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Skeletal muscle differentiation is orchestrated by a network

of transcription factors, epigenetic regulators, and non-

coding RNAs. The transcription factor Yin Yang 1 (YY1)

silences multiple target genes in myoblasts (MBs) by

recruiting Ezh2 (Enhancer of Zeste Homologue2). To

elucidate genome-wide YY1 binding in MBs, we performed

chromatin immunoprecipitation (ChIP)-seq and found 1820

specific binding sites in MBs with a large portion residing in

intergenic regions. Detailed analysis demonstrated that

YY1 acts as an activator for many loci in addition to its

known repressor function. No significant co-occupancy

was found between YY1 and Ezh2, suggesting an additional

Ezh2-independent function for YY1 in MBs. Further

analysis of intergenic binding sites showed that YY1

potentially regulates dozens of large intergenic non-coding

RNAs (lincRNAs), whose function in myogenesis is under-

explored. We characterized a novel muscle-associated

lincRNA (Yam-1) that is positively regulated by YY1.

Yam-1 is downregulated upon differentiation and acts as

an inhibitor of myogenesis. We demonstrated that Yam-1

functions through in cis regulation of miR-715, which in

turn targets Wnt7b. Our findings not only provide the first

genome-wide picture of YY1 association in muscle cells, but

also uncover the functional role of lincRNA Yam-1.
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Introduction

Normal skeletal muscle growth as well as the regeneration of

damaged muscle fibres in post-embryonic life are attributed

to satellite cells (muscle stem cells), which are characterized

by the expression of paired-box transcription factor 7 (Pax7)

and when activated, become immature muscle cells or

myoblasts (MBs) that will proliferate and differentiate

(Buckingham, 2006). The molecular characterization of the

late stages of myogenesis has been studied in-depth in a

mouse C2C12 MB cell line. The formation of mature muscle

proceeds with the exit of MBs from the cell cycle, the

expression of muscle-specific genes, and the suppression of

genes that are specific to other cell lineages and tissues

(Buckingham, 2006). A major portion of our understanding

of myogenic differentiation is focused at the level of trans-

cription, orchestrated by a complex network of muscle-

specific transcription factors (TFs), including MyoD family

(MyoD, Myf5, Myogenin, and MRF4), and MEF2 family

(MEF2A-D). These factors coordinate with other trans-

criptional regulators in a stage-specific manner to activate

the differentiation program by inducing or repressing gene

transcriptions (Sabourin and Rudnicki, 2000). In addition

to TFs, epigenetic regulators exert an important layer of

transcriptional control (Perdiguero et al, 2009). The inter-

plays between TFs and these regulators on muscle loci

constitute an essential part of the regulatory networks.

Yin Yang 1 (YY1) is a multifunctional TF, which regulates

various processes of development and differentiation (Gordon

et al, 2006). It is highly expressed in proliferating MBs and

gradually downregulated when differentiation starts, playing

essential roles in the transcriptional regulation of myogenesis

(Wang et al, 2007). Most of the previous work from our group

and others identified YY1 as an epigenetic repressor of

multiple muscle genes (Caretti et al, 2004; Wang et al, 2007,

2008) although YY1 is well known to play dual roles in either

repressing or activating the transcription depending on the

cofactors that it recruits (Deng et al, 2010). In proliferating

MBs, activated by NF-kB signalling, YY1 functions to

repress muscle loci by recruiting histone methyltransferase

Ezh2 (Enhancer of Zeste Homolog2) containing Polycomb

repressive complex 2 (PRC2) to target loci, which causes

trimethylation of lysine 27 of histone 3 (H3K27me3) to

silence transcription. When myogenesis ensues, YY1 and

the repressive complex are replaced by MyoD/PCAF/SRF

complex that activates gene expression. Identified YY1

repressive targets include not only muscle structural genes,

such as Myosin heavy chain (MyHC), Troponin, and alpha

skeletal actin (a-Actin), but also several muscle relevant

miRNAs, miR-29, miR-1, miR-133, and miR-206 (Wang et al,

2008; Lu et al, 2012). The interplays between YY1 and muscle

loci thus constitute essential components of myogenic

network. Recently, we also showed that YY1 regulates a

large number of additional miRNAs uncovered by genome-

wide computational prediction (Lu et al, 2012). Deregulation

of the YY1-miRNA circuitries could lead to aberrant myogenic

differentiation, which contributes to pathogenesis of Rhabdo-

myosarcoma and Duchenne muscular dystrophy (Wang et al,

2008, 2012; Zhou et al, 2012a). Moreover, YY1/PRC2 was
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found to modulate muscle stem cell proliferation through

regulating Pax7 promoter (Palacios et al, 2010) and to

regulate insulin/IGF pathway in myotubes (MTs) (Blattler

et al, 2012). These studies highlight the importance of YY1

in muscle development and the need to determine the full

range of loci bound and regulated by YY1 in muscle cells at a

genome-wide level.

Ezh2/PRC2, the core component of YY1-mediated trans-

criptional repression, is known to play key roles in differ-

entiation and development, but its recruitment remains en-

igmatic. Despite several reports including ours suggested YY1

as a potential recruiting factor for Polycomb activities in

mammalian cells, recent studies from embryonic stem (ES)

cells did not reveal evident co-occupancy of YY1 and PRC2

genome-wide (Mendenhall et al, 2010; Vella et al, 2012),

pointing to YY1 having PcG-independent functions. It is

thus imperative to clarify YY1/PRC2 interplay globally in

muscle cells.

Although miRNAs represent a novel family of gene regu-

lators, other classes of non-coding RNAs, particularly long

non-coding RNAs (lncRNAs), are emerging as critical regu-

lators of various biological processes. Originally identified by

Guttman et al (2009) from four mouse cell types using

chromatin state maps, large intergenic non-coding RNAs

(lincRNAs) are discrete transcriptional unit intervening

known protein-coding loci. Approximately 1600 lincRNAs

were identified from four types of mouse cells. These

transcripts are marked by trimethylation of lysine4 of

histone H3 (H3K4me3) at their promoter and trimethylation

of lysine36 of histone H3 (H3K36me3) along the length of the

transcribed region. This distinctive ‘K4-K36 domain’ is typical

characteristic of transcripts from RNA polymerase II (Pol II).

Emerging evidence support the existence of lincRNAs in

various biological systems (Guttman et al, 2009, 2010, 2011;

Khalil et al, 2009; Huarte et al, 2010; Cabili et al, 2011;

Paralkar and Weiss, 2011; Prensner et al, 2011; Ulitsky et al,

2011; Yang et al, 2011; Young et al, 2012). For example, 48000

human lincRNAs were defined across 24 tissues and cell

types (Cabili et al, 2011). Very recently, 1119 lincRNA loci

were reported in Drosophila melanogaster genome (Young

et al, 2012). Various functions and molecular mechanisms

for lincRNAs were suggested, including the regulation of

epigenetic marks and gene expression (Khalil et al, 2009;

Gupta et al, 2010; Huarte et al, 2010; Tsai et al, 2010; Prensner

et al, 2011), controlling mouse ES cell pluripotency and

differentiation (Guttman et al, 2011), and modulating re-

programming of human-induced pluripotent stem cells

(Loewer et al, 2010). However, their involvement in skeletal

muscle development remains largely unexplored. It is

thus imperative to answer questions like: Are lincRNAs

existent in muscle cells? Do they have any impact on

myogenic differentiation? Are they components of the

TF-mediated transcriptional networks?

