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Cell differentiation is mediated by lineage-determining

transcription factors. We show that chromodomain heli-

case DNA-binding domain 2 (Chd2), a SNF2 chromatin

remodelling enzyme family member, interacts with MyoD

and myogenic gene regulatory sequences to specifically

mark these loci via deposition of the histone variant H3.3

prior to cell differentiation. Directed and genome-wide

analysis of endogenous H3.3 incorporation demonstrates

that knockdown of Chd2 prevents H3.3 deposition at

differentiation-dependent, but not housekeeping, genes

and inhibits myogenic gene activation. The data indicate

that MyoD determines cell fate and facilitates differentia-

tion-dependent gene expression through Chd2-dependent

deposition of H3.3 at myogenic loci prior to differentiation.
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Introduction

The mechanisms by which a lineage-committed but undiffer-

entiated cell maintains the ability to specifically activate the

appropriate differentiation programme upon differentiation

signalling is poorly understood. Activation of differentiation-

specific genes depends on the binding of lineage-determining

transcription factors to specific regulatory regions and on the

appropriate regulation of chromatin structure. Hence, the

future gene expression pattern of the differentiated cell

must be present in the chromatin structure of the undiffer-

entiated cell in the form of some sort of marking of the

genome. However, how this marking is established and

recognized is not clear.

To elucidate the mechanism of this marking of the whole

genome, extensive study of chromatin structure in relation to

cell differentiation has been undertaken. For example, methy-

lation of specific DNA sequences by DNA methyltransferase

activity is required for mouse development (Okano et al,

1999). It has also been reported that maintenance of histone

modifications in the respective promoters of the HNF-1, HNF-4

and albumin genes through the cell cycle in hepato-

cytes facilitates expression of these genes (Kouskouti and

Talianidis, 2005). Moreover, examination of histone

acetylation levels in embryonic stem (ES) cells indicates

hyperacetylation of histones H3 and H4 in the

undifferentiated state (Meshorer et al, 2006). In fact, gene

expression patterns are marked from an early stage for the

maintenance of differentiation. Recently, characteristic histone

variants have been identified that mark the active and the

inactive state (Hake et al, 2006). For example, H3.3 has been

found to be enriched with active H3K4me2/3, H3K9Ac and

H3K14Ac marks and to be predominantly incorporated in the

regulatory regions of transcriptionally active genes

(Wirbelauer et al, 2005). In contrast, H3.2 is enriched with

repressive H3K27me2/3 and H3K9me2 marks (Hake et al,

2006; Garcia et al, 2007). Therefore, exchange of histone

variants is involved in the appropriate switching on and

off of genes. In mouse ES cells, H3.3 is found at many

developmental regulatory genes that are ‘bivalent genes’,

marked with transcription-repressing H3K27me and

transcription-activating H3K4me3 (Goldberg et al, 2010). In

addition, over-expression of H3.3 results in maintenance of the

transcriptionally active pattern of gene expression in specific

tissue (Ng and Gurdon, 2008). These findings show that

replacement of the histone variant (such as H3.3)

contributes to the determination of selective gene expression,

likely before histone modification (Hake and Allis, 2006).

Induction of transcriptional factors is also a method of

controlling gene expression. For example, the myogenic

transcription factor MyoD induces myogenic differentiation

and can even promote reprogramming from a non-muscle cell

to a muscle cell (Davis et al, 1987). A similar phenomenon is

observed by introduction of specific lineage-determining

regulators such as PPARg2, or the four transcription factors

that regulate formation of the induced pluripotent stem cell

(Tontonoz et al, 1994; Takahashi and Yamanaka, 2006).

Therefore, these transcription factors are required for

reprogramming and alteration of the genomic state. It is

known that these transcription factors regulate chromatin

structure; to date, histone modification and chromatin

remodelling have been identified as resultant changes, but a

relationship between transcription factors and the type of
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histone variant (such as incorporation of H3.3) has not been

recorded.

MyoD is expressed in committed but undifferentiated cells,

but how MyoD identifies genes for activation during differ-

entiation is unknown. We hypothesized that a chromatin

modifying or remodelling enzyme was likely involved. We

identified chromodomain helicase DNA-binding domain 2

(Chd2), a member of the SNF2 family of chromatin remodel-

ling enzymes, as a MyoD-interacting protein that facilitates

cell fate determination via marking of myogenic genes by

incorporation of the variant histone H3.3.

Results

Chd2 interacts with MyoD

It was previously shown that MyoD associates with Brg1, an

enzyme of the mammalian SWI/SNF class of ATP-dependent

chromatin remodelers, in differentiating muscle cells (Simone

et al, 2004; de la Serna et al, 2005). We theorized that

chromatin remodelling enzymes also might interact with

MyoD in undifferentiated cells. Using monoclonal

antibodies we had generated against Brg1, Brm, Chd1, and

Chd2 (Ohkawa et al, 2009; Okada et al, 2009; Harada et al,

2010b; Yoshimura et al, 2010), we identified Chd2, but not

Brg1 or Brm, as a MyoD co-immunoprecipitation (co-IP)

product in C2C12 myoblasts (Figure 1A; Supplementary

Figure S1A). The closely related protein Chd1 (60% homol-

ogy) was not co-immunoprecipitated with MyoD. Reciprocal

co-IP confirmed that Chd2 interacted with MyoD (Figure 1A).

Additionally a proximity ligation assay (PLA) was used to

demonstrate interaction between Chd2 and MyoD.

Interactions between Chd2 and MyoD were observed in

both myoblasts and differentiated cells (Figure 1B). As a

control, we examined interactions between MyoD and Brg1,

which as expected, were greatly enhanced in differentiated

cells (Figure 1C). Immunocytochemistry revealed that a sub-

set of Chd2 and MyoD, both of which are exclusively nuclear,

were co-localized prior to cell differentiation (Supplementary

Figure S1B). A cross-correlation analysis (vanSteensel et al,

1996) of confocal images of Chd2 and MyoD provided further

support for co-localization in myoblasts as well as in

differentiated C2C12 cells, suggesting that the MyoD–Chd2

interaction persists during differentiation (Supplementary

Figure S1B). The specificity of the MyoD–Chd2 association

was further assessed by examining co-localization between

MyoD and Chd1. Whereas 35–40% of the MyoD co-localized

with Chd2 in both myoblast and myotube nuclei, only 7–15%

of the MyoD co-localized with Chd1 (Supplementary Figure

S1C). Chd2 protein levels were not significantly different in

myoblasts and in differentiated cells (Figure 1D).

