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Background: The mechanism by which MTA1 modulates gene repression remains largely unknown.
Results: SUMOylated Lys-509 in conjunction with SIM is involved in MTA1-mediated repression of its target gene PS2,
probably by recruiting HDAC2.
Conclusion: SUMOylation at Lys-509 together with SIM synergistically regulates MTA1-mediated repression.
Significance: This is a new regulatory mechanism by which MTA1 represses target gene expression.

Metastasis tumor antigen 1 (MTA1), a component of the
Mi-2�nucleosome remodeling and deacetylase complex, plays a
crucial role in gene transcription, but the mechanism involved
remains largely unknown. Here, we report that MTA1 is a sub-
strate for small ubiquitin-related modifier 2/3 (SUMO2/3) in
vivo. Protein inhibitor of activated STAT (PIAS) proteins
enhance SUMOylation of MTA1 and may participate in para-
log-selective SUMOylation, whereas sentrin/SUMO-specific
protease 1 (SENP1) and 2 may act as deSUMOylation enzymes
for MTA1. Moreover, MTA1 contains a functional SUMO-in-
teracting motif (SIM) at its C terminus, and SIM is required for
the efficient SUMOylation of MTA1. SUMO conjugation on
Lys-509, which is located within the SUMO consensus site,
together with SIM synergistically regulates the co-repressor
activity of MTA1 on PS2 transcription, probably by recruiting
HDAC2 onto the PS2 promoter. Interestingly, MTA1 may up-
regulate the expression of SUMO2 via interaction with RNA
polymerase II and SP1 at the SUMO2 promoter. These findings
not only provide novel mechanistic insights into the regulation
of the transcriptional repressor function of MTA1 by SUMO-
ylation and SIM but also uncover a potential function of MTA1
in modulating the SUMOylation pathway.

Posttranslationalmodification by the small ubiquitin-related
modifier (SUMO)2 plays important roles in the regulation of
diverse cellular processes, including protein stabilization, sub-
cellular localization and gene transcription (1–3). In mammals,

three major SUMO isoforms, SUMO1–3, have been identified.
SUMO2 and SUMO3 are almost identical, as they share about
97% amino acid sequence identity and collectively are referred
to as SUMO2/3 in most cases, whereas SUMO1 exhibits �50%
amino acid sequence identity with SUMO2 and SUMO3.
SUMO is attached covalently to �-lysine embedded in the

�KXE motif (� represents hydrophobic amino acid, and X
stands for any amino acid) within the target protein in an enzy-
matic cascade similar to ubiquitination. SUMO conjugation
requires one SUMO-activating enzyme, E1 (Aos1/Uba2); a sin-
gle conjugating enzyme, E2 (UBC9); and in some cases, addi-
tional E3 ligases (4). Like many cellular processes, SUMOyla-
tion is a highly dynamic process and can be reversed by a family
of sentrin/SUMO-specific proteases (SENPs) (5). SUMO can
interact noncovalently with protein through the SUMO-inter-
acting motif (SIM) in the target as well. To date, the best fea-
tured class of SIM consists of a hydrophobic core ((V/I)X(V/
I)(V/I)) flanked by acidic amino acids, which together may
contribute to SUMO binding affinity, orientation, and para-
log selection (6). Some SUMO substrates also contain one or
more functional SIMs (7, 8), but how SUMOylation and SIM
act together in modulating gene transcription is largely
unknown.
Metastasis tumor antigen 1 (MTA1), a component of the

Mi-2�nucleosome remodeling and deacetylase (NuRD) com-
plex, is widely up-regulated in human cancers and plays a cru-
cial role in tumorigenesis and tumor metastasis (9). It has been
established that MTA1 modulates gene transcription by inter-
acting with a co-repressor (e.g. HDAC2) or a co-activator (e.g.
MiCoA), depending on the promoter context (10–12). It is of
interest to determine how MTA1 coordinates this association
with different co-regulators. Posttranslational modification
could be one useful way. Recent studies suggest that the activity
of MTA1 can be regulated dynamically by ubiquitination and
acetylation. Reduced MTA1 ubiquitination contributes to its
stability and then exerts its function in DNA damage repair
(13). AcetylatedMTA1 is required for the activation of the Ras-
Raf pathway (14). However, whether MTA1 could be SUMO-
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ylated and how its functions are influenced by SUMO remain
unknown.
Here, we report that MTA1 is a SUMO2/3 substrate in vivo

and define one functional SIM in its C terminus. The SIM of
MTA1 is required for efficient SUMO conjugation of MTA1
but not paralog-selective SUMOylation, which may be regu-
lated by protein inhibitor of activated STAT (PIAS) proteins.
Moreover, SUMOylation of MTA1 at Lys-509 within the
SUMO consensus site together with SIM may synergistically
regulate MTA1-mediated repression of PS2 by recruiting
HDAC2 onto the PS2 promoter. In addition, MTA1 up-regu-
lates the expression of SUMO2. These findings not only suggest
a synergistic regulatorymechanism of SUMOmodification and
SIM in MTA1-mediated gene transcription but also reveal a
possible function of MTA1 in regulating the SUMO-
ylation pathway.

EXPERIMENTAL PROCEDURES

DNA Constructs—pCMV-Myc-MTA1, full-length pcDNA-
T7-MTA1 and its fragments (residues 1–164, 1–226, 1–441,
227–388, 442–715, and 542–715), and the Gal4–3�ERE
reporter gene have been described previously (10, 15).
pcDNA-T7-MTA1 fragments (residues 442–710, 542–710,
442–541, 542–636, 637–715, and 637–710) were generated by
cloning MTA1 fragments into the pcDNA3.1/HisA vector
(Invitrogen). Plasmids encoding EGFP-tagged human SUMO1
and SUMO2 and T7-tagged PIAS family proteins (1, 3, and y)
were a kind gift from Mary Dasso (National Institutes of
Health). Conjugatable forms of GST-tagged or His-tagged
SUMO1 or SUMO2 were obtained by cloning the cDNAs of
SUMO1 and SUMO2 from EGFP�SUMO1 and EGFP�SUMO2
in-frame with the GST tag in pGEX-4T-1 vector (GE Health-
care) or theHis tag in pcDNA3.1/HisC vector (Invitrogen). The
fragments containingHis-SUMO1 orHis-SUMO2were ampli-
fied by PCR and inserted into pCMV-HA (Clontech, Palo Alto,
CA) to generate the HA-His-tagged SUMO1 or SUMO2
expression vector. GST�SUMO1GA andGST�SUMO2GAwere
obtained by mutating the last glycine residue (the 97th glycine
residue in SUMO1, the 93rd glycine residue in SUMO2) to an
alanine residue with a QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla). pcDNA-FLAG-PIAS expression vec-
tors (1, 3, and y) were a kind gift from Jorma J. Palvimo (Bio-
medicumHelsinki, Institute of Biomedicine,Helsinki, Finland).
pcDNA-FLAG-SENP expression plasmids (the wild type 1, 2, 3,
and their inactive mutants, SENP1-C603S, SENP2-C547S, and
SENP3-C532A) were kindly provided by Andrew D. Sharrocks
(University of Manchester, Manchester, United Kingdom).
pGEX-4T-UBC9 and pcDNA-FLAG-UBC9 plasmids were
obtained from Frank J. Rauscher III (Wistar Institute, Philadel-
phia). The PS2 reporter expression plasmid was kindly pro-
vided by David J. Shapiro (University of Illinois). Gal4-MTA1
was kindly provided by Weidong Wang (National Institutes of
Health). The Gal4-MTA1-K509R mutant, pcDNA-T7-MTA1
mutants, and pCMV-Myc-MTA1 mutants were obtained by
using a site-directed mutagenesis kit as described above. All
plasmids were confirmed by DNA sequencing analysis.
Cell Culture and Reagents—Human breast cancer MCF-7

cells and monkey kidney COS-1 cells were maintained in Dul-

becco’s modified Eagle’s medium/Ham’s F-12 50/50 mix (Cell-
gro, Manassas, VA) supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA). All cells were incu-
bated at 37 °C in a humidified environment with 5% CO2. For
17�-estradiol treatment, regular medium was replaced by
improved minimum essential medium (IMEM) containing
5% charcoal-dextran-stripped fetal bovine serum (Atlanta
Biologicals).
Mouse anti-SUMO1, mouse anti-MTA1, and rabbit anti-

