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Myogenin promoter-associated lncRNA Myoparr is
essential for myogenic differentiation
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Abstract

Promoter-associated long non-coding RNAs (lncRNAs) regulate the
expression of adjacent genes; however, precise roles of these
lncRNAs in skeletal muscle remain largely unknown. Here, we char-
acterize a promoter-associated lncRNA, Myoparr, in myogenic dif-
ferentiation and muscle disorders. Myoparr is expressed from the
promoter region of the mouse and human myogenin gene, one of
the key myogenic transcription factors. We show that Myoparr is
essential both for the specification of myoblasts by activating
neighboring myogenin expression and for myoblast cell cycle with-
drawal by activating myogenic microRNA expression. Mechanisti-
cally, Myoparr interacts with Ddx17, a transcriptional coactivator
of MyoD, and regulates the association between Ddx17 and the
histone acetyltransferase PCAF. Myoparr also promotes skeletal
muscle atrophy caused by denervation, and knockdown of Myoparr
rescues muscle wasting in mice. Our findings demonstrate that
Myoparr is a novel key regulator of muscle development and
suggest that Myoparr is a potential therapeutic target for neuro-
genic atrophy in humans.
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Introduction

Long non-coding RNAs (lncRNAs) are pervasively transcribed from

the genome. Intriguingly, most intergenic lncRNAs are derived from

cis-regulatory regions, i.e., enhancers and promoters [1]. Enhancer-

derived lncRNAs, also known as eRNAs, are generally short, unsta-

ble, and bidirectional, and their generation is strongly associated

with enhancer activity [2]. Besides the enhancer region, multiple

RNA polymerase II (Pol II)-dependent promoters bidirectionally

produce coding and non-coding transcripts [3]. Although promoter

upstream transcripts (PROMPTs) are rapidly turned over by the

RNA exosome [4,5], increasing evidence indicates that promoter-

associated anti-sense lncRNAs act in cis to regulate the transcription

of neighboring protein-coding genes, particularly as developmental

regulators [3,6–8]. However, molecular characterization of these

lncRNAs in cell proliferation, differentiation, and diseases remains

unexplored.

The differentiation process of skeletal muscle cells, called myoge-

nesis, has been studied as a model of cell differentiation systems.

One of the myogenic regulatory factors (MRFs), MyoD, triggers the

expression of cyclin-dependent kinase inhibitors to arrest the cell

cycle of proliferating myoblasts [9] and also initiates the expression

of early skeletal muscle-specific genes including myogenin, coding

one MRF [10]. Subsequently, MyoD and myogenin promote the

entry of myoblasts into the myogenic differentiation lineage through

the activation of later skeletal muscle-specific genes [11]. Addition-

ally, muscle-specific microRNAs (miRNAs) broaden the regulatory

networks of myogenesis by modulating the expression of target

genes in myoblast proliferation and differentiation [12]. Thus,

induction of muscle-specific genes coordinated with the cell cycle

exit at an appropriate time is required for the formation of termi-

nally differentiated skeletal muscle cells.

Myogenin gene is indispensable for skeletal muscle development

[13]. The expression of myogenin is highly restricted to myogenic

tissues in embryonic, fetal, and adult skeletal muscles. However,

the mechanisms inducing high-level myogenin expression in skeletal

muscle cells have not been elucidated. In this study, we identified a

novel promoter-associated lncRNA, Myoparr, derived from the

upstream region of the myogenin gene. Myoparr was coexpressed

with myogenin and was essential for the active transcription of

myogenin in an epigenetic manner. Thus, identification of Myoparr

uncovered a molecular mechanism required for high-level myogenin

expression. Besides myogenin expression, Myoparr was essential to

activate the expression of myogenic miRNAs, which control cell

cycle withdrawal of myoblasts. In addition, we found that Myoparr

bound Ddx17, a transcriptional coactivator of MyoD, and promoted

the protein–protein interaction between Ddx17 and histone acetyl-

transferase PCAF, indicating that Myoparr functions by binding with

transcriptional activator during myogenesis. Furthermore, we
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identified the human Myoparr counterpart from human primary

skeletal muscle cells and provided in vivo evidence that Myoparr

knockdown (KD) blocked neurogenic atrophy in mice. Thus, our

study not only reveals a new role of promoter-associated lncRNAs

in cell proliferation and differentiation but also provides insight into

human regenerative medicine targeting promoter-associated

lncRNAs.

Results

Identification and characterization of a myogenin promoter-
associated lncRNA, Myoparr, in skeletal muscle cells

Although the proximal 133 bp of the myogenin promoter region is

sufficient to define its spatiotemporal expression, up to 1.5 kb of

upstream region is required for high-level myogenin expression in

mouse skeletal muscle [14]. Publicly available chromatin immuno-

precipitation (ChIP) sequencing (ChIP-seq) data showed the occu-

pancy of Pol II around this locus in terminally differentiated

myotubes (Fig 1A), suggesting that the upstream region of

myogenin is transcriptionally active. Thus, we performed reverse

transcription polymerase chain reaction (RT–PCR) to ascertain

whether this region is actively transcribed in C2C12 myotubes and

detected previously unidentified transcripts in an RT-dependent

manner in at least four different regions (Fig 1B). Subsequent

strand-specific RT–PCR using total and poly(A)+ RNAs showed the

presence of polyadenylated anti-sense and sense transcripts in the

upstream region of myogenin (Fig 1C).

Both full-length transcripts were determined by rapid amplifi-

cation of cDNA ends (RACE) analyses. The 50- and 30-RACE of the

anti-sense transcript revealed a single exon transcript, expressed

from the upstream region (�243 to �1414) of the myogenin gene

(Fig EV1A). The transcription start site of myogenin was positioned

as +1. On the other hand, the 50- and 30-RACE of the sense transcript

revealed the presence of multiple 50- and 30-ends initiated from 2.5

to 2.8 kb upstream of the myogenin gene (Fig EV1A). Relatively

weak sense transcript detected by the strand-specific RT–PCR would

be due to intron-derived sequences. Although the 30-ends of the

sense transcripts mainly overlapped with myogenin mRNA,

sequences encoding the initiating methionine of myogenin were lost

in almost every sense transcript examined.

The nuclear/cytoplasmic expression of both transcripts was

quantified by quantitative PCR (qPCR) in differentiating C2C12 cells.

As compared to protein-coding RNAs such as myogenin and

GAPDH, both anti-sense and sense transcripts were concentrated in

the nuclei as with Neat1 non-coding RNA (Fig 1D). In silico analyses

of protein-coding potential predicted that both transcripts are non-

coding RNAs (Fig EV1B). Indeed, no translated proteins from either

transcript were detected in vitro, whereas EGFP and myogenin

generated corresponding proteins (Fig EV1C). From these results,

we concluded that both transcripts are putative non-coding RNAs.

Therefore, we referred to the anti-sense transcript as a myogenin

promoter-associated myogenic regulatory anti-sense long non-

coding RNA (Myoparr) and the sense transcript as myogenin-asso-

ciated sense long non-coding RNA.

Full-length Myoparr (1,172 nt from C2C12 myotubes and

1,167 nt from murine skeletal muscle) was detected and cloned by

PCR. Myoparr contains a potential RNA nuclear retention signal [15]

at the 50-side, a putative polyadenylation signal 15-nt upstream of

the poly(A) tail, and a LINE-1-like sequence in the 30-half
(Fig EV1D). In C2C12 myotubes, Myoparr was more enriched in

chromatin pellet extract (CPE) than in soluble nuclear extract (SNE)

as with Malat1, which associates with chromatin [16] (Fig 1E),

suggesting that the presence of Myoparr as chromatin-enriched RNA

affects the expression of neighboring genes [17]. We successfully

detected an anti-sense transcript at the upstream region of myogenin

in human primary myotubes (Fig EV1E and F) and determined that

the 50- and 30-ends of the transcript corresponded to the human

counterpart of Myoparr by RACE analyses (Fig EV1G). Genomic

localization of both mouse and human Myoparr is shown in

Appendix Fig S1A and B and listed in Appendix Table S1. In this

study, we further examined the role of Myoparr in myogenic cell

proliferation and differentiation through the activation of myogenin

expression.

The expression of Myoparr and myogenin is mutually correlated
and regulated by MyoD and TGF-b

We first examined the expression pattern of Myoparr during skeletal

muscle differentiation. Similar to myogenin expression, Myoparr

expression gradually increased during in vitro (C2C12 cells and

mouse primary myoblasts) and in vivo (mouse embryos) myogene-

sis (Fig 2A and B). Among embryonic organs, Myoparr expression

was enriched in skeletal muscle tissue as with myogenin expression

(Fig EV2A). Absolute quantification assays showed that Myoparr is

present at 5.0 � 0.7 copies per cell and myogenin is present at

1,868.7 � 351.1 copies per cell in differentiating C2C12 cells. Thus,

the expression level of Myoparr was low compared with that of

myogenin, in accordance with the expression level of other lncRNAs

[18]. We also found that the expression of human Myoparr and

myogenin increased during human myoblast differentiation

(Fig EV2B). These results indicated that the expression of Myoparr

and myogenin is mutually correlated during skeletal muscle dif-

ferentiation in both humans and mouse.

We next examined whether Myoparr expression is regulated by

MyoD and TGF-b, which control myogenin expression positively

and negatively, respectively [13,19]. During the conversion of

C3H10T1/2 fibroblasts into myogenic cells by MyoD expression, a

significant increase in Myoparr expression was observed (Fig 2C).

