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SUMMARY
Transcription factors and DNA regulatory binding motifs are fundamental components of the gene
regulatory network. Here, by using genome-wide binding profiling, we show extensive occupancy
of transcription factors of myogenesis (MyoD and Myogenin) at extragenic enhancer regions
coinciding with RNA synthesis (i.e. eRNA). In particular, multiple regions were transcribed to
eRNA within regulatory region of MYOD1, including previously characterized Distal Regulatory
Regions (DRR) and Core Enhancer (CE). While CERNA enhanced RNA polymerase II (PolII)
occupancy and transcription at MYOD1, DRRRNA acted to activate the downstream myogenic
genes. The deployment of transcriptional machinery to appropriate loci is contingent on chromatin
accessibility, a rate-limiting step preceding PolII assembly. By nuclease sensitivity assay, it appear
that eRNAs regulate genomic access of the transcriptional complex to defined regulatory regions.
In conclusion, our data suggest that eRNAs contribute to establishing a cell-type-specific
transcriptional circuitry by directing chromatin-remodeling events.

INTRODUCTION
Recent studies have documented a pervasive transcription (up to 80%) of the human genome
(ENCODE project, http://encodeproject.org/ENCODE). This fraction goes well beyond the
~1% corresponding to protein-coding exons, implying that the transcript, rather than the
gene (defined as protein-coding sequence), more accurately represents the fundamental unit
of the genome (Djebali et al., 2012, Stamatoyannopoulos, 2012). The widespread
transcription generates a vast collection of non-protein-coding transcripts including
ribosomal, small nuclear/nucleolar, antisense, micro- and long intergenic non-coding RNAs.
Recent discoveries demonstrate that RNAs transcribed from regulatory elements constitute
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another class of non-coding transcripts and are proposed to take part in the gene regulatory
networks (Orom and Shiekhattar, 2011).

Acting as primary determinant of cell-type specificity, DNA enhancer elements increase
transcriptional output of protein-coding counterparts over large genomic distances in an
orientation-independent manner (Bulger and Groudine, 2011, Maston et al., 2006).
Additionally, enhancers are characterized by a defined chromatin signature consisting of
high H3K4me1-to-H3K4me3 ratio, p300 acetyltransferase binding, acetylated histones and
increased sensitivity to nucleases (Bernstein et al., 2012, Biddie et al., 2011, Creyghton et
al., 2010, Cui et al., 2009, Djebali et al., 2012, Ernst et al., 2011, Ghisletti et al., 2010,
Heintzman et al., 2007, Melgar et al., 2011, Rada-Iglesias et al., 2011). PolII occupies
enhancers of stimulated macrophages, neurons, keratinocytes and breast cancer cells
resulting in localized transcription of eRNAs (De Santa et al., 2010, Hah et al., 2013, Kim et
al., 2010, Lam et al., 2013, Li et al., 2013, Melo et al., 2013, Orom et al., 2010, Ostuni et al.,
2013). Currently, eRNAs are described as a rare population of ~0.5–5kb transcripts, some of
which undergo polyadenylation (based on polyA+ sequencing) (De Santa et al., 2010,
Djebali et al., 2012, Hah et al., 2013, Kim et al., 2010, Melgar et al., 2011, Orom et al.,
2010). The significance and molecular mechanisms by which eRNAs exert their function are
currently under investigation.

Specification and differentiation of skeletal muscle are carried out by the activity of DNA-
binding basic helix-loop-helix (bHLH) myogenic regulatory factors (MRFs) Myf5, MyoD,
Myogenin (MyoG), and MRF4 (Rudnicki et al., 2008, Tapscott, 2005). MyoG, a
downstream target of MyoD gene regulatory network, is essential for muscle differentiation
(Hasty et al., 1993, Nabeshima et al., 1993). MRFs directly bind to their DNA consensus
elements (E-box, CANNTG), trigger mRNA transcription and thereby orchestrate the
processes of muscle cell formation (Rudnicki et al., 2008, Tapscott, 2005). Recent genome-
wide studies show that MRFs predominantly occupy the extragenic regions (>10kb from
protein-coding genes), marked by acetylated histones and co-occupied by PolII (Blum et al.,
2012, Cao et al., 2010, Soleimani et al., 2012).

To characterize the extragenic areas occupied by MRFs, we utilized a genome wide analysis
of MyoD/MyoG binding, PolII occupancies, histone modifications and corresponding
transcriptome. Here, we report that MyoD and MyoG occupy thousands of extragenic
locations with active enhancer signature (i.e. high H3K4me1-to-H3K4me3 ratio, acetylated
histones and PolII-occupied) and generated RNA. Regulatory sequences contained within
~24kb upstream region of MYOD1 control its spatiotemporal expression during
embryogenesis (Chen et al., 2001, Goldhamer et al., 1992). Within this region, the concerted
activity of two DNA enhancer elements, CE and DRR, specifies the level of MyoD
expression in the myogenic lineage (Asakura et al., 1995, Chen et al., 2001, Faerman et al.,
1995, Goldhamer et al., 1992, Kucharczuk et al., 1999, Tapscott et al., 1992). We found
transcripts corresponding to CE and DRR enhancers (i.e. CERNA and DRRRNA,
respectively) in C2C12 and skeletal muscle satellite cells. Remarkably, CERNA
and DRRRNA depletion resulted in reduced chromatin accessibility and PolII residency at
MYOD1 and MYOG loci, respectively. Thus, our data suggest a role for eRNAs in
establishing cell-type-specific chromatin-restructuring and consequently transcriptional
circuitry.