HDAC2 antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Rabbit anti-SUMO2/3 antibody was pur-
chased fromAbcam (Cambridge,MA).Mouse anti-Myc antibody
was purchased from NeoMarkers (Fremont, CA). Mouse anti-
FLAG (M2) antibody was purchased from Sigma. Rabbit anti-
MTA1, anti-MTA2, and anti-T7 antibodies were purchased from
Bethyl Laboratories (Montgomery, TX). Mouse anti-T7 antibody
was purchased from Novagen (Milwaukee, WI). Mouse anti-HA
andrabbit anti-UBC9antibodieswerepurchased fromCellSignal-
ing Technology (Danvers, MA). Nonidet P-40, 17�-estradiol,
Tris(2-carboxyethyl)phosphine, deSUMOylation inhibitorN-eth-
ylmaleimide, and iodoacetamide were purchased from Sigma.
Protease mixture inhibitor was purchased from Roche Applied
Science.
Co-immunoprecipitation—Cells were lysed directly in Non-

idet P-40 lysis buffer (150mMNaCl, 50mMHEPES (pH 7.5), 1%
Nonidet P-40, and 1 mM dithiothreitol (DTT)) containing 20
mM N-ethylmaleimide and 10 mM iodoacetamide to minimize
deSUMOylation plus protease inhibitor mixture. Cell lysates
were incubated with the indicated antibodies at 4 °C overnight.
The immunoprecipitates were collected on protein A/G-Sep-
harose beads (Santa Cruz Biotechnology). The beads were
washed withNonidet P-40 lysis buffer three times and boiled in
2� SDS sample buffer. The bound proteins were separated by
SDS-PAGE and subjected to Western blotting.
Denaturing immunoprecipitation was performed as de-

scribed previously (16). Briefly, cells were washed with ice-cold
PBS and lysed with SDS lysis buffer (4% SDS, 10 mM DTT, 300
mM NaCl, and 10 mM HEPES (pH 7.5)) supplemented with 20
mM N-ethylmaleimide, 10 mM iodoacetamide, and protease
inhibitor mixture at 100 °C for 5 min. The lysates were diluted
10-fold with dilution buffer (1.7% Thesit, 150 mMNaCl, and 50
mM HEPES (pH 7.5)) and then incubated with the indicated
primary antibodies at 4 °C overnight. The immunoprecipitates
were collected on protein A/G-Sepharose beads followed by
washingwithwashing buffer (0.5%Thesit, 150mMNaCl, and 50
mM HEPES (pH 7.5)) four times and boiling in 2� SDS sample
buffer. The bound proteins were separated by SDS-PAGE and
subjected to Western blotting.
In Vitro and in Vivo SUMOylation and deSUMOylation

Assays—For the in vitro SUMOylation assay, T7-tagged
MTA1-WT and its mutants were generated by in vitro tran-
scription/translation in the presence of 35S-labeled methionine
using the TNT T7 Quick Coupled Transcription/Translation
System (Promega, Madison, WI). Unless otherwise noted, in
vitro SUMOylation reactions were performed at 37 °C for 1.5 h
with the mixture including 75 ng of Aos1/Uba2 (LAE Biotech
International, Rockville, MD), 1.5 �g of GST-UBC9, 1 �g of
SUMO1 or SUMO2, 2 mM ATP, and 1 �l of 35S-labeled and in
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vitro translated T7-tagged MTA1 or its mutants in a total vol-
ume of 20�l. Reaction buffer was composed of 20mMTris-HCl
(pH 7.5), 100 mM NaCl, 5 mM MgCl2, 0.4 mM DTT, and 0.05%
Tween 20. For the E3 ligase assay, equal amounts of in vitro
translated, unlabeled, T7-tagged PIAS proteins were added to
the reactions containing 0.03 �g of GST-UBC9. For the in vitro
deSUMOylation assay, SUMO2-modifiedMTA1 was prepared
as described above and incubatedwith equal amounts of in vitro
translated, unlabeled, FLAG-tagged SENP-WT or their inac-
tive mutants at 37 °C for 1.5 h. The reaction products were
analyzed by SDS-PAGE followed by direct autoradiography.
For the in vivo SUMOylation and deSUMOylation assays,

COS-1 or MCF-7 cells were co-transfected with the indicated
expression vectors. Cell lysate preparation and nickel-nitrilo-
triacetic acid (Ni-NTA; Qiagen, Valencia, CA) pulldown were
performed as described previously (17). The proteins were ana-
lyzed by Western blotting with anti-Myc mouse antibody.
GST Pulldown Assay—35S-Labeled, in vitro translated pro-

teins orMCF-7 cell lysates were incubated with GST control or
GST fusion proteins and glutathione-Sepharose beads (GE
Healthcare) at 4 °C overnight in binding buffer (25 mM Tris-
HCl (pH 8.0), 3 mMKCl, 140mMNaCl, 0.1%Nonidet P-40, and
1 mM DTT) supplemented with protease inhibitor mixture.
Afterwashing, boundproteinswere elutedwith 2� SDS sample
buffer and analyzed by Western blotting followed by direct
autoradiography or with the indicated antibodies.
Immunofluorescence Staining—MCF-7 cells were cultured

on coverslips in 6-well plates. The cells were washed briefly
with ice-cold PBS, fixed with 4% paraformaldehyde, permeabi-
lized in 0.1% Triton X-100 for 10 min, and then washed with
cold PBS three times. The cells were incubated with the indi-
cated primary antibodies for 1 h followed by incubation with
Alexa Fluor secondary antibodies (Molecular Probes, Eugene,
OR).
Luciferase Assay—MCF-7 cells (3 � 105) were plated in

6-well plates with IMEM supplemented with 5% charcoal-dex-
tran-stripped fetal bovine serum 24 h before transfection. The
cells were co-transfected with 200 ng of reporter plasmid, the
indicated expression constructs, and 10 ng of pSV-�-galacto-
sidase control vector encoding �-galactosidase used for inter-
nal control using FuGENE6 (Roche Applied Science). Twenty-
four hours after transfection, the cells were induced with 10 nM
17�-estradiol and then collected and lysed after another 24 h
and assayed for luciferase activity following the manufacturer’s
instructions (Promega). Luciferase activity was normalized to
the activity of the internal standard, �-galactosidase. Each
experiment was repeated three times.
Chromatin Immunoprecipitation—Total 106 MCF-7 cells

were cross-linked by 1% formaldehyde solution. The chro-
matin immunoprecipitation (ChIP) assay was performed as
described previously (10). After immunoprecipitation with
the corresponding antibodies, the eluted DNAwas amplified
by PCR. For human SUMO2 promoter, the following primers
used were: R1, 5�- AGGGACAAAAGGAAATAATAAAG-3�
(sense) and 5�- ATATTCATGTATTCATTCAACGAG-3�
(antisense); R2, 5�-GAGAGTGTTGATCTGAACTAG-
ATG-3� (sense) and 5�-ATCTTGTCTATTCCACCTTCT-
TAC-3� (antisense); and R3, 5�-CATATTGCAGTATCTTT-

GTGTTTT-3� (sense) and 5�-AAACCCAGTGTCTCTAC-
TAAAAAT-3� (antisense).
siRNA Transfection—siRNA targeting MTA1 or UBC9 and

negative control siRNA were purchased from Dharmacon
(Lafayette, CO). MCF-7 cells were seeded at 40% density 1 day
before transfection, and siRNA transfection was performed
with Oligofectamine reagent (Invitrogen) according to the
manufacturer’s instructions. Cells were harvested 48–72 h
after transfection, and cell lysates or total RNA was prepared.
Quantitative RT-PCR—Quantitative RT-PCR was per-

formed by using iQTM SYBR Green Supermix (Bio-Rad Labo-
ratories) on a CFX96 real-time PCR detection system (Bio-
Rad). The primers used for mRNA expression levels were as
follows: for human PS2, 5�-CACCATGGAGAACAAGGTGA-
3�(sense) and 5�-TGACACCAGGAAAACCACAA-3� (anti-
sense); for human UBC9, 5�-CAGGAGAGGAAAGCATG-
GAG-3� (sense) and 5�-TCGGGTGAAATAATGGTGGT-3�
(antisense); for human SUMO2, 5�-GCAGACGGGAGGTGT-
CTACT-3�(sense) and 5�-AGTCAGGATGTGGTGGAACC-
3� (antisense); for human and mouse MTA1, 5�-TGCTCAAC-
GGGAAGTCCTAC-3� (sense) and 5�-GTTTCCGAGGATG-
AGAGCAG-3� (antisense); for mouse SUMO2, 5�-CAGCCA-
ATCAACGAAACAGA-3� (sense) and 5�-ATGTGGTGGGA-
CCAAATTGT-3� (antisense); for human �-actin, 5�-GGACT-
TCGAGCAAGAGATGG-3� (sense) and 5�-AGCACTGTGT-
TGGCGTACAG-3� (antisense); and for mouse �-actin, 5�-
GTCGTACCACAGGCATTGTGATGG-3� (sense) and 5�-
GCAATGCCTGGGTACATGGTGG-3� (antisense). The
primers of PS2 used for ChIP were: 5�-TGGGCTTCATGA-
GCTCC-3� (sense) and 5�-TACTCATATCTGAGAGGC-
CCT-3� (antisense).
Statistical Analysis—A publicly available breast cancer data

set, GSE 3494-HGU133A was used to analyze the correlation
between MTA1 and SUMO2. The data set consists of samples
from 251 freshly frozen primary tumors from breast cancer
patients in Uppsala County, Sweden. The probes used to detect
the transcript levels of MTA1 were 202247_s_at and
211783_s_at, and those used for SUMO2 levels were
208739_x_at, 215452_x_at, 208738_x_at, and 213881_x_at.
The intensity values for each of the probes were preprocessed
and summarized using GeneSpring GX 11.0. The z-score for
each probe in each sample was then calculated and averaged for
further analysis. Pearson’s correlation test was used to analyze
the correlation betweenMTA1 and SUMO2 in the chosen data
set by using the mean z-score.

