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(Bacl(ground: SFMBT1 is a poorly characterized chromatin reader.
Results: SEMBT1 is associated with multiple transcriptional corepressor complexes and required for MyoD-mediated tran-

Conclusion: Novel mechanisms of SFMBT1-mediated transcription repression and its regulation of myogenesis are identified.
Significance: Our findings contribute to the understanding of how histone modification language is interpreted to regulate gene
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SFMBT1 belongs to the malignant brain tumor domain-con-
taining chromatin reader family that recognizes repressive
histone marks and represses transcription. The biological func-
tions and molecular basis underlying SFMBT1-mediated tran-
scriptional repression are poorly elucidated. Here, our pro-
teomic analysis revealed that SFMBT1 is associated with
multiple transcriptional corepressor complexes, including
CtBP/LSD1/HDAC complexes, polycomb repressive com-
plexes, and malignant brain tumor family proteins, that collec-
tively contribute to SFMBT1 repressor activity. During myogen-
esis, Sfmbt1 represses myogenic differentiation of cultured and
primary myoblasts. Mechanistically, Sfmbtl interacts with
MyoD and mediates epigenetic silencing of MyoD target genes
via recruitment of its associated corepressors and subsequent
induction of epigenetic modifications and chromatin compac-
tion. Therefore, our study identified novel mechanisms
accounting for SFMBT1-mediated transcription repression and
revealed an essential role of Sfmbt1 in regulating MyoD-medi-
ated transcriptional silencing that is required for the mainte-
nance of undifferentiated states of myogenic progenitor cells.

Chromatin is composed of repetitive units called nucleo-
somes that consist of DNA (147 base pairs) wrapped around an
octamer of histone proteins (two subunits of each of the his-
tones H2A, H2B, H3, and H4) (1, 2). Posttranslational modifi-
cations of the N-terminal tails of histones affect chromatin
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structure, consequently serving as “histone marks” for tran-
scriptional repression or activation (3, 4). One important type
of histone mark is histone methylation, which is regulated by
specific sets of proteins that carry out the addition, removal, or
specific binding of methyl groups (4).

The MBT? domain-containing proteins bind to low methyl-
ated histones, functioning as the chromatin “readers,” and have
been linked to development and tumor suppression by genetic
analyses (5). The MBT domain was first reported in Drosophila
dL3mbt (6, 7). Mutations in the MBT domain of dL3mbt caused
malignant overgrowth in the larval brain, implicating a tumor
suppressing function of dL3mbt and the importance of the
MBT domain (6, 7). In mammals, three different groups of
MBT proteins have been identified, with hSCML2 and
hSCMH1 containing two MBT domains; L3MBTLI,
L3MBTL3, and L3MBTL4 containing three MBT domains; and
L3MBTL2, SEFMBT1, and SFMBT2 containing four MBT
domains (5). The MBT proteins prevalently bind to mono- and
dimethylated histone lysines in vitro and repress transcription
via interaction with various repressors (5). Different MBT pro-
teins have been identified in various protein complexes (5), sug-
gesting that MBT proteins have distinct functional activities
and modes of action in regulating chromatin.

In this study, we focused on a poorly characterized MBT
protein, SFMBT1 (Scm-like with four mbt domains 1). Mam-
malian SFMBT1 contains four MBT repeat domains that are
essential for mediating histone H3 N-terminal tail binding and
transcriptional repression (8). In Drosophila, dSfmbt contains
four MBT repeats and is a polycomb protein because dSfmbt
knockout displays a classic polycomb phenotype with strong

3 The abbreviations used are: MBT, malignant brain tumor; PRC, polycomb
protein complex; aa, amino acids; bFGF, basic fibroblast growth factor; IP,
immunoprecipitation; bHLH, basic helix-loop-helix; TSS, transcription start
site; CtBP, C-terminal binding protein; HDAC, histone deacetylase.
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and widespread derepression of HOX genes (9). dSfmbt is part
of the Pho repressive complex, which contains the DNA-bind-
ing protein Pho and recruits other polycomb proteins, mediat-
ing H3K27me3 for transcriptional silencing at target loci (10).
The MBT repeat domain of dSfmbt preferentially binds to
mono- or dimethylated lysine containing histone peptides (11).
Although SFMBT1 was considered as a mammalian homo-
logue for Drosophila dSfmbt in the literature, mammalian
SFMBT1 and dSfmbt are probably not homologues, and
SEMBT1 is likely unique to mammals on the basis of the follow-
ing evidence: 1) SFMBT1 was not found in the mammalian Pho
homolog YY1 protein complex in mammalian cells (12); 2)
human SFMBT1 binds selectively with the N-terminal tail of
histone H3 in a manner that appears to be independent of his-
tone modification (8); and 3) SEMBT1 belongs to a different
branch from dSfmbt on the basis of evolutionary relationship
and domain organizations (5). Therefore, alternative mecha-
nisms might account for the role of mammalian SFMBT1 in
transcriptional regulation, and SFMBT1 might have unique
functions. However, the molecular mechanisms underlying
SFMBT1 transcriptional repression as well as its biological
functions are unknown.

