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Activation of p53 Transcriptional Activity by SMRT: a Histone
Deacetylase 3-Independent Function of a Transcriptional Corepressor
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The silencing mediator of retinoic acid and thyroid hormone receptors (SMRT) is an established histone deacetylase 3
(HDACS3)-dependent transcriptional corepressor. Microarray analyses of MCF-7 cells transfected with control or SMRT
small interfering RNA revealed SMRT regulation of genes involved in DNA damage responses, and the levels of the DNA
damage marker YH2AX as well as poly(ADP-ribose) polymerase cleavage were elevated in SMRT-depleted cells treated
with doxorubicin. A number of these genes are established p53 targets. SMRT knockdown decreased the activity of two
p53-dependent reporter genes as well as the expression of p53 target genes, such as CDKNIA (which encodes p21). SMRT
bound directly to p53 and was recruited to p53 binding sites within the p21 promoter. Depletion of GPS2 and TBL1, com-
ponents of the SMRT corepressor complex, but not histone deacetylase 3 (HDAC3) decreased p21-luciferase activity. p53
bound to the SMRT deacetylase activation domain (DAD), which mediates HDAC3 binding and activation, and HDAC3
could attenuate p53 binding to the DAD region of SMRT. Moreover, an HDAC3 binding-deficient SMRT DAD mutant co-
activated p53 transcriptional activity. Collectively, these data highlight a biological role for SMRT in mediating DNA dam-
age responses and suggest a model where p53 binding to the DAD limits HDAC3 interaction with this coregulator, thereby

facilitating SMRT coactivation of p53-dependent gene expression.

he tumor suppressor protein p53 is a master regulator of cel-

lular responses to genotoxic and other cellular stress signals
that functions to maintain genomic integrity. In response to stress,
p53 regulates the transcription of a number of specific target
genes, such as CDKNIA (which encodes p21), BRCAI, BRCA2,
CHEK]1, and CHEK2, in order to control various cellular pro-
cesses, including cell cycle progression, DNA repair, apoptosis,
and autophagy (1, 2). Several posttranslational modifications
(e.g., phosphorylation, acetylation, methylation, ubiquitination,
sumoylation, and neddylation) affect p53 protein stability, se-
quence-specific DNA binding properties, and transcriptional ac-
tivity (3). Transcriptional coregulators also play an integral role in
the signaling mechanisms by which transcription factors such as
p53 elicit their physiological functions. They can either activate
(coactivator) or repress (corepressor) gene transcription, at least
in part by altering the acetylation of lysine residues in histone tails,
thereby favoring an open or closed chromatin structure and
thereby regulating the accessibility of DNA to the general tran-
scriptional machinery. Among p53 coactivators, p300, CREB-
binding protein (CBP), and CBP-associated factor (p/CAF) are
well characterized for their histone acetyltransferase activity and
ability to interact with and stimulate p53 transactivation functions
(4-6). In contrast, corepressors such as mSin3a play a role in p53-
mediated transcriptional repression, likely through p53 tethering
arepressor complex containing histone deacetylase 1 (HDACI1) to
target genes (7). Moreover, as acetylation of p53 promotes its
transcriptional activity (8), anumber of HDACs (e.g., HDACs 1 to
4) can also downregulate p53-dependent gene expression by
deacetylation of the p53 protein (9).

The silencing mediator of retinoic acid and thyroid hormone
receptors (SMRT; also known as NCoR2) and its paralog, nuclear
receptor corepressor (NCoR), are transcriptional corepressors
that are best characterized relative to their abilities to bind to un-
liganded or antagonist-bound nuclear receptors and repress their
transcriptional activity (10, 11). These large (~270-kDa) proteins
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share a molecular architecture and an overall sequence identity of
~36% (12). Nonetheless, each of them can also perform distinct
functions in neurogenesis, development, and hormonal regula-
tion pathways (13—15), and their repression activities can be reg-
ulated by distinct regulatory pathways (16). Moreover, deletion of
either gene in knockout experiments is embryonically lethal, dem-
onstrating that these corepressors cannot compensate for one an-
other during development (11). While the repressive activity of
SMRT resides largely within the N-terminal portion of the mole-
cule, the interaction domains for binding to nuclear receptors,
referred to as CoORNR box motifs, are located in the C terminus
(11, 17). In addition, the C-terminal and central regions of SMRT
can interact with several other DNA binding transcription factors,
including BCL6, ETO, NF-kB, and CBF1, and repress the expres-
sion of their target genes (18).

The inhibitory chromatin remodeling elicited by SMRT is me-
diated by its recruitment of deacetylases, particularly HDAC3, to
SMRT-associated transcription factors and, hence, their target
genes (11, 19). In spite of a high degree of disordered structure
(20), there are several well-structured regions within the N-termi-
nal region of SMRT (11), including two highly conserved Swi3-
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Ada2-NCoR-TFIIIB (SANT)-like domains, as well as repression
domain 1 (RD1). These regions provide binding sites for other
components of the core SMRT repression complex, namely,
HDACS3, G-protein suppressor 2 (GPS2), and the exchange fac-
tors TBL1/TBLIR, and consequently are critical for mediating
SMRT’s repressor activity (19, 21, 22). The RD1 domain of SMRT,
TBL1, and GPS2 make contacts with each other, leading to the
formation of a stable complex (20, 22). These proteins, in turn,
enable interaction of SMRT with HDACS3 through the first of the
corepressor’s two extended SANT domains, termed the deacety-
lase activation domain (DAD); the second mediates SMRT inter-
actions with histones and is referred to as the histone interaction
domain (23). Inositol tetraphosphate (IP4) binds to the DAD re-
gion of SMRT and is an important mediator of the corepressor’s
interaction with HDAC3 (24). Binding of SMRT to HDAC3 spe-
cifically activates the latent activity of the latter to form an enzy-
matically active deacetylase complex (23). Thus, SMRT molecules
with mutations in the DAD or deletion of the DAD are unable to
stimulate the deacetylase activity of HDAC3 (19, 24). Moreover,
in mice carrying point mutations in the DADs of SMRT and
NCoR, HDACS3 activity was undetectable, despite normal expres-
sion of the HDACS3 protein, and there was an increase in nucleo-
somal histone acetylation and gene expression (25). Overall, these
studies suggest that HDAC3 interaction with SMRT is indispens-
able for the repressive activity of this coregulator.

In addition to the established corepressor role of SMRT-
HDACS3 complexes in the regulation of metabolism (26), evidence
demonstrating a correlation between high levels of SMRT in
breast cancer and a poor prognosis (27, 28) suggested a potential
role of this coregulator in breast tumorigenesis. Although the
mechanism(s) by which this occurs remains undefined, depletion
of SMRT expression reduced the proliferation of estrogen recep-
tor a (ERa)-positive MCF-7 breast cancer cells (15). Unlike for
other members of the nuclear receptor superfamily, SMRT can
promote estrogen-induced ERa transcriptional activity (15).
Since estrogen and ERa signaling are important regulators in
breast cancer, this raises the possibility that SMRT promotes
breast tumorigenesis, at least in part through amplifying ERa tar-
get gene expression. Furthermore, overexpression of SMRT stim-
ulated the intrinsic transcriptional activity of the oncogene steroid
receptor coactivator 3 (SRC-3), itself an ER« coactivator and pos-
itive regulator of breast cancer cell proliferation, and together
these coregulators cooperatively promoted estrogen-dependent
expression of some but not all ERa target genes, including the
cyclin D1 and progesterone receptor genes (29-31). Collectively,
these candidate gene studies demonstrated that SMRT can coacti-
vate ERa transcriptional activity in a gene-selective manner and
indicated that SMRT has both coactivator and corepressor activ-
ities in breast cancer cells.

In order to obtain a more global perspective of the relative
ability of SMRT to coactivate versus corepress gene expression, a
microarray analysis of control and SMRT-depleted MCF-7 breast
cancer cells was performed. Gene ontological analyses revealed an
association between SMRT depletion in these cells and a decrease
in the expression of genes involved in DNA damage responses.
Interestingly, several of the genes identified in these analyses are
targets of p53, suggesting a possible role for SMRT in the regula-
tion of gene expression by this tumor suppressor protein, and
we therefore investigated the role of SMRT in modulating p53
transcriptional activity and cellular responses to DNA damage.
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Silencing of SMRT expression in MCF-7 cells enhanced the DNA
damage response, abrogated p53 transcriptional activity, and de-
creased the doxorubicin-dependent induction of the p53 target
genes CDKNIA (which encodes p21), BRACI, CHEKI, and
RAD51. SMRT directly interacted with p53 and was recruited to
p53 binding sites in the CDKNIA gene promoter in response to
genotoxic stress. Moreover, the minimal interaction region was
mapped to the N-terminal region of SMRT that encompasses the
DAD, the region essential for HDAC3 enzyme activation, and
therefore reveals an HDAC3-independent role for SMRT as a co-
activator of p53-dependent gene expression and promoter of
DNA damage repair functions.