RESULTS

MTA1CanBe SUMOylated—While searching for the poten-
tial SUMO consensus site in MTA1 (SUMOsp2.0), we found
that human MTA1 contains only one highly conserved SUMO
consensus site across species, IKAE (residues 508–511), which
is located outside all functional domains (Fig. 1A).We first used
a reconstituted in vitro SUMOmodification system to examine
whetherMTA1could be SUMOylated. To this aim, 35S-labeled,
in vitro translated, full-length MTA1 was incubated with
recombinant Aos1/Uba2 (E1), GST-UBC9 (E2), SUMO1, or
SUMO2 in the presence ofATP. In the control reactionwithout
the E1 enzyme, a unique,major band ofMTA1, whichmigrated
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to 75 kDa, was detected (Fig. 1B, lanes 1 and 3). In contrast, the
addition of the E1 enzyme to the reaction containing SUMO1
or SUMO2 resulted in the formation of equal poly-SUMO
chains (Fig. 1B, lanes 2 and 4). These results suggest thatMTA1
can be modified equally by either SUMO1 or SUMO2 in vitro.
To examinewhether SUMOparalogs couldmodifyMTA1 in

vivo,Myc-taggedMTA1was co-expressedwithHA-His-tagged
SUMO1 or SUMO2 in COS-1 cells. After affinity purification,
multiple shifted bands, representing SUMOylatedMTA1, were
detected around 120–130 kDa in the samples overexpressing
HA-His-tagged SUMO1 or SUMO2. The SUMO2-modified
MTA1 showed more retention on Ni-NTA beads than
SUMO1-modifiedMTA1 (Fig. 1C, lane 7 versus 8). In addition,
we observed a band at 75 kDa (Fig. 1C, lanes 6–8) correspond-
ing to unmodified Myc-tagged MTA1 (Fig. 1C, lanes 2–4),
most likely retained on Ni-NTA beads via the zinc finger motif
as described previously for HIC1 (18).

Next, we tested SUMOylation of endogenous MTA1 by per-
forming a denaturing immunoprecipitation using MCF-7 cell
extracts. After immunoprecipitation with anti-MTA1 rabbit
antibody, one dispersed shifted band at about 110–120 kDawas
detected when blotted with anti-SUMO2/3 rabbit antibody
(Fig. 1D, left panel) but not with anti-SUMO1 mouse antibody
(Fig. 1D, right panel). In addition, one band around 120 kDawas
also detected by performing a reciprocal denaturing immuno-
precipitation with anti-SUMO2/3 rabbit antibody followed by
Western blotting with anti-MTA1 rabbit antibody (Fig. 1E).
The different number of bands around 120 kDa, which were
observed in the denaturing immunoprecipitation and Ni-NTA
pulldown assay, probably resulted from the antibodies we used,
because the result from the in vitro SUMOylation assay corre-
lated with that seen in the Ni-NTA pulldown assay. Moreover,
we found that endogenousMTA1 interactedwithUBC9 in vivo
when co-immunoprecipitation was performed (Fig. 1F). Fur-

FIGURE 1. MTA1 undergoes SUMOylation. A, left, the SUMO consensus site (IKAE) in MTA1, labeled in red, is conserved across species (left). Right, schematic
drawing of the position of the SUMO consensus site (IKAE, bold) in human MTA1; the lysine residue embedded in this site is labeled in red. B, MTA1 is modified
by SUMO proteins in vitro. 35S-Labeled, in vitro translated MTA1-WT was incubated with either SUMO1 or SUMO2. The reaction products were resolved by
SDS-PAGE and detected by autoradiography. C, MTA1 is modified by SUMO proteins in vivo. COS-1 cells were co-transfected with the indicated expression
vectors. Forty-eight hours after transfection, a fraction of the cells was lysed in denaturing guanidine-HCl lysis buffer, and the SUMOylated proteins were
recovered on Ni-NTA beads and subjected to Western blotting (WB) with anti-Myc mouse antibody. Another fraction of the cells was lysed in Nonidet P-40 lysis
buffer and subjected to Western blotting with the indicated antibodies for analysis of protein expression. NS, nonspecific. D, endogenous MTA1 is modified by
SUMO2/3 but not SUMO1. MCF-7 cells were harvested under denaturing conditions as described under “Experimental Procedures” and immunoprecipitated
with anti-MTA1 rabbit antibody. The immunoprecipitates (IP) were resolved by SDS-PAGE and immunoblotted with anti-SUMO2/3 rabbit antibody (left panel).
The same blot was stripped and reprobed with anti-SUMO1 mouse antibody (right panel). E, MCF-7 cells were harvested under denaturing conditions prior to
immunoprecipitation with anti-SUMO2/3 rabbit antibody followed by immunoblotting with anti-MTA1 rabbit antibody. In D and E, SUMOylated MTA1 is
indicated by an arrowhead. F, endogenous MTA1 interacts with UBC9. The MCF-7 cell lysates were immunoprecipitated with anti-MTA1 rabbit antibody
followed by Western blotting with anti-UBC9 or anti-MTA1 rabbit antibody. G, endogenous MTA1 co-localizes with SUMO2/3. MCF-7 cells were fixed and
stained with anti-MTA1 mouse antibody (green) and anti-SUMO2/3 rabbit antibody (red). DNA was stained with DAPI. The images were taken by confocal
microscopy.
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thermore, endogenous MTA1 and SUMO2/3 showed a clear
co-localization in MCF-7 cells (Fig. 1G). Taken together, all of
the above results confirm that MTA1 is a potent SUMO sub-
strate and ismodified preferentially by SUMO2/3 in vivo. Inter-
estingly, MTA2, another member of the MTA family that con-
tains the same SUMOconsensus site (IKAE) asMTA1, can also
be modified by SUMO2/3 but not by SUMO1 in vivo (supple-
mental Fig. S1).
Lys-509 Is the Major SUMO Acceptor in MTA1—To address

the potential target site for SUMO modification, Lys-509,
which is located in the highly conserved SUMO consensus site
in MTA1 (Fig. 1A, right panel), was mutated to an arginine
residue. The wild type (WT) and the K509R mutant of 35S-
labeled MTA1 were generated and subjected to an in vitro
SUMOylation assay. With MTA1-WT, two close, slower
migrating bands around 110–120 kDa were detected (Fig. 2A,
lanes 2 and 5). In contrast, the upper band (Fig. 2A, arrowheads)
significantly decreased with the K509R mutant (Fig. 2A, left
panel, lane 2 versus 3) and was absent when using a low con-
centration of GST-UBC9 (Fig. 2A, right panel, lane 5 versus 6),
but the lower band remained. To further confirm these find-
ings, COS-1 cells were co-transfected with the Myc-tagged
MTA1-WT or MTA1-K509R mutant and HA-His-tagged
SUMO2 constructs. After Ni-NTA affinity purification, only
one strong band (Fig. 2B, arrowhead) wasmissing in the K509R
mutant compared with that in the WT (lane 3 versus 4). These
results indicate that Lys-509 is the major SUMO acceptor site
and both consensus and non-consensus sites are involved in the
SUMOylation of MTA1.
Besides Lys-509, there are another two lysine residues

(Lys-41 and Lys-350) located in two inverted SUMO consensus
sites (39EAKV42 and 348ESKL351) within MTA1. As the muta-
tion of Lys-509 to arginine did not completely abolish SUMO-
ylation of MTA1, we assumed that Lys-41 and Lys-350 might
function as SUMO acceptor sites as well. However, we could
not detect any difference between the K509R mutant and the
mutants harboring K41R or K350R along with K509R when
performing the in vitro SUMOylation assay (Fig. 2C, lanes 7 and
8 versus 3). Similar results were obtainedwhenwe attempted to
identify other potential SUMOylation sites (Fig. 2C, lanes 4–6
versus 3). Based on these results, we focused on investigating
the function of SUMO conjugation on Lys-509 in the subse-
quent study.
PIAS Family Proteins Enhance SUMOylation of MTA1—Al-

thoughMTA1 can be SUMOylated in the reactions without E3
ligase (Fig. 1B), we could not exclude the possibility that an E3
ligasemight be required for SUMOylation ofMTA1. PIAS pro-
teins and RanBP2 are well known E3 ligases in the SUMO con-
jugation pathway (4, 19). BecauseMTA1 is located primarily in
the nucleus (Fig. 1G), we hypothesized that PIAS proteins,
which are also located mainly in the nucleus, might function as
E3 ligases for the SUMO modification of MTA1. To test this
hypothesis, in vitro translated PIAS proteins were added to the
SUMOylation reactions in the presence of limited recombinant
GST-UBC9 (0.03�g in 20�l). As shown in Fig. 3A, the addition
of PIAS3 significantly enhanced the formation of SUMO2-con-
jugated MTA1 (Fig. 3A, lane 3). In contrast, PIAS1 and PIASy
have a moderate effect on the SUMOylation of MTA1 (Fig. 3A,

lanes 2 and 4). To confirm these results in vivo, COS-1 cells
were co-transfected with Myc-tagged MTA1 and limited HA-
His-tagged SUMO2 (0.2 �g) expression vectors, alone or
together with FLAG-tagged PIAS1, PIAS3, or PIASy con-
structs. Consistent with the above results, we found that all of
the indicated PIAS proteins stimulated the modification by
SUMO2 and that PIAS3 (Fig. 3B, lane 4) showed more conju-