In this study, we performed a genome-wide search for YY1-

regulated loci by combining high-throughput chromatin

immunoprecipitation (ChIP)-sequencing data and expression

profiling data from RNA sequencing. Surprisingly, we found

that in addition to previous known function as a repressor of

genes, YY1 also activates many genes. No significant YY1 and

Ezh2 co-occupancy was discovered as originally thought, sug-

gesting PcG-independent function of YY1. Most strikingly, we

found a large portion of YY1-binding peaks reside in intergenic

regions, which associate with 63 potential novel lincRNAs

named Yam (YY1-associated muscle lincRNAs). The expression

of one of these lincRNAs, Yam-1, was found to be positively

regulated by YY1. Further functional studies demonstrated that

Yam-1 acts as an anti-myogenic factor possibly by regulating

miR-715, which in turn targets Wnt7b to repress myogenesis.

Our studies thus for the first time provide a genome-wide view

of YY1 binding in skeletal muscle cells and a novel regulatory

axis involving TF, lincRNA, and miRNA.

Results

Genome-wide mapping of YY1 binding in C2C12 by

ChIP-seq

To gain global insights into the role of YY1 in skeletal

myogenesis, we generated high-resolution genome-wide

maps of YY1 occupancy in C2C12. Chromatins from prolife-

rating C2C12 MBs or MTs differentiated for 5 days under low

mitogen condition were collected for ChIP assay using a YY1

antibody SC-1703 from Santa Cruz. Precipitated DNA frag-

ments, ranging from 100 to 300 nucleotides (nt), were sub-

jected to high-throughput sequencing on an Illumina HiSeq

2000 platform (Supplementary Table S1). A total of 1820 YY1-

binding sites were identified with high confidence in MBs. An

independent biological replicate yielded a very consistent

result with 1097 peaks overlapping between the two repli-

cates (Figure 1A) and a high reproducibility as measured by

Irreproducibility Discovery Rate (IDR) analysis (Li et al, 2011;

Landt et al, 2012) (Supplementary Figure S1A and F). To

ensure the quality of the data, we used a second antibody

against YY1, AB58066 from Abcam to repeat ChIP-seq. It

yielded a total of 1061 binding sites that largely over-

lapped with SC-1703 sites (Figure 1B). Moreover, technical

replicates for each antibody also displayed high consistency

(Supplementary Figure S1B–F). All the above data demon-

strate good quality of our data. Interestingly, only 626 sites

were found in MTs (Supplementary Table S2), consistent with

the decreased level of YY1 protein in MTs as compared to

MBs (Wang et al, 2007). No significant overlapping between

MB and MT sites was found (Supplementary Figure S1G;

Supplementary Table S2), suggesting a drastic change in YY1

binding during differentiation. Among all the binding sites in

MBs, 1097 (60.3%) occurred in the promoter region (±2 kb

from the transcription start site, TSS) of known RefSeq genes

(Figure 1C and D), suggesting a transcriptional regulation on

these genes. In all, 248 (13.6%) were found within the gene

body of annotated RefSeq genes (Figure 1C, gene body).

Strikingly, more than a quarter of these sites (475, 26.1%)

occurred in intergenic regions distal from annotated TSSs. In

order to validate our ChIP-seq analysis, 15 bound sites were

randomly chosen for ChIP-PCR and an enrichment fold

ranging from B5 to 4100 was obtained for these sites

(Figure 1E; Supplementary Table S3). When examining YY1

occupancy at an intermediate differentiating stage (DM 1

day) and fully differentiated MTs (DM 5 day), we found

that the binding can be persistently high on some genes but

continuously declined on others as differentiation proceeded;

on a few genes the occupancy reached the lowest in the

intermediate stage. These patterns suggested a dynamic

binding of YY1 (Supplementary Figure S1H).

De novo prediction of highly enriched DNA sequences from

the YY1-binding sites revealed a canonical YY1-bound motif,
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AAnATGGC, among the top 10 scored motifs (49% of the

binding sites contain this motif) (Figure 1F), strongly sug-

gesting that YY1 genome-wide association with chromatin is

directly mediated by its DNA binding activity.

We next examined the functionality of YY1 binding by

looking into the expression of those genes bound by YY1 at

their promoter regions. YY1 is gradually downregulated as

C2C12 cells begin to differentiate (Wang et al, 2007). If YY1 is

required for activation or repression of their target loci, then

they should be differentially expressed in MTs versus MBs. To

test this hypothesis, we calculated and compared expression of

the genes in differentiating MTs versus proliferating MBs using

Figure 1 Genome-wide YY1 occupancy in C2C12 myoblasts. (A) Venn diagrams showing the overlap between identified peaks of two
independent biological replicates (rep) of YY1 SC-1703 ChIP-seq. (B) Venn diagrams showing the overlap between identified peaks of YY1
ChIP-seq using two different antibodies AB58066 and SC-1703. (C) Distribution of YY1-binding peaks in C2C12 myoblasts.
Promoter¼TSS±2 kb. (D) Genomic snapshots depicting the ChIP-seq results for YY1 and IgG at promoter regions of the selected genomic
loci. (E) The results of ChIP-PCR validation for 15 selected YY1-binding sites associated with RefSeq gene promoters. Negative control (NC)
represents a genomic region without YY1-binding peak identified. (F) De novo motif prediction by DREME of DNA sequences enriched in YY1
binding regions. YY1 TRANSFAC matrix is presented for comparison. (G, H) GO analysis of YY1-bound genes that are upregulated or
downregulated in MTs compared with MBs. The y axis shows GO terms and the x axis shows statistical significance (i.e., P-value) for the top 10
enriched terms. (I) Expression of YY1 target genes in C2C12 cells stably expressing an shYY1 sequence or a vector control, pSuper. (J–M) Venn
diagrams showing the overlap between target genes of the indicated ChIP-seq data sets. All PCR data were normalized to GAPDH mRNA and
represent the average of three independent experiments ±s.d. **Po0.01; NS, not significant.
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publicly available RNA-seq data sets (Trapnell et al, 2010). A

total of 230 YY1-bound genes were found to be upregulated in

MTs versus MBs (Supplementary Table S4), suggesting that

YY1 may act to repress these genes in MBs. Interestingly, a

larger number (472) was found to be highly expressed in MBs

but downregulated in MTs, suggesting that YY1 may be

necessary for activation of these genes. To gain further insights

into the functional relevancy of YY1 binding, we analysed the

association of these genes in gene ontology (GO) biological

processes. The increased targets were significantly enriched in

metabolism-related processes, such as mitochondrion, respira-

tory chain, and biosynthetic process, suggesting a role of YY1

in regulating mitochondria function and metabolism during

skeletal muscle differentiation (Figure 1G; Supplementary

Table S4). The decreased targets, on the other hand, were

enriched for RNA-related processes and cell cycle/division

(Figure 1H; Supplementary Table S4). Experimentally, YY1

knockdown in C2C12 cells by stably expressing a YY1-specific

shRNA targeting sequence led to downregulation of eight

genes randomly selected from the MT-decreased list and

upregulation of two genes from the MT-increased list

(Figure 1I), in agreement with dual regulatory roles of YY1.

