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Posttranslational modification by small ubiquitin-like modifier
(SUMO) controls diverse cellular functions of transcription factors
and coregulators and participates in various cellular processes
including signal transduction and transcriptional regulation. Here,
we report that pontin, a component of chromatin-remodeling
complexes, is SUMO-modified, and that SUMOylation of pontin is
an active control mechanism for the transcriptional regulation of
pontin on androgen-receptor target genes in prostate cancer cells.
Biochemical purification of pontin-containing complexes revealed
the presence of the Ubc9 SUMO-conjugating enzyme that underlies
its function as an activator. Intriguingly, 5�-dihydroxytestosterone
treatments significantly increased the SUMOylation of pontin, and
SUMOylated pontin showed further activation of a subset of
nuclear receptor-dependent transcription and led to an increase in
proliferation and growth of prostate cancer cells. These data
clearly define a functional model and provide a link between
SUMO modification and prostate cancer progression.
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Defining the signal integration pathways that involve diverse
molecular mechanisms at the level of gene transcription

remains an important goal in biology. The main downstream
effects of a signaling pathway are the modulation of the function
of transcription factors and coregulators in the nucleus (1). Thus,
it is important to investigate the roles of transcription factors and
coregulators in response to the upstream signaling pathway. The
androgen receptor (AR) not only mediates prostate develop-
ment but also serves as a key regulator of primary prostatic
cancer growth (2). The effects of androgens are mediated
through the AR, a member of the nuclear receptor family
functioning as a ligand-inducible transcription factor that regu-
lates the expression of target genes having an androgen response
element. Analogous to other members of the nuclear receptor
superfamily, the AR contains a DNA binding domain and a
C-terminal ligand-binding domain functioning as ligand-
dependent nuclear receptors with AF-1 and AF-2 transcription
activation domains (3, 4). The ability of many nuclear receptors
to bind a variety of ligands, including agonists or antagonists
leading to either enhanced or diminished gene activation, raises
intriguing issues about combinatorial transcriptional mecha-
nisms mediated by coactivators and corepressors.

Gene expression is influenced by chromatin structure, and
covalent modification of histones plays an important role in regu-
lating transcription and chromatin dynamics (5). The transcription
of most genes is regulated by the coordinate action of chromatin-
remodeling complexes. Pontin and reptin have been reported to be
components of the ATP-dependent chromatin-remodeling com-
plexes and are closely related to the bacterial DNA helicase RuvB
(6). Pontin has been demonstrated to bind and activate the �-cate-
nin/TCF transcription complex, whereas reptin has been demon-
strated to repress the Wnt/�-catenin signaling pathway (7). In

mammals, they constitute parts of the Tip60 coactivator complex,
which has intrinsic histone acetyltransferase activity (8). In ze-
brafish embryos, the reptin/pontin ratio serves to regulate heart
growth during development via the �-catenin pathway (9).

Posttranslational modification of proteins plays an important role
in the functional regulation of transcriptional coregulators. Numer-
ous enzymatic activities have been demonstrated to be associated
with coregulator complexes, including histone acetylation/
deacetylation, phosphorylation/dephosphorylation, ubiquitination,
and SUMOylation (10). Small ubiquitin-like modifier (SUMO)
plays an important regulatory role in many cellular processes
including signal transduction, transcriptional regulation, chromatin
structure, and nuclear/cytoplasmic shuttling (11). SUMO is an
�11-kDa protein that is structurally, but not functionally, homol-
ogous to ubiquitin. The enzymatic machinery that adds SUMO to,
and removes it from, target proteins is distinct from the ubiquiti-
nation machinery. SUMOylation of target proteins is a multistep
process involving the E1-activating molecules SAE1/SAE2, the
E2-conjugating enzyme Ubc9, and E3 ligases in mammalian cells
(12). Several SUMO-processing enzymes have been identified that
hydrolyze the SUMO moiety from target substrates in mammals
and yeast (13–15). Unlike ubiquitination, SUMO modification has
not been found to be associated with protein degradation. Rather,
it is similar to the nonproteolytic roles of ubiquitination including
subcellular localization and the regulation of transcriptional activ-
ity. A growing number of SUMO-modified proteins have been
identified including RanGAP1, p53, c-Jun, and reptin (16–18).
Given that lysine is the site for a variety of modifications, it might
be predicted that there exists elaborate modification code for both
histone and nonhistone proteins.