To gain unbiased biochemical insights into how SFMBT1
exerts its transcription repressor function, we performed affin-
ity purification and MS analysis of the SEMBT1 protein com-
plex. Our data revealed a novel biochemical connection of
SEMBT1 with CtBP/LSD1/HDAC complexes, polycomb pro-
tein complexes (PRC), and other MBT proteins, suggesting
functional cooperation of these corepressor proteins in estab-
lishing repressive chromatin states. We subsequently utilized a
skeletal myogenesis model to investigate the biological func-
tions of Sfmbt1 because epigenetic regulation has critical roles
in the highly regulated myogenic process. Through gain of
function and loss of function studies in combination with gene
expression profiling studies, we found that Sfimbtl critically
regulates the myogenic programs through transcriptional
silencing of the master regulator of myogenic process, MyoD.

EXPERIMENTAL PROCEDURES

Plasmids—pLKO.1-based lentiviral shRNA plasmids target-
ing mouse Sfmbt1 and MyoD genes were purchased from Open
Biosystems. Human SFMBT1 truncation mutants (N: 1-473
aa, M: 494 — 699 aa, and C: 721- 866 aa) were cloned to the pGex
vector to generate GST fusion proteins. GFP-SFMBT1 was gen-
erated with the pEGFP-C3 vector. pQCXIP-FLAG-SFMBT1
was described previously (8). pMyog-luc was kindly provided by
Dr. Stephen J. Tapscott (13). pPCMV2-FLAG-L3MBTL3 was
kindly provided by Dr. Toru Miyazaki (14). HA-tagged, full-
length (FL) MyoD and truncated mutants (N: 1-66 aa, AN:
84-318 aa, C: 173-318 aa, and AC: 1-240 aa) were kindly pro-
vided by Drs. Serge A. Leibovitch and Slimane Ait-Si-Ali (15).

Antibodies—The antibodies were obtained from the follow-
ing commercial sources: LSD1 (Abcam, catalog no. ab17721),
anti-FLAG (M2, Sigma, catalog no. F-3165), anti-HA (Covance,
catalog no. MMS-101P), GEP (Santa Cruz Biotechnology, cat-
alog no. sc8334), CoREST (Millipore, catalog no. 07-455),
BHC80 (Abcam, catalog no. ab41631), HDAC1 (Thermo, cata-
log no. PA1-860, and Santa Cruz Biotechnology, catalog no.
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sc7872), HDAC2 (Thermo, catalog no. PA1-861), EZH2 (Milli-
pore, 07-400, and Active Motif, catalog no. 39875), RNF2
(Active Motif, catalog no. 39663), PHC1 (Active Motif, catalog
no. 39723), SUZ12 (Millipore, catalog no. 07-379), B-actin
(Sigma, catalog no. A5316), H3K4me2 (Millipore, catalog no.
07-030), H3K27me3 (Millipore, catalog no. 07-449), H3Ac
(Millipore, catalog no. 06-599), H4Ac (Millipore, catalog no.
06-598), myosin (R & D Systems, catalog no. MF20), Myogenin
(BD Biosciences, catalog no. 556358), and MyoD (BD Biosci-
ences, catalog no. 556130).

Cell Culture—293FT and 293T cells were cultured in DMEM
with 10% heat-inactivated fetal bovine serum and penicillin/
streptomycin. C2C12 cells (ATCC) were cultured in DMEM
with 20% heat-inactivated fetal bovine serum and penicillin/
streptomycin. Primary myoblasts were isolated and maintained
as described previously (16). Briefly, limb muscles from new-
born mice were minced and then digested with collagenase/
dispase at 37 °C for 30 min. The dissociated cells were collected
and cultured in a collagen-coated dish with F-10-based primary
myoblast selective growth medium (Ham F-10 nutrient mix-
ture supplied with 20% FBS, 2.5 ng/ml bFGF/ml, 100 units/ml
penicillin, and 100 pg/ml streptomycin). To selectively enrich
myoblasts, myoblasts were physically dissociated from the cul-
ture dish during splitting, whereas the majority of fibroblasts
remained attached. To further exclude the easily attaching
fibroblasts, the dissociated cells were preplated to a fresh dish
for 15 min, and then the unattached myoblasts were collected
and cultured in a new dish. The selection process was repeated
until a high purity of myoblasts was attained. For the myogen-
esis assay, myoblasts were grown to 80-90% confluence and
induced for differentiation by switching from growth medium
to differentiation medium (DMEM containing 2% horse
serum).

Nuclear Extract Preparation, Protein Complex Isolation, and
Western Blot Analysis—The detailed purification procedure
was described previously (17). Briefly, nuclear extracts were
prepared from 293T cells stably transduced with FLAG-
SEMBT1. FLAG-SEMBT1 protein complexes were then puri-
fied using anti-FLAG M2 mAb-conjugated agarose beads
(Sigma). After extensive washing, protein complexes were
eluted using the elution buffer containing 50 ug/ml FLAG pep-
tides at room temperature for 30 min. The eluted protein sam-
ples were separated on 4—12% NuPAGE Bis-tris gels (Invitro-
gen) and analyzed by LC-MS/MS. The procedures for Western
blotting and immunoprecipitation studies were described pre-
viously (18).