In contrast, TGF-b treatment significantly decreased Myoparr

expression during C2C12 differentiation (Fig 2D), suggesting a

common regulatory mechanism underlying Myoparr and myogenin

expression. Since the intergenic region between Myoparr and

myogenin is very short (Fig 2E), we hypothesized that Myoparr

shares a common promoter with myogenin. Accordingly, the inter-

genic region was cloned, and its transcriptional activities in both

directions were measured by luciferase assay. During C2C12 dif-

ferentiation, this region showed bidirectional promoter activity

(Fig 2F); the Myoparr promoter activity was a quarter of that of the

myogenin promoter, whereas the unidirectional GAPDH promoter

showed no activity in the opposite direction (Fig EV2C). MyoD

expression increased both promoter activities in differentiating

C2C12 cells (Fig 2F). Introduction of mutations in the E-box

elements that are important for responsiveness of MyoD and TGF-b
[20] significantly decreased the activation of both promoters

2 of 22 EMBO reports 20: e47468 | 2019 ª 2019 The Authors

EMBO reports Role of lncRNA Myoparr in myogenesis Keisuke Hitachi et al



Upstream Region

myogenin exon1

total

Sense Anti-sense

poly(A) total poly(A)

+1

5’ 3’
-302-469-702-1268

A
B

C

D

C: cDNA
G: Genomic DNA

D C B A

RT:
GC

-+
GC

-+
GC

-+
GC

-+

+ - + - +
a d -

RT :
RT Primer :

PCR Primers :

-927 -711 -469 -302

+1

5’ 3’

d a

c b

c-b

Sense Anti-sense

R
el

at
iv

e 
ex

pr
es

si
on

myogenin

Neat1 Anti-sense Sense

GAPDH

S
R

A
1

M
al

at
1

M
yo

pa
rr

0.1  

1.0  

10.0  

100.0  

C
P

E
/S

N
E

 ra
tio

 

B

D E

A

C

myogeninMyoparr

[0 - 0.50]

[0 - 0.50]

MB RNA Pol II

MT RNA Pol II

136,185,000 bp 136,186,000 bp 136,187,000 bp 136,188,000 bp 136,189,000 bp

5,259 bp

0

0.2  

0.4  

0.6  

0.8  

1.0  

1.2  

0

0.5  

1.0  

1.5  

2.0  

2.5  

3.0  

3.5  

0 

50 

100 

150 

200 

250 

300 

350 

0 

10 

20 

30 

40 

50 

60 

0 

5 

10 

15 

20 

25 

30 

35 

40 

Cyto Nuc Cyto Nuc 

RT+ RT-

Cyto Nuc Cyto Nuc 

RT+ RT-
Cyto Nuc Cyto Nuc 

RT+ RT-

Cyto Nuc Cyto Nuc 

RT+ RT-
Cyto Nuc Cyto Nuc 

RT+ RT-

R
el

at
iv

e 
ex

pr
es

si
on

46

18

N
uc

le
ar

C
yt

op
la

sm
ic

H2B

Tubulin

kDa

Figure 1.

ª 2019 The Authors EMBO reports 20: e47468 | 2019 3 of 22

Keisuke Hitachi et al Role of lncRNA Myoparr in myogenesis EMBO reports



(Fig 2G). TGF-b treatment also decreased both promoter activities

(Fig 2H), and mutations in the E-box elements effectively attenuated

TGF-b-dependent repression of both promoter activities (Fig 2H).

Taken together, these results indicated that common regulatory

mechanisms may play a role in the expression of Myoparr and

myogenin.

Myoparr is required for myogenic differentiation through the
activation of myogenin expression

The strong correlation between Myoparr and myogenin expression

suggested a reciprocal regulation of these genes during myogenesis.

To examine whether Myoparr is a significant regulator of myogenin

or only a transcriptional artifact from the bidirectional promoter, we

knocked down Myoparr using two distinct small interfering RNAs

(siRNAs) in differentiating C2C12 cells. The expression of myogenin

mRNA and protein induced by serum withdrawal was markedly

inhibited by Myoparr depletion (Fig 3A and B). The same results

were observed by anti-sense oligonucleotides (ASOs)-mediated

Myoparr KD (Fig EV3A–C). On the contrary, Myoparr expression

was increased by myogenin KD (Fig 3C), possibly resulting from

genetic compensation and/or feedback regulation. These results

suggested that Myoparr is not simply a transcriptional artifact, but

rather a significant activator of myogenin during myogenic differen-

tiation.

To understand the mechanisms involved in Myoparr-mediated

augmentation of myogenin mRNA expression, we assessed the occu-

pancy of Pol II at the myogenin locus. ChIP assays revealed that

Myoparr KD resulted in the reduction of Pol II occupancy at the

myogenin locus but not at the control GAPDH locus (Figs 3D and

EV3D). Moreover, Myoparr depletion led to significant decreases in

H3K4me3 and H3K27ac levels, landmarks of active promoters, at

the myogenin locus (Fig 3D). Although promoter-associated

lncRNAs were previously shown to alter the DNA methylation

status [8], Myoparr depletion had little effect on DNA methylation of

the myogenin locus (Fig EV3E–G). To examine whether Myoparr

directly binds to the myogenin promoter region, we performed chro-

matin isolation by RNA purification (ChIRP) assays with Myoparr

probes (odd- and even-numbered). We were able to specifically

recover endogenous Myoparr from differentiating C2C12 cells with

Myoparr probes, compared with GAPDH mRNA as a negative

control (Fig 3E). Enrichment of Myoparr was not observed with

control LacZ probes. Myoparr probes also enriched the myogenin

promoter region but not the myogenin 30 untranslated region (UTR)

and GAPDH promoter in ChIRP assays (Fig 3F), indicating that

endogenous Myoparr bound to the myogenin promoter in

differentiating C2C12 cells. Thus, these results indicated that

Myoparr is required to maintain an active promoter signature

around the myogenin locus through binding to target chromatin

during C2C12 myogenesis.

Given the known roles of myogenin in skeletal muscle differenti-

ation, we examined the biological role of Myoparr in C2C12 differen-

tiation. At an early phase of myogenic differentiation, Myoparr KD

significantly decreased the number of myogenin-positive cells

(Fig 3G). At a later phase, Myoparr KD led to repression of

myogenic differentiation as shown by decreased expression of

myosin heavy chain (MHC), a late myogenic differentiation marker

(Figs 3H and EV3H and I). Moreover, Myoparr depletion signifi-

cantly reduced MyoD1 expression accompanied with a decline of

Pol II occupancy at the MyoD1 locus (Fig EV3J–M), suggesting that

Myoparr supports MyoD1 expression in a positive feedback loop.

To investigate the effect of Myoparr depletion more extensively,

we compared global gene expression profiles between Myoparr- and

myogenin-depleted C2C12 cells using RNA sequencing (RNA-seq).

Statistically significant expression changes were observed in 693

genes (299 up-regulated and 394 down-regulated) by Myoparr KD,

while the expression levels of 148 genes (23 up-regulated and 125

down-regulated) were significantly altered by myogenin KD

(Table EV1). The intersection of genes showing significantly dif-

ferent expression in both Myoparr and myogenin depletion was

25.6-fold greater than that expected by chance

(P = 8.14738 × 10�142; Fig 3I and Table EV1), with a positive corre-

lation (R = 0.63; Fig 3J). However, the expression of a large number

of genes regulated by Myoparr was not significantly altered by

myogenin KD, suggesting that Myoparr may also act in a myogenin-

independent manner. In agreement with this finding, genes up-regu-

lated by Myoparr KD were preferentially classified as cell cycle and

cell division categories based on Gene Ontology (GO), whereas

genes whose expression was down-regulated by Myoparr KD or

myogenin KD were enriched in muscle contraction and muscle

development categories (Fig 3K–M and Table EV1). Genes

commonly regulated by both Myoparr KD and myogenin KD (112

genes) were also preferentially classified as muscle contraction and

muscle development categories (Fig 3N). Of note, genes up-regu-

lated by myogenin KD were not classified. The results of RNA-seq

were verified by qPCR of representative genes in each GO category

using two independent siRNAs (Appendix Fig S2A–H). From these

results, we concluded that Myoparr is essential for specification of

myoblasts to differentiation lineage through the Myoparr (upstream)

and myogenin (downstream) pathway and that Myoparr also likely

regulates the cell cycle and cell division pathway in a myogenin-

independent manner.

◀ Figure 1. A promoter-associated lncRNA, Myoparr, is expressed from the upstream region of the myogenin locus.

A Occupancies of Pol II at the myogenin locus in C2C12 myoblasts (MB, shown in blue) and myotubes (MT, shown in red). Myoparr is located immediately upstream
from the myogenin gene.

B Schematic representation of the upstream region of myogenin and amplified regions by RT–PCR (top). RT–PCR for the novel transcripts at the upstream region of
myogenin in C2C12 myotubes (bottom). The presence or absence of reverse transcriptase (RT) is shown by (+) or (�), respectively. The templates (cDNA or genomic
DNA) are indicated by C or G, respectively.

C The primers used for RT–PCR (top). Strand-specific RT–PCR for the novel transcripts at the upstream region of myogenin in C2C12 myotubes using total RNA (middle
and bottom) and poly(A)+ RNA (bottom).

D Relative expression of indicated RNAs in differentiating C2C12 cells. The presence or absence of RT is shown by (+) or (�), respectively. PCR products were verified by
sequencing. n = 3, mean � SD. The nuclear/cytoplasmic fractionation is confirmed by the expression of H2B and tubulin, respectively.

E Chromatin pellet extract (CPE)/soluble nuclear extract (SNE) ratio of SRA1, Malat1, and Myoparr in C2C12 myotubes on a log scale. n = 3, mean � SD.
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Myoparr interacts with DEAD box protein Ddx17 and regulates
the protein–protein interaction between Ddx17 and histone
acetyltransferase PCAF

The lncRNA–protein interactions influence the expression of neigh-

boring genes [21]; therefore, identifying proteins associated with

Myoparr is crucial to determine the mechanisms underlying

Myoparr-mediated transcriptional activation. Myoparr labeled with

5-bromouridine (BrU) was mixed with nuclear lysates extracted

from C2C12 myotubes. Following immunoprecipitation of Myoparr

with a BrdU antibody, RNA–protein complexes were competitively

eluted with free 5-bromo-20-deoxyuridine (BrdU). After elec-

trophoresis, protein bands specifically enriched in the Myoparr

immunoprecipitant compared with the control sample were excised.

Myoparr-interacting proteins were then analyzed by LC-MS/MS

(Fig 4A). We identified Ddx17 (both p72 and p82 isoforms),

hnRNPK, and Tial1/TIAR as Myoparr-associated proteins

(Appendix Fig S3A). Among these proteins, the association of DEAD

box RNA helicase Ddx17 with Myoparr was of interest, because

Ddx17 was shown to be required for myogenesis [22,23]. We thus

investigated the role of Ddx17 in Myoparr-mediated transcriptional

activation. Specific association of Myoparr with endogenous Ddx17

was confirmed by Myoparr immunoprecipitation followed by

immunoblotting with a Ddx17-specific antibody (Fig 4B). In addi-

tion, the 341-nt region of Myoparr was shown to be required for

binding with Ddx17 by RNA pull-down experiments (Fig 4C).

