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Although many long noncoding RNAs (IncRNAs) have been identified
in muscle, their physiological function and regulatory mechanisms
remain largely unexplored. In this study, we systematically character-
ized the expression profiles of IncRNAs during C2C12 myoblast
differentiation and identified an intronic IncRNA, SYISL (SYNPO2 in-
tron sense-overlapping IncRNA), that is highly expressed in muscle.
Functionally, SYISL promotes myoblast proliferation and fusion
but inhibits myogenic differentiation. SYISL knockout in mice re-
sults in significantly increased muscle fiber density and muscle
mass. Mechanistically, SYISL recruits the enhancer of zeste homo-
log 2 (EZH2) protein, the core component of polycomb repressive
complex 2 (PRC2), to the promoters of the cell-cycle inhibitor
gene p21 and muscle-specific genes such as myogenin (MyoG),
muscle creatine kinase (MCK), and myosin heavy chain 4 (Myh4),
leading to H3K27 trimethylation and epigenetic silencing of tar-
get genes. Taken together, our results reveal that SYISL is a re-
pressor of muscle development and plays a vital role in PRC2-
mediated myogenesis.

INcRNA | SYISL | PRC2 | H3K27 trimethylation | myogenesis

Myogenesis is a highly ordered process during which muscle
stem cell proliferation, migration, differentiation, and fu-
sion are activated to form myofibers (1). This process is controlled
by a series of muscle-specific transcription factors, including myo-
genic differentiation 1 (MyoD), myogenin (MyoG), myogenic factor
5 (Myf5), muscle-specific regulatory factor 4 (MRF4, also known as
“Myf6”), and myocyte enhancer factor 2 (MEF2) (2-4). In addition,
epigenetic regulators, such as polycomb repressive complex 2
(PRC2), YIN-YANG-1 (YY1), histone deacetylase complexes
(HDAC:), histone methyltransferase complexes (HMTs), DNA
methyltransferase complexes (DNMTs), the SWItch/Sucrose
Non-Fermentable complex (SWI/SNF), and lysine methyl-
transferase 2A (KMT2A), also play crucial roles in muscle de-
velopment (2, 5-7). Previous studies have shown that myogenic
differentiation is associated with global chromatin landscape
changes, especially for the well-known repressive marker histone
H3 lysine 27 trimethylation (H3K27me3), which participates in
the regulation of myogenic differentiation by silencing muscle-
specific genes and cell-cycle genes (8, 9). Enhancer of zeste
homolog 2 (EZH?2), the core component of PRC2, is capable of
H3K27me3 and is specifically required for early mouse muscle
development (8, 10). Increased EZH2 expression inhibits skeletal
muscle cell differentiation by silencing muscle-specific genes (10,
11), and EZH2 is associated with self-renewal of muscle satellite
cells and muscle regeneration (12, 13).

Genome-wide analysis of human and mouse genomes has
revealed that noncoding RNAs (ncRNAs), including miRNAs,
long noncoding RNAs (IncRNAs), Piwi-interacting RNAs, and
circular RNAs, are transcribed from most genomes. IncRNAs
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are defined as RNA molecules greater than 200 nt in length that
have negligible protein-coding capacity; they play important
roles in the epigenetic regulation of numerous biological pro-
cesses, including X-chromosome inactivation (14), genome im-
printing (15, 16), alternative splicing (17), stem cell maintenance
and differentiation (18, 19), and human disease (20-22). During
myogenesis, functional IncRNAs, such as SRA, Gtl2/Meg3, H19,
linc-MD1, SINE-containing IncRNAs, Yaml, IncRNA-YYI,
LncMyoD, MALATI, Dum, MUNC, Linc-RAM, and Lnc-mg,
have been found to regulate muscle development and re-
generation through diverse mechanisms (23-29). For example, the
skeletal muscle-specific overexpression of lnc-mg promotes muscle
hypertrophy and increases muscle mass (29), and mutation in H79
leads to significant muscle mass increase in mice (30). Compared
with WT mice, Linc-RAM and MALATI1-KO mice display im-
paired and enhanced muscle regeneration, respectively (28, 31).
While numerous IncRNAs have been identified in muscle using
microarray, high-throughput sequencing, and single-nucleus RNA
sequencing (snRNA-seq) analysis (32, 33), most of their roles in
myogenesis remain unclear, and many more IncRNAs have yet to
be identified.

To systematically identify the IncRNAs that are potentially
involved in myogenesis, we characterized the expression profiles
of IncRNAs during C2C12 myoblast differentiation using micro-
array analysis and identified 1,913 differentially expressed IncRNAs.
Based on these results, the IncRNA AK004418, located in the
fourth intron of the SYNPO?2 gene, was identified and named

Significance

While numerous long noncoding RNAs (IncRNAs) have been
identified in muscle, most of their roles in myogenesis remain
unclear, and many more IncRNAs have yet to be identified.
In this study, we identified an intronic IncRNA, SYISL (SYNPO2
intron sense-overlapping IncRNA), which is highly expressed in
muscle and interacts directly with polycomb repressive complex
2 (PRC2) to repress muscle development. The results reveal that
SYISL acts as a regulatory RNA in PRC2-mediated myogenesis.

