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The highly related mammalian Sin3A and Sin3B proteins provide a versatile platform for chromatin-
modifying activities. Sin3-containing complexes play a role in gene repression through deacetylation of nu-
cleosomes. Here, we explore a role for Sin3 in myogenesis by examining the phenotypes resulting from acute
somatic deletion of both isoforms in vivo and from primary myotubes in vifro. Myotubes ablated for Sin3A
alone, but not Sin3B, displayed gross defects in sarcomere structure that were considerably enhanced upon
simultaneous ablation of both isoforms. Massively parallel sequencing of Sin3A- and Sin3B-bound genomic
loci revealed a subset of target genes directly involved in sarcomere function that are positively regulated by
Sin3A and Sin3B proteins. Both proteins were coordinately recruited to a substantial number of genes.
Interestingly, depletion of Sin3B led to compensatory increases in Sin3A recruitment at certain target loci, but
Sin3B was never found to compensate for Sin3A loss. Thus, our analyses describe a novel transcriptional role
for Sin3A and Sin3B proteins associated with maintenance of differentiated muscle cells.

In mammalian cells, the Sin3 core complex, which consists of
at least eight subunits, including Sin3A, Sin3B, and the histone
deacetylases (HDAC1 and HDAC2), transiently associates
with other regulatory proteins, including pRB and chromatin
regulatory enzymes, to control gene expression (36). Sin3-
HDAC complexes are recruited by sequence-specific transcrip-
tion factors to promoter regions, resulting in localized deacety-
lation of histones and transcriptional silencing (1, 2, 15, 17, 20,
30, 32, 39). However, growing evidence suggests that Sin3-
HDAC complexes may also function on active genes. Specifi-
cally, Sin3-HDAC complexes recently identified in budding
and fission yeast were shown to deacetylate nucleosomes
within the coding regions of transcribed genes, preventing spu-
rious sense and antisense transcription (8, 18, 27). In mamma-
lian cells, expression analyses demonstrated that acute somatic
deletion of Sin3A4 resulted in the downregulation of a signifi-
cant number of genes (12). Recently, we used ChIP-on-chip
experiments (chromatin immunoprecipitation [ChIP] com-
bined with microarray hybridization) to map Sin3A and Sin3B
binding sites in differentiated C2C12 myotubes (Mt) and iden-
tified two classes of target genes bound by Sin3A and Sin3B in
myotubes. The first class of genes was bound by both E2F4 and
Sin3A/B and was repressed during differentiation, and this
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cluster was enriched for cell cycle, DNA repair, and DNA
damage checkpoint genes. In contrast, the second group of
genes was bound by Sin3A/B but not E2F4. This cluster was
enriched for genes involved in metabolic pathways, differenti-
ation, and development, and depletion of Sin3 isoforms did not
result in transcriptional derepression.

Genetic inactivation of Sin3A or Sin3B in mice revealed
essential and nonredundant functions for Sin3 proteins at dif-
ferent stages of mouse development. Sin3A-null embryos died
early during embryogenesis, preventing the elucidation of
Sin3A function during cellular differentiation (10, 12). In con-
trast, Sin3B is dispensable during early development but es-
sential at later stages, since Sin3B-null mice exhibited striking
defects in blood cell maturation and skeletal development,
processes linked to cell cycle exit (13). Sin3A and Sin3B ho-
mologs have also been implicated in diverse developmental
pathways in Drosophila species and Caenorhabditis elegans (11,
25, 35).

To further explore the developmental role of mammalian
Sin3-containing complexes in a well-characterized system,
namely, muscle differentiation, we have generated mice and
cells that are somatically inactivated for Sin3A, Sin3B, or both.
The phenotypes resulting from this inactivation definitively
demonstrate distinct roles for Sin3A and Sin3B isoforms in
maintaining myofibril structure and function in the postdiffer-
entiated state. Furthermore, unbiased identification of targets
bound by Sin3A and Sin3B during muscle differentiation re-
vealed a cohort of genes involved in assembly of sarcomeres,
the basic unit of muscle contraction. Expression of these target
genes was significantly reduced upon ablation of Sin3 isoforms,
providing new insights into the contribution of Sin3 proteins to
transcriptional activation of genes required for myogenesis and
muscle integrity.
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MATERIALS AND METHODS

Mice and cell culture. Mice harboring floxed alleles of Sin3A and Sin3B and
Myf5-Cre and MCK-Cre transgenes were described previously (6, 12, 13, 38).
C2C12 cells (obtained from the ATCC) were cultured as described previously
(4). Primary myoblasts were isolated according to previous methods (29), except
that cells were grown on plates coated with a 1:10 solution of BD Matrigel
(BD254248). Cells were grown to near confluence before being switched to
differentiation-inducing medium (Dulbecco’s modified Eagle’s medium
[DMEM]-5% horse serum).

Viral infections, RNA interference (RNAi), RT-PCR, and IF. Primary myo-
blasts were grown to near confluence, at which time the medium was changed to
DMEM supplemented with 5% horse serum to induce differentiation. After 48 h
in differentiation medium, primary myotubes were infected with control adeno-
virus or virus expressing Cre recombinase (Gene Transfer Vector Core, Univer-
sity of Towa) at a multiplicity of infection (MOTI) of 100 for 24 h. After 24 h, the
primary myotubes were grown for an additional 48 h before being prepared for
reverse transcription-PCR (RT-PCR) and immunofluorescence (IF). C2C12
cells were grown and transfected as previously described (39). RT-PCR was
performed using 250 ng of total RNA per reverse transcriptase reaction (Invitro-
gen). cDNA was diluted and quantified twice by real-time PCR using the SYBR
green method. For immunofluorescence, the cells were fixed in 10% neutral
buffered formalin solution. Anti-alpha-actinin «2 antibody (1:1,500; Sigma
A7811) and a Cy3 anti-mouse secondary antibody (1:500) were used.