Others’ and our previous work demonstrated that YY1

functions to recruit PRC2 on several muscle structural genes

and muscle relevant miRNA loci (Caretti et al, 2004; Wang

et al, 2007, 2008). We asked whether YY1 recruiting PRC2 is a

genome-wide event. To test this notion, Ezh2 and H3K27me3

ChIP-seq were performed in C2C12 cells (Supplementary

Table S1). A total of 1801 Ezh2-binding sites were identified

in MBs (Supplementary Table S5). Surprisingly, only a

very small number (2.0%) overlapped with YY1 binding

(Figure 1J; Supplementary Table S6). Similarly, a very few

H3K27me3 regions overlapped with YY1 despite a significant

overlapping between Ezh2 and H3K27me3 binding sites

(34.4%, Figure 1J; Supplementary Table S6). The same find-

ings were made when publicly available Ezh2 and H3K27me3

ChIP-seq data sets (Asp et al, 2011; Mousavi et al, 2012) were

used for the analyses (Supplementary Table S6). In addition,

the distribution of Ezh2-binding sites was drastically different

from YY1 with a large fraction (42.8%) occurred in gene

bodies (Supplementary Figure S2A). Furthermore, GO

analysis of differentially expressed Ezh2 target genes revealed

an enrichment of GO terms drastically different from YY1

(Supplementary Table S7). MT-increased Ezh2-bound genes

were enriched for ‘Nucleotide binding’, ‘Protein kinase

activity’, etc.; and MT-decreased Ezh2-bound genes were en-

riched for ‘Actin binding’,‘Actin cytoskeleton’, etc. Conversely,

YY1 sites strongly overlapped (63.9%) with H3K4me3 regions

from our ChIP-seq analysis (Figure 1K; Supplementary

Table S6), suggesting that YY1 is associated with actively

transcribed promoters defined by H3K4me3. This was further

strengthened by a significant overlapping between YY1 and

publicly available Pol II binding regions (Asp et al, 2011)

(Figure 1L; Supplementary Table S6).

To test the potential interplay between YY1 and muscle

master regulator, we compared YY1 and publicly available

MyoD ChIP-seq data sets (Cao et al, 2010). Interestingly,

a significant co-occupancy of YY1 with MyoD-binding

sites (31.9%) was observed in C2C12 MBs (Figure 1M;

Supplementary Table S6). This is in contrast to our previous

finding that YY1 and MyoD are exclusive on some muscle loci

(Wang et al, 2007).

YY1 is associated with lincRNA loci and Yam-1 is

positively regulated by YY1

The significant overrepresentation of ncRNA-related GO

terms (e.g., ncRNA processing and ncRNA metabolic process)

prompted us to think that YY1 is somehow related to

ncRNA regulation. Indeed, among 1097 binding sites loca-

lized in a promoter region, 5.4% (59) were associated with

known ncRNAs annotated by RefSeq (Figure 2A). Further-

more, considering a large portion of YY1 binding was

detected in intergenic regions, we speculated that YY1

might be associated with lincRNA loci and regulate their

expression. To test this notion, we examined 475 intergenic

binding sites closely and found out that a significant portion

(13.3%) was within 100 kb of these novel lincRNAs loci

originally identified by Guttman et al (2009) (Figure 2B;

Supplementary Table S8), suggesting a possible regulation

of these lincRNAs by YY1. Subsequent ChIP-PCR on four

selected lincRNAs validated our findings by ChIP-seq.

Indeed, an enrichment of YY1 was found upstream of these

lincRNAs in MBs but not in MTs (Figure 2C). We named these

lincRNAs YY1-associated muscle lincRNAs or Yams. Among

them, Yam-1 is located on chromosome 17 with a strong

enrichment of YY1 687 bp upstream (Figure 2D, red track). In

addition, this lincRNA is highly expressed in C2C12 cells

by PolyAþRNA-seq analysis (Figure 2D, blue track), and is

characterized with a classical ‘K4-K36’ histone domain

and Pol II binding that define an actively transcribed region

(Figure 2D, green tracks).

To test whether the association of YY1 on a Yam-1 promo-

ter region exerts any functional regulation, we first examined

its expression levels in C2C12 MBs with YY1 ectopically

overexpressed or knocked down by siRNA oligos (siYY1).

Indeed, overexpression of YY1 increased its expression

whereas downregulation of YY1 decreased its expression

(Figure 2E), suggesting that YY1 positively regulates Yam-1

in C2C12 MBs. In line with these results, knockdown of YY1

in freshly isolated primary MBs (PMs) also decreased their

expression (Figure 2F). Lastly, to test if this regulation occurs

in vivo, we employed a widely used muscle regeneration

model in which injection of CTX results in muscle injury

and in turn induces muscle regeneration (Lu et al, 2012).

Our results showed that injection of siYY1 oligos into

CTX-induced regenerating muscles downregulated Yam-1

expression at multiple time points during the regeneration

(Figure 2G). Collectively, these results support a positive

regulation of YY1 on Yam-1 both in cultured muscle cells

in vitro and in muscle regeneration in vivo.

Yam-1 functions as an inhibitor of myogenesis

The regulation of YY1 on Yam-1 suggested that Yam-1 may be

a functional lincRNA during myogenesis. From de novo

assembly of the RNA-seq reads by Cufflinks, it appeared as

a PolyAþ single exonic transcript. Indeed, rapid amplifi-

cation of cDNA Ends (RACEs) led to identification of a

923-nt transcript, which is generated from the minus strand

(Figure 3A; Supplementary Figure S3). RNA-fluorescence

in situ hybridization (RNA-FISH) detection revealed that it

resides both in nuclei and in cytoplasm of C2C12 MBs in

contrast to exclusive nuclear location of U1, a known small

nuclear RNA (Figure 3B). This is confirmed by cellular

fractionation assay. Nearly equal amount of Yam-1 was

detected in both nuclear and cytoplasmic portions of

YY1-lincRNA regulation in skeletal myogenesis
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C2C12, while U1 and a well-known nuclear lncRNA, Xist,

were found highly enriched in nuclear portion (Figure 3C). To

test its functionality, we first examined its expression profile

during C2C12 differentiation. An increased expression was

observed as C2C12 MBs proliferated from B30% (� 1 day,

1 day prior to transition to differentiation medium, DM) to

B80% confluence (DM 0 day), but it gradually decreased

during the course of myogenic differentiation (Figure 3D).

This pattern was also observed during myogenic differentia-

tion of freshly isolated mouse PMs (Figure 3E), suggesting

that Yam-1 may act to inhibit myogenic differentiation. In

addition, its expression was rapidly induced by CTX injec-

tion, but sharply declined during the regeneration phase

starting around day 2 (Figure 3F). Moreover, high expression

levels of Yam-1 were observed in limb muscles of young

mice, which displayed active myogenesis but decreased as

the perinatal myogenesis ceased after 2 weeks; it remained

low as mice grew older (Figure 3G), suggesting that Yam-1 is

associated with active myogenesis in vivo.