Furthermore, intracellular binding between endogenous Myoparr

and Ddx17 was confirmed by RNA immunoprecipitation using a

Ddx17-specific antibody and qRT–PCR (Appendix Fig S3B). These

results indicated a direct interaction between Myoparr and Ddx17

and suggested the involvement of this interaction in Myoparr-

mediated transcriptional activation.

The process of lncRNA transcription rather than lncRNA tran-

scripts may contribute to neighboring gene regulation [24]. We then

determined whether Myoparr transcription or Myoparr transcript is

required for the activation of myogenin. We showed that Myoparr

depletion altered histone modifications at the myogenin locus

(Fig 3D). Therefore, we cloned the upstream region of myogenin

(�1649 to +52; containing myogenin promoter region and Myoparr,

Fig 4D) into an episomal luciferase vector, which forms a proper

chromatin structure [25], to create the �1650-Luc. In comparison

with the �242-Luc (�242 to +52; containing myogenin promoter

region but not Myoparr), the �1650-Luc showed 6.5-fold higher

promoter activity, whereas insertion of EGFP instead of Myoparr

(�242+EGFP-Luc) showed no increased activity in differentiating

C2C12 cells (Fig 4E and Appendix Fig S3C). Deletion of the

◀ Figure 2. Myoparr expression is correlated with myogenin expression and regulated by MyoD and TGF-b.

A, B Quantitative RT–PCR for myogenin (A) and Myoparr (B) during myogenesis of C2C12 cells, primary mouse myoblasts (growth medium, GM), and mouse embryonic
skeletal muscle (S.K.). The x-axis shows days after differentiation induction or embryonic days. n = 3, mean � SD.

C qRT–PCR showing increased Myoparr expression by MyoD in C3H10T1/2 fibroblasts. n = 4, mean � SD. **P < 0.01 (unpaired two-tailed Welch’s t-test).
D Treatment of recombinant TGF-b for 24 h decreased Myoparr expression in differentiating C2C12 cells. n = 3, mean � SD. *P < 0.05 (unpaired two-tailed Student’s

t-test).
E Schematic diagram of the constructs used for luciferase assays.
F Relative luciferase activities of the indicated promoter in differentiating C2C12 cells by exogenous MyoD. n = 3, mean � SD. **P < 0.01 (unpaired two-tailed

Student’s t-test).
G Relative luciferase activities of the indicated promoter with/without E-box mutations in differentiating C2C12 cells. n = 3, mean � SD. **P < 0.01 (unpaired two-

tailed Student’s t-test).
H Relative luciferase activities of the indicated promoter with/without E-box mutations in differentiating C2C12 cells by TGF-b treatment. n = 3, mean � SD.

*P < 0.05. **P < 0.01. n.s., not significant (unpaired two-tailed Student’s t-test).

▸Figure 3. Myoparr is required for the activation of myogenin and C2C12 differentiation.

A C2C12 cells were transfected with 50 nM of indicated siRNAs in growth medium. After additional 24-h incubation in growth medium, cells were transferred to
differentiation medium. The levels of Myoparr and myogenin expression were quantified by qRT–PCR 24 h after differentiation induction. n = 3, mean � SD.
*P < 0.05. n.s., not significant. Statistical analyses were performed using unpaired two-tailed Student’s t-test (Myoparr; Cont1 vs. siRNA-1, myogenin; Cont1 vs.
Cont2). In cases of unequal variances (Myoparr; Cont1 vs. Cont2 and Cont1 vs. siRNA-2, myogenin; Cont1 vs. siRNA-1 and Cont1 vs. siRNA-2), unpaired two-tailed
Welch’s t-test was used.

B Western blot showing decreased expression of myogenin in differentiating C2C12 cells 48 h after Myoparr KD. Tubulin expression served as an internal control.
C The expression levels of myogenin and Myoparr evaluated by qRT–PCR in myogenin-depleted C2C12 cells. n = 3, mean � SD. **P < 0.01. ***P < 0.001 (unpaired

two-tailed Student’s t-test).
D ChIP-qPCR detection of Pol II occupancy and histone modification status at the myogenin locus in Myoparr-depleted differentiating C2C12 cells. The data were

normalized to input values. n = 3, mean � SD. *P < 0.05. **P < 0.01 (unpaired two-tailed Student’s t-test or unpaired two-tailed Welch’s t-test).
E Retrieval rate of Myoparr using Myoparr-ChIRP probes from C2C12 cells quantified by qPCR is shown as percent of input values. GAPDH was amplified as a

negative control. n = 3, mean � SD. ND, not detected.
F ChIRP-qPCR detection of the interaction between endogenous Myoparr and the myogenin promoter. The myogenin 30UTR and GAPDH promoter were amplified as

negative controls. The data were normalized to input values. n = 3, mean � SD. *P < 0.05. **P < 0.01 (unpaired two-tailed Welch’s t-test). ND, not detected.
G, H Immunocytochemistry for the detection of myogenin at 24 h (G) or MHC at 72 h (H) in Myoparr-depleted C2C12 cells after differentiation induction. Nuclei were

counterstained with DAPI. Scale bars, 100 lm. The percentage of myogenin-positive cells or fusion index is shown as percent of the control. n = 3, mean � SD.
**P < 0.01 (unpaired two-tailed Welch’s t-test). ***P < 0.001 (unpaired two-tailed Student’s t-test).

I The intersection of genes regulated by Myoparr KD and myogenin KD shows a significant (Fisher’s exact test) overlap 25.6 times as large as expected by chance
alone.

J Genes significantly differentially expressed in both Myoparr- and myogenin-depleted cells show correlated expression (R = 0.63, log 2 ratio scale).
K–N Enrichment of GO categories in genes up-regulated by Myoparr KD (K), down-regulated by Myoparr KD (L), down-regulated by myogenin KD (M), and commonly

regulated by both Myoparr KD and myogenin KD (N).
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upstream region of myogenin (�1194 to �854), which corresponds

to the Ddx17-binding region of Myoparr (612–952 in RNA), from the

�1650-Luc greatly reduced the activity of the �1650-Luc (Fig 4F).

The deleted region had no classical enhancer activity (Fig 4G), indi-

cating the importance of the Ddx17-binding region of Myoparr for

the activation of myogenin promoter. In accordance with these
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findings, elevated activity of the �1650-Luc was completely abol-

ished by Myoparr KD in differentiating C2C12 cells (Fig 4H and

Appendix Fig S3D). Thus, these results indicated that Myoparr tran-

script containing the Ddx17-binding region is crucial for myogenin

activation.

Simultaneous depletion of Ddx17 and highly related Ddx5 inhib-

ited C2C12 differentiation and the activation of myogenic genes

including myogenin [22]. We found that depletion of Ddx17 alone

was sufficient to inhibit myogenic differentiation as shown by

decreased MHC expression (Fig 5A and Appendix Fig S4A). Addi-

tionally, the expression of myogenin and Myoparr was significantly

decreased in Ddx17-depleted cells (Fig 5B and Appendix Fig S4B

and C). On the contrary, Ddx17 expression was increased by a small

amount by either Myoparr or myogenin KD (Appendix Fig S4D). We

showed that exogenous overexpression of Ddx17 with MyoD

increased the activity of the �1650-Luc in C2C12 cells (Fig 5C). This

synergistic activation was not observed in a Ddx17 mutant (K142R),

which retains the Myoparr-binding activity but lacks the RNA heli-

case activity [26] (Fig 5D), suggesting that the helicase activity of

Ddx17 could be indispensable for the activation of myogenin

expression.

Ddx17 interacts with transcriptional regulators in C2C12 cells

[22]. To reveal the mechanism by which Myoparr regulates the tran-

scriptional activity of Ddx17 during myogenesis, we examined the

effect of Myoparr depletion on these interactions by coimmunopre-

cipitation assays. Among these interactions, Myoparr depletion

significantly decreased the interaction between Ddx17 and histone

acetyltransferase PCAF in differentiating C2C12 cells (Fig 5E and F),

indicating that Myoparr was required for the protein–protein interac-

tion between Ddx17 and PCAF. Moreover, in vitro pull-down assay

using 3xFlag-Ddx17 showed that the protein–protein interaction

between Ddx17 and PCAF was augmented in the presence of

Myoparr (Fig 5G). Although Ddx17 and PCAF directly bound to

myogenin promoter, Myoparr was dispensable for these bindings

(Fig 5H and I). Thus, these results suggested that Myoparr activates

myogenin expression by promoting formation of the Ddx17-PCAF

complex on the myogenin locus in differentiating myoblasts.

Myoparr and Ddx17 are required for myoblast cell cycle
withdrawal in a myogenin-independent manner

To determine whether Ddx17 mediates the function of Myoparr in

the cell cycle and cell division pathway, we compared the genes

regulated by Ddx17 KD and Myoparr KD by RNA-seq. Depletion of

Ddx17 increased expression of 93 genes and decreased expression

of 204 genes in a statistically significant manner (Table EV1).

Eighty percent of genes altered by Ddx17 KD overlapped with genes

regulated by Myoparr KD, and the intersection of these genes was

26.9-fold greater than that expected by chance

(P = 4.621241 × 10�317; Fig 6A and B, and Table EV1), with a high

correlation coefficient (R = 0.94; Fig 6C). Intriguingly, although

genes down-regulated by Ddx17 KD were enriched in muscle

contraction and muscle development categories in GO terms, genes

whose expression was up-regulated by Ddx17 KD were preferen-

tially classified as cell cycle and cell division categories, consistent

with Myoparr KD (Figs 3K and 6D and E, Table EV1). Conse-

quently, genes commonly regulated by both Myoparr KD and

Ddx17 KD (236 genes) were also enriched in the same categories

(Fig 6F and Table EV1), suggesting that Myoparr and Ddx17 control

the cell cycle withdrawal of proliferating myoblasts. Indeed, we

observed a significant increase in 5-ethynyl-20-deoxyuridine (EdU)

incorporation in Myoparr- and Ddx17-depleted cells but not in

myogenin-depleted cells (Fig 6G). These results indicated that

Myoparr and Ddx17 regulate myoblast cell cycle withdrawal in a

myogenin-independent manner.