Viral Production, Titering, and Transduction—Viral produc-
tion and transduction in cells was described previously (19).
Stably transduced cells (polyclonal) were obtained and main-
tained by puromycin selection. To prepare concentrated
viruses, supernatants containing lentiviruses were centrifuged
at 25,000 rpm for 2 h at4 °C usinga SW28 rotor (Beckman). The
pellets were suspended with PBS, aliquoted, and stored at
—80 °C. The viral titers were determined following a procedure
provided by Open Biosystems.

Immunofluorescence Staining and Luciferase Assays—Im-
munofluorescence staining and luciferase reporter assays were
performed as described previously (18).
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Microarray Analyses—Microarray experiments were per-
formed using RNA isolated from the C2C12 scramble shRNA
control and C2C12 Sfmbtl knockdown. The total RNA was
extracted using TRIzol reagents (Invitrogen) and purified using
a Qiagen column with in-column DNase digestion. Hybridiza-
tions of Affymetrix mouse genome 430 2.0 arrays were per-
formed at the Dana Farber Microarray core facility. The data
were preprocessed and analyzed using dChip software. To
reduce the false positives, probe sets defined as “Absent” detec-
tion calls crossing all samples were removed from the data anal-
ysis. Genes with a fold change = 1.5 and p < 0.05 were consid-
ered differentially expressed.

GST Pull-down Assays—GST pull-down assays were per-
formed as described previously (18). Briefly, bacterially ex-
pressed GST or GST-SFMBT1 fusion proteins were induced
and purified with glutathione-Sepharose. Equivalent amounts
of GST or GST-SFMBT1 immobilized on glutathione-Sephar-
ose were then incubated with a nuclear extract of 293T trans-
fected with HA-MyoD. After extensive washing, the pull-down
HA-MyoD was detected by Western blot analysis.

Real-time RT-PCR—cDNA was generated with 2 ug of total
RNA using a GeneAmp RNA PCR kit (Applied Biosystems).
Real-time PCR was performed using the StepOne™™ real-time
PCR system (Applied Biosystems) with the SYBR Green PCR
core reagents kit (Applied Biosystems). The sequences for the
primers used are listed in supplemental Table S1.

ChIP—ChIP assays were performed as described previously
(20). Briefly, cells were fixed with formaldehyde for 10 min at
room temperature to cross-link the DNA to chromatin-associ-
ated protein complexes. The cross-linking was stopped with
glycine, and cells were then collected and sonicated with a
MISONIX S-4000 sonicator to shear DNA to lengths between
200 and 800 bp. The DNA-protein complexes were then immu-
noprecipitated with the indicated antibodies and washed
extensively. The ChIP DNA was then purified and eluted with
100 ul of H,O. A total of 2.5 ul of ChIP DNA was used for
real-time PCR analysis. The primer sequences are listed in sup-
plemental Table S1.

DNase I Sensitivity Assay—A DNase I sensitivity assay was
performed with RQ1 RNase-free DNse (Promega). Nuclei of
5 X 10° cells were treated with DNase at 37 °C for 30 min, and
then the reactions were stopped with EDTA at a final concen-
tration of 25 mm. Genomic DNA samples were purified by pro-
tease K digestion and phenol chloroform extraction. The puri-
fied DNA samples were analyzed by real-time PCR to measure
the relative amount of uncut DNA around the promoter region
of Myogenin.

Statistical Analyses of Experimental Data—An independent
Student’s ¢ test was used to analyze data from various
experiments.

RESULTS

SFMBTI Is Associated with Multiple Transcriptional Core-
pressor Complexes—To elucidate the mechanisms underlying
transcriptional repression function of SFMBT1, we performed
a proteomic analysis to identify SFMBT1-interacting partners
in mammalian cells. The SFMBT1 protein complex was immu-
noprecipitated using anti-FLAG beads from nuclear extracts of
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FLAG-SFMBT1-expressing 293T cells followed by elution with
FLAG peptides. The SEMBT1-associated proteins were next
separated by SDS-PAGE (Fig. 14) and subjected to MS analysis.
We found that SEMBT1-associated proteins consist of distinct
transcriptional corepressors, including 17 components of the
CtBP/LSD1/HDAC protein complex, 11 members of PRC, and
four MBT proteins (Fig. 1B and supplemental Fig. S1). We fur-
ther validated the interaction of SFMBT1 with these corepres-
sors identified from our MS analysis. As shown in Fig. 1C, we
performed immunoprecipitation of FLAG-SFMBT1 followed
by Western blotting and validated that LSD1 core complex
components, including LSD1, CoREST, BHC80, HDAC]1, and
HDAC?2, were present in SFMBT1 immunoprecipitates. Using
similar assays, we observed that SFMBT1 interacted with PRC1
proteins PHC1 and RNF2 but not with PRC2 members EZH2
and SUZ12 (Fig. 1D), which is consistent with our MS data (B).
Because our MS data also indicated an interaction between
SFMBT1 and L3MBTL3, we performed coimmunoprecipita-
tion and detected an interaction between GFP-SFMBT1 and
FLAG-L3MBTL3 in mammalian cells (Fig. 1E). Also, consistent
with our MS data, we failed to detect SEMBT1 interaction with
SMRT/HDACS3 corepressors (Fig. 1F). Therefore, we identified
the biochemical components of the SEMBT1 protein complex,
which suggest that SEMBT1 mediates transcriptional repres-
sion via interactions with multiple transcriptional repression
complexes.