To investigate if Yam-1 indeed represses C2C12 myogenic

differentiation, it was knocked down in C2C12 MBs by siRNA

oligos (siYam-1). A continuous decrease in Yam-1 during a

2-day period of differentiation led to a marked increase in three

myogenic markers, Myogenin, Tnni2, and a-Actin, at mRNA

levels (Figure 3H; Supplementary Figure S4A). Additional

evidence came from increased number of MT formation

and Troponin positively stained cells (Figure 3I and J) as

well as upregulated Troponin protein (Figure 3K) upon

siYam-1 treatment. Lastly, siYam-1 increased the activities

of all three muscle genes, Myogenin, Tnni, and MyHC luci-

ferase reporters in differentiating C2C12 MTs (Figure 3L;

Supplementary Figure S4B). Together, these results suggest

that Yam-1 functions to suppress myogenic differentiation

of C2C12 cells, which phenocopies the previously known

anti-myogenic function of YY1 (Wang et al, 2007). Indeed,

knockdown of Yam-1 rescued the inhibitory effect of YY1 on

C2C12 differentiation (Figure 3M), confirming that YY1 is

functionally upstream of Yam-1.

Knockdown of Yam-1 accelerates injury-induced muscle

regeneration in vivo

To extend our in vitro findings to in vivo muscle formation,

we explored the function of Yam-1 in CTX-induced muscle

regeneration model. siNC or siYam-1 oligos were injected into

CTX-injured TA muscles following the administration scheme

outlined in Figure 4A. Six hours after CTX injection into TA

muscles, siNC or siYam-1 oligos were administrated into left

and right hind limbs, respectively. The injections were made

every 2 days for a total of three times. The treated muscles

were collected at days 1, 2, 3, and 6. Results from qRT–PCR

analyses revealed that the expression of Yam-1 was decreased

at all three time points (Figure 4B), suggesting a successful

knockdown of Yam-1 by this approach. Expression levels of

MyoD, Myogenin, and embryonic MyHC (eMyHC, a marker

for regenerating fibres) were found upregulated by siYam-1

injection (Figure 4B), suggesting an acceleration of myogenic

program as discovered in vitro. Consistently, IF staining on

the muscle sections revealed an increased number of

Myogenin and eMyHC-positive cells with siYam-1 injection

(Figure 4C and D). H&E staining showed accelerated regene-

ration morphology as higher number of newly formed fibres

with centrally localized nuclei (CLN) were observed on

siYam-1-injected muscles (Figure 4E). This is in keeping

with the accelerated regeneration with siYY1 oligo injection

(Figure 4E), further demonstrating the positive regulation of

Yam-1 by YY1. Consistently, knockdown of Yam-1 rescued

Figure 2 YY1 is associated with lincRNA loci and positively regulates Yam-1. (A) The number of known RefSeq ncRNAs associated with YY1-
bound promoter peaks. (B) The number of novel lincRNAs associated with YY1-bound intergenic peaks. (C) ChIP-PCR validation of YY1
binding on Yam-1–4. Negative control (NC) represents a genomic region without YY1-bound peak detected in ChIP-seq. (D) Genomic
snapshots of Yam-1 generated in YY1 (red track), Pol II, H3K4me3, H3K36me3 ChIP-seq (green tracks), and RNA-seq (blue track). (E) C2C12
myoblasts were transfected with YY1 expressing plasmid using empty vector as a control or siYY1 oligos using siNC as a control. The
expression of Yam-1 was measured at 48 h post transfection. (F) Primary myoblasts (PMs) were transfected with siNC or siYY1 oligos. The
expression level of Yam-1 was measured at 48 h post transfection. (G) siNC and siYY1 oligos were injected into Cardiotoxin-injured muscles on
left and right legs, respectively. The expression of Yam-1 was detected at the indicated days post injection. N¼ 6 mice for each group. All PCR
data were normalized to GAPDH mRNA and represent the average of three independent experiments ±s.d. *Po0.05.
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the inhibitory effect of YY1 overexpression on muscle regen-

eration (Supplementary Figure S4C), whereas overexpression

of Yam-1 suppressed the pro-myogenic effect of siYY1 injection

(Supplementary Figure S4D). Interestingly, the number of

proliferating Pax7-positive satellite cells was found to be

decreased by siYam-1 injection (Figure 4E), which is likely a

Figure 3 Yam-1 inhibits skeletal muscle differentiation. (A) Schematic illustration of Yam-1 genomic locus on chromosome 17. One of the
identified YY1-binding sites is shown as a purple diamond. miR-715 is located B3 kb downstream and possibly derives from Rn45 transcript,
which overlaps with Yam-1 on the antisense direction. Arrows denote TSS. (B) RNA-FISH was performed on fixed C2C12 myoblasts to visualize
the localization of Yam-1. DAPI was used to stain the nuclei. Staining of nuclear RNA U1 was used as a positive control. Scale bar¼ 20mm.
(C) The expression of Yam-1, Xist, and U1 in nuclear or cytoplasmic fraction of C2C12 myoblasts. (D) The expression of Yam-1 in differentiating
C2C12. � 1 day represents proliferating myoblasts at a confluence of 30%. 0 day represents myoblasts at 80% confluence when transferred into
DM. (E) The expression of Yam-1 in differentiating primary myoblasts. (F) The expression of Yam-1 during CTX-induced regeneration. (G) The
expression of Yam-1 in muscles of postnatal mice at the indicated ages. (H) C2C12 myoblasts were transfected with siYam-1 or siNC oligos.
Cells were differentiated for the indicated days and measured for the expression of Yam-1, Myogenin, Tnni2, or a-Actin RNAs. (I) The above-
transfected cells were visualized by phase-contrast microscopy and immunostained for Troponin. Scale bar¼ 50mm. (J) Positively stained cells
were counted from a minimum of 10 randomly chosen fields from 3 individual plates. (K) Troponin protein was probed by western blotting
using GAPDH as a loading control. (L) C2C12 cells were transfected with siNC or siYam-1 oligos together with the indicated reporter plasmids.
Cells were differentiated for 2 days at 24 h post transfection at which time luciferase activities were determined. The data were normalized to
Renilla protein and represent the average of three independent experiments ±s.d. (M) C2C12 cells were transfected with the indicated
combination of plasmid and siRNA oligos. Cells were switched to DM at 24 h post transfection. The degree of differentiation was assessed after
48 h by measuring the expression of three myogenic markers. All PCR data were normalized to GAPDH mRNA and represent the average of
three independent experiments ±s.d. *Po0.05, **Po0.01, ****Po0.0001.
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consequence of accelerated differentiation. Together, these

findings imply that Yam-1 is a functional anti-myogenic factor

during muscle regeneration in vivo.