FIGURE 2. Lys-509 is the major SUMO acceptor in MTA1. A, Lys-509 is iden-
tified as a major SUMO acceptor in vitro. 35S-Labeled, in vitro translated
MTA1-WT or MTA1-K509R mutant was incubated in SUMOylation reactions
containing SUMO2 and 1.5 �g (left panel) or 0.25 �g (right panel) of GST-UBC9.
The reaction products were resolved by SDS-PAGE and detected by autora-
diography. The bands representing SUMO2 conjugation on Lys-509 and the
lysine residue within the non-consensus site are indicated by an arrowhead
and an asterisk, respectively. B, Lys-509 is identified as a major SUMO acceptor
in vivo. COS-1 cells were co-transfected with the indicated expression vectors.
HA-His-SUMO2 conjugates were purified by Ni-NTA beads and analyzed by
Western blotting (WB) with anti-Myc mouse antibody. Expression levels of
Myc-tagged MTA1 and vinculin are shown as input. The band representing
SUMO2 conjugation on Lys-509 is indicated by an arrowhead. C, identification
of potential SUMOylation sites other than Lys-509 in MTA1 in vitro. MTA1-WT
or its indicated mutants were generated by 35S-labeled in vitro translation and
incubated in SUMOylation reactions containing SUMO2 and 0.25 �g of GST-
UBC9. The reaction products were resolved by SDS-PAGE and detected by
autoradiography.
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gation efficiency than PIAS1 and PIASy (Fig. 3B, lanes 3 and 5).
Furthermore, the interactions of the indicated PIAS proteins
with MTA1 were validated by co-immunoprecipitation (sup-
plemental Fig. S2A).
SENP1 and SENP2 May Function as DeSUMOylation

Enzymes for MTA1—Given that SUMOylation is a highly
dynamic process, we next examined which SUMO-specific iso-
peptidase might be involved in the deSUMOylation of MTA1.
In the SENP family, SENP1 is located in the nucleus and SENP2
in both the nucleus and the cytoplasm, and SENP3 and SENP5
mainly exert their functions in the nucleolus (5). To analyze
directly whether SENP1, SENP2, or SENP3 could catalyze the
deSUMOylation of MTA1, an in vitro deSUMOylation assay
was performed. PreSUMOylatedMTA1was incubatedwith the
WTor catalytically inactivemutant forms of SENP1, SENP2, or
SENP3. We found that the SUMO2 conjugates were signifi-
cantly reduced under conditions of supplementation with
SENP1-WT or SENP2-WT proteins (Fig. 3C, lanes 3 and 5) but
not in the reactions with the addition of their inactive mutants

(Fig. 3C, lanes 4 and 6). In contrast, neither SENP3-WT nor its
inactive mutant could decrease the SUMOylation of MTA1
(Fig. 3C, lanes 7 and 8).Moreover, similar results were observed
in vivo when we co-transfected Myc-tagged MTA1 with HA-
His-tagged SUMO2 expression vectors, alone or together with
FLAG-tagged SENP1–3 WT or their mutant constructs (Fig.
3D). Furthermore, the interactions of SENP1 or SENP2 with
MTA1 were validated by co-immunoprecipitation (supple-
mental Fig. S2B). Collectively, these results suggest that SENP1
and SENP2, but not SENP3, may function as deSUMOylation
enzymes for MTA1.
SUMOylation Does Not Affect the Protein Stability of MTA1—

Given that the elevated levels of MTA1 are closely correlated
with tumor progression and metastasis (9), we next examined
whether SUMO modification could affect the protein stability
of MTA1. To this aim, we first examined the stability of endog-
enousMTA1 inMCF-7 cells overexpressing empty vector, HA-
His-tagged SUMO2 or FLAG-tagged UBC9, PIAS3, or SENP1,
respectively.We found that the induced expression of SUMO2,

FIGURE 3. PIAS proteins and SENP1/2 regulate SUMOylation of MTA1. A, PIAS proteins enhance SUMOylation of MTA1 in vitro. The same amounts of
unlabeled, in vitro translated PIAS1, PIAS3, or PIASy were incubated with 35S-labeled, in vitro translated MTA1 in SUMOylation reactions containing SUMO2 and
a limited concentration of GST-UBC9 (0.03 �g in 20 �l volume). The reaction products were resolved by SDS-PAGE and detected by autoradiography. Anti-T7
Western blotting (WB) showed the amounts of PIAS proteins used in this assay. B, PIAS proteins enhance SUMOylation of MTA1 in vivo. COS-1 cells were
co-transfected with the indicated expression vectors. HA-His-SUMO2 conjugates were purified with Ni-NTA beads and analyzed by Western blotting with
anti-Myc mouse antibody. Expression levels of Myc-tagged MTA1, FLAG-tagged PIAS proteins, and vinculin were detected by immunoblotting with the
indicated antibodies. C, SENP1 and SENP2 deSUMOylate SUMOylation of MTA1 in vitro. FLAG-tagged WT SENP1, SENP2, or SENP3, or their catalytically inactive
mutants generated by unlabeled in vitro translation, were mixed with in vitro SUMOylated MTA1. The reaction products were resolved by SDS-PAGE and
visualized by autoradiography. Western blotting with anti-FLAG mouse antibody served as a loading control for the proteases. D, SENP1 and SENP2 deSU-
MOylate SUMOylation of MTA1 in vivo. COS-1 cells were co-transfected with the indicated expression vectors. HA-His-SUMO2 conjugates were purified with
Ni-NTA beads and analyzed by Western blotting with anti-Myc mouse antibody. Expression levels of Myc-tagged MTA1, FLAG-tagged SENP proteins, and
vinculin were detected by immunoblotting with the indicated antibodies.
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UBC9, PIAS3, or SENP1 did not change the protein levels of
endogenous MTA1 (Fig. 4A). Consistently, knockdown of
endogenousUBC9 inMCF-7 cells also did not affect the protein
levels of endogenous MTA1 (Fig. 4B).
Next, we tested whether SUMOylation and ubiquitination

could share the same lysine residue, Lys-509, by comparing
the stability between MTA1-WT and the MTA1-K509R
mutant. MCF-7 cells were transfected with Myc-tagged
MTA1-WT or the MTA1-K509R mutant construct and then
treated with cycloheximide to block new protein synthesis.
Cells were harvested at various times, and the protein levels
of MTA1 were analyzed by Western blotting. As shown in
Fig. 4, C and D, both MTA1-WT and its K509R mutant had
very similar half-lives.
Following these observations, we next attempted to test the

stability of the SUMOylated MTA1. For this purpose, we co-
transfected COS-1 cells withMyc-taggedMTA1-WT and HA-
His-tagged SUMO2 constructs. After transfection, cells were
treated with cycloheximide and harvested at various times. The
SUMOylatedMTA1was recovered onNi-NTA beads and ana-

lyzed by Western blotting. We found that the majority of
SUMOylated MTA1 showed very similar half-lives as free
MTA1 (Fig. 4, E and F). Thus, based on all of the above results,
we have concluded that SUMOylation, including global
SUMOylation and MTA1 SUMOylation itself, would unlikely
affect the stability of MTA1.
MTA1 Directly and Noncovalently Binds to SUMO1 or

SUMO2—The feature of SUMO that allows it to modulate pro-
teinactivity throughnoncovalentbindingpromptedus toexamine
whetherMTA1couldbind toSUMOparalogsnoncovalently.The
MCF-7 cell extracts were incubated with nonconjugatable forms
of GST-tagged SUMO1 (GST�SUMO1GA) or SUMO2
(GST�SUMO2GA) or control GST affinity resins. The proteins
were analyzed by Western blotting with anti-MTA1 rabbit anti-
body. As shown in Fig. 5A (lanes 3 and 4), both SUMO1 and
SUMO2 interactwithMTA1.Moreover, byperformingGSTpull-
down assay with 35S-labeled, in vitro translated MTA1, we found
thatSUMOparalogscouldphysicallybind toMTA1(Fig. 5B, lanes
4 and 5). In addition, we also confirmed the interaction between
UBC9 andMTA1 (Fig. 5A, lane 2, and B, lane 3).

FIGURE 4. SUMOylation does not affect the protein stability of MTA1. A, MCF-7 cells were transfected with one of the following constructs: control vector,
HA-His-tagged SUMO2, or FLAG-tagged UBC9, PIAS3, or SENP1. Cell lysates were analyzed by Western blotting (WB) with anti-MTA1 rabbit antibody. Expres-
sion levels of HA-tagged SUMO2, FLAG-tagged proteins, and vinculin were detected by immunoblotting with the indicated antibodies. B, MCF-7 cells were
transfected with control or UBC9 siRNA. Cells lysates were analyzed by Western blotting with anti-MTA1 rabbit antibody. Expression levels of UBC9 and vinculin
are shown. C, MCF-7 cells were transfected with the construct of Myc-tagged MTA1-WT or MTA1-K509R mutant and treated with cycloheximide (CHX, 100
�g/ml) for the indicated time points. Cell lysates were analyzed by Western blotting with anti-Myc mouse antibody. Expression levels of vinculin are shown as
loading control. D, the data from C are shown in graph form with S.D. (n � 3). E, COS-1 cells were co-transfected with Myc-tagged MTA1 and HA-His-tagged
SUMO2 constructs and treated with cycloheximide as described in C. HA-His-SUMO2 conjugates were purified with Ni-NTA beads and analyzed by Western
blotting with anti-Myc mouse antibody. Expression levels of Myc-tagged MTA1 and vinculin are shown as input. KNC1 and KNC2 represent the SUMOylated
MTA1 in which lysine residues in non-consensus sites are modified by SUMO2. F, the data from E are shown in graph form with S.D. (n � 3).
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To identify the SIM in MTA1, a series of MTA1 truncation
mutants were constructed and generated by 35S-labeled in vitro
transcription/translation. The results from the GST pulldown
assays indicated that the region between amino acids 542 and
715 of MTA1 displayed robust binding to either SUMO1 or
SUMO2 (Fig. 5C). Although the last eight amino acids in this
region (Fig. 5D, DEPIVIED) resembled the best featured SIM
((V/I)X(V/I)(V/I) flanked with acidic amino acids), we were not

sure whether this was the only SIM in MTA1, as there are sev-
eral different types of SIM that have been reported (20–22). To
address this question, we further produced several truncation
mutants with or without the last five amino acids (IVIED) to
identify the SIM in MTA1. GST pulldown assays showed that
the absence of this motif dramatically reduced the binding abil-
ity ofMTA1 fragments with SUMOproteins (Fig. 5E). Further-
more, triplemutations in the hydrophobic core (I711A/V712A/