Recently, we reported the dynamic role of a chromatin-
remodeling complex in the regulation of the metastasis suppressor
gene KAI1 (18, 19). Reptin chromatin-remodeling complexes con-
tain SENP1 deSUMOylating enzyme as a component, and SUMO
modification of reptin plays an important role for the transcrip-
tional regulation of KAI1 (18). In this article, we provide evidence
that pontin is modified by SUMO, but that this modification
promotes the differential functional regulation of pontin having
different downstream target genes compared with reptin. Biochem-
ical purification of pontin-containing complexes revealed a Ubc9
SUMO-conjugating enzyme as a binding partner. Mutation that
affects the attachment of SUMO to pontin decreased the transcrip-
tional activation function of pontin in the regulation of AR target
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genes, such as PSA, in prostate cancer cells. SUMOylation of pontin
is related to an active control mechanism for the transcriptional
activation function of pontin through its nuclear retention and the
enhancement of coactivator binding, whereas SUMOylation of
reptin is involved in the potentiation of transcriptional repression.
Further, SUMOylation of pontin increased proliferation and
growth of prostate cancer cells. Taken together, we address a
molecular mechanism in which SUMO modification of pontin
mediates and elaborates the transcriptional regulation, thereby
strongly activating a subset of AR target genes involved in tumor
progression.

Results
Pontin Chromatin-Remodeling Complexes Contain a Ubc9 SUMO-
Conjugating Enzyme. We have previously reported the role of reptin
chromatin-remodeling complex in regulating the expression of
KAI1 (18). Although reptin and pontin exhibit structural similarity,
they may play distinct roles in certain aspects of target-gene
regulation. To explore the differential function of pontin, we used
N-terminal Flag epitope-tag strategy to purify pontin-containing
complexes in 293T cells. We used liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) to identify proteins
in the pontin complexes purified from the Flag M2 affinity column
(Fig. 1 A and B). The presence of reptin, �-catenin, and p400, well
known binding partners of pontin, delineated the functional link
between these molecules (7, 20).

Of the remaining proteins identified by LC-MS/MS analysis, the
presence of the SUMO-conjugating enzyme Ubc9 was striking (Fig.
1 A and B). The association of these polypeptides with pontin was
confirmed by immunoblotting analysis of the eluates (Fig. 1C). To
further validate the association of Ubc9 with pontin, an endogenous
coimmunoprecipitation assay was performed; this revealed that
pontin bound specifically to Ubc9 (Fig. 1D). Identification of the
SUMO-conjugating enzyme in the pontin-containing complexes
prompted us to examine whether SUMO modification is respon-
sible for the functional regulation of pontin.

Lys 225 of Pontin Is Critical for SUMO Modification. We applied an in
vitro SUMO modification system to determine the possibility that
pontin may be a substrate for the SUMO-conjugating enzyme Ubc9
(21). 35S-labeled, in vitro translated pontin protein was incubated in
a SUMOylation mixture containing purified E1 (SAE1/SAE2) and

E2 (Ubc9) in the presence or absence of purified SUMO. Pontin
conjugates were formed after the addition of SUMO to the
SUMOylation mixture (Fig. 2A). These data revealed that pontin
undergoes SUMO modification along with the identity of the
SUMO protein from LC-MS/MS analysis [supporting information
(SI) Fig. 5]. To find the functional lysine residue(s) of pontin that
serve as the SUMO acceptor sites, we searched the consensus
SUMOylation sequence �KxE (� represents a large hydrophobic
amino acid) (Fig. 2B) (22). Each of the six lysines of pontin was
changed independently to arginine, and the resultant mutants were
tested for the ability of in vitro or in vivo SUMO modification (Fig.
2 C and D). Mutation of K2R, K108R, K171R, K231R, and K268R
revealed little or no alteration in SUMO modification of pontin,
whereas the K225R mutation abrogated pontin from modification
by SUMO both in vitro and in vivo (Fig. 2 C and D). Therefore, only
a single lysine residue K225 in pontin appears to function as a
SUMO acceptor site, thereby conferring the modification function.