To examine the mechanism by which Myoparr and Ddx17 regu-

late myoblast cell cycle withdrawal, we assessed the expression

changes of genes categorized in GO terms: mitotic nuclear division,

cell cycle, and cell division. Expression of Rb1, a negative regulator

of cell cycle-promoting genes, was significantly decreased either by

Myoparr, Ddx17, or myogenin depletion (Appendix Fig S5A). Never-

theless, the expression of many other cell cycle-promoting genes

was maintained at a high level in Myoparr- and Ddx17-depleted cells

but not in myogenin-depleted cells (Table EV1). Accordingly, we

hypothesized that Myoparr KD or Ddx17 KD might inhibit cell cycle

withdrawal in an Rb1-independent manner. To test this hypothesis,

we further analyzed the RNA-seq data and found that expression of

the miR-133b primary transcript (pri-miR-133b) and H19 was largely

decreased either by Myoparr or Ddx17 depletion but not by

myogenin depletion (Fig 7A and Table EV1). In addition, the expres-

sion of pri-miR-206, located in the same cluster as pri-miR-133b,

was specifically decreased by Myoparr or Ddx17 KD (Fig 7A). To

determine whether Myoparr regulates the expression of these

miRNAs at the transcriptional level, we assessed the Pol II occu-

pancy at these promoters by ChIP assays in Myoparr-depleted cells.

As a result, Myoparr was required for the high level of Pol II occu-

pancy at these promoters in differentiating C2C12 cells (Fig 7B).

Regarding Ddx17 and PCAF, direct binding of Ddx17 and PCAF to

these promoters was observed by ChIP assays, with the GAPDH

locus as a negative control (Fig 7C and D). Intriguingly, Myoparr

was dispensable for the binding of Ddx17 to these loci, and Myoparr

KD increased PCAF occupancy at these promoters, suggesting that

◀ Figure 4. Myoparr interacts with DEAD box protein Ddx17.

A Scheme of the identification of Myoparr-interacting proteins using RiboTrap and differential proteomics analysis.
B Following immunoprecipitation, the interaction between Myoparr and endogenous Ddx17 was confirmed by immunoblotting using a Ddx17-specific antibody. Two

different Ddx17 isoforms (p72 and p82) were observed.
C Determination of the Ddx17-binding region of Myoparr by RNA pull-down analyses. Schematic diagram of full-length or truncated Myoparr used for RNA pull-

down (top). In vitro-transcribed/in vitro-translated Ddx17 protein was pulled down by indicated Myoparr and then detected by Western blot using a Ddx17
antibody (bottom).

D Schematic diagram of the constructs used for luciferase assays. The details of all constructs are described in Materials and Methods. p(A) indicates poly(A) site.
E–G Relative luciferase activities of indicated constructs in differentiating C2C12 cells.
H Relative luciferase activities of indicated constructs in differentiating C2C12 cells transfected with control or Myoparr shRNA (Myoparr KD).

Data information: In (E-H), bars indicate the average of two independent experiments, and open circles represent the values of each experiment.
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occupancies of both Ddx17 and PCAF are not sufficient for maxi-

mum Pol II recruitment to target loci.

During C2C12 myogenesis, miR-133b down-regulates the phos-

phorylation of ERK1/2 to inhibit myoblast proliferation [27]. Inhibi-

tion of DNA synthesis through the down-regulation of DNA pol a
(Pola1) at the mRNA level by miR-206 facilitates myoblast cell cycle

withdrawal [28]. H19 inhibits the expression of cell cycle-related

genes by targeting Cdc6, a member of the DNA replication initiation

complex [29]. We observed significant decreases in the mature miR-

133b and miR-206 products in both Myoparr- and Ddx17-depleted

cells (Fig 7E). Levels of mature H19-derived miRNAs, miR-675-5p

and miR-675-3p, also tended to decrease (Appendix Fig S5B and C).
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On the other hand, miR-1, one of the myogenic miRNAs, tended to

decrease in all three KD samples (Appendix Fig S5D and E). We

specifically observed increased ERK1/2 phosphorylation (pERK1/2)

and Cdc6 expression in both Myoparr- and Ddx17-depleted cells

(Fig 7F). The expression level of Pola1 was also increased either by

Myoparr or Ddx17 depletion but not by myogenin depletion

(Fig 7G). These results indicated that Myoparr and Ddx17 are

required for myoblast cell cycle withdrawal through the activation

of myogenic miRNA expression.

Myoparr is required for myogenin expression during denervation-
induced skeletal muscle atrophy in vivo

Endogenous myogenin expression is repressed during skeletal

muscle maturation by innervation [30]; however, myogenin expres-

sion is reactivated by denervation, leading to skeletal muscle atro-

phy [31]. To test the possibility that Myoparr is required for

myogenin expression in vivo, we examined the role of Myoparr

during denervation-induced muscle atrophy in adult mouse. Sciatic

nerve transection significantly reduced tibialis anterior (TA) muscle

mass (Figs 8A and EV4A), with increased Myoparr as well as

myogenin expression (Figs 8B and C, and EV4B and C). For in vivo

KD, Myoparr-specific shRNA sequences were examined in NIH3T3

cells (Fig EV4D). Electroporation-mediated transfer of Myoparr

shRNA3 into the innervated TA muscles effectively knocked down

endogenous Myoparr expression and significantly decreased

myogenin expression (Fig EV4E). Remarkably, Myoparr KD substan-

tially repressed the myogenin expression induced by denervation in

TA muscles (Fig 8D), indicating that Myoparr is required for the

activation of myogenin expression in vivo.

We finally examined whether Myoparr depletion prevents neuro-

genic atrophy in mice. Analyses of the innervated and denervated TA

muscles transfected with Myoparr shRNA3 showed that Myoparr KD

increased the denervated TA muscle weight by 20% compared with that

of muscles transfected with control vector (25.8 � 0.82 mg vs.

31.0 � 0.71 mg, P < 0.001; Fig 8E) but not innervated TA muscle

weight (37.2 � 0.82 mg vs. 38.8 � 0.96 mg, P = 0.195). Cross-

sectional area (CSA) analysis of emerald green fluorescent protein

(EmGFP)-positiveMyoparr shRNA3-transfected myofibers demonstrated

that Myoparr KD significantly increased the myofiber size of denervated

TA muscles compared with that of muscles transfected with control

vector (1,324.3 � 81.4 lm2 vs. 1,743.5 � 85.4 lm2, P < 0.01) (Fig 8F

and G), whereas no significant difference was observed in the myofiber

size of innervated TA muscles (2,112.9 � 184.7 lm2 vs.

2,188.2 � 122.1 lm2, P = 0.714), indicating that Myoparr-depleted

myofibers showed resistance to denervation-induced muscle atrophy.

Quantification of the fiber areas of individual transfected myofibers is

shown in Fig EV4F and G. Thus,Myoparrmay be a promising therapeu-

tic target for skeletal muscle atrophy caused by denervation.

Discussion

Spatiotemporal expression of myogenin is controlled by multiple

regulatory factors via the evolutionally conserved proximal

promoter region [13]. In this study, we provide new insight into the

regulatory mechanism underlying myogenin expression by identifi-

cation and characterization of a novel promoter-associated lncRNA,

Myoparr. During skeletal muscle differentiation, Myoparr is

expressed from the upstream region of myogenin, corresponding to

the sequences required for high-level myogenin expression in mice

[14]. Our findings demonstrated that Myoparr is essential for the

activation of myogenin expression by regulating the Pol II occu-

pancy and histone modifications at the myogenin locus through

◀ Figure 5. Myoparr promotes the protein–protein interaction between Ddx17 and PCAF.

A Significantly decreased MHC expression in Ddx17-depleted C2C12 cells is shown by immunocytochemistry. Nuclei were counterstained with DAPI. Scale bar,
100 lm. Fusion index is shown as percent of the control. n = 3, mean � SD. **P < 0.01 (unpaired two-tailed Student’s t-test).

B Immunocytochemistry for myogenin in Ddx17-depleted C2C12 cells. Scale bar, 100 lm. Myogenin-positive cells are shown as percent of the control. n = 4,
mean � SD. **P < 0.01 (unpaired two-tailed Student’s t-test).

C Relative luciferase activities of the -1650-Luc by the combination of MyoD and Ddx17 or Ddx17 mutant (K142R). Bars indicate the average of two independent
experiments, and open circles represent the values of each experiment.

D Ddx17 or Ddx17 mutant (K142R) was pulled down by full-length Myoparr and then detected by Western blot.
E Reduced interaction between endogenous Ddx17 and PCAF in Myoparr-depleted C2C12 cells. After Myoparr KD, the cell lysates were subjected to

immunoprecipitation (IP) with a Ddx17-specific antibody 36 h after differentiation induction (right panel). Each lysate was loaded as an input (left panel).
F Relative quantification of (E) is shown as IP/input ratio. n = 3, mean � SD. *P < 0.05. n.s., not significant (unpaired two-tailed Student’s t-test).
G Increased interaction between Ddx17 and PCAF by Myoparr. PCAF protein was pulled down by 3xFlag-Ddx17 in the presence or absence of Myoparr using a Flag

antibody and then detected by Western blot.
H, I ChIP-qPCR detection of Ddx17 (H) and PCAF (I) occupancies at the myogenin locus in Myoparr-depleted differentiating C2C12 cells. The data were normalized to

input values. n = 3, mean � SD. *P < 0.05 (unpaired two-tailed Student’s t-test).

▸Figure 6. Myoparr and Ddx17 regulate myoblast cell cycle withdrawal in a myogenin-independent manner.

