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The human transcription factor DNA replication-related ele-
ment-binding factor (hDREF) is essential for the transcription
of a number of housekeeping genes. The mechanisms underly-
ing constitutively active transcription by hDREF were unclear.
Here, we provide evidence that hDREF possesses small ubiqui-
tin-like modifier (SUMO) ligase activity and can specifically
SUMOylate Mi2«, an ATP-dependent DNA helicase in the
nucleosome remodeling and deacetylation complex. Moreover,
immunofluorescent staining and biochemical analyses showed
that coexpression of hDREF and SUMO-1 resulted in dissocia-
tion of Mi2« from chromatin, whereas a SUMOylation-defec-
tive Mi2« mutant remained tightly bound to chromatin. Chro-
matin immunoprecipitation and quantitative RT-PCR analysis
demonstrated that Mi2«a expression diminished transcription
of the ribosomal protein genes, which are positively regulated by
hDREEF. In contrast, coexpression of hDREF and SUMO-1 sup-
pressed the transcriptional repression by Mi2a. These data indi-
cate that hDREF might incite transcriptional activation by
SUMOylating Mi2a, resulting in the dissociation of Mi2« from
the gene loci. We propose a novel mechanism for maintaining
constitutively active states of a number of hDREF target genes
through SUMOylation.

DNA replication-related element binding factor (DREF)?is a
transcription factor that was first isolated in Drosophila (1).
The Drosophila DREF (dDREF) homodimer specifically binds
to the 8-bp palindromic DREF-binding element ({DRE; TATC-
GATA) to induce the transcription of genes involved in DNA
replication and cell proliferation (2, 3). Recent work has pro-
vided clear evidence that DRE sequences are present in many
Drosophila housekeeping genes, which require dDREF for their
constitutive expression, whereas dDREF is dispensable for the
transcription of development-related genes (4, 5). In addi-
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tion, several studies have suggested a novel function for
dDREF in the establishment or regulation of transcriptional
insulators found in several hundred regions of the Drosoph-
ila genome (6, 7).

We previously identified hDREF as the human homolog of
dDREF and determined its DNA-binding motif (hDRE;
TGTCG(C/T)GA(C/T)A) (8). The hDRE sequence is similar to
that of Drosophila DRE and perfectly matches the M8 motif,
one of the most conserved motifs in the promoters of human
genes, as determined by systematic comparative human ge-
nomics (9). In addition, hDREF was recently identified as one of
the major M8-binding proteins by employing a SILAC-based
quantitative proteomics approach (10). Interestingly, genes
containing M8 motifs exhibited increased expression in
actively proliferating cells. Accordingly, we previously demon-
strated that hDREF positively regulates the expression of genes
involved in cell proliferation, including histone H1 and plural
ribosomal protein (RP) genes (8, 11). Moreover, knockdown of
hDREF resulted in impairments in cell proliferation and G,/S
transition, further indicating that hDREF is a functional homo-
log of dDREF. Despite the importance of these functions (11),
the mechanisms underlying the constitutively active transcrip-
tion of genes involved in cell proliferation and the proteins that
interact with DREF are currently unclear.

SUMOylation involves the covalent conjugation of an ~100-
amino acid (aa) small ubiquitin-related modifier (SUMO) to
lysine residues in the consensus TYKXE (where W is any hydro-
phobic residue; X is any aa residue) aa sequence on target pro-
teins (12). Protein modification by SUMO conjugation has
emerged as an important modification sufficient to alter the
biochemical features or activities of proteins. A number of tran-
scription factors are regulated by SUMO modification. SUMO-
dependent transcriptional stimulation has been reported for
GATA4, PAX6, and the glucocorticoid receptor (13—15). How-
ever, SUMO modification more frequently results in transcrip-
tional repression, as is the case for c-Jun, C/EBP family mem-
bers, Sp3, IkBa, KAP-1, PPARYy, and a number of other
transcription factors (16 -19).

SUMOylation is catalyzed by an enzymatic cascade consist-
ing of three enzymes (12). After large SUMO precursor proteins
are converted to a mature form by cleavage at the C-terminal
glycine residue by SUMO protease, SUMO is attached to the
heterodimeric E1 enzyme Aosl/Uba2. The activated SUMO is
then transferred from the E1 enzyme to Ubc9, an E2-conjugat-
ing enzyme capable of forming a thioester intermediate
between diglycine residues at the C terminus of mature SUMO
proteins and the active cysteine residue of Ubc9. Ubc9 has been
demonstrated to be sufficient for SUMO conjugation to sub-
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strate proteins in vitro. E3 ligases have been reported to act as
adaptors between Ubc9 and SUMOylation substrate proteins;
thus, the existence of an E3 ligase enhances the recognition of
substrate proteins and promotes the SUMOylation conjugation
reaction. Several E3 ligase enzymes have been identified,
including protein inhibitor of activated STAT (PIAS) family
members (20), the nuclear pore complex component RanBP2
(Nup358) (21), histone deacetylase 4 (HDAC4) (22), and the
Polycomb group (PcG) protein Pc2 (23).

The nucleosome remodeling and deacetylation (NuRD)
complex was first identified in 1998 (24 -26) and contains the
histone deacetylases HDAC1/2, the ATP-dependent nucleo-
some remodelers Mi2a/f3 (also known as chromodomain heli-
case DNA-binding proteins 3/4), RBBP4/7 (retinoblastoma-
binding proteins 4/7), metastasis-associated factors (MTAs),
and methyl-CpG-binding proteins (MBD2/3). Because the
NuRD complex contains the dual enzymatic activities of
HDAC1/2 and Mi2a/f3, this complex has been proposed to
mediate transcriptional repression by regulating chromosome
structure (27, 28). However, recent studies have indicated that
the subunit composition can vary, and thus, NuRD function
may be altered by interactions between its individual complex
components and other interacting molecules, including tran-
scription factors, histone with epigenetic modifications, and
methylated DNA (29-31). Despite the accumulating knowl-
edge on the molecules that recruit NuRD to the local chromatin
region, the molecular mechanism underlying the dissociation
of NuRD from chromatin remains unknown.

In this study, we found that the transcription factor hDREF
exhibits SUMO E3 ligase activity and specifically conjugates
SUMO-1 to Lys-1971 of Mi2a. Moreover, we demonstrated
that hDREF probably activates transcription by facilitating the
dissociation of Mi2« from the transcribed region of hDREF
target genes via SUMOylation.

Experimental Procedures

Cell Culture—HeLa cells were cultured in Ham’s F-12
medium supplemented with 10% FCS, 100 units/ml penicillin, 1
pg/ml streptomycin, and 29.2 ug/ml L-glutamine at 37 °C
under 5% CO,. 293FT cells were maintained in DMEM supple-
mented with 10% FCS, 0.1 mM non-essential amino acids, 100
units/ml penicillin, 1 png/ml streptomycin, 29.2 pug/ml L-gluta-
mine, and 100 pg/ml G418 at 37 °C under 5% CO.,.

Antibodies—Rabbit anti-hDREF polyclonal antibody was
described earlier (8). A rat anti-HA monoclonal antibody (clone
3F10) was purchased from Roche Applied Science, and a mouse
anti-FLAG monoclonal antibody (clone M2) and a rabbit anti-
human MTA2 antibody (RT-16) were obtained from Sigma. A
rabbit polyclonal anti-GFP antibody (catalog no. 632460) was
purchased from Clontech. Mouse monoclonal anti-His, tag
antibody (ab125262), rabbit polyclonal anti-human Mi2«
(CHD3) antibody (ab84528), rabbit polyclonal anti-histone H3
(trimethyl-Lys-4) antibody (ChIP grade, ab8580), rabbit poly-
clonal anti-histone H3 (trimethyl-Lys-9) antibody (ChIP grade,
ab8898), rabbit polyclonal anti-MBD3 (ab16057) antibody, and
rabbit polyclonal anti-human HDAC2 (ChIP grade, ab7029)
were obtained from Abcam. A mouse monoclonal anti-RNA
polymerase II (phospho-CTD) antibody (clone CTD4HS8) was
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purchased from Upstate Biotechnology, Inc. A mouse poly-
clonal anti-human RbAp48 antibody was purchased from MBL.
Anti-rat, anti-rabbit, and anti-mouse immunoglobulin G (IgG)
species-specific antibodies linked to horseradish peroxidase
(NA935, NA9340, and NA9310, respectively) were obtained
from GE Healthcare. Anti-rat, anti-rabbit, and anti-mouse
species-specific antibodies conjugated to Alexa Fluor 594 (A-
11007, A-11072, and A-11005) and Alexa Fluor 488 (A-11006,
A-11070, and A-11001) dyes were from Life Technologies, Inc.