Chd2 binds to myogenic gene promoters

Chromatin IP (ChIP) was used to analyse whether Chd2 is

localized at differentiation-dependent myogenic genes.

Because Chd2 was identified as a MyoD-interacting protein,

we focused on regulatory sequences containing E-boxes.

Chd2 interacted with the promoters of numerous myogenic

gene loci in undifferentiated as well as differentiated C2C12

cells but not with housekeeping genes such as Gapdh or the

inactive Igh enhancer (Figure 2A; Supplementary Figure

S1D). To examine whether Chd2 recruitment was dependent

on MyoD, we performed ChIP assays in NIH3T3 cells directed

to undergo myogenesis by ectopic expression of MyoD (Davis

et al, 1987). We observed MyoD-dependent binding of Chd2

specifically at myogenic gene promoters but not at house-

keeping or silent gene promoters (Figure 2B). Coincident

binding of MyoD at these same myogenic sequences was

confirmed (Supplementary Figure S1E). Western blot analysis

showed that the expression of MyoD in these cells did not

alter Chd2 levels (Figure 2C). In addition, MyoD levels in

these cells were not over-expressed relative to MyoD expres-

sion in C2C12 cells (Supplementary Figure S1F).

To further demonstrate that Chd2 recruitment is MyoD-

dependent, we reduced the expression of MyoD in C2C12

cells by siRNA treatment and observed that Chd2 binding to

myogenic genes did not occur (Figure 2D). Western blot

analysis confirmed that MyoD protein levels were reduced

by the siRNA treatment and that Chd2 protein levels were not
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Figure 1 Chd2 interacts with MyoD. (A) Reciprocal IPs were performed from C2C12 myoblast extracts using MyoD- and Chd2-specific
antibodies or IgG as a control. (B) PLAs indicating interaction of MyoD and Chd2 in both proliferating myoblasts and differentiated cells, in
contrast to (C) the differentiation-specific interactions of MyoD and Brg1. Quantification represents the mean of three independent
experiments, each of which analysed at least three separate fields±s.d. Scale bars¼ 12.5mm. (D) Western blot analysis of Chd2 levels in
C2C12 cells under growth (G) or differentiation (D) conditions.
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affected (Figure 2E). As expected, siRNA-mediated reduction

of MyoD also compromised differentiation-dependent myo-

genic gene activation (Figure 2F). We then performed re-ChIP

assays (Ohkawa et al, 2006). In C2C12 myoblasts maintained

in growth media, Chd2 was simultaneously present with

MyoD on the Ckm promoter but not on the Gapdh locus

(Figure 2G). In differentiated C2C12 cells, Chd2 and MyoD

were both present at the Ckm locus, but to a somewhat lesser

extent than in myoblasts (Figure 2G). Collectively, these data

strongly suggest that Chd2 is targeted to the Ckm promoter

via MyoD and are consistent with results demonstrating

widespread MyoD binding to myogenic genes in undifferen-

tiated myoblasts (Cao et al, 2010).

Chd2 promotes myogenic gene expression

To explore the requirement for Chd2 in myogenesis, we

suppressed Chd2 expression by stably introducing two

microRNAs (miRNA) that target Chd2 (Chd2miR3139 and

Chd2miR5111) in C2C12 cells. We used cells stably transfected

with lacZ-targeted miRNA (Chd2WT) as a control. To indir-

ectly monitor miRNA expression, enhanced green fluorescent

protein—nuclear localization signal (EGFP–NLS) was ex-

pressed co-cistronically with the miRNA (Figure 3A).

Analysis of myogenic gene expression in these cells indicated

that myosin heavy chain expression, which is a late myogenic

marker, was completely suppressed in both Chd2miR3139 and

Chd2miR5111-expressing cells (n¼ 70 and 63 GFP-positive

cells, respectively; Figure 3A). The expression of myogenin,

which is a marker of the early phase of myogenesis, was

decreased in both cell lines to 6% (Chd2miR3139, n¼ 109 GFP-

positive cells) and 13% of wild-type (WT) (Chd2miR5111,

n¼ 76 GFP-positive cells; Figure 3A). Moreover, myotube

formation was not observed in either miRNA-expressing cell

line upon differentiation. Compared with controls, the mRNA
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Figure 2 Chd2 interacts with MyoD and myogenic gene regulatory sequences. (A) ChIP assays for Chd2 binding at differentiation-dependent
and skeletal muscle-specific (Acta1, Myl3, Myog, Cdkn1a, Ank1, Dmd), housekeeping (Gapdh, Ef1alpha), and silent (IgH enhancer, Pdx1,
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1 and all other values were expressed relative to that value. Each value was standardized by the amplification efficiency of each primer pair.
Quantification represents the mean of three independent experiments±s.d. (B) Ectopic expression of MyoD induces Chd2 recruitment onto the
promoter regions of myogenic genes. ChIP assays were performed as in (A) in fibroblast cells expressing MyoD or empty vector that were
subjected to the differentiation protocol. (C) Western blot analysis for MyoD and Chd2 expression in MyoD-infected fibroblasts. H3 levels were
monitored as a control. (D) siRNA-mediated MyoD knockdown inhibits Chd2 recruitment onto the promoter regions of myogenic genes. ChIP
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indicated. Relative recruitment was defined as the ratio of amplification of the PCR product relative to 1% of input genomic DNA. Values
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standardized by the amplification efficiency of each primer pair. Quantification represents the mean of three independent experiments±s.d.
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expression levels of every differentiation-dependent myo-

genic gene tested was significantly repressed in Chd2miR3139

and Chd2miR5111-expressing cells (Figure 3B). In contrast,

expression of the housekeeping gene, Gapdh, was unaffected

(Figure 3B).