A Heatmap displaying expression changes of 754 genes significantly altered either in Myoparr- or Ddx17-depleted cells (log 2 ratio scale).
B The intersection of genes regulated by Myoparr KD and Ddx17 KD shows a significant (Fisher’s exact test) overlap 26.9 times as large as that expected by chance

alone.
C Genes significantly differentially expressed in both Myoparr- and Ddx17-depleted cells show correlated expression (R = 0.94, log 2 ratio scale).
D–F Enrichment analysis of GO categories in genes up-regulated by Ddx17 KD (D), down-regulated by Ddx17 KD (E), and commonly regulated by both Myoparr KD and

Ddx17 KD (F).
G Myoparr and Ddx17 are required for C2C12 cell cycle withdrawal. C2C12 cells transfected with each siRNA were cultured in growth medium for 24 h. After

differentiation induction, cells were maintained in differentiation medium for 40 h and then treated with EdU for 6 h. EdU-positive cells are shown as percent of
the control. Nuclei were counterstained with Hoechst 33342. n = 3, mean � SD. **P < 0.01 (unpaired two-tailed Student’s t-test). Scale bar, 100 lm.
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binding to chromatin. Myogenin promotes the entry of myoblasts

into the myogenic differentiation lineage [11]. Thus, Myoparr is

required for the specification of myoblast lineage into myogenic

differentiation through the Myoparr (upstream) and myogenin

(downstream) pathway. In addition, we detected decreased expres-

sion of miR-133b, miR-206, and H19, regulators of myoblast
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proliferation [27–29], in Myoparr-depleted cells but not in

myogenin-depleted cells. Myoparr was required for Pol II recruit-

ment to these promoters. Consequently, Myoparr depletion

prevented myoblast cell cycle arrest by increasing ERK1/2 activity

and Cdc6 and Pola1 expression. Taken together, our study revealed

the roles of promoter-associated lncRNA Myoparr; one role is speci-

fication of myoblasts to differentiation lineage by activating neigh-

boring myogenin expression, and the other role is myoblast cell

cycle withdrawal by activating the expression of myogenic regula-

tory miRNAs in a myogenin-independent manner.

The DEAD box protein Ddx17 plays key roles in transcription,

miRNA processing, alternative splicing, and myogenic differentia-

tion [22,23,32]. In the present study, we discovered a new feature of

Ddx17 as a Myoparr-interacting protein. Both Ddx17 and Myoparr

were essential for myogenin expression. Deletion of the 341-nt DNA

sequence, which corresponds to the Ddx17-binding region of

Myoparr, from the myogenin upstream region largely reduced the

promoter activity of myogenin. In differentiating myoblasts, Ddx17

functions as a transcriptional coactivator of MyoD through associa-

tion with histone acetyltransferases CBP, p300, and PCAF [22].

PCAF also promotes transcriptional activities of Ddx17 and MyoD

[33–35]. Although Myoparr was dispensable for the binding of

Ddx17 and PCAF to the myogenin locus in our ChIP experiments,

we showed that Myoparr is required to augment the interaction

between Ddx17 and PCAF proteins. In addition, Myoparr was

required for maximum Pol II recruitment to the myogenin promoter.

Taken together, we proposed a model of Myoparr function during

myogenesis (Fig 9).

Besides myogenin expression, our comprehensive RNA-seq

analyses revealed that Myoparr regulates the expression of

myogenic miRNAs in a myogenin-independent manner during

C2C12 differentiation. Although not all the genes regulated by

Myoparr KD completely overlapped with the genes regulated by

Ddx17 KD, our findings suggested that the myogenin-independent

role of Myoparr in myoblast cell cycle withdrawal is largely medi-

ated by Ddx17. PCAF is also essential for myoblast cell cycle

arrest [36]. It is of note that Myoparr was indispensable for maxi-

mum Pol II recruitment to myogenic miRNA promoters but was

dispensable for Ddx17 and PCAF recruitment, suggesting that

Myoparr-mediated Ddx17-PCAF interaction is necessary for the

expression of myogenic miRNAs. However, the mechanism by

which low-copy-number Myoparr regulates the expression of

downstream genes at distal loci remains to be determined. Consid-

ering that RNAs can exert a chaperone-like effect on their binding

proteins [37,38], it is possible that Myoparr, by acting as a molec-

ular chaperone, is required for the spatiotemporal timing of

Ddx17 interaction with PCAF at the myogenin locus but not

required for the maintenance of the complex thereof. In fact, our

immunoprecipitation experiments showed that Myoparr KD

resulted in decreased amounts of Ddx17-PCAF complex, suggest-

ing that Myoparr KD affected the amount of Ddx17-PCAF complex

at the whole-cell level. Thus, Myoparr may regulate the expression

of downstream genes by controlling the amount of Ddx17-PCAF

complex at distal loci.

Two E-box elements in the myogenin promoter are important for

the responsiveness of MyoD and TGF-b [20]. In this study, we found

that Myoparr shares its promoter region with myogenin and that the

introduction of mutations into the E-box elements in this region

abolished activation of both promoters, possibly induced by endoge-

nous MyoD. In addition, TGF-b-dependent repression of both

◀ Figure 7. Myoparr regulates myoblast cell cycle withdrawal through the activation of miR-133b, miR-206, and H19 expression.

A qRT–PCR for pri-miR-133b, pri-miR-206, and H19 expression in differentiating C2C12 cells transfected with indicated siRNAs. n = 3, mean � SD. *P < 0.05.
**P < 0.01.

B ChIP-qPCR detection of Pol II occupancy at the indicated promoters in Myoparr-depleted C2C12 cells. The data were normalized to input values. n = 3, mean � SD.
*P < 0.05. Myoparr KD decreased Pol II occupancy at the miR-133b promoter with a marginal trend toward significance (P = 0.052).

C, D ChIP-qPCR detection of Ddx17 (C) and PCAF (D) occupancies at the indicated promoters in Myoparr-depleted C2C12 cells. n = 3, mean � SD. *P < 0.05. **P < 0.01.
E qRT–PCR showing decreased expression of miR-133b and miR-206 in both Myoparr- and Ddx17-depleted C2C12 cells. n = 3, mean � SD. *P < 0.05. **P < 0.01.
F Western blots showing increased ERK1/2 activity (pERK1/2) and Cdc6 expression in differentiating C2C12 cells 48 h after Myoparr and Ddx17 KD. Tubulin expression

served as an internal control.
G Increased Pola1 expression detected by qRT–PCR. n = 3, mean � SD. **P < 0.01.

Data information: Statistical analyses were performed using unpaired two-tailed Student’s t-test. In cases of unequal variances, unpaired two-tailed Welch’s t-test was
used.

▸Figure 8. Knockdown of Myoparr blocks skeletal muscle atrophy caused by denervation in mice.

A Seven days after denervation, weights of innervated (�) and denervated (+) tibialis anterior (TA) muscles were measured. n = 4, mean � SEM. *P < 0.05 (unpaired
two-tailed Student’s t-test).

B Expression of myogenin in innervated and denervated TA muscles detected by qRT–PCR 7 days after denervation. n = 4, mean � SD. ***P < 0.001 (unpaired two-
tailed Welch’s t-test).

C qRT–PCR showing increased Myoparr expression in denervated TA muscles 7 days after denervation. n = 3, mean � SD. ***P < 0.001 (unpaired two-tailed Student’s
t-test).

D Immunoblot showing decreased expression of myogenin by Myoparr depletion in denervated TA muscles 7 days after denervation. Expression of tubulin served as an
internal control.

E Weights of innervated and denervated TA muscles electroporated either with control or Myoparr shRNA. Muscle weights were measured 7 days after denervation.
n = 5 for each group, mean � SEM. ***P < 0.001. n.s., not significant (unpaired two-tailed Student’s t-test).

F Representative immunostaining images for laminin (red) and EmGFP (green) of innervated or denervated TA muscles electroporated with control or Myoparr shRNA,
both containing EmGFP. Scale bar, 100 lm.

G Cross-sectional area (CSA) of electroporated EmGFP-positive myofibers (250 fibers per sample) was analyzed 7 days after denervation. n = 5 for each group,
mean � SEM. **P < 0.01. n.s., not significant (unpaired two-tailed Student’s t-test).
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promoter activities was attenuated by E-box mutations. Therefore,

because multiple factors can be involved in myogenin regulation

[13], common and intrinsic regulatory mechanisms may play a role

in the expression of Myoparr and myogenin. Interestingly, myogenin

KD increased Myoparr expression along with that of Myf5 and

MRF4, coding MyoD family MRFs. Up-regulated Myf5 and MRF4

expression was also reported in differentiating myoblasts derived

from myogenin conditional knockout mice [39], suggesting that

compensatory mechanisms induced by myogenin KD, i.e., increased

expression of MyoD family MRFs, may increase Myoparr expression

through the myogenin/Myoparr promoter.

After birth, innervation by motor neurons maintains the

repressed status of myogenin expression in skeletal muscle [40].

When nerve supply to muscle is lost, myogenin expression is re-

induced to promote proteolysis and atrophy in skeletal muscle [31].

In this study, we showed that Myoparr depletion led to down-regu-

lation of myogenin expression re-induced by denervation and atten-

uated denervation-dependent reduction in skeletal muscle mass.

Furthermore, we identified the human Myoparr counterpart and

showed highly correlated expression of myogenin and Myoparr

during human skeletal muscle differentiation. Besides denervation,

re-induced myogenin expression has been reported in neurogenic

atrophy, amyotrophic lateral sclerosis (ALS), Huntington’s disease,

and spinal muscular atrophy (SMA) [41–43]. Thus, our findings

suggested that Myoparr inhibition may be a useful therapeutic strat-

egy for neurogenic atrophy in humans.

In conclusion, we identified a novel promoter-associated

lncRNA, Myoparr, and revealed its roles during myogenesis through

the regulation of neighboring myogenin expression by promoting

the protein–protein interaction between transcriptional activators.

In addition, Myoparr was required for the expression of myogenic

regulatory miRNAs in a myogenin-independent manner. Thus, our

findings indicated that the promoter-associated lncRNA does not

merely regulate neighboring gene expression but may also affect

gene expression at distal loci in a neighboring gene-independent

manner. However, we did not exclude the possibility that Myoparr

may function independently through interaction of myogenin and

Ddx17/PCAF proteins in myogenesis, because the genes affected by

Myoparr KD did not completely overlap with those affected by

myogenin or Ddx17 KD. Besides Ddx17, we identified hnRNPK and

Tial1, key interactors of lncRNA regulating the p53 pathway

[44,45], as Myoparr-interacting proteins. Collectively, future studies

using comprehensive analysis of Myoparr-interacting proteins will

further define the roles of Myoparr in skeletal muscle formation and

disorders affecting muscles.