Plasmid Construction—The expression plasmid pcDNA3-HA-
hDREF containing a full-length ¢DNA for hDREF was
described previously (8, 32). Plasmids expressing mutant
hDREF polypeptides (pcDNA3-HA-AhATC, W590A/W591A,
and LLVL/AAAA) were described previously (32). Base substi-
tutions (W26A, C47A, C50A, C47A/C50A, H61A, and H71A)
and single aa deletions (AM360, AL401) were made by site-
specific mutagenesis employing the overlap extension method
using PCR with combinations of appropriate oligonucleotides.
Amplified DNA fragments carrying base substitutions or dele-
tions were digested with Nhel and Apal and then inserted
between the Nhel and Apal sites of the pcDNA3-HA vector. A
series of C-terminally truncated mutants of pcDNA3-HA-
hDREF(1-651), -(1-551), and -(1-523) were described previ-
ously (32). For constructing pcDNA3-HA-hDREF(227-694), a
c¢DNA fragment encoding aa residues 227—-694, obtained by
digesting pcDNA3-HA-hDREF with Ncol, creating blunt ends
with Klenow fragment, and cutting with Apal, was ligated
between the blunt-ended Nhel and Apal sites of pcDNA3-HA.
For constructing pcDNA3-HA-hDREF(332-694), a cDNA
fragment encoding aa residues 332— 694 was amplified by PCR,
digested with Nhel and Xhol, and inserted between the Nhel
and Xhol sites of pcDNA3-HA. For constructing pcDNA3-
HA-hDREF(415-694), a cDNA fragment encoding aa residues
415-694, obtained by digesting pcDNA3-HA-hDREF with
Asp718, creating blunt ends with Klenow fragment, and cutting
with Apal, was ligated between the blunt-ended Nhel and
Apal sites of pcDNA3-HA. For constructing pcDNA3-HA-
hDREF(332-524) or -(415-524), a cDNA fragment encoding aa
residues 332—524 or 415-524, obtained by digesting pcDNA3-
HA-hDREF(332-694) or pcDNA3-HA-hDREF(415-694) with
Bglll, creating blunt ends with Klenow fragment, and cutting
with EcoRI, was ligated between the EcoRI and blunt-ended
Xhol sites of pcDNA3-HA. For constructing pcDNA3-HA-
hDREF(332-416), a cDNA fragment encoding aa residues
332-416, obtained by digesting pcDNA3-HA-hDREF(332—
524) with Asp718, creating blunt ends with Klenow fragment,
and cutting with EcoRI, was ligated between the EcoRI and
blunt-ended Xhol sites of pcDNA3-HA. For constructing
phGFP105-hDREF(332-416), a cDNA fragment encoding aa
residues 332-416, obtained by digesting pcDNA3-HA-
hDREF(332-416) with Nhel, creating blunt ends with Klenow
fragment, and cutting with Xhol, was ligated between the Sall
and blunt-ended EcoRI sites of phGFP105-C1. For constructing
phGFP105-hDREF(361-402), a cDNA fragment encoding aa
residues 361-402, obtained by digesting phGFP105-
hDREF(332-416) with Pstl, was ligated between the PstI sites
of phGFP105-C3. For construction of phGFP105-hDREF(332—
362), a cDNA fragment encoding aa residues 332-362,
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obtained by digesting phGFP105-hDREF(332—-416) with PstI
and Bglll, was inserted between the Pstl and BglIlI sites of
phGFP105-C1. For construction of phGFP105-hDREF(401—
416), a ¢cDNA fragment encoding aa residues 401-416, ob-
tained by digesting phGFP105-hDREF(332—416) with Pstl and
BamHI, was inserted between the Pstl and BamHI sites of
phGFP105-C3. Expression plasmid pT2GN-FLAG-hDREF was
constructed by ligating the full-length cDNA fragment with
Xhol-Bcll sites, obtained by PCR, with double-stranded oligo-
nucleotides encoding FLAG epitope having compatible stag-
gered ends for Sall into the Sall-BamHI sites of the pT2GN
plasmid, a kind gift from Dr. T. Takahashi (Nagoya University)
(33). Expression plasmids pECFP-SUMO-1, pECFP-SUMO-2,
pECFP-SUMO-3, and pECFP-Ubc9 were described previously
(19). To create expression plasmids for Myc-SUMO-1, Myc-
SUMO-2, and Myc-SUMO-3, cDNAs encoding SUMO-1,
SUMO-2, and SUMO-3 were amplified by PCR using plasmids
pECFP-SUMO-1, pECFP-SUMO-2, and pECFP-SUMO-3 as a
template, respectively. PCR products were digested with BglII
and Sall and then inserted between the BglII and Sall sites of the
pCMV5-Myc vector (Invitrogen). To create pGEX-4T-2-
SUMO-1(GG), a cDNA fragment encoding SUMO-1 (aa 1-97)
was amplified by PCR, digested with BamHI and Xhol and
inserted between the BamHI and Xhol sites of the pGEX-4T-2
vector. For construction of pGEX-4T-2-Ubc9, a cDNA frag-
ment encoding Ubc9 was amplified by PCR, digested with
BamHI and Xhol, and inserted between the BamHI and Xhol
sites of the pGEX-4T-2 vector. pGEX-Uba2 and pGEX-Aosl
were kindly provided by Dr. Saitoh (34). To create expression
plasmids for Myc-Ubc9, Myc-PIAS1, and Myc-Pc2, full-length
c¢DNAs for each protein were amplified by PCR using a human
fetal liver MATCHMAKER library (Clontech) and inserted into
the EcoRI-BgllI sites of the pCMV5-Myc plasmid. Full-length
c¢DNA for Mi2« polypeptide was cloned into pBluescript sk(—)
plasmid by ligating three cDNA fragments, including a 1.6-kb
Nhel-Mlul cDNA fragment obtained by a 5'-RACE reaction, a
3.5-kb Mlul-Xhol ¢DNA fragment from clone 37-1, and a
0.9-kb Xhol fragment from clone 37-8 (35). The two partial
c¢DNA clones 37-1 and 37-8 were kindly supplied by Dr. F.
Aubry. First, both clone 37-1 and 37-8 (pBluescript sk(—)) DNA
were digested with Xhol, and the resultant 1.5-kb (a part of
¢DNA) and 7.0-kb (a part of cDNA and plasmid DNA) frag-
ments from clones 37-1 and 37-8, respectively, were ligated to
obtain AN-Mi2a/pBluescript. A cDNA fragment correspond-
ing to the 5'-end of Mi2a mRNA was amplified using the
5'-RACE system (Invitrogen) with a cDNA library derived from
human brain mRNA (Clontech) and a pair of primers according
to the manufacturer’s instructions. Full-length Mi2a ¢cDNA/
pBluescript was obtained by ligating partial cDNA amplified
by 5'-RACE between the EcoRV-Mlul sites of AN-Mi2a/
pBluescript. To create expression plasmid pcDNA3-HA-
Mi2a(1-2000), pBluescript carrying full-length Mi2a cDNA
was digested with BamHI, treated with Klenow fragment, and
digested with Nhel. The resulting BamHI (blunt end)-Nhel
DNA fragment was cloned into Nhel-Apal (blunt end) sites of
the pcDNA3-HA vector. Expression plasmid harboring base
substitution mutations (pcDNA3-HA-Mi2a (K1674R, K1679R,
K1777R, K1876R, and K1971R)) were created as follows. Base
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substitutions were introduced into the 1.2-kb Xbal fragment
encoding aa residues 1617—2000 of Mi2« through site-specific
mutagenesis employing the overlap extension method with the
appropriate oligonucleotides using pBluescript carrying full-
length Mi2a cDNA as a template, and obtained Xbal fragments
carrying base substitutions were swapped with the correspond-
ing region of the pcDNA3-HA-Mi2a(1-2000). To construct
His-Mi2a(1617-2000), AN-Mi2a/pBluescript was digested
with Xbal, treated with Klenow fragment, and digested with
BamHI. The resultant 1.2-kb cDNA fragment encoding aa res-
idues 1617-2000 was inserted into the EcoRV-BamHI sites of
pET47b (Novagen). PCR was performed with KOD-plus DNA
polymerase (TOYOBO) according to the manufacturer’s
instructions. All mutations employed in this study were con-
firmed by DNA sequencing. All plasmids were purified using a
Qiagen Plasmid Midi kit and subjected to DNA transfection.

Oligonucleotides—The primers used for hDREF cDNA
amplification were as follows: WT hDREF, 5'-GGACTCGAG-
ATGGAGAATAAAAGCCTGGAGAGC-3" and 5'-TCCTGA-
TCAGAAGCTGCTGTCCCTAATGCC-3'. Recognition sites for
Xhol in hDREF-5" and Bcll in hDREF-3' are underlined.

For creating base-substitutional mutants of pcDNA3-HA-
hDREF, 5'-TACGGTGGGAGGTCTATATA-3' and 5'-AGT-
CGAGGCTGATCAGCGAGC-3' were used as the common
forward and reverse primers, respectively. The following oligo-
nucleotides were used as site-specific forward and reverse
primers: W26A, 5'-GAGCAAGGTGGCGAAGTATTTC-3'
and 5'-GAAATACTTCGCCACCTTGCTC-3'; C47A, 5'-
GAAAATCTACGCCCGCATCTGC-3" and 5'-GCAGATGC-
GGGCGTAGATTTTC-3’; C504A, 5'-CTGCGCGATCGCCA-
TGGCCCAG-3' and 5-CTGGGCCATGGCGATGCGGCA-
3’; C47A/C50A, 5'-CTGGGCCATGGCGATGCGGGCG-3’
and 5'-GCAGATGCGGGCGTAGATTTTC-3'; H61A, 5'-CCT-
GTCCTACGCCCTGGAGAAG-3' and 5'-CTTCTCCAGGG-
CGTAGGACAGG-3'; H71A, 5'-GGAGAAGAACGCCCCC-
GAGGAATTC-3" and 5-GAATTCCTCGGGGGCGT-
TCTTCTCC-3"; AM360, 5'-AGCACGCTGGCCCTGCAGC-
GCCTC-3’ and 5'-GAGGCGCTGCAGGGCCAGCGTGCT-
3’; AL401, 5'-CTGGTGGAGCTCCAGCCCTTCAAG-3’ and
5'-CTTGAAGGGCTGGAGCTCCACCAG-3'".

