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The androgen receptor (AR) is a hormone-dependent transcription factor critically involved in human
prostate carcinogenesis. Optimal transcriptional control of androgen-responsive genes by AR may require
complex interaction among multiple coregulatory proteins. We have previously shown that the AR coregulator
TIP60 can interact with human PIRH2 (hPIRH2). In this study, we uncover important new functional role(s)
for hPIRH2 in AR signaling: (i) hPIRH2 interacts with AR and enhances AR-mediated transcription with a
dynamic pattern of recruitment to androgen response elements in the prostate-specific antigen (PSA) gene; (ii)
hPIRH2 interacts with the AR corepressor HDAC1, leading to reduced HDAC1 protein levels and inhibition
of transcriptional repression; (iii) hPIRH2 is required for optimal PSA expression; and (iv) hPIRH2 is involved
in prostate cancer cell proliferation. In addition, overexpression of hPIRH2 protein was detected in 73 of 82
(89%) resected prostate cancers, with a strong correlation between increased hPIRH2 expression and aggres-
sive disease, as signified by high Gleason sum scores and the presence of metastatic disease (P � <0.0001 and
0.0004, respectively). Collectively, our data establish hPIRH2 as a key modulator of AR function, opening a new
direction for targeted therapy in aggressive human prostate cancer.

The androgen receptor (AR) is an intracellular mediator of
androgen signaling required for prostate development, differen-
tiation, and carcinogenesis. Prostate cancer (the most prevalent
male malignancy) is androgen dependent (23), and AR-inhibitory
hormone manipulation(s) reduces tumor proliferation, even in
metastatic disease. However, hormone manipulation ultimately
fails: tumors relapse, producing androgen-independent cancer
(AIPC), for which novel treatments are required.

Like other steroid receptors, AR can interact with many
proteins, including chaperone, scaffolding, or cytoskeleton pro-
teins involved in AR folding, transformation, and stability (3,
13, 17, 39); signaling proteins involved in AR phosphorylation
and activation (43, 44, 49); and coregulatory proteins that
modulate AR transcriptional activities (32). These transcrip-
tional coregulators can be grouped into corepressors such as
histone deacetylase 1 (HDAC1) and Mdm2 (6, 11, 12, 27) or
coactivators that can repress or enhance AR transcriptional
activities, respectively (19). Coactivators include histone acetyl-
transferase proteins such as p300/CBP and TIP60 (10, 11,
42); ATP-dependent SWI/SNF remodeling factors BRG1 and
hBRM (31); p160 proteins, including SRC-1 and SRC-3/AIB1
(38, 47); other modifying factors, such as CARM1/PRMT1,
PIAS1, and E6-AP (4, 24, 37, 47, 50); and factors not known to
contain modifying activities, such as FHL2 and the TRAP
complex (35, 48). Some of these coactivators are overexpressed
in prostate cancers (14, 16, 20, 26, 28, 29). Importantly, inhi-

bition of p300 and ARA54 reduces the proliferation of pros-
tate cancer cells (7, 8, 34).

We and others have begun to characterize human PIRH2
(hPIRH2) that interacts directly with AR, TIP60, and p53
(1, 25, 30). PIRH2 can act as an ubiquitin ligase for p53,
resulting in reduced p53 protein levels, while hPIRH2 itself
is ubiquitylated and targeted for proteasome-mediated de-
struction (25, 30).

We assessed here the effects of hPIRH2 overexpression or
depletion on AR signaling and show that hPIRH2 has an
important role in regulating AR transcriptional activities by
interacting directly with both AR and the AR corepressor
HDAC1. In addition, we demonstrate abnormal expression of
hPIRH2 in human prostate cancer.

MATERIALS AND METHODS

Constructs, cell culture, and proliferation assays. hAR, hPIRH2-MYC,
CMV-p300, pBJ5-HDAC1, and luciferase reporter assays have been described
(2, 11, 30). Reporter gene assays in which small interfering RNA (siRNA) was
introduced were performed as described previously (21). Cell lines were cultured
as described previously (2). WST-1 proliferation assays were performed at 48 h
posttransfection as recommended by Roche.