Materials and Methods

Mouse model

The C57BL/6J mice used in this study were purchased from the

Japan SLC and housed in cages with a constant temperature (24°C)

and a 12:12-h light–dark cycle. All animal experiments were

conducted under protocols approved by the Institutional Animal

Care and Use Committee of Fujita Health University.

Cell lines and primary cultures

Mouse myoblast cell line, C2C12, was purchased from Marinpharm.

NIH3T3 and C3H10T1/2 cells were purchased from the American

Type Culture Collection (ATCC). C2C12 and NIH3T3 cells were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10% fetal bovine serum at 37°C and 5% CO2. Mouse

embryonic fibroblast C3H10T1/2 cells were maintained in Eagle’s

minimum essential medium, alpha modification (a-MEM)
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Figure 9. Proposed model of Myoparr function during myogenesis.
Although Ddx17 and PCAF bind to themyogenin promoter, the interaction between Ddx17 and PCAF is weak in the absence ofMyoparr. Thus, occupancies of both Ddx17 and
PCAF on themyogenin promoter are not sufficient for maximum Pol II recruitment to themyogenin promoter. After binding to themyogenin promoter,Myoparr interacts with
Ddx17 to promote the Ddx17-PCAF interaction. Enhanced Ddx17-PCAF interaction by Myoparrmay be sufficient for maximum Pol II recruitment to the myogenin promoter.
Thus, Myoparr is required for specification of myoblast lineage into myogenic differentiation through the Myoparr (upstream) and myogenin (downstream) pathway. In
addition, Myoparr is involved in the regulation of myoblast cell cycle withdrawal by activating the expression of myogenic regulatory miRNAs in a myogenin-independent
manner.
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supplemented with 10% fetal bovine serum and 2 mM L-glutamine at

37°C and 5% CO2. Myogenic differentiation was induced by replacing

the medium with DMEM supplemented with 2% horse serum. For

TGF-b treatment, C2C12 cells were cultured with 5 ng/ml recombi-

nant TGF-b1 (R&D Systems) in DMEM supplemented with 2% horse

serum for 24 h.

Mouse primary myoblasts were freshly prepared by FACS and

cultured as previously described [46]. Myogenic differentiation of

primary myoblasts was induced by replacing the medium with

DMEM supplemented with 5% horse serum.

Experiments using human samples were approved by the Ethical

Review Board for Clinical Studies at Fujita Health University.

Gluteus medius muscles of patients undergoing total hip arthro-

plasty were used for cell preparation. Cells were sorted by FACS and

cultured as previously described [47]. Human skeletal muscle

myoblasts (HSMM) used for RACE analyses were purchased from

Lonza and similarly isolated using FACS.

Plasmid DNA construction

The intergenic region between Myoparr and myogenin (�242/+51),

including the minimal myogenin promoter region [14], was PCR-

amplified and cloned into the pGL4.20 vector (Promega) in the posi-

tive or opposite direction to generate the pGL4-Myog-Luc (myogenin

promoter) and pGL4-Myoparr-Luc (Myoparr promoter) constructs,

respectively. Identified E-box elements in the intergenic region

between Myoparr and myogenin [14] were mutated (CACATG to

tgCAca and CAGTTG to tgGTca). The promoter region of mouse

GAPDH (�560/+28) was PCR-amplified and cloned into the pGL4.20

vector in the positive or opposite direction to generate the GAPDH

promoter constructs.

The upstream regions of the myogenin gene, �242/+51 and

�1650/+51, were amplified by PCR and subcloned into the episomal

luciferase vector, pREP4-luc, to generate the �242-Luc and

�1650-Luc constructs, respectively. The coding region of EGFP was

PCR-amplified and cloned into �242-Luc to generate the

�242+EGFP-Luc construct. To create the �1650Δ341-Luc construct,

the upstream region (�1194/�854) of the myogenin gene was

removed from the �1650-Luc construct. The upstream region

(�1224/�823) of the myogenin gene was PCR-amplified and

inserted downstream of the poly(A) site in the �242-Luc construct

to generate the �242+Δ341-Luc construct. To create the pNL1.1-

3xpA construct, the PGK promoter was removed from the

pNL1.1.PGK vector (Promega) and the 3×poly(A) site amplified

from the pRosa26-DEST vector was inserted upstream of Nluc.

The coding region of mouse Ddx17 was PCR-amplified and

subcloned into the pCS2+ and pCS2-3xFlag vectors. Mutant Ddx17

(K142R) was generated by PCR. The coding regions of myogenin,

PCAF, and EGFP were PCR-amplified and subcloned into the pCS2+

vector. Full-length Myoparr and myogenin-associated sense long

non-coding RNAs (short and long forms) were subcloned into the

pCS2+ vector. Full-length and several indicated regions of Myoparr

were PCR-amplified and cloned into the pGEM-T easy vector

(Promega). The shRNA sequences against Myoparr, listed in

Appendix Table S2, were subcloned into the pcDNA6.2-GW/EmGFP-

miR vector (Thermo Fisher Scientific) according to the manufac-

turer’s protocol. The pcDNA6.2-GW/EmGFP-miR containing the

shRNA against LacZ (Thermo Fisher Scientific) was used as a

negative control. The pcDNA3-MyoD construct has been previously

described [48]. The pREP4-luc and pREP7-Rluc vectors were gifts

from Dr. K. Zhao [25]. The pRosa26-DEST vector was a gift from

Drs. N. Hastie and P. Hohenstein (Addgene plasmid # 21189) [49].

RNA and genomic DNA isolation, reverse transcription reaction,
and PCR

Total RNA was prepared as previously described [48]. In brief, total

RNA from tissues and cells was extracted and purified using the

miRNeasy Mini Kit (QIAGEN) and ISOGEN II reagent (Nippon Gene,

Japan) according to the manufacturer’s protocol. To prepare total

RNA from embryonic skeletal muscle, the trunk region of mouse

embryos was surgically isolated at E10.5, E12.5, and E14.5. Embry-

onic organs were isolated at E14.5. Poly(A)+ RNAs were isolated

from total RNA using the Poly(A)+ Isolation Kit (Nippon Gene)

following the manufacturer’s protocol. Nuclear and cytoplasmic

RNA fractions were purified from C2C12 cells using the PARIS Kit

(Thermo Fisher Scientific) according to the manufacturer’s protocol.

Nuclear fractionation (SNE and CPE) of C2C12 cells was performed

as previously described [17]. Extraction of genomic DNA from

C2C12 cells was performed using the PureLink Genomic DNA Kit

(Thermo Fisher Scientific).

After treatment with DNase I (Thermo Fisher Scientific), the

reverse transcription reaction was performed using the SuperScript

III First-Strand Synthesis System with random or oligo (dT) primers

(Thermo Fisher Scientific). A strand-specific reverse transcription

reaction was performed as previously described [50] using the

SuperScript III First-Strand Synthesis System with the indicated

primers. For the analyses of miRNAs, cDNA was synthesized using

the miScript Reverse Transcription Kit (QIAGEN). Semi-quantitative

PCR analyses were conducted using Ex Taq (Takara) following the

manufacturer’s protocol. The quantitative real-time PCR was

conducted using SYBR Premix Ex Taq (Takara) and the miScript

SYBR Green PCR Kit (QIAGEN). Data were normalized to Rpl26,

GAPDH, or U6 expression as indicated. The primers used are listed

in Appendix Table S3.

For semi-quantitative analyses, reverse transcription was

performed on 1,000 ng RNA in a 20 ll reaction, and 1 ll cDNA was

used for PCR in a 25 ll reaction volume for oligo (dT) priming as

described above. When the reverse transcription was performed

with strand-specific primers, 500 ng RNA was used in a 20 ll reac-
tion, and 2 ll cDNA was used for PCR in a 25 ll reaction volume.

PCR amplification was performed in 34 cycles using Ex Taq. We

verified the PCR products by sequencing.

RNA-seq library construction, sequencing, and data analysis

Poly(A)+ RNAs were purified from 1 lg total RNA using the

NEBNext Poly(A) mRNA Magnetic Isolation Module (New England

Biolabs). RNA-seq libraries were constructed using the NEBNext

Ultra RNA Library Prep Kit for Illumina (New England Biolabs)

according to the manufacturer’s protocol.

The libraries were sequenced with 100-bp single-end reads for

each sample and two biological replicates per sample using an Illu-

mina HiSeq 1500 at the Genome and Transcriptome Analysis Center

of Fujita Health University. For basecalling, the bcl2fastq 1.8.4 soft-

ware was used. Quality trimming of row sequence was performed
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using FastQC ver. 0.11.3 software (https://www.bioinformatics.bab

raham.ac.uk/projects/fastqc/) following the command “-Q 33 -t 20 -

l 30”. Trimmed reads were aligned to the mouse reference genome

(mm10) using Hisat2 ver. 2.0.5 [51] with default parameters. The

number of aligned reads was approximately 95% of the original

reads. Aligned reads were converted and sorted to Bam files using

SAMtools ver. 1.3.1 software [52] and counted with HTSeq ver.

0.6.0 software [53] using the Mus_musculus_UCSC_mm10.gtf file

following the optional command “–stranded = no –format = bam”.

Statistical analysis of differentially expressed genes was performed

using DESeq2 ver. 1.12.4 software [54] with a Wald test (cut-offs:

false discovery rate (adjusted P-value, padj) < 0.05 and log 2 fold

change > 0.75 or < �0.75). GO analysis was performed with DAVID

ver. 6.8 (https://david.ncifcrf.gov/), and P < 0.005 was considered

statistically significant.

Absolute quantification of the copy numbers of Myoparr and
myogenin RNA

The RNA copy numbers were quantified as previously described

[55]. In brief, Myoparr and myogenin RNA (109 copies) was tran-

scribed in vitro using the RiboMAX Large Scale RNA Production

System (Promega) and was treated with DNase I then subjected to

reverse transcription using the SuperScript III First-Strand Synthesis

System with random primers. Synthesized cDNAs from Myoparr

and myogenin RNA were serially diluted to be used as standards.

Thirty-six hours after differentiation induction, total RNA was

isolated from 5.45 × 105 C2C12 cells using the ISOGEN II reagent.