EM. Five-day-old mice were perfused with a 0.1 M phosphate buffer (pH 7.3)
containing 2.5% electron microscopy (EM)-grade glutaraldehyde (GA) and 4%
paraformaldehyde (PFA). Gastrocnemius was dissected and fixed overnight in a
0.1 M phosphate buffer (pH 7.3) solution containing 1% EM-grade GA. Primary
myotubes were fixed with a 0.1 M phosphate buffer (pH 7.3) containing 2.5%
EM-grade GA and 4% PFA. Sixty-nanometer sections were collected and
stained with 3% uranyl acetate in 50% methanol and lead citrate. Images were
captured on a Philips CM12 transmission electron microscope (TEM) at 120 kV
with a 4K- by 2.67K-pixel Gatan digital camera.

Immunohistochemistry. To isolate gastrocnemius muscle from euthanized
5-day-old mice, hind limbs were dissected and stored in 4% PFA in phosphate-
buffered saline (PBS) at 4°C for 24 h and then transferred to 10% sucrose for
24 h at 4°C. Limbs were frozen on dry ice and then embedded in Tissue-Tek OCT
compound in aluminum foil molds and set in dry ice. Samples were cut in 8-pm
cryosections using a cryostat (Microm 560; Thermo Scientific), mounted on
gelatin-coated glass slides, and incubated at room temperature overnight. Slides
were stored at —80°C until staining. For immunofluorescence, slides were dried,
permeabilized with 0.2% TritonX-100 in PBS, and rinsed in PBS-Tween 20.
Sections were blocked in 5% sheep serum (sc-2488; Santa Cruz Biotechnology)
in PBS-Tween 20 for 30 min and rinsed in PBS-Tween 20. Sections were incu-
bated with primary antibodies against a-actinin (Sigma A7811, clone EA-53)
overnight in wet chambers at 4°C. Slides were washed with PBS-Tween 20.
Sections were incubated with secondary antibody (Alexa Fluor 488 A1101; In-
vitrogen) and washed with PBS-Tween 20. Sections were incubated with TO-
PRO-3 iodide (T3605; Invitrogen), rinsed in PBS, and mounted with Vectashield
with DAPI (4',6-diamindino-2-phenylindole) (H-1200; Vector Laboratories,
Inc.). Images were acquired using a confocal microscope (Axiovert 200M, LSM
510 laser scanning microscope; Carl Zeiss, Inc.) with a 40X/0.75-numerical-
aperture Plan/Neofluar objective using LSM 510 software (Carl Zeiss, Inc.).
Images were processed using Photoshop CS3 (Adobe).

ChIP sequencing. Cells were cross-linked, harvested, and lysed as described
previously (37). For conventional ChIP, nuclei were collected by centrifugation,
resuspended in sonication buffer (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris [pH
8], 0.5% N-lauroyl-sarcosine, and protease inhibitors), and sonicated on ice to an
average length of 350 bp. Antibodies against Sin3A (sc-767), Sin3B (sc-768), and
E2F4 (sc-1082) were obtained from Santa Cruz. Antibody against HDAC1 (06-
720) was obtained from Millipore. To isolate mononucleosomal chromatin frag-
ments, nuclei were resuspended in MNase buffer (10 mM Tris at pH 7.4, 60 mM
KCl, 15 mM NaCl, 2 mM CaCl,), briefly washed, and treated with ~150 U
MNase (Worthington) at room temperature for 30 min. The reaction was
quenched with 10 mM EDTA and sonicated. Cross-links were reversed, and
DNA was extracted according to the ChIP protocol. Antibodies against histone
H3K4-3 M (ab8580) and anti-H3Ac (K9Ac-K14Ac and 06-599) were obtained
from Abcam and Millipore. DNA libraries were prepared for immunoprecipita-
tion (IP) and corresponding input samples per Illumina’s instructions. Libraries
were sequenced using a Solexa 2G genome analyzer in accordance with the
manufacturer’s protocols. Images were processed using the Illumina pipeline to
generate raw sequence files, which were subsequently aligned to the mouse
genome (mm?9) without mismatches. Aligned sequences were further filtered to
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remove identical sequence tags and sequence tags that do not align uniquely to
the mouse genome. To detect regions of enrichment characterized by increased
sequence tag density relative to the measured background, we employed model-
based analysis of ChIP combined with massively parallel sequencing (MACS)
using a minimum cutoff of 8 tags per enriched region and a P value of <1 X 1077
(41).

Gene expression profiling. Growing C2C12 cells were induced to differentiate,
and the resulting cells were processed as described previously (4). Microarray
data can be downloaded from the Gene Expression Omnibus under accession
number GSE19968. RNA was extracted and purified with an Absolutely RNA
miniprep kit (Stratagene) in accordance with the manufacturer’s recommenda-
tions. The cells were lysed in the presence of 0.7% of B-mercaptoethanol and
treated with DNase I. For both the time course and the RNAi samples, exper-
iments were performed on at least three independent biological replicates. Gene
expression profiling was done using the one-color microarray gene expression
platform from Agilent Technologies. The 4x44k whole-mouse genome oligonu-
cleotide microarray was used. Labeled cDNA was made using a Quick Amp
one-color labeling kit (Agilent). In accordance with the manufacturer’s protocol,
300 ng of RNA was labeled and used for each microarray. The slides were
hybridized at 65°C for at least 17 h, washed, and scanned per the manufacturer’s
instructions. After the slides were scanned, the intensities of the spots were
extracted using Feature Extraction version 10.1.1. Raw median probe intensities
were normalized using GeneSpring GX version 10.0 (Agilent Technologies), first
by scaling probe signals within each microarray to the 75th percentile of the
respective sample, then by eliminating probes with no or marginal signal in all
samples, and finally by averaging the normalized signal among replicate samples.