RESULTS
Genome-Wide Binding of MyoD and MyoG

We mapped genome-wide occupancies of MyoD and MyoG in mouse C2C12 skeletal
muscle cells, which closely resemble primary myoblasts and have been extensively used as a
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model of myogenesis (Blais et al., 2005, Cao et al., 2010). Similar to primary skeletal
muscle cells, MyoD protein was detected in proliferative myoblasts (MB, ~50–70%
confluency) and terminally differentiated myotubes (MT, 24–96hrs in DM), whereas MyoG
protein was observed at the onset of differentiation (Figure S1A) (Rudnicki et al., 2008,
Tapscott, 2005). We verified the specificity of commercially available antibodies (Figure
S1B) and performed Chromatin ImmunoPrecipitation followed by high-throughput
Sequencing (ChIP-Seq) accordingly (i.e. MyoD from MB/MT and MyoG from MT). The
sequence reads were pooled from at least two independent runs. We utilized Model-based
Analysis for ChIP-Seq (MACS) algorithm to call for MyoD/MyoG peaks (Zhang et al.,
2008). Using specified parameters (p≤10−6 and FDR≤1%), selected MyoD+ peaks were
18,142 and 39,700 in MB and MT, respectively, MyoG+ regions were 35,273 in MT (Table
S1) and overlapped (~77%) with MyoD+ binding sites. Because of this significant co-
occupancy, henceforth we will refer to MyoD+/MyoG+ peaks as simply MyoG+. We
observed ~5% of MyoG+ peaks at promoters (~1kb from Transcriptional Start Sites, TSS),
~4% in exons, ~42% in introns and ~49% in the extragenic regions (i.e. excluding ~1kb of
UCSC annotated protein-coding genes) (Figure 1A). These distributions are in general
agreement with recent reports, and differences may arise based on peak discovery
methodology, genomic compartmentalization (i.e. boundaries considered) and other
experimental variability (Cao et al., 2010, Soleimani et al., 2012). When distribution was
normalized to DNA length (in kb) of distinct genomic partition (# of peaks/kb), higher peak
density was apparent at the promoter regions with majority of MyoG+ genes marked by
H3K4me3 (transcriptionally active chromatin modification) and bound by PolII (Figure
S1C–F).

RNA Synthesis at the Extragenic MyoD/MyoG Binding Sites
Considering that a significant fraction (~49%) of total MyoG binding occurred in the
extragenic compartment (Figure 1A), we asked whether these peaks corresponded to known
extragenic chromatin landmarks associated with enhancers. In this context, we surveyed for
the enhancer signature (i.e. H3K4me1) within ~1–2kb of MyoG+ sites. We obtained and
analyzed ChIP-Seq data for H3K4me1 (Table S1) and observed the majority (~80%) of the
extragenic MyoG+ peaks within H3K4me1+ domains (Figure 1B–D). In addition to
H3K4me1, active enhancers are characterized by acetyltransferase occupancy (p300/CBP)
and acetylated histones. Using published data (Blum et al., 2012), we found ~90% of the
MyoG+/H3K4me1+ extragenic regions were also marked by acetylated H3K27 (Figure 1D,
H3K27ac). Next, we observed that a sizable fraction (~36%) of MyoG+/H3K4me1+/
H3K27ac+ sites were occupied by PolII (Figure 1D) (Mousavi et al., 2012). MyoG+/
H3K4me1+/H3K27ac+/PolII+ locations were associated with low or no H3K4me3 mark
(Figure 1C), thus excluding un-annotated promoters in our analysis. To ascertain whether
these regions were transcriptionally active, we performed paired-end RNA-Seq (PE-Seq)
from ribosome-depleted RNA fraction from MT (76bp/end, see Table S1 for number of
reads). Approximately 72% of the MyoG+/H3K4me1+/H3K27ac+/PolII+ extragenic regions
were RNA+ (≥5 reads within −/+2kb), while under the same criterion less than 20% of
negative control regions (i.e. MyoG+/H3K4me1-/H3K27ac-) exhibited RNA reads (Table
S2). RNA originating from MyoG+/H3K4me1+/H3K27ac+/PolII+ regions occurred in sense
and/or antisense orientation extending ~1–2kb from MyoG+ sites (Figure 1E). Unless noted
elsewhere, we will refer to this RNA population as “eRNA”. While we detected a fraction of
eRNA+ as polyA+ (Figure 1E), this may have been a consequence of indirect purification.
Therefore, another method was devised to further probe for polyadenylation of specific
eRNAs (see below). Overall, these data are consistent with recent publications
demonstrating the presence of eRNAs at the extragenic MyoD+ sites (Blum et al., 2012,
Trapnell et al., 2010).
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Subsequently, we verified the presence of eRNAs and assessed whether their expression
depended on MyoD or MyoG. To this end, we chose random MyoG+/H3K4me1+/H3K27ac
+/PolII+/eRNA+ regions on different chromosomes and performed conventional RT-qPCR
and ChIP-qPCR following MyoD RNAi (MyoDi) or MyoG RNAi (MyoGi). MyoD and
MyoG occupancies were reduced following RNAi at protein-coding promoters as well as
eRNA+ locations (Figure S1G–H, J–K). Nonetheless, eRNA levels were preferentially
reduced following MyoDi only (Figure S1I,L), signifying the distinctions between MyoD
and MyoG in regulating the expression of these eRNAs.