Antibodies, immunoprecipitation, ChIP, nickel capture, and immunohisto-
chemistry. hPIRH2 antibodies were BL588 (Bethylabs) and Ab3886 (Abcam).
Others used were MYC 9B11 (Cell Signaling), HDAC1 (Upstate), ubiquitin
(Santa Cruz), �-tubulin (Sigma), and AR C-19 (Santa Cruz). Chromatin immu-
noprecipitations (ChIPs) were performed as described previously (30, 45). Real-
time PCR was performed on inputs and recovered material (Applied Biosys-
tems) with the oligonucleotide pairs AREI (5�-CCTAGATGAAGTCTCCATG
AGCTACA-3� and 5�-GGGAGGGAGAGCTAGCACTTG-3�) and AREIII
(5�-GCCTGGATCTGAGAGAGATATCATC-3� and 5�-ACACCTTTTTTTTC
TGGATTG-3�), using SYBR Green I (Sigma Aldrich). Immunofluorescence was
performed as described previously (30). Nickel capture to recover His-tagged
HDAC1 or His-ubiquitin conjugates was performed as described previously (12).
Green fluorescent protein (GFP)-tagged hPIRH2 was used because hPIRH2-
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MYC also contains a His tag. Immunohistochemistry was performed on 4-�m
sections of untreated patient samples retrieved by transurethral resection (16).
Slides were scored by two independent observers, shielded from clinical data.
Immunoreactivity was negative, weak, medium, or strong (scored as 0 to 3).
Correlation with clinical parameters was confirmed by using nonparametric
Kruskal-Wallis and Mann-Whitney U tests (18, 29). hPIRH2 Ab3886 produced
the same staining pattern as hPIRH2 BL588 (not shown).

RNA interference (RNAi) and real-time PCR. siRNAs si1 (5�-UCAACUAGAU
CGCUUUAAADTDT-3�) and si2 (5�-AAGCUGGAGGACGUAGAAUDTD
T-3� [nonsilencing] and 5�-UUCUCCGAACGUGUCACGUDTDT-3�) (QIAGEN
and Eurogentec) and HDAC1 sequence as described previously (21) were trans-
fected with RNAiFect (QIAGEN). Quantitative real-time PCR was performed on
cDNA by using oligonucleotide sequences corresponding to prostate-specific anti-
gen (PSA) (5�-ATGTGGGTCCCGGTTGTCT-3� and 5�-AGCGCCAATCCACG
TCA-3�), GAPDH (glyceraldehyde-3-phosphate dehydrogenase; 5�-CGACCACTT
TGTCAAGCTCA-3� and 5�-GGGTCTTACTCCTTGGAGGC-3�), and SYBR
Green I.

RESULTS

Murine Pirh2 was reported to interact with the hAR N
terminus in yeast and in vitro (1). This interaction was tested in
human cells; overexpressed hPIRH2-MYC and hAR were spe-
cifically coimmunoprecipitated from 293T cells (Fig. 1A). En-
dogenous hPIRH2 and hAR were also coimmunoprecipitated
from LNCaP prostate cancer cells that had been cultured in
steroid depleted medium (SDM). However, this interaction
was further enhanced in the presence of synthetic androgen
R1881 (Fig. 1B).

That R1881 enhanced hPIRH2-hAR interactions prompted
assessment of hPIRH2 to influence AR transcriptional activity.
AR-deficient 293T cells were transfected with a PSA pro-
moter-driven AR-responsive luciferase reporter gene. In the
presence of androgens, hPIRH2 cotransfection produced a
dose-dependent enhancement of reporter gene activity to lev-
els similar to those of the previously confirmed AR coactivator
p300 (Fig. 1C). This did not occur in the absence of either
cotransfected hAR (Fig. 1C) or androgens (not shown), and
Western blotting demonstrated no significant alterations in
AR protein levels upon hPIRH2 transfection (Fig. 1C, lower
panel). AR-positive LNCaP cells were used in similar reporter
gene assays, and the hPIRH2 RING domain double mutant
that lacks ubiquitin ligase activity (hPIRH2C145/8S) was in-
cluded (25, 30). hPIRH2 cotransfection again led to increased
reporter gene activity, whereas hPIRH2C145/8S expression did
not (Fig. 1D), despite retaining hAR interactions (Fig. 1A).
Again, AR levels were largely unaltered upon hPIRH2 trans-
fection, and wild-type hPIRH2 was expressed at similar levels
to mutant hPIRH2 (Fig. 1D, lower panel). In addition, over-
expression of increasing quantities of hPIRH2 did not alter AR
steady-state protein levels in transfected 293T cells (Fig. 1E).
These novel data are the first to suggest that hPIRH2 is an AR
coregulator.