Immunoprecipitations. Nuclear extracts were prepared as previously de-
scribed (9), with the following modifications. The hypotonic homogenization
buffer was adjusted to 7 mM KCl, and the nuclear extraction buffer was adjusted
to 0.42 M KCI. One milligram of nuclear extract was immunoprecipitated with 1
wg of antibodies cross-linked to a mixture of protein A/G-Sepharose and washed
with nuclear extraction buffer containing 0.15 M KCI. Precipitated material was
separated on an 8% SDS-PAGE gel together with 50 g of nuclear extract as an
input and blotted to polyvinylidene difluoride (PVDF). Antibodies against Sin3A
(sc-767) and Sin3B (sc-768) were obtained from Santa Cruz. Antibodies against
pRb (monoclonal antibodies 21C9 and 554136) were obtained from R. Weinberg
and Pharmingen and were used for immunofluorescence and Western blotting,
respectively.

RESULTS AND DISCUSSION

Acute somatic deletion of Sin3A and Sin3B ir vivo reveals an
essential role in muscle biology. Our previous studies demon-
strated that Sin3A and Sin3B bind to overlapping and distinct
sets of target genes in myotubes derived from C2C12 myoblasts
in vitro (39). To unambiguously delineate the specific contri-
butions of Sin3A and Sin3B to muscle differentiation and phys-
iology in vivo, we crossed mice harboring Sin3A and Sin3B
conditional alleles to transgenic mice expressing the Cre re-
combinase in the myoblast compartment (Myf5-Cre) or in dif-
ferentiated skeletal muscle cells (MCK-Cre). Expression of the
Cre recombinase thus results in efficient and rapid inactivation
of the conditional Sin3A or Sin3B allele at different stages of
embryonic development (6, 12, 13, 38). We found that somatic
inactivation of Sin3A or Sin3B in myoblasts led to strikingly
different phenotypes. Myf5-Cre::Sin34”~ mice died perinatally,
and no viable pups were present 24 h after birth. In contrast,
Myf5-Cre::Sin3B"~ mice were observed with expected Mende-
lian proportions and survived for up to 2 years (the length of
the experiment) with no obvious developmental defects (data
not shown).

Interestingly, viable Sin3A”~ or Sin3B”~ pups bearing the
MCK-Cre transgene were identified with expected Mendelian
ratios up to 5 days after birth. However, the vast majority of
mice deleted for Sin3A in skeletal muscle (Sin3AY~; Sin3BY*;
MCK-Cre ™, here referred to as Sin3A~/~; Sin3B*/~) and mice
deleted for both Sin3A and Sin3B (Sin3A"~; Sin3B”~; MCK-
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FIG. 1. Survival rates of mice conditionally deleted for Sin3 genes.
Mice carrying floxed alleles of Sin3A or Sin3B were crossed with
MCK-Cre transgenic mice to yield Sin34*/~; Sin3B™/~, Sin34*'~;
Sin3B~'~, Sin3A~'~; Sin3B*'~, and Sin34A~'~; Sin3B~'~ mice. Mice
showed isoform-specific differences in viability. Ablation of both Sin3A
and Sin3B decreased viability significantly (log rank [Mantel-Cox]
test).

Cre™, here referred to as Sin3A~/~; Sin3B /") died within the
first 2 weeks of life. The median survival periods for Sin3
mutant mice were 12 and 8 days for Sin3A~/~; Sin3B*/~ and
Sin3A~/7; Sin3B~/~ mice, respectively (Fig. 1). In contrast,
mice deleted for Sin3B in skeletal muscle (Sin3A”*; Sin3B"~;
MCK-Cre*, here referred to as Sin3A™/~; Sin3B™/") were
phenotypically indistinguishable from control mice (Sin3AY";
Sin3BY"; MCK-Cre", here referred to as Sin3A™;
Sin3B™/7) up to 12 months of age (Fig. 1). Thus, mice with
combined deletions of Sin3A and Sin3B, driven by the MCK-
Cre transgene, exhibited significant decreases in duration of
survival compared to mice with single deletions of Sin3A (or
Sin3B) (Fig. 1) (P < 0.05). Transgenic MCK-Cre mice ablated
for Sin3A4 or both Sin3 isoforms did not exhibit overt respira-
tory defects and did not appear cyanotic, nor did we observe
noticeable differences in nursing behavior compared to that of
littermates. The cause of death of Sin3A- and Sin3A/B-deleted
pups remains unknown and may reflect leaky expression of the
Cre transgene in tissues other than skeletal muscle. Neverthe-
less, these observations indicate that combined deletion of
Sin3A and Sin3B, mediated by the MCK-Cre transgene, leads
to a significant decrease in survival compared to single dele-
tions of Sin3A (or Sin3B) (Fig. 1) (P < 0.05). This observation
represents, to our knowledge, the first demonstration that
Sin3A and Sin3B share redundant functions in a defined phys-
iological setting.

Depletion of Sin3 from skeletal muscle results in sarcomere
disruption. To more precisely address the specific contribu-
tions of Sin3A and Sin3B to muscle differentiation and physi-
ology in vivo, skeletal muscle tissue of MCK-Cre transgenic
mice was dissected from littermates of all genotypes at day 5,
before the pups exhibited any abnormalities. Upon histological
examination of hematoxylin and eosin (H&E)-stained sections,
we observed gross structural defects in tissue lacking Sin3A or
both Sin3 isoforms (data not shown).