Next, we assigned eRNA+ regions to the nearest downstream genes within 100kb. This way,
1,353 eRNA+ regions were assigned to 809 protein-coding genes (i.e. eRNA+ genes) (Table
S3). While majority of these genes (595) were transcribed, a smaller fraction (214) were
transcriptionally silent (transcription was assessed with a cut-off of 1 read per kilobase per
million-RPKM) (Table S3). During C2C12 myogenic differentiation (MB to 48hrs MT),
upregulated genes assigned to eRNAs (194) exhibited an average transcript level of ~91
RPKM (median=23.2), whereas those upregulated but not associated with eRNAs (1,561)
had an average transcript level (RPKM) of ~35 (median=8.7) in MT (Figure 1F).
Concordantly, eRNA-assigned genes had significantly higher PolII occupancy at their TSS
and gene bodies than those upregulated genes without assigned eRNAs (Figure 1G).

eRNA Transcribed from the Distal Regulatory Region (DRR) near MYOD1
Two major gene ontology terms identified by the eRNA-assigned genes were “muscle organ
development” and “regulation of transcription from PolII promoter” (Table S3). In the latter
category, list of genes with multiple eRNA-assigned regions included master transcription
factors MEF2A, FOXO1, MYOD1 and MYOG (Table S3). Given the central role of MyoD
in establishing muscle cell lineage and extensive literature on its transcriptional control
(Rudnicki et al., 2008, Tapscott, 2005), we initially focused on characterizing eRNAs in a
genomic region spanning ~5–6kb upstream of MYOD1 encompassing an evolutionarily
conserved enhancer element, DRR (Asakura et al., 1995, Chen and Goldhamer, 2004,
Kablar et al., 1999) (Figure 2A). Our ChIP-Seq data demonstrated de novo recruitment of
MyoD/MyoG at DRR (Figure 2A, highlighted near light-blue rectangle) in differentiating
C2C12 MT coinciding with the appearance of H3K4me1 (absence of H3K4me3) and PolII
occupancy (Figure 2A). PolyA+ RNA-Seq demonstrated eRNA synthesis at DRR in MT
(Figure 2A). Moreover, PE-Seq from differentiated C2C12 cells and ribosome-depleted
RNA-Seq (Single run, 50 bases) from purified muscle satellite cells [by Fluorescence-
Activated Cell Sorting (FACS)], revealed the synthesis of eRNA at DRR (i.e. DRRRNA)
with four distinct eRNA peaks (Figure 2A, highlighted in blue). Analyses of cell
fractionation, myogenic differentiation, qPCR (with oligo dT) and endonuclease treatment
suggested that DRRRNA was mainly nuclear (other eRNAs were shown to be nuclear as
well), upregulated during differentiation, and potentially subjected to polyadenylation and
single-stranded (Figure 2B–C, Figure S2). Similar to other nuclear eRNAs examined (Figure
S1G–I), DRRRNA levels were significantly reduced following MyoDi and to a lesser extent
by MyoGi (Figure 2D), suggesting that its transcriptional regulation is under the concerted
control of these transcription factors.

eRNA from the Core Enhancer (CE) Promotes MyoD Expression
A ~24kb genomic fragment upstream of MYOD1 controls spatiotemporal expression of
MyoD during embryogenesis (Chen et al., 2001, Goldhamer et al., 1992). To expand our
analysis, we inspected this region as well as its surrounding area (~50kb in total) and
observed multiple (~10, including DRR) overlapping MyoD/MyoG peaks with enclosing
H3K4me1, little or no H3K4me3 modification (except at MYOD1) and corresponding PolII
occupancy (Figure 3A). Moreover, PE-Seq revealed a prevalent presence of eRNAs (in
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forward and reverse orientation) throughout ~50kb region in C2C12 MT as well as in
FACS-sorted muscle progenitors (Figure 3A, data not shown). Genomic locations where
eRNAs were originating within the MYOD1 regulatory region are highly conserved in
mammals (Figure 3A, Placental Mammal Conservation by PhastCons), and some of these
conserved eRNA+ regions corresponded to DNaseI sensitivity in mouse skeletal muscle
(Figure 3A, Skeletal Muscle DNaseI HS from ENCODE/University of Washington), thus
further supporting a dynamic chromatin structure and active transcription within these
locations.