The oligonucleotides for the FLAG epitope were as fol-
lows: 5'-tcagCATGGACTACAAGGACCACGATGA-
CAAAC-3" and 5'-tcgaGCTTGTCATCGTCGTCCTTGTA-
GTCCATG-3'. 5'-Overhang ends, which are compatible with
staggered ends created by Sall or Xhol digestion, are indicated
by lowercase letters.

The primers used in the 5'-RACE reaction for amplification
of the 5'-end of Mi2a cDNA were as follows: 5'-CTTCCCGG-
GCTAGCATGAAGGCGGCAGACACTGTG-3' and 5'-ATG-
TGGTAGGAGGAGATGCACGCGTCACAG-3'. Recogni-
tion sites for Nhel and Mlul are underlined.

Oligonucleotides used for base-substitutional mutants of
Mi2a cDNA were as follows: K1674R, 5'-GATTTGGGCAGG-
AGAGAAGAT-3" and 5'-ATCTTCTCTCCTGCCCAAATC-
3’; K1679R, 5'-GAAGATGTAAGAGGTGACCGG-3’ and 5'-
CCGGTCACCTCTTACATCTTC-3'; K1777R, 5'-GAGCCA-
TTTAGAAACTGAAGCC-3" and 5'-GGCTTCAGTTC-
TAAATGGCTC-3'; K1876R, 5'-AGCGACATGAGGGC-
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GGACGTG-3' and 5'-CACGTCCGCCCTCATCTCGCT-
3’5 K1971R, 5'-GTGCTTCTGAGGAAGGAGAAG-3' and 5'-
CTTCTCCTTCCTCACAAGCAC-3'.

The primers used for SUMO-1, -2, and -3 cDNA amplifica-
tion were as follows. 5'-CGTCGCCGTCCAGCTCGACCAG-
3', a sequence derived from ECFP cDNA, was used as the com-
mon forward primer. Reverse primers for SUMO-1, -2, and -3
were 5'-TATAGTCGACTATCTGACCAGGAGGCA-3', 5'-
TATAGTCGACTAGCCGACGAAAAGCCC-3', and 5'-TAT-
AGTCGACTATCCGAGGAGAAGCCC-3/, respectively. Rec-
ognition sites for Sall are underlined.

The primers used for Ubc9, PIAS1, and Pc2 (CBX4) cDNA
amplification were as follows: Ubc9, 5'-ATAGAATTCATGT-
CGGGATCGCCCTCAG-3' and 5'-TATAGATCTCTTCCT-
TCTGACGATGCCA-3';PIAS1, 5 -ATAGAATTCATATGG-
CGGACAGTGCGGAA-3" and 5'-ATAAGATCTTCA-
GTCCAATGAAATAATG-3'; Pc2, 5'-ATAGAATTCCCAT-
GGAGCTGCCAGCTGTT-3' and 5'-GCCAGATCTCTACA-
CCGTCACGTACAC-3'. Recognition sites for EcoRI and BglII
are underlined.

Oligonucleotides used for ChIP-qPCR of RPS6 and for qRT-
PCR of RPS6, RPS10, RPL12, and GAPDH were described pre-
viously (11).

Yeast Two-hybrid Screening—Yeast two-hybrid screens with
pretransformed human fetal brain Matchmaker cDNA library
(Clontech) were performed using the full-length hDREF cDNA
as bait as described previously (36).

hDREF Knockdown—Endogenous hDREF was transiently
depleted by transfection with a lentiviral vector expressing
shRNA against hDREF as described (11).

DNA Transfection—Plasmid DNA was transfected into cells
by the calcium phosphate method as described previously (19).
In the case of 293FT cells, DNA transfections were performed
using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions.

In Vitro Transcription/Translation—In vitro transcription
and translation reactions were carried out in 50 ul of reaction
mixture using the TNT-coupled reticulocyte lysate system
(Promega) in the presence of [**S]methionine according to the
manufacturer’s instructions. The sizes and amounts of the
products were analyzed by SDS-PAGE and autoradiography.
Signals were quantified by densitometry using Image]J software.

In Vitro SUMOylation Assay—Recombinant GST-SUMO-
1(GG) lacking the two tandem glycine residues at the C termi-
nus of mature SUMO-1, GST-Ubc9, GST-Uba2, GST-Aosl1,
and GST-hDREF were expressed in BL21 Escherichia coli (37)
and purified using glutathione-Sepharose 4B (GE Healthcare)
according to the manufacturer’s instructions. Recombinant
His-Mi2a containing the C-terminal 384 aa (residues 1617—
2000) was expressed in BL21 (DE3) cells and purified using
nickel-nitrilotriacetic acid-agarose (Qiagen) according to the
manufacturer’s instructions. In vitro SUMOylation reactions
were performed as follows. In vitro synthesized full-length *°S-
Mi2a (10 pul of in vitro transcription/translation reaction) or 0.1
png of His-Mi2a(1617-2000) was mixed with 2 ug of GST-
SUMO-1(GG), 1 ug of GST-Ubc9, 0.5 ug of GST-Uba2, 0.5 ug of
GST-Aosl in 50 mm Tris-HCI (pH 8.0), 5 mm MgCl,, 5 mm
ATP, and 1 mm dithiothreitol at 37 °C for 30 min. Reactions
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were terminated by heating the samples in Laemmli’s sample
buffer at 85 °C for 3 min. The samples were resolved by SDS-
PAGE, and signals were detected by autoradiography or immu-
noblotting analysis using anti-His antibody.

Immunoprecipitation and Immunoblotting—Harvested cells
were washed with PBS and lysed in lysis buffer containing 20
mwm HEPES (pH 7.4), 150 mm NaCl, 1% Triton X-100, 1 mm
dithiothreitol, 0.1 mm EDTA, 20 mm N-ethylmaleimide, 1 mm
NazVO,, 5 mm NaF, 1 mm sodium pyrophosphate, and protease
inhibitor mixture (Roche Applied Science) for 5 min on ice
prior to sonication at 4 °C and centrifugation at 15,000 X g for
20 min at 4 °C. The supernatant was transferred to a new tube,
and appropriate antibodies were added at a final concentration
of 0.5 ug/ml. After incubation for 3 h at 4 °C, a mixture of
protein G- and protein A-Dynabeads (Invitrogen) (1:1, v/v) was
added to the supernatant and rotated for 1 h at 4 °C. The Dyna-
beads were washed with lysis buffer supplemented with 300 mm
KCland boiled in Laemmli’s sample buffer for 5 min. After brief
centrifugation, the supernatants were subjected to SDS-PAGE,
transferred to Immobilon-P membranes (Millipore), and incu-
bated with specific antibodies as indicated. Membranes were
developed using chemiluminescence (Thermo Scientific), and
signals were quantified by densitometry using Image] software.

Immunofluorescence and Fluorescence Microscopy—Cells
grown on glass coverslips were washed with PBS, fixed with 2%
paraformaldehyde (PFA) in PBS for 20 min, permeabilized in
PBS containing 0.3% Triton X-100 for 15 min, and then blocked
with 2% BSA in PBS. For digitonin permeabilization, cells on
glass coverslips were permeabilized in PBS containing 20 pg/ml
digitonin for 7 min at room temperature, fixed with 2% PFA in
PBS, and then blocked with 2% BSA in PBS. The coverslips were
incubated with the appropriate primary and secondary anti-
bodies in PBS containing 0.1% BSA and 0.1% Triton X-100 for
1 hat 25 °C. Coverslips were mounted onto a glass slide spotted
with ProLong Gold or SlowFade Gold Antifade Reagents (Invit-
rogen), and fluorescence was then visualized by confocal laser
scanning microscopy (LSM 510, Zeiss).