MATERIALS AND METHODS

Chemicals. Doxorubicin hydrochloride and 17B-estradiol (E2) were
obtained from Fisher Bioreagents (Pittsburgh, PA) and Sigma Chem-
ical Company (St. Louis, MO), respectively. Easytag >*S-labeled L-me-
thionine (specific activity, 1,175 Ci/mmol) was from New England
Nuclear/PerkinElmer (Boston, MA). The Lipofectamine RNAiMax,
Lipofectamine 2000, and Oligofectamine reagents were from Invitro-
gen (Carlsbad, CA).

Plasmid constructs. The mammalian expression constructs for full-
length human SMRTT (pCR3.1-SMRTT), the SMRTf splice variant
(pCR3.1-SMRTA36-254), and N- and C-terminally truncated SMRT mu-
tants (SMRT-NT and SMRT-CT, respectively) in the pCR3.1 vector have
been described previously (30). The luciferase (Luc) reporter vectors p21-
Luc and p2-mdm2-Luc, as well as the wild-type and mutant 14-3-3¢
luciferase reporter genes (32), were kind gifts of Larry Donehower (Baylor
College of Medicine), and the SMRT DAD mutant (DADm; Y470A) was
obtained from Mitch Lazar (19). Wild-type p53 was obtained from Add-
gene (Cambridge, MA) and cloned into pGEX-4T, while pGEX-4T-
p53(1-300) and pGEX-4T-p53(300-393) were kinds gifts of Mengtao Li
(33). The expression vectors for deletions in the SMRT N terminus,
namely, SMRT-NTA36-312, SMRT-NTA36-388, and SMRT-NTA36-
480, were generated by overlap extension PCR following a standard pro-
tocol. Briefly, mutagenesis was achieved by performing the first set of
PCRs with specially designed oligonucleotide primers that included the
desired deletions in their sequences. The two overlapping PCR-amplified
fragments were fused together in a subsequent PCR using the 5" and 3’
outside primers and the two PCR fragments as the template. The final
PCR products were cloned between BamHI and NotI sites of the vector to
yield plasmids pCR3.1-SMRT-NTA36-312, pCR3.1-SMRT-NTA36-388,
and pCR3.1-SMRT-NTA36-480. The final clones were verified for the
desired mutations by sequencing of both DNA strands.

The pCR3.1-hSMRT(255-480) expression plasmid was generated by
PCR amplification of the SMRT region between amino acids (aa) 255 and
480 with forward (5'-CCCAAGCTTAAGCTCCCCGCCGACCCCCACC
ACCATGCCGCTGTACAACCAGCCCTCCG-3") and reverse (5'-TTT
TGCGGCCGCCTTATAGTTCTCATTCTTCTTAGTCAGG-3') primers
using pCR3.1-SMRTT as a template. The resulting PCR product was
cloned into the pCR3.1 vector between HindIII and NotI restriction sites.
The mammalian expression plasmid pBIND-Gal4-DBD-hSMRT(255-
480) encoding the SMRT DAD (amino acids 255 to 480) fused to the Gal4
DNA binding domain (Gal4-DBD) was generated by PCR amplification
of the DAD using forward (5'-CGCGGATCCGTCCGCTGTACAACCA
GCCCTCCG-3') and reverse (5'-TTTTGCGGCCGCCTTATAGTTCTC
ATTCTTCTTAGTCAGG-3") primers and pCR3.1-SMRTT as the tem-
plate. The resulting PCR product was ligated into the pBIND vector
(Promega, Madison, WI) between BamHI and Notl restriction sites in
frame with and downstream of the Gal4-DBD. All clones were verified by
sequencing of both DNA strands.

Cell culture. MCF-7 human breast cancer cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). The HCT116 human colon carcinoma and
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TABLE 1 Sequences of primers used in RT-qPCR analyses

Sequence
Gene Forward primer Reverse primer
CDKN1 5'-GGAGACTCTCAGGGTCGAA-3’ 5'-GGATTAGGGCTTCCTCTTGG-3'
BRCAI 5'-GCTCTTCGCGTTGAAGAAGTA-3’ 5'-CTCCAGACAGATGGGACACT-3’
CHEK1 5'-CAAAGGACAGTCCGCCGAG-3’ 5'-TCCATAGGCACCTTCTCCCA-3’
RAD51 5'-CCCGCGGGGTGAAGTCG-3' 5'-TGCATTGCCATTACTCGGTCC-3’

Saos-2 human osteosarcoma cell lines were maintained in McCoy’s 5a
medium supplemented with 10% and 15% FBS, respectively. ZR-75-1
cells were maintained in RPMI medium supplemented with 10% FBS.

Gene silencing by siRNA. Small interfering RNA (siRNA) target se-
quences for SMRT (panSMRT), NCoR, and HDAC3, which were pub-
lished previously (34), as were the target sequences (siRNAs 1 and 2) for
TBL1 (35), were chemically synthesized by Ambion (Grand Island, NY) as
oligonucleotide duplexes. For silencing GPS2, an ON-TARGETplus
SMARTYpool siRNA from Dharmacon (Thermo Scientific, Rockford, IL)
was used. MCF-7 cells (4.5 X 10° cells/well) were plated in six-well culture
dishes. After 24 h, cells were transfected with 20 or 30 pmol/well of the
indicated siRNA or Ambion’s Silencer 2 as a negative control using the
Oligofectamine reagent (Life Technologies, Grand Island, NY) following
the manufacturer’s protocol. At 6 h after transfection, the medium was
changed to medium containing stripped FBS (sFBS), and 48 h thereafter,
cells were treated with vehicle (phosphate-buffered saline [PBS]) or doxo-
rubicin (0.5 or 1.0 wM) for 24 h. Cells from duplicate wells were harvested
in the TRIzol reagent (Life Technologies) for RNA extraction for real-time
quantitative PCR (RT-qPCR) assays. For RNA analyses, RNA was isolated
by an RNeasy kit (Qiagen, Valencia, CA). To assess protein knockdown,
cells from 4 wells were harvested in PBS containing protease inhibitors,
and cell pellets were kept at —80°C until further analysis by Western
blotting. SMRT knockdown by panSMRT siRNA in Saos-2 cells (4 X 10°
cells/well) and ZR75-1 cells (6 X 10° cells/well) was performed with the
Oligofectamine reagent and the Lipofectamine RNAiMax reagent, respec-
tively, following the above-described protocol.

Microarray and gene ontology analyses. The robust multiarray aver-
age (RMA) algorithm was applied to the Affymetrix human gene (version
1.0) ST microarray (36). Briefly, the raw intensity values were background
corrected, log, transformed, and then quantile normalized, and then a
linear model was fit to the normalized data to obtain an expression mea-
sure for each probe set on each array. The significance analysis of microarrays
(SAM) algorithm was used to detect differentially expressed genes (DGEs)
between treatments with the statistical cutoff (¢ value = 0.1) and effect cutoff
(fold change = 1.2) (37). Pathway analyses were performed using Ingenuity
Pathway Analysis (IPA) software. Gene ontology terms enriched in DGEs
were analyzed using DAVID (http://david.abcc.ncifcrf.gov).

Analyses of endogenous gene expression. The effects of SMRT deple-
tion on the endogenous expression of the CDKNIA (p21), BRCAI,
CHEK]1, and RAD5I genes were assessed by reverse transcription and
RT-qPCR in an ABI Prism 7500 sequence analyzer (PE Applied Biosys-
tems, Foster City, CA) in conjunction with SYBR green chemistry. Total
RNA was isolated by use of the TRIzol reagent (Life Technologies) accord-
ing to the manufacturer’s instructions, and cDNA was prepared from 1 pg
of total RNA by using an iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA). The mRNA levels of the indicated genes were measured by RT-qPCR
using gene-specific primers (Table 1) and were normalized against the 18S
rRNA level. Assays were performed with SYBR green PCR master mix
reagents in MicroAmp 96-well plates (PE Applied Biosystems). Cycling
conditions were 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and
60°C for 1 min. Data are presented as the means * standard errors of the
means (SEMs) of at least three independent experiments.

Transactivation assays for p21, MDM2, and 14-3-30¢ promoter ac-
tivity. MCF-7 and HCT116 cells (4.5 X 10° cells/well) were grown in
six-well culture dishes for 24 h in phenol red-free DMEM containing 10%
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FBS. The indicated amount of either the p21-Luc, p2-mdm2-Luc, or 14-
3-30—Luc (wild type or mutant) reporter plasmid and, where indicated,
0.25 to 0.5 pg/well of SMRT expression plasmids were transfected with
the X-tremeGene HP DNA transfection reagent (Roche Diagnostics, In-
dianapolis, IN) per the manufacturer’s instruction. At 4 to 6 h after trans-
fection, the medium was replaced by DMEM supplemented with 10%
charcoal-stripped FBS, and cells were allowed to grow for 24 to 36 h.
Where indicated, cells were treated with 1 uM doxorubicin for 24 h. The
cells were harvested, and the luciferase activity determinations were per-
formed in triplicate using a luciferase assay system kit (Promega) and a
Luminoskan Ascent Thermo Labsystems apparatus (Thermo Electron
Corporation, Milford, MA). Relative light units were normalized to the
total cellular protein level measured in a Bio-Rad protein assay. Data are
presented as the means + SEMs of four independent experiments.