We covalently attached SUMO to the N terminus of pontin by
gene fusion to generate a constitutively SUMOylated form of
pontin to eliminate the complication of the indirect effects associ-
ated with overexpressing SUMO or Ubc9 (23, 24) and confirmed
the expression by immunoblot analysis (Fig. 2E). Because SUMOy-
lation has been demonstrated to regulate nuclear/cytoplasmic shut-
tling of many transcription factors and coregulators (25), we
examined whether SUMO conjugation on pontin plays a role in the
translocation between nucleus and cytoplasm. Pontin was both
nuclear and cytoplasmic in its localization, whereas pontin K225R
mutant displayed a more cytoplasmic localization than the wild-
type pontin (Fig. 2F). On the other hand, the attachment of SUMO
to wild-type pontin and pontin K225R mutant resulted in exclusive
nuclear localization (Fig. 2F and SI Fig. 6). These data suggest that
covalent modification by SUMO may explain the strong transcrip-
tional regulatory function of pontin on a subset of target genes in
the nucleus through its increased nuclear retention.

SUMO Modification of Pontin Is Required for Transcriptional Activa-
tion of Androgen-Receptor Target Genes. It has been demonstrated,
by using a TOPFLASH reporter assay, that pontin activates �-
catenin-mediated transcriptional activity, whereas reptin is re-
quired for the repression of �-catenin-mediated transcriptional
activation (7). Pontin is recruited on the KAI1 promoter along with
the Tip60 coactivator but is not required for the transcriptional

Fig. 1. Purification of pontin-containing complex. (A) The pontin-containing complex was immunoprecipitated with anti-Flag IgG-conjugated agarose beads
from 293T cell extracts, and the bound proteins were eluted with Flag peptide and resolved by SDS/PAGE. (B) Peptide sequences of pontin-associated polypeptides
from LC-MS/MS analysis. (C) Western blot analysis was performed by using the indicated antibodies, and reptin, �-catenin, p400, and Ubc9 were detected in the
eluates. (D) Coimmunoprecipitation of endogenous pontin with Ubc9. Cell lysates were subjected to immunoprecipitation with either anti-Ubc9 IgG or control
IgG, and the resultant precipitates were subjected to immunoblotting with anti-pontin IgG.
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activation of KAI1, whereas reptin is crucial for conferring repres-
sion to KAI1 along with �-catenin (19). Transcriptional regulation
by AR involves interaction with a variety of transcriptional coac-
tivators in the presence of agonist, and these act in both a sequential
and combinatorial manner (26). Because �-catenin and Ubc9 have
been reported to function as AR coactivators (27) and their
association with pontin was confirmed from identification of the
pontin-containing complex as shown in Fig. 1C, we examined
whether pontin contributes to 5�-dihydroxytestosterone (DHT)-
dependent AR target-gene activation. Using reverse transcriptase
(RT)-PCR analysis, we evaluated the effects of the shRNA-
mediated knockdown of pontin on the DHT-induced transcrip-
tional activation of AR target genes such as PSA, KLK2, and
NKX3.1 (Fig. 3A). Knockdown of reptin did not affect expression
of AR target genes (data not shown). Indeed, pontin was required
for DHT-dependent AR target-gene activation.

Pontin and reptin are closely related members of the ATPases
associated with diverse cellular activities and are components of
many different complexes, including the Tip60, INO80, and p400
complexes that are involved in transcriptional regulation (6, 8, 20).
To gain an insight into the role of the SUMO modification of
pontin, we assessed the effects of SUMO modification on the
transcriptional properties of pontin. Introduction of pontin K225R
decreased AR target-gene transcripts, whereas SUMO-fused pon-
tin K225R, which mimics constitutive SUMOylation, activated AR
target-gene transcripts in the presence of DHT (Fig. 3B). Consistent
with the data shown in Fig. 3B, the expression of pontin K225R
mutant reversed the activation function of pontin on an ARE-
luciferase reporter in the presence of DHT, whereas SUMO-fused
pontin K225R mutant further activated the androgen response