ChiP Assays—ChIP assays were performed using 293FT cells
transfected with expression plasmids based on methods
described previously (11). Signals were detected by autoradiog-
raphy and quantified by analyzing the image using Image]J soft-
ware. For quantitative analysis, we determined the number of
PCR cycles exhibiting exponential amplification for each
primer set using 2-fold serial dilutions of input sample.

qRT-PCR—Total RNA was prepared from HeLa cells with an
RNeasy kit (Qiagen). One microgram of RNA was subjected to
c¢DNA synthesis with oligo(dT),s primers and Superscript II
reverse transcriptase (Invitrogen). Quantitative PCRs were car-
ried out in a mixture containing [a->**P]dCTP (PerkinElmer
Life Sciences) and AmpliTaq Gold (Thermo Fisher Scientific),
and PCR products were separated on 6% acrylamide gels as
described previously (11). Signals were detected by autoradiog-
raphy and quantified by analyzing the image using Image]. For
quantitative analysis, we determined the number of PCR cycles
exhibiting exponential amplification of products for each
primer set and cDNA template.
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TABLE 1
Summary of two-hybrid screening results
Gene Accession No. of Interaction with SUMO
Description name no. Protein function clones pathway
Chromodomain helicase DNA-binding CHD3 Q12873 ATP-dependent DNA helicase 10 Interacts with SUMOylated
protein 3 in NuRD complex proteins
RAN-binding protein 9 RANBP9 Q96S59 RAN-binding protein, adaptor 5 Interacts with SUMO-Ubc9
protein complex
Zinc finger prortein 451 ZNF451 Q9Y4E5 Coactivator of steroid 4 Interacts with SUMO-Ubc9
receptors complex
Tyrosyl-DNA phosphodiesterase 2 TDP2 095551 DNA repair enzyme 3 Interacts with SUMO-1
Zinc fingers and homeoboxes 1 ZHX1 QIUKY1 Transcriptional repressor, 3 Conjugated with SUMO
DNMT3B-mediated proteins
Ubiquitin-conjugating enzyme E2I UBE2I P63279 SUMO-conjugating enzyme, 1 SUMO E2 enzyme
homologous to yeast Ubc9
Chromobox homolog 4 CBX4 000257 Component of a PcG 1 SUMO E3 enzyme
multiprotein PRC1-like
complex
Protein inhibitor of activated STAT1 PIAS1 075925 SUMO E3 ligase 1 SUMO E3 enzyme

Isolation of Nuclei and Fractionation of Chromatin-bound
and -unbound Proteins—Cells were harvested using cell scrap-
ers, washed twice with ice-cold PBS, and lysed by Dounce
homogenization in hypotonic buffer (10 mm HEPES, pH 8.0, 5
mm KCl, 1 mm MgCl,, 1 mm EDTA) supplemented with 1 mm
N-ethylmaleimide and protease inhibitor mixture. Nuclei were
pelleted by centrifugation at 16,000 X g for 10 min and then
suspended in buffer containing 15 mm Tris-HCl (pH 8.0), 1 mm
EDTA, 0.4 M NaCl, 10% sucrose, 1 mm DTT, 1 mm N-ethylma-
leimide, and protease inhibitor mixture. After incubation on ice
for 30 min, chromatin-unbound (soluble) proteins were
obtained as the supernatant after high speed centrifugation at
100,000 X g for 1 h. The pellet was resuspended in Laemmli’s
buffer and subjected to sonication at 4 °C prior to use as the
chromatin-bound fraction. Signals were detected by autora-
diography and quantified by analyzing the image using Image]J
software.

Statistical Analysis—Data are presented as means, and error
bars correspond to S.E. unless otherwise indicated. Statistical
significance was determined using Student’s ¢ test. p < 0.05 was
considered statistically significant.

Results

hDREF Interacts with Factors Involved in the SUMOylation
Pathway and Is SUMOylated Both in Vitro and in Vivo—To
define the molecular mechanisms by which hDREF activates
transcription, we screened for hDREF-interacting proteins
using the yeast two-hybrid system with a human brain cDNA
library and full-length hDREF as bait. Several proteins related
to the SUMO pathway, such as SUMO-1, the E2 enzyme Ubc9,
and the E3 enzymes PIAS1 and Pc2 were identified as putative
interaction partners in addition to Mi2« (Table 1) (36). This
raised the possibility that hDREF might be modified by SUMO
or have a novel function in the SUMOylation pathway. There-
fore, we first investigated whether endogenous hDREF itself
was a target for SUMOylation. HeLa cell extracts were sub-
jected to immunoprecipitation with an anti-SUMO-1 antibody
followed by immunoblotting analysis. Anti-hDREF antibody
detected a single slower migrating band with an apparent
molecular mass of 160 kDa, suggestive of SUMO-1 modifica-
tion of endogenous hDREF (Fig. 1A4). Next, the preference of
SUMO isoforms was investigated using HeLa cells transfected
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with HA-tagged hDREF and cyan fluorescent protein (CFP)-
tagged SUMO-1, -2, or -3 plasmids. Western blots probed with
anti-HA antibody revealed a major 180-kDa and minor higher
molecular mass species in addition to the 78-kDa hDREF with-
out SUMOylation (Fig. 1B). To confirm that the slower migrat-
ing bands were SUMO-conjugated hDREF, the conjugation-
defective mutant SUMO-1-G97A (38) was coexpressed with
HA-hDREF, and extracts were subjected to immunoprecipita-
tion with anti-HA antibody, followed by immunoblotting using
anti-HA and anti-GFP antibodies (Fig. 1C). Both antibodies
detected a major 180 kDa band and minor higher migrating
bands in samples containing WT SUMO-1, the latter of which
were absent in lysates from G97A-expressing cells, indicating
that these slower migrating bands corresponded to SUMOy-
lated hDREF. Moreover, the apparent molecular mass of the
slow migrating band was equivalent to that of two hDREF mol-
ecules and one SUMO protein. The combined results from the
in vitro SUMOylation experiments with a series of hDREF dele-
tion mutants (Fig. 1D) and the apparent molecular mass of
endogenous hDREF conjugated with SUMO-1 suggested that
an hDREF homodimer may be conjugated with a single mole-
cule of SUMO. However, SUMOylated proteins often migrate
more slowly on SDS-PAGE than expected by their estimated
molecular mass; thus, more studies are required to confirm this
notion.

hDREF Is a SUMO E3 Ligase—From the previous analyses,
we noticed that hDREF expression enhanced the signals of
SUMO-conjugated proteins (Fig. 1B). Moreover, anti-GFP
antibody detected numerous SUMOylated proteins, which
coimmunoprecipitated with HA-hDREF (Fig. 1C). As such, we
hypothesized that hDREF is a novel transcription factor pos-
sessing SUMO ligase activity. E3 ligases are known to function
as adaptors between the E2-SUMO thioester and substrate pro-
tein to facilitate SUMOylation. Thus, we examined whether
hDREF physically associates with SUMO and Ubc9 (E2) by GST
pull-down assay. As shown in Fig. 24, in vitro-translated
hDREF bound GST-SUMO-1 and GST-Ubc9 but was unable to
bind the E1 proteins GST-Aos1 and Uba2. The physical associ-
ation of hDREF with both SUMO-1 and Ubc9 E2 enzyme is
compatible with our hypothesis that hDREF may be a SUMO
ligase.

JOURNAL OF BIOLOGICAL CHEMISTRY 11623



hDREF Is a SUMO E3 Ligase of Mi2a

B cre- - SUMO-1 SUMO-2 SUMO-3 (03 input  IP: HA

HAhDREF - + - + - + - + HADREF + + + + + +

A = TS CFP-SUMO-1 - wtmt - wt mt

; # - = ||SUMO-hDREF
= . - -~ ]SUMO-hDREF

5 8 o 1Bz HA119- k| Ee 204 - -

B § 3 100 IB: HA =
o | === -hDREF 116- — ”

| — e

10 l lqendo
hDREF SUMOylated
s proteins
. 204-| - ot SUMOylated
IB: hDREF -- »g-— proteins
IB: GFP i R
116- B
CFP-SUMO 92- e e
-CFP
D
227 415 229 332 415  %G.GFP 332 332 361 401
%S-hDREF 1-694 1-651 1-551 _go4  -694 *S-hDREF 1-523 .524 -524 -524 _hDREF GFP  -416 -362 -402 -416
SUMO1 - + - + - + - + -4+ SUMO1 - + - + + - + SUMO1 - + = + - + = + - +
. ——

200

115"
96—

37

FIGURE 1. hDREF is SUMOylated. A, endogenous hDREF is conjugated with SUMO-1. Proteins in Hela cell extract were immunoprecipitated (/P) with
anti-SUMO-1 polyclonal antibody and subjected to immunoblotting analysis (/B) with anti-hDREF antibody. The data are representative of two independent
experiments with similar results. B, HeLa cells were cotransfected with HA-hDREF and CFP-SUMO expression plasmids as indicated. HA-hDREF polypeptides
with or without SUMO conjugation and SUMOylated endogenous proteins were detected by immunoblotting analysis with anti-HA and anti-GFP antibodies,
respectively. The data are representative of two independent experiments with similar results. C, HeLa cells were cotransfected with HA-hDREF plasmid and
CFP-SUMO-1 plasmids (wild-type (wt) or G97A mutant (mt) SUMO-1) as indicated. HA-hDREF polypeptides were precipitated with anti-HA antibody and
analyzed by immunoblotting using an anti-HA antibody (top). SUMOylated proteins coimmunoprecipitated with HA-hDREF were also detected using anti-GFP
antibody (bottom). The data are representative of two independent experiments with similar results. Arrowheads, represent HA-hDREF with CFP-SUMO-1
conjugation. D, in vitro SUMOQylation assay using a set of hDREF deletion mutants labeled with [**SImethionine. hDREF was synthesized by cell-free coupled in
vitro transcription/translation in the presence of [**SImethionine and subjected to an in vitro SUMOylation reaction containing 2 ug of GST-SUMO-1(GG), 1 pg
of GST-Ubc9, 0.5 ng of GST-Uba2, 0.5 ug of GST-Aos1 in 50 mm Tris-HCl (pH 8.0), 5 mm MgCl,, 5 mm ATP, and 1 mm dithiothreitol at 37 °C for 30 min. Reactions
were terminated by heating the samples in Laemmli’s sample buffer at 85 °C for 3 min. The samples were resolved by SDS-PAGE, and signals were detected by

autoradiography. ¥, SUMOylated 3°S-hDREF. The data are representative of two independent experiments with similar results.