A YY1-Yam-1-miR-715 regulatory axis in myogenesis

To probe into the mechanisms through which Yam-1 may

repress myogenesis, we found an miRNA, miR-715, B3 kb

downstream of Yam-1 (Figure 3A). Knowing that in cis

regulation on neighbouring genes is a popular mechanism

for lincRNAs action, we tested whether Yam-1 regulates miR-

715 in muscle cells. The expression profiles of miR-715 during

C2C12 or PM differentiation mirrored that of Yam-1 showing

a gradual decrease (Figure 5A and B). Its expression was also

dynamically regulated in the course of CTX-induced muscle

regeneration with a peak at day 3, 1 day later than Yam-1,

suggesting a possible induction of miR-715 by Yam-1

(Figure 5C). Indeed, knockdown of Yam-1 by siRNA oligos

(siYam-1) in C2C12 MBs decreased the expression of

miR-715 (Figure 5D), further supporting a positive interplay

between them. Interestingly, when further examining other

neighbouring genes, we found that siYam-1 treatment led

to a significant decrease in five nearby genes (Zfp57, Gabbr1,

Cenpq, Mut, and Cd2ap), but to a less degree than its

inhibition on miR-715 (Supplementary Figure S5A). More-

over, overexpression of YY1 increased miR-715, while

knockdown of YY1 decreased its expression (Figure 5E),

suggesting the existence of a YY1-Yam-1-miR-715 regulatory

axis in C2C12. Also, knockdown of YY1 in the CTX-induced

Figure 4 Knockdown of Yam-1 improves muscle regeneration in vivo. (A) Injection scheme for siNC or siYam-1 into CTX-injured muscles.
N¼ 4 mice for each group. (B) The expression of Yam-1 and myogenic markers in the above-injected muscles. The data were normalized to
GAPDH mRNA and represent the average of three independent experiments ±s.d. (C) IF staining for Myogenin was performed on the above-
injected muscles at day 3. Scale bar¼ 50mm. The positively stained cells were quantified. (D) siYam-1 or siYY1 oligos were injected into CTX-
injured muscles with siNC as controls. The above fibres were stained for eMyHC. Scale bar¼ 50mm. The positively stained fibres were
quantified. (E) The muscles were stained with H&E at day 6. Scale bar¼ 100mm. Fibres with centrally localized nuclei (CLN) were quantified.
(F) IF staining for Pax7 was performed on muscles. Scale bar¼ 50mm. All the quantification was performed on a minimum of 10 images.
*Po0.05, **Po0.01, and ***Po0.001.
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Figure 5 Functional regulation of miR-715 expression by Yam-1 during C2C12 myogenesis. (A) The expression of miR-715 was measured in
differentiating C2C12; (B) differentiating primary myoblasts, or (C) CTX-injected muscles. (D) C2C12 myoblasts were transfected with siNC or
siYam-1 oligos. The expression of miR-715 was measured at 2 days post transfection. (E) PMs were transfected with the indicated expression
plasmid or siRNA oligos. The expression of miR-715 was measured at 48 h post transfection. (F) The expression of miR-715 in CTX-induced
muscles. (G) C2C12 cells were transfected with miR-715 or negative control (NC) miRNA oligos. Cells were then differentiated (DM) for the
indicated days, at which time the expression of miR-715 or the myogenic markers was measured. (H) C2C12 cells were transfected with the
indicated reporter plasmids together with a combination of the indicated siRNA and miRNA oligos, and differentiated for 2 days at which time
the reporter activities were determined. (I) C2C12 cells were transfected with the indicated combination of plasmid and antagomiRNA (anti)
oligos. The degree of differentiation was assessed by measuring the expression of three myogenic markers. (J) A wild-type (WT) or mutant
Wnt7b 30UTR luciferase reporter was transfected into C2C12 cells with the indicated miRNA oligos. Luciferase activities were determined at
48 h post transfection. (K) Wnt7b mRNA expression was measured in NC- or miR-715-transfected C2C12 cells. (L) Wnt7b mRNA expression
was measured in siNC- or siYam-1-transfected C2C12 cells. All PCR data were normalized to GAPDH for mRNAs or U6 for miRNAs and
represent the average of three independent experiments ±s.d. All luciferase data were normalized to Renilla protein and represent the average
of three independent experiments ±s.d. *Po0.05, **Po0.01, and ***Po0.001.
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regenerating muscle downregulated miR-715 (Figure 5F),

confirming the presence of this regulation in vivo. Lastly, to

test the functionality of Yam-1-miR-715 regulatory axis

during skeletal myogenesis, we found that overexpression

of miR-715 inhibited C2C12 differentiation as assessed by

marked downregulation of Myogenin, Tnni2, and a-Actin

mRNAs (Figure 5G). This is consistent with the anti-myo-

genic action of Yam-1. Furthermore, we found that over-

expression of miR-715 attenuated the pro-myogenic effect of

siYam-1 treatment as assessed by reporter assays using the

Myogenin, Tnni2, and MyHC luciferase reporters (Figure 5H).

Both in vitro and in vivo, knockdown of miR-715 rescued

the anti-myogenic effect of YY1 overexpression (Figure 5I;

Supplementary Figure S5B and C). Altogether, these results

indicate that miR-715 is a downstream effecter of YY1-Yam-1

during myogenesis. To further probe into targets of miR-715,

we found that Wnt7b is one of the predicted targets with a

binding site on its 30 UTR region (Supplementary Figure S5D).

Wnt signalling is thought to promote the differentiation of

satellite cells and MBs (von Maltzahn et al, 2012). To test

whether the predicted site mediates Wnt7b targeting by

miR-715, a reporter plasmid was generated by cloning

this site into pMIR-reporter vector. Co-transfection of the

resultant reporter plasmid with miR-715 oligos led to

B40% repression on luciferase activity (Figure 5J). On the

contrary, co-transfection of NC oligos or an irrelevant miR-

518 oligos did not show such repression. Furthermore, when

the putative binding site was mutated, the repression on

reporter activity was abolished (Figure 5J, mutant). At the

functional level, we predicted that miR-715 binding to the

Wnt7b 30UTR would lead to repression of Wnt7b level.

Consistent with this prediction, transfection of the miR-715

oligos caused a decrease in Wnt7b mRNA (Figure 5K).

Additionally, Yam-1 knockdown led to upregulation of

Wnt7b expression (Figure 5L), suggesting the existence of

Yam-1 regulation on Wnt7b possibly through miR-715.

Yam-2 promotes early myogenic differentiation

To better illustrate the functional involvement of Yams in

myogenesis, we further investigated roles of Yam-2, Yam-3,

and Yam-4. Yam-2, a likely single-exonic transcript on mouse

chromosome 3 (Supplementary Figure S6A), is also found to

be positively regulated by YY1 both in MB cells and in muscle

regeneration (Supplementary Figure S6B–D). Unlike Yam-1,

Yam-2 was lowly expressed in MBs and significantly induced

in the early differentiating stage of both C2C12 myoblast

and PMs (Figure 6A and B). In vivo, in both CTX-induced

muscle regeneration (Figure 6C) and postnatal muscles

(Figure 6D), similarly to Yam-1, the expression of Yam-2

was tightly regulated, suggesting its relevancy to muscle

development. The early rise of Yam-2 in C2C12 myogenic

differentiation suggested to us that it might be a pro-myo-

genic factor during the initial stage of differentiation. Indeed,

knockdown of Yam-2 by siRNA oligos (siYam-2) delayed the

myogenic program as assessed by decreased expression

levels of Myogenin, Tnni2, and a-Actin mRNAs (Figure 6E)

as well as reduced numbers of MT formation, Troponin

positively stained cells, and upregulated Troponin protein

(Figure 6F–H). Additionally, the activities of Myogenin,

Tnni, and MyHC reporters were inhibited in siYam-2-treated

cells as compared to negative control (siNC) cells (Figure 6I).