To confirm a transcriptional role for hPIRH2, recruitment
of endogenous hPIRH2 and functionally related proteins to
well-characterized androgen response elements (AREI and
AREIII) within the PSA gene was examined in LNCaP cells
(Fig. 1F and G). ChIP with hPIRH2 antibody at 20, 60, or 80
min after R1881 stimulation, combined with real-time PCR,
demonstrated that hPIRH2 is recruited to both AREI and
AREIII in response to androgens (Fig. 1G). The analysis re-
vealed distinct hPIRH2 recruitment profiles to the two AREs.
hPIRH2 was increasingly recruited to AREI at 20, 60, and 80

min, coinciding with AR and p300 recruitment (Fig. 1G, left
graph). Association of the AR coactivator TIP60 was not de-
tected until 60 min after ligand exposure but was then largely
lost after 80 min (Fig. 1G, left graph). Examination of AREIII
revealed initial loss of hPIRH2 and TIP60 upon ligand expo-
sure (Fig. 1G, right graph), whereas AR recruitment was ro-
bustly detected at this time (Fig. 1G, right graph). After 60
min, hPIRH2 and TIP60 recruitment simultaneously peaked to
levels above those prior to ligand exposure, and AR recruit-
ment could still be detected (Fig. 1G, right graph). At 80 min
TIP60, hPIRH2 and AR began to dissociate (Fig. 1G, right
graph), demonstrating a cyclical, coordinated recruitment pro-
file of hPIRH2 and TIP60 to AREIII. Further analyses showed
that hPIRH2 and TIP60 were not recruited to non-ARE-con-
taining regions between AREI and AREIII (not shown). p300
exhibited a noncyclical similar recruitment profile to AREIII
and AREI, and in no scenario did hPIRH2 and p300 exhibit
robust corecruitment, demonstrating a specific association be-
tween hPIRH2 and TIP60. In keeping with these data,
hPIRH2-TIP60 protein-protein interactions have been previ-
ously described (30).