To investigate the function of hDREF in the SUMOylation
further, we sought to determine the subcellular localization of
hDREF, SUMO isoforms, and Ubc9. Notably, hDREF colocal-
ized with SUMO isoforms and Ubc9 in discrete nuclear foci
(Fig. 2B). The distribution and size of SUMO-hDREF foci
resembled those of promyelocytic leukemia (PML) (39) or PcG
nuclear bodies (40). Both specialized nuclear bodies are formed
by non-covalent interactions between the SUMOylated pro-
teins and SUMO interaction motif (SIM)-containing proteins
and are considered to regulate SUMOylation in nuclei (41).
Thus, to examine the relationships between hDREF-SUMO
foci and PML or PcG nuclear bodies, cells expressing
HA-hDREF and Myc-tagged PIAS1 or Pc2, both of which are
known to be SUMO E3 ligases, were immunostained with
anti-HA and anti-Myc antibodies (Fig. 2B). Most of hDREF foci
overlapped with PIASI foci, suggesting that hDREF might exist
in the PML nuclear bodies. On the other hand, hDREF and Pc2
appeared to localize to mutually exclusive areas. Because a
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number of studies have demonstrated a crucial role of PML
nuclear bodies in regulating the SUMOylation of nuclear pro-
teins and sequestrating SUMOylated partners through its SIM
sequence (39), the observed association of hDREF with PML
bodies is consistent with our hypothesis that hDREF may be a
SUMO ligase.

To validate this, we performed in vivo depletion assays with
shRNA against hDREF (Fig. 2C) (11). To this end, HeLa cells
were transduced with lentivirus expressing hDREF shRNA and
then transfected with CFP-SUMO isoforms. The relative
amounts of hDREF and SUMOylated proteins were then visu-
alized on immunoblots with anti-hDREF antibody and anti-
GFP antibody, respectively. As expected, hDREF knockdown
markedly reduced the SUMOylation of a number of proteins,
suggesting that hDREF may play a role in promoting endoge-
nous SUMO modification. Finally, we prepared various hDREF
mutants to investigate their effect on autoSUMOylation and
SUMOylation of endogenous proteins other than hDREF. As
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FIGURE 2. hDREF increases the amount of SUMO-conjugated protein in vivo. A, **S-labeled full-length hDREF was synthesized by a cell-free coupled
in vitro transcription/translation reaction in the presence of [>**S]methionine and subjected to GST pull-down using GST fusion proteins as indicated. As
a positive control, GST-hDREF was used because hDREF forms a homodimer. The data are representative of two independent experiments with similar
results. B, Hela cells were cotransfected with HA-hDREF plasmid and Myc-SUMO-1, Myc-SUMO-2, Myc-SUMO-3, Myc-Ubc9, Myc-PIAS1, or Myc-Pc2
plasmid as indicated. At 24 h after DNA transfection, the cells were fixed with 3.7% PFA and stained using anti-Myc and anti-HA antibodies. Single
confocal optical sections (n > 10) are shown. Scale bar, 5 um. C, HeLa cells were transduced with lentivirus expressing shRNA against hDREF or scramble
control. At 72 h after transduction, the cells were transfected with CFP-SUMO-1, CFP-SUMO-2, or CFP-SUMO-3 and cultured for an additional 24 h. Whole
cell lysates were prepared, and protein samples (20 g of protein) were analyzed by immunoblotting (/B) using anti-hDREF antibody and anti-GFP
antibody. Two independent experiments validated >85% knockdown of hDREF by shRNA. The data are representative of two independent experiments
with similar results. D, schematic representation of the hDREF structural domain and amino acid residues required for SUMO conjugation. Mutations
resided in the N-terminal BED finger domain (C47A, C50A, C47A/C50A, H61A, and H71A), putative SUMOylation domain (AM360 and AL401), or the
C-terminal hATC (hAT family C-terminal dimerization: pfam05699) domain (AATC). HelLa cells were transfected with plasmid expressing WT or mutant
HA-hDREF as indicated. Whole cell lysates were prepared at 24 h after DNA transfection, and hDREF and endogenous proteins conjugated with SUMO-1
were analyzed by immunoblotting using anti-HA and anti-GFP antibodies, respectively. The data are representative of three independent experiments
with similar results.

shown in Fig. 2D, hDREF with mutations in the BED finger
(C47A, C50A, C47A/C50A, C61A, and C71A) yielded insuffi-
cient autoSUMOylation, whereas others (LLVL/AAAA, AM360,
AL401, AATC, and W590A/W591A) could not be conjugated
with SUMO-1. Interestingly, expression of these SUMOyla-
tion-defective hDREF mutants markedly weakened the
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SUMOylation of endogenous proteins, confirming hDREF to
be a SUMO ligase.

hDREF Stimulates SUMO-1 Conjugation to Mi2a—To con-
firm that hDREF possesses SUMO E3 ligase activity, we needed
to show that hDREF can stimulate the SUMOylation of target
proteins other than itself. We hypothesized that Mi2« might be
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FIGURE 3. hDREF directs Mi2a SUMOylation in vivo. A, Hela cells were cotransfected with HA-Mi2a with or without of FLAG-hDREF and CFP-SUMO-1
plasmids as indicated. Whole cell lysates were prepared at 24 h after DNA transfection, and HA-Mi2«, FLAG-hDREF, and CFP or CFP-SUMO-1 were detected by
immunoblotting analysis (/B) using anti-HA, anti-FLAG, and anti-GFP antibodies, respectively. The data are representative of two independent experiments
with similar results. B, HeLa cells were cotransfected with HA-Mi2a and CFP-SUMO paralogs with or without FLAG-hDREF plasmid as indicated. Whole cell
lysates were prepared at 24 h after DNA transfection and HA-Mi2« and CFP or CFP-SUMOs were detected by immunoblotting analysis using anti-HA and
anti-GFP antibodies, respectively. The data are representative of two independent experiments with similar results. C, Mi2«a is SUMOylated at Lys-1971 by
hDREF. Left, alignment of putative SUMOylation sites on Mi2«. Right, HeLa cells were cotransfected with HA-Mi2a WT or KR mutants and CFP-SUMO-1 with or
without FLAG-hDREF plasmid. At 24 h after transfection, whole cell lysates were prepared, and HA-Mi2a was detected by immunoblotting analysis using
anti-HA antibody. The data are representative of two independent experiments with similar results. D, HeLa cells were cotransfected with HA-Mi2« and
CFP-SUMO-1 with or without FLAG-hDREF (shRNA-resistant) expression plasmid and plasmid expressing shRNA against hDREF mRNA (KD) or scramble shRNA
plasmid as indicated. Whole cell lysates were prepared at 24 h after DNA transfection, and HA-Mi2« was detected by immunoblotting analysis using anti-HA
antibody. Knockdown of endogenous hDREF and expression of shRNA-resistant hDREF were evidently detected on an immunoblot by using anti-hDREF
antibody. The data are representative of two independent experiments with similar results. £, HeLa cells were expressed with HA-Mi2«, CFP-SUMO-1, and WT
or SUMOylation-defective hDREF mutants (W500A/W501A and LLVL/AAAA) as indicated. Whole cell lysates were prepared at 24 h after DNA transfection, and
Mi2a polypeptides were detected by immunoblotting analysis using anti-HA antibody. The data are representative of two independent experiments with
similar results.

a substrate of hDREF for the following reasons: 1) our two-
hybrid screen revealed an interaction between hDREF and a
400-aa region at the Mi2a C terminus; 2) SUMO plot analysis
showed that human Mi2« possesses five putative consensus
sequences for SUMO conjugation in its C terminus (42, 43); and
3) the STRING database annotated a physical interaction
between Mi2a and SUMO-1 and Ubc9. To test this hypothesis,
HA-tagged Mi2a was transiently expressed with or without
FLAG-hDREF and CFP-SUMO-1 in HeLa cells, and its
SUMOylation status was examined by Western blotting analy-
sis (Fig. 3A). Anti-HA antibody exhibited a strong slower
migrating HA-Mi2a species with an apparent molecular mass
of 290 kDa only when HA-Mi2«a was co-expressed with FLAG-
hDREF and CFP-SUMO-1, indicating that hDREF effectively
stimulates Mi2a SUMOylation in vivo. Next, preference of
SUMO isoforms was determined. As shown in Fig. 3B, HA-
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Mi2ea polypeptide was effectively conjugated with SUMO-1 but
not with SUMO-2 and SUMO-3. Finally, we determined the
SUMO acceptor lysine(s) on the Mi2a polypeptide. The Mi2«
C terminus contains five putative SUMOylation consensus
motifs (Fig. 3C, left). Therefore, we analyzed a set of Lys — Arg
mutants for their ability to act as SUMO acceptor sites (44).
Significantly, the slower migrating band was nearly undetect-
able only in the K1971R lysate (Fig. 3C, lane 7), suggesting that
Lys-1971 is the SUMO acceptor site of Mi2a. It should be noted
that the amount of the wild-type Mi2a protein often tended to
be significantly increased by hDREF expression (Fig. 3C, lanes 1
and 2), raising the possibility that Mi2a may be stabilized by
hDREF expression.