Together, these results suggest that Yam-2 functions to

enhance early myogenic differentiation.

To further strengthen the functionality of Yams, we exam-

ined Yam-3 and Yam-4 that are located on mouse chromo-

somes 15 and 6 and regulated by YY1 (Supplementary

Figure S6E–H). Consistent with their distinct expression

patterns (Supplementary Figure S6I and J), siRNA knock-

down of Yam-3 accelerated C2C12 differentiation, while

knockdown of Yam-4 led to the opposite (Figure 6J and K).

Altogether, these findings show that YY regulated Yams exert

diverse functions in skeletal myogenesis.

Lastly, to find out whether Yams are evolutionally con-

served, we searched for their human orthologues. A trans-

cript of 93.7% homologous with Yam-1 was found from

human chromosome 16 (Supplementary Figure S7A). RNA-

seq data available through ENCODE indicated that the human

YAM-1 is highly expressed in several human cell lines.

Similarly, potential orthologue of Yam-3 was also found in

human chromosome 22 with a high conservation (88.9%),

and evidence of expression was discovered (Supplementary

Figure S7B). In contrast, no such human orthologues were

found for Yam-2 and Yam-4.

Discussion

By employing high-throughput ChIP-seq combined with com-

putational analyses and experimental validation, our study is

the first to identify YY1-binding sites genome-wide in skeletal

muscle cells. We found that YY1 is associated with dozens of

lincRNA loci. Yam-1 represents a novel functional lincRNA

that exerts a role during myogenic differentiation. Yam-1,

under positive regulation by YY1, inhibits myogenic differ-

entiation through in cis modulation of miR-715 expression,

which in turn targets Wnt7b, thus forming a YY1-Yam-1-miR-

715-Wnt7b regulatory axis (Figure 7).

A total of 1820 YY1-binding sites were identified in pro-

liferating MBs while only 626 in MTs. Unlike what was found

in the case of MyoD (Cao et al, 2010), a very few genes

constitutively bound by YY1 in both MBs and MTs. This

is in agreement with gradually declined level of YY1

proteins during C2C12 differentiation. Detailed analysis of

YY1 binding revealed several surprising findings: first, in

addition to its previously known function as a muscle gene

repressor, we found that YY1 could also directly activate a

large number of loci, thus playing dual roles in muscle cells.

This is in agreement with its well-known dual-acting nature

(Gordon et al, 2006; Deng et al, 2010). Although it is currently

unclear how YY1 activates these loci, it probably involves

some cofactors that it interacts with. Despite numerous

reports demonstrating its interaction with repressive factors

such as PRC2, YY1 is known to cooperate with a variety of

transcriptional factors linked with transcriptional activation

such as Sp1, c-Myc, CREB, p300, and Gata4 to increase

transcription (Gordon et al, 2006; de Nigris et al, 2010;

Deng et al, 2010; Gregoire et al, 2013). Indeed, our

prediction of the potential co-regulators within ±0.2 kb of

YY1-binding peaks revealed a wide variety of transcriptional

factors, which could physically interact with YY1 on target

loci (Supplementary Figure S2B; Guo et al, 2013). Many of

them possess gene activating functions, for example, KLF7,

GABPA, and Sp1, it is thus likely that YY1 could function with

these factors synergistically to activate the target loci. Further
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exploration in the future will be needed to shed lights on this

aspect. In all, 472 YY1-bound genes were downregulated in

MTs versus MBs while 230 upregulated. We extrapolate to

speculate that YY1 is more often an activator than a repressor

in MBs. Notably, the genes activated by YY1 are enriched for

RNA processing, splicing, and binding, indicating novel roles

of YY1 in RNA biology. This is nicely supported by a very

recent report demonstrating that YY1 regulates the expression

of small non-coding RNAs (sncRNAs) globally in ES cells

(Vella et al, 2012). Interestingly, our study did not reveal a

significant enrichment of YY1 on muscle genes as previously

known. Instead, YY1 seems to exert its repressive role mostly

on genes related to mitochondrion function and metabolism.

Several studies have associated YY1 with mitochondria

biogenesis and oxidative respiration (Calvo et al, 2006;

Cunningham et al, 2007; Xi et al, 2007). In particular,

Cunningham et al (2007) showed that in MTs YY1 binds

directly to mitochondrial gene promoters together with PGC-1a
to activate their expression in an mTOR-dependent manner;

thus, it is critical for the induction of mitochondrial function

and to ensure energy supply. Our findings indicate that YY1

could also silence mitochondrial function in proliferating MBs to

ensure a tight control over oxidative metabolism.

Second, it is uncovered that YY1 exerts its function largely

independent of PcG despite their co-action on several loci

identified before (Wang et al, 2007, 2008; Lu et al, 2012). This

Figure 6 Yam-2 promotes early myogenic differentiation. (A) The expression of Yam-2 in differentiating C2C12; (B) differentiating primary
myoblasts; (C) CTX-induced muscle, or (D) postnatal muscles. (E) C2C12 myoblasts were transfected with either siYam-2 or siNC oligos. Cells were
differentiated for 1 or 2 days at 24 h post transfection. Expression levels of Yam-2 and myogenic markers were measured. (F) The above-transfected
cells were visualized and immunostained for Troponin. Scale bar¼ 50mm. (G) The positively stained cells were counted from a minimum of 10
randomly chosen fields from 3 individual plates. (H) Troponin protein was probed by western blotting. (I) C2C12 cells were transfected with siNC
or siYam-2 oligos together with the indicated luciferase reporters. Cells were differentiated at 24 h post transfection for 2 days at which time
luciferase activities were determined. The data were normalized to Renilla protein and represent the average of three independent experiments
±s.d. (J, K) C2C12 cells were transfected with siRNA oligos against Yam-3 or Yam-4. Cells were differentiated at 24 h post transfection for 2 days at
which time the degree of differentiation was assessed by measuring the expression of three markers. All PCR data were normalized to GAPDH
mRNA and represent the average of three independent experiments ±s.d. *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001.
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is supported by a recent report in ES cells demonstrating very

insignificant co-occupancy between YY1 and PcG bindings

(Mendenhall et al, 2010; Vella et al, 2012). It indicates that

YY1 recruiting PcG is probably restricted to very few loci,

which is consistent with its predominant role as gene

activating not repressing. Indeed, emerging studies are

uncovering alternative mechanisms for PcG recruitment to

target loci. For example, many lncRNAs are found to be

critical for guiding PcG (Brockdorff, 2013). It also suggests

that it is important to clarify the real transcriptional nature of

a TF at genome-wide level which cannot be achieved by

single gene studies. Interestingly, a large portion of YY1

binding overlapped with MyoD. Future elucidation on this

aspect will bring novel insights for understanding the

function of MyoD and YY1 as well as their interplay.

The most noteworthy finding of this study is to reveal a

very novel facet of YY1 regulation, that is, in addition to

regulating protein-coding genes, it also controls lincRNA

expression. Despite the fast evolving lincRNA field, the

evidence of existence and functional characterization of

lincRNAs in skeletal myogenesis have barely been explored.