One microgram of total RNA was treated with DNase I and

subjected to reverse transcription. The copy numbers of endogenous

Myoparr and myogenin RNA were quantified by qPCR, considering

both the recovery rate of RNA and the ratio of myogenin-positive

cells. The recovery rate of RNA during the RNA purification step

was determined using in vitro-transcribed EGFP RNA (1012 copies)

as a spike-in control. The ratio of myogenin-positive cells was deter-

mined by immunofluorescence analyses.

In vivo electroporation

For electroporation, the TA muscles of 8-week-old mice were

injected with 30 lg endotoxin-free plasmid DNA in a saline solution

using a 34-gauge needle under anesthesia. Electric pulses were

applied with a tweezer-type electrode (150 V/cm, 6 pulses, 50 ms

pulses of 1-Hz frequency) using a CUY21EDIT (Bex Co. LTD.,

Japan). Following electroporation, a 3-mm segment of the sciatic

nerve was excised for denervation. Seven days after electroporation,

mice were sacrificed and the TA muscles were fixed and immunos-

tained as previously described [48]. Measurements of the CSA of the

electroporated myofibers (EmGFP positive) were conducted with

ImageJ software ver. 1.49.

siRNA treatment and immunofluorescence assay

C2C12 cells were transfected with 50 nM of Stealth RNAi (Thermo

Fisher Scientific) or ASO (Takara) using Lipofectamine 3000

(Thermo Fisher Scientific) according to the manufacturer’s protocol.

The siRNAs used were as follows: Stealth RNAi siRNA negative

controls (Med GC and Med GC Duplex #3) and siRNAs specific for

myogenin (MSS275910 and MSS275912). The target sequences of

the Stealth RNAi for Myoparr are as follows: 50-GATGGACCC
TGTCTGATGCTCTTAA-30 and 50-CCCTAAAGACCTACCACTAC
CACAT-30. The Stealth RNAi for Ddx17 was reported previously

[22]. The target sequences of the ASO for Myoparr are as follows:

50-CCATACTATGTCAGTC-30 and 50-TCTCTTCTGTGCTTTC-30. The

target sequences for the siRNA and shRNA used are listed in

Appendix Table S2. Twenty-four hours after transfection, cells were

induced for myogenic differentiation. Twenty-four hours or 72 h

after differentiation induction, cells were collected for the analyses

of RNAs and proteins.

Immunofluorescence analyses of C2C12 cells were performed as

previously described [48]. Cells were fixed and stained with an anti-

myogenin antibody (F5D, Developmental Studies Hybridoma Bank)

on day 1, or with an anti-myosin heavy-chain antibody (MF20,

Developmental Studies Hybridoma Bank) on day 3. EdU incorpora-

tion was assayed using the Click-iT Plus EdU Alexa Fluor 594 Imag-

ing Kit (Thermo Fisher Scientific) according to the manufacturer’s

protocol. Nuclei were counterstained with DAPI or Hoechst 33342.

Cells were visualized using a DMI4000B microscope (Leica) with a

DFC350FX CCD camera (Leica) and then analyzed by ImageJ soft-

ware ver. 1.49. The definition of the fusion index is the average

number of nuclei in MHC-positive cells (at least three nuclei) per

total nuclei number.

50 and 30 rapid amplification of cDNA ends (RACE)

RACE was performed using the GeneRacer Kit with the SuperScript

III RT and TOPO TA Cloning Kit for Sequencing (Thermo Fisher

Scientific) according to the instruction of the manufacturer. Poly

(A)+ RNAs were used for the RACE reaction. Ex Taq and LA Taq

with GC Buffer (Takara) were used for PCR amplification following

the manufacturer’s protocol. PCR products were gel purified with

QIAquick (QIAGEN) and cloned into the pGEM-T easy vector then

sequenced. The coding potential assessment was performed with a

coding potential assessment tool (http://lilab.research.bcm.edu/cpa

t/) [56].

In vitro transcription and translation

In vitro transcription and translation were performed using the TnT

SP6 High Yield Wheat Germ Protein Expression System (Promega)

or TnT T7 Quick Coupled Transcription/Translation System

(Promega) following the manufacturer’s protocol. Ddx17 and

3xFlag-Ddx17 proteins were transcribed and translated using the

TnT SP6 High Yield Wheat Germ Protein Expression System and

then incubated in the TnT T7 Quick Coupled Transcription/Transla-

tion System with 45 mM ethylenediaminetetraacetic acid (EDTA).

Proteins labeled with the FluoroTect GreenLys in vitro Translation

Labeling System (Promega) were separated by SDS–PAGE and visu-

alized with a Typhoon 9400 scanner (GE Healthcare).

Identification of Myoparr-binding proteins and the RNA pull-
down assay

Myoparr-binding proteins were purified with the RiboTrap Kit (Med-

ical & Biological Laboratories (MBL), Japan) according to the manu-

facturer’s protocol. Briefly, 7 × 107 C2C12 cells were harvested 24 h
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after myogenic induction and lysed in 1,200 ll CE Buffer containing

60 ll Detergent Solution. After centrifugation at 3,000 g for 3 min at

4°C, nuclei were washed three times with 1 ml CE Buffer and

collected by centrifugation at 12,000 g for 3 min at 4°C. The nuclei

were resuspended in 500 ll NE Buffer with sonication for 10 s. The

nuclear lysate was diluted with 700 ll Dilution Buffer and centri-

fuged at 16,000 g for 10 min at 4°C. The supernatant was used for

immunoprecipitation as the nuclear extract. The BrU-labeled

Myoparr and EGFP RNA were prepared by the Riboprobe System

(Promega). The BrU-labeled RNA (50 pmol) was bound to Protein G

Plus Agarose (Thermo Fisher Scientific) conjugated to an anti-BrdU

antibody and then mixed with the nuclear extract for 2 h at 4°C.

RNA–protein complexes were washed four times with Wash Buffer I

and then competitively eluted with 50 ll elution buffer containing

free BrdU. Proteins were separated by SDS–PAGE, stained with

SYPRO Ruby Protein Gel Stain (Thermo Fisher Scientific), and visu-

alized with a Typhoon 9400 scanner. Representative bands specifi-

cally detected on the Myoparr sample were excised and in-gel

digested with trypsin for analysis by mass spectrometry as previ-

ously described [57]. The peptide sequences obtained from the mass

spectrometry analysis were searched against the protein database

(Mass Spectrometry Sequence Database) using MASCOT software

(Matrix Science).

An RNA pull-down assay was performed with the RiboTrap Kit

and in vitro-transcribed/in vitro-translated Ddx17 protein. Various

lengths of BrU-labeled Myoparr (10 pmol each) were bound to

Protein G Plus Agarose conjugated to an anti-BrdU antibody and

mixed with Ddx17 protein. After washing the RNA–protein

complexes with Wash Buffer I, the Ddx17 protein was eluted and

analyzed by Western blot.

RNA immunoprecipitation

Immunoprecipitation of endogenous RNAs was performed using the

RIP-Assay Kit (MBL). In brief, 2 × 107 C2C12 cells were harvested

48 h after myogenic induction and lysed in 500 ll CE Buffer with

25 ll Detergent Solution. After centrifugation at 3,000 g for 3 min at

4°C, nuclei were washed three times with 400 ll CE Buffer and

collected by centrifugation at 12,000 g for 3 min at 4°C. The nuclei

were dissolved in 200 ll NE Buffer by Dounce homogenization (20

strokes) and then diluted with 300 ll Dilution Buffer. After centrifu-

gation at 16,000 g for 10 min at 4°C, the supernatant was collected

and mixed with Protein G Plus Agarose conjugated to the following

antibodies: normal rabbit IgG (#2729S, Cell Signaling Technology

(CST)) or Ddx17 antibody (N-13) (sc-86408, Santa Cruz Biotechnol-

ogy (SCB)). After incubation with rotation for 3 h at 4°C, the beads

were washed four times with Wash Buffer and the RNAs were

eluted according to the manufacturer’s protocol. Eluted RNAs were

treated with DNase I, and the reverse transcription reaction was

performed as described above. The precipitation percentage (precip-

itated RNA vs. input RNA) was calculated by qRT–PCR using the

primers listed in Appendix Table S3.

Coimmunoprecipitation assay, protein pull-down assay, and
Western blot analysis

For the coimmunoprecipitation assay, siRNA-treated C2C12 cells

were maintained in DMEM supplemented with 2% horse serum.

Cells were harvested 36 h after differentiation induction. Immuno-

precipitation was performed by the two-step lysis method [58] using

a Ddx17 antibody (S-17) (sc-86409, SCB).

An in vitro pull-down assay between 3xFlag-Ddx17 and PCAF

protein was performed with the RiboTrap Kit with in vitro-tran-

scribed/in vitro-translated proteins. The 3xFlag-Ddx17 protein was

incubated with Myoparr or EGFP RNA (10 pmol each) then mixed

with PCAF protein. Protein–RNA complexes were pulled down with

an anti-Flag M2 Affinity Gel (A2220, Sigma-Aldrich) and analyzed

by Western blot.

Western blot analyses were performed as previously described

[48] with a minor modification. In brief, the samples were lysed in

RIPA buffer (50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 0.1% SDS,

1% Triton X-100, 0.5% sodium deoxycholate) containing protease

inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 lg/ml aprotinin,

4 lg/ml leupeptin) and phosphatase inhibitors (5 mM NaF, 5 mM

b-glycerophosphate, 1 mM Na3VO4). Protein concentration was

measured by the Pierce BCA Protein Assay Kit (Thermo Fischer

Scientific), and equal amounts of protein were used for the Western

blot analyses. The primary antibodies used for the Western blots are

as follows: myogenin antibody (F5D) (sc-12732, SCB), MHC anti-

body (MF20, Developmental Studies Hybridoma Bank), Ddx17 anti-

body (N-13) (sc-86408, SCB), histone H2B antibody (07-371, Merck

Millipore), p44/42 MAPK (ERK1/2) antibody (#9102, CST), phos-

pho-p44/42 MAPK (pERK1/2) antibody (#4370, CST), Cdc6 (180.2)

antibody (sc-9964, SCB), PCAF antibody (E-8) (sc-13124, SCB), a-
tubulin antibody (#2144, CST), and Flag M2 antibody (F1804,

Sigma-Aldrich). The HRP-linked secondary antibodies are as

follows: anti-mouse IgG (#7076, CST), anti-rabbit IgG (#7074, CST),

and Protein A-HRP (101023, Thermo Fisher Scientific). For the

detection of PCAF, the PCAF antibody (E-8) was peroxidase-labeled

by the Ab-10 Rapid Peroxidase Labeling Kit (Dojindo, Japan). Can

Get Signal Immunoreaction Enhancer Solution (Toyobo, Japan) was

used when necessary. All experiments were repeated at least twice.