Control experiments determined that Chd2 transcript levels

were not affected in cells expressing the Chd2-targeting

miRNAs (Supplementary Figure S2A), but Chd2 protein

expression was repressed (Figure 3C). This suggests that

the specific miRNAs functioned as translational repressors

of Chd2. The GFP expression level remained consistent,

suggesting no significant differences in miRNA expression

between the cells (Figure 3C). In addition, no significant

differences in the expression of MyoD were observed be-

tween Chd2WT and miRNA-expressing cells, indicating that

Chd2 was not regulating the expression of MyoD (Figure 3C).

To confirm that changes in MyoD levels observed during

differentiation did not alter Chd2 expression, we ectopically

expressed MyoD in the Chd2 miRNA-expressing cells and

showed that Chd2 expression (Figure 3C) and differentiation-

dependent gene expression (Supplementary Figure S2B) were

not rescued. We also determined that cell-cycle progression

was not affected by miRNA expression in undifferentiated or

differentiated cells as measured by FACS analysis

(Supplementary Figure S2C) and western blot analysis of

cyclins A and E (Supplementary Figure S2D). These data

indicate that Chd2 is not indirectly affecting myogenic gene

expression via alteration of cell-cycle arrest.

To complement these studies showing a requirement for

Chd2 in myogenic differentiation, we reduced Chd2 expres-

sion by introducing siRNA molecules that target Chd2.

siRNA-treated cells did not form myotubes as demonstrated

by MHC staining (Supplementary Figure S3A) and were

compromised for differentiation-specific gene expression

(Supplementary Figure S3B). Western analysis demonstrated

the reduction in Chd2 levels in siRNA-treated cells and no

effect on MyoD levels (Supplementary Figure S3C).

To further confirm a Chd2-specific function in myogenic

gene induction, we rescued the inhibition of Chd2 expression

by miRNA via the exogenous introduction of competitive

mRNA fragments (Chd2-3011-3283 or Chd2-5004-5177) that

were linked to the monomeric Kusabira Orange (mKO1)

fluorescent protein containing a nuclear localization signal

(Karasawa et al, 2004). In differentiated cells expressing
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Chd2miR3139, introduction of a competitive mRNA (Chd2-3011-

3283) but not an mRNA from a different region of Chd2

(Chd2-5004-5177), restored MHC expression (Figure 4A).

Similarly, introduction of the mRNA (Chd2-5004-5177) res-

cued MHC expression in Chd2miR5111-treated cells whereas

introduction of the (Chd2-3011-3283) mRNA did not

(Figure 4A). mKO1 expression levels were monitored to

confirm equal expression of the competitive mRNAs in the

cells (Figure 4A). Furthermore, under conditions where MHC

expression was restored, we observed restoration of Chd2

protein levels (Figure 4B) and expression of Myog, Ckm, Des,

and Chrna1 at levels comparable to WT (Figure 4C).

As a complement to this set of experiments, we attempted

to rescue the miRNA-mediated inhibition of Chd2 expression

and the inhibition of myogenesis via the exogenous introduc-

tion of full-length Chd2 cDNA or a Chd2 deletion mutant

(Chd2-chromodomain deletion D-281–512 aa). Chromodomains

facilitate interaction of proteins with chromatin via interac-

tion with methylated histones (Pray-Grant et al, 2005).

The constructs utilized were Flag-tagged and co-expressed

the monomeric Kusabira Orange 2 (mKO2) fluorescent

protein (Karasawa et al, 2004; Sakaue-Sawano et al, 2008).

In differentiated cells expressing either Chd2miR3139 or

Chd2miR5111, introduction of full-length Chd2 restored MHC

expression and myotube formation, whereas expression of

the Chd2 mutant lacking the chromodomain did not

(Supplementary Figure S4A). Similarly, introduction of the

full-length, but not the mutant Chd2, restored expression of

Acta1, Myog, Ckm, and Myh4 to levels comparable to those

expressed in the control cells (Supplementary Figure S4B).

Under conditions where myogenic gene expression and dif-

ferentiation were restored, we observed restoration of Chd2

protein levels (Supplementary Figure S4C).

Chd2 interacts with histone H3.3

Since we observed that Chd2 was present at differentiation-

dependent genes in proliferating myoblasts, we wished to

address whether Chd2 might facilitate myogenic gene activa-

tion prior to the onset of differentiation and myogenic gene

expression. CHD1, a related member of the CHD family,

incorporates H3.3 into the nucleosome (Konev et al, 2007).

H3.3 is a variant of H3 that is incorporated at
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transcriptionally activated genes (Ahmad and Henikoff, 2002;

Jin et al, 2009). To evaluate whether Chd2 interacts with

endogenous H3.3, we generated monoclonal antibodies to

specifically distinguish H3.3 from H3.1, the major H3

isoform. H3.3 differs from H3.1 at only five residues, only

one of which is in the N-terminal tail (position 31). Peptides

spanning amino acids 21–39 were used as antigen. The

specificity of each antibody was demonstrated by specific

recognition of the appropriate recombinant H3.3 or H3.1

protein (Figure 5A). Specificity of the H3.3 antibody was

further demonstrated by its specific recognition of modified

and unmodified H3.3 and H3.1 peptides (Supplementary

Figure S5A). Epitope mapping with recombinant H3.3 and

H3.1 proteins revealed that the H3.3 antibody specifically

recognized the unique S31 residue present in H3.3

(Supplementary Figure S5B). Since H3.3 is primarily asso-

ciated with active transcription, we performed immunostain-

ing to gauge the extent to which the H3.3 antibody recognizes

euchromatin and heterochromatin, which is marked by

intense Hoechst staining. The data indicate that the H3.3
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antibody primarily recognizes euchromatic regions of the

genome (Supplementary Figure S5C). This result is consistent

with previous work showing that exogenous H3.3 is predo-

minantly incorporated into active gene loci (Ahmad and

Henikoff, 2002; Jin et al, 2009). Previously, H3.3 has been

found to be enriched with active H3K4me2/3 marks, but not

H3K9me2 marks (Wirbelauer et al, 2005; Hake et al, 2006;