ChIP assay. Chromatin immunoprecipitation (ChIP) was performed
using a CHIP-It enzymatic kit (Active Motif, Carlsbad, CA) following the
manufacturer’s instructions, with some modifications. MCF-7 cells (15 X
10° cells/150-mm plate) maintained in DMEM~-10% FCS were treated for
6 hwith 1 M doxorubicin or vehicle (PBS). Cross-linking was performed
with 1% formaldehyde for 10 min at 37°C in a CO, incubator and termi-
nated by adding glycine at a 0.125 M final concentration for 5 min at room
temperature with rotation. Cells were harvested by scraping in PBS into
15-ml conical tubes and centrifuged at 3,500 rpm for 7 min. Cell pellets
were incubated on ice in 1 ml of lysis buffer provided in the kit. Nuclei
were isolated by disruption in a Dounce homogenizer (40 strokes). Nu-
clear pellets were collected by centrifugation at 2,500 X g for 10 min and
resuspended in 350 pl of the provided enzymatic buffer containing protease
inhibitors. Nuclear suspensions were sonicated (10-s pulses repeated 4 times)
and then subjected to nuclease digestion for 20 min following the manufac-
turer’s instructions. Chromatin was collected after centrifugation at 16,000 X
g for 20 min. Washes and reverse cross-linking procedures during immuno-
precipitation were performed per the manufacturer’s protocol. The following
antibodies were used for immunoprecipitation: p53 (DO-1), SMRT (H-300)
from Santa Cruz Biotechnology (Santa Cruz, CA), as well as rabbit and mouse
normal IgG, as appropriate, for nonspecific controls. DNA was then purified
by using Qiagen spin columns and analyzed by quantitative PCR (qPCR)
using SYBR green chemistry, and the amount was normalized against the
amount of input chromatin. Primer sequences for the p53 binding site at
position —2200 of the p21 gene were 5'-GTGGCTCTGATTGGCTTTCT
G-3" and 5'-CTGAAAACAGGCAGCCCAAG-3' (38), primer sequences for
the p53 binding site at position —1200 were 5'-CATCCCCCACAGCAGA
GGAGAA-3" and 5'-ACCCAGGCTTFFAGCAGCTA-3’, and primer se-
quences for the Sp1 binding site at position —282 (39) were 5'-AGTGCC
AACTCATTCTCCAAG-3" and 5'-GACACATTTCCCCACGAAGT-3'".
Nonspecific primers for the p21 gene were 5'-GAGTCCTGTTTGCTTC
TGGGCA-3" and 5'-CTGCATTGGGGCTGCCTATGTA-3' (40). Data
are presented as the means = SEMs of at least three independent experi-
ments.

Western blot analyses. For Western blot analyses, treated cells were
harvested and incubated for 20 min at 4°C in lysis buffer (50 mM Tris-HCI
[pH 7.4] containing 150 mM NaCl, 5 mM EDTA, and 0.5% Nonidet P-40
supplemented with Complete protease inhibitor minitablets [Roche]).
The protein concentration of the cell lysates was determined using Bio-
Rad protein assay reagent, and equal amounts of protein were resolved by
SDS-PAGE using precast 3 to 8% NuPAGE Novex gels for detection of
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SMRT and NCoR or 10% bis-Tris precast gels (Life Technologies) for
detection of other proteins and immunoblotted. Actin was used as a load-
ing control. The following antibodies were used for immunoblotting:
SMRT, p21, and HDAC3 (BD Biosciences; San Jose, CA); y-H2AX and
poly(ADP-ribose) polymerase (PARP; Cell Signaling; Danvers, MA); p53
and BRCALI (Santa Cruz Biotechnology); actin (MAB1501R; Millipore,
MA); and Flag (Agilent Technologies, Santa Clara CA).

Coimmunoprecipitation. Cells were washed twice with ice-cold PBS
and harvested with PBS containing protease inhibitors, followed by incu-
bation with lysis buffer (20 mM Tris-HCI [pH 7.5], 1% Triton X-100, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 5% glycerol) containing 1X Halt
protease and phosphatase inhibitor cocktail (Thermo Scientific) for 30
min at 4°C under rotation. The cell lysates were centrifuged at 13,000 rpm
for 10 min at 4°C, the supernatant was collected, and the protein concen-
tration was measured by the Bio-Rad protein assay. Equal amounts of
total protein (500 or 1,000 p.g) were precleared with 20 pl of protein A/G
plus agarose beads (Santa Cruz Biotechnology), followed by incubation
with either SMRT (BD Biosciences) or p53 (FL-393 or DO-1; Santa Cruz
Biotechnology) antibodies or normal rabbit or mouse IgG on a rotary
shaker overnight at 4°C. Immune complexes were further incubated with
50 pl of protein A/G plus agarose beads (Santa Cruz Biotechnology) for 1
h at 4°C on a rotary shaker. For Flag immunoprecipitation, precleared
lysates were incubated with Flag-agarose beads (Sigma). The beads were
washed 3 times with lysis buffer, and immunoprecipitated proteins were
eluted by resuspending the beads in 40 pl of 2X SDS sample buffer and
incubating at 75°C for 10 min. The eluted proteins were resolved by SDS-
PAGE and transferred onto nitrocellulose membranes for Western blot
analysis.

GST pulldown assay. Glutathione S-transferase (GST) and GST-p53
proteins were expressed in the Escherichia coli BL21(DE3) strain and pu-
rified using a glutathione-Sepharose column (Thermo Scientific) follow-
ing the manufacturer’s protocol. The full-length SMRT isoforms, SMRT
fragments, and the deletion mutant proteins were expressed in vitro as
?3S-labeled proteins using a TNT T7 Quick Coupled transcription/trans-
lation system (Promega) per the manufacturer’s instruction. GST or GST-
tagged p53 wild type or its truncated mutants (5 pg/reaction) were al-
lowed to bind to glutathione agarose beads (Thermo Scientific) for 4 h at
4°C under rotation, followed by 2 washes with binding buffer (20 mM
Tris-HCI [pH 8.0], I mM EDTA, 100 mM NaCl, 0.5% NP-40, 5% glyc-
erol). Five microliters of TNT reaction lysates was added to the glutathi-
one agarose beads, and the mixture was incubated overnight at 4°C. On
the next day, proteins complexed to beads were recovered by centrifuging
samples at 1,000 X gfor 5 min at 4°C, washed 4 times with wash buffer (20
mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% Triton X-100, 15 mM EGTA,
1 mM dithiothreitol [DTT] supplemented with Halt protease, phospha-
tase inhibitor cocktail), and suspended in 40 pl of 2X SDS sample buffer.
Samples were heat denatured at 75°C for 10 min, and the supernatants
were resolved by SDS-PAGE. The gels were dried for 3 h in a gel dryer, and
proteins were visualized by autoradiography. Protein band intensities
were analyzed semiquantitatively by densitometry using Image]J software
(NIH Image).

Competition assay. The binding of p53 and HDAC3 to SMRT at the
DAD region was assessed in a competition experiment. The SMRT DAD
(amino acids 255 to 480) fused to the Gal4-DBD was expressed in
HCT116 cells and extracted using a lysis buffer containing 10 mM Tris-
HCI (pH 8.0),  mM EDTA, 0.5 mM EGTA, 1% Triton X-100, and 50 mM
KCl supplemented with Complete protease inhibitor cocktail (Roche).
The total cell lysate was incubated with anti-Gal4 agarose beads (RK5C1;
Santa Cruz Biotechnology) that had previously been blocked with 5%
bovine serum albumin (BSA), followed by incubation with 600 wl of in
vitro-translated *°S-labeled p53, with or without 30 .l of in vitro-trans-
lated **S-labeled HDACS3 for a further period of 16 h at 4°C in the binding
buffer (20 mM Tris-HCI [pH 8.0], 2 mM EDTA, 1% Triton X-100, 1 mM
DTT, 10% glycerol, 50 mM KCl, 0.2% BSA). Subsequently, the proteins
complexed to agarose beads were recovered by centrifugation, washed 3
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FIG 1 Profiling of SMRT-regulated gene expression in MCF-7 cells. (A)
Scheme of siRNA-mediated depletion of SMRT and subsequent analysis of
mRNA by microarray. MCF-7 cells were transfected with 20 pmol of control
siRNA (siControl) or SMRT-specific siRNA (siSMRT). Cells were harvested 72
h after transfection, and the RNA was isolated and analyzed by an Affymetrix
GeneChip microarray, followed by gene ontological analysis. (B) Heat map
showing that SMRT depletion leads to decreased expression of genes involved
in the DNA damage response. (C) Depletion of SMRT expression in MCF-7
cells leads to a decrease in BRCAI and CHEKI mRNAs. MCEF-7 cells were
transfected with 20 pmol of control siRNA (siCon) or SMRT-specific siRNA
(siSMRT), and at 48 h thereafter, RNA was isolated and the levels of BRCA1
and CHEKI mRNAs were quantitated by RT-qPCR and normalized to the
signals obtained for 18S RNA. Values are the averages of four experiments *
SEMs. (D) Representative Western blot showing the efficiency of SMRT de-
pletion by SMRT-specific siRNA in MCF-7 cells.

times with binding buffer, and finally, suspended in 40 .l of 2X SDS
sample buffer. Samples were heat denatured, and the proteins in the su-
pernatants were resolved in 10% bis-Tris SDS-polyacrylamide gels. The
gels were subsequently dried for 3 h, and resolved proteins were visualized
by autoradiography.

