB-2 has no known ligand
and is activated via either homodimerization or heterodimer-
ization with other members of the family (48–50), which
results in autophosphorylation at different sites that act as
docking sites for multiple signaling proteins. For example,
ErbB-2 and ErbB-3 heterodimerization can activate phospha-
tidylinositol 3-kinase via its binding to the six docking sites on
ErbB-3 (49), and Src will be recruited to Tyr(P)877 of ErbB-2 for
its Tyr416 phosphorylation (51). Hence cPAcP may differen-
tially dephosphorylate ErbB-2. The dimerization status of
ErbB-2 during cPAcP dephosphorylation is also not known.
Because the conformation of ErbB-2 adopts an extended con-
figuration that readily forms homodimers or heterodimerswith
other ligand-activated ErbB members, cPAcP may dephos-
phorylate the phosphorylated ErbB-2 dimers and abolish the
recruitment of downstream effectors. Interestingly, in a ste-
roid-reduced condition, ErbB-2 inhibitor, but not EGFR inhib-
itor, effectively reduces cell growth (10, 52). Further experi-
ments by knocking down each member of the ErbB family by
the siRNA approach or application of monoclonal antibodies
should aid in clarifying their roles in cPAcP-regulated PCa cells.
It is also important to identify the downstream effectors of

ErbB-2 that mediate growth regulation of PCa cells. The acti-
vation of Tyr317 of p52Shc and ERK1/2 is inversely correlated
with the expression of cPAcP in PCa cells (11), supporting the
involvement of Tyr1221/2 and/orTyr1248 in ErbB-2 dephosphor-

ylation by cPAcP. Importantly, ERK1/2 is activated in clinical
HR prostate carcinomas (53). Phosphorylation of p52Shc at
Tyr317 is involved in mediating androgen-stimulated PCa pro-
liferation (39) and also estrogen-stimulated breast cancer cells
(54). In parallel, p52Shcmay play a critical role in the early stages
of breast cancer progression (55). Additionally, Src can be acti-
vated by docking to Tyr877 of ErbB-2 and subsequently phos-
phorylates the downstream effectors STAT3 (Tyr705) (49, 56)
and EGFR (Tyr845) (57, 58). Although Tyr845 of EGFR is not an
autophosphorylation site, its phosphorylation by Src is required
for further recruitment of Src to this site for advanced phosphor-
ylation of STAT3 and STAT5 (59). STAT5 can also be activated
by directly docking to phosphorylated Tyr998 of EGFR (49).
STAT3 is indicated to induce metastatic behavior of human
PCa in vitro and in vivo (60), whereas the STAT5 signaling
pathway is involved in the transition from androgen-sensitive
to hormone-refractory diseases (61). Ligand-activated AR
interacts with active STAT5 and enhances its nuclear translo-
cation, and STAT5 can in turn increase the nuclear transloca-
tion of AR in these PCa cells (62). Further, active STAT5 is
positively correlatedwith breast tumor progression (63). Cyclin
D1has been identified as one of STAT5 target genes in PCa cells
(64). STAT3 and the phosphatidylinositol 3-kinase signaling
pathway are also involved in cyclin D1 expression (35, 65). A
thorough study of the ErbB-2 phosphorylation pattern and its
downstream signaling cascade would help distinguish diverse
ErbB-2-modulated bioactivities and clarify the significance of
its dephosphorylation by cPAcP in each specific function. The
results may lead to the development of specific targeting ther-
apy for both prostate and breast cancers.
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