Garcia et al, 2007). Use of the H3.3 antibody in co-

localization analyses with either H3K4me3 or H3K9me3

demonstrated significant co-localization with H3K4me3 but

not H3K9me3 (Supplementary Figure S5D). Collectively, the

data indicate that the H3.3 antibody specifically recognizes

endogenous H3.3. We also determined that neither the over-

all nor the chromatin-associated levels of H3.3 changed as a

function of C2C12 cell differentiation (Supplementary Figure

S5E). Subsequent experiments showed that Chd2 could co-

immunoprecipitate with H3.3, but not H3.1, in undifferen-

tiated cells (Figure 5B). PLA assays also indicated Chd2–H3.3

interactions in myoblasts as well as differentiated cells,

whereas the frequency of Chd2–H3.1 interactions was much

lower (Figure 5C). Immuno-localization studies indicated

Chd2–H3.3 co-localization in both undifferentiated and dif-

ferentiated cells (Figure 5D). We further analysed the Chd2

and H3.3 interaction by co-IP using Chd2mir3139 cells that

exogenously express either Flag-tagged full-length Chd2 or

the chromodomain deleted Chd2 mutant. Flag-tagged full-

length Chd2 was immunoprecipitated with endogenous H3.3,

while the Chd2 mutant was not (Figure 5E). Collectively,

these studies suggest a possible link between Chd2 function

and H3.3.

Chd2 mediates H3.3 incorporation into the regulatory

regions of myogenic genes prior to the onset of

myogenic gene expression

ChIP assays showed that H3.3 was incorporated at both

myogenic and housekeeping gene regulatory sequences, in-

cluding Gapdh, and Ef1alpha, but not at silent gene loci such

as Igh, Pdx1, or Neurod6 both in myoblasts and in differen-

tiated cells (Figure 6A). This indicates that H3.3 marks

myogenic genes prior to their expression. To confirm that

H3.3 in fact was incorporated prior to the expression of these

genes, duplicate plates were harvested for RNA. Q-PCR

evaluation of myogenic gene expression demonstrated that

the myoblast samples that showed H3.3 incorporation into

myogenic gene promoters were not expressing myogenic

genes (Supplementary Figure S6).

We next demonstrated that H3.3 is incorporated into the

regulatory regions of myogenic genes in a Chd2-dependent

manner. Relative incorporation of H3.3 in Chd2miR

(Chd2miR3139) expressing cells was decreased in the promoter

regions of each of the myogenic genes in the undifferentiated

state, but Chd2 knockdown had no effect on H3.3 incorpora-

tion at the Gapdh and Ef1alpha promoters (Figure 6B). H3.3

protein levels were the same in control and in miRNA-

expressing cells before and after differentiation (Figure 6C).

Therefore, H3.3 expression is regulated in a Chd2-indepen-

dent manner. We further evaluated whether H3.3 incorpora-

tion into myogenic gene loci was MyoD-dependent.

Introduction of MyoD into fibroblast cells preferentially in-

duced H3.3 incorporation at myogenic genes without affect-

ing H3.3 incorporation at housekeeping or silent gene loci

(Figure 6D). Similarly, knockdown of MyoD in C2C12

myoblasts prevented H3.3 incorporation at myogenic, but

not housekeeping genes (Figure 6E). In summary, H3.3

incorporation at myogenic genes occurs prior to differentia-

tion and prior to myogenic gene expression in a Chd2- and

MyoD-dependent manner.

Genome-wide analysis of H3.3 incorporation has been

performed in HeLa and in ES cells using epitope-tagged

H3.3 (Jin et al, 2009; Goldberg et al, 2010). We attempted

ChIP-seq using the H3.3 antibody to evaluate the distribution

of endogenous H3.3 and the Chd2 dependency of H3.3

deposition over the whole myoblast genome. First, the

regions where H3.3 was incorporated in each chromosome

were analysed by Boxplot. Total incorporation of H3.3 was

almost equal in each chromosome in Chd2WT cells, with an

average of about 0.63% (Figure 7A), showing that endogen-

ous H3.3 is incorporated into a limited region of the genome.

In contrast, the percentage of H3.3-incorporating regions in

Chd2miR3139 cells was decreased to about 0.27%. The fact that

incorporation of H3.3 was not completely eliminated likely

reflects the fact that H3.3 is also incorporated into the

genome by other factors such as Hira and Chd1 (Ray-Gallet

et al, 2002; Konev et al, 2007). The entire length of every

annotated gene was defined as 1 and the levels of H3.3

incorporation at all gene loci were plotted (Supplementary

Figure S7A). The results showed H3.3 incorporation at the

transcription start sites (TSS), the transcription end sites

(TES) and throughout the gene body. Interestingly, Chd2

reduction affected the incorporation of H3.3 at the TSS at a

genome-wide level (Supplementary Figure S7A). These data

differ from previous reports where H3.3 was localized im-

mediately upstream of the TSS in HeLa cells (Jin et al, 2009;

Goldberg et al, 2010) and was depleted from the TSS in ES

cells (Jin et al, 2009; Goldberg et al, 2010), suggesting that

H3.3 deposition in the vicinity of TSS may be cell-type

specific.

To evaluate whether the genome marking derived from

incorporation of H3.3 by Chd2 occurred at differentiation-

specific genes, we analysed incorporation of H3.3 into the

TSS relative to sequences immediately upstream and down-

stream at genes that were reported to be upregulated during

C2C12 differentiation (Tomczak et al, 2004) (Supplementary

Dataset 1). Analysis of H3.3 incorporation at differentiation-

induced genes in Chd2WT cells indicated that H3.3 is signifi-

cantly enriched around the TSS of the skeletal muscle-specific

genes (n¼ 545) compared with enrichment in Chd2miR-

expressing cells (Figure 7B). In cells expressing Chd2-target-

ing miRNAs, we noted that a significant percentage of the

genes showed no H3.3 incorporation while others showed

reduced levels. A small percentage of genes showed redis-

tribution of H3.3 (Figure 7B) within the locus, suggesting that

Chd2 is required for deposition of H3.3 at the appropriate

regions of myogenic gene loci.