RESULTS

SMRT depletion reduces expression of DNA damage response
genes. Given our previous observation that SMRT can function as
a dual coactivator/corepressor in a cell/gene-specific context (15),
a microarray analysis was performed to further evaluate the rela-
tive ability of SMRT to coactivate versus corepress gene expression
using MCF-7 cells transfected with control or SMRT-specific
siRNA (Fig. 1A). Inhibition of SMRT expression was associated
with a decrease in the expression of a set of genes involved in the
DNA damage response (Fig. 1B). The microarray analysis was
originally performed with and without estradiol (E2) treatment in
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FIG 2 Depletion of SMRT expression compromises the DNA damage re-
sponse in MCF-7 cells. (A) Western blot analysis showing the impact of SMRT
depletion on doxorubicin (Dox)-induced DNA damage. MCF-7 cells were
transfected with control (Con) or SMRT-specific siRNA. After 48 h, cells were
treated with 0.1% ethanol (lanes V) or 1 nM estradiol (lanes E) for 4 h and
subsequently treated with doxorubicin at the indicated concentrations for 16
h. Whole-cell lysates were resolved in SDS-polyacrylamide gels and immuno-
blotted for yH2AX and SMRT. (B) Saos-2 cells, which are deficient for p53,
were analyzed as described for MCF-7 cells in the legend to panel A, except that
cells were not treated with hormone. (C) Western blot analysis of PARP cleav-
age in SMRT-depleted versus control MCF-7 cells with and without doxoru-
bicin treatment. For all blots, actin was used as a loading control.

order to assess the dual coactivator/corepressor function of SMRT
on ERa-regulated gene expression. However, cells exposed to E2
also showed a reduced expression of DNA damage response genes
(datanotshown), indicating a lack of significant ERa involvement
in this altered gene expression profile. The microarray data were
validated by RT-qPCR measurements of the mRNAs for two DNA
repair-specific genes, namely, BRCA1 and CHEK1, whose expres-
sion was significantly decreased in SMRT-depleted cells in com-
parison to that in nonspecific siRNA-transfected control MCF-7
cells (Fig. 1C); the efficiency of SMRT knockdown is shown in Fig.
1D. Among the genes identified in the microarray analysis, several
were previously reported to be regulated by the tumor suppressor
protein, p53, including CHEKI, RAD51, BRCA1, BRCA2, and
RFC3 (41-43). These data demonstrated that SMRT, in addition
to its well-characterized corepressor activity, can also promote the
expression of a select group of genes, potentially through regula-
tion of p53 transcriptional activity.

Impairment of DNA damage response in SMRT-depleted
cells. In order to ascertain the role of SMRT in the DNA damage
response, the level of the DNA damage marker yH2AX (44) was
assessed in MCEF-7 cells treated with doxorubicin, a DNA-interca-
lating agent that induces DNA double-strand breaks (45). West-
ern blot analysis revealed higher levels of DNA damage in SMRT-
depleted cells than control cells following doxorubicin treatment
(Fig. 2A). This increase in YH2AX levels was doxorubicin dose
dependent and unaffected by E2 treatment. This is consistent with
the microarray results and suggests that SMRT regulation of this
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cellular response to the DNA-damaging agent is independent of
ERa. In contrast, there was no significant difference in yYH2AX
levels in SMRT-depleted versus control Saos-2 cells, which are p53
deficient (Fig. 2B), consistent with the hypothesis that SMRT im-
pacts DNA damage responses through a p53-dependent mecha-
nism. In addition to YH2AX, cleavage of the apoptotic marker
PARP (46), a nuclear protein implicated in DNA repair, was ele-
vated in SMRT-depleted cells compared to control MCF-7 cells in
a doxorubicin-induced, dose-dependent manner (Fig. 2C). These
data, combined with the microarray finding of lowered expression
of multiple p53 target genes in SMRT-depleted cells, suggested
that SMRT can promote p53 transcriptional activity as part of the
cellular response to DNA damage.

To further substantiate the role of SMRT in regulating p53
transcriptional activity, the expression of genes involved in the
DNA double-strand repair pathway, namely, BRCA1, CHEKI,
RAD51, and CDKNI1A (which encodes p21), whose levels are up-
regulated in response to DNA damage and/or regulated by p53
(41, 43), were measured in MCEF-7 cells pretreated with control or
SMRT-specific siRNA and exposed to doxorubicin for 16 h. As
expected, analyses by RT-qPCR demonstrated little effect of doxo-
rubicin on CHEKI mRNA levels in MCF-7 cells (47); however,
knockdown of SMRT significantly reduced the levels of mRNA for
all of these genes in doxorubicin-treated cells (Fig. 3). The levels of
doxorubicin-induced p21 mRNA following SMRT depletion were
30% lower than those in control cells, while for the other three
genes measured (BRCAI, RAD51, and CHEKI), there was no
doxorubicin induction of their expression in SMRT-depleted
cells, consistent with a role for SMRT in the positive regulation of
these p53 target genes.

SMRT coactivates p53 transcriptional activity. Given that
SMRT depletion decreased expression of multiple DNA damage
repair genes known to be p53 targets, it was hypothesized that
SMRT promotes p53 transcriptional activity. In order to test this,
luciferase reporter assays were conducted using promoters from
two distinct p53-responsive genes, namely, CDKNIA (which en-
codes p21) and MDM?2. In addition, since the DNA damage re-
sponse genes were first identified in ERa-positive MCF-7 cells and
p53 can interact with ERa (40), the ability of ERa to impact SMRT
coactivation of p53 transcriptional activity was evaluated by mea-
suring p53 transcriptional activity in cells treated or not with E2.
The results showed that the SMRT depletion achieved by silencing
with siRNA significantly decreased p53 transcriptional activity, as
indicated by the strong reduction in the amount of luciferase pro-
duced by either reporter gene (Fig. 4A and B). This reduction was
unaltered by E2 treatment, indicating an ERa-independent action
of SMRT in the regulation of p53 activity in MCF-7 cells. In con-
trast, transient overexpression of exogenous SMRT in MCEF-7 cells
resulted in increased p53 transcriptional activity, as revealed by
the 3.5-fold higher p21-Luc reporter activity compared to that for
the empty-vector (basal) control (Fig. 4C).

To test whether SMRT was regulating the expression of p53,
the levels of this transcription factor in doxorubicin-treated
MCE-7 cells transfected with control or SMRT-specific siRNA
were assessed by Western blotting. As expected, doxorubicin in-
duction of p21 protein expression was reduced in SMRT-depleted
versus control MCF-7 cells, but this was not accompanied by any
change in p53 protein levels (Fig. 4D), indicating that SMRT is
regulating the activity rather than the expression of p53. Regula-
tion of p53-dependent gene expression was not cell type specific,
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FIG 3 SMRT regulates expression of p53 target genes in doxorubicin-treated MCF-7 cells. Cells were transfected with 20 pmol of control siRNA or SMRT-
specific siRNA (siSMRT) and after 48 h were treated with vehicle (PBS; filled bars) or doxorubicin (1 wM; white bars) for 16 h. RNA was subsequently isolated,
and the levels of mRNA for the p21 gene (A), BRCAI (B), RAD51 (C), and CHEKI (D) were quantitated by RT-qPCR and normalized to the signals obtained for
18S RNA. The changes in the mRNA levels of the indicated genes are represented relative to the levels of their respective control siRNAs in doxorubicin-treated
cells. Values represent the means = SEMs of data from five independent experiments. P values were determined by Student’s t test. *, P =< 0.05; **, P < 0.001; ***,

P =0.0001.