FIGURE 5. Identification of the SUMO-interacting motif (SIM) in MTA1. A, MCF-7 cell lysates were incubated with GST, GST-tagged UBC9, or nonconjugat-
able forms of SUMO1 (GST-SUMO1GA) or SUMO2 (GST-SUMO2GA). Proteins retained on glutathione-Sepharose beads were analyzed by Western blotting (WB)
with anti-MTA1 rabbit antibody. The same blot was stained by Ponceau staining to detect GST control or GST fusion proteins. B, in vitro translated, 35S-labeled
MTA1-WT was pulled down by GST or the indicated GST fusion proteins as described in A. The proteins were resolved by SDS-PAGE and visualized by
autoradiography. GST or GST fusion proteins were detected by Ponceau staining. C and E, in vitro translated, 35S-labeled MTA1 fragments were pulled down by
the indicated GST fusion proteins. The reaction products were analyzed as described in B. GST or GST fusion proteins were detected by Ponceau staining.
D, schematic drawing of putative SIM (italic) in MTA1 is shown. The hydrophobic core (underlined) and flanked acidic amino acids (bold) in SIM are indicated.
F, in vitro translated, 35S-labeled MTA1-WT or its I711A/V712A/I713A (AAA) mutant was pulled down by the indicated GST fusion proteins. The reaction products
were analyzed as described in B. GST or GST fusion proteins were detected by Ponceau staining.
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I713A, referred to here as AAA) significantly impaired the
interactions of MTA1 with SUMO1 or SUMO2 as compared
withMTA1-WT (Fig. 5F). Together, these results define a SIM
inMTA1 inwhich a hydrophobic core is required for high affin-
ity binding to SUMO proteins.
PIAS Proteins May Be Involved in Paralog-selective SUMO-

ylation ofMTA1—Because both UBC9 and SIM are involved in
paralog-selective SUMOylation (8, 23, 24), and endogenous
MTA1 was only modified by SUMO2/3 (Fig. 1D), we explored
the possibility of whether the noted paralog-selective SUMO-
ylation ofMTA1dependedonUBC9, SIM, or both.As shown in
Fig. 6A, SUMO1 and SUMO2 showed similarmodification effi-
ciency at the indicated time points in the reactions containing
only E1 and E2 enzymes, suggesting that paralog-selective
SUMOylation of MTA1 is UBC9/SIM-independent. In addi-
tion, we found thatMTA1 equally accepted SUMOproteins on
lysine residues within either the SUMO consensus (Fig. 6A,
arrowhead) or non-consensus site (Fig. 6A, asterisk; from 0 to
60 min).
Next, we introduced PIAS proteins into the reactions to

examine the roles of PIAS proteins in SUMO paralog selection.
Interestingly, we found that MTA1 preferred to be modified by
SUMO2 in the presence of the PIAS proteins (Fig. 6B, lanes 3, 5,
and 7 versus lanes 4, 6, and 8). These findings collectively sug-
gest that PIAS proteins, but not UBC9 or SIM in MTA1, are
required for paralog-selective SUMOylation of MTA1.

SIM Is Crucial for the Efficient SUMOylation of MTA1—The
notion that functional SIM may be required for SUMOylation
as is the case for Daxx and USP25 (3, 8) led us to investigate
whether the SUMO-SIM interaction would contribute to the
SUMOylation ofMTA1. In vitro SUMOylation analysis showed
that a single mutation in the SIM impaired SUMOylation of
MTA1 (Fig. 7A, lanes 3–7), and triple mutations in the hydro-
phobic core of the SIM (AAA) abolished SUMO2 conjugation
ofMTA1 (Fig. 7A, lane 9). Moreover, the high concentration of
free SUMO2 interrupted SUMOylation of MTA1, probably
because free SUMO2 can compete with UBC9�SUMO2 com-
plex in the recognition ofMTA1 (Fig. 7B). Notably,MTA1-WT
and the MTA1-AAA mutant bound to GST-UBC9 with equal
efficiency in the GST pulldown assay (Fig. 7C, lanes 7 and 9).
However, the MTA1-K509R mutant showed a slightly reduced
bindingwithGST-UBC9 (Fig. 7C, lane 8). These results suggest
that the reduced SUMOylation ofMTA1 is probably not due to
the disruption of the structural integrity of MTA1 or the inter-
ruption of the binding between UBC9 and MTA1.
Because E3 ligase functions as a platform to pull the

UBC9�SUMO complex and the substrate together to facilitate
SUMOylation, we next investigated whether the SUMO-SIM
interaction was required for the enhanced SUMOylation of
MTA1 by PIAS3. Interestingly, a single mutation of an acidic
amino acid in the SIM did not affect the SUMOylation of
MTA1 in the presence of PIAS3 (Fig. 7D, lanes 7 and 8). How-
ever, PIAS3 could not restore the reduced SUMOylation
caused by the mutations in the hydrophobic core of SIM (Fig.
7D, lanes 4–6, 9, and 10), and the most significant reduction of
SUMOylation was observed with theMTA1-AAAmutant (Fig.
7D, lane 10). Importantly, the result that triplemutations in the
hydrophobic core reduced the SUMOylation of MTA1 was
recapitulated in vivo by co-expressing Myc-tagged MTA1-WT
or MTA1-AAA and HA-His-tagged SUMO2 in COS-1 cells
(Fig. 7E, lane 4 versus 6). Moreover, to unequivocally confirm
the importance of the SUMO-SIM interaction in the SUMO-
ylation of MTA1, the lysine residues in SUMO2 (Lys-33, Lys-
35, and Lys-42), which are reported to play vital roles in binding
with SIM (25), were mutated to glutamic acid. Myc-tagged
MTA1-WT was co-expressed with HA-His-tagged SUMO2-
WT or its mutants in COS-1 cells. Compared with the WT,
SUMO2 mutants significantly impaired SUMOylation of
MTA1 (Fig. 7F, lane 1 versus lanes 2–4). Thus, these data dem-
onstrate that the SUMO-SIM interaction is crucial for the effi-
cient SUMOylation of MTA1.
Both Lys-509 and SIM Are Required for Full Co-repressive

Activity ofMTA1—AsSUMOylation does not affectMTA1 sta-
bility (Fig. 4) and MTA1 functions as a co-repressor in estro-
gen-responsive element (ERE)-driven gene repression (10), we
next examined whether SUMOylation and SIM would partici-
pate in MTA1-mediated gene repression. Because 17�-estra-
diol can affect the SUMOylation of AIB1 and ER� (26, 27), we
first investigated whether the level of SUMOylation of MTA1
would be affected by 17�-estradiol treatment. Myc-tagged
MTA1was co-expressedwithHA-His-tagged SUMO2 alone or
together with FLAG-tagged UBC9 or PIAS3 in MCF-7 cells in
the absence or presence of 17�-estradiol for 3 h.We found that
17�-estradiol treatment did not affect the SUMOylation of

FIGURE 6. PIAS proteins may participate in paralog-selective SUMOyla-
tion of MTA1. A, UBC9 and SIM are not responsible for paralog-selective
SUMOylation of MTA1. MTA1-WT was generated by 35S-labeled in vitro trans-
lation and incubated in SUMOylation reactions containing either SUMO1 or
SUMO2. The reactions were stopped at the indicated time points. SUMOyla-
tion products were analyzed by autoradiography. The bands representing
SUMO conjugation on Lys-509 and the lysine residue within the non-consen-
sus site are indicated by an arrowhead and an asterisk, respectively. B, PIAS
proteins enhance SUMO2 modification of MTA1. Unlabeled, in vitro translated
PIAS1, PIAS3, or PIASy was incubated with 35S-labeled, in vitro translated
MTA1 in SUMOylation reactions containing either SUMO1 or SUMO2. The
reaction products were resolved by SDS-PAGE and directly detected by auto-
radiography. Western blot (WB) with anti-T7 rabbit antibody showed the
amounts of PIAS proteins used in this assay.
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MTA1 (Fig. 8A). Similarly, in vivo endogenous SUMOylation of
MTA1 was not affected upon 17�-estradiol treatment at the
indicated time points (Fig. 8B). These results suggest that
MTA1 undergoes SUMO modification in an estrogen-inde-
pendent manner.
Next, we investigated the effect of SUMOylation on the

expression of PS2, a target gene down-regulated byMTA1 (10).
We found that knockdown of endogenous UBC9 in MCF-7
cells increased PS2mRNA levels as compared with the control
(Fig. 8C), suggesting that SUMOylation may be involved in
MTA1-mediated repression of PS2 transcription. To test this
hypothesis, we next examined whether the disruption or aug-
mentation of global SUMO conjugation would affect the
repressive effect of MTA1 on PS2 promoter activity. In the
presence of 10 nM 17�-estradiol, the repression of the PS2 pro-
moter activity, achieved by overexpression of MTA1-WT, was

completely abolished by co-expression of SENP1-WT but not
its inactivemutant (Fig. 8D).On the other hand, overexpression
of SUMO2, UBC9, or PIAS3 along with MTA1-WT further
enhanced MTA1-repressed PS2 promoter activity (Fig. 8E). In
addition, similar results were observed when using the Gal4–
3�ERE luciferase reporter system (supplemental Fig. S3).
Therefore, these results clearly demonstrate that SUMOylation
enhances the repressive effect of MTA1 on PS2 promoter
activity.
To further examine the effects of SUMO-conjugated Lys-509

and the SUMO-SIM interaction on PS2 transcriptional activity,
MCF-7 cells were co-transfected with the constructs of
T7-tagged MTA1-WT, MTA1-K509R, MTA1-AAA, or
MTA1-K509R/AAA mutant together with the PS2-Luc
reporter gene in the presence of 10 nM 17�-estradiol. We
found that both theMTA1-K509R andMTA1-AAAmutants