Sfmbtl Expression Is Down-regulated During Mpyogenic
Differentiation—The biological functions of SFMBT1 are
unknown. Previous observations that mouse Sfmbtl is ex-
pressed in skeletal muscles (21) and that Drosophila dSfmbt is
associated with the promoters of genes involved in muscle
development in embryos and larvae (22) suggest a possible role
of Sfmbt1 in regulating skeletal myogenesis. Importantly, epi-
genetic silencing is critical in restricting the expression of mus-
cle genes in muscle progenitors and maintaining proper growth
and differentiation (23-25). To investigate the function of
Sfmbt1 in myogenesis, we utilized the C2C12 myoblast differ-
entiation model and first investigated the pattern of Sfimbti
expression during myogenic differentiation. We found that the
Sfimbt1 transcript level was highest in undifferentiated myo-
blasts and reduced during the course of differentiation (Fig.
2A). Thus, these data suggest a possible role for Sfmbtl in
repressing myogenic differentiation.

SEMBTI1 Overexpression Blocks and Sfmbtl Depletion
Enhances Myogenic Differentiation—W e next investigated the
respective functional consequences of SFMBT1 overexpression
and Sfmbt1 depletion on myoblast proliferation and differenti-
ation. First, C2C12 myoblasts were transduced with human
FLAG-SFMBT1 retroviruses or empty vector control viruses
followed by puromycin selection. SEMBT1 expression was con-
firmed by Western blot analysis (Fig. 2B). The transduced
C2C12 myoblasts were induced to differentiate, and myotube
formation and muscle-specific gene expression were then
examined various days after differentiation. We found that
ectopic SFMBT1 expression resulted in a block in myotube for-
mation (Fig. 2C) and a decrease in expression of muscle differ-
entiation markers (myosin and Myogenin) (D). Ectopic
SEMBT1 expression appeared to have little effect on the prolif-
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FIGURE 1. SFMBT1 is associated with multiple transcriptional corepressor complexes. A, silver staining of the SFMBT1-associated proteins. IPs with
anti-FLAG (M2)-agarose beads were performed using nuclear extracts of transduced 293T cells expressing either vector (Mock) or FLAG-SFMBT1. The protein
complex was eluted with FLAG peptides after extensive washing and separated by 4 -12% gradient SDS-PAGE. B, a list of potential SFMBT1-associated proteins
was identified by mass spectrometric analysis. A cytoscape program was used to show protein interactions. Red lines indicate the interactions between SFMBT1
and its associated partners. Blue lines indicate the interactions within the same transcriptional repressive protein complex. Black lines indicate the interactions
among different repressive complexes. C and D, SFMBT1 interacted with the LSD1 protein complex and PRC1 but not PRC2. FLAG-SFMBT1-expressing 293T
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antibodies using nuclear extracts from FLAG-SFMBT1-expressing cells, followed by Western blotting with the indicated antibodies.

eration of undifferentiated myoblasts in growth medium (Fig.
2E). Thus, SEMBT1 represses myogenic differentiation, likely
contributing to the maintenance of undifferentiated states of
myoblasts.

Next, we knocked down Sfmbtl expression in C2C12 myo-
blasts using lentiviral-mediated shRNA targeting SfimbtI (shS-
fmbtl) or scrambled shRNA as a control (Fig. 34). When
induced for differentiation, Sfmbt1 knockdown cells displayed
amore differentiated phenotype than control cells, as shown by
the formation of larger and more myotubes (Fig. 3B and sup-
plemental Fig. S2) and earlier and more robust expression of
myogenic transcription factor Myogenin and muscle gene
Myosin (Fig. 3C). Moreover, Sfmbtl knockdown significantly
reduced the proliferation rate of C2C12 myoblasts cultured in
growth medium (Fig. 3D). The shRNA knockdown effects were
specific, as we observed similar effects with an independent
shRNA construct targeting a different region of SfimbtI (sup-
plemental Fig. $3). Importantly, we found that Sfmbt1 knock-
down promoted differentiation and reduced proliferation of
primary mouse myoblasts (Fig. 3, E-H, and supplemental Fig.
S2). Therefore, our gain of function and loss of function studies
(Figs. 2 and 3) strongly indicate that Sfmbtl is required for
proper proliferation of myogenic progenitor cells and preven-
tion of premature differentiation.