Author contributions: B.Z. designed research; J.J.J., W.L., P.X., A.D.Z., X.JW., S.S.\W.,, R.Z,
H.M.L., and B.Z. performed research; B.Z. contributed new reagents/analytic tools; J.J.J.,
W.L., Z.Y.X,, G.LL, and B.Z. analyzed data; and J.J.J., W.L,, and B.Z. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

').J.). and W.L. contributed equally to this work.

2To whom correspondence should be addressed. Email: zuobo@mail.hzau.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1801471115/-/DCSupplemental.

Published online October 2, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1801471115


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1801471115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:zuobo@mail.hzau.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801471115

L T

/

1\

=y

“SYISL” (for “SYNPO?2 intron sense-overlapping IncRNA”). The
SYISL gene is highly expressed in skeletal muscle, and its
expression increases with C2C12 cell differentiation. Gain- and
loss-of-function analysis revealed that SYISL promotes myoblast
proliferation and inhibits myogenic differentiation. Significantly,
SYISL-KO mice have more muscle mass and greater muscle fiber
density than WT mice. Mechanistically, SYISL acts as a regula-
tory RNA that interacts directly with PRC2 to repress the ex-
pression of target genes.

Results

IncRNA and mRNA Expression Profiles During C2C12 Myoblast
Differentiation. To systematically identify IncRNAs involved in
muscle cell differentiation, we used mRNA and IncRNA
microarrays to identify differentially expressed IncRNAs during
C2C12 cell differentiation (proliferating myoblasts and myo-
blasts at 2, 5, and 8 d after cell differentiation, represented as
“D0,” “D2,” “DS5,” and “D8,” respectively). This microarray
contained 13,868 IncRNA probes and 19,465 mRNA probes; an
overview of the IncRNA and mRNA expression profiles is sum-
marized in Dataset S1. In total, 5,684 IncRNAs and 9,069 mRNA
probes with signals in at least 6 of 12 samples had flags in the
present or marginal categories (SI Appendix, Fig. S1 A and B and
Dataset S1). Among 5,684 IncRNA probes with signals, 4,205
(73.98%) were annotated; intron sense-overlapping IncRNAs
accounted for the largest proportion, followed by intergenic and
exon sense-overlapping IncRNAs (SI Appendix, Fig. S1C). The
chromosomal distribution of IncRNAs was not uniform; most of
the IncRNAs with signals were transcribed from chromosomes
2 and 11 (SI Appendix, Fig. S1D). Previous studies showed that the
expression levels of IncRNAs are highly correlated with those of
their adjacent protein-coding genes (34, 35). In this study, we
analyzed the expression correlation coefficient (r) of 896 an-
notated IncRNAs, including natural antisense, intron sense-
overlapping, intronic antisense, exon sense-overlapping, and bi-
directional IncRNAs, with their adjacent genes and found that
32 IncRNAs showed high expression correlation with their adja-
cent genes (|r| > 0.9; P < 0.05) (Dataset S2). Moreover, the ex-
pression levels of 12 intergenic IncRNAs were highly correlated
with those of their flanking genes (|r| > 0.6; P < 0.05) (SI Ap-
pendix, Table S1), suggesting that they possibly exert their func-
tions in cis. Next, the expression correlations of four randomly
selected IncRNAs (NR_002864, NR_003647, AK046046, and
AKO012160) and their adjacent genes from the microarray data
were confirmed by real-time quantitative PCR (qPCR), and the
results showed that the r values from both methods were consis-
tent (SI Appendix, Fig. S1 E-I).

In total, 1,931 IncRNAs and 4,526 mRNAs were identified as
being differentially expressed during cell differentiation (fold-
change >2; P < 0.05) (SI Appendix, Fig. S1J and K and Datasets
S3 and S4). Among the differentially expressed IncRNAs,
356 showed gradually increasing expression trends with myoblast
differentiation, and 266 were persistently down-regulated during
cell differentiation (Fig. 14 and Dataset S5). Among the grad-
ually up-regulated IncRNAs, 96 IncRNAs, of which 58 were
annotated, were up-regulated more than fivefold between
DO and D8 (Dataset S6). An expression heatmap of the 58 an-
notated IncRNAs showed that the intron sense-overlapping
IncRNA AK004418 exhibited significantly higher expression than
the others and was significantly up-regulated during myogenic
differentiation (SI Appendix, Fig. S1L). AK004418 is transcribed
from the fourth intron of the SYNPO2 gene (SI Appendix, Fig.
S24). Consistent with the microarray data, the SYISL expression
level was increased with C2C12 cell differentiation, as de-
termined by qPCR (Fig. 1B and SI Appendix, Fig. S2 B and C).
Interestingly, the expression profiles of the SYISL gene in
multiple adult tissues showed that SYISL was highly expressed in
muscle tissues such as longissimus dorsi, leg muscle, and tongue
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Fig. 1. Characterization of the IncRNA SYISL gene. (A) Heatmap showing
the expression profiles of 356 up-regulated and 266 down-regulated
IncRNAs during myogenic differentiation. (B) qPCR results showing that
SYISL and MyHC were significantly up-regulated during myogenic differen-
tiation. MyHC is the myogenic differentiation marker gene. (C) qPCR results
showing that SYISL was highly expressed in muscle tissues including the
longissimus dorsi, leg muscle, and tongue. (D) The distribution of SYISL in the
cytoplasm and nuclei of proliferating C2C12 cells (D0