To examine a possible mechanism by which hPIRH2 might
increase AR-mediated transcription, hPIRH2 was assessed for
its ability to overcome the effects of the potent AR corepressor
and histone deacetylase, HDAC1 (11). First, the effects of
HDAC1 on the PSA reporter gene were determined in LNCaP
cells. Prior transfection of HDAC1 siRNA led to a potent
derepression of the subsequently transfected PSA reporter
gene, whereas Western blotting showed HDAC1 knockdown
in these cells (Fig. 2A). In agreement with previous findings
(11, 12), reporter gene assays in LNCaP cells using the PSA-
driven luciferase reporter gene demonstrated a strong repres-
sion of AR-mediated transcription by HDAC1, in the presence
of synthetic androgens (Fig. 2B). Strikingly, cotransfection
of wild-type hPIRH2 abrogated this HDAC1-mediated AR
repression (Fig. 2B). Interestingly, introduction of the
hPIRH2C145/8S mutant, which previously did not increase AR
activity, did not substantially overcome the repressive effects of
HDAC1 (Fig. 2B). To specifically test whether hPIRH2 en-
hances AR by HDAC1 downregulation, reporter gene assays
were performed in LNCaP cells transfected with the HDAC1
siRNA. As shown in Fig. 2C, HDAC1 depletion reduced the
capacity for hPIRH2 to stimulate AR-mediated transcription.
siRNA directed against luciferase acted as an internal control
to confirm gene silencing was effective at the time of measuring
reporter gene activity (Fig. 2C). Considering that hPIRH2 was
able to overcome the repressive effects of HDAC1, protein-
protein interaction between these coregulators was tested. Un-
transfected LNCaP cell lysates were subject to immunoprecipi-
tation using the HDAC1 antibody or other control antisera.
Only in the presence of HDAC1 antibody was hPIRH2 spe-
cifically recovered, demonstrating that endogenous HDAC1
and hPIRH2 complex in LNCaP cells (Fig. 2D). Because the
hPIRH2C145/8S mutant could not overcome the repressive
effects of HDAC1 on AR, hPIRH2C145/8S was compared
against wild-type hPIRH2 for its ability to interact with
HDAC1 in transfected 293T cells (Fig. 2E). Immunoprecipi-
tation with HDAC1 antibody specifically recovered both wild-
type hPIRH2 and hPIRH2C145/8S, showing that both interact
with HDAC1. Immunoprecipitation of transfected cell lysate
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FIG. 1. hPIRH2 interacts with AR in human cells and increases AR-mediated transcription. (A) 293T cells were transfected with hPIRH2-
MYC and either empty vector or full-length hAR (CMV-hAR) as shown. Immunoprecipitation was performed with AR C-19 antibody, and
recovered material was probed with AR and MYC antibodies (left panels). 293T cells were also transfected with full-length hAR and the indicated
vectors encoding MYC-tagged hPIRH2. Proteins were immunoprecipitated with MYC antibody and then probed for AR and MYC (right panels).
(B) LNCaP cells cultured in SDM were stimulated with 10 nM R1881 for specified times. Proteins were immunoprecipitated with hPIRH2 BL588
and then probed for hPIRH2 and AR. Immunoglobulin G (IgG) corresponds to nonimmune immunoglobulins. The asterisk represents a
nonspecific band. (C) 293T cells were transfected with a PSA-driven luciferase reporter gene, CMV-hAR, and increasing amounts of hPIRH2-
MYC or CMV-driven p300. Empty vector was used to equalize the DNA quantities transfected. Cells were starved in SDM and then treated with
10 nM R1881 or vehicle. No stimulation was observed in the absence of androgens in any scenario (not shown). Reporter assays were performed
in triplicate on three occasions, and values were adjusted to constitutive �-galactosidase activity. Error bars represent the standard deviation.
Western blotting shows similar AR levels, where transfected. (D) Reporter gene assays were performed in LNCaP cells as in panel C except that
CMV-hAR was omitted. Western blotting shows relative hPIRH2 levels and similar AR levels. (E) 293T cells were transfected with AR and
increasing amounts of hPIRH2. Equal quantities of lysates were probed with the indicated antibodies, as shown. (F) Diagram shows ARE positions
within human PSA gene. (G) LNCaP cells were used for ChIP with the specified antibodies against endogenous proteins. Inputs and recovered
material were analyzed by real-time PCR to calculate the recruitment changes. The maximal observed recruitment was assigned as 100%. AREI
and AREIII profiles are shown in the left and right panels, respectively.
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with an irrelevant antibody did not recover hPIRH2 (Fig. 2E).
Having confirmed that hPIRH2 and HDAC1 can interact in
human cells, their ability to co-occupy the androgen-responsive
PSA promoter was next tested. In keeping with a role of the
hPIRH2-HDAC1 interaction with modulation of AR-medi-
ated transcription, ChIP with HDAC1 antibody, followed by
re-ChIP with hPIRH2 antibody, revealed that the two factors
were simultaneously present at AREI 80 min after R1881
stimulation (Fig. 2F). Re-ChIP performed with HDAC1 or
nonspecific antibodies acted as controls (Fig. 2F).

In order to delineate the mechanism by which hPIRH2
might derepress HDAC1, an alternative reporter gene assay

was used that lacks AR and AREs. In this assay, hPIRH2 was
tested for its ability to modulate the transcriptional activity of
either the heterologous GAL4-DBD or a GAL4-DBD-
HDAC1 chimera. 293T cells were transfected with plasmids
encoding these factors and a GAL4-responsive luciferase re-
porter gene (Fig. 3A). As expected, the GAL4-DBD-HDAC1
chimera had substantially lower transcriptional activity than
the GAL4-DBD (Fig. 3A). Transfection of hPIRH2 or the
hPIRH2C145/8S mutant did not have a notable impact on the
GAL4-DBD (Fig. 3A). However, in the presence of GAL4-
DBD-HDAC1, hPIRH2 transfection led to a substantial in-
crease in reporter gene expression, whereas transfection of the