element (ARE)-luciferase reporter (Fig. 3C). Further, expression
of pontin activated an ROR� 2E-luciferase reporter (Fig. 3D), but
not retinoic acid response element (RARE) or estrogen receptor
response element (ERE) luciferase reporters (Fig. 3E and data not
shown). Coimmunoprecipitation data confirmed that pontin bound
to AR and ROR� 2 but not to RAR and ER (Fig. 3F and data not
shown). These data suggest that pontin is specifically involved in a
subset of nuclear receptor-regulated transcription function, and the
SUMO conjugation of pontin appears to be related to an active
control mechanism regulating the transcriptional activation func-
tion of pontin.

In most cases, SUMO modification of certain transcription
factors and coregulators are responsible for the potentiation of
transcriptional repression (18, 22). SUMOylated reptin binds to
histone deacetylase 1 (HDAC1) stronger than non-SUMOylated
reptin, and this explains, at least to some extent, why SUMO
modification of reptin increases transcriptional repression function
of reptin (18). To examine whether SUMO modification of pontin
changes binding preference toward other coactivators for the
enhanced transcriptional activation in addition to modulating tran-
scriptional activity, we examined whether SUMO-fused pontin
exhibits altered binding specificity toward AR coactivators (Fig.
3G). Both wild-type pontin and pontin K225R mutant bound to
Tip60 coactivator, whereas pontin K225R mutant exhibited very
weak binding to �-catenin and CBP coactivators compared with
that of wild-type pontin (Fig. 3G). SUMOylation status of pontin
did not affect binding affinity toward reptin (SI Fig. 7). These data
suggest that SUMO modification of pontin is important for main-
taining and exerting a subset of coactivator-mediated AR tran-
scriptional activation function.

Fig. 2. Lysine 225 of pontin is crucial for SUMO modification. (A) In vitro modification of pontin by SUMO. 35S-labeled in vitro-translated pontin was incubated
in a SUMOylation mix containing purified E1, E2, and ATP in the absence or presence of SUMO. (B) Search for consensus site (� KxE) for SUMOylation in pontin,
where � is an aliphatic amino acid, and K is the lysine conjugated to SUMO. (C) Lysine 225 of pontin is a major SUMO conjugation site. In vitro SUMOylation assay
was conducted with 35S-labeled in vitro-translated Gal4-fused wild type or the K225R mutant of pontin as in A. (D) 293T cells were cotransfected with plasmids
expressing either Gal4-fused wild type or the K225R mutant of pontin in the presence of SUMO and Ubc9. Western blotting was performed with anti-Gal4
antibody. (E) Immunoblot analysis indicates expression of Flag-tagged pontin, SUMO-fused pontin, pontin K225R, or SUMO-fused pontin K225R and their
schematic representations. (F) Subcellular localization of Flag-tagged pontin, SUMO-fused pontin, pontin K225R, or SUMO-fused pontin K225R in HeLa cells
(green). Nuclei were visualized by DAPI staining (blue).

Kim et al. PNAS � December 26, 2007 � vol. 104 � no. 52 � 20795

BI
O

CH
EM

IS
TR

Y

http://www.pnas.org/cgi/content/full/0710343105/DC1


SUMOylation of Pontin Increases the Proliferation and Growth of
Prostate Cancer Cells. Androgen stimulates prostate cell growth,
and LNCaP cell growth is repressed by androgen deficiency (28).
To examine whether androgen affects the SUMOylation of
pontin and to assess the potential effects of the SUMOylation of
pontin on tumor cell growth and proliferation, we performed an
in vivo SUMOylation assay of endogenous pontin in the absence
and presence of DHT (Fig. 4A and SI Fig. 8). Intriguingly, DHT
treatment significantly increased the SUMOylation of pontin.
We next examined whether SUMOylated pontin is present on
the PSA promoter under active conditions. Two-step ChIP assay
was performed to monitor whether SUMOylated pontin is
present on the PSA promoter in the presence of DHT (Fig. 4B).
The soluble chromatin derived from DHT-treated LNCaP cells
was immunoprecipitated with anti-pontin antibodies followed by
release of the immune complexes and reimmunoprecipitation
with anti-SUMO antibodies. In this experiment, we were able to
immunoprecipitate the PSA promoter; clearly indicating that
SUMO-modified pontin is indeed present on the PSA promoter
under active conditions (Fig. 4B).