In an attempt to gain insight into their function, we considered depletion of eRNAs and
assessment of ensuing impact on the MyoD transcript levels. To this end, we devised a
screening approach where ten different small interfering RNA duplexes (siRNA) were
designed to target various regions upstream of MYOD1 with proximity to MyoD+/MyoG+/
H3K4me1+ peaks (Figure 3A, #1–10). As controls, siRNAs were designed to target four
eRNA+ regions on other chromosomes (Figure S3) and another against green fluorescent
protein (GFPi). Transfected C2C12 cells were placed in differentiation media (DM) for 4–
6hrs and harvested thereafter for analysis. While all siRNAs tested resulted in uniform
depletion of targeted eRNAs (~50%, Figure 3A–B), MyoD transcript and protein levels
were severely diminished (>70%) only with those targeting CE (CEi) (Figure 3A,
highlighted in red, Figure 3B–E), siRNAs against DRR (DRRi, Figure 3A, #8,9,10,
highlighted in blue) did not significantly impact MyoD transcript and protein levels at early
differentiation time-points (Figure 3B–D). These results suggest that eRNA from CE
(i.e. CERNA) is critical for MYOD1 expression.

DRRRNA Activates the Myogenic Gene Regulatory Network
While DRR, in conjunction with MyoD promoter, has been associated with enhancing
reporter gene expression (Asakura et al., 1995, Chen et al., 2001, Chen et al., 2002), it is
also found to be dispensable for endogenous MyoD expression in embryonic and neonatal
stages (Chen et al., 2002) (Figure 3). Given the suggestion that DRR may be essential for the
early myogenic differentiation program (Chen et al., 2002), we wondered whether DRRRNA
plays a broader role within the myogenic gene regulatory network (i.e. activating MyoD
targets). To this end, we examined the expression of MyoD target genes (i.e. MyoD, MyoG
and Myh) by immunofluorescence in late differentiating cells (24–48hrs in DM). While
GFPi had little consequence on the induction of myogenic genes as compared to mock-
transfected control cells, DRRi cells failed to activate MyoG and Myh (Figure 4A). In fact,
during early differentiation time-point (4–6hrs), MyoG transcript levels were significantly
and consistently reduced by three non-overlapping siRNAs against DRRRNA (Figure 4B,
Figure S4A). Moreover, DRRi hindered the myogenic differentiation program (without
apparently affecting other pathways), as confirmed by inadequate induction of myogenic
genes (RNA-Seq from polyA+ fraction) as compared to GFPi cells (Figure 4B, left).

To further investigate the role of DRRRNA within the myogenic gene regulatory network, we
also performed complementary experiments in which several lengths of DRR (Figure 4C,
DRR fragments are shown), were constructed for over-expression. C2C12 MB cells were
transduced (using retroviral preparations) with either empty vector, GFP, randomly chosen
fragment ~12kb upstream of MyoD (−12kb) and various lengths of DRR and probed for
their effect on MyoD and MyoG expression. Ectopic expression of GFP, −12kb and DRR0.5
did not significantly modify MyoD or MyoG transcript levels (Figure 4D, Figure S4B–C).
Remarkably, over-expression of 1.2kb and 2.0kb fragments of DRR (DRR1.2 and DRR2.0),
in trans, activated MyoG expression and the rest of the myogenic gene regulatory network
without influencing MyoD transcript levels (Figure 4C–D, Figure S4C). Hence, these
observations suggest that the effects exerted by DRRRNA require the first half of DRRRNA
region (Figure 4C) and may occur irrespective of its genomic locality (i.e. in trans), and that
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perhaps its genuine position confers efficiency within the myogenic gene regulatory
network.

eRNAs Regulate PolII Occupancy at Specific Promoter Regions
In an attempt to decode the molecular mechanisms involved in CERNA-mediated
enhancement of MyoD expression, we set out to assess the chromatin signature at CE and
MYOD1 proximal regions in C2C12 cells (Figure 5A). To this end, cells were treated with
siRNA 4 (CEi) and 7 (CTLi) or mock-transfected (Figure 3A) and assessed for various
occupancies by ChIP-qPCR (Figure 5A, ChIP-qPCR amplicons). Given the depletion of
MyoD following CEi (Figure 3C), we initially considered the involvement of a silencing
mechanism (i.e. chromatin regions acquiring H3K27me3 modification) in this process. In
this setting, we envisioned the CERNA to act as anti-repressive element at MYOD1.
Accordingly, we evaluated H3K27me3 occupancy (by ChIP-qPCR) at CE and MYOD1 and
found no significant gain of this modification following CEi (Figure S5). Recently, long-
range chromatin interactions have been demonstrated between enhancers and promoters (Li
et al., 2012, Sanyal et al., 2012). Nevertheless, as evident from the literature and argued by
Taberlay et al., the available genome-wide assays for chromatin conformation analyses are
unreliable for interpreting connectivity at distances nearing ~20kb (i.e. length between CE
and MYOD1) (Dekker et al., 2002, Taberlay et al., 2011). However, the chromatin
occupancies of the cohesin complex, which facilitates enhancer-promoter looping, may infer
such interactions (Kagey et al., 2010, Li et al., 2013, Phillips-Cremins et al., 2013, Taberlay
et al., 2011). A member of cohesin complex, Rad21, is recruited to CE and MYOD1 upon its
transcriptional activation (Taberlay et al., 2011). Therefore, we also assessed the occupancy
of Rad21 and a cohesin-loading factor (Nipbl) and again found no significant alteration upon
CEi at CE or MYOD1 (Figure 5B). Lastly, given the PolII-centered long-range chromatin
interaction (Li et al., 2012), we asked whether CERNA is functionally associated with
transcriptional machinery loading and assembly. In examining this link, we found that while
CEi did not disrupt PolII occupancy at CE, it severely reduced PolII occupancy at MYOD1
proximal regions (Figure 5B, PolII ChIP). Altogether, these results suggest that
while CERNA does not influence the loading of the cohesin complex, it specifically
influences PolII residency at MYOD1.