We analyzed sarcomere organization more closely using im-
munofluorescence (IF) and electron microscopy (EM) (see
Materials and Methods). For IF analysis, we used an antibody
against skeletal muscle actinin a2, a marker for Z discs within
the sarcomere. Muscle tissue from hind limbs (gastrocnemius)
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of control mice (Sin3A™'~; Sin3B*'~) or mice deleted for
Sin3B (Sin34*/~; Sin3B /") showed a regular, striated pattern
of «-actinin-stained Z discs, characteristic of normal muscle
fibers (Fig. 2A). In contrast, staining of muscle tissue derived
from mice deleted for Sin3A (Sin34~'~; Sin3B*'~) or for both
proteins (Sin34~/~; Sin3B~'") showed an irregular «-actinin-
stained Z-disc pattern within large sections of the myofibril,
most likely reflecting disorganized sarcomeres (Fig. 2A). Im-
portantly, as the MCK-Cre transgene is active in postmitotic,
differentiated muscle cells but not during myogenesis, these
results point to an essential role for Sin3A in maintaining
sarcomere organization in differentiated cells.

Next, we used EM to document the ultrastructural features
and, more specifically, the integrity of sarcomeres in myotubes
deleted for Sin3A, Sin3B, or both proteins. In agreement with
our IF analyses, muscle tissue derived from the gastrocnemius
of control mice or mice deleted for Sin3B showed a regular
arrangement of sarcomeric units, with distinct Z discs, A and I
bands, and M lines (Fig. 2B). In contrast, we observed a dra-
matic overall disruption of sarcomeric architecture within mus-
cle tissue derived from mice deleted for both Sin3A and Sin3B,
resulting in irregular myofibrillar arrays. Interestingly, this phe-
notype was less penetrant in Sin3A-deleted muscle than in
muscle ablated for both Sin3A and Sin3B, as only one pup out
of two exhibited defects in sarcomere organization at day 5. In
the affected Sin3A-deleted animals or in the animals deleted
for Sin3A and Sin3B, sarcomeres were characterized by dis-
rupted Z discs and dissociation of I bands (Fig. 2B, third and
fourth rows). Furthermore, many of the filaments within
Sin3A- and Sin3B-deleted fibers end abruptly without proper
termination in the Z disc. Finally, we observed widespread
dissociation of fibers and large interstitial spaces in the sarco-
plasm surrounding the myofibrils (Fig. 2B, third and fourth
rows). Thus, our results point to a previously unknown role for
Sin3 isoforms in maintaining the subcellular structure and in-
tegrity of myofibers. Interestingly, in contrast with conditional
deletion of Sin3A or both Sin3 isoforms, somatic deletion of
Rb in mice with the same MCK-Cre transgene used in our study
did not result in any overt phenotype (16), suggesting that Sin3
complexes required for myofibril organization are functionally
separable from those involving pRB.

Ablation of Sin3 in primary myotubes leads to sarcomeric
defects. In order to assess whether the sarcomeric phenotypes
elicited upon inactivation of Sin3A and Sin3B proteins in mus-
cle tissue result from cell-autonomous defects, we isolated
primary myoblasts from mice harboring combinations of con-
ditional Sin34 or Sin3B alleles (Sin3A4”~; Sin3B"*, Sin34"™;
Sin3B"~, and Sin34”; Sin3B” ). Primary myoblasts were cul-
tured in vitro, and differentiation into myotubes was induced at
confluence. Differentiated myotubes were then infected with
an adenovirus expressing Cre (Ad-Cre) or a control adenovirus
lacking Cre (vector) 48 h after induction of differentiation.
Excision of floxed Sin34 and Sin3B exons was assessed by
measuring mRNA levels using quantitative RT-PCR (qRT-
PCR) at 48 h postinfection. We observed strong and specific
decreases in Sin3A and Sin3B mRNA levels after infection
with Ad-Cre but not with the control virus (Fig. 3A). We did
not observe compensatory upregulation of the remaining iso-
form after ablation of the other (Fig. 3A).

Ad-Cre- or control-infected primary myotubes were stained
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FIG. 2. Conditional ablation of Sin3 in mouse skeletal muscle provokes severe myofibril defects. Skeletal muscles (gastrocnemius) of floxed
MCK-Cre::Sin3 mice were dissected at postnatal day 5 and processed for either immunohistochemistry or electron microscopy (EM). (A) Immu-
nofluorescence detection of a-actinin «2 in longitudinal sections of skeletal muscle cells of Sin34™/~; Sin3B™/~ (control), Sin3A™'~; Sin3B~'~,
Sin3A~'~; Sin3B*'~, and Sin34~'~; Sin3B~'~ mice. White squares indicate selected regions shown at higher magnification. Bar, 10 uM. (B) EM
analysis of longitudinal sections of skeletal muscle tissue from two different mice from each genotype (first and second columns). The genotypes
are identical to those in panel A. Ablation of Sin3A or both Sin3A and Sin3B resulted in severe structural aberrations. White arrows with unfilled
arrowheads indicate normal sarcomeric structures. Black and white arrows with solid arrowheads indicate structural abnormalities: black solid
arrows indicate disrupted Z discs and I bands, and white solid arrows point to dissociated fibers and large interstitial spaces in between myofibrils.
A, A band; I, I band; M, M line; Z, Z disc. Bar, 500 nm.
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for a-actinin and analyzed by fluorescence microscopy. All
primary myotubes infected with control adenovirus showed
regular arrays of a-actinin-stained Z discs, and similar results
were obtained for Sin3B-depleted primary myotubes (Fig. 3B).
In striking contrast, a large fraction of primary myotubes ab-
lated for Sin3A or for both Sin3A and Sin3B were character-
ized by a loss of a-actinin-stained Z discs, and when they were
present, Z discs appeared irregular (Fig. 3B). Next, we used
EM to further analyze sarcomere structure upon deletion of
Sin3A, Sin3B, or both proteins. Primary myotubes infected
with the control adenovirus or primary myotubes deleted for
Sin3B displayed regular sarcomeres with characteristic Z-disc,
A-band, and I-band patterns (Fig. 3C). In contrast, primary
myotubes ablated for Sin3A or for both Sin3 isoforms were
characterized by thinner myofibrils and disruption or disap-
pearance of Z discs. Remarkably, in a subset of these sarcom-
eres, A and I bands were not distinguishable (Fig. 3C).