Comparison of myogenic, housekeeping, and silent

(Supplementary Dataset 1) genes showed that H3.3 incor-

poration at myogenic genes was dependent on Chd2 in the

TSS region whereas incorporation at housekeeping genes was

modestly affected by Chd2 knockdown (Figure 7C).

Housekeeping genes were defined as those that are highly

expressed in C2C12 cells 2 days before and 10 days after

differentiation and were also expressed in NIH3T3 cells as

previously reported (Berenjeno et al, 2007). Silent genes were

defined as the genes that were only expressed in RAW264.7
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cells as previously reported (Covert et al, 2009) but not in

C2C12 cells or in NIH3T3 cells. Silent genes were devoid of

H3.3, but reduction of Chd2 levels caused a small number of

genes to incorporate H3.3 around the TSS (Figure 7C). We

then examined sequences at the transcriptional end sites

(TES) region, which demonstrated that H3.3 incorporation

at myogenic genes was enriched at the TES in a Chd2-

dependent manner (Figure 7D). For reasons that are not

understood, reduction of Chd2 levels increased H3.3 incor-

poration at sequences upstream of housekeeping gene

TES but not at the TES itself, whereas silent genes were

devoid of H3.3 at the TES (Figure 7D). We confirmed enrich-

ment of H3.3 at the TSS and TES of the same set of myogenic

genes in a different cell culture model for myogenesis.

Exogenous expression of MyoD in NIH3T3 fibroblasts selec-

tively induced H3.3 incorporation at the TSS and TES regions

of muscle-specific genes relative to incorporation of H3.3 at

these genes in mock-treated fibroblasts (Figure 7E). This

result also demonstrates the MyoD dependency of H3.3

incorporation at myogenic loci. Finally, because the data

indicated that Chd2 are incorporated at myogenic genes

prior to differentiation and gene expression, we directly

compared H3.3 incorporation across muscle-specific, house-

keeping, and silent genes in undifferentiated and differen-

tiated C2C12 cells to determine whether H3.3 incorporation

was altered by differentiation and the activation of myogenic

gene expression. At myogenic loci, H3.3 incorporation in-

creased at the TSS and in the gene body upon differentiation,

but minimally at the TES (Supplementary Figure S7B). Silent

genes showed no H3.3 incorporation upon differentiation,

and housekeeping genes showed an increase at the TSS

(Supplementary Figure S7C and D). These data indicate

that despite the incorporation of H3.3 across myogenic loci

in undifferentiated cells, H3.3 incorporation was further

increased upon differentiation and the activation of myogenic

gene expression.
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Deposition of H3.3 at differentiation-specific genes

contrasts with deposition of H3.3 at the Myod1 locus

Finally, we directly analysed the requirement of H3.3 for

myogenic differentiation. siRNA sequences targeting the

two H3.3 genes in mouse cells were introduced into C2C12

cells. MHC staining and myotube formation were absent in

the cells depleted for H3.3 (Figure 8A). Expression of repre-

sentative myogenic genes was also compromised upon H3.3

knockdown (Figure 8B). Western blot analysis demonstrated

that H3.3 levels, but not H3.1 levels were reduced under both

growth and differentiation conditions (Figure 8C).

The data from the H3.3 knockdown experiment is consistent

with that from a previous publication that used cells expressing

epitope-tagged H3.3 to demonstrate H3.3 incorporation at the

locus encoding MyoD (Myod1). Specifically, H3.3 incorporation

was shown in the proximal regulatory region (PRR) of the

Myod1 locus, 200 bp upstream of the transcription start site,

as differentiation proceeded. However, those authors deter-

mined that H3.3 incorporation at Myod1 was dependent on

the histone chaperones, HIRA and Asf1a, whereas it was

independent of Asf1b and Chd1 (Yang et al, 2011). To further

investigate, we compared H3.3 incorporation at differentiation-

specific genes such as Acta1 and Myog with Myod1 PRR in

undifferentiated cells. Consistent with the results presented

above, knockdown of Chd2 prevented H3.3 incorporation at

Acta1 and Myog (Figure 8D). Chd2 knockdown had no effect on

H3.3 incorporation at the Myod1 sequence or at the house-

keeping genes. Interestingly, H3.3 knockdown prevented H3.3
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incorporation at the myogenic sequences tested but did not

affect H3.3 incorporation at the housekeeping genes

(Figure 8D). Though the reasons remain to be explored, this

result suggests that under conditions of H3.3 depletion, incor-

poration of the remaining H3.3 is non-random. Regardless,

these data, coupled with the earlier report (Yang et al, 2011)

clearly demonstrate that the mechanisms controlling deposition

of H3.3 at the Myod1 locus differ from those controlling H3.3

incorporation at downstream myogenic genes activated upon

differentiation.

In summary, our directed and genome-wide profiling of

H3.3 incorporation provides a mechanism accounting for the

inhibition of myogenesis caused by knockdown of Chd2. A

schematic drawing outlining Chd2-dependent deposition of

H3.3 to mark differentiation-specific genes prior to the onset

of differentiation and differentiation-specific gene expression

is presented in Figure 8E.

Discussion

We showed that Chd2-mediated H3.3 deposition helps deter-

mine the gene expression programme for skeletal muscle

differentiation. Our results suggest that Chd2 participates in

selecting whether a gene will be expressed during muscle

differentiation via its localization to myogenic gene loci in the

undifferentiated state. The selected gene is then marked for

expression by Chd2-dependent incorporation of H3.3 into the

gene locus. The presence of the H3.3 variant in chromatin is

associated with histone modifications that generally signal

transcriptionally poised or transcriptionally competent chro-

matin (Wirbelauer et al, 2005; Hake et al, 2006; Goldberg

et al, 2010) and has been proposed to be associated with

epigenetic memory (Hake and Allis, 2006; Ng and Gurdon,

2008). Thus, the deposition of H3.3 at myogenic genes in

myoblast cells represents a mechanism by which

differentiation-specific genes can be marked for activation

once differentiation signalling induces the onset of

myogenesis.