The above findings prompted us to evaluate whether RNA-assisted PolII recruitment could
also explain the effect of DRRRNA on MyoG expression (Figure 4A,B). Indeed, ChIP
experiments revealed that DRRi resulted in the reduction of PolII at MYOG, but not at
MYOD1 (Figure 6A). Sequence-specific DNA binding factors may, in part, mediate the
chromatin recruitment of PolII complex (Kadonaga, 2004, Stargell and Struhl, 1996, Weake
and Workman, 2010). In this context, reduced PolII occupancy at the MYOG in DRRi cells
may be a consequence of suboptimal MyoD recruitment (Rudnicki et al., 2008, Tapscott,
2005). Therefore, we examined and found that despite similar recruitment kinetics at
MYOD1 and MYOG promoters during differentiation (Figure 2A, Figure S6), MyoD
occupancy was surprisingly only altered at MYOG in DRRi cells (Figure 6B), suggesting
distinct engagement mechanisms. Overall, these observations suggest that eRNAs are
involved in the assembly of transcriptional system onto regulatory regions.

eRNAs Promote Chromatin Accessibility at Specified Loci
Given the reduction of PolII at MYOD1 and MYOG upon CEi and DRRi respectively, and
selective impairment of MyoD recruitment at the MYOG promoter in DRRi cells, we
wondered whether eRNAs impact molecular events preceding the assembly of active PolII
complex (i.e. the pre-initiation complex). In particular, we sought to assess chromatin
accessibility as an indication for remodeling events, and the prerequisite to PolII assembly
(Biddie et al., 2011, Boeger et al., 2005, Clapier and Cairns, 2009, Kornberg and Lorch,
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1992, Lelli et al., 2012, Paranjape et al., 1994). Prior to terminal differentiation of myogenic
cells, MYOG locus is inaccessible to various nucleases and requires the activity of
remodelers for its transcriptional activation (de la Serna et al., 2005, Gerber et al., 1997).
Therefore, we also assessed MYOG sensitivity (as well as other loci) to DNaseI treatment
following DRRi. Whereas control genomic regions (CHR1:162143164-162143229 at
CACYBP, and CHR2:22923544-22923659 at ACBD5, mm9) as well as MYOD1 appeared
equally sensitive to DNaseI in DRRRNA-depleted and control cells, DRRi resulted in a
significant reduction in DNaseI accessibility at MYOG (Figure 6C, blue columns),
suggesting differences in chromatin remodeling at this locus. Given the above observations,
we wondered whether CERNA is involved in the chromatin-remodeling events at MYOD1.
In parallel experiments, CEi cells were shown to be less accessible to DNaseI treatment at
MYOD1 as well as MYOG, as an indirect consequence of MyoD/DRRRNA reduction
(Figure 6C, red columns). Therefore, these data suggest that eRNAs from MYOD1
regulatory region promote chromatin remodeling and PolII assembly at defined loci within
the myogenic gene regulatory network, consequently establishing cell identity.

DISCUSSION
A fundamental question in biology is how DNA enhancer elements exert their preeminent
regulatory function. Studies suggest that enhancers behave as modular platforms for
assembly of long-range interactions in which transcription factors, chromatin regulators,
cohesin/Mediator complex and PolII elevate gene transcription (Dean, 2006, Deng et al.,
2012, Kagey et al., 2010, Li et al., 2012, Phillips-Cremins et al., 2013). In addition to their
participation in increasing mRNA transcription, enhancers are also sites of active
transcription (this study) (Blum et al., 2012, De Santa et al., 2010, Kim et al., 2010, Lai et
al., 2013, Orom et al., 2010). Whether eRNAs are simply byproducts of adjoining
transcriptional processes or active components of the gene regulatory network is currently
under investigation. Our studies as well as recent reports are in favor of the latter where
regulatory RNAs, including eRNAs, positively impact the expression of target protein-
coding genes (Lai et al., 2013, Lam et al., 2013, Li et al., 2013, Ling et al., 2004, Orom et
al., 2010).

In this study, we report pervasive binding of MyoD and MyoG throughout the genome,
supporting and extending previous findings to demonstrate their co-occupancies at sites with
distinct chromatin signatures (Cao et al., 2010, Soleimani et al., 2012). In conjunction with a
recent report, we provide evidence for the presence of PolII and eRNAs at thousands of
MyoD+/MyoG+ extragenic sites, thereby demonstrating active transcription at these loci
(Blum et al., 2012). Our association study suggests higher expression of genes near eRNA+
sites (Figure 1F). If we assume their direct interaction, then our assertions are in agreement
with a recent ENCODE project demonstrating higher expression of genes that physically
interact with enhancer elements (Sanyal et al., 2012). The higher occupancy of PolII at
eRNA-assigned genes could also be the consequence, rather than the cause, of
corresponding eRNA expression. In fact, we demonstrate that CERNA is essential for
elevated PolII occupancy at MYOD1 (Figure 5B). These observations suggest that eRNAs
facilitate molecular events culminating in higher PolII occupancy and engagement at
protein-coding loci.