MARCH 1, 2013 «VOLUME 288-NUMBER 9

Sfmbtl1 Represses Transcription of Muscle Transcription Fac-
tors Such as Myogenin, Mef2C, and Muscle Structural Genes—
To investigate the molecular mechanisms underlying Sfmbt1
regulation of myogenesis, we examined Sfmbtl-regulated
genes in undifferentiated myoblasts. We performed a
microarray analysis to compare gene expression between
proliferating Sfmbt1 knockdown and control cells and iden-
tified a total of 206 up-regulated genes and 307 down-regu-
lated genes with the criteria of fold change = 1.5 and p < 0.05
(Fig. 4A and supplemental Table S2, S3). The up-regulated
genes with highest fold changes in Sfmbtl knockdown cells
were numerous muscle differentiation genes whose expres-
sion is normally repressed in proliferating, undifferentiated
muscle progenitors. These genes included muscle transcrip-
tion factors, Myogenin and Mef2C, and many myofibrillar
genes such as troponin, Tnnc, Tnnt, Tnni, Myosin light and
heavy chains, and a-actin. Elevated expression levels of sev-
eral typical muscle genes such as Myogenin (myog), Mef2c,
Myh3, Mylpf, Gas2, and Tnnc2 in Sfmbtl knockdown cells
were confirmed by real-time RT-PCR (Fig. 4B). On the other
hand, expression of the muscle stem cell factors Bmil (26)
and Nestin (27) was decreased when Sfmbtl was depleted,
suggesting a role of Sfmbt1 in the maintenance of the muscle
stem cell state. Our findings thus support that Sfmbt1 criti-

JOURNAL OF BIOLOGICAL CHEMISTRY 6241



Epigenetic Regulation of Myogenesis by Sfmbt1

A 12
10 b Sfmbt1 :g " Myog *k
] L] o
£o08| * £} =
S 06 [ *k *% S 30 | "
Zoal I_l—‘ ’_X_‘ S 2| I"I
[T [T
02 10
0.0 1 1 1 0 1 1 1
DO D1 D2 D3 DO D1 D2 D3
B C
FLAG-SFMETS VECTOR SFMBT1
-+
¥ FLAG-
— *= < sFmBT1
-g <- B-actin
D po b1 b2 E
FLAG-SFMBT1 - + - + - +
; 1.2
Myosin > —— '_S_ 2 10
208 |
o ©
££ 06 |
Myogenin -» — - EE 04
z£ 02 |
ti i e il e (P o 00 .
p-actin > VECTOR SFMBT1
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transduced with empty vector defined as 1.

cally confers transcriptional silencing of muscle genes in
myogenic progenitor cells.

Sfmbt1 Interacts with the Muscle Transcription Factor MyoD—
The myogenic transcription factor MyoD is associated with
transcriptional corepressors to repress MyoD-mediated
transcription in undifferentiated myogenic progenitors (25).
Because Sfmbtl depletion resulted in enhanced expression
of important MyoD target genes such as Myogenin and
Mef2c in myoblasts, we investigated a possible interaction
between Sfmbtl and MyoD. We compared the Sfmbt1 target
gene set from our microarray data with the published MyoD
ChIP-Sequence gene set (28) and found that about 42% of the
up-regulated genes because of Sfmbtl knockdown showed
physical MyoD binding to their promoters (Fig. 4C). These
data suggest that MyoD interacts with and recruits Sfmbt1 to
MyoD target loci for transcriptional repression in myogenic
progenitors.

To test this possibility, we determined a possible physical
interaction between Sfmbtl and MyoD. Our reciprocal coim-
munoprecipitation assays using FLAG-SFMBT1-expressing
C2C12 cells showed that FLAG-SFMBT1 is readily detectable
in endogenous MyoD immunoprecipitates and endogenous
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MyoD in FLAG-SEMBT1 immunoprecipitates (Fig. 54), indicat-
ing an interaction between SFMBT1 and MyoD. Moreover, our
mapping studies using a series of SFMBT1 (GST fusion) and
MyoD (HA-tagged) truncated mutants revealed that MyoD inter-
acts with the N-terminal (four-MBT repeat domain) and middle
region (DUF 3588, domain of unknown function 3588) of
SFMBT1 (Fig. 5, Band C) and that the bHLH domain of MyoD is
required for its interaction with SEMBT1 (D and E). Because the
muscle transcription factor Myogenin is also a bHLH member, we
performed coimmunoprecipitation and found that Sfmbt1 failed
to interact with Myogenin (supplemental Fig. S4). Therefore, our
data indicate that Sfmbtl specifically interacts with MyoD and
represses MyoD-dependent transcription.

Sfimbt1 Recruits Multiple Transcriptional Corepressor Com-
plexes to Mediate Epigenetic Silencing of MyoD Target Genes—
One key MyoD target is the muscle transcription factor Myo-
genin, which is essential for muscle cell differentiation (29).
Therefore, we focused on the Myogenin gene and investigated
how Sfmbtl regulates MyoD-mediated transcriptional repres-
sion. First, we confirmed that exogenous SEMBT1 repressed
the activity of a Myogenin promoter luciferase reporter in a
dose-dependent manner (Fig. 64). Conversely, depletion of