FIGURE 7. SIM is crucial for the efficient SUMOylation of MTA1. A, in vitro translated, 35S-labeled MTA1-WT or its SIM mutants were incubated in SUMOylation
reactions containing SUMO2 and 0.25 �g of GST-UBC9. The reaction products were resolved by SDS-PAGE and visualized by autoradiography. AA represents
the I711A/V712A mutant of MTA1; AAA represents the I711A/V712A/I713A mutant of MTA1. B, MTA1-WT was generated by 35S-labeled in vitro translation and
incubated in SUMOylation reactions containing 0.25 �g of GST-UBC9 together with increasing amounts of SUMO2 (lane 1, 0.25 �g; lanes 2– 6, 0.25, 0.5, 1, 2, and
4 �g, respectively). The reaction products were analyzed as described in A. Coomassie staining of the gel showed the input of SUMO2 used in the assay. C, GST
pulldown assays were performed by incubating in vitro translated, 35S-labeled MTA1-WT, MTA1-K509R, or MTA1-AAA mutant with GST-control or GST-UBC9
fusion proteins. The reaction products were analyzed as described in A. Ponceau staining showed the indicated GST fusion proteins used for each binding
assay. D, unlabeled, in vitro translated PIAS3 was incubated with 35S-labeled, in vitro translated MTA1-WT or its SIM mutants in SUMOylation reactions
containing SUMO2 and 0.03 �g of GST-UBC9. The reaction products were analyzed as described in A. E and F, COS-1 cells were co-transfected with the indicated
expression vectors. HA-His-SUMO2 conjugates were purified with Ni-NTA beads and analyzed by Western blotting (WB) with anti-Myc mouse antibody.
Expression levels of Myc-tagged MTA1, HA-His-tagged SUMO2 proteins (F), and vinculin were detected with the indicated antibodies. In E, the bands repre-
senting SUMO2 conjugation on Lys-509 and the lysine residue within the non-consensus site are indicated by arrowheads and asterisks, respectively. NS,
nonspecific.
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(Fig. 8F, lanes 3 and 4) relieved �60% of the repressive effect
on PS2 transcription compared with the sample overex-
pressing MTA1-WT (Fig. 8F, lane 2). Interestingly, the
MTA1-K509R/AAA mutant completely lost the ability to
repress PS2 transcription (Fig. 8F, lane 5). These data sug-
gest that SUMO conjugation on Lys-509, together with the

SUMO-SIM interaction, contributes to the full repressive
effect of MTA1 on transcription of the tested target gene,
PS2.
Both Lys-509 and SIM Are Required to Synergistically Regu-

late the Recruitment of HDAC2 onto the PS2 Promoter—Tobet-
ter understand the involvement of SUMO2/3 in MTA1-medi-

FIGURE 8. Both Lys-509 and SIM are required for the full co-repressive effect of MTA1 on PS2 transcription. A, SUMOylation of MTA1 is not affected by
17�-estradiol treatment in vivo. MCF-7 cells were co-transfected with various combinations of expression vectors as indicated in figure above. One microgram
of HA-His-SUMO2 construct was co-transfected with Myc-tagged MTA1 plasmid, and 0.5 �g of HA-His-SUMO2 construct was co-transfected with Myc-tagged
MTA1 plasmid together with FLAG-tagged UBC9 or PIAS3 constructs in MCF-7 cells. Thirty-six hours after transfection, the cells were treated with 10 nM

17�-estradiol and then harvested and lysed after another 3 h. HA-His-SUMO2 conjugates were purified by Ni-NTA beads and analyzed by Western blotting (WB)
with anti-Myc mouse antibody. Expression levels of Myc-tagged MTA1, HA-tagged SUMO2, FLAG-tagged UBC9 and PIAS3, and vinculin were detected with the
indicated antibodies. B, endogenous SUMOylation of MTA1 is not affected by 17�-estradiol treatment. MCF-7 cells were treated with 10 nM 17�-estradiol at the
indicated time points. MCF-7 cells were harvested under denaturing conditions prior to immunoprecipitation (IP) with anti-MTA1 rabbit antibody followed by
immunoblotting with anti-SUMO2/3 rabbit antibody. C, quantitative RT-PCR analysis of SUMO2 (left) or UBC9 (right) expression in MCF-7 cells transfected with
control or UBC9 siRNA. The expression levels of PS2 or UBC9 in controls were set to 1.0. D–F, MCF-7 cells were transiently co-transfected with the PS2-Luc
reporter gene, pSV-�-galactosidase control vector, and various combinations of expression vectors as indicated in figure above. Twenty-four hours after
transfection, the cells were treated with 10 nM 17�-estradiol and then harvested and lysed after another 24 h. The resulting extracts were used for the luciferase
activity assay. Luciferase activity was normalized to the �-galactosidase activity. The results were presented as -fold repression of relative luciferase units, and
the luciferase activity levels of the samples in the absence of MTA1 were set to 1.0. The expression levels of the indicated proteins are shown as loading control.
NS, nonspecific. The results represent mean values � S.D. p values were determined using Student’s t test (n � 3); *, p � 0.05; **, p � 0.02.
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ated gene repression,we first analyzedMTA1occupancy on the
PS2 promoter by using a ChIP assay. MCF-7 cells were treated
with 17�-estradiol at various times. Chromatin was prepared
and analyzed by using a single-ChIP assaywith anti-MTA1 rab-
bit antibody.We found that the recruitment ofMTA1 onto the
PS2 promoter increased with the treatment of 17�-estradiol.
The maximal recruitment of endogenous MTA1 onto the PS2
promoter, which was about 4-fold higher than without treat-
ment, occurred following 17�-estradiol treatment for 3 h (Fig.
9A). These data are supported by the finding that the NuRD
complex was recruited to the PS2 promoter 100–180 min after
�-amanitin release and following 10 nM 17�-estradiol treat-
ment (28); thus we used this condition to perform the following
ChIP experiments. To test whether SUMO2/3 and MTA1
would form the same complex at thePS2promoter, a sequential
double-ChIPwith anti-MTA1 rabbit antibody followed by anti-
SUMO2/3 rabbit antibody was performed in the absence or

presence of 10 nM 17�-estradiol for 3 h.We found that not only
SUMO2/3 andMTA1were detected in the same complex at the
PS2 promoter, but also the recruitment of MTA1�SUMO2/3
complex was about 3.3-fold higher than without 17�-estradiol
treatment (Fig. 9B). Because MTA1 noncovalently bound to
SUMO2/3, one possibility is that free SUMO2/3 could form a
complex with MTA1 at the PS2 promoter as well. To address
this question, MCF-7 cells transfected with control or UBC9
siRNA were treated with 10 nM 17�-estradiol for 3 h. Then a
single-ChIP with anti-MTA1 rabbit antibody and a sequential
double-ChIPwith anti-MTA1 rabbit antibody followed by anti-
SUMO2/3 rabbit antibody were performed. We found that
siRNA-mediated UBC9 knockdown slightly increased the
recruitment ofMTA1onto thePS2promoter (Fig. 9C), whereas
it decreased about 64% of the recruitment of the
MTA1�SUMO2/3 complex onto the PS2 promoter (Fig. 9D).
Considering the knockdown efficiency and background of IgG,