To find further evidence that hDREF acts as an endogenous
SUMO ligase for Mi2a, the effect of hDREF depletion by
expressing shRNA against hDREF on HA-Mi2a SUMOylation
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FIGURE 4. hDREF is a SUMO E3 ligase. A, >*S-labeled full-length Mi2a was synthesized by cell-free coupled in vitro transcription/translation and subjected to
in vitro SUMOylation reaction. The reaction mixture contained GST-hDREF, GST-PIAS1, or GST-Pc2 as an E3 enzyme in addition to GST-SUMO-1, GST-Uba2,
GST-Aos1, and GST-Ubc9 and ATP, as described under “Experimental Procedures.” Proteins were separated on an SDS-polyacrylamide gel, and 3*S-Mi2a
polypeptide was detected by autoradiography. The data are representative of three independent experiments with similar results. B, Coomassie Brilliant Blue
(CBB) staining of purified recombinant proteins used in A and C. C, in vitro SUMOylation using a recombinant His-Mi2a(1617-2000). /n vitro SUMOylation in the
reaction mixture containing GST-SUMO-1, GST-Aos1 (E1), GST-Uba2 (E1), GST-Ubc9 (E2), GST-hDREF, and His-Mi2«(1617-2000), as indicated, was performed.
Proteins were separated on an SDS-polyacrylamide gel, and His-Mi2a polypeptide was detected by immunoblotting analysis (/B) using anti-His antibody. The
data are representative of three independent experiments with similar results.

was examined. As shown in Fig. 3D, the signal of the slower
migrating SUMOylated Mi2a was significantly diminished by
knocking down hDREF expression, and cotransfection of plas-
mid expressing sShARNA-resistant mRNA for hDREF again accu-
mulated SUMOylated Mi2«a. Furthermore, expression of
SUMOylation-defective hDREF mutants resulted in a marked
decrease of SUMOylated Mi2a (Fig. 3E). These results estab-
lished that hDREF stimulates Mi2a SUMOylation in vivo.
hDREF Is a SUMO Ligase—To verify that hDREF is a SUMO
ligase, we next employed in vitro SUMOylation experiments
where ?*S-labeled 250-kDa Mi2a polypeptides were incubated
in SUMOylation reaction mixture with GST-hDREF or known
E3 ligases (GST-PIAS1 or GST-Pc2). As shown in Fig. 44, the
SASBMB
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addition of GST-hDREF stimulated Mi2a SUMOylation more
effectively than PIAS1 (45) and Pc2 (23). To formally prove that
hDREF is a SUMO ligase, we finally performed in vitro SUMOy-
lation experiments using purified recombinant GST-SUMO-1,
GST-Aosl, GST-Uba2, GST-Ubc9, and GST-hDREF (Fig. 4B).
Because E. coli cells did not successfully produce intact full-
length His-Mi2a protein, purified recombinant His-tagged
C-terminal Mi2« (aa 1617-2000) was used as a substrate (Fig.
4B). As shown in Fig. 4C, an 85-kDa slower migrating form of
His-Mi2q, corresponding to attachment of single GST-SUMO-
1 to the C-terminal Mi2a, was detected. When either SUMO-1,
E1 enzymes (Aos1/Uba2), E2 (Ubc9), or hDREF was absent, no
signal of this slower migrating His-Mi2a was observed.
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FIGURE 5. SUMO-1 enhances the association between hDREF and Mi2a. A, 293FT cells were cotransfected with HA-Mi2a (WT or K197 1R mutant) with or
without CFP-SUMO-1 and FLAG-hDREF plasmids as indicated. At 24 h after DNA transfection, whole cell lysates were prepared and subjected to immunopre-
cipitation (IP) using anti-HA antibody. hDREF and its SUMOylated form co-immunoprecipitated with Mi2« were detected by immunoblotting analysis (/B) using
anti-FLAG antibody. The data are representative of two independent experiments with similar results. B, 293FT cells were cotransfected with HA-Mi2a (WT or
K1971R mutant) with and without CFP-SUMO-1 and FLAG-hDREF plasmids as indicated. At 24 h after DNA transfection, whole cell lysates were prepared and
subjected to immunoprecipitation using anti-FLAG antibody. Mi2«a and its SUMOylated form in the immunoprecipitated material were detected by immuno-
blotting analysis using anti-HA antibody. The data are representative of two independent experiments with similar results. C, 293FT cells were transfected with
FLAG-HDACT and HA-Mi2a (WT or K1971R mutant) with or without CFP-SUMO-1 and HA-hDREF plasmids as indicated. At 24 h after DNA transfection, cell
lysates were subjected to immunoprecipitation using anti-FLAG antibody. Components of NuRD complex (HDAC1, Mi2a, RbAp48, MTA2, and MBD3) in the
immunoprecipitated samples were detected with anti-FLAG, anti-HA antibodies, and specific antibodies against RoAp48, MTA2, and MBD3, respectively. The
data are representative of three independent experiments with similar results.

Together, these data indicated that hDREF is a SUMO ligase
that specifically conjugates SUMO-1 to Mi2a. It should also be
noted that hDREF does not bind or catalyze SUMO conjugation
to Mi2p, another component of the NuRD complex (data not
shown).

Binding of hDREF to Mi2a Depends on the Presence of
SUMO-1—To determine the trigger for Mi2ae SUMOylation by
hDREF, we first examined whether their physical interaction
was modulated by SUMOylation. Interactions between hDREF

and Mi2a were investigated by immunoprecipitation using
293FT cells transfected with either WT or K1971R HA-Mi2« in
various combinations with FLAG-hDREF and CFP-SUMO-1.
Interestingly, both WT and K1971R Mi2« immunoprecipitated
a considerable amount of hDREF with or without SUMOyla-
tion in the presence of SUMO-1 expression (Fig. 54, lanes 4 and
8); however, a small amount of hDREF was pulled down in the
absence of SUMO-1 expression (Fig. 54, lanes 2 and 6). Immu-
noprecipitation using anti-FLAG antibody similarly showed an
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FIGURE 6. SUMOylation by hDREF promotes release of Mi2a from chromatin. A, Hela cells were transfected with FLAG-hDREF, HA-Mi2« (WT or K1971R
mutant), or Myc-SUMO-1 as indicated. At 24 h after DNA transfection, cells were treated with or without 40 um digitonin for 6 min at 20 °C, fixed with 2% PFA,
and stained with anti-FLAG and anti-HA antibodies followed by Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary antibodies. In the case of no
treatment with digitonin, cells were permeabilized with 0.3% Triton X-100 after fixation. Signals of FLAG-hDREF and HA-Mi2a were shown in confocal images
using Zeiss LSM 510 microscope. Scale bars, 5 um. The images are representative of cells (n > 50) examined in three independent experiments. B, Hela cells
simultaneously expressing FLAG-hDREF, HA-Mi2a (WT), and Myc-SUMO-1 were treated with 40 um digitonin for 7 min at 20 °C, fixed with 2% paraformaldehyde, and
immunostained with anti-FLAG and anti-PML antibodies (top) or with anti-FLAG and anti-Myc antibodies (bottom) as indicated. Confocal images of signals were
obtained using a Zeiss LSM 510 microscope. Scale bars, 5 um. The images are representative of cells (n > 50) examined in three independent experiments. C, 293FT
cells were transfected with FLAG-hDREF or HA-Mi2a (WT or K1971R mutant) with or without CFP-SUMO-1 plasmid as indicated. At 24 h after DNA transfection, soluble
and chromatin-bound fractions were prepared by biochemical fractionation as described under “Experimental Procedures.” hDREF and Mi2« in each fraction were
detected by immunoblotting analysis (/B) using anti-FLAG and anti-HA antibodies, respectively. Data are representative of three independent experiments. D, signals
of Mi2a in the soluble and chromatin-bound fractions were quantified by densitometry scanning ofimmunoblots. Graphs show the percentage of Mi2«a in the soluble
fraction and in the chromatin-bound fraction recovered from total cell lysates. Error bars, S.E. *, p < 0.05,n = 3.

association between hDREF and Mi2a dependent on SUMO-1
expression (Fig. 5B, lane 4 and 8). Nevertheless, hDREF did pull
down WT but not SUMOylated Mi2« (Fig. 5B, lane 4). Surpris-
ingly, hDREF immunoprecipitated with K1971R Mi2« far more
effectively than with WT (Fig. 5B, lane 8). Altogether, it is likely
that hDREF may bind to non-SUMOylated Mi2« with higher
affinity than to SUMOylated Mi2q, and their affinity may be
enhanced in the presence of SUMO-1.