VOLUME 288+NUMBER 9-MARCH 1, 2013
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and control C2C12 cells were measured by real-time RT-PCR. Data are presented as mean * S.E. B, Sfmbt1 knockdown and control C2C12 cells were induced
for differentiation for 3 days. Myotubes were stained with anti-Myosin antibodies (green), and the nuclei were counterstained with DAPI (blue). C, whole cell
lysates were collected at various days (D) after differentiation for Western blot analysis of Myosin and Myogenin levels. D, Sfmbt1 knockdown significantly
decreased C2C12 proliferation. n = 3. **, p < 0.01. Data are presented as fold change with cells transduced with empty vector viruses as 1. E-H, Sfmbt1
knockdown promoted differentiation of primary myoblasts isolated from neonatal mice. Sfmbt1 knockdown in primary myoblasts was determined by real-
time RT-PCR (E). Sfmbt1 knockdown cells showed enhanced myogenic differentiation, as indicated by increased myotube formation (F) by immunofluores-
cence staining and expression of muscle-specific proteins Myosin and Myogenin (G) by Western blotting. H, Sfmbt1 knockdown resulted in reduced cell

proliferation in primary myoblasts. n = 3. ***, p < 0.001.

endogenous Sfmbtl in C2C12 resulted in increased Myogenin
promoter activity (Fig. 6B). Consistent with the promoter
assays, Sfmbt1 knockdown resulted in enhanced transcription
levels of endogenous myogenin (Fig. 4B). Moreover, Sfmbt1-
depleted C2C12 cells showed an increase in Myogenin protein
1 day after differentiation by Western blotting (Fig. 3C) and
immunofluorescence staining (supplemental Fig. S5). Next, we
carried out ChIP assays using FLAG-SFMBT1-expressing
C2C12 cells and found that FLAG-SFMBT1 is enriched on the
MyoD binding region of the Myogenin promoter, indicating
that Sfmbtl directly regulates MyoD target myogenin gene
transcription (Fig. 6C). Moreover, the depletion of MyoD
decreased the binding of SFMBT1 to the Myogenin promoter
(Fig. 6, C and D), which suggests that SFMBT1 depends on
MyoD to localize on the Myogenin promoter and repress mus-
cle genes in the myoblasts. Therefore, our overall data indicate
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that Sfmbt1 is localized on the MyoD target Myogenin pro-
moter and represses MyoD-dependent transcription, which is
required for myogenic differentiation.

SEMBT1 is associated with multiple transcriptionally repressive
complexes, including the CtBP/LSD1/HDAC complex, PRC, and
MBT family proteins (Fig. 1). In addition, SEMBT1 interacts with
MyoD and directly regulates MyoD target gene transcription (Figs.
4-6). Therefore, we further examined the effect of Sfmbt1 deple-
tion on the recruitment of multiple corepressors to the MyoD tar-
get Mpyogenin promoter by ChIP assays. As shown in Fig. 6E,
Stmbt1 knockdown resulted in decreased binding of multiple tran-
scription corepressors such as LSD1, HDAC1, EZH2, and RING2
to the Myogenin promoter region that spans the MyoD binding
sites. These data thus indicate that Sfmbtl is required for the
recruitment of multiple transcriptional corepressor complexes to
MyoD target loci.
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FIGURE 5. Sfmbt1 interacts with myogenic master transcription factor MyoD. A, FLAG-SFMBT1 interacted with endogenous MyoD in C2C12 by reciprocal
IP. Nuclear extracts from FLAG-SFMBT 1-expressing C2C12 cells were immunoprecipitated with anti-lgG and anti-MyoD antibodies, respectively (left panel), or
anti-lgG and anti-FLAG antibodies, respectively (right panel). Western blotting was subsequently performed using the indicated antibodies. B, diagram of
full-length and truncated mutants of SFMBT1. C, GST pull-down assays showed that MyoD binds to the N-terminal and central regions of the SFMBT1 protein.
Various GST-SFMBT1 fusion proteins immobilized on glutathione-Sepharose were incubated with whole cell lysates of HA-MyoD-transfected 293T cells. The
pull-down products were analyzed by Western blotting with anti-HA antibodies. D, the domain structure of MyoD and various truncated mutants are shown.
E, the bHLH domain of MyoD interacted specifically with SFMBT1 by coimmunoprecipitation assays. 293T cells were cotransfected with FLAG-SFMBT1, and
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Because the Sfmbtl-associated CtBP/LSD1/HDACs com- ther investigated whether Sfmbt1 depletion affects the histone
plex and PRC components have enzymatic activities to catalyze modification status on the MyoD target loci. Our ChIP assays
histone methylation/demethylation and deacetylation, we fur-  showed that Sfmbt1 knockdown resulted in decreased levels in