The enzymatic activities of Chd2 are not well character-

ized. Analysis of Chd2 mutant mice indicated that Chd2 plays

a critical role in development and tumour suppression

(Marfella et al, 2006; Nagarajan et al, 2009). Moreover,

Chd2 appears to be ubiquitously expressed, though highly

enriched in muscle tissues (Marfella et al, 2006). The closely
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related Chd1 enzyme, however, has been shown to

incorporate H3.3 into nucleosomes in a Hira-independent

manner (Konev et al, 2007). CHD1 also binds to the K4me3

mark associated with the activation of gene expression (Sims

et al, 2005), and Chd1 is essential for maintaining

pluripotency in ES cells (Gaspar-Maia et al, 2009). Despite

the structural similarity of the Chd1 and Chd2 proteins, they

do not appear to be redundant, because the data presented

here indicates that in undifferentiated and differentiated cells,

Chd2, but not Chd1, interacts with MyoD and that Chd2

associates with H3.3 with greater frequency than does Chd1.

The functional relationship between these two structurally

related proteins remains to be determined.

The ChIP-Seq analysis of H3.3 using next-generation se-

quencing represents the first analysis of endogenous H3.3

incorporation into chromatin in any genome. The data in-

dicate that H3.3 incorporation is extremely limited across the

myoblast genome, and is concentrated at both the TSS and the

TES of transcribed genes. The localization of H3.3 is not

surprising; earlier studies of epitope-tagged H3.3 also revealed

that it localizes near the TSS and TES of actively transcribed

genes (Jin et al, 2009). The significance of localization to TES

of active genes is not presently understood. Unexpectedly, the

data indicate that knockdown of Chd2 not only reduced H3.3

incorporation at some genes but also showed enhanced

incorporation at other genes. This might indicate that Chd2

both positively and negatively regulates incorporation of H3.3

across the genome. Alternatively, or in addition, other proteins

that can modulate H3.3 incorporation (Yang et al, 2011) may

have altered activities or altered targets upon misregulation of

Chd2 levels.

We found that Chd2 specifically associates with MyoD in

the undifferentiated state by three distinct methods: co-IP, co-

localization by immunofluorescence, and PLA. Although we

did not perform the co-IP experiment in differentiated cells,

we did utilize the co-immunofluorescence and PLA assays to

demonstrate that the MyoD–Chd2 interaction remains during

differentiation. The MyoD-related protein Myf5 can compen-

sate for the function of MyoD; however, we were unable to

assess whether Myf5 could bind Chd2 or to Chd2 target genes

as we were unable to identify an antibody that could reliably

immunoprecipitate Myf5. While we cannot exclude the pos-

sibility that Myf5 also contributes to Chd2 function, the data

presented suggest that MyoD is required for Chd2 binding to

and for Chd2-dependent deposition of H3.3 at myogenic

sequences.

Though gene-specific evidence for MyoD binding to target

genes before differentiation is limited (Mal and Harter, 2003),

a genomic analysis of MyoD binding in C2C12 myoblasts

indicates that MyoD is bound widely throughout the genome,

including at most myogenic genes (Cao et al, 2010). These

findings provide a mechanism to explain the selective

targeting of Chd2 to myogenic genes in the undifferentiated

state. Once marked by incorporation of H3.3, the gene is

ready to be transcribed upon differentiation signalling, which

results in numerous molecular changes at myogenic

regulatory sequences and throughout these loci (Tapscott,

2005; Keren et al, 2006).

The data presented here demonstrate that differentiation-

specific myogenic genes are marked by incorporation of the

H3.3 histone variant in a manner dependent upon MyoD and

the Chd2 enzyme. This contrasts with deposition of H3.3 at

the Myod1 locus (Yang et al, 2011), which is independent of

Chd2 but is consistent with the idea that MyoD itself is

expressed prior to differentiation. These marks occur prior

to the onset of differentiation and gene expression, and the

absence of these marks precludes myogenic gene expression.

Thus, the MyoD–Chd2–H3.3 axis provides a novel mechan-

ism for potentiating the expression of differentiation-specific

genes upon subsequent differentiation signalling.

Materials and methods

Cells
C2C12 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% fetal bovine serum. Cells exam-
ined under growth conditions were harvested at 60–70% con-
fluency. Differentiated samples were transferred to DMEM
containing 2% horse serum upon reaching confluence and
harvested 48 h later. The NIH3T3-derived cell (B22) line was
infected with retrovirus expressing MyoD as described previously
(de la Serna et al, 2001).

miRNA expression constructs
The oligonucleotides used for expression of Chd2 and for the
negative control (lacZ) miRNAs are described in Supplementary
Table SI. Annealed oligonucleotides were ligated into pT2A–CAG/
EGFP–NLS, which contains TolII transposon elements and EGFP–
NLS cDNA located upstream of the miRNA sequence and which was
modified from pT2AL200R150G (Kawakami and Noda, 2004;
Kawakami et al, 2004; Urasaki et al, 2006).

Plasmid transfection and cell line selection
The pT2A–CAG/EGFP–NLS–miRNA transfection was performed
using Gene Juice transfection 2 reagent (Novagen). C2C12 cells at
20–30% confluence were transfected with a miRNA expression
vector (6 mg plasmid DNA per 100-mm plate), pCAGGS-TP coding
transposase (provided by Dr Kawakami), and pT2A–CAG/puromy-
cin and incubated for 24 h. To create cell lines stably expressing
miRNAs targeting Chd2, we transfected cells with four distinct
candidate miRNAs (Supplementary Table SI). To create a control
line, cells were transfected with a miRNA against lacZ. Transfected
cells were cultured for 7 days in the presence of 2mg/ml puromycin.
From the four pools of transfectants, we selected the two
(Chd2miR3139, Chd2miR5111) that showed the greatest suppression of
Chd2 expression. We then created single cell clones from each pool,
as well as from the control (Chd2WT) pool, by dilution such that one
cell was plated per every 24 wells of a 96-well plate. Four mono-
clonal lines were chosen from each of the original pools based on
the extent of the Chd2 knockdown. All four Chd2miR3139 clones and
all four Chd2miR5111clones showed suppression of Chd2 expression,
inhibition of myogenic gene expression, and inhibition of myotube
formation when differentiation was induced. All four of the Chd2WT

clones showed no change in Chd2 expression compared with
parental C2C12 cells and showed no change in myogenic expression
or myotube formation when induced to differentiate. One of each
clone for Chd2miR3139, Chd2miR5111, and Chd2WT was chosen for
further study. All experiments were completed with cell lines that
were passaged 10 times or less.