In summary, acute inactivation of Sin3A and Sin3B in dif-
ferentiated primary cells recapitulates the phenotypes ob-
served in muscle tissue, indicating an essential and specific
cell-autonomous role for Sin3 proteins in assembling sarcom-
eres and/or maintaining sarcomere integrity.

Recruitment of Sin3A and Sin3B during myogenesis. We
previously identified Sin3A and Sin3B target genes in differ-
entiated myotubes using ChIP-on-chip experiments with pro-
moter DNA and tiling arrays (39). However, these arrays were
limited to a portion of the mouse genome and did not cover
intergenic and downstream coding regions. In order to identify
the full range of Sin3A and Sin3B binding events during myo-
genesis, we combined ChIP with massively parallel sequencing
(ChIP-seq) in fully differentiated C2C12 myotubes (Mt). On
average, 4.4 million sequenced tags were uniquely aligned to
the mouse genome after immunoprecipitation of Sin3A or
Sin3B. Importantly, the increased coverage and resolution af-
forded by ChIP-seq allowed us to substantially extend our
findings with regard to Sin3 isoform-specific recruitment (see
below). To identify regions enriched for Sin3 binding, we used
an algorithm, model-based analysis of ChIP-seq (MACS), with
a minimal tag cutoff of 8 tags and a P value of <1 X 1077 (41).
We identified 1,491 and 4,993 targets for Sin3A and Sin3B,
respectively (see Table S1 in the supplemental material). This
represents a vast increase in the number of identified Sin3
target genes. A comparison of Sin3A and Sin3B binding sites
indicated that 86% of Sin3A target sites were also bound by
Sin3B in myotubes, although a large number (74%) of Sin3B
targets did not overlap with Sin3A targets (Fig. 4A). Thus, our
data strongly suggest the existence of distinct Sin3A and Sin3B
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complexes, whose recruitment to discrete targets is likely to
depend on Sin3A- or Sin3B-specific interacting partners.

Our ChIP-on-chip experiments revealed that Sin3A and
Sin3B binding occurs primarily downstream of the transcrip-
tion start site (TSS) in differentiated myotubes (39). We there-
fore analyzed the distribution of Sin3A and Sin3B binding
events in differentiated myotubes on the basis of our ChIP-seq
data, which interrogated intergenic and downstream coding
regions that had not been analyzed previously. Binding sites
were annotated to the nearest transcription start site, and
distances between median peak positions and the TSSs of all
RefSeq genes were calculated. In agreement with our previous
findings, we found that Sin3A and Sin3B primarily occupied
regions close to the TSS (bp —3000 to +3000), with a strong
positional bias downstream of the TSS (Fig. 4B).

We performed genome-wide expression profiling with myo-
tubes and growing myoblasts and compared binding by Sin3A,
Sin3B, or both with dynamic changes in gene expression during
myogenesis. We found that a cluster of genes bound by both
Sin3A and Sin3B in differentiated myotubes was significantly
more repressed than a control set by testing the hypergeomet-
ric distribution (P = 2 X 1072%) (Fig. 4C, left panel), and a
subset of these repressed genes play a role in cell cycle pro-
gression as previously reported (39). In contrast with genes
bound by Sin3A and Sin3B, a cluster of targets bound by Sin3B
displayed an enhanced and significant preference toward gene
activation (P = 3 X 1073°) (Fig. 4C, right panel). This analysis
further underscores the existence of distinct functions for Sin3
proteins in differentiated cells.

Sin3A and Sin3B bind to a cluster of sarcomere genes. To
assess whether genes bound by Sin3 proteins function in dif-
ferent physiological pathways, we clustered our ChIP-seq tar-
gets using DAVID, a gene ontology (GO) program (14), and
assessed the significance of enrichment for GO terms (Fig.
5A). Genes bound by Sin3A and Sin3B proteins were most
significantly enriched in categories related to cell cycle regula-
tion (P = 4 X 107*?), chromosome/chromatin (P = 6 X
1072"), RNA processing (P = 4 X 107'®), and DNA replica-
tion/repair (P = 4 X 107"3). Genes bound by Sin3A did not
show any enrichment for a specific GO category, and genes
bound by Sin3B were most enriched in categories related to
RNA processing (P = 5 X 107*?), mitochondria/ER/redox
(P = 3 X 107%°), protein catabolism (P = 1 X 10~?°), and
protein transport (P = 1 X 1072®). Interestingly, cell cycle and
mitochondrial pathways targeted by Sin3 appear to be con-
served through evolution on the basis of depletion and knock-
out experiments with Saccharomyces cerevisiae, Drosophila, and