since SMRT knockdown in another p53-positive breast cancer cell
line, ZR-75-1, also yielded a significant decrease in doxorubicin-
induced p21 mRNA expression (Fig. 4E) similar to that observed
for MCEF-7 cells, as described above. To address whether SMRT
regulation of p53 target genes was dependent upon p53, the im-
pact of SMRT depletion on p21 and BRCAI expression was eval-
uated in p53-deficient Saos-2 cells; SMRT knockdown did not
impact the levels of either target (Fig. 4F). In addition, transacti-
vation assays revealed that SMRT coactivation of doxorubicin-
induced 14-3-3¢ luciferase reporter activity was absent in parallel
experiments conducted with a mutated 14-3-3¢ reporter lacking a
binding site for p53 (Fig. 4G). Taken together, these results indi-
cate that SMRT promotes p53 transcriptional activity in a cell-
independent manner without altering its protein expression.
SMRT associates with p53 binding sites on the p21 gene pro-
moter. If SMRT is a p53 coactivator, it should localize to p53
binding sites in the regulatory regions of a p53 target gene, and the
ability of SMRT to localize to the 5" and 3’ p53 binding (enhancer)
sites of the p21 gene (48, 49) was therefore assessed by chromatin
immunoprecipitation (ChIP) experiments (Fig. 5A). First, immu-
noprecipitation of chromatin with a p53-specific antibody fol-
lowed by qPCR demonstrated that p53 binding to these sites was
present at low levels under basal conditions, particularly for the 5’
site, and strongly stimulated upon doxorubicin treatment (Fig.
5B). Moreover, very little signal was obtained with the IgG nega-
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tive control, confirming the specific binding of p53 to these sites.
Similar to p53, a doxorubicin-induced enrichment of precipitated
DNA for both the 5" and 3’ sites was detected following ChIP with
the SMRT-specific antibody. In contrast, neither p53 nor SMRT
binding to an upstream nonspecific site of the p21 gene (Fig. 5A)
was substantially increased over that for the IgG negative control
(Fig. 5B, inset), and together these data demonstrate that p53 and
SMRT are recruited to the p21 enhancer regions in a doxorubicin-
dependent manner, consistent with a role for SMRT as a p53 co-
activator.

SMRT interacts with p53. To further define SMRT promotion
of p53-mediated gene transcription, SMRT interaction with the
p53 protein was assessed. First, the ability of SMRT and p53 to
coexist in the same complex was tested by coimmunoprecipitation
assay in MCF-7 cells transfected with a Flag epitope-tagged SMRT
expression plasmid. With a p53 antibody, Flag-tagged SMRT was
immunoprecipitated in doxorubicin-treated cells, while this
could not be achieved with the IgG negative control, indicating the
presence of a specific SMRT-p53 complex (Fig. 6A, top). Western
blot assays indicated the levels of SMRT and p53 in these cells (Fig.
6A, middle and bottom, respectively). Second, the presence of a
SMRT and p53 complex was evaluated by coimmunoprecipita-
tion assay in cells of the HCT116 cell line, a colon carcinoma cell
line with abundant wild-type p53 expression. Endogenous SMRT
protein was coimmunoprecipitated along with p53 protein by an
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FIG 4 SMRT coactivates p53 transcriptional activity in MCEF-7 cells. Cells were transfected with 20 pmol of control siRNA or SMRT-specific siRNA (siSMRT),
prior to transfection with 1 g of either the p21 (A) and MDM2 (B) luciferase reporter genes, and treated with vehicle (Veh; 0.1% ethanol) or 1 nM E2 for 24 h.
Luciferase activity data are the means = SEMs of three (p21) and two (MDM2) experiments. (C) MCF-7 cells were transfected with 500 ng of a Flag-tagged
expression vector for SMRT or an empty-vector control (basal) along with 500 ng of the p21-Luc reporter gene. Cells were harvested 48 h after transfection, and
luciferase activity was measured. The activity for SMRT is shown relative to that for the empty-vector control. Values represent the averages = SEMs (n = 4). (D)
MCE-7 cells were transfected with control siRNA or SMRT-specific siRNA, and 48 h later, the cells were treated with vehicle (PBS; without doxorubicin [ —Dox])
or doxorubicin (+Dox; 1 uM) for 16 h. Whole-cell lysates were resolved in SDS-polyacrylamide gels, and the expression of the p21, p53, SMRT, and actin
proteins was analyzed by Western blotting. (E) ZR75-1 cells were transfected with 30 pmol of control siRNA or SMRT-specific siRNA. After 48 h, the cells were
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represent the means = SEMs of data from two independent experiments. (F) Saos-2 cells were transfected with control siRNA (siC) or SMRT-specific siRNA
(siS), and 48 h later, the cells were treated with vehicle (PBS without doxorubicin) or doxorubicin (+Dox; 0.5 uM) for 16 h. Whole-cell lysates were resolved by
SDS-PAGE, and the expression of p21, BRCA1, SMRT, and actin proteins was analyzed by Western blotting. (G) MCF-7 cells were transfected with 500 ng of
either the 14-3-30 wild-type (WT) or mutant (MT) luciferase reporter genes, along with 500 ng pCR3.1 (basal) or full-length human SMRT plasmids. After 24
h, cells were treated with vehicle or 1 wM doxorubicin for 24 h. Luciferase activities are presented relative to those obtained for cells transfected with wild-type
14-3-30—Luc and SMRT and treated with doxorubicin. Values represent the averages = SEMs (n = 3). RLU, relative light units.

anti-p53 antibody from lysates obtained from cells treated with  tein produced in an in vitro translation system and bacterially

doxorubicin but not by the IgG negative control antiserum (Fig.
6B, middle), and reciprocally, the endogenous p53 protein was
coimmunoprecipitated along with SMRT protein by an anti-
SMRT antibody (Fig. 6B, right). As expected, doxorubicin treat-
ment strongly increased p53 expression (Fig. 6B, input). Similar
results were also observed in ER-negative but p53-positive C4-12
breast cancer cells after immunoprecipitation with anti-p53 anti-
body (data not shown). Collectively, these results demonstrate
that endogenous SMRT and p53 proteins can be detected in com-
plexes within cells of different origins using anti-p53 and anti-
SMRT antibodies, respectively.

Finally, to determine if SMRT interacts with p53 in vitro, GST
pulldown assays employing **S-labeled full-length SMRTT pro-
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expressed and purified recombinant GST-p53 protein were per-
formed. The pulldown using glutathione-agarose beads revealed
the association of SMRT with GST-p53 but not with the control
GST alone, indicating an interaction between SMRT and p53 pro-
teins (Fig. 6C, top). Thereafter, to define the region of SMRT that
interacts with p53, C-terminal and N-terminal fragments of
SMRT (SMRT-CT and SMRT-NT, respectively) were tested for
their ability to bind to p53. Pulldown studies demonstrated that
GST-p53, but not the GST control, was able to interact strongly
with SMRT-NT, whereas the interaction between the SMRT-CT
deletion mutant and GST-p53 was very weak (Fig. 6C, middle and
bottom). The observation that GST-p53 binds preferentially to
the SMRT N terminus rather than the C-terminal fragment
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(Fig. 6D) suggests that the former is the primary interaction do-
main of SMRT for p53 binding.

Lastly, to define the region of p53 that interacts with SMRT, the
3S-labeled SMRT-NT fragment was tested for its interaction with
recombinant p53 deletion mutants, with one lacking the C-termi-
nal tetramerization and regulatory domains and the other lacking
both the N-terminal transactivation and central DNA binding do-
mains (Fig. 7A). Deletion of the C-terminal domain (CTD) re-
sulted in the complete loss of the ability of GST-p53(1-300), in
which p53 consisted of the region from aa 1 to 300, to interact with
SMRT-NT and contrasted with the robust interaction of GST-p53
wild-type protein with this fragment of SMRT. However, the p53
deletion mutant GST-p53(300-393), in which the p53 sequence
consisted of only the CTD from aa 300 to 393, strongly interacted
with SMRT-NT; quantitative assessment of these assays revealed
that the p53 CTD binds to SMRT as well as full-length p53 does,
indicating that the p53 CTD is the primary location for this tran-
scription factor’s interaction with SMRT protein (Fig. 7C).

Regulation of p53 transcriptional activity by components of
the SMRT corepressor complex. Having found that wild-type
p53 primarily binds to the SMRT N terminus, which also serves as
the interaction region for multiple components of the SMRT
corepressor complex, particularly HDAC3, GPS2, and TBL1 (20,
22), the roles of these proteins in SMRT-mediated, p53-depen-
dent gene expression were investigated. Depletion of GPS2 and
TBL1 significantly reduced the extent of doxorubicin-induced
p21 mRNA expression in comparison to that in control siRNA-
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transfected MCF-7 cells (Fig. 8A and B); this is consistent with a
previous report demonstrating that overexpression of GPS2, also
known as AMFI, can stimulate the expression of the p53-depen-
dent target gene, p21 (50). In contrast, RT-qPCR analyses showed
a significant increase in p21 mRNA levels in cells depleted of
HDACS3 and treated with doxorubicin (Fig. 8C). Increased expres-
sion of p21 mRNA in HDAC3-depleted cells was not due to al-
tered p53 expression, since the levels of this protein were compa-
rable for MCF-7 cells transfected with control and HDAC3
siRNAs (Fig. 8D).