The MYOD1 regulatory region (~50 kb) is recently labeled as a “super-enhancer”,
representing a relatively large genomic region with high occupancy of master regulators and
Mediator complex (Whyte et al., 2013) (Figure 3A). In our study, an eRNA from this super-
enhancer (i.e. CERNA) regulated the transcription of MYOD1 while another (i.e. DRRRNA)
activated MYOG expression. Therefore, one can envision that the myogenic and perhaps
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other super-enhancers serve as templates for numerous eRNAs that, in concert with master
regulators, establish a cell-type-specific gene regulatory network.

While DRR enhancer directs gene expression in early-differentiated myogenic cells
(Asakura et al., 1995, Kablar et al., 1997, Tapscott et al., 1992), CE propels mRNA
transcription in somitic precursors during embryogenesis (Faerman et al., 1995, Goldhamer
et al., 1995, Goldhamer et al., 1992). Our findings are consistent in that we
detected DRRRNA, associated with enhancer function, in early differentiating C2C12 cells,
whereas CERNA is also transcribed in proliferating myoblasts. While our data suggest
that DRRRNA may be processed and polyadenylated, direct confirmation of these properties
awaits cloning of the DRRRNA. DRRRNA promotes the expression of gene downstream of
MyoD gene regulatory network (i.e. MyoG) on another chromosome, suggesting
that DRRRNA functions in trans. However, given the autoregulatory nature of the myogenic
gene regulatory network, we cannot exclude the possibility that DRRRNA may also
indirectly influence MyoD transcription at later stages of cell differentiation. While there are
demonstrated examples of in trans regulatory roles for non-coding RNAs (Rinn et al., 2007,
Sanchez-Elsner et al., 2006), it is reasonable to speculate that their specificity is
implemented, at least in part, by RNA-RNA or RNA-DNA pairing.

Both DRRRNA and CERNA increase PolII occupancy at different loci. Given the molecular
steps preceding PolII recruitment (Cosma, 2002, Narlikar et al., 2002), we examined events
prior to PolII assembly and discovered reduction in chromatin accessibility at promoters
upon eRNA depletion. These observations suggest that eRNAs function at the level of
chromatin restructuring and/or decondensation conceivably by: 1) Targeting chromatin to
facilitate nucleosome rearrangement or 2) Recruiting remodelers/modifiers (Figure 6D).
While several chromatin remodelers (e.g. SWI/SNF complex) and modifiers (e.g. histone
acetyltransferases) have been implicated in the myogenic gene activation (McKinsey et al.,
2001, Puri and Mercola, 2012), future studies should address whether eRNAs prime the
chromatin and orchestrate the recruitment of various complexes. In this context, eRNA-
mediated recruitment of chromatin remodelers may occur in a complementarity-dependent
fashion (i.e. RNA-RNA or RNA-DNA) to stabilize DNA conformation conducive for
transcription.

In conclusion, our findings provide insights into hierarchy within the myogenic gene
regulatory network. Together with previous findings, our data suggest that transcription at
CE occurs upstream of MyoD gene regulatory network (Taberlay et al., 2011). CERNA
promotes chromatin restructuring at MYOD1, thereby resulting in PolII recruitment and
expression (Figure 6D). Upon MyoD gene activation and during differentiation, DRRRNA
facilitates the necessary chromatin modifications at MYOG for its expression, culminating
in a coherent feed-forward loop for the myogenic program. Thus, eRNAs direct gene
activation and dosage by modulating chromatin remodeling at distinct regulatory genomic
regions.

EXPERIMENTAL PROCEDURES
Cell Culture and Reagents

All cells were cultured at 37°C with 5% CO2. All cell media were supplemented with 500
μg/ml Penicillin-streptomycin-glutamine (Gibco). C2C12 cells (ATCC) were grown in 1x
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% qualified fetal bovine serum
(FBS) (26140, Gibco). For differentiation, FBS was replaced with 2% horse serum and 1x
insulin-transferrin-selenium (Gibco). For overexpression of enhancer fragments, cells were
transduced and puromycin-selected.
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Antibodies
Antibodies used were anti-Myh (MF20, DSHB), anti-MyoD (C-20, Santa Cruz), anti-
Myogenin (F5D, Santa Cruz), anti-RNA polymerase II (8WG16, Covance), anti-Rad21
(ab992, Abcam) and anti-Nipbl (A301-779A, Bethyl). Alexa Fluor® 594 goat anti-mouse (H
+L) or anti-rabbit (Molecular Probes) was used as secondary antibodies for
immunofluorescence. Dynabeads® magnetic beads (100-04D, Invitrogen) were used for
ChIP experiments. For other ChIP antibodies, refer to Table S1.