Because Ubc9 is a single SUMO-conjugating enzyme and the
interaction of Ubc9 with the AR DNA-binding domain and hinge
region in yeast has been reported (27), we examined whether Ubc9
is recruited on the PSA promoter for transcriptional activation.
ChIP assay revealed that Ubc9 was indeed recruited on the PSA
promoter in the presence of DHT (Fig. 4C), and knockdown of
Ubc9 decreased AR target transcripts such as PSA and KLK2 (Fig.
4D), suggesting that Ubc9 is required for transcriptional activation
of AR target genes.

To determine whether the SUMOylation of pontin is sufficient
to support PSA gene activation and, further, whether this can be
extended to a physiologically relevant setting in prostate cancer
cells, we examined the effects of SUMOylation status of pontin on
cellular proliferation and growth of LNCaP cells. Proliferation
assay measured the increase in cell number over the course of 5 days
for pontin K225R-, SUMO-pontin-, and SUMO-pontin K225R-
expressing LNCaP cells along with mock cells. Introduction of
pontin K225R mutant suppressed growth and proliferation of
LNCaP cells, whereas SUMO-pontin and SUMO-pontin K225R

Fig. 3. SUMOylation of pontin is required for transcriptional activation of androgen-receptor target genes. (A) Knockdown of pontin diminishes the PSA, KLK2,
and NKX3.1 transcripts in the presence of DHT in LNCaP cells. (B) Fold change of AR target gene KLK2 transcripts after introduction of pontin K225R or
SUMO-fused pontin K225R. (C–E) SUMOylation of pontin enhances the transcriptional activation function of pontin. Luciferase assay was conducted after
cotransfection of ARE-luciferase reporter in the presence of DHT (C). Expression of pontin activated an ROR� 2E-luciferase reporter (D) but not a RARE-luciferase
reporter (E). (F) In vivo association experiments between pontin and nuclear receptors in 293T cells. (G) Coimmunoprecipitation assay to verify interaction of
Flag-tagged pontin or pontin K225R with �-catenin, CBP, or Tip60. Coimmunoprecipitation assay was performed with anti-Flag IgG, and precipitated materials
were detected with either �-catenin, CBP, or Tip60 antibody, respectively.
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stimulated cell proliferation (Fig. 4E). Collectively, these results
indicate that the recruitment of SUMOylated pontin by AR influ-
ences the cellular proliferation properties of androgen in prostate
cancer.

To determine whether pontin SUMOylation could stimulate
anchorage-independent growth, LNCaP cells stably expressing
pontin, pontin K225R, SUMO-pontin, and SUMO-pontin K225R
were examined for colony formation in soft agar, which is an
important property of tumor cell growth (Fig. 4F). Introduction of
SUMO-pontin greatly enhanced the size of colonies. Colonies with
a diameter of �250 �m were not observed in mock LNCaP cells
even with overexpression of pontin K225R but were present in
SUMO-pontin and SUMO-pontin K225R-expressing cells. These
data suggest that SUMO modification on pontin can augment the
transforming potential of pontin, consistent with our in vitro AR-
dependent transcriptional activation data.

Discussion
In this manuscript, we identified a signal integration pathway,
SUMO modification of pontin, in the modulation of AR-
dependent transcription and prostate cancer cell growth and
proliferation. Given that the Ubc9 SUMO conjugating enzyme
was obtained from pontin-containing complexes, we wished to
explore the possible roles of SUMO modification in the regu-
lation of pontin. We demonstrated that pontin is a substrate for
Ubc9 and that SUMOylation of pontin underlies transcriptional
activation of pontin in the regulation of AR target genes in
prostate cancer cells. In contrast, SENP1 deSUMOylating en-
zyme was identified from reptin chromatin-remodeling com-
plexes and that SUMOylation of reptin is crucial for conferring
repressive function on KAI1 metastasis suppressor gene (18). In
the event of SUMO modification, both SUMO conjugation and
deconjugation are required steps for the coordinated regulation
of this dynamic process. Pontin and reptin are closely related
members of the ATPases associated with diverse cellular activ-

ities and are detected together in many types of complexes (7, 8).
Given that pontin-containing complex possesses SUMO-
conjugating enzyme, whereas reptin-containing complex con-
tains the SUMO-deconjugating enzyme, it is tempting to spec-
ulate that two complex types might work coordinately and
cooperatively in certain biological processes that require SUMO
modification processes dynamically.