Luciferase reporter assay

Subconfluent C2C12 cells were transfected with the indicated plas-

mids using Lipofectamine 2000 (Thermo Fisher Scientific). The total

amount of DNA was kept constant by the addition of empty vectors

when needed. As an internal control, pGL4.74 (Promega),

pNL1.1.PGK, pREB7-Rluc, or pNL1.1-3xpA was used. Twenty-four

hours later, myogenic induction was conducted as described above.

Recombinant TGF-b1 was added if needed. Twenty-four hours after

myogenic induction, cells were dissolved in Passive Lysis Buffer

(Promega) to measure the indicated promoter-driven luciferase

activities using a Lumat LB 9507 luminometer (Berthold Technolo-

gies) with the Dual-Luciferase Reporter Assay System (Promega) or

Nano-Glo Dual-Luciferase Reporter Assay (Promega) according to

the manufacturer’s protocol. The promoter activity is presented as

firefly to Renilla luciferase ratio or firefly to Nano luciferase ratio.

The experiments were performed at least three times in duplicate or

triplicate for each assay. Representative data are shown.

DNA methylation analysis

Genomic DNA (200 ng) was bisulfite treated using the Cells-to-CpG

Bisulfite Conversion Kit (Thermo Fisher Scientific) according to the
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manufacturer’s protocol. The PCR was performed with EpiTaq HS

(Takara) under the following conditions: denaturation at 94°C for

60 s and 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 60 s.

A second nested PCR was performed using the following conditions:

denaturation at 94°C for 60 s and 25 cycles of 94°C for 30 s, 55°C for

30 s, and 72°C for 60 s. The primers used are listed in

Appendix Table S3. The PCR products were subcloned into the

pGEM-T easy vector, and clones derived from each independent

subject (n = 3) were sequenced. The methylation status of the region

(higher than 97% sequence identity) was determined and analyzed

with QUMA (http://quma.cdb.riken.jp/top/quma_main_j.html).

Chromatin immunoprecipitation (ChIP) assay

For the ChIP assay, siRNA-treated C2C12 cells were maintained in

DMEM supplemented with 2% horse serum. Thirty-six hours after

differentiation induction, the cells were crosslinked with an N-

hydroxysuccinimide-ester mixture (2 mM each of disuccinimidyl

glutarate, disuccinimidyl suberate, and ethylene glycol-bis(succinic

acid N-hydroxysuccinimide ester) in PBS) for 40 min at room

temperature. After washing three times with PBS, cells were fixed

with 1% formaldehyde for 15 min at room temperature and

dissolved in ChIP lysis buffer (10 mM Tris–HCl (pH 8.0), 200 mM

NaCl, 1 mM CaCl2, 0.5% NP-40) containing protease inhibitors.

Genomic DNA was sheared with Micrococcal Nuclease (1 unit/ll,
Worthington Biochemical Corp.) for 10 min at 37°C. The shearing

reaction was terminated by adding 2× SDS ChIP buffer (100 mM

Tris–HCl (pH 8.0), 20 mM EDTA, 2% SDS, and protease inhibitors).

The chromatin, containing approximately 10 lg DNA, was diluted

(1:10) with ChIP dilution buffer (16.7 mM Tris–HCl (pH 8.0),

167 mM NaCl, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA)

containing protease inhibitors then added to the ChIP reaction.

Dynabeads M-280 sheep anti-rabbit IgG (Veritas) conjugated either

with 2 lg Pol II antibody (39097, Active Motif), histone H3K4me3

antibody (39915, Active Motif), or histone H3K27ac antibody

(39133, Active Motif) was used for the purification of the immuno-

precipitated complex. If needed, 2 lg of the bridging antibody for

mouse IgG (53017, Active Motif) was used.

For the Ddx17 and PCAF ChIP assays, siRNA-treated C2C12 cells

were harvested 36 h after differentiation induction and crosslinked

with 1% formaldehyde for 10 min at room temperature. After the

reaction was quenched by glycine, cells were dissolved in NP-40

lysis buffer (10 mM Tris–HCl (pH 8.0), 200 mM NaCl, 1 mM CaCl2,

0.5% NP-40, and protease inhibitors) and incubated on ice. After

centrifugation at 7,300 g for 2 min at 4°C, nuclei were dissolved in

SDS lysis buffer (50 mM Tris–HCl (pH 8.0), 10 mM EDTA (pH 8.0),

1% SDS, and protease inhibitors) and incubated on ice. To shear the

genomic DNA, nuclear lysate diluted with Triton buffer (150 mM

NaCl, 15 mM Tris–HCl (pH 8.0), 1 mM EDTA (pH 8.0), 1% Triton

X-100, and protease inhibitors) was sonicated with a Bioruptor

UCD-250 (Cosmo Bio, Japan) at the highest setting with 30-s ON,

30-s OFF pulse intervals for 30 cycles at 4°C. After confirming the

fragmentation (100–500 bp in length), the lysate was centrifuged at

20,400 g for 10 min at 4°C, and the supernatant was used in the

ChIP reaction. Dynabeads M-280 sheep anti-rabbit IgG conjugated to

either 4 lg Ddx17 antibody (19910-1-AP, Proteintech) or PCAF anti-

body (E-8) was used to purify the immunoprecipitated complexes. If

needed, 2 lg of the bridging antibody for mouse IgG was used.

Precipitates were sequentially washed in low-salt buffer (20 mM

Tris–HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100,

2 mM EDTA), high-salt buffer (20 mM Tris–HCl (pH 8.0), 500 mM

NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA), LiCl buffer

(10 mM Tris–HCl (pH 8.0), 0.25 M LiCl, 1% NP-40, 1% sodium

deoxycholate, 1 mM EDTA), and twice in TE buffer (10 mM Tris–

HCl (pH 8.0), 1 mM EDTA). The immunoprecipitated complexes

were extracted and de-crosslinked in ChIP direct elution buffer

(10 mM Tris–HCl (pH 8.0), 300 mM NaCl, 0.5% SDS, 5 mM EDTA)

at 65°C for 6–16 h. After sequential treatment with Ribonuclease

(DNase free) Solution (Nippon Gene) at 37°C for 30 min and protei-

nase K (Takara) at 55°C for 1 h, DNA fragments were purified by

NucleoSpin (Takara). The precipitation percentage (precipitated

DNA vs. input DNA) was calculated by qPCR using the primers

listed in Appendix Table S3.

Chromatin isolation by RNA purification assay

Chromatin isolation by RNA purification assays were performed

following the protocol described by Chu et al [59]. In brief,

C2C12 cells (3 × 107) harvested 36 h after differentiation induction

were crosslinked with fresh 1% glutaraldehyde for 10 min at

room temperature on an end-to-end rotator. The reaction was

quenched by 0.1 volume of 1.25 M glycine at room temperature

for 5 min. After washing with ice-cold PBS, the cells were lysed

in lysis buffer (50 mM Tris–HCl (pH 7.0), 10 mM EDTA, 1% SDS,

protease inhibitors, and SUPERase In RNase Inhibitor (1/200

volume, Thermo Fisher Scientific)) and sonicated with a Bioruptor

UCD-250 at the highest setting with 30-s ON, 45-s OFF pulse inter-

vals for 80 cycles at 4°C. After confirming the fragmentation

(100–500 bp in length), the supernatant was hybridized with

100 pmol BiotinTEG-labeled tiling probes against Myoparr

(Appendix Table S4) or LacZ (Magna ChIRP Negative Control

Probe Set, Merck Millipore) at 37°C for 4 h and then mixed with

Dynabeads MyOne Streptavidin C1 (Veritas) at 37°C for 30 min.

The beads were washed five times with Wash Buffer (0.5% SDS

in 2× SSC) at 37°C for 5 min. The retrieved beads were used for

following purifications (1/10 volume for RNA and 9/10 volume

for DNA). The precipitation percentage (precipitated RNA or DNA

vs. input RNA or DNA, respectively) was calculated by qPCR

using the primers listed in Appendix Table S3.

Mapping of ChIP-seq data

Mapping of Pol II occupancy around the myogenin locus was

performed using published ChIP-seq data. The data were down-

loaded from the Gene Expression Omnibus and converted into

BigWig-formatted files using SraTailor software ver. 1.0.5 [60] on

the mouse reference genome (mm9). The GEO accession code used

for the analysis was GSE25549 [61].

Statistical analysis

Error bars represent SD unless otherwise indicated. Statistical analy-

ses were performed using unpaired two-tailed Student’s t-tests or

unpaired two-tailed Welch’s t-tests in cases of unequal variances.

Statistical significance is reported in the Figures and Figure legends.

P < 0.05 was considered statistically significant.
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Data availability

The RNA-seq raw data for each sample reported in this paper were

deposited into the DDBJ Sequence Read Archive under the accession

No. DRA005527. The gene sequences reported in this paper were

submitted to the DDBJ database. The accession numbers are as

follows: AB921551 (Myoparr from the skeletal muscle of C57BL/6J),

AB921552 (Myoparr from C2C12 cells), AB921553 (myogenin-asso-

ciated sense long non-coding RNA isoform-1), AB921554

(myogenin-associated sense long non-coding RNA isoform-2),

AB921556 (myogenin-associated sense long non-coding RNA

isoform-3), AB921557 (myogenin-associated sense long non-coding

RNA isoform-4), AB921555 (myogenin-associated sense long non-

coding RNA isoform-5), LC388421 (myogenin-associated sense long

non-coding RNA isoform-6), LC388422 (myogenin-associated sense

long non-coding RNA isoform-7), LC366983 (human Myoparr

isoform-1), and LC366984 (human Myoparr isoform-2).

Expanded View for this article is available online.
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