FIG. 2. hPIRH2 can derepress HDAC1-mediated effects on AR and interacts with HDAC1. (A) LNCaP cells were transfected with the
indicated siRNAs and then 24 h later with the PSA reporter gene. Cells were starved for 48 h, stimulated with R1881 or vehicle overnight, and
then harvested. (B) LNCaP cells were transfected with the indicated vectors and used for reporter gene assays as in Fig. 1D. (C) LNCaP cells were
transfected with the indicated siRNAs and then subjected to reporter gene assays as described in Fig. 1D. (D) LNCaP cell lysates were
immunoprecipitated with either HDAC1 antibody, nonimmune immunoglobulins (IgG), or in the absence of antibody (No Ab) as indicated.
Material was probed with hPIRH2 BL588. (E) 293T cells were transfected with the indicated vectors. Cell lysates were then used for immuno-
precipitation with HDAC1 antibody or irrelevant FRS2 antibody (IRR), where indicated. Material was probed with MYC antibody directed against
hPIRH2. (F) LNCaP cells were starved in SDM and then stimulated with 10 nM R1881 for 80 min where indicated. Cells were subjected to ChIP
first with HDAC1 antibody, and then the material was subjected to re-ChIP with either HDAC1, hPIRH2 BL588, or nonimmune immunoglobulins
(IgG). Recovered material was analyzed by real-time PCR as in Fig. 1G using AREI-specific oligonucleotides.
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hPIRH2C145/8S mutant did not have a noticeable impact on
reporter gene expression (Fig. 3A). The hPIRH2C145/8S mu-
tant lacks ubiquitin ligase activity, which raised the possibility
that hPIRH2 represses HDAC1 in a ubiquitin-dependent man-
ner. To establish whether this might be the case, the previous
reporter gene assay was repeated in the presence of overex-
pressed ubiquitin. As expected, transfection of hPIRH2 again
led to derepression of HDAC1. However, cotransfection of
ubiquitin slightly enhanced this effect (Fig. 3B). More notably,
cotransfection of a mutant form of ubiquitin (7KR, in which all
lysine residues are mutated to arginine residues) that is inca-
pable of being incorporated into polyubiquitin chains almost
completely abrogated the derepression of HDAC1 by hPIRH2
(Fig. 3B).

To examine the possibility that hPIRH2 might ubiquitinate
HDAC1 or that hPIRH2 is somehow involved in regulation
of HDAC1 stability, 293T cells were transfected with His-
tagged HDAC1 and then subjected to nickel capture under
denaturing conditions. Recovered material was probed with
ubiquitin antibody to detect ubiquitin-conjugated HDAC1. In

the presence of the proteasomal inhibitor MG-132, several
slowly migrating HDAC1 species were detected that are likely
to be ubiquitin-conjugated HDAC1. However, cotransfection
of hPIRH2 produced a noticeable increase in high-molecular-
weight ubiquitin-conjugated HDAC1, as detected with the
ubiquitin antibody (Fig. 3C). When the purified material was
probed with HDAC1 antibody, this confirmed that HDAC1
had been recovered, and an additional higher-molecular-
weight HDAC1 species appeared upon cotransfection of
hPIRH2. This additional HDAC1 species may represent ubiq-
uitin-conjugated HDAC1 (Fig. 3C, right panel). In an attempt
to enhance the observed hPIRH2-mediated HDAC1 ubiqui-
tination, His-tagged ubiquitin was overexpressed with hPIRH2
or Mdm2, which has previously been shown to ubiquitinate
HDAC1 (12). Nickel purified, ubiquitin-tagged proteins were
analyzed by Western blotting with HDAC1 antibody (Fig. 3D).
High-molecular-weight, ubiquitin-conjugated HDAC1 could
be detected upon His-ubiquitin expression, and these species
were enriched upon hPIRH2 transfection, suggesting that
hPIRH2 does indeed ubiquitinate HDAC1 (Fig. 3D). Mdm2

FIG. 3. hPIRH2 reduces the repressive activity of HDAC1 on transcription, causes HDAC1 ubiquitination, and reduces HDAC1 levels.
(A) 293T cells were transfected with a GAL4-responsive luciferase reporter vector, either GAL4-DBD or HDAC1-DBD, and the indicated vectors
as in Fig. 1C and then used in reporter gene assays. (B) 293T cells were transfected as in panel A except that CMV-driven ubiquitin or a mutant
form of ubiquitin in which all lysine residues are mutated to arginine (7KR) were included. Reporter assays were performed in triplicate, on three
occasions, and values were adjusted to constitutive �-galactosidase activity. Error bars represent the standard deviation. (C) 293T cells were
transfected with His-tagged HDAC1 and either empty vector or EGFP-hPIRH2 and then treated with 5 �M MG-132. Denatured cell lysates were
subjected to nickel capture assay and then recovered material was probed with ubiquitin (left panel) and HDAC1 (right panel) antibodies.
(D) 293T cells were transfected with the indicated vectors, and cell lysates were subjected to nickel capture assay as in panel C. Recovered material
was probed with HDAC1 antibody. (E) LNCaP cells were transfected with either nonsilencing (n/s) siRNA or hPIRH2 siRNA. Equal quantities
of cell lysates were probed for endogenous hPIRH2 or HDAC1 as indicated (right panels).