FIGURE 9. Both Lys-509 and SIM are required for the synergistic regulation of recruitment of HDAC2 onto the PS2 promoter. A, MCF-7 cells were treated
with 10 nM 17�-estradiol at the indicated time points. Then cells were cross-linked and processed for a single-ChIP assay with anti-MTA1 rabbit antibody or
control IgG, and quantitative RT-PCR was performed. B, MCF-7 cells were treated with or without 10 nM 17�-estradiol for 3 h. Subsequently, the cells were
cross-linked and processed for sequential double-ChIP with anti-MTA1 rabbit antibody followed by anti-SUMO2/3 rabbit antibody or double-ChIP with IgG as
control. Quantitative RT-PCR was performed. C and D, MCF-7 cells were transfected with control or UBC9 siRNA for 48 h and treated with 10 nM 17�-estradiol
for another 3 h. The cells were then processed for a single-ChIP assay with anti-MTA1 rabbit antibody (C) or sequential double-ChIP assays with anti-MTA1
rabbit antibody followed by anti-SUMO2/3 or anti-HDAC2 rabbit antibody (D) or ChIP with IgG as control. Quantitative RT-PCR was performed. E and F, MCF-7
cells were transfected with T7-tagged MTA1-WT, MTA1-K509R, MTA1-AAA, or MTA1-K509R/AAA mutant constructs for 48 h and treated with 10 nM 17�-
estradiol for another 3 h. The cells were processed for single-ChIP with anti-T7 mouse antibody (E) or sequential double-ChIP assays with anti-T7 mouse
antibody followed by anti-SUMO2/3 or anti-HDAC2 rabbit antibody (F) or ChIP with IgG as control. Quantitative RT-PCR was performed. The ChIP-quantitative
RT-PCR results are shown as a percentage of input with S.D., where % input � 100 � 2�Ct and �Ct � Ct(Input) � Ct(IP) � 6.644. p values were determined using
Student’s t test (n � 3); *, p � 0.05; **, p � 0.02. G, MTA1-WT was generated by 35S-labeled in vitro translation and incubated in a SUMOylation reaction
containing SUMO2. SUMO2-modified MTA1 was then used in GST pulldown assays with GST or GST-HDAC2 fusion protein. The retained proteins were detected
by autoradiography (left). Coomassie staining of the gel showed the input of the purified recombinant GST and GST-HDAC2 fusion protein (asterisk) used in the
assay (right). S1 and S2 represent MTA1 modified by a mono-SUMO2 molecule or di-SUMO2 molecules, respectively. KNC represents MTA1 modified by SUMO2
on the SUMO non-consensus site. H, quantification by Photoshop CS5 software of MTA1 species recovered by pulldown versus input (% of input band intensity)
with S.D.; **, p � 0.02 (n � 3).
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it was reasonable to conclude that the majority of SUMO2/3 in
theMTA1�SUMO2/3 complex at thePS2 promoterwas the one
conjugated toMTA1 or another protein but not free SUMO2/3
form.
BecauseHDAC2, another component in theNuRD complex,

is reportedly involved in repressing PS2 transcription (10), we
next investigated whether SUMOmodification could affect the
binding of HDAC2 withMTA1 at the PS2 promoter. As shown
in Fig. 9D, we found that siRNA-mediated UBC9 knockdown
resulted in a loss of 60% of the HDAC2 binding with MTA1 at
the PS2 promoter compared with the control. These results
clearly suggest that the binding of HDAC2 with MTA1 at the
PS2 promoter is in a SUMOylation-dependent manner.
To further examine whether SUMOylation ofMTA1 on Lys-

509 and the SUMO-SIM interaction could affect the recruit-
ment of HDAC2 onto the PS2 promoter, MCF-7 cells were
transfected with T7-tagged MTA1-WT, MTA1-K509R,
MTA1-AAA, or MTA1-K509R/AAA constructs under treat-
mentwith 10 nM17�-estradiol for 3 h. Chromatinwas prepared
and analyzed by a single-ChIP with anti-T7 mouse antibody
and sequential double-ChIP assays with anti-T7 mouse anti-
body followed by anti-SUMO2/3 or anti-HDAC2 rabbit anti-
body. Although the recruitments of MTA1-WT and its
mutants onto PS2 promoter did not change significantly (Fig.
9E), the MTA1-K509R, MTA1-AAA, and MTA1-K509R/AAA
mutants lost about 27, 39, and 56% of their SUMO2/3 associa-
tion and 43, 27, and 63% of their HDAC2 binding at the PS2
promoter, respectively (Fig. 9F). These results still do not rule
out the possibility that free SUMO2/3 could bind to MTA1 at
the PS2 promoter, but at least we can conclude that SUMO2/3
is covalently bound to MTA1 at the PS2 promoter because the
MTA1-K509R mutant lost about 27% SUMO2/3 association.
Taken together, these results not only support the notion that
the binding of HDAC2 and MTA1 at the PS2 promoter is
SUMOylation-dependent but also suggest that SUMO conju-
gation at Lys-509 together with SIM shows a synergistic role in
the recruitment of HDAC2 onto the PS2 promoter. Further-
more, when performing a GST pulldown assay, we found that
HDAC2 preferentially bound to SUMOylated MTA1 (Fig. 9, G
and H), suggesting that SUMOylated MTA1 may interact
directly with HDAC2 but not through other factors in the
Mi-2�NuRD complex.
MTA1May Up-regulate the Expression of SUMO2 via Inter-

action with Pol II and SP1 at the SUMO2 Promoter—When we
examined the global SUMO conjugation using mouse embry-
onic fibroblasts (MEFs), a significant decrease in SUMO2/3
conjugates, but not SUMO1 conjugates, was observed inMTA1
knock-out (MTA1�/�)MEFs compared with that inWTMEFs
(Fig. 10A). This reduction may not have been from the reduced
SUMO conjugation efficiency, because free SUMO2 but not
SUMO3 protein levels were dramatically decreased in
MTA1�/� MEFs (Fig. 10A). Moreover, siRNA-mediated
MTA1 knockdown also reduced the protein levels of SUMO2
in MCF-7 cells (Fig. 10B). However, we could not detect the
reduction of the total SUMO2/3 conjugates, probably because
this transient decrease in SUMO2 protein caused by the knock-
down of MTA1 was not enough to affect the global SUMO2
conjugation.

To examine whether MTA1 could up-regulate SUMO2 at
the transcriptional level, we measured the mRNA expression
levels of the SUMO2 gene in MTA1	/	 and MTA1�/� MEFs
using quantitative RT-PCR. We found that, concomitant with
reduced SUMO2 protein levels in MTA1�/� MEFs relative to
MTA1	/	 (Fig. 10A), SUMO2 mRNA expression levels
decreased significantly inMTA1�/� MEFs compared with that
in the MTA1	/	 MEFs (Fig. 10C). Consistent with the above
results, knockdown of MTA1 by specific siRNA also decreased
the SUMO2 mRNA expression levels compared with the con-
trol (Fig. 10D). Therefore, the above data indicate that MTA1
could up-regulate the expression of SUMO2, at least at the tran-
scriptional level.
Next, we investigated whether MTA1 could associate with

the SUMO2 promoter using a ChIP-based promoter walk assay
(Fig. 10E). We found that MTA1 was indeed recruited to the
human SUMO2 promoter at a region encompassing residues
�2576 to �2806 (Fig. 10F). Because Pol II controls gene tran-
scription, we then examined whether MTA1 could form the
complex with Pol II at this region using a sequential double-
ChIP with anti-MTA1 rabbit antibody followed by anti-Pol II
rabbit antibody. As shown in Fig. 10G, we found that Pol II
could be recruited to the same region and form the same com-
plex with MTA1. Moreover, an attempt to find the putative
activator binding site led to the identification of the SP1 binding
motif in this region. Results from both the single- and sequen-
tial double-ChIP showed that the MTA1�SP1 complex was
recruited to this region (Fig. 10,H and I). Therefore, all of these
data suggest that MTA1 may up-regulate the expression of
SUMO2 via interaction with Pol II and SP1 at the SUMO2 pro-
moter. Finally, MTA1 exhibited a positive correlation with
SUMO2 in breast cancer tissue samples (Fig. 10J).

Because SUMOylation enhanced MTA1-mediated repres-
sion, we next investigated whether SUMOylation of MTA1 or
SUMO-SIM interaction was involved in the up-regulation of
SUMO2 by performing a sequential ChIP. However, we could
not detect recruitment of the MTA1�SUMO2/3 complex onto
the SUMO2 promoter (supplemental Fig. S4), suggesting that
SUMOmay not participate inMTA1-mediated transactivation
of SUMO2.

DISCUSSION

In the present study, we have reported for the first time that
MTA1 is SUMOylated at Lys-509 within the SUMO consensus
site and defined a functional SUMO-interacting motif at its C
terminus that is required for the efficient SUMOylation of
MTA1. Interestingly, SUMOylation of MTA1 at Lys-509
together with SIM may synergistically regulate MTA1-medi-
ated transcriptional repression of PS2 by recruiting HDAC2
onto the PS2 promoter. In addition, MTA1 up-regulates the
expression of SUMO2. Our findings not only have provided
novel mechanistic insights into the regulation of the transcrip-
tional repressor function of MTA1 by SUMOylation and SIM
but also have discovered a potential upstream regulator for the
SUMOylation pathway.
Roles of SIM in SUMO Modification of MTA1—In general,

SUMO conjugation to target proteins takes place at a so-called
consensus motif, �KXE. UBC9 directly recognizes such a motif
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and transfers the SUMOmoiety to the lysine residue embedded
in this motif. However, there are also examples of proteins with
SUMO conjugation occurring within the non-consensus site,
such as BLM, USP25, and Daxx, in which SIM is believed to be
required for efficient SUMO modification (3, 8, 24). MTA1
contains both SUMO consensus and non-consensus sites,
which accept SUMO1 and SUMO2 with equal efficiency (Fig.
6A). Mutation of SIM globally decreased SUMOylation of
MTA1 without lysine residue preference (Fig. 7). Our findings
suggest that the targeting of the UBC9�SUMO complex to
lysine residues may be largely dependent on the SIM of MTA1
but not UBC9. Interestingly, the prediction of the MTA1 sec-
ondary structure reveals that SIM is embedded in the coil-tail
(supplemental Fig. S5). Given the importance of the SIM in
SUMOylation of MTA1, it is possible that this coil-tail struc-
ture may confer on the SIM, which is loaded with the
UBC9�SUMO complex through the SUMO-SIM interaction,
more flexibility to access potential SUMOconjugation sites and
then to achieve SUMOylation of MTA1. In fact, we mutated
several lysine residues located either close to or far from the
SIM along with K509R. However, none of these mutants

showed less SUMO conjugation than the MTA1-K509R
mutant alone (Fig. 2C). Thus, one plausible explanation is that
SUMO modification of MTA1 at non-consensus sites may be
promiscuous and that mutating one preferred site would result
in modification at an alternative site, as is the case with BLM or
Daxx (3, 24).
Multiple mechanisms can be proposed in paralog-selective