Our study not only elucidates the functionality of Yam-1 in

muscle cells, but also its interplay with YY1, demonstrating

that lincRNAs are key components of signalling, transcrip-

tional, and chromatin regulatory networks controlling myo-

genic differentiation. It is worthy to mention that the lincRNA

assembly used in our study is from four mouse cell types (ES

cells, embryonic fibroblasts, lung fibroblasts, and neural

precursor cells) (Guttman et al, 2009) because a complete

catalogue of lincRNAs of muscle cells is not available yet.

Considering lincRNAs are generally expressed in a cell/

tissue-specific manner, many muscle-expressing lincRNAs

may be missed out in our analysis. Thus, the number of

lincRNAs under YY1 regulation could be much larger than 63.

For many TFs, a significant portion of binding can be found

in intergenic regions and often dismissed as non-functional

association. Our study leads us to believe that the intergenic

binding may implicate association with unknown lincRNA

loci; in other words, TF regulating lincRNAs may be a general

phenomenon that deserves closer investigation. In fact, in ES

cells, it was found that a large number of functional lincRNAs

were regulated by at least one of the nine pluripotency-

associated TFs, including Oct4, Sox2, Nanog, c-Myc, n-Myc,

Klf4, Zfx, Smad, and Tcf3 (Guttman et al, 2011), suggesting

that lincRNAs are important regulatory components within

the ES cell circuitry. In agreement with this view, analysis of

MyoD ChIP-seq in C2C12 cells revealed 38.7% binding in

intergenic regions (Cao et al, 2010), probably reflecting its

functional regulation on lincRNAs. In the future, it will be

interesting to determine the interplay between other TFs and

lincRNAs in order to firmly establish that lincRNAs may be

an integrated part of the myogenic regulatory network.

The modes through which lincRNAs carry out their regu-

latory roles are highly diversified. With emerging evidence

support their roles in affecting expression largely in trans

(Guttman et al, 2011), some lincRNAs can act in cis regu-

lating their neighbour gene expression. For example,‘enhancer

RNAs’ serve to activate gene expression in cis (De Santa et al,

2010; Orom et al, 2010). Being B3 kb away from miR-715, our

results demonstrated that Yam-1 seems to act in cis regulating

miR-715 expression. However, the precise molecular mecha-

nism is still unknown. miR-715 appears to be derived from

Rn45s (45s pre-ribosomal RNA), which overlaps with Yam-1

but is transcribed from the plus strand. It is possible that

Yam-1 could recruit some TF/chromatin modifier locally to

Rn45s promoter to influence its transcription. Although not

fully understood, it is believed that antisense transcripts are

important determinants of the epigenetic regulation of pre-

rRNA synthesis (Biefhoff et al, 2011). Indeed, we detected a

downregulation of Rn45s with Yam-1 knockdown and also

observed H3K27me3 and H3K36me3 marks in its promoter

region (data not shown). It is also possible that Yam-1 affects

Rn45s stability through sense–antisense binding. Both as

regulatory ncRNAs, the interplay of lincRNAs and miRNAs

was largely unexplored. Several recent reports proposed a

sponge mode, in which lincRNAs act as a sponge to absorb

off the miRNA, preventing it from binding to its targets (Wang

et al, 2010; Cesana et al, 2011). Notably, Cesana et al (2011)

recently identified that competing endogenous RNA (ceRNA)

lincRNA-MD1 could sponge miR-133 and miR-135 to regulate

the expression of MAML1 and MEF2C thus controlling muscle

differentiation. Our study, on the other hand, suggests that

Yam-1 acts as an upstream regulator of miR-715 expression

instead of a sponge. In the future, it will be interesting to

further explore the interacting modes between lincRNAs

and miR-715. In addition to Yam-1, our study has clearly

demonstrated that Yam-2, Yam-3, and Yam-4 are also

functional during myogenesis with the underlying mecha-

nisms awaiting to be discovered. Together, our findings

uncover a novel layer of regulation that integrates TF,

lincRNA, and microRNA, highlighting the complexity of

regulatory network in myogenic differentiation. With the

functional roles of lincRNAs discovered in a rapid pace, such

regulatory pathways may be pervasive in various biological

settings; and the disruption of such pathways may result in

development or progression of many human diseases.

Figure 7 A model of Yam-1 in skeletal myogenesis. The model
depicts the role of YY1-Yam-1 axis during myoblasts differentiation
into myotubes. YY1 association with Yam-1 locus modulates its
transcription in the myoblasts. Yam-1 functions to inhibit myoblasts
differentiation through regulating the expression of miR-715, which
in turn targets Wnt7b.
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Materials and methods

Cell culture
Mouse C2C12 MBs were obtained from ATCC and cultured in
growth medium (GM) with DMEM, 10% FBS, 2 mM L-glutamine,
100 U/ml penicillin, and 100 mg of Streptomycin at 371C in 5% CO2,
or induced to differentiation by culturing the cells in DM (DMEM
without FBS containing 2% horse serum) when 90% confluent.
PMs were isolated from B1-week-old C57BL/6 muscles as pre-
viously described (Lu et al, 2012; Supplementary Methods). The
isolated cells were cultured in F10/DMEM medium (1:1) supple-
mented with 20% FBS and bFGF. The detailed transfection and
infection methods can be found in Supplementary Data.

Oligonucleotides
Precursor miRNA oligos were obtained from Life Technologies.
siRNA oligos against mouse YY1, Yam 1, 2, 3, and 4 were obtained
from Ribobio Technologies (Guangzhou, China). AntagomiR-NC and
miR-715 were obtained from Ribobio and transfected at a 100-nM
final concentration. In all, 50 nM siYY1 oligos or miRNA oligos were
used for transient transfections. Yam-1-4 siRNAs were transfected at
a final concentration of 150 nM. The sequences of oligonucleotides
used for siRNA knockdown, RT–PCR, and, Northern, RACE, and
ChIP-PCR are provided in Supplementary Table S9.

DNA constructs
YY1 expression plasmid, Myogenin, TnI, and MyHC reporter plas-
mids and pSuper-shYY1-GFP plasmid were described before (Wang
et al, 2007; Yang et al, 2013). For in vitro transcription, the full-
length Yam-1 was cloned into a pBluescript KS II vector with BamH1
and Xho1 sites. A full-length Yam-1 expression plasmid was
generating by cloning Yma-1 into BamH1 and Xho1 sites of
pcDNA 3.1þ . To construct Wnt7b-30UTR reporter plasmids, a
633-bp fragment encompassing the predicted binding site was
cloned into pMIR-report vector (ABI) between HindIII and SacI
sites. A mutant Wnt7b-30UTR plasmid was generated by changing
the miR-715 binding site from GCACGGA to ATGATTG.

Rapid amplification of cDNA end
SMARTer RACE cDNA Amplification Kit (Clontech) was used ac-
cording to the manufacturer’s instructions. Briefly, to generate
50 RACE-Ready cDNAs, 1 mg of total RNAs extracted from C2C12
MBs was reverse transcribed using 50-CDS Primer A, SMARTer IIA
oligo, and SMARTScribe Reverse Transcriptase. The subsequent
PCR amplification was carried out using a gene-specific reverse
primer (RP) designed on the basis of RNA-seq-derived sequence and
a Universal Primer Mixture (UPM) from the kit. 30 RACE-Ready
cDNAs were obtained by using 30-CDS Primer A.