6244 JOURNAL OF BIOLOGICAL CHEMISTRY YASBEMBE\  VOLUME 288-NUMBER 9-MARCH 1, 2013



Epigenetic Regulation of Myogenesis by Sfmbt1

0.09

4.0

A

m

ap | Myog-Luc O Control - O Control *
S O shsfmbt @ shsfmbt1
cos8 | 30
s = g 008 |
006
D id T g 20 g
i 0'2 | = ES X 0.03
| ]
0.0 . .
SFMBT1 Oug 0.1ug 0.2ug 0.0 0.00
B 46 IgG EZH2 19G RNF2
' Myog-Luc < 0.2 05
[ L « EX3
230 | 0O Control * O Control
E O shsfmbt1 0.4 | B shsfmbt1
©20 |
% ] e 0.3
w10 | 2 01 | 2
| | £ 02
0.0 . ® ®
Control  shSfmbt 0:1
0.0 0.0
E-Box 2 MEF2 E-Box 1
o “140bp -60bp 10bp +1 IgG LsD1 IgG HDAC1
— - —
—_
150 Myog Pro +1 F 4
0.4 3.5 | OcControl %
** Myog Pro 3 | @shsfmbt1
L *
_03 225 |
3 Q
02} £2f T x
= R15 | | *
01 1 | ’7
0 |= s B | e_l_il— 05 r
0 , . . .
lgG |FLAG lgG |F'-AG I9G |FLAG IgG  H3KAme2 H3K2Tme3  AcH3 AcH4
Ctl shMyoD-1 | shMyoD-3
D G 1.2 H
S Myog Pro LSD1/HDACs
- aad © PcG/Sfmbt1
O 0o o0 o D08 |
Es22 :
85353 5 g
& 5 04 [
Control shSfmbt1

FIGURE 6. Sfmbt1 recruits multiple transcriptional repressor complexes and epigenetically represses MyoD-mediated transcription. A, SFMBT1 over-
expression inhibited Myogenin promoter reporter activity. C2C12 cells were transfected with pMyog-Luc, a Renilla luciferase construct, and different amounts
of SFMBT1 plasmids. Firefly luciferase activities were analyzed and normalized against Renilla luciferase activities 48 h after transfection. **, p < 0.01. B, Sfmbt1
knockdown resulted in enhanced Myogenin promoter reporter activity. Sfmbt1 knockdown and control cells were transfected with Myog-Luc and Renilla
luciferase plasmids for 48 h. **, p < 0.01. C, SFMBT1 depends on MyoD to bind to the Myogenin promoter. ChIP assays with anti-FLAG-agarose or anti-lgG-
agarose control were performed using FLAG-SFMBT1-expressing C2C12 cells without or with MyoD depletion, and the purified ChIP DNA was used as
templates for quantitative PCR with Myogenin promoter primers. A percentage of the input is presented. D, Western blotting confirmed reduced MyoD
expression in MyoD knockdown cells. £, Sfmbt1 depletion resulted in reduced binding of transcriptional repressors, including EZH2, RNF2, LSD1, and HDACT,
to the Myogenin promoter by ChIP assays. *, p < 0.05. **, p < 0.01. F, Sfmbt1 depletion caused enhanced levels of active histone marks and reduced levels of
repressive marks on the myogenin promoter region by ChiIP assays. *, p < 0.05. **, p < 0.01. G, DNase | sensitivity assays showed that Sfmbt1 knockdown leads
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treated with DNase | at 37 °C for 30 min. Genomic DNA was then isolated and amplified with the primers spanning the TSS site of the Myogenin gene. The
relative levels of uncut DNA around the TSS site of the myogenin gene were presented. *, p < 0.05; **, p < 0.01. H, proposed model of Sfmbt1 in regulating
MyoD-mediated epigenetic silencing of myogenesis.

the transcriptionally repressive histone mark H3K27me3 and
increased levels of active histone marks, H3K4me2, AcH3, and
AcH4 (Fig. 6F), in the MyoD-binding region of the Myogenin
gene promoter.

Moreover, a protein complex analysis showed that SEMBT1 is
associated with the MBT family proteins and PRC1 proteins that
function in chromatin compaction, suggesting that the Sfmbt1-
associated complex might contribute to chromatin structure com-
paction on target promoters. Therefore, we compared chromatin
accessibility flanking the transcription initiation site (TSS) of
MyoD target gene Myogenin before and after Sfmbt1 knockdown
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using a DNase [ sensitivity assay. In brief, intact nuclei isolated
from Sfmbt1-depleted and control C2C12 cells were treated with
DNase I. Genomic DNA was then extracted for real-time RT-PCR
analysis to measure the uncut DNA spanning the TSS site of the
Myogenin gene. We found that Sfmbtl knockdown reduces the
level of uncut DNA at the Myogenin promoter region, suggesting
that the region spanning the TSS site of the Myogenin gene is rel-
atively more accessible to DNase I digestion in Sfmbt1 knockdown
cells (Fig. 6G). These data support that the Sfmbt1-mediated chro-
matin compaction of the target gene promoter contributes to tran-
scriptional repression.
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DISCUSSION

The molecular mechanisms and biological functions of
SEMBT1 were previously uncharacterized. In this study,
through protein complex analysis, gene expression profiling,
and myogenic differentiation assays, we identified novel mech-
anisms accounting for SFMBT1-mediated transcription re-
pression and revealed a critical role of Sfmbtl in regulating
muscle cell growth and differentiation programs that contrib-
ute to the maintenance of undifferentiated states of myogenic
progenitors.