6506 LOGAN ET AL. MOL. CELL. BIOL.



transfection had a similar effect (Fig. 3D). Transfection of
ubiquitin ligase-deficient hPIRH2C145/8S abolished HDAC1
ubiquitination, suggesting that the ubiquitin ligase activity of
hPIRH2 is required for HDAC1 ubiquitination and that
hPIRH2C145/8S may act as a dominant-negative form (Fig.
3D, compare lanes 2 and 6). In order to determine whether
hPIRH2 might regulate HDAC1 steady-state protein levels,
hPIRH2 siRNA was transfected into LNCaP cells in the ab-
sence of proteasomal inhibition. Detection of hPIRH2 by
Western blotting demonstrated hPIRH2 knockdown, while
analysis of HDAC1 levels demonstrated that HDAC1 protein
levels increased in response to hPIRH2 depletion (Fig. 3E,
right panels).

The data suggest that hPIRH2 may have an important role
in AR-mediated transcription. The androgen-responsive LNCaP
cell line is known to be at least partly dependent upon andro-
gens for the proliferation and expression of androgen-respon-
sive genes such as PSA. In order to examine whether hPIRH2
might be able to influence gene expression and proliferation in
LNCaP cells, a gene-silencing approach was undertaken.
Transfection of two siRNAs against hPIRH2 produced 21 to
58% decreases in PSA transcript levels compared to nonsilenc-
ing siRNA, as assessed by quantitative PCR (Fig. 4A). Western
blotting confirmed hPIRH2 knockdown (Fig. 4A, lower panel).
In addition, hPIRH2 silencing resulted in a 20 to 27% de-
creased proliferation of LNCaP cells compared to nonsilencing
transfectants (Fig. 4B).

Considering the involvement of hPIRH2 in prostate cancer
cell proliferation, hPIRH2, like other AR coregulators, might
be expected to be aberrantly expressed in prostate tumors.
BL588 hPIRH2 antibody has previously been used for immu-

nohistochemistry (9). In LNCaP cells, this antibody produced a
diffuse nuclear/cytoplasmic immunofluorescence staining pat-
tern (Fig. 5A to C) as observed previously for GFP-tagged
hPIRH2 (30). To examine expression in human prostate tu-
mors, paraffin-embedded prostate tissue samples, retrieved by
transurethral resection, were assayed by immunohistochemis-
try. Samples were obtained from untreated patients at the time
of diagnosis. Some patients did go on to develop AIPC post-
treatment. hPIRH2 staining in tissues was detected in both
cytoplasmic and nuclear compartments, and the intensity was
categorized as negative (score of 0), weak (score of 1), medium
(score of 2), or strong (score of 3). hPIRH2 expression in the
benign sample group was weak or absent (mean staining score
of 0.9, Fig. 5D). In lower-grade cancers (Gleason sum score of
�7) staining was weak or medium (mean score of 1.4; Fig. 5E).
In Gleason sum score 7 samples, hPIRH2 exhibited mainly
medium expression, indicating that with a mean staining score
of 2.1, hPIRH2 staining was significantly stronger in Gleason
sum score 7 samples than in low-grade cancers (P � 0.0078
[Kruskal-Wallis]) or benign tissue (P � 0.0001 [Kruskal-Wal-
lis]) (Fig. 5F). Strikingly, most high-grade tumors (above Glea-
son sum score 7) exhibited strong expression, while others
exhibited medium staining (mean staining score of 2.79; Fig.
5G). hPIRH2 expression in these tumors was statistically
significantly stronger than in Gleason sum score 7 tumors (P �
0.0005 [Kruskal-Wallis]), low Gleason sum score tumors (P �
0.0001, Kruskal-Wallis) or benign tissues (P � 0.0001, Kruskal-
Wallis). This is summarized in Fig. 5H and Table 1.