Our data show that SUMO modification of pontin is responsible
for the strong transcriptional regulatory function of pontin on a
subset of target genes in the nucleus through its increased nuclear
retention. It is perhaps surprising that only a tiny fraction of pontin
from both in vitro and in vivo SUMOylation assay was observed to
be SUMOylated but that SUMO modification has such a large
impact on the modulation of transcriptional activity, binding spec-
ificity, and localization of pontin.

Recently, histone demethylases such as JHDM2A and LSD1
have been reported to interact directly with AR and are recruited
to AR target genes in a hormone-dependent manner (29, 30).
Especially, distinct LSD1 complexes containing either coactivator
or corepressor complexes have been demonstrated to exist for
elegant coordinated regulation in development (31). Considering of
a cohort of coactivators for transcriptional activation of AR in the
presence of DHT, there may be a possible interplay between various
modifying enzymes for histone or nonhistone protein substrates.
Besides SUMOylation, demethylation, and acetylation, further
modifying enzymes might interplay for nuclear receptor-mediated
transcriptional regulation by providing another layer of transcrip-
tional regulation.

Given that SUMO modification is involved in a variety of cellular
processes, a link between SUMOylation and diseases such as
tumorigenesis and cancer metastasis can be anticipated. Ubc9 was
suggested to be a good candidate for a drug target because it is the
only conjugating enzyme for SUMOylation process. The increased
expression of Ubc9 has been reported in ovarian tumor tissues,
human lung adenocarcinomas, and metastastic prostate cancer cells

Fig. 4. SUMOylation of pontin increases the prolif-
eration and growth of prostate cancer cells. (A)
SUMOylated pontin is increased in LNCaP cells in the
presence of DHT. (B) Two-step ChIP assay with anti-
pontin and anti-SUMO IgGs indicates that SUMO-
modified pontin is present on the PSA promoter under
activation condition. (C) ChIP analysis of Ubc9 on the
PSA promoter with DHT treatment for 1 h in LNCaP
cells. (D) AR target genes PSA and KLK2 transcripts
after introduction of either shRNA against Ubc9 or
nonspecific shRNA. (E) Proliferation curves of mock-,
pontin-K225R-, SUMO-pontin-, or SUMO-pontin
K225R-expressing LNCaP cells. Values are represented
as mean � SD of three independent experiments. (F)
The anchorage-independent growth of LNCaP cells
expressing pontin-, pontin-K225R-, SUMO-pontin-, or
SUMO-pontin K225R in soft agar. Representative im-
age is shown for each group.
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(18, 32). These phenomena might reflect close involvement of Ubc9
in tumorigenesis and cancer metastasis by regulating SUMOylation
of various cellular targets. It is therefore tempting to explore the
possibility that malignant progression of prostate cancer cells might
in part prefer SUMOylated pontin and utilizes either hyperactiva-
tion of SUMO-conjugating system or conversely, inactivation of
SUMO-deconjugating system.

In the present study, we provide evidence that the SUMOylation
of pontin is important for maintaining and exerting a subset of
nuclear receptor-dependent transcriptional activation processes,
and SUMOylated pontin further led to an increase in prolifer-
ation and growth of prostate cancer cells. We speculate that the
SUMOylation status of certain proteins is a crucial modulator of
cancer progression, and determining the upstream signal for the
SUMO modification of these proteins may shed light on the role
of SUMO modification in human disease settings. The elucidation
of the biological importance of protein SUMOylation and their
roles in various disease states will provide tremendous information
for understanding disease and developing therapeutic reagents.