Our unbiased proteomic analysis of the SFMBT1 protein
complex and subsequent biochemical interaction validations
strongly indicate that SFMBT1 is associated with multiple
transcriptional corepressors, including the CtBP/LSD1/
HDAC complex components, the PRC components, and
other MBT proteins. Multiple studies have revealed func-
tional interplay among these protein complexes in transcrip-
tional repression. For instance, the CtBP/LSD1/HDAC
complex components catalyze histone demethylation/
deacetylation (30, 31) and recruit polycomb proteins to tar-
get promoters (32, 33). The PRC1 complex maintains tran-
scriptional repression and compacts chromatin at target
promoters (10). Moreover, the MBT protein Scm in the
PRC1 complex recruits other components of PRC2 and
PRCI1 to mediate the histone modifications at target loci and
repress transcription (34). In addition, the L3MBTL proteins
function as chromatin readers and compact the chromatin
(35, 36). Because these SFMBT1-associated proteins are crit-
ical regulators of histone modifications, polycomb protein
recruitment, and chromatin compaction, our study thus
identified a novel, central role of SFMBT1 in coordinating
transcriptional repressive complexes in transcription
repression.

It was shown previously that Drosophila dSfmbt binds to
low methylated repressive histone marks in vitro (9, 11), yet
human SFMBT1 was able to bind to unmodified H3 (8). In
light of different associated protein complexes, it is possible
that mammalian SEFMBT1 might interact with histone marks
differently from dSfmbt in terms of the requirement of post-
translational modifications. Our data support that SEFMBT1
might interact with histone tails and function as a repressive
chromatin reader and recruit multiple corepressor com-
plexes to regulate the histone modifications and chroma-
tin compaction at target loci, subsequently repressing
transcription.

The biological functions of SFMBT1 have not been eluci-
dated. In this study, we investigated the function and mecha-
nism of Sfmbt1-mediated transcriptional regulation in skeletal
myogenesis, as current evidence strongly indicates that skeletal
myogenesis is under epigenetic control (37). By utilizing the
skeletal myogenesis model, we showed that 1) Sfmbt1 expres-
sion is down-regulated during myogenic differentiation, 2)
overexpression of SEFMBT1 in C2C12 myoblasts blocks the
myogenic differentiation, and 3) Sfmbt1 knockdown promotes
the myogenic differentiation in C2C12 and primary myoblasts
and reduces proliferation. Overall, gain of function and loss of
function of Sfmbt1 significantly impact growth and differenti-
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ation of myogenic cells in vitro. Therefore, our data suggest a
critical role of Sfmbt1 in regulating skeletal myogenesis, likely
via supporting muscle stem cell proliferation and preventing
premature differentiation.

The mechanisms of polycomb and MBT protein recruitment
to specific genomic loci and regulation of target gene expres-
sion in a mammalian system remains unclear (5, 10, 38). Many
studies have revealed that transcription factors are crucial for
polycomb and MBT protein recruitment to target promoters
(34-36). It has been reported that the bHLH transcription fac-
tor MyoD recruits different epigenetic regulators to myogenic
target loci and establishes spatiotemporal muscle-specific gene
expression patterns in the myogenic developmental process
(25). About 42% of the derepressed genes in Sfmbt1 knockdown
C2C12 cells are direct MyoD targets (Fig. 4C), strongly suggest-
ing that MyoD might recruit Sfmbtl to target promoters to
mediate the transcription silencing. This is supported by our
findings that SFMBT1 interacts with MyoD and represses
MyoD target Myogenin transcription (Figs. 5 and 6). Moreover,
SFMBT1 directly binds to the MyoD target Myogenin promoter
and is required for the recruitment of its associated transcrip-
tional repressors to the Myogenin promoter (Fig. 6). Accord-
ingly, the transcriptional repressive histone mark H3K27me3
decreases and the active marks H3K4me2, AcH3, and AcH4
increase on the MyoD target promoter when Sfmbtl is
depleted. Our chromatin accessibility assay revealed that the
chromatin structure in the promoter region of MyoD target
Mpyogenin became more accessible in Sfmbtl knockdown
C2C12 cells, suggesting that Sfmbt1 is required for the chroma-
tin compaction of MyoD binding regions. Therefore, our data
indicated that Sfmbt1 is required for the recruitment of multi-
ple repressive complexes to MyoD and maintenance of repres-
sive histone marks and chromatin compaction on MyoD target
promoters.

These findings thus allow us to propose a model in which the
MBT domain-containing protein Sfmbtl associates with mul-
tiple transcriptional repressive complexes and functions as a
negative regulator of myogenic differentiation (Fig. 6H). In
undifferentiated myoblasts, Sfmbt1 interacts with MyoD and
recruits its associated repressors to MyoD to mediate histone
modifications and chromatin compaction on MyoD target pro-
moters, which excludes the binding of coactivators and results
in epigenetic silencing of muscle genes and maintenance of the
undifferentiated state of myogenic progenitor cells. When
Sfmbtl is depleted, transcriptional corepressors are no longer
associated with MyoD, which facilitates transcriptional dere-
pression of MyoD target genes and promotes myogenic differ-
entiation. In summary, our study provides strong evidence that
Sfmbt1 links functionally to Polycomb proteins, MBT proteins,
and the LSD1 complex and critically regulates target gene tran-
scription and, subsequently, cell growth and differentiation
programs.
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