No correlation was observed between hPIRH2 immunostaining
and PSA levels, patient survival, or patients that developed AIPC
versus androgen-responsive cancers. Interestingly, a correlation
was observed between hPIRH2 staining score and the presence of
bone metastases (mean staining score of 2.76) or absence of bone
metastases (mean staining score of 2.18) at diagnosis (P � 0.0004
[Mann-Whitney U test]) (Table 1). The data show that hPIRH2
is overexpressed in prostate cancers with increasing Gleason sum
scores, and strong expression correlates with the presence of bone
metastases.

DISCUSSION

Here we show that the E3 ubiquitin ligase hPIRH2 can
directly interact with components of the AR signaling pathway,
resulting in increased AR-mediated transcription. Although
conserved RING domain residues of hPIRH2 are not essen-
tial for these interactions, the RING domain double mutant
hPIRH2C145/8S does not increase AR-mediated transcrip-
tion, suggesting hPIRH2 ubiquitin ligase activity is required for
increased AR transcriptional activity. Our data suggest that
hPIRH2 can ubiquitylate HDAC1 in cells and that hPIRH2
knockdown stabilizes HDAC1. The finding that hPIRH2 can
reduce HDAC1 levels and overcome the transcriptional re-
pression of AR by HDAC1 affords a mechanism through which
hPIRH2 ubiquitin ligase activity can increase AR-mediated
transcription. Indeed, HDAC1 silencing reduced the capacity
of hPIRH2 to enhance AR transcriptional activity. Previous
experiments suggesting that hPIRH2 could not increase AR
activity were performed in cell lines different from those used
here (1). Their HDAC1 status is unknown. Our findings are
reminiscent of derepressive factors, such as SENP1, that can

FIG. 4. hPIRH2 controls PSA expression and LNCaP cell prolif-
eration. (A) Nonsilencing siRNA (n/s) or siRNA against hPIRH2 (Si1
and Si2) was transfected into LNCaP cells. After 48 h, PSA and
GAPDH transcript levels were measured by quantitative PCR. PSA
levels were normalized to GAPDH levels (upper panel). Equal quan-
tities of transfected cell lysates were also used for Western blotting
(lower panel). (B) LNCaP cells were transfected as in panel A, and
then proliferation was measured by using a WST-1 assay at 48 h
posttransfection. Proliferation of nonsilencing siRNA-transfected cells
was assigned as 100%. All error bars represent standard deviations.
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increase AR-mediated transcription through the modulation
of HDAC1 function (5) and suggest that hPIRH2 could in-
crease AR-mediated transcription via a derepressive mecha-
nism. Aside from the hPIRH2-HDAC1 interaction, hPIRH2

may also regulate AR directly via their protein-protein inter-
actions.

We demonstrate that hPIRH2 is contained within transcrip-
tional complexes occupying AREs on the PSA gene. Interest-
ingly, hPIRH2 exhibits different recruitment dynamics at
AREI and AREIII, implying that it might perform different
roles at the two AREs, in response to androgens. Notably,
hPIRH2 and TIP60 exhibit cyclical corecruitment to AREIII,
suggesting that they are both present in a transcriptional com-
plex, confirming previous hPIRH2-TIP60 protein-protein in-
teractions (30). Cyclical recruitment of transcriptional coregu-
lators, including TIP60, is now an established phenomenon
that is intrinsic to transcriptional activation by steroid recep-
tors (33), although little work has been performed to compre-
hensively assess the recruitment of AR coregulators to andro-
gen-responsive genes (45). We demonstrate by re-ChIP
analysis that hPIRH2 and HDAC1 co-occupy AREI in re-

FIG. 5. Expression patterns of hPIRH2. (A) LNCaP cells were fixed and subject to immunofluorescence with hPIRH2 BL588 antibody. (B) MCF-7
breast cancer cells were treated as in panel A. (C) Negative control immunofluorescence experiment with no primary antibody. (D to G) Immunohis-
tochemical staining performed on human transurethral resection samples of either benign prostatic hyperplasia (D) or prostate cancers of increasing
Gleason grade (E to G) with hPIRH2 BL588 antibody. (H) Mean hPIRH2 immunoreactivity in prostate cancers. Error bars represent the standard
deviations.