FIG. 3. Primary myotubes ablated for Sin3 display severe defects in sarcoma structures. Primary myoblasts were isolated from MCK-Cre-
negative Sin34”7~; Sin3B"*, Sin347*; Sin3B", and Sin34”~; Sin3B"~ mice. Primary myoblasts were induced to differentiate, and primary
myotubes were infected 48 h after induction of differentiation with adenovirus without (Vector [control]) or with (Cre) Cre recombinase and
processed for RT-PCR, immunofluorescence, and EM. (A) Gene expression analysis using quantitative real-time RT-PCR of Sin3A and Sin3B
genes after ablation of Sin3A or Sin3B. The expression levels of vector- and Cre-infected cells were normalized to the level for Rbp2, which is
expressed at high levels and is not bound by Sin3 in differentiated myotubes. Normalized Cre values were compared with normalized control values.
Averages of results from three independent experiments are shown. Error bars represent standard deviations. (B) Immunofluorescence detection
of a-actinin a2 and DAPI staining in primary myotubes ablated for Sin3A, Sin3B, or both Sin3A and Sin3B. Bar, 100 pm. (C) EM analyses of
longitudinal sections of primary myotubes. Genotypes are as described for panel A. Ablation of Sin3A or both Sin3A and Sin3B resulted in
significant structural alterations. White arrows indicate normal sarcomeric structures. Black arrows indicate structural abnormalities. A, A band;

I, I band; Z, Z disc. Bar, 5 pm.
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FIG. 4. Identification and characterization of Sin3 targets during myogenesis. (A) Venn diagrams showing overlap between Sin3A and Sin3B
binding events in differentiated myotubes identified by ChIP-seq. Overlap between Sin3 binding sites was defined within a 250-bp interval. The
results of two independent experiments were merged for a final analysis. Binding events were identified using MACS with a cutoff P value of <1 X
107 and a minimal tag cutoff of 8. (B) Genomic distribution of Sin3A and Sin3B binding events during myogenesis. (Upper panel) Definition of
regions used to calculate genomic distribution of Sin3A and Sin3B binding events. Region A is without an upstream limit. (Lower panel) The
distance of a binding event relative to the transcription start site (TSS) or transcription termination site (TTS) (group E only) was calculated using
the median position of a binding event. The total number of peaks per region was expressed as a percentage of the total number of binding events.
(C) Distribution of relative expression profiles during differentiation for genes bound by a combination of Sin3A or Sin3B in myotubes deduced
from the ChIP-seq data. The numbers of genes bound per group were as follows: for Sin3A/Sin3B, 1,148; for Sin3A, 159; and for Sin3B, 2,994.
The background group (Control) consisted of all genes defined in Refseq (version mm9). The hypergeometric distribution test was used to
calculate statistical significance. p, P value; Mb, myoblasts; Mt, differentiated myotubes.

mammalian cells (12, 19, 28, 31). Using this approach, we also
identified a cluster of Sin3 target genes specifically involved in
muscle development, potentially relevant for our observed
phenotypes in muscle tissue (Fig. 2) and primary myotubes
(Fig. 3). We examined this group of Sin3 target genes more
extensively, using gene ontology annotation as a reference
(http://www.ebi.ac.uk/GOA/) (Fig. 5B). Strikingly, we identi-
fied 98 genes involved in muscle physiology, 40 of which were
bound by both Sin3A and Sin3B (see Table S1 in the supple-
mental material; also Fig. 5B). Within this cluster of 98 genes,
we had previously identified 22 genes by ChIP-on-chip exper-
iments, including Ttn, Tnncl, Cfl2, Itga7, Sntal, and Nes (39).
Using quantitative ChIP (qChIP) analysis, we verified Sin3
binding in differentiated C2C12 cells and primary myotubes
and confirmed binding of Sin3A and Sin3B to these genes (Fig.
5C and D).

Notably, Sin3 target genes identified in myotubes encode
different components of the sarcomere, including the titin (tn),
troponin C1 (tnncl), and desmin (des) genes, among others
(Fig. 5B), and several of these genes have been implicated in a
wide variety of skeletal myopathies (7, 21, 26). In addition, we
identified the integrin alpha 7 and integrin beta 1 genes (itga7
and izgB1, respectively) as Sin3A/B target genes in myotubes.
Itga7 and ItgPR1 heterodimers are cell surface receptors and
interact with the extracellular matrix (ECM). Muscle integrins
Itga7 and ItgB1 are enriched at myotendinous and neuromus-

cular junctions and are important for the formation and integ-
rity of these complexes. Furthermore, the integrin a7B1 het-
erodimer and downstream effectors talinl and vinculin provide
lateral linkage of the cytoskeleton via costameric complexes to
the sarcolemma, which is important for muscle integrity (7,
33). We also identified the dystroglycan 1 (dagl) and syntro-
phin (sntal and sntb1) genes, which are part of the dystrophin
glycoprotein complex (DGC), as Sin3A/B target genes. The
DGC functions in muscle fiber adhesion by linking the ECM to
sarcomeres, and loss of function of this complex leads to mus-
cle wasting and loss of muscle integrity (3). Thus, Sin3A and
Sin3B target genes encode components of the sarcomere and
adhesion complexes needed to maintain muscle integrity,
and aberrant regulation of these genes could represent a molec-
ular basis for the phenotypes observed upon acute somatic inac-
tivation of Sin3A or both Sin3A and Sin3B, including friability of
sarcomeres and the apparent disorganization of myofibrils.