It has been reported previously that HDAC3 siRNA reduces
the basal expression of p21 protein in colon cancer cells, as well as
the activity of a p21 promoter-luciferase reporter gene (51), and
that siRNA-mediated SMRT downregulation increases the activ-
ity of the p21 promoter (lacking the upstream p53 enhancer sites),
which is largely dependent upon the Sp1 transcription factor (39).
Therefore, in order to determine whether the effect of increased
p21 mRNA expression in doxorubicin-treated, HDAC3 siRNA-
transfected MCF-7 cells could be due to the loss of a p53-SMRT-
HDAC3-repressive effect on the promoter, the association of p53
with the p21 promoter was analyzed by ChIP. In comparison to
the established p53 enhancer binding sites, the binding of p53 to the
p21 promoter was negligible in control and doxorubicin-treated cells
(Fig. 8E), indicating that p53-SMRT stimulation is largely mediated
by the upstream enhancer region. Interestingly, doxorubicin induc-
tion of p21 mRNA levels was significantly higher in NCoR-depleted
than control cells (Fig. 8F). Knockdowns of GPS2, TBL1, HDACS3,
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FIG 6 SMRT binds to p53 both in vivo and in vitro. (A) MCF-7 cells were transfected with an expression vector for Flag epitope-tagged SMRT and treated with
increasing concentrations of doxorubicin. Cell lysates were immunoprecipitated (IP) with p53 antibody or IgG, and immunoprecipitates were assessed by
Western blotting with Flag antibody (top). Levels of SMRT (middle) and p53 (bottom) for input cell lysates were assessed by Western blotting with their
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analyzed by Western blotting using the indicated antibodies. (C) GST pulldown assays showing the interaction of p53 with full-length SMRTT protein or its
truncated mutants. Shown at the left are schematic representations of full-length SMRT and its truncated mutants. The bacterially expressed and purified
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protein bands from panel C normalized to the amounts in the corresponding input lanes and represented relative to the amount of SMRTT. Rel., relative.

and NCoR for these experiments were verified by RT-qPCR and/or
Western blot analyses (data not shown). Taken together with the
finding that HDAC3 requires activation by either SMRT or NCoR
(25), these data suggest that the repressive effect of HDAC3 in doxo-
rubicin-treated MCF-7 cells is mediated primarily via an NCoR-
HDAC3 complex, while a p53-SMRT-GPS2-TBLI complex stimu-
lates p21 mRNA expression.

P53 binds to the SMRT deacetylase activation domain. Given
that the SMRT-interacting proteins GPS2 and TBLI, but not
HDACS3, can stimulate p53-dependent gene expression and that
GPS2 and TBL1 also bind directly to the N terminus of SMRT, the
necessity of the amino acids within SMRT that bind to these pro-
teins, aa 167 to 207 and aa 227 to 297, respectively (22), for bind-
ing to p53 was evaluated by GST pulldown assays. A panel of
SMRT-NT deletion mutants was constructed beginning with
SMRT-NTA36-254, which contains the same deletion of aa 36 to
254 found in the N terminus of the SMRT splice variant (12),
and extending to a SMRT-NTA36-480 deletion mutant, which
lacks SMRT’s RD1 as well as the HDAC3-binding DAD (Fig. 9A,
right). The three mutants (SMRT-NTA36-254, SMRT-NTA36-
312, and SMRT-NTA36-388), which retain the DAD, could effec-
tively bind to p53 protein, indicating that neither the TBL1 nor the
GPS2 binding site is required for SMRT interaction with this tran-
scription factor (Fig. 9A, left). In contrast, a complete loss of p53
binding was observed for the SMRT-NTA36-480 mutant, which
lacks the RD1 and DAD regions, indicating that SMRT amino
acids 389 to 481 are required for SMRT-NT binding to p53. The
ability of the DAD-containing region to bind to p53 was con-
firmed in a GST pulldown experiment in which a small fragment
of SMRT consisting of amino acids 255 to 480 and lacking both
RD1 and RD2 was able to effectively interact with the p53 protein.

As p53 effectively binds to SMRT through a region encompass-
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ing the DAD, which is also essential for the recruitment and acti-
vation of HDAC3 enzymatic activity (19), it was hypothesized that
p53 and HDAC3 could compete for interaction with the SMRT
DAD, ultimately yielding either a functional SMRT-HDACS3 core-
pressor complex or a form of SMRT able to coactivate p53 tran-
scriptional activity. In order to test this possibility, a competition
assay was performed to evaluate the binding of p53 and HDAC3
proteins to the DAD-containing fragment of SMRT from aa 255 to
480. This portion of SMRT was transiently overexpressed in
HCT116 cells as a Gal4-DBD fusion protein. Cell lysates from
these cells were incubated with anti-Gal4 agarose beads to gener-
ate SMRT(255-480)-bound agarose beads that served as the bait.
HDAC3 and p53 were expressed as *>S-labeled proteins in an in
vitro translation system and used to compete for binding to the
SMRT-DAD. Addition of HDAC3 to the binding reaction mixture
attenuated but did not completely block p53 binding to the
SMRT-DAD fragment, indicating competition between p53 and
HDACS3 for binding to the region of SMRT from aa 255 to 480
(Fig. 9B) and suggesting that HDAC3 is highly unlikely to be re-
quired for optimal binding of p53 to SMRT. This was furthered
tested by assessing the ability of wild-type and DAD mutant SMRT
to coimmunoprecipitate p53 from HCT116 (p53-positive) cells
transfected with expression vectors for either wild-type SMRT or a
DAD mutant (DADm) of SMRT (Y470A) which cannot bind to
HDACS3 or activate HDAC3 activity (19). As shown in Fig. 9C,
mutation of the DAD does not inhibit SMRT interaction with p53
in coimmunoprecipitation assays. Finally, to test whether SMRT
binding and activation of HDAC3 were required for the ability of
SMRT to coactivate p53 transcriptional activity, transactivation
experiments with wild-type SMRT, SMRTA36-254 (which corre-
sponds to SMRTf), and the SMRT DADm were conducted with
HCT116 cells. Neither the loss of binding sites for GPS2 and TBL1

Molecular and Cellular Biology


http://mcb.asm.org

HDAC3-Independent Coactivation of p53 by SMRT

A N-terminal Central core C-terminal
o
N ™M o
— <+ © -~
GST-p53 (WT) GST k] [AA7
TAD Pro DBD
GST-p53 (1-300) GST Eootes  VA7A |
8 o
° 2
GST-p53 (300-393) (GST D
B = 2 C s
—_ (=] L] [
E 2 =3 >
- ™ = =
™ ™ © % ;. 1.0
10 2] 2] s
- e £ tn =]
] = = = = £ %05
o 0 » 0 n Te
£ O O O ) £
o
0

GST
GST-p53 (WT)

GST-p53 (1-300)
GST-p53 (300-393)

FIG 7 The C-terminal regulatory domain of p53 is essential for SMRT-p53 interaction. (A) Schematic representations of full-length p53 and its truncated mutant
derivatives used in the GST pulldown assay. TAD, transactivation domain; Pro, proline-rich domain; DBD, DNA binding domain; Tet, tetramerization; RD, regulatory
domain. (B) The bacterially expressed and purified GST-tagged p53 wild-type protein or its truncated mutants were incubated with in vitro-translated *°S-labeled
SMRT-NT, followed by immunoprecipitation of the protein complexes using glutathione-agarose beads and SDS-PAGE. The SMRT-NT that bound to p53 or p53
mutants was detected by autoradiography. Input represents 20% of the amount of in vitro-translated **S-labeled SMRT-NT lysates. (C) Densitometric quantification of
protein bands normalized to the amount in the corresponding input lanes and represented relative to the amount of the p53 wild type.

(as shown by the SMRT construct) nor the inability to interact
with HDACS3 via the DAD significantly impacted the ability of
SMRT to coactivate p53-dependent gene expression (Fig. 9D).
Taken together, these data demonstrate that SMRT promotion of
p53 transcriptional activity is HDAC3 independent.