RT–PCR and real-time RT–PCR
Total RNAs from cells were extracted using TRIzol reagent (Life
Technologies). Expression of mRNA was determined by real-time
RT–PCR as described using GAPDH for normalization. Expression
of mature miRNAs was determined with the miRNA-specific
Taqman microRNA assay kit (Life Technologies) in a 7900HTsystem
(Life Technologies) using U6 for normalization. All the experiments
were designed in triplicates. For fractionation assay, cytoplasmic
and nuclear RNAs were extracted from C2C12 MBs as previously
described (Supplementary Data).

RNA fluorescence in situ hybridization
To detect Yam-1 RNA location, RNA-FISH was performed as de-
scribed before (Sone et al, 2007) (Supplementary Data). All samples
were imaged with � 40 objective lens. Pictures were captured in
Kahlman frame giving an average of two scans using the Olympus
microscope FV1000 and the accompanying software FV10-ASW
(version 01.07.02.02, Olympus).

Immunoblotting, immunohistochemistry, and
immunostaining
Western blotting was performed as previously described (Wang
et al, 2007). The following dilutions were used for each antibody:
Troponin (Sigma, St Louis, USA, Cat# T6277; 1:1000), GAPDH
(Santa Cruz Biotechnology, Santa Cruz, CA, USA, Cat# SC-137179;
1:5000). Immunofluorescence of C2C12 cells was performed using a
Troponin monoclonal antibody (Sigma, Cat# T6277) and MyoG

polyclonal antibody (Santa Cruz, Cat# SC-576) at 1:500 dilutions.
Immunofluorescence on frozen muscle sections was performed
using the following antibodies: Pax7 (Santa Cruz Biotechnology,
Cat# SC-576, 1:200), Myogenin (DSHB, 1:100), and eMyHC (Leica,
Cat# NCL-MHCd). H&E staining on frozen muscle sections was
performed as previously described (Diao et al, 2012). The number of
central nuclei localized fibres was counted from a minimum of 10
randomly chosen fields, from 4 to 5 sections throughout the length
of the muscle in 4–6 per group.

ChIP assays
ChIP assays were performed as previously described (Lu et al, 2012;
Zhou et al, 2012b). In all, 5mg of antibodies was used for each
2�107 cell in one immunoprecipitation. YY1 #1 (Santa Cruz
Biotechnology, Cat# SC-1703, rabbit polyclonal), YY1 #2 (Abcam,
Cat# AB58066, mouse monoclonal), Ezh2 (Cell Signaling, MA, USA,
Cat# AC22), trimethyl-histone H3-K27 (Millipore, Cat# 07-449),
trimethyl-histone H3-K4 (Millipore, Cat# 07-473), or normal
mouse IgG (Santa Cruz Biotechnology, Cat# SC-2025) was used
as a negative control. Immunoprecipitated genomic DNA was re-
suspended in 10–15ml of water. PCRs were performed with 1 ml of
immunoprecipitated material as a template and products were
analysed by qRT-PCR on a 7900HT system (Life Technologies).

ChIP sequencing
For library construction, we used a protocol as described before (Diao
et al, 2012). The purified DNA library products were evaluated using
a Bioanalyzer (Agilent) and SYBR qPCR and diluted to 10 nM for
sequencing on an Illumina Hi-seq 2000 sequencer (YY1) (pair-end
with 50 bp) or an Illumina Genome Analyzer IIx sequencer (Ezh2,
H3K27me3, and H3K4me3) (pair-end with 36 bp). Technical repli-
cates were prepared by sequencing the same library twice. More
details can be found in Supplementary data. All the sequence data
have been deposited in NCBI’s Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo) (Edgar et al, 2002) and are
accessible through GEO Series accession number GSE45875.

Peak defining
The sequenced reads were mapped to the mouse reference genome
(UCSC mm9) using SOAP2 (Li et al, 2009). The alignments were
performed allowing the maximum of two mismatches and keeping
only the uniquely aligned reads. The protein DNA binding peaks
(sites) were identified using Model-based Analysis for ChIP-seq
(MACS, version 2.0.9) (Zhang et al, 2008) with IgG control
sample as a background. During the peak calling, a q-value
(adjusted P-value calculated using Benjamini-Hochberg
procedure) was set under 10� 5 for YY1 (Supplementary Table S1,
corresponding to an empirical FDR of 3.4%) and 10�2 for EZH2
and H3K27me3, respectively. Raw ChIP-seq sequencing reads for
transcription factor MyoD were downloaded from NCBI’s Sequence
Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) with acces-
sion number SRX016191 and SRX016040 for MBs and MTs, respec-
tively. MyoD-binding sites were identified using the same q-value
cutoff as for Ezh2. The processed ChIP-seq data and identified
binding sites in MBs and MTs for Pol II and H3K4me3 were obtained
from NCBI’s GEO under accession number GSE25308. Each identi-
fied peak was associated with the closest RefSeq gene when it falls
into the 4 kb (±2 kb) flanking region of the gene’s TSS.

De novo motif discovery and analysis and functional
annotation
See Supplementary Data.

Identification of YY1 bound novel lincRNAs
The list of novel lincRNA identified by K4-K36 domain from four
mouse cell types was obtained from Guttman et al (2009). YY1-
binding sites were searched in the flanking regions (B100 kb on
both sides) of these lincRNAs. The resultant list of lincRNAs was
considered as YY1-associated lincRNAs.

Statistical analysis
All quantitative data were obtained as triplicates. Data were shown
as means±standard deviation (s.d.). Statistical significance be-
tween two groups was determined by Student’s t-test. *Po0.05,
**Po0.01, and ***Po0.001.
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Animal studies
C57BL/6 mice were housed in the animal facilities of the Chinese
University of Hong Kong under conventional conditions with
constant temperature and humidity and fed a standard diet.
Animal experimentation was approved by the CUHK Animal Experi-
mentation Ethics Committee (Ref No. 10/027/MIS). Postnatal
muscles were obtained from tibialis anterior (TA) muscles of
different ages of C57BL/6 mice, and RNAs were extracted for real-
time RT–PCR analysis. For injury-induced muscle regeneration
studies, B6-week-old C57BL/6 mice were injected with 60 ml of
CTX (Latoxan, France) at 10mM into the TA muscles. Injections of
siRNA oligos were performed 6 h after CTX injection and re-injected
every 2 days for a total of three times. In all, 5mM of siYY1
or 15mM of siYam-1 oligos was prepared by pre-incubating with
Lipofectamine 2000 for 15 min and injections were made in a
final volume of 60 ml in OPTI-EM (Life Technologies). For in vivo
delivery, the combination of Vector, YY1, or Yam-1 expression
plasmids (30 mg), siNC or siYam1 (0.9 nmol), antagoNC or antago
miR-715 (0.5 nmol) were electroporated into the TA muscles
using a BTX ECM 830 generator (mode:LV; pulse length: 20 ms;
number of pulses: 8) according to Diao et al (2012). Muscles
were harvested at designated times, and RNAs were extracted for
real-time RT–PCR analysis. Frozen muscle sections were prepared
and stained as previously described (Wang et al, 2012; Zhou et al,
2012b).

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