TABLE 1. PIRH2 expression in human prostate tumors

Clinical parameter

No. of tumors with a staining
intensity score of: P

0 1 2 3

Gleason score (n � 82) 0.0001
4–6 0 9 6 0
7 0 0 9 1
8–10 0 0 12 45

Bone metastasis (n � 73) 0.0004
No 0 8 17 15
Yes 0 0 8 25
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sponse to androgens. This raises the possibility that hPIRH2
may target HDAC1 for destruction while the two proteins are
present in a transcriptional complex and supports the concept
that proteolysis of transcriptional regulators is intrinsically
linked to active transcription (36, 41). It would seem that
hPIRH2 can form transcriptional complexes with corepressors
such as HDAC1, as well as coactivators such as TIP60. Al-
though hPIRH2 seems to target HDAC1 proteolysis, the role
of hPIRH2 interaction with coactivators such as TIP60 is un-
known. We speculate that transcriptional modulation by
hPIRH2 involves the use of both coactivators and corepres-
sors. The finding that RNAi-mediated hPIRH2 knockdown
reduces PSA expression implies that hPIRH2 does play an
important role in transcriptional complexes that regulate gene
expression.

hPIRH2 has previously been reported to repress p53 tran-
scriptional activity and ubiquitylate p53, leading to its destruc-
tion (25). HDAC1 is known to act in concert with Mdm2 in
order to repress p53 transcriptional activity (22). It is difficult
to reconcile the role we describe for hPIRH2 in derepression
of HDAC1 with a role for hPIRH2 as a p53 corepressor.
However, the fact that hPIRH2 can derepress HDAC1 when it
is fused the GAL4-DBD suggests that hPIRH2 can derepress
HDAC1 not only in the context of AR-mediated transcription.
Importantly, the p53 corepressor Mdm2 can also ubiquitylate
HDAC1, leading to its destruction (12). In light of these facts,
the hPIRH2-HDAC1 interaction in p53 signaling should be
examined. The emergence of hPIRH2 in the upregulation of
AR activity and the ubiquitylation of p53 bears similarities to
E6-AP, a steroid receptor coactivator required for proper de-
velopment of murine tissues, including the prostate (37, 46).

hPIRH2 knockdown resulted in reduced LNCaP prostate
cancer cell proliferation. Although hPIRH2 depletion in
LNCaP cells may increase p53 activities, thereby reducing pro-
liferation, we have not observed increased p53 protein levels in
this case (data not shown). The mechanism by which hPIRH2
controls proliferation of LNCaP cells is currently unknown,
although this could conceivably involve regulation of AR sig-
naling. A recent study showed Mdm2 antisense treatment of
prostate cancer cell lines resulted in reduced proliferation and
increased sensitivity to chemotherapy (51), in a manner inde-
pendent of AR or p53 status. This suggests that ubiquitin ligase
enzymes do have critical targets, other than p53, involved in
proliferation of prostate cancer cells.

hPIRH2 expression, like that of some other AR coregulators
(see the introduction), is altered in human prostate cancers.
Expression is weak in benign prostate and low-Gleason-grade
cancers (with no apparent statistical significant difference be-
tween the two) and is increased in higher-grade cancers. In-
creased expression in Gleason sum score 7 tissues indicates
that hPIRH2 overexpression occurs during disease progres-
sion. Strong hPIRH2 expression correlated with the presence
of bone metastases, likely reflecting a cohort of patients with
highly aggressive tumors, although it is unknown whether
hPIRH2 might directly participate in metastasis. It is quite
possible that hPIRH2 overexpression in prostate tumors im-
pacts upon pathways other that AR signaling (such as p53
signaling) and in this regard the role of hPIRH2 in tumorigen-
esis should be studied. hPIRH2 was also recently shown to be

overexpressed in lung cancer (9). Notably, two hPIRH2-inter-
acting partners, TIP60 and HDAC1, also exhibit aberrant ex-
pression in prostate cancer, pointing toward a role for these
coregulators in prostate carcinogenesis (15, 40).

The data indicate that prostate cancer cells are sensitive to
reduced hPIRH2 activities. Pharmacological inhibition of en-
zymes such as hPIRH2 is therefore attractive in the search for
new treatments for human prostate cancer.
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