DISCUSSION

Maintenance of the genome is pivotal for protecting organisms
against the harmful consequences of DNA damage, which, if not
properly dealt with, can lead to genomic instability, cancer, and
cell death (52, 53). The tumor suppressor protein p53 plays a
critical role in preserving genomic integrity by mediating cellular
responses to genotoxic insults through transcriptional regulation
of genes involved in cell cycle arrest, DNA repair, apoptosis, cel-
lular senescence, and ageing (1, 2). Consistent with this, the p53
gene is mutated in ~50% of all cancers, making it the single most
frequently inactivated gene in human cancers (54, 55). Like other
transcription factors, the function of p53 is affected by transcrip-
tional coregulators, and given the importance of this regulator to
genomic integrity, it is important to fully understand the molec-
ular mechanisms by which p53 activity is modulated. Our study
reveals that the nuclear receptor coregulator SMRT, which is best
known for its ability to inhibit the transcriptional activity of many
members of the nuclear receptor superfamily of transcription fac-
tors through recruitment of HDAC3, directly binds to p53 and
serves as a coactivator of its transcriptional activity. Cells depleted
of SMRT expression exhibit abrogated p53 transcriptional activ-
ity, decreased doxorubicin induction of endogenous p53 target
gene expression without alteration of p53 protein levels, and a
compromised DNA damage response. Moreover, this is an
HDAC3-independent effect of SMRT. Collectively, these data in-
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dicate a biological role for SMRT in mediating DNA damage re-
sponses through promotion of p53 transcriptional activity and
suggest that SMRT, via p53, protects the genome from genotoxic
insults that may contribute to carcinogenesis.

As aregulator of genomic integrity, a number of pathways exist
to promote p53-dependent gene expression (3, 56). Some of these
are involved in modulating p53 posttranslational modifications
(e.g., acetylation) that ultimately stabilize the protein, while other
cellular factors (e.g., coactivators) interact with p53 at the regula-
tory regions of target genes and potentiate their expression. The
identification of SMRT as a positive regulator of p53 transcrip-
tional activity expands the cohort of transcription factors that can
be coactivated by this coregulator. Although SMRT is widely rec-
ognized as a corepressor of type II nuclear receptors, such as for
thyroid hormone and retinoic acid (11), previous work from our
laboratory has established SMRT to be a cell type-specific coacti-
vator of ERa (15), an estrogen-regulated member of the nuclear
receptor superfamily. Not all ER« target genes are positively reg-
ulated by SMRT, but for those coactivated by this regulator (e.g.,
cyclin D1, progesterone receptor), E2 treatment induces the re-
cruitment of SMRT to gene regulatory regions and stimulates ERo
transcriptional activity. At present, our data suggest that SMRT
regulation of p53 is limited to coactivation, and thus, while it may
be considered a dual coactivator/corepressor of ERa (15), the
available information indicates only a coactivator role relative to
p53 and, thus, adds SMRT to an expanding group of p53 coacti-
vators including CBP/p300, pCAF, JMY, ADA3, and MAMLI (4,
5, 57-59). Interestingly, several proteins previously shown to
stimulate p53 transcriptional activity, namely, the TATA box
binding protein (TBP)-associated factors (TAFs), TAFII-32/70,
and AMF1 (also known as GPS2), can also bind to SMRT (50, 60,
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FIG 8 Effect of HDAC3, GPS2,and TBL1 depletion on p21 mRNA levels. MCF-7 cells were transfected with 20 pmol of control siRNA or siRNA specific for GPS2
(A), TBL1 (B), or HDACS3 (C). After 48 h, the cells were treated with vehicle (PBS; filled bars) or doxorubicin (0.5 wM; white bars), and p21 mRNA levels were
quantitated by RT-qPCR and normalized to the signals obtained for 18S RNA. The changes in the p21 mRNA levels were represented relative to the level of
control siRNA in doxorubicin-treated cells. Values represent the means + SEMs of data from four (GPS2 and HDAC3) and three (TBL1) independent
experiments. (D) Effect of HDAC3 depletion on p53 levels. MCF-7 cells were transfected with 20 pmol of control or HDAC-specific siRNA, followed by treatment
with vehicle or doxorubicin for 24 h. Cells were lysed, and proteins were resolved in SDS-polyacrylamide gels and immunoblotted with p53 and actin (loading
control) antibodies. (E) Chromatin immunoprecipitation assay showing doxorubicin-induced recruitment of p53 at the p21 gene promoter relative to that at
enhancer sites. MCF-7 cells were treated with vehicle (PBS) or doxorubicin (1 uM) for 6 h, followed by chromatin isolation and immunoprecipitation using p53
antibody in parallel with the IgG negative control. Immunoprecipitated DNA was quantitated by qPCR using the indicated primers. Data represent averages =
SEMs of three independent experiments. The changes in the recruitment levels were represented relative to the amount of p53 recruited to the 5" enhancer site
following doxorubicin treatment. (F) Effect of NCoR depletion in MCF-7 cells on p21 mRNA levels assessed by RT-qPCR. Cells were transfected with control
siRNA or NCoR siRNA, and p21 mRNA levels were quantitated as described for panels A to C. P values were determined by Student’s ¢ test. *, P < 0.05; **, P <
0.01; ***, P =< 0.0001.

61). TAFII-32/70, which binds to the N-terminal transactivation
domain of p53, promotes p53-mediated transcription (62—64),
while GPS2 associates with p53 in vivo and in vitro and augments
p53-dependent expression of genes such as the gene for p21,
CDKNIA (50). By virtue of being able to bind to both p53 and
SMRT, any of these proteins could potentially play a role in pro-
moting SMRT-p53 interactions and stimulating p53 target gene
expression.

In addition to activating gene expression, p53 can repress tran-
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scription directed from various viral and cellular promoters (2,
43), with proteins such as mSin3a tethering p53 to a repressor
complex containing HDACI (7). Other HDAC:s (e.g., HDACs 2,
3,and 4) can also modulate p53 function through its deacetylation
and downregulation of p53-dependent gene activation (9). In
contrast, our results demonstrate that silencing of HDAC3 expres-
sion increased the levels of doxorubicin-induced p21 mRNA,
without altering p53 expression, indicating that a loss of gene re-
pression rather than an increase in p53 protein was mediating the
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FIG9 The SMRT DAD binds to p53. (A) Bacterially expressed GST-tagged p53 protein was incubated with the in vitro-translated, >°S-labeled N terminus
of SMRT (SMRT-NTA36-254), its deletion mutants, or the SMRT DAD fragment (residues 255 to 480) alone. Shown at the right are schematic
representations of the SMRT deletion mutants and the DAD fragment. The protein complexes were immunoprecipitated by glutathione-agarose beads
and resolved by SDS-PAGE, and the bound SMRT mutants or the DAD fragment was detected by autoradiography. Input represents 20% of the
corresponding amount of the in vitro-translated, *°S-labeled lysates. (B) Competition between p53 and HDAC3 for binding to the SMRT DAD.
Gal4-SMRT (DAD) was expressed in HCT116 cells and immobilized onto anti-Gal4 agarose beads to serve as bait. To this, in vitro-translated *>S-labeled
p53 was added with or without in vitro-translated, *°S-labeled HDAC3. The protein complexes bound to agarose beads were resolved by SDS-PAGE, and
the bound HDAC3 and p53 proteins were detected by autoradiography. Input represents 1 or 0.1% of the amount of in vitro-translated >>S-labeled lysates
for HDAC3 and p53, respectively. (C) HCT116 cells were transfected with 1 pg expression vectors for control (pCR3.1) or Flag epitope-tagged SMRTT or
SMRT DADm and treated for 16 h with vehicle (—) or 0.5 uM doxorubicin (+). Cell lysates were subjected to immunoprecipitation using antibodies for
Flag (lanes F) or an IgG negative control (lanes I). Immunoprecipitated protein complexes were resolved by SDS-PAGE and analyzed by Western blotting
(WB) using p53 antibody (top). Relative input levels of p53 (middle) and actin (bottom) in the cell lysates were assessed by Western blot analyses. (D)
HCT116 cells were transfected with 250 ng expression vectors for SMRTT, SMRTA36-254, and SMRT DADm or an empty-vector control along with 1 pg
of vector containing the p21-Luc reporter gene. Cells were harvested at 48 h after transfection, and luciferase activity was measured. The activity for the
SMRT mutants is shown relative to that of SMRTt. Values represent the averages = SEMs (n = 2).

increase in p21 mRNA levels. The deacetylase activity of HDAC3 is
dependent upon the activation achieved via association of this
enzyme with either SMRT or NCoR (19, 25), and based upon the
depletion of NCoR but not SMRT to stimulate doxorubicin-in-
duced expression of p21 mRNA, we propose a model in which
NCoR and HDACS3 limit p53 transcriptional activity on target
genes, such as CDKNIA. Thus, even though NCoR and SMRT are
closely related paralogs that can repress the activity of many dif-
ferent transcription factors (11, 20), these studies add p53 to the
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growing list of instances in which SMRT and NCoR perform dis-
tinct physiological functions (13-16, 65-68).