Materials and Methods
Reagents. The following antibodies were obtained from Santa Cruz Biotechnol-
ogy: anti-�-catenin (E-5), Tip60 (N-17), Ubc9 (N-15), and SUMO (D-11, FL-101).
Anti-p400 (ab5201) antibody was purchased from Abcam. DHT was from Sigma,
and Lipofectamine 2000 reagent was obtained from Invitrogen.

Plasmids and shRNAs. To generate the SUMO-pontin wild-type or K225R fusion
constructs,SUMO(aminoacids1–96) lackingtheC-terminalGly-Glywasamplified
by PCR using the primers 5�-CAAAGCTTA TGTCTGACCAGGAGGCAAAACCT-3�
and 5�-GTGCGGCCGCCCCCGTTTGTTCCTGATA AACTTC-3� and subcloned into
pCMV2. Wild-type or K225R-mutated pontin was cloned downstream of SUMO,
andtheresultingSUMOfusionconstructsweresequencedtoconfirmthereading
frame. shRNA sequences against pontin and Ubc9 were reported in refs. 18
and 19).

Cell Culture and Luciferase Assays. 293T cells were grown and transiently
transfected by using Lipofectamine 2000 reagents (Invitrogen). For luciferase
assays, 1 � 105 cells were seeded in phenol red-free DMEM supplemented with
5% charcoal-dextran-stripped FBS for 24 h. Cells were transfected with 500 ng of
an ARE-luciferase reporter along with 25 ng of AR and 300 ng of each pontin
expression construct. After 24 h of transfection, cells were treated with 20 nM
DHT for 24 h, and luciferease activity was measured. Transfection efficiency was

normalized by using �-galactosidase expression constructs, and the results were
obtained from at least three independent experiments.

ChIP and Two-Step ChIP Assays. Chromatin immunoprecipitation assays were
conducted as described in ref. 19, with a sheared fragment size of �300 bp to 1
kb. For PCR, 1 �l from 30 �l of DNA extract and 25–30 cycles of amplification were
used. For the two-step ChIP assay, components were eluted from the first immu-
noprecipitation reaction by incubation with 10 mM dithiothreitol (DTT) at 37°C
for 30 min and diluted 1:50 with ChIP dilution buffer [20 mM Tris�HCl (pH 8.1), 150
mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA), and 1% Triton X-100]
followed by reimmunoprecipitation with the secondary antibody.

In Vivo SUMOylation Assay. 293T cells were transfected with pcDNA-pontin and
His6-SUMO. Thirty-six hours after transfection, the cells were lysed in lysis buffer
[150 mM NaCl, 25 mM Tris�HCl (pH 7.8), 0.1% Nonidet P-40, and 1 mM EDTA]
supplemented with complex protease inhibitor mixture (Roche Molecular Bio-
chemicals)and0.2%SDS, sonicatedbriefly,andcentrifuged.Theclarifiedextracts
were incubated with 15 �l of Ni-NTA agarose beads (Qiagen) for 2 h. The slurry
was washed with lysis buffer. After denaturation, proteins were separated by
SDS/PAGE, and the existence of pontin was confirmed by immunoblotting.

In Vitro SUMOylation Assay. In vitro SUMOylation assays were carried out in 10-�l
reaction volumes containing 1 �g of recombinant GST-SUMO, 150 ng of purified
GST-E1(SAE1/SAE2),10ngofpurifiedHis-E2(Ubc9),andATPregenerationsystem
[50 mM Tris�HCl (pH 7.6), 5 mM MgCl2, 2 mM ATP, 10 mM creatine phosphate, 3.5
units/ml creatine kinase, and 0.6 units/ml inorganic pyrophosphatase] with 1 �l of
[35S]methionine-labeled in vitro-translated pontin prepared by using a TNT T7
Quick-coupled reticulocyte lysate kit (Promega). The reaction products were
analyzed by autoradiography.

Cell Transformation Assay. Anchorage-independent growth of mock-, pontin-,
pontin-K225R-, SUMO-pontin-, and SUMO-pontin K225R-expressing LNCaP cells
was determined by analyzing cellular growth in semisolid medium. Cells (105)
were placed in Iscove’s media containing 0.4% noble agar containing 10% FCS.
Cells were allowed to grow for 3 weeks in 5% CO2, and the formation of colonies
containing �50 cells was analyzed.
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