SUMO modification. Protection from isopeptidase-mediated
deconjugation regulates paralog-selective SUMOylation of
RanGAP1 (29). UBC9�SUMO1 thioester could be recruited to
RanBP2 via SUMO1 in the absence of strong binding between
UBC9 andRanBP2 (30). In addition, the SIM is a determinant of
SUMO paralog selection in substrates (8, 24). In the present
study, we found that preferential modification of MTA1 by
SUMO2may be determined by PIAS proteins but not by UBC9
or the SIM of MTA1. However, the underlying mechanism
involved is unclear. Considering that both SUMO1 and
SUMO2 could be conjugated to the substrates by PIAS proteins
(4), we can rule out the possibility that the SIM of PIAS protein
could contribute to the paralog-selective SUMOylation of
MTA1. Thus, one possible reason could be that the conforma-

FIGURE 10. MTA1 may up-regulate the expression of SUMO2 via interaction with Pol II and SP1. A and B, Western blot (WB) analysis of SUMO2 expression
in the MTA1	/	 and MTA1�/� MEFs (A) or MCF-7 cells treated with control or MTA1 siRNA (B). Expression levels of SUMO1, MTA1, and vinculin were detected
with the indicated antibodies. C and D, quantitative RT-PCR analysis of SUMO2 or MTA1 expressions in the MTA1	/	 and MTA1�/� MEFs (C) or MCF-7 cells
treated with control or MTA1 siRNA (D). The expression levels of SUMO2 or MTA1 in MTA1	/	 MEFs or MCF-7 control cells are set to 1.0. The results were the
mean values � S.D. p values were determined using Student’s t test (n � 3); *, p � 0.05; **, p � 0.02. E, binding region of MTA1 on human SUMO2 promoter.
F, single-ChIP analysis of the recruitment of MTA1 onto SUMO2 promoter with anti-MTA1 rabbit antibody. G, double-ChIP analysis of the recruitment of the
MTA1�Pol II complex onto the SUMO2 promoter with anti-MTA1 rabbit antibody followed by anti-Pol II rabbit antibody. H, single-ChIP analysis of the recruit-
ment of SP1 onto the SUMO2 promoter with anti-SP1 rabbit antibody. I, double-ChIP analysis of the recruitment of MTA1�SP1 complex onto the SUMO2
promoter with anti-MTA1 rabbit antibody followed by anti-SP1 rabbit antibody. J, correlation of transcript levels between MTA1 and SUMO2 (r represents the
Pearson’s correlation coefficient; r � 0.15, p � 0.01706).
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tion of UBC9�SUMO2 thioester bond complex may be more
suitable for interaction with PIAS proteins and MTA1 to facil-
itate SUMOylation of MTA1 compared with UBC9�SUMO1
complex.
SUMO Regulates MTA1-mediated Transcriptional Repres-

sion—During the course of investigating the role of SUMOyla-
tion in regulating MTA1 function, we discovered that SUMO-
ylation did not affect the protein stability of MTA1 (Fig. 4), but
SUMO conjugation on Lys-509 together with SIM synergisti-
cally regulates the transcriptional repressor function of MTA1
(Fig. 8F). Because the NuRD complex is recruited onto the PS2
promoter upon 17�-estradiol treatment to remove ER� or
other transcription factors for creating a silenced chromatin
environment (28), and the recruitment of HDAC2 at PS2 pro-
moter has been reported (10), we reasoned that SUMO might
facilitate the interaction betweenHDAC2andMTA1at thePS2
promoter. Thatwas indeed the case, aswe found that, at thePS2
promoter, knockdown of UBC9 decreased the binding of
HDAC2 with MTA1 (Fig. 9D), and all three MTA1 mutants
(MTA1-K509R, MTA1-AAA and MTA1-K509R/AAA) exhib-
ited less binding ability with HDAC2 compared with
MTA1-WT (Fig. 9F). Moreover, HDAC2 preferentially bound
to SUMOylatedMTA1upon performing aGSTpulldown assay
(Fig. 9,G andH). These data clearly indicate that the function of
SUMOylation of MTA1, at least in part, may contribute to sta-
bilizing the formation of MTA1�HDAC2 complex.
On the other hand, we found that the recruitment of MTA1

andMTA1�SUMO2/3 complex onto the PS2 promoter showed
a similar ratio after 17�-estradiol treatment for 3 h (Fig. 9,A and
B, 4-fold versus 3.3-fold). Considering that 17�-estradiol treat-
ment did not induce the SUMOylation of MTA1 (Fig. 8, A and
B), it is reasonable to suggest that the increased recruitment of
MTA1 or the MTA1�SUMO2/3 complex onto the PS2 pro-
moter upon 17�-estradiol treatment may be simply due to the
increased recruitment of the NuRD complex.
Consistent with the notion that SUMO conjugation on Lys-

509 together with SIM synergistically regulate the transcrip-
tional repressive activity ofMTA1, the binding of HDAC2with
MTA1 at PS2 promoter may also involve this synergistic regu-
latory mechanism, for MTA1-K509R/AAA mutant exhibited
the least HDAC2 binding at PS2 promoter among all three
mutants (Fig. 9F). The plausible explanation could be that
SUMOylated Lys-509 and SIMmay use different ways to inter-
act with HDAC2. Because of the increased binding between
SUMOylated MTA1 and HDAC2 observed when Lys-509 was
conjugated by SUMO2 in vitro (Fig. 9, G and H), SUMO-con-
jugated Lys-509 may be involved in the direct binding with
HDAC2. However, SIM may affect the interaction between
SUMOylated MTA1 and HDAC2 through its ability to fine-
tune the SUMOylation of MTA1. Alternatively, SIM may
interact intramolecularly with the SUMOmoiety conjugated
to the lysine residue within the non-consensus site, resulting
in the recruitment of HDAC2. The discovery that enhanced
binding of SUMOylated MTA1 and HDAC2 was also
detected in vitro when SUMOylation occurred on a non-
consensus lysine residue (Fig. 9,G and H) supports the above
two points. It is worth mentioning that although in this study
we have discussed the involvement of HDAC2 in MTA1-

mediated repression on PS2 transcription, we cannot rule
out the possibility that another co-repressor may participate
in the regulating PS2 transcription through SUMOylated
Lys-509 and SUMO-SIM interaction, because the MTA1-
AAA mutant showed less SUMO2/3 association but more
HDAC2 binding at the PS2 promoter compared with the
MTA1-K509R mutant (Fig. 9F).
The reason why MTA1 harbors multiple potential

SUMOylation sites is unclear. Possibly, some sites act as
backup to prevent the loss of SUMOylation of MTA1, which
may be important for its function. Alternatively, the interac-
tions of the SIM and SUMO moieties at different lysine res-
idues other than Lys-509 may produce different conforma-
tions, which could provide docking sites for different
co-repressors. Binding with different partners is one way
that MTA1 modulates gene transcription. The synergistic
regulatory mechanism of SUMOylation and the SUMO-SIM
interactionmay provideMTA1more options to spatially and
temporally coordinate different co-regulators and subse-
quently participate in multiple signaling pathways.
MTA1 Up-regulates the Expression of SUMO2—Increasing

studies have shown that SUMO homeostasis plays important
roles in cancer progression (31). For example, elevated mRNA
levels of SENP1 and SENP3 were detected in tissues from
human prostate cancer patients (32, 33). In addition, the
inoculation of MCF-7 cells overexpressing UBC9 as xeno-
grafts in mice revealed that tumors expressing UBC9 grew
better than the vector control (34). The SUMOylation of
reptin turns off the expression ofKAI1, a metastasis suppres-
sor gene, leading to the enhanced metastatic ability of cancer
cells (35). Also, it is known that MTA1 is expressed ubiqui-
tously and overproduced in breast, lung, gastric, colorectal,
and pancreatic cancers (36). Overexpression of MTA1 in
breast cancer cells significantly enhances the invasive ability
of these cells to invade in an anchorage-independent manner
by reducing the levels of ER target genes, including PS2 (10).
A recent study reports that a deficiency of PS2 increases the
tumorigenicity of human breast cancer cells and mammary
tumor development in PS2 knock-out mice (37). Therefore,
our study of the expression of SUMO2 being up-regulated by
MTA1 provides a clue that MTA1 may contribute to the
metastatic ability of cells by modulating the SUMOylation
pathway, which in turn regulates the repressive effect of
MTA1 on its target gene, e.g. PS2. Interestingly, neither
SUMOylation of MTA1 nor the SUMO-SIM interaction is
likely to be involved in modulating SUMO2 transcription, as
we could not detect the association of the MTA1�SUMO2/3
complex at the SUMO2 promoter (supplemental Fig. S4),
implying that the regulation of transcriptional activity of
MTA1 by SUMO may depend on the promoter context.
In summary, our findings presented here not only suggest a

synergistic regulatory mechanism of SUMO modification and
SIM in MTA1-mediated transcription but also uncover a
potential function of MTA1 in modulating the SUMOylation
pathway. Further identification of SUMO-dependent novel tar-
get genes or co-factors ofMTA1would help us to better under-
stand the function of MTA1 in human cancer.
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