Sin3 complexes function as activators on sarcomere genes.
Next, we addressed whether Sin3 complexes act as a repressor
or activator complex on this set of genes involved in muscle
differentiation and physiology. Therefore, we first analyzed the
connection between Sin3 binding and expression of these
genes in myoblasts and myotubes. Transcript levels corre-
sponding to this subset of genes increased during differentia-
tion for most genes (Fig. 6A). We have previously shown that
recruitment of Sin3 complexes to a set of genes repressed in



VoL. 30, 2010

A

Sin3 PROTEINS REGULATE SARCOMERE GENE TRANSCRIPTION

Sin3A / Sin3B

Sin3B

11.7% 14.1%

3.8%

13.4% 24%

7.2%
15.4%
17.1%
Extra Cellular Matrix Integrin
Dystroglycan N

Sarcoplasmic
“tubule Z Reticulum

Myotubes-C2C12

= Cytoskeleton (Sin3A/Sin3B specific)
10.9% = Helicase (Sin3A/Sin3B specific)
M cellcycle
B Chromosome
= DNA repair
4.6% = protein transport / localization

7.6%

@ RNA processing
6.9% m Transcription
Mitochondrion (Sin3B specific)

16.3% = Protein catabolic processes (Sin3B specific)

Sarcomere Structure

I-Band: Tnncl, Actal, Tpm2, Tpm4
Intermediate Filament: Des, Flnc, Nes, Vcl
M-Line: Calm1, Calm2

A-Band: Myh3, Mybph, Myl1

Third Filament: Ttn, Ankrd1

Sarcomere Anchoring

Dystrophin Glycoprotein Complex: Dagl,Sntal,Sntb1
Integrin Signaling: Itga7, Itgbl, TInl, Fhi3
Nuclear Architecture: Lmna, Lmnb1, Lmnb2

a
=
v

E

S
=

Sin3A/B target genes Control

S
f]
N .
—_ =-Sin3JA
sg 16 -Sin3B
sno 12
.-
w!..":' 8
=]
- 4
&
< =} v o o — -+ > — [} °on @ w
ES T T E ES 535 & &£ 5 ¢
= & X = =% g 2 £ = 8 T8 T °
= =2 = O O E X @ g S w =z
< ~ £ 9 T E
< 3 3 2 2
= = = E
£ 5 @
=
Sin3A / Sin3B target genes Control
Myotubes-C2C12 Myotubes-Primaries
1 = 2 .
2 ’ H Sin3A s M Sin3A
= ‘g 5 M Sin3B g § 10 M Sin3B
5 3 '%DB 5
£ £ =%
=]
~ < = 2 £ 2 :E = ﬁ- E S
< = = A = = a ==

@

2
=
=]
=

>
=

Sin3A/B target genes Control

5693

FIG. 5. Annotation and verification of Sin3 target genes. (A) Distribution of GO annotations for Sin3A and Sin3B target genes. Sin3A and
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bars represent standard deviations.

myotubes correlated with the recruitment of E2F4, as well as
decreased levels of H3 acetylation (H3Ac) and H3K4 trimethyl-
ation (H3K4me3), marks signifying active chromatin (39).
Therefore, to further discriminate between repressor and ac-
tivator complexes, we tested whether Sin3 binding coincided
with recruitment of E2F4, H3Ac, and H3K4me3 within the
downstream regions of genes involved in muscle and sar-
comere structure and function using ChIP-seq. We observed
high levels of H3Ac and H3K4me3 and background levels for
E2F4 binding on this set of genes, whereas we observed low
levels of H3Ac and H3K4me3 and enhanced levels of E2F4
and HDACI1 binding on a set of Sin3 target genes that were
repressed (Fig. 6B to D).

In order to determine whether Sin3A and Sin3B directly
contribute to activation of a subset of these genes, we analyzed
mRNA levels of #n, ttncl, actal, and dmpk, which encode
proteins critical to the integrity of sarcomeres, in C2C12 and
primary myotubes after acute deletion of Sin3A, Sin3B, or
both. First, differentiated myotubes were transfected with con-
trol or specific sSiRNAs targeting Sin3A and Sin3B, and differ-
ences in mRNA abundance were analyzed using quantitative
RT-PCR. We found that expression of most genes bound by
both Sin3A and Sin3B was markedly decreased upon depletion
of Sin3A and Sin3B (Fig. 7A). In contrast, expression levels of
Brcal and Mcm5, previously shown to be repressed by Sin3-
containing E2F4 complexes (39), were increased upon ablation
of Sin3A and Sin3B. To further dissect the individual roles of

Sin3A and Sin3B, we depleted Sin3A, Sin3B, or both proteins
in primary myotubes. Ablation of Sin3B did not result in sig-
nificant changes in the expression of any of these genes (Fig.
7B). In contrast, we observed significant (P < 0.05) reductions
in expression of tmncl and dmpk after ablation of Sin3A and
significant decreases in ttn, actal, tnncl, and dmpk levels after
ablation of both Sin3A and Sin3B. Levels of Casq2 (a Sin3A
and Sin3B target encoding a sarcoplasmic reticulum protein)
or Kif20A (a target repressed by Sin3-E2F4 [39]) either were
not significantly affected or were upregulated, respectively, by
inactivation of Sin3A or both Sin3A and Sin3B. Thus, Sin3
complexes act directly and specifically as activators on a subset
of these genes in C2C12 and primary myotubes.