Plasmid Construction
DRR was subcloned (BamHI/XhoI) from MD6.0-lacZ (Asakura et al., 1995). Insert parental
construct was restricted (KpnI-blunted/XhoI) and was inserted into pHAN retroviral vector
(BamHI-blunted/SalI). Primers were designed (Table S4) to subclone DRR2.0 fragment into
pHAN retroviral vector. DRR0.5 (BamHI/XmnI, 567bp) was inserted into pHAN (BamHI/
EcoRI-blunted).

Satellite Cell Preparation and Fluorescence Activated Cell Sorting (FACS)
Satellite cell isolation was performed according to published protocols (Joe et al., 2010),
with minor modifications described in the Supplemental Information.

RNA Digestion, Fractionation and RT-qPCR
Purified RNA extracts were used for digestion with RNase-free DNase I (NEB, M0303),
RNase H (NEB, M0297) and RNase If (NEB, M0243) for ~1h and used thereafter for
reverse transcription/quantitative PCR (RT/qPCR) as previously described (Mousavi et al.,
2012). Briefly, RT was performed using 100 ng of total RNA according to manufacturer’s
protocol (Applied Biosystems, High Capacity cDNA Reverse Transcription kit), followed
by qPCR with Power SYBR Green master mix. RNA was isolated from nuclear and
cytoplasmic fractions with the PARIS kit according to the manufacturer’s instructions (Life
Technologies).

ChIP-Seq and RNA-Seq
ChIP-Seq and mRNA-seq (polA+ fraction) procedures are described elsewhere (Mousavi et
al., 2012). For ribosomal depletion, 1–2 μg of total RNA was used for Ribo-Zero™ rRNA
Removal kit (Epicenter) was used according to manufacturer’s protocol. Ribosomal-
depleted library was processed for sequencing according to manufacturer’s protocol
(Illumina). The quality and quantity of total RNA and final libraries were assessed using
RNA 6000 Nano chips and Agilent Technologies 2100 Bioanalyzer. Data for PolII,
H3K4me3 ChIP-Seq and PolyA+ RNA-Seq were previously deposited to Gene Expression
Omnibus (GEO) database with an accession number GSE25549.

DNaseI Sensitivity Assay
Cells (~5 x 107) were trypsinized and washed twice in PBS with protease inhibitors. For
nuclei isolation, cells were dounced in buffer A [15 mM Tris-HCl pH 8.0, 15 mM NaCl, 60
mM KCl, 1 mM EDTA, 0.5 mM EDTA, 0.5 mM EGTA, 0.5 mM spermidine (sigma) and
protease inhibitors] and NP-40 (0.03%) was added for 3 minutes. Nuclei were washed and
resuspended in buffer A. DNaseI treatment was performed in digestion buffer [15 mM Tris-
HCl pH 8.0, 6mM CaCl2, 90 mM NaCl, 60 mM KCl, 0.5 mM EDTA, 0.5 mM EGTA, 0.5
mM spermidine (sigma)] for 3 mins at 37°C followed by addition of one volume stop buffer
[50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1% SDS, 100 mM EDTA pH 8.0, 1 mM
spermidine, RNase A]. Proteinase K (50 μg/ml) was added and samples were digested at
55°C overnight followed by phenol/chloroform extraction. Extracted DNA was size-
fractionated in 9% sucrose solution (1 M NaCl, 20 mM Tris-HCl pH8.0, 0.5 mM EDTA) at
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25,000 rpm for 24hrs with no brake. After agarose gel, DNA fractions (50–500bp) were
analyzed by qPCR.

Data Analysis
ChIP-Seq data generated from Illumina Genome Analyzers (GAII and Hi-Seq 2000) were
mapped to the mouse genome (USCS browser, mm9 version) using ELAND algorithm
integrated within Illumina parallel sequencing analyzer software. The total sequence reads
were obtained by pooling the results obtained from several independent runs. To control for
false positives, ChIP-Seq data generated from mock DNA immunoprecipitates (input DNA)
were used against the sample data in calling enriched regions. Mapped tags for MyoD and
MyoG were used in MACS package to call peaks with p-value set to 10−6 and FDR to 1%.
H3K4me1, H3K4me3 and PolII enriched regions were detected using SICER algorithm, the
window size, gap size and FDR were set to 200bp, 600bp and 5% respectively (Zang et al.,
2009). This algorithm has been shown to be more powerful in detecting broad enriched
regions such as those occupied by PolII or modified histones. All of the downstream
analysis has been done using MATLAB. For RNA-Seq data, we used TOPHAT package
(Trapnell et al., 2009), to map the reads and spliced reads to the genome. Transcript
assembly and final transcript levels of all UCSC known genes were calculated in unit of
Reads Per Kilo base pair per Million (RPKM) by Cufflink (Trapnell et al., 2010). For the
purpose of differential expression analysis, genes with <1 RPKM in both MB and MT were
filtered out.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Extensive MyoD and MyoG occupancy in the extragenic regions