Rescue experiments
Each competitive mRNA fragment (Chd2-3011-3283, Chd2-5004-
5177) was ligated downstream of the mKO1–NLS mRNA in the
pT2A/CAG expression vector. Stable transfection was performed to
introduce both the Chd2-targeting miRNA and the competitive
mRNA fragment as indicated.

Each cDNA (Chd2 full-length or Chd2(D281–512 aa)) was ligated
downstream of the mKO2 mRNA in the Bidirectional Tet Expression
Vector pTETmKO2 (Clontech Tet-On system and (Sakaue-Sawano
et al, 2008)). Stable transfection was performed to introduce both
the Chd2-targeting miRNA and the indicated Chd2 cDNA.

Monoclonal antibodies
The Chd1, Chd2, MyoD, Brm, and Brg1 rat monoclonal antibodies
were described (Ohkawa et al, 2009; Okada et al, 2009; Harada et al,
2010a, b; Yoshimura et al, 2010). The H3.3 and H3.1 antigens were
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synthesized based on their specific sequences, H3.3: CATKAARKSA
PSTGGVKKPH (AA 21–39) and H3.1: CATKAARKSAPATGGVKKPH
(AA 21–39 aa) (Sigma-Aldrich). The N-terminal cysteine residue
allowed coupling to maleimide-activated keyhole limpet
haemocyanin (Thermo Scientific), a carrier protein. The coupling
reaction followed the instructions provided the supplier. Rat (H3.3)
or mouse (H3.1) monoclonal antibodies were generated based on
the lymph node method established by Sado et al (1995)(Kishiro
et al, 1995). In all, 200 mg H3.3 or H3.1 peptide was used as antigen.
Hybridoma cells were cloned in HAT selection medium (hybridoma
SFM medium (Invitrogen); 10% fetal bovine serum; 10% BM-
Condimed H1 (Roche); 100mM hypoxanthine; 0.4 mM aminopterin;
1.6 mM thymidine) and were screened 7 days post-fusion using an
enzyme-linked immunoadsorbent assay (ELISA) against each
antigen. H3.3-positive clone specificity was confirmed by
checking cross-reactivity for the H3.1 peptide and H3.1-positive
clone specificity was confirmed by checking cross-reactivity for the
H3.3 peptide. Positive clones were subcloned and rescreened by
ELISA. Concentrated antibody preparations were made from clones
4H2D7 (for H3.3) and 1D4F2 (for H3.1) that were cultured at high
density using a miniPERM bioreactor (Vivascience).

ELISA
BSA-conjugated H3.3 or H3.1 peptide (5 mg/ml) was diluted from
1:100 to 1:100 000 in 10 mM sodium phosphate pH 7.0 and then
adsorbed on Costar Serocluster 96-Well ‘U’ Bottom Plates (Corning)
at 41C for 12–24 h. The plates were subsequently blocked with 1%
BSA in PBS to prevent non-specific associations. Hybridoma super-
natants were applied for 1 h at room temperature followed by three
PBS washes and then 30 min incubation at room temperature with
alkaline phosphatise-conjugated anti-rat or anti-mouse IgG anti-
body (Sigma) diluted to 1:10 000. Immunoreactivity was identified
by a pNPP phosphatase substrate system (KPL) after washing with
TBS-T three times.

Immunoprecipitation, immunoblotting, and ICC
IP, western blot analysis, and ICC were performed as described
(Harada et al, 2010b). For IP, cleared lysates were rocked with 10 ml
of rabbit antisera against MyoD (de la Serna et al, 2005) or 100 ml
supernatant of monoclonal antibody against Chd2 (ascites, 8H3) for
12 h. For immunoblotting, primary antibodies used included rabbit
anti-MyoD (C-20, Santa Cruz Biotechnology, 1:1000; Figure 1A
only), anti-cyclin A (C-19, Santa Cruz Biotechnology, 1:1000),
anti-cyclin E (M-20, Santa Cruz Biotechnology, 1:1000), anti-a-
tubulin (Cell Signaling, 1:2000), anti-H3 (Cell Signaling, 1:1000),
mouse anti-GFP (GF200, Nacalai Tesque, 1:500), rat anti-Chd2
(8H3, hybridoma supernatant, 1:100), anti-H3.3 (hybridoma super-
natant, 1:1000), anti-H3.1 (hybridoma supernatant, 1:1000), anti-
MyoD (hybridoma supernatant, 1:100), and anti-Chd1 (hybridoma
supernatant, 1:1000). Secondary antibodies were horseradish per-
oxidase-conjugated anti-rabbit, anti-mouse, or anti-rat IgG antibo-
dies (1:5000; GE Healthcare). For ICC, 1% paraformaldehyde was
used for fixation. Primary antibodies included rat monoclonal anti-
Chd2 (8H3, hybridoma supernatant, 1:50), anti-Chd1 (2F11, hybri-
doma supernatant, 1:100), anti-H3.3 (4H2D7, hybridoma super-
natant, 1:2), rabbit anti-myosin heavy chain (Calbiochem, 1:100),
anti-Myogenin (M-225, Santa Cruz Biotechnology, 1:500), or anti-
MyoD (C-20, Santa Cruz Biotechnology, 1:200), mouse anti-
H3K4me3 (gifted from Dr H Kimura, 1:1000) (Kimura et al, 2008),
anti-H3K9me2 (gifted from Dr H Kimura, 1:1000) (Hayashi-
Takanaka et al, 2011). Images were visualized using a confocal
microscope (LSM510; Carl Zeiss). Co-localization was evaluated by
ImageJ (NCBI). Co-localization frequency was analysed as
described previously (vanSteensel et al, 1996), except that the
cross-correlation function was calculated by rotating the red
image (labelling Alexa-588) over an angle x1 in the x orientation
with respect to the green image (labelling Alexa-488) such as
� 90¼ x¼ 90. A negative value of x indicates that the red image
was rotated counterclockwise, and a positive value indicates a
clockwise rotation. Pearson’s correlation coefficient (gp) was
calculated for each value of x and plotted against x to obtain the
cross-correlation function (vanSteensel et al, 1996).