The core SMRT corepressor complex encompasses a tetramer
of the exchange factor TBL1 and/or TBLR1 and two molecules
each of GPS2 and SMRT (19, 21, 22, 69, 70). Structural character-
ization experiments demonstrate that the N termini of GPS2 (aa 1
to 53) and TBL1 (aa 1 to 71) bind to the RD1 domain of SMRT in
the region from aa 167 to 297 (22). Conversely, a distinct region of
GPS2 (aa 103 to 250) mediates binding of this protein to the cen-
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FIG 10 Proposed model for SMRT coactivation of p53 transcriptional activity. Model for SMRT coactivation of p53 transcriptional activity. In response to DNA
damage, p53 expression is stabilized and p53 binds to the regulatory regions of its target genes. The C terminus of p53 binds to the DAD region of SMRT,
effectively limiting the ability of HDACS3 to bind to p53-bound SMRT and repress p53 target genes. Instead, a SMRT complex containing GPS2, TBL1, and,
potentially, CBP/p300 is able to achieve an open chromatin structure with acetylated (Ac) histones that promotes expression of p53 target genes.

tral DNA binding region of p53 (aa 161 to 333) (50), while the
DAD of SMRT binds to the C terminus of p53. Collectively, the
ability of SMRT (reported herein) and GPS2 (50) to bind to and
coactivate p53 transcriptional activity, as well as the established
ability of SMRT and GPS2 to bind to one another (22), all through
nonoverlapping sites, suggests that SMRT and GPS2 can work
together to stimulate p53 transcriptional activity. Indeed, our data
demonstrating that silencing of SMRT, GPS2, or TBLI leads to a
significant decrease in doxorubicin-induced p53 transcriptional
activity, as measured by the p21-Luc assay, are consistent with the
hypothesis that these proteins function as a SMRT-GPS2-TBL1
complex to coactivate p53 transcriptional activity. However,
SMRT is subject to extensive alternative splicing, leading to the
generation of multiple forms of this coregulator (71). One such
splice variant, SMRT, lacks aa 34 to 254 due to exclusion of exons
2 to 6 and therefore the GPS2 binding site and a portion of the
TBLI interaction domain (12, 72). As SMRT retains the ability to
coactivate p53 in p21-Luc transactivation assays, it appears that
GPS2 is not required for SMRT stimulation of p53 function. How-
ever, this does not preclude the possibility that by promotion of
SMRT-GPS2-p53 interactions, as well as through its apparent in-
teractions with the p300 coregulator protein (50), GPS2 enhances
SMRT coactivation of p53-dependent gene expression.

The essential role of the SMRT DAD region for recruitment
and activation of HDACS3 activity was demonstrated in previous
studies showing that mutations in the DAD or deletion of this
domain affected HDACS3 interaction with SMRT and thus elimi-
nated corepressor stimulation of HDAC3 activity (19). In addi-
tion, mice with point mutations in the DADs of SMRT and NCoR
had no detectable HDAC3 activity, despite having normal levels of
this deacetylase (25). Through a combination of coimmunopre-
cipitation and GST pulldown assays, the region of SMRT from aa
389 to 480 encompassing the DAD was found to be essential for
p53 interaction with the N terminus of SMRT, although compar-
isons of the interactions between p53 and SMRT-NTA5-312 and
SMRT-NTA5-254 suggested that the region of SMRT from aa 250
to 312, which is N terminal to the DAD and binds to TBL1, may be
required to mediate the maximal interaction of p53 with SMRT.
The former, necessary region (aa 389 to 480) aligns very closely to
the region of SMRT from aa 395 to 489 shown previously to me-
diate the corepressor’s interaction with HDAC3 (19), suggesting
that the same region of SMRT is employed for binding to HDAC3
and p53, with SMRT serving as a corepressor with the former and
as a coactivator for the latter. This suggests that HDAC3 and p53
can physically compete for binding to SMRT, or alternatively,
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there may be distinct pools of SMRT, one in which the corepressor
is bound to HDACS3 and can repress gene expression and another
in which SMRT is available to bind to p53 and ultimately contrib-
utes to activation of gene expression. Most importantly, our col-
lective data indicate that SMRT coactivation of p53 is independent
of HDACS3 activation by the DAD, and we therefore propose a
model (Fig. 10) in which DNA damage increases p53 expression,
whereupon the C terminus of this transcription factor binds to the
DAD of SMRT, and in conjunction with GPS2, TBL1, and CBP/
p300, this HDAC3-independent SMRT complex can stimulate
p53 transcriptional activity.

The ability of p53 and HDACS3 to bind to the same domain of
SMRT highlights the importance of understanding cellular factors
that can influence SMRT interactions with these two transcrip-
tional regulators. Recent crystallographic determinations of the
SMRT DAD-HDACS3 structure reveal that the interaction is de-
pendent upon IP4 binding to the SMRT DAD (24). Thus, cellular
IP4 availability may be one factor regulating SMRT corepressor
versus coactivator potential. One of the enzymes that controls IP4
synthesis is inositol polyphosphate multikinase (73), which binds
to p53 (74), thereby placing it in an appropriate location for in-
fluencing SMRT-HDACS3 interactions. Reduced expression levels
of phosphatidylinositol phosphatases, such as PTEN or INPP4B,
in cancers (75-77) could also be expected to influence the relative
affinity of SMRT for HDACS3 and, consequently, the availability of
SMRT for coactivation of p53. At this time, it is not clear what, if
any, signaling pathways directly regulate SMRT-p53 interactions.
However, the C-terminal domain of p53, required for binding to
SMRT, is subject to extensive posttranslational modifications
which have the potential to impact protein-protein interactions
(78).

In its coactivation role, SMRT must be able to interact with
proteins that can promote gene expression, quite possibly acting
as a type of scaffold protein. A significant portion of the SMRT
structure is highly disordered, suggesting that it serves as a hub
protein for transient yet highly specific binding to other transcrip-
tional regulatory proteins that promote p53-dependent gene ex-
pression (20, 79, 80). Conceivably, this could occur through
SMRT-mediated recruitment and stabilization of complexes of
positive regulators of transcription, and/or it may be due to SMRT
facilitating a positively acting p53 posttranslational modification
by another protein with enzymatic activity. For instance, SMRT
has been shown to bind to members of the p160 family of steroid
receptor coactivators and stimulate their intrinsic transcriptional
activity (30). Members of this family, SRC-1 and, potentially,
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SRC-3, can coactivate p53 transcriptional activity (81), and SMRT
and SRC coactivators are therefore likely candidates for jointly
promoting p53-dependent gene expression. Moreover, the SRC
coactivators can bind to CBP/p300 (82), which are known positive
regulators of p53 (4, 5, 8), and this implicates the possibility of a
SMRT-SRC-CBP/p300 complex as a potential stimulator of p53-
dependent gene expression. It should be noted that SMRT binds
to the C-terminal region of p53, which, as noted above, is heavily
modified by posttranslational marks that can lead to p53 stabili-
zation or stimulation of its transcriptional activity (78). As a scaf-
fold, SMRT may recruit or stabilize the binding of other proteins,
such as acetyltransferases (e.g., SRC-3), that can modify p53 and
ultimately increase the expression of its target genes.

Our microarray results revealed that SMRT depletion de-
creases the expression of a group of genes involved in the DNA
damage response and provide insight into the importance of
SMRT’s coactivator role in mediating DNA damage responses.
Indeed, decreased expression of DNA damage response genes was
initially noted in cells naive to genotoxic stress, indicating that
SMRT regulates the basal transcription of these genes and may
provide to cells protection against the intrinsic DNA damage (e.g.,
replication errors) that arises during cell division, thus extending
the transcriptional regulatory role of SMRT to protection of the
genome.

With respect to the DNA damage resulting from genotoxic
stresses, other investigators have demonstrated that a reduction of
SMRT but not NCoR enhanced the sensitivity of HeLa cells to
ionizing radiation or DNA damage-inducing drugs, presumably
through loss of the ability of SMRT to promote the inherent re-
pressive activity of the Ku70 subunit of the DNA-dependent pro-
tein kinase (DNA-PK) complex that is required for double-strand
break repair via the nonhomologous end-joining (NHE]) path-
way (68). More recently, it was demonstrated that knockdown of
SMRT affected the expression of a number of genes that are reg-
ulated upon cellular exposure to the DNA-damaging agent cispla-
tin by an unknown mechanism (67). In particular, SMRT but not
NCoR inhibited apoptosis associated with DNA damage, at least
in part through inhibition of the expression of the Wip1 phospha-
tase that negatively regulates proapoptotic proteins, such as Chk2
(67). Taken together, the ability of SMRT to contribute to cellular
responses to DNA damage via transcriptional regulation of the
expression of genes involved in apoptosis (i.e., WIPI) and the
repair of DNA damage via homologous recombination (i.e.,
RAD51, BRCAI, and CHEK1) and SMRT’s interaction with the
Ku70 subunit of the DNA-PK required for NHE] repair pathways
place SMRT in a position to coordinately effect the necessary al-
terations in chromatin architecture and the activity of the DNA
repair pathways so that cells can effectively mount responses to
DNA damage incurred either through normal cell division pro-
cesses or as a result of external stresses to the cell.
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