We have shown previously that both Sin3 isoforms bind to a
large cluster of E2F4 target genes in differentiated myotubes
and that ablation of both Sin3 proteins leads to reexpression of
a subset of these genes (Fig. 7A and B) (39). In addition, acute
ablation of retinoblastoma tumor suppressor protein (pRB) in
differentiated myotubes also led to reexpression of an overlap-
ping set of E2F4 and Sin3 target genes, particularly those
involved in cell cycle control (5). Therefore, it was important to
test whether ablation of Sin3 in differentiated myotubes leads
to cell cycle defects, as reported for cycling cells (12, 13). First,
we asked whether Sin3 proteins associate with pRB in nuclear
extracts derived from myoblasts and myotubes. We found that
Sin3A and Sin3B coprecipitated with pRB under both condi-
tions, although we observed significantly weaker interactions in
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FIG. 7. Sin3A and Sin3B proteins directly control transcription of muscle and sarcomere genes. (A) Gene expression analysis using quantitative
real time RT-PCR of selected genes after ablation of both Sin3A and Sin3B in C2C12 myotubes. Myotubes were transfected 48 h after induction
of differentiation and were isolated 96 h after transfection. Expression levels of selected genes in Sin3 siRNA-transfected cells were compared to
the level for nonspecific control (NS) transfected cells. The averages of results from three independent experiments are shown. Error bars represent
standard deviations. (B) Gene expression analysis using quantitative real time RT-PCR of selected genes after ablation of Sin3A, Sin3B, or both
proteins. Primary myoblasts were induced to differentiate, and primary myotubes were infected 48 h after induction of differentiation with
adenovirus that lacks (Vector) or expresses (Cre) Cre recombinase. The expression levels of control- and Cre-infected cells were normalized to
the levels for Rbp2, which is expressed at high levels and not bound by Sin3 in differentiated myotubes. Normalized Cre values were compared
with normalized control values. The averages of results from three independent experiments are shown. Error bars represent standard deviations.
The asterisk indicates expression levels significantly different from those for the vector control cells (P < 0.05 by Student’s ¢ test). (C) Endogenous
Sin3A and Sin3B interact with pRB during myogenesis. pRB was immunoprecipitated using nuclear extracts of C2C12 myoblasts and differentiated
myotubes. All samples were loaded on a single gel, and Western blots were probed for either Sin3A or Sin3B. The asterisk indicates Sin3B protein.

differentiated myotubes (Fig. 7C). Furthermore, we did not
observe cell cycle reentry of differentiated myotubes after ab-
lation of both Sin3A and Sin3B or loss of cell viability (data not
shown), as reported previously for cycling cells ablated for
Sin3A (12). Thus, our observations point to a role for Sin3
proteins in assembling sarcomeres and/or maintaining sar-

comere integrity, and this phenotype is independent of defects
in cell cycle control or apoptosis.

Compensatory changes associated with loss of Sin3A. Sur-
prisingly, our phenotypic and expression analyses of muscle
cells after conditional ablation of Sin3 proteins did not point to
a specific role for Sin3B in maintenance of muscle integrity, in
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contrast with what was found for Sin3A, although we observed
strong binding of Sin3B to genes related to this function. We
speculated that Sin3A could compensate for the loss of Sin3B
on this set of genes and that the combined loss of both proteins
is required to fully reveal defects in gene transcription and
subsequent phenotypic changes. To test this notion, we per-
formed ChIP assays for Sin3A and Sin3B after ablation of
either gene in differentiated primary myotubes. As expected,
recruitment of both proteins diminished significantly after ab-
lation, according to their respective genotypes (Fig. 8). Re-
markably, deletion of Sin3B led to an upregulation of Sin3A
binding on selected genes (Kif20A4, Nes, Ankrdl, and Myol10)
(Fig. 8, left panel). However, we did not observe increased
binding of Sin3B after ablation of Sin3A. Instead, we observed
dramatic decreases in Sin3B binding on two genes, Nes and
Myol0, after removal of Sin3A (Fig. 8, right panel). We have
shown that Sin3A associates with Sin3B in myotubes, consis-
tent with the notion that both isoforms may be coordinately
recruited to certain genes (39). Collectively, our data (i)
strongly suggest that a subset of sarcomeric genes are directly
activated by Sin3A and Sin3B and (ii) provide a molecular
explanation for the enhanced phenotype observed upon inac-
tivation of both Sin3A and Sin3B, compared to what was found
for inactivation of Sin3A alone, and the lack of overt alter-
ations associated with inactivation of Sin3B in vivo and in vitro
(Fig. 2 and 3).

In summary, our results reveal distinct roles for Sin3A and
Sin3B proteins in maintaining myofibril function in the post-
differentiated state and provide insights into a positive role for
Sin3 isoforms in context-specific gene expression. Sin3 com-
plexes could be recruited by muscle-specific transcription fac-
tors to promote expression of target genes identified herein.
More broadly, it was shown that binding of mammalian
HDACI1 complexes promotes histone deacetylation within the
coding regions of active genes (40). Restoring the balance of
acetylation levels in the wake of polymerase II (Pol II) tran-
scription could provide a mechanism for maintaining a chro-
matin environment permissive for multiple rounds of Pol II
elongation and for preventing antisense and cryptic expression
(22, 24). This could be particularly relevant for sarcomere
genes, which are transcribed at high rates in differentiated
myotubes. Therefore, it will be important to determine

whether mammalian Sin3-containing complexes identified
here associate with histone deacetylases and whether these
complexes are involved in suppressing aberrant transcription.
This will be especially interesting in light of results for yeast,
wherein a Sin3 complex was shown to bind within coding re-
gions of active genes to suppress spurious transcription (8, 18,
27). Interestingly, the histone H3 lysine 4 demethylase Kdm5a
protein (also known as Rbp2 and Jaridla) could play a role in
transcriptional activation of Sin3 target genes. We have previ-
ously shown that Kdm5a associates with Sin3 proteins in dif-
ferentiated myotubes (39). In Drosophila species, the Kdm5a
homolog Lid was shown to function as an activator (23, 34).
Lid physically interacts with Rpd3 and inhibits its deacetylase
activity in vitro and in vivo (23). It is important to note that,
besides HDACs and KdmS5a, Sin3 complexes associate with
other regulatory proteins, including Swi/Snf and ING1/2 (36).
Thus, in order to elucidate the molecular mechanism of Sin3-
mediated gene transcription, it will be important to fully char-
acterize the composition of Sin3 complexes in differentiated
myotubes and to further discriminate between repressor and
activator Sin3 complexes.
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