Proximity ligation assay
Proximity ligation was performed using a Duolink assay kit II
(OlinkBiosciences) according to the protocol provided by manufac-
turer, except that the oligonucleotide-conjugated anti-rabbit probe

was used at 1:20 and the anti-rat probe conjugated by probemaker
was used at 1:40. Finally, the coverslips were again mounted with
Duolink Mounting Medium contained Bisbenzimide H33342
Fluorochrome Trihydrochloride (Hoechst). All images were taken
with an epifluorescence microscope (BX51; Olympus) with � 40
objective and analysed with NIH ImageJ software. Three images
were taken from each sample. Antibodies used included the affinity
purified rabbit anti-MyoD (de la Serna et al, 2005) and rat
monoclonals against Brg1 and Chd2 (Ohkawa et al, 2009; Harada
et al, 2010b) for Figure 1D and 1E. In Figure 5, the rat H3.3 and
mouse H3.1 monoclonals described above were used with affinity
purified rabbit antibody generated against the Chd2 antigen
described previously (Harada et al, 2010b).

Quantitative RT–PCR
Total RNA was isolated and reversed-transcribed with Takara Prime
Script Reverse Transcriptase and an oligo dT primer as described
(Valdez et al, 2000). Q-PCR was performed using TaKaRa SYBR
Premix Dimer Eraser and primers listed in Supplementary Table SII.
Q-PCR data are presented as mean±s.d. of three independent
experiments.

Fluorescence-activated cell sorting (FACS)
FACS analysis of propidium iodide-stained cells was performed as
described (Dacwag et al, 2007).

siRNA-mediated knockdown of MyoD, Chd2, and H3.3
Knockdown of MyoD, Chd2, H3.3 was performed by transfection of
the C2C12 cells with siRNA duplex oligos (Kumar et al, 2003; Yang
et al, 2011) using Lipofectamine RNAiMAX (Invitrogen) according
to the manufacturer’s protocol. Control RNAi (Mission_Negative
control SIC-001; proprietary sequence), MyoD–RNAi: (50-GGCCUG
UCAAGUCUAUGUC-30 and 50-GGCAUAGACUUGACAGGCC-30),
H3f3a–RNAi: (50-GAGAAAUUG CUC AGGACU UTT-30 and 50-AAG
UCCUGAGCAAUUUCUCTT-30), H3f3b–RNAi: (50-CAGAGAUUG GUG
AGGGAGA TT-30 and 50-UCUCCCUCACCAAUCUCUGTT-30) were
synthesized by Sigma. Chd2–RNAi: (50-AAAUCCUGCUGGUGAUA
AUUCUGGG-30 and 50-CCCAGAAUUAUCACCAGCAGGAUUU-30)
were synthesized by Invitrogen.

Chromatin immunoprecipitation
ChIP assays were performed by modifying the Upstate
Biotechnology protocol as described previously (Dacwag et al,
2007) utilizing the rat monoclonal antibodies against Chd2 (8H3,
ascites, 20 ml) and H3.3 (4H2D7, ascites, 20ml). Relative recruitment
or incorporation was defined as the ratio of amplification of the PCR
product relative to 1% of input genomic DNA. Quantification
represents the mean of three independent experiments±s.d. ChIP
experiments using IgG were performed as controls (Supplementary
Figure S8). The primers used to amplify the promoter regions are
listed in Supplementary Table SIII. Re-ChIP assays were performed
as described previously (Ohkawa et al, 2006).

ChIP-seq and data analysis
Sample preparation was performed as described above except cells
were not fixed. The ChIP library was prepared with the Illumina
protocol and sequencing analysis was performed using the Genome
Analyser GAIIx (Illumina KK). The base-called sequences were
obtained using SCS2.7 from ChIP-seq image data. The sequence
tags for H3.3 and Input were aligned to the mouse genome (mm9)
using ELAND v2, BWA (Li and Durbin, 2009), and Bowtie
(Langmead et al, 2009) software. We adapted the alignment data
of Bowtie so that the alignment efficiency was optimized. Unique
tag numbers are listed in Supplementary Table SIV. Peak detection
and identification of binding sites of H3.3 were obtained by
correcting from Input DNA using MACS (Zhang et al, 2008) with
default parameters except bw¼ 300 based on the fragmented size of
the ChIP sample. The calculated FDR was p0.1%. The box plot of
H3.3-enriched regions was obtained giving the sum total of the
enrichment area (bp) of H3.3, found in MACS, of each chromosome
divided by the length (bp) of each chromosome. The heat map was
generated from H3.3 enrichment of the genes that were upregulated
after induction of skeletal muscle differentiation (Supplementary
Dataset 1), based on the microarray analysis in C2C12 cells
(Tomczak et al, 2004). The maximum value of H3.3 enrichment is
B10. Each row represents the enrichment pattern of H3.3 along the
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±5.5 kb relative to the TSS. The total enrichments of TSS/TES
±2 kb obtained by the H3.3 enrichment Tags aligned at TSS/TES
that were segregated into 200 bp windows were tallied for skeletal
muscle-specific genes, housekeeping genes and silent genes in
C2C12 cells, based on published microarray analyses in C2C12
cells, NIH3T3 cells, and RAW264.7 cells (Tomczak et al, 2004;
Berenjeno et al, 2007; Covert et al, 2009). Microarray data were
obtained from NCBI GEO GSM137347(NIH3T3), GSE989(C2C12),
GSM197840(RAW264.7). All defined gene lists are shown in
Supplementary Dataset 1. Reference gene annotation was deter-
mined using the UCSC genome browser (http://genome.ucsc.edu).

Accession numbers
ChIP-seq data were deposited with accession codes DRA000164,
DRA000165, DRA000166, DRA000218, and DRA000219 (DNA Data
Bank of Japan).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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