Mi2«a is a component of the NuRD chromatin-remodeling
complex (46, 47); therefore, we tested whether Mi2ae SUMOyla-
tion alters NuRD complex formation. To this end, we transfected
FLAG-HDAC1 and HA-Mi2a plasmids with or without
HA-hDREF and CFP-SUMO-1 plasmids into 293FT cells and
examined the association of Mi2a with NuRD complex by immu-
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noprecipitation with anti-FLAG antibody. As shown in Fig. 5C,
WT and K1971R Mi2a were similarly co-immunoprecipitated
with HA-HDAC2 and other members of the NuRD complex,
including RbAp48, MTA2, and MBD3, regardless of hDREF and
SUMO-1 expression. These data indicate that SUMOylation of
Mi2a does not affect NuRD complex formation.

hDREF Dissociates Mi2a from Chromatin in a SUMO-1-de-
pendent Manner—To assess the role of Mi2a SUMOylation, we
investigated the effect of hDREF/SUMO-1 coexpression on the
subcellular localization of Mi2«. FLAG-hDREF and HA-WT or
HA-K1971R Mi2a with or without Myc-SUMO-1 were
expressed in HeLa cells, and signals for hDREF and Mi2«a were
immunofluorescently detected (Fig. 64, left). Notably, without
SUMO-1 expression, hDREF and HA-WT or -K1971R Mi2«
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were distributed in the nucleoplasm, and significant portions of
hDREF and Mi2a were colocalized on diffused foci. However,
when Myc-SUMO-1 was coexpressed, hDREF signals were
observed as clear foci and colocalized with both WT and
K1971R Mi2a, corroborating that the association between
hDREF and Mi2a may depend on the presence of SUMO-1.
Next, we examined hDREF and Mi2a« signals after treatment
with digitonin, a detergent that effectively releases the nuclear
contents (Fig. 64, right). Under these conditions, hDREF was
detected as strong foci, and the number of foci increased by
SUMO-1 expression. Staining of cells simultaneously express-
ing FLAG-hDREF, HA-Mi2«a, and Myc-SUMO-1 using anti-
PML, anti-FLAG, and anti-Myc antibodies showed colocaliza-
tion of hDREF with endogenous PML and Myc-SUMO-1
proteins in these foci, indicating that they corresponded to the
PML bodies and that hDREF and Mi2« within the PML nuclear
bodies are resistant to digitonin treatment (Fig. 6B). The distri-
bution pattern of WT Mi2a without SUMO-1 expression in
digitonin-treated cells was similar to that in non-treated cells.
Surprisingly, digitonin treatment of SUMO-1-expressing cells
led to the disappearance of the diffuse WT Mi2a signals from
the nucleoplasm, whereas the Mi2a signals within the PML
nuclear bodies remained with hDREF. In contrast, K1971R
Mi2a in the nucleoplasm as well as within the PML nuclear
bodies was not diminished by digitonin treatment regardless of
the presence or absence of SUMO-1. These results suggested
that the solubility of Mi2« from nucleoplasm may be increased
by SUMO modification. Therefore, we speculated that
SUMOylation at Lys-1971 of Mi2a may weaken the binding
affinity of Mi2« to global chromatin. To confirm this possibil-
ity, we carried out biochemical experiments to determine
whether the chromatin-binding activities of Mi2«a and hDREF
were altered by SUMO modification (Fig. 6, C and D). To this
end, we prepared soluble and chromatin-bound protein frac-
tions from the cell lysates of 293FT cells expressing WT or
K1971R Mi2a and hDREF with or without SUMO-1. Both frac-
tions were subjected to Western analysis using anti-HA and
anti-FLAG antibodies. Interestingly, W'T Mi2« was enriched in
the soluble fraction (Fig. 6C, lanes 5 and 6), and the amount of
chromatin-bound Mi2«a was significantly reduced by coexpres-
sion of SUMO-1 (Fig. 6C, lane 10). Notably, SUMOylated Mi2«
was detected only in the soluble fraction (Fig. 6C, lane 6). In
contrast, a larger portion of K1971R Mi2« was detected in the
chromatin-bound fraction regardless of SUMO-1 expression
(Fig. 6C, lanes 11 and 12). In summary, the biochemical data
were consistent with those of immunofluorescence analysis;
thus, we concluded that Mi2a SUMOylation may cause Mi2«
dissociation from global chromatin.

hDREF Stimulates Transcription of the hDREF Target
Genes by Dissociating Mi2a from Their Gene Body via
SUMOpylation—Finally, we examined the effect of Mi2«
SUMOylation on the transcriptional activity of hDREF target
genes. We first investigated transcription of the RPS6 gene con-
taining an hDRE 51 bp upstream of the transcription start site
(TSS). Sole expression of hDREF, SUMO-1, and WT Mi2«
resulted in a 110% increase, a 27% increase, and a 70% decrease
in RPS6 mRNA, respectively (Fig. 7A). Interestingly, sole
expression of K1971R Mi2a also reduced RPS6 mRNA to the

11630 JOURNAL OF BIOLOGICAL CHEMISTRY

same extent as WT, suggesting that SUMOylation-defective
Mi2a may retain transcriptional repressive activity. Next, we
investigated whether Mi2a can repress RPS6 transcription
upon stimulation by hDREF expression (Fig. 7B). Without
SUMO-1 expression, WT or K1971R Mi2a did not appar-
ently reduce RPS6 transcription, suggesting that Mi2«a could
not substantially repress RPS6 hDREF-stimulated transcrip-
tion. Additionally, coexpression of SUMO-1 with WT Mi2«
significantly increased RPS6 gene transcription in the pres-
ence of hDREF. Surprisingly, co-expression of SUMO-1 with
K1971R Mi2a did not enhance RPS6 transcription in the
cells expressing hDREF. These results indicate that hDREF
may suppress the transcriptional repressive activity of Mi2«
by SUMOylation at Lys-1971. Supportive evidence was also
obtained by qRT-PCR analysis of the hDREF target genes
RPL10 and RPLI12 (Fig. 7C).

We analyzed the binding status of hDREF and Mi2«, phos-
phorylated RNA polymerase II (RNAPII) recruitment, and his-
tone modifications in the proximal and distal regions of the
RPS6 gene promoter by ChIP analysis (Fig. 7D). Enriched
hDREF signals at the promoter showed that hDREF was evi-
dently bound to the DRE 51 bp upstream of the TSS regardless
of the simultaneous expression of Mi2a or SUMO-1. Interest-
ingly, a significant amount of RNAPII accumulated at the pro-
moter region dependent on hDREF occupancy, suggesting that
hDREF stimulates recruitment of RNAPII at the promoter. Sur-
prisingly, Mi2a was also extremely concentrated at the pro-
moter region when hDREF and SUMO-1 were coexpressed
(Fig. 7E, top). The accumulation of Mi2« was consistent with
the immunoprecipitation data indicating that affinity between
Mi2a and hDREF was enhanced by SUMO-1 expression. Inter-
estingly, there was an overall inverse correlation between the
binding status of Mi2« and RNAPII at a 2-kb region down-
stream from the TSS (corresponding to the fourth intron) (Fig.
7E, bottom). Mi2a expressed solely or together with hDREF or
SUMO-1 occupied the fourth intron, but Mi2« signal disap-
peared when expressed simultaneously with hDREF and
SUMO-1. RNAPII signal in the fourth intron, presumably
reflecting active transcriptional elongation, was decreased
when Mi2a occupied the region but was markedly increased
when Mi2a was dissociated from the region. Furthermore, the
pattern of histone H3 K4 trimethylation, a marker of active
transcription, was mostly similar to that of RNAPIIL. Moreover,
trimethylated histone H3 Lys-9, a marker of inactive transcrip-
tion, exhibited trimethylation patterns inverse to those of H3
Lys-4. Together, the binding status of Mi2a and RNAPII seems
to be mutually exclusive; thus, the absence of Mi2« and the
presence of RNAPII in the gene body may be required for active
RPS6 transcription. Finally, we performed ChIP with cells
expressing K1971R Mi2a« (Fig. 7F). Expectedly, SUMOylation-
defective Mi2a bound in the fourth intron, even with hDREF
and SUMO-1 coexpression. Under this condition, RNAPII was
hardly detected in that location. Collectively, these results
strongly suggested that hDREF may stimulate RPS6 expression
by Mi2a SUMOylation that causes the release Mi2a from the
gene body of RPS6.
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FIGURE 7. hDREF and SUMO-1 coexpression overcomes transcriptional repression by Mi2a. A, Hela cells were transfected with plasmid expressing
FLAG-hDREF, HA-Mi2a (WT or K1971R), or CFP-SUMO-1 as indicated. At 48 h after transfection, total RNA was extracted, and gRT-PCR was performed for RPS6
and GAPDH. The intensity of individual bands was quantified and expressed relative to the control (no transfection). Amounts of RPS6 mRNA were normalized
to those of GAPDH as an internal control. Data are the mean of three independent experiments. Error bars, S.E. **, p < 0.02; n = 3. B, HelLa cells were transfected
with FLAG-hDREF, HA-Mi2a (WT or K1971R), or CFP-SUMO-1 in the indicated combinations. At 48 h after transfection, total RNA was extracted, and qRT-PCR
was performed for RPS6 and GAPDH. Amounts of RPS6 mRNA were normalized by those of GAPDH as an internal control. Data are the average of three
independent experiments. Error bars, S.E. *, p < 0.05; **, p < 0.02; n = 3. C, Hela cells were transfected with FLAG-hDREF, HA-Mi2«a (WT or K1971R), and
CFP-SUMO-1 as indicated. At 48 h after transfection, total RNA was extracted, and qRT-PCR was performed for RPS6, RPL10, RPL12, and GAPDH. Amounts of
mRNA of RPS6, RPL10, and RPL12 were normalized by those of GAPDH as an internal control. Data are expressed as the average value relative to a no transfection
control. n = 3. D, schematic illustration of the RPS6 gene. Arrowhead, a hDREF binding site. Solid bars, the region amplified by PCR in ChIP analysis. £, 293FT cells
were transfected with FLAG-hDREF, HA-Mi2¢«, and CFP-SUMO-1 as indicated. At 36 h after transfection, cells were cross-linked with 1.1% formaldehyde for 5
min, lysed, and sonicated. After centrifugation, the cleared supernatant containing chromatin was subjected toimmunoprecipitation using antibodies (control
19G, anti-FLAG, anti-HA, anti-RNA polymerase Il (phospho-CTD), anti-histone H3 Lys-4-trimethyl, and anti-histone H3 Lys-9-trimethyl). PCR was quantitatively
performed in the reaction mixture containing **P-dCTP using genomic DNA from the input extract and DNA recovered from the immunoprecipitates as
indicated. PCR products were separated by electrophoresis on 6% acrylamide gels and detected by autoradiography. The intensity of individual bands was
quantified and expressed as a percentage of input. Data are the average of three independent experiments. Error bars, S.E. (*, p < 0.05; **, p < 0.02). F, ChIP
assays were performed using antibodies as described. Instead of WT Mi2«, SUMOylation-defective K1971R mutant was expressed in 293FT cells. Data are the
average of three independent experiments. Error bars, S.E. (*, p < 0.05; **, p < 0.02).
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Discussion