• RNA synthesis at MyoD+/MyoG+ extragenic enhancer sites

• Enhancer RNAs (eRNA) enhance gene expression

• eRNAs promote chromatin access to RNA polymerase II at defined genomic
loci
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Figure 1. Transcription at MyoD+/MyoG+ Extragenic Regions
A. Genome-wide distribution of MyoG occupancy. B. Positive correlation of MyoD+/MyoG
+ tags with H3K4me1+ peaks. Binding sites were binned for presentation. C. H3K4me1,
PolII and H3K4me3 occupancy profiles at MyoG+ (2,170) enhancer sites. D. Number of
MyoG+ peaks in the extragenic regions and their occurrence with H3K4me1, H3K27ac,
PolII and RNA transcripts. E. RNA read profile at MyoG+ enhancers. F. eRNA-assigned
upregulated genes (eRNA+) have higher mRNA levels than those without eRNA assigned
(eRNA−). Data are represented as mean +/− SEM. G. PolII occupancy profile at eRNA+
and eRNA- upregulated genes in 48hrs MT.
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Figure 2. eRNA Synthesis at DRR of MYOD1 (DRRRNA)
A. Occupancies of MyoD, MyoG, H3K4me1, H3K4me3, PolII and presence of RNA (polyA
+ and ribosome-depleted) in regions within ~5–6kb of MYOD1 in C2C12 MB, MT and
activated satellite cells. For better visualization, RNA scales are set to logarithmic. Region
highlighted in light blue depicts DRRRNA-coding region. B. Nuclear (Nuc) distribution
of DRRRNA, assessed by fractionation from cytoplasmic (Cyto) compartment. Data are
represented as mean +/− SEM. C. Upregulation of DRRRNA during myogenic differentiation
in C2C12 and primary cells (MB, 50–70% proliferating myoblasts, MT, 48hrs differentiated
myotubes). Data are represented as mean +/− SEM. D. Significant reduction of MyoD
and DRRRNA transcript levels following MyoDi (RT-qPCR), and reduction of MyoG
and DRRRNA transcript levels after MyoGi (RT-qPCR). Biological replicates (n) and p-
value are shown, data are represented as mean +/− SEM.
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Figure 3. CERNA is Required for MyoD Expression
A. MyoD, MyoG, H3K4me1, H3K4me3, PolII occupancy profiles as well as PE-Seq reads
(ribosome-depleted) in forward and reverse strand within ~50kb regions of MYOD1. CE
and DRR are highlighted in red and blue bars, respectively. The sites of siRNAs are labeled
1–10. Sites 11–14 are located elsewhere on other chromosomes (see Figure S3). As well,
sites of DNaseI sensitivity (ENCODE/UW), mammalian conservation (PhastCons) and
repetitive elements (RepeatMasker) are shown. B. Targeted eRNA levels (measured by RT-
qPCR) after RNAi. Data are represented as mean +/− SEM. C–D. Relative MyoD transcript
levels (measured by RT-qPCR) and protein levels (shown by western blotting) following
eRNAi, respectively. In C, data are represented as mean +/− SEM. E. MyoD
immunofluorescence detection (red) after eRNAi against regions 4 and 7 in Panel A. Insets
are DAPI-labeled nuclei in the same field of view.
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Figure 4. DRRRNA Promotes Myogenic Differentiation
A. Immunofluorescence detection (red) of MyoD, MyoG, Myh in control, GFPi and DRRi
cells. Note the reduction of MyoG and Myh in DRRi cells. B. Heat maps depicting the
relative RNA levels (PolyA+ RNA-Seq) of myogenic genes in DRRi as compared to GFPi,
and along side, relative transcript levels of myogenic genes from overexpressing cells
(DRR1.2ox) as compared those expressing GFP (GFPox) are shown. Red arrows highlight
MyoD and MyoG. C. Profiles of MyoD and MyoG occupancies as well as RNA (PE-Seq
ribosome-depleted), the lengths of DRR fragments for overexpression are shown below. D.
Increase in MyoG mRNA levels following overexpression of DRR1.2 and DRR2.0
fragments as compared to DRR0.5, a fragment −12kb upstream of MyoD (−12kb) and GFP.
Biological replicates (n) and p-value are shown, data are represented as mean +/− SEM.
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Figure 5. CERNA Influences PolII Occupancy at MYOD1
A. PolII occupancy (ChIP-Seq) profile at regulatory regions of MYOD1. Arrows are
locations of ChIP-qPCR amplicons as CE, promoter, coding and 3′ untranslated region
(UTR). B. Charts show relative ChIP-qPCR enrichment in CTLi (control) and CEi (CERNA
siRNA) cells normalized to mock-transfected control samples. Biological replicates (n) and
p-value are shown, data are represented as mean +/− SEM.
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Figure 6. eRNAs Regulate Chromatin Accessibility
A–B. Charts represent relative enrichment (normalized to mock-transfected) of PolII and
MyoD occupancies, respectively, at MYOD1 and MYOG in CTLi (control) and DRRi
(DRRRNA siRNA) cells. Biological replicates (n) and p-value are shown, data are
represented as mean +/− SEM. C. Chart shows relative enrichment of amplicons from CTLi,
DRRi and CEi cells [values were normalized to a control genomic region with no
accessibility (mm9, chr15:15,304,393-15,304,469). Values represent three biological
replicates and 3–5 technical replicates per biological sample (p-value are shown, data are
represented as mean +/− SEM). D. A drawing depicting a potential role of eRNAs (either
direct or accompanied by chromatin remodelers/modifiers) in directing chromatin
accessibility at protein-coding promoters.
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