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SUMO (also called Sentrin) is a ubiquitin-like protein that plays an important role in regulating protein
function and localization. It is known that several nuclear receptors are modified by SUMO; however, the effect
of desumoylation in regulating nuclear receptor function has not been elucidated. Here we show that androgen
receptor (AR)-mediated transcription is markedly enhanced by SENP1, a member of SUMO-specific protease
family. SENP1’s ability to enhance AR-dependent transcription is not mediated through desumoylation of AR,
but rather through its ability to deconjugate histone deacetylase 1 (HDAC1), thereby reducing its deacetylase
activity. HDAC1’s repressive effect on AR-dependent transcription could be reversed by SENP1 and by deletion
of its sumoylation sites. RNA interference depletion of endogenous HDAC1 also reduced SENP1’s effect. Thus,
SENP1 could regulate AR-dependent transcription through desumoylation of HDAC1. These studies provide
insights on the potential role of desumoylation in the regulation of nuclear receptor activity.

SUMO is a ubiquitin-like protein that can be covalently
attached to a large number of proteins through the formation
of isopeptide bonds with specific lysine residues of target pro-
teins (23, 40, 42, 50, 53). Sumoylation requires a specific acti-
vating-enzyme complex (Uba2/Aos1), conjugation enzyme
(Ubc9), and ligases (PIAS, RanBP2, and Pc2) (17–19, 26–28,
46, 47). A large number of sumoylated proteins, including
RanGAP1, PML, I�B�, p53, c-Jun, Sp3, Elk-1, p300, and many
nuclear receptors, have been identified (8, 9, 15, 20, 29, 33, 38,
41, 48, 49). Sumoylation has emerged as an important regula-
tory mechanism for protein function and localization (23, 40,
42, 53).

Sumoylation is a dynamic process that is mediated by acti-
vating, conjugating, and ligating enzymes and that is readily
reversed by a family of SUMO-specific proteases (36, 53). In
Saccharomyces cerevisiae, there are two SUMO-specific pro-
teases, Ulp1 and Ulp2/Smt4 (1, 36, 37). Ulp1 is essential for the
G2/M transition of the cell cycle (36), whereas Ulp2/Smt4 is
not essential for viability (37). In the mammalian system, four
SUMO-specific proteases have been reported (2, 19, 22, 31, 44,
45, 53). SENP1 is a nuclear protease that appears to deconju-
gate a large number of sumoylated proteins (19). SENP2 is a
nuclear-envelope-associated protease that appears to have ac-
tivity similar to that of SENP1 when overexpressed (19, 22, 55).
The mouse SENP2 was named SMT3IP2/Axam2 (44). There is
a spliced isoform of mouse SENP2, called SuPr1, which could
alter the distribution of nuclear PML oncogenic domain-asso-
ciated proteins, such as CBP and Daxx, and which converted
Sp3 to a strong activator with diffuse nuclear localization (2,
49). Two additional SUMO-specific proteases (SENP3/

SMT3IP1 and SENP6/SUSP1) have also been reported (31,
53). SENP3/SMT3IP1 is a nucleolar protein (E. T. H. Yeh,
unpublished data), whereas SENP6/SUSP1 is located in the
cytosol (31). However, very little is known about the biological
activities of SENP6/SUSP1 or SENP3/SMT3IP1. Although the
ability of SENPs to reverse sumoylation is established, it re-
mains to define the specificity of each SENP and to analyze the
difference in each regulatory pathway mediated by these
SENPs.

The androgen receptor (AR) is a ligand-regulated transcrip-
tion factors belonging to the nuclear receptor superfamily (13,
39). It mediates the effects of androgen on the regulation of
cell growth, differentiation, and maintenance of male repro-
ductive functions (13, 39). AR can be subdivided into distinct
functional domains: the N-terminal transactivation domain,
the central DNA-binding domain, and the C-terminal ligand-
binding domain (13, 24, 39). In the absence of ligands, AR
locates primarily in cytoplasm and associates with heat shock
proteins in an inactive state (13). Upon binding to ligand, AR
undergoes a series of changes, including conformational
change, translocation from the cytoplasm to the nucleus, and
binding to a specific DNA sequence called the androgen re-
sponse element (ARE) in the promoter regions of target genes
to regulate transcription of these genes (13).

Like those of other nuclear receptors, the actions of AR are
subjected to modulation by a large number of coregulators
including coactivators and corepressors (24, 39, 51). These
regulatory proteins are recognized by different functional do-
mains of the AR and mediate transactivation (by coactivators)
and transrepression (by corepressors) functions of AR (24).
Coactivators function either as molecular bridges to enhance
recruitment of the basal transcription machinery to the pro-
moters of target genes or as factors that overcome the repres-
sive effect of chromatin structure on transcription (16). The
coactivators of AR include SRC-1, SRC-2/GRIP1, ACTR/
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AIB1/RAC3/pCIP, CBP, p300, and pCAF (16, 39). These co-
activators possess histone acetyltransferase activity, which
plays a role in chromatin remodeling to allow for active tran-
scription of DNA (39). Conversely, corepressors including
SMRT and N-CoR can attenuate AR-dependent transcription
by recruiting histone deacetylases (HDACs) such as HDAC1
and HDAC2 in a repression complex (39, 43, 51). It has been
shown that expression levels of some coregulators of AR were
altered in the genesis and progression of prostate cancer, sug-
gesting that they may be involved in the promotion or progres-
sion of prostate cancer through regulating AR activity (4, 35).

AR activity also can be regulated by posttranslational mod-
ification, such as phosphorylation and sumoylation (34, 48).
AR is sumoylated in vivo at lysine residues 386 and 520 (48).
Mutation of these residues increases the transactivation ability
of AR, suggesting that sumoylation is involved in the regula-
tion of AR activity (48). Interestingly, four AR coregulators,
SRC-1, SRC-2/GRIP1, p300, and HDAC1, have also been
found to be sumoylated (3, 5, 15, 32). SRC-1 has five sumoy-
lation sites, and two major sites were localized in the NR box
situated in nuclear receptor interacting region 1 (3). It is ob-
served that sumoylation can increase the interaction of SRC-1
with the progesterone receptor. Two residues located in the
nuclear receptor interacting region of SRC-2/GRIP1 were
found to be sumoylated (32). Substitution at these two sumoy-
lation sites could attenuate the activity of SRC-2/GRIP1 on
AR-dependent transcription. In p300, two sumoylated sites
located in the CRD1 domain are required for its transcription-
al-repression function. Mutations that reduce SUMO modifi-
cation increase p300-mediated transcriptional activity (15).
HDAC1 was also found to be sumoylated (5). Mutation of two
sumoylation sites of HDAC1 greatly reduced HDAC1-medi-
ated transcriptional repression (5). It is unknown, however,
whether desumoylation of these AR coregulators may be in-
volved into the regulation of AR-mediated transcription.

Here, we showed that one of the SUMO-specific proteases,
SENP1, profoundly enhances AR-dependent transcription.
Both AR and HDAC1 were targets of SENP1, but the effect of
SENP1 on AR-dependent transcription was mediated mostly
through desumoylation of HDAC1. SENP1 could overcome
the HDAC1 repressive function and reduce HDAC1 deacety-
lase activity. Thus, our data strongly support a role for SENP1
as a novel activator of AR-dependent transcription through
desumoylation of HDAC1.

MATERIALS AND METHODS

Plasmids and antibodies. Flag-AR, ARE-luciferase, Gal4-luciferase, Gal4-
DBD, and hemagglutinin (HA)–SUMO-1 plasmids have been described previ-
ously (5, 30, 54). PB (�426/�28)-Luciferase, Flag-SENP1, Flag-SENP1 mutant
(R630L, K631M), Flag-SENP2, His-SENP3, Flag-HDAC1, Flag-HDAC1 DM
(K444, 476R), Gal4-DBD–HDAC1, Gal4-DBD–HDAC1 DM (K444, 476R), and
Flag-AR DM (K386R, K520E) were prepared by standard cloning and PCR-
based mutagenesis. Details of constructions are available upon request. Flag–
SRC-1 was a gift from Ming-Jer Tsai (Baylor College of Medicine). The p300
expression plasmid was a gift from Yongzhong Wu (Virigina Commonwealth
University). We used antibodies against Flag (M2; Sigma), HA (HA-7; Sigma),
HDAC1 (2E10; Upstate Biotechnology), and actin (I-19; Santa. Cruz Biotech-
nology). An anti-AR antibody was raised against AR from a rabbit immunized
with a bacterial recombinant AR N-terminal (amino acids 1 to 322) peptide.

Cell transfection and luciferase assays. PC-3 and LNCaP cells were grown in
phenol red-free RPMI 1640 (GIBCO-BRL) supplemented with 5% charcoal-
dextran-stripped fetal bovine serum. COS-7 and HeLa cells were grown in

Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum.
After 24 h of cultivation, these cells were transiently transfected with expression
plasmids by Lipofectamine (Invitrogen) according to the manufacturer’s instruc-
tions. Luciferase was assayed as described previously (52). �-Galactosidase ac-
tivity was used as an internal control.

Immunoprecipitations and glutathione-Sepharose pull-down. Cells (1 � 106)
were lysed in 400 �l of lysis buffer (50 mM Tris [pH 7.5], 300 mM NaCl, 10 mM
MgCl2, 0.5% NP-40, 0.3% Triton X-100, and protease inhibitors). The superna-
tant was cleared by centrifugation and immunoprecipitated by a specific antibody
and protein A-Sepharose or pulled-down by glutathione-Sepharose.

Western blotting. Western blotting was carried out as described in our previ-
ous publication (30).

PSA ELISA assay. A PSA enzyme-linked immunosorbent assay (ELISA) kit
was purchased from MP Biomedicals (Orangeburg, N.Y.). The cultural media of
LNCaP cells were collected as samples for PSA ELISA according the manufac-
turer’s instructions. The data were normalized to the total protein concentrations
of samples.

Deacetylase assay. An HDAC assay kit was purchased from Upstate Biotech-
nology and used according the manufacturer’s instructions. Briefly, biotinylated
histone H4 peptide, active PCAF, and [3H]acetyl-coenzyme A (CoA) in histone
acetyltransferase assay buffer were incubated for 4 h at 30°C to label histone H4
with [3H]acetyl-CoA. Streptavidin-agarose was used to capture the labeled bio-
tinylated histone H4 peptide. Flag-tagged HDAC and HDAC1 DM were immu-
noprecipitated with an anti-Flag M2 antibody from transfected HeLa nuclear
extracts. After being washed with HDAC assay buffer, the beads were mixed with
50,000 cpm of captured streptavidin-agarose–[3H]acetyl-CoA-labeled histone H4
peptide in HDAC assay buffer and incubated for 5 h at 37°C. The counts of
released [3H]acetate per minute in the supernatant were determined by liquid
scintillation counting.

RNAi. An HDAC1 small interfering RNA (siRNA) assay kit was purchased
from Upstate Biotechnology for the RNA interference (RNAi) assay. The kit
includes four pooled SMART-selected HDAC1 siRNA duplexes and nonspecific
siRNA duplexes. For the SENP1 siRNA system, a 21-nucleotide SENP1 siRNA
(GTGAACCACAACTCCGTATTC) was synthesized (Dharmacon). The same
sequence in the inverted orientation was used as a nonspecific siRNA control.
The SENP1 and nonspecific siRNA oligonucleotides were inserted into the
pSuppressorNeo vector (IMGENEX Corporation) according to the manufactur-
er’s instructions. PC-3 and LNCaP cells were grown in a 24-well plate. Cells were
transfected with the oligonucleotides (40 pmol/well) or siRNA plasmid (200 ng)
once (for PC-3) or three times within 12-h intervals (for LNCaP) with Lipo-
fectamine 2000 (Invitrogen). PSA ELISA or a luciferase assay was performed.

RESULTS

SENP1 markedly enhances AR-dependent transcription.
Since both AR and four of its coregulators are sumoylated, we
speculated that one of the SUMO-specific proteases might play
an important role in the regulation of AR-dependent tran-
scription. For this purpose, we carried out a luciferase reporter
gene assay to examine whether SENP1 could affect AR-depen-
dent transcription. AR and ARE-luciferase reporter plasmids
(ARE-Luc) were cotransfected into PC-3 cells with plasmids
encoding either SENP1 or a catalytically inactive mutant
SENP1. As shown in Fig. 1A, SENP1 dramatically enhanced
AR transcriptional activity by 45-fold. This effect is dependent
on the presence of AR ligand R1881. SENP1’s catalytic activity
is required for this effect, as the catalytically inactive mutant
SENP1 (R630L, K631M) has a minor effect on AR-dependent
transcription (Fig. 1A, bottom, lane 8 versus 9). Titration of
SENP1 showed a dose-dependent effect of SENP1 on AR-
dependent transcription (Fig. 1B). Even at very low levels of
cotransfected DNA, SENP1 still could induce AR transactiva-
tion. In contrast, increasing levels of the mutant SENP1 did not
alter significantly AR-dependent transcription (Fig. 1B), fur-
ther validating the need for SENP1’s enzymatic activity in the
transcriptional regulation of AR. As the antagonists of andro-
gen can also bind to the AR, we tested whether SENP1 could
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act on antagonist-bound AR. As shown in Fig. 1C, no effect of
SENP1 on AR-dependent transcription was noted in the pres-
ence of bicalutamide. The enhancement of AR transcriptional
activity by SENP1 is specific, as SENP2 and SENP3, the other
members of the SENP family, only modestly enhanced AR-
dependent transcription (Fig. 1D). Western analysis demon-
strated that AR protein levels were not affected by exogenous
expression of SENP1, mutant SENP1 (Fig. 1A and E), SENP2,
or SENP3 (Fig. 1F). SENP1 and mutant SENP1 were ex-
pressed at similar levels (Fig. 1E), and SENP1 and SENP2
were also expressed similarly (Fig. 1F).

We also used the promoter of rat probasin, another AR
target gene-driven luciferase, to test the effect of SENP1 on
AR transactivation. SENP1 could also increase AR-dependent
transcription (Fig. 1G). Thus, the effect of SENP1 can be
generalized to at least two AR-dependent promoter systems.

We also performed an ARE-luciferase reporter assay on
AR-positive cell line LNCaP cells. In the presence of a ligand,
expression of SENP1 induced endogenous AR activity by sev-
enfold (Fig. 2A). This effect was also dependent on SENP1
catalytic activity, as mutant SENP1 has a minor effect (Fig.
2A). We further examined the effects of SENP1 on endoge-
nous androgen-responsive PSA gene expression in LNCaP
cells. As PSA is a secreted protein, we used ELISA to examine
PSA secretion in the cultural medium. As shown in Fig. 2B, the
concentration of secreted PSA protein in the cultural medium
was increased by R1881. The increase was further enhanced in
the SENP1-transfected cell, but not in the mutant-SENP1-
transfected cell (Fig. 2B). To further confirm the effect of
SENP1 in regulation of AR-dependent transcription, we used
siRNA to silence endogenous SENP1 in LNCaP cells. As ex-
pected, PSA expression was decreased in SENP1 siRNA-trans-
fected cells (Fig. 2C). The level of endogenous SENP1 mRNA
in LNCaP cells transfected with SENP1 siRNA plasmids was
decreased by 53% (Fig. 2D). Collectively, these data strongly
indicate that SENP1 acts as strong activator for AR-dependent
transcription and that the catalytic activity of SENP1 is re-
quired for this action.

SENP1 induction of AR transcriptional activity occurs in-
dependent of AR desumoylation. Since AR could be conju-
gated by SUMO (48), we examined whether AR could be
desumoylated by SENP1 in vivo. Plasmids encoding Flag-
tagged AR and HA-tagged SUMO-1 were transfected into
COS-7 cells with plasmids encoding SENP1 or a catalytically
inactive mutant SENP1. Immunoprecipitation with the an-
ti-AR antibody followed by blotting with the anti-HA antibody
showed that AR was sumoylated (Fig. 3A, top, lane 2) and that
SUMO-1–AR conjugates were depleted in cells coexpressing
SENP1 (lane 3), but not in cells coexpressing mutant SENP1
(Fig. 3A, top, lane 4). Immunoblotting of the same filter with

hours after transfection, cells were treated with 10 nM R1881 for 24 h,
and the luciferase activity was measured as described in for panel A. (E
and F) Western blots of cell extracts from panels B (E) and D (F).
(G) SENP1 enhances probasin promoter activity. PC-3 cells were
transfected with AR (10 ng) and ARE-luciferase or PB(�426/�28)-
luciferase (50 ng) reporter plasmids in the absence or presence of
wild-type or mutant SENP1 plasmids (150 ng). After 12 h of transfec-
tion, cells were treated with 10 nM R1881 for 24 h, and the luciferase
activity was measured as described for panel A.

FIG. 1. SENP1 markedly enhances AR-dependent transcription.
(A) Enhancement of AR-dependent transcription by SENP1, but not
by mutant SENP1. PC-3 cells were transfected with AR (10 ng) and
ARE-luciferase (50 ng) reporter plasmids in the absence or presence
of wild-type or mutant SENP1 plasmids (150 ng). After 12 h of trans-
fection, cells were treated with 10 nM R1881 for 24 h, and the lucif-
erase activity was measured. Transfection efficiency was normalized
with a �-galactosidase expression construct, and the results are pre-
sented as activation over that for an empty vector. The expression level
of AR was analyzed by Western blotting with the anti-AR antibody.
(B) Dose response of SENP1 action. PC-3 cells were transfected with
AR (10 ng) and ARE-luciferase (50 ng) reporter plasmids in the
absence or presence of increasing amounts of wild-type or mutant
SENP1 plasmids (10, 50, and 150 ng). After 12 h of transfection, cells
were treated with 10 nM R1881 for 24 h, and the luciferase activity was
measured as described for panel A. (C) SENP1 could not activate
antagonist-bound AR. PC-3 cells were transfected with AR (10 ng)
and ARE-luciferase (50 ng) reporter plasmids in the absence or pres-
ence of wild-type or mutant SENP1 plasmids (150 ng). Twelve hours
after transfection, cells were treated with 10 nM R1881 or 5 �M
bicalutamide for 24 h, and the luciferase activity was measured as
described for panel A. (D) SENP1, but not SENP2 or SENP3, mark-
edly activates AR transactivation. PC-3 cells were transfected with AR
(10 ng) and ARE-luciferase (50 ng) reporter plasmids in the absence
or presence of SENP1, SENP2, or SENP3 plasmids (150 ng). Twelve
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the anti-AR antibody showed that AR was immunoprecipi-
tated equally in all lanes (Fig. 3A, bottom). These results
indicate that AR is a target protein of SENP1.

Since SENP1 can desumoylate conjugated AR, we specu-
lated that SENP1 could regulate AR-dependent transcription
by direct desumoylation of AR. We therefore generated an AR
sumoylation mutant protein AR DM (K386R, K520E). The
mutant AR was then compared to the wild-type AR in the
ARE-luciferase reporter system. Consistent with a previous
study (48), the mutant AR exhibited higher transcriptional
activity than wild-type AR (2.8-fold; Fig. 3B). However, coex-
pression of SENP1 markedly enhanced the mutant AR’s tran-
scriptional activity by 24-fold compared to that for the vector
control. SENP1’s effect on the mutant AR was similar to that
of the wild-type AR and was also dependent on its catalytic

activity (Fig. 3B). These data suggest that most of SENP1’s
enhancement of AR-dependent transcription is independent
of the sumoylation status of AR.

SRC-1 and p300 are not major targets for SENP1 action on
AR-dependent transcription. The transcriptional activity of
AR could be modulated by coregulatory proteins. Because
some AR coregulators, specifically SRC-1, SRC-2/GRIP1,
p300, and HDAC1, are sumoylated (3, 5, 15, 24, 32, 39, 51),
these coregulators would be the target for the SENP1 effect on
AR-dependent transcription. SRC-2/GRIP1 is unlikely to ac-
count for SENP1’s enhancement of AR-dependent transcrip-
tion as the SRC-2/GRIP1(K239, 731,788R) mutation could
attenuate the effect of SRC-2/GRIP1 on AR-dependent tran-
scription (32); therefore, we focused on SRC-1, p300, and
HDAC1.

We first examined whether SRC-1 or p300 could be involved
in SENP1’s enhancement of AR-dependent transcription by a
cotransfection assay. As shown in Fig. 4A, SRC-1 alone could
enhance AR-dependent transcriptional activity by �3-fold and
SENP1 alone could enhance AR-dependent transcriptional
activity by 40-fold. However, coexpression of SRC-1 with
SENP1 could not significantly enhance SENP1’s activity, sug-
gesting that SRC-1 was not the major target in SENP1’s en-
hancement of AR-dependent transcription. Similarly, coex-
pression of p300 had little effect on SENP1’s activity,
suggesting that p300 also did not play a significant role in
SENP1’s enhancement of AR-dependent transcription (Fig.
4B).

HDAC1 can be desumoylated by SENP1 in vivo. We next
examined whether HDACs are responsible for SENP1 en-
hancement of AR-dependent transcription. There are at least
10 HDACs in the mammalian genome (7). Both HDAC1 and

FIG. 2. SENP1 increases PSA expression. (A) SENP1 induces en-
dogenous AR-dependent transcription in LNCaP cells. LNCaP cells
were transfected with ARE-luciferase reporter plasmids (50 ng) in the
absence or presence of increasing amounts of wild-type or mutant
SENP1 plasmids (150 ng). After 12 h of transfection, cells were treated
with or without R1881 (10 nM) for 24 h, and the luciferase activity was
measured as described for Fig. 1A. (B) SENP1 increases PSA expres-
sion in LNCaP cells. LNCaP cells were transfected with empty vector,
SENP1, or mutant SENP1 expression plasmids and treated with or
without R1881 (20 nM) for 24 or 48 h. The cultural media were
collected as samples. (C) Silencing endogenous SENP1 decreases PSA
expression. LNCaP cells were transfected with nonspecific siRNA (NS-
siRNA) and SENP1 siRNA expression plasmids and treated with or
without R1881 for 24 h. PSA released into the media was measured by
ELISA. (D) Endogenous SENP1 is knocked down by RNAi. SENP1
levels in LNCaP cells transfected with either nonspecific siRNA or
specific SENP1 siRNA plasmids were measured by real-time PCR, and
each sample was run in triplicate. SENP1 mRNA expression was nor-
malized to �-actin expression.

FIG. 3. SENP1 desumoylates AR, but sumoylation of AR is not
required for SENP1 activation. (A) SENP1 deconjugates SUMO-1
from AR in vivo. Whole-cell lysates from COS-7 cells transfected with
the indicated plasmids were immunoprecipitated with the anti-AR
antibody and analyzed by Western blotting with the anti-HA antibody
(top) or anti-AR antibody (bottom). Asterisks, sumoylated proteins.
(B) Sumoylation of AR is not required for SENP1 activation. PC-3
cells were transfected with either wild type AR (AR WT) or mutant
AR (AR DM) plasmids (10 ng) and ARE-luciferase reporter plasmids
(50 ng) in the absence or presence of either wild-type or mutant
SENP1 plasmids. After 12 h of transfection, cells were treated with or
without (basal) R1881 (10 nM) for 24 h, and the luciferase activity was
measured as described for Fig. 1A. Expression levels of AR WT and
AR DM were analyzed by Western blotting with the anti-AR antibody.
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HDAC2 are involved in the formation of the repression com-
plex for the AR (51), but only HDAC1 could be conjugated by
SUMO (5). Thus, HDAC1 could be a potential mediator in
SENP1’s enhancement of AR-dependent transcription. To test
this hypothesis, we first determined whether HDAC1 could
associate with SENP1 in vivo. HDAC1 coprecipitated with
SENP1 in cell extracts (Fig. 5A, lane 4). We further examined
whether HDAC1 could be desumoylated by SENP1. We found
that HDAC1 was sumoylated and that sumoylated HDAC1
could be deconjugated by SENP1 (Fig. 5B, top). This was
dependent on SENP1’s catalytic activity because mutant
SENP1 could not deconjugate sumoylated HDAC1 (Fig. 5B,
top). HDAC1 levels were also evaluated to ensure that immu-
noprecipitates are equal in all lanes (Fig. 5B, bottom).

SENP1 inhibits HDAC1’s transcriptional repression. We
next examined whether SENP1 could affect HDAC1’s tran-
scriptional repression activity. Two approaches were used for
this purpose. First we used a Gal4-DBD reporter system in
PC-3 cells. HDAC1 tethered to DNA via fusion to Gal4-DBD
was shown to repress the reporter gene activity driven by a
minimal promoter harboring five Gal4 binding sites (5) (Fig.

5C). Coexpression of SENP1 strongly overcame the HDAC1-
mediated transcriptional repression, whereas mutant SENP1
could not overcome this effect (Fig. 5C). To further determine
whether SENP1 action is through the desumoylation of
HDAC1, we generated a Gal4-DBD-fused mutant HDAC1
(HDAC1 DM), where Lys at two major sumoylation sites, 444
and 476, was replaced by Arg, and tested the activity using the
same assay. The sumoylation site mutant HDAC has minimal
repression activity (Fig. 5D). Coexpression of SENP1 had no
effect on the repression of HDAC1 DM (Fig. 5D), suggesting
that the SENP1 action is mainly mediated through the direct
desumoylation of HDAC1. The second approach was to exam-
ine the effect of SENP1 on HDAC1 deacetylase activity, which
is believed to be the major mechanism for repression of tran-
scription. In the presence of SENP1, the deacetylase activity of

FIG. 4. SRC-1 and p300 are not major targets for SENP1 action on
AR-dependent transcription. PC-3 cells were transfected with AR (10
ng) and ARE-luciferase (50 ng) plus SENP1 (150 ng) plasmids in the
absence or presence of increased amounts of SRC-1 or p300 plasmids
(10, 50, and 150 ng). After 12 h of transfection, cells were treated with
10 nM R1881 for 24 h, and the luciferase activity was measured as
described for Fig. 1A.

FIG. 5. SENP1 desumoylates HDAC1 and inhibits HDAC1 repres-
sive activity. (A) SENP1 physically interacts with HDAC1 in vivo.
Precipitates with glutathione-Sepharose (top) or whole-cell lysates
(bottom) from COS-7 cells transfected with the indicated expression
plasmid were analyzed by Western blotting with anti-Flag M2.
(B) SENP1 deconjugates SUMO-1 from HDAC1 in vivo. Whole-cell
lysates from COS-7 cells transfected with the indicated expression
plasmids were immunoprecipitated with the anti-Flag M2 antibody and
analyzed by Western blotting with the anti-HA antibody (top) or anti-
HDAC1 antibody (bottom). (C and D) SENP1 overcomes HDAC1’s
repressive activity. PC-3 cells were transfected with Gal4-luciferase
(100 ng) and either Gal4-DBD, Gal4-DBD–HDAC1, or Gal4-DBD–
HDAC1 DM (100 ng) in the absence or presence of wild-type SENP1
or mutant SENP1 (SENP1mut) plasmids (150 ng). The luciferase
activity was measured. (E) SENP1 reduces the deacetylase activity of
HDAC1. HDAC1 or HDAC1 DM was immunoprecipitated by the
anti-Flag M2 antibody from the nuclear extracts of HeLa cells trans-
fected with Flag-HDAC1, Flag-HDAC1 DM, or Flag-HDAC1 plus
either SENP1 or mutant SENP1 plasmids and assayed for HDAC
activity. The immunoprecipitates were quantified by Western blotting
with the anti-HDAC1 antibody.
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HDAC1 precipitates had a 70% reduction (Fig. 5E). In con-
trast, expression of mutant SENP1 did not affect HDAC1’s
deacetylase activity (Fig. 5E). We also examine the deacetylase
activity of HDAC1 DM and showed that this mutant HDAC
had a markedly reduced HDAC activity (Fig. 5E). Collectively,
these data indicated that SENP1 could inhibit the repressive
effect of HDAC1 through desumoylation of HDAC1.

HDAC1 mediates SENP1 action on AR-dependent tran-
scription. The above results indicated that the effect of SENP1
on HDAC1 is dependent on SENP1’s desumoylation activity.
To further confirm that desumoylation of HDAC1 is required
for SENP1 to overcome HDAC1’s repressive effect on AR-
dependent transcription, we compared the repressive effect of
HDAC1 DM on AR-dependent transcription to that of wild-
type HDAC1. As shown in Fig. 6A, while wild-type HDAC1
repressed the AR activity up to 90%, the mutant HDAC1
repressed AR transactivation less than 50%. These data indi-
cate that SENP1’s ability to inhibit HDAC1’s repressive effect
is mediated in part through desumoylation of HDAC1.

To confirm that HDAC1 is required for the enhancement of
AR-dependent transcription by SENP1, we determined the
effect of SENP1 on AR-dependent transcription with HDAC1
siRNA duplexes to knock down the expression of endogenous
HDAC1. The expression of endogenous HDAC1 was mark-
edly decreased by transfection of HDAC1 siRNA oligonucle-
otides (Fig. 6B, lane 2) but not the nonspecific siRNA. We
analyzed endogenous PSA expression in LNCaP cells after
transfection with HDAC1 siRNA. As expected, PSA expres-
sion was enhanced by transfection of HDAC1 siRNA (Fig.
6C). When SENP1 was cotransfected with HDAC1 siRNA or
nonspecific control siRNA, we observed only 9.5-fold enhance-
ment of AR-dependent transcription by SENP1 in HDAC1-
silenced cells (Fig. 6D). In contrast, nonspecific siRNA oligo-
nucleotides did not interfere with the SENP1’s enhancement
of AR-dependent transcription (50-fold) (Fig. 5D). Further-
more, mutant SENP1 had no effect on AR-dependent tran-
scription in both types of siRNA oligonucleotide-transfected
cells. These data clearly demonstrated that SENP1 targets
mainly HDAC1 to enhance AR-dependent transcription.

DISCUSSION

The SUMO pathway of posttranslational protein modifica-
tion has been shown to be a major regulator of transcription
(10, 14, 23, 25, 53). Most of the reports have focused on the
effect of SUMO modification through the action of the conju-
gation enzyme Ubc9 or E3 ligases. However, very little is
known about the SUMO deconjugating systems for the regu-
lation of gene transcription. In mammalian cells, there are at
least four different SUMO-specific proteases that have been
identified (53). SENP1 was the first identified SUMO-specific
protease; it is localized in the nucleus and can deconjugate
sumoylated PML, but not RanGAP1 (19). SENP2 is localized
in the nuclear envelope and also has activity against sumoy-
lated PML, but not RanGAP1 (19, 22). Moreover, a truncated
form of SENP2, called SuPr1, was shown to regulate Sp3 ac-
tivity and alter PML distribution (2, 49). The biological activ-
ities of SENP3 and SENP6 are not known. They were classified
as SENP family members because of the conserved catalytic
domain. Both SENP1 and SENP2 are expressed at very low

level in different cell lines surveyed (Yeh, unpublished data). It
is of interest to study transcription systems that could be reg-
ulated by the SENPs in order to further understand the role of
sumoylation in transcription regulation. Here, we use AR and
its coregulators to demonstrate a potent regulatory activity of
SENP1.

The AR-dependent transcription system provides an attrac-
tive model to study the regulatory function of desumoylation
because, in this system, both AR and four of its coregulators,
SRC-1, SRC-2, p300, and HDAC1, are conjugated by SUMO
(3, 5, 15, 32, 48). Sumoylation, in general, has a suppressive
effect on AR-dependent transcription (48). For example, a
mutant AR that cannot be sumoylated has a threefold increase

FIG. 6. HDAC1 is required for SENP1’s effect on AR transactiva-
tion. (A) Mutation of K444 and K476 relieves repression of HDAC1
on AR transactivation. PC-3 cells were transfected with AR (10 ng)
and ARE-luciferase (50 ng) reporter plasmids in the absence or pres-
ence of Flag-HDAC1 or Flag-HDAC1 DM plasmids (50 ng). After
12 h of transfection, cells were treated with 10 nM R1881 for 24 h, and
the luciferase activity was measured as described for Fig. 1A. Expres-
sion levels of HDAC1 and HDAC1 DM were analyzed by Western
blotting with the anti-Flag M2 antibody. (B) Endogenous HDAC1 is
knocked down by RNAi. Nuclear extracts from PC-3 cells untrans-
fected or transfected with either HDAC-1 specific RNAi duplexes or a
nonspecific RNAi control were analyzed by Western blotting with the
anti-HDAC-1 antibody (top) or antiactin antibody (bottom). (C)
HDAC1 siRNA increases PSA expression. LNCaP cells were trans-
fected with either HDAC-1 specific RNAi duplexes (HDAC1-siRNA)
or nonspeciic RNAi control (NS-siRNA) and treated with or without
R1881 (20 nM) for 24 h. PSA released into the media was assayed by
ELISA. (D) Enhancement of AR-dependent transcription by SENP1
requires HDAC1. Empty vector, wild-type SENP1, or mutant SENP1
plasmids were transfected into PC-3 cells with AR and ARE-luciferase
in the presence of either HDAC1-specific RNAi duplexes or a non-
specific RNAi control. After 24 h of transfection, cells were treated
with 10 nM R1881 for 24 h, and the luciferase activity was measured as
described for Fig. 1A.
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in its transcriptional activity compared to wild-type AR. How-
ever, overexpression of SENP1 could enhance AR-dependent
transcription up to 45-fold. Thus, SENP1 most likely regulates
the AR-dependent transcription pathway either at multiple
steps or at a key step. First, we demonstrated that sumoylation
of AR could not account for the SENP1 effect because the
sumoylation-deficient mutant AR still can be activated by
SENP1. Furthermore, we showed that SRC-1 and p300 were
not likely to account for the marked enhancement of AR-
dependent transcription by SENP1. Instead, most of the
SENP1’s effect seems to be directed against sumoylated
HDAC1. We demonstrated that SENP1 could remove SUMO
from modified HDAC1 and reduces its deacetylase activity.
The role of HDAC1 sumoylation in AR-dependent transcrip-
tion is based on several results. First, sumoylation is essential
for HDAC1 repression function, as indicated in previous stud-
ies (5). SENP1 can deconjugate SUMO-1 from sumoylated
HDAC1, hence decreasing HDAC1 repression capabilities.
Second, numerous reports suggest that HDAC1 can strongly
repress AR-dependent transcription (11, 12, 51), and our data
indicate that SENP1 can overcome such repression. Third,
SENP1 can inhibit HDAC1 deacetylation activity, which is
required for its transcriptional repression. Fourth, SENP1’s
ability to enhance AR transactivation was reduced when en-
dogenous HDAC1 was knocked down by siRNA.

The effect of SENP1 on AR-dependent transcription was
also demonstrated with the endogenous AR-regulated protein
PSA. We showed that PSA production was enhanced when
SENP1, but not mutant SENP1, was expressed in LNCaP cells.
PSA levels are used as a diagnostic marker for prostate cancer
screening; in prostate cancer, AR activity is increased and
hence PSA expression is also increased (6, 13). The enhanced
AR activity is essential for cancer cell growth, as prostate
cancer in most cases will undergo regression in response to
androgen removal therapy (4, 13). Even in the androgen-re-
fractory prostate cancer, AR still plays a critical role in the
growth of tumor cells (4, 6, 13). However, the mechanism that
underlies the regulation of the activity of AR in the tumor cells
is not elucidated. AR gene amplification and mutation and
cross talk with growth factor-stimulated signal transduction
pathways have been proposed as possible mechanisms to facil-
itate AR translocation and activity (4, 13, 21). Our studies have
demonstrated that SENP1 functions as a strong activator of
AR to markedly enhance AR-dependent transcription. In pre-
liminary studies, we found that the SENP1 message is in-
creased in prostatic intraepithelial neoplasm and prostate can-
cer cells, but not in normal prostate tissues (unpublished data).
Further studies will be required to determine the direct con-
nection between overexpression of SENP1 and pathogenesis of
prostate cancer by using transgenic mice model.
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