To our knowledge, this study is the first to demonstrate that
the sequence-specific transcription factor hDREF possesses
SUMO ligase activity and stimulates transcription of target
genes via direct SUMO ligation to Mi2a, an ATP-dependent
nucleosome-remodeling enzyme in the NuRD complex. We
propose a novel mechanism by which the sequence-specific
transcription factor cancels Mi2a-mediated transcriptional
repression. Several studies have revealed that the NuRD com-
plex is recruited to chromatin through protein-DNA interac-
tions between MBD2 and methylated DNA and protein-pro-
tein interactions between Mi2«/ and histone H3 (27, 28) and
between RBBP7/4 and histone H4. In addition, considerable
evidence indicates that the NuRD can also be recruited to focal
chromatin regions by specific interactions with transcription
factors or corepressors (48 —50). However, it remains unclear
how the repressive NuRD complex dissociates from chromatin
when necessary. Thus, our findings provide new insights into
SUMOylation-dependent dissociation of the NuRD complex
from chromatin.

Immunofluorescence and biochemical analyses clearly
showed that hDREF and SUMO-1 coexpression resulted in an
increased amount of unbound Mi2«, whereas the SUMOyla-
tion-defective K1971R mutant tightly bound to chromatin (Fig.
6, A and C). This result indicated that Mi2a SUMOylation by
hDREF is sufficient to dissociate Mi2« from chromatin, directly
inhibit Mi2«a binding to chromatin, or prevent the incorpora-
tion of Mi2«a into the NuRD complex. However, immunopre-
cipitation revealed that Mi2« could associate with the NuRD
complex with or without SUMO-1 to a similar extent, suggest-
ing that Mi2a SUMOylation does not affect NuRD complex
formation. Thus, it is more likely that the chromatin binding
affinity of Mi2« in the NuRD complex (Mi2a-NuRD) may be
weakened as a result of Mi2a SUMOylation.

Using ChIP analysis, we examined the binding of Mi2« to the
hDREF target gene RPS6, and we observed that Mi2a distribu-
tion patterns at the promoter region and the gene body differed
depending on the combination of hDREF and SUMO-1 expres-
sion. When Mi2a was expressed alone or with hDREF or
SUMO-1, Mi2« signal at the promoter region was relatively
weak, whereas a more intense signal was detected in the gene
body. Inversely, Mi2a was enriched at the promoter and com-
pletely absent in the gene body upon coexpression of hDREF
and SUMO-1. In contrast, RNAPII and histone modification
signals for active gene transcription disappeared with Mi2«a
expression and were enhanced by the simultaneous expression
of hDREF and SUMO-1. Thus, it is evident that signals for
active transcription emerged in gene body concurrent with the
absence of Mi2a. Thus, the absence of Mi2a (or Mi2a-NuRD)
in the gene body, rather than at the promoter, may be important
to incite transcription elongation, and RNAPII stalled at the
promoter-proximal region may be released, dependent upon
the simultaneous expression of hDREF and SUMO-1. This led
us to question how Mi2« is dissociated from the gene body in
the presence of hDREF and SUMO-1. We developed a model
based upon the following lines of evidence: 1) the interaction
between hDREF and Mi2«a was enhanced in the presence of
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SUMO-1 (Fig. 5, A and B); 2) Mi2a exhibited a similar affinity to
both SUMOylated hDREF and non-SUMOylated hDREF (Fig.
5A); 3) SUMOylation-defective K1971R Mi2a was coimmuno-
precipitated with hDREF much more effectively than WT Mi2«
(Fig. 5B); 4) even in the presence of hDREF and SUMO-1,
K1971R Mi2« existed in the gene body, whereas WT Mi2«
disappeared in such situation (Fig. 7, E and F). Thus, we pre-
sumed that Mi2a may be locally recruited to the promoter
region through a direct protein-protein interaction with
SUMOylated hDREF, conjugated with SUMO-1 by hDREF, and
subsequently dissociated from chromatin, thereby limiting
Mi2a occupancy at the distal promoter region. To confirm this
model, further studies on binding and dissociation kinetics
between hDREF and Mi2a with or without SUMO modifica-
tion using an in vitro reconstitution system should be per-
formed. Moreover, it would be of great interest to elucidate the
role of PML nuclear bodies, to which a large part of hDREF and
Mi2a colocalize dependent on SUMO-1 expression. PML
nuclear bodies are proposed to regulate a wide variety of pro-
cesses through sequestration of PML-interacting proteins via
its SUMO-SIM interaction; therefore, we speculate that hRDREF
may tether unbound Mi2« to PML nuclear bodies through its
SUMOylation in order to maintain active transcription. To ver-
ify this possibility, future studies are necessary to clarify molec-
ular interactions among hDREF, Mi2«, and PML.

We cannot exclude the possibility that hDREF stimulates
transcription by tethering Mi2a-NuRD to the promoter region
and switching Mi2a-NuRD function from transcription repres-
sion to activation through Mi2a. Several reports support this
possibility. For example, the Mi2a-NuRD complex enhances
transcription by acting as a c-Myb coactivator (51). More
recently, the IKAROS transcription factor has been shown to
stimulate transcription elongation in a hematopoietic cell line-
age by concurrently recruiting NuRD complex (49) and the pos-
itive transcription elongation factor 8 (P-TEFp) (49). More-
over, Shimbo et al. demonstrated that the MBD3-containing
NuRD complex occupies CpG-rich promoters marked by his-
tone H3 Lys-4 trimethylation; thus, the MBD3-NuRD complex
may play multiple roles in fine-tuning the expression of both
active and silent genes (31). These findings suggest that the
NuRD complex acts as transcription activator depending on its
interacting partners. Further studies to analyze the character-
istics of SUMOylated Mi2a-NuRD are required to fully under-
stand its molecular functions. For this purpose, reconstitution
with a SUMOylation mimic mutant of Mi2a may be of use.

Liu et al. (52) showed that SUMO-1 occupies the proximal
promoter regions of numerous human housekeeping genes.
They also demonstrated that ribosomal protein genes, which
are most actively and constitutively expressed, are remarkably
enriched with SUMO-1 at the chromatin surrounding the TSSs
and that depletion of SUMO-1 resulted in down-regulation of
these genes. Surprisingly, six ribosomal protein genes in their
list (RPLS, RPL7A, RPL10A, RPL17, RPL26, and RPS16) com-
monly contain hDRE at the —41 to —67 positions from their
TSSs (11). Thus, it is possible that SUMO-1 enrichment at the
proximal promoter regions of these genes may reflect that the
SUMOylated hDREF bound to the hDREs exists in the proximal
promoter regions and that hDREF may be important for con-
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stitutively active transcription of a set of housekeeping genes.
Indeed, most dDREF-binding motifs localize proximal to the
TSSs of Drosophila housekeeping genes, and dDRE motifs are
required and sufficient for enhancer function of housekeeping
genes (4). Further research on the distribution of Mi2«, hDREF,
SUMO-1, and RNAPII over a wide range of chromatin using
ChIP-sequencing and RNA-sequencing analyses will be helpful
to reveal whether or not SUMO ligase activity of hDREF is
generally involved in active transcription of hDRE-containing
housekeeping genes.

Additionally, we speculate that the position of hDRE from
the TSS might be critical for hDREF function. The hDRE-bind-
ing position of candidate hDREF target genes exhibited a nar-
row peak at 62 bp upstream of the TSS (9). Considering that
RNAPII was definitely recruited to the promoter and that his-
tone modifications reflecting active transcription were concen-
trated at the promoter-proximal region when hDREF was
bound to the hDRE (Fig. 7E) with or without the presence of
SUMO-1 and Mi2«a, hDREF may solely promote epigenetic
changes at the promoter region to facilitate transcription initi-
ation. Our preliminary result obtained by immunoprecipitation
using anti-hDREF antibody showed specific interaction be-
tween hDREF and CBP or TFIIF. CBP is a well characterized
transcriptional coactivator with histone acetyltransferase
activity (53). TFIIF is associated with RNAPII and assists RNA-
PII preinitiation complex formation as well as direct elongation
initiation complex formation (54, 55). Future detailed analysis
of the interaction between hDREF and histone acetyltrans-
ferase or general transcription factors is needed.

In summary, we provided evidence that hDREF acts as a
SUMO ligase and may cancel transcription repression by the
Mi2a-NuRD complex through specific SUMO conjugation on
Mi2a. We speculate that hDREEF is kept transcriptionally active
in a set of housekeeping genes carrying the hDRE. Further
research will be necessary to identify other substrates of hDREF
to clarify the possible molecular mechanism for keeping consti-
tutively active states of a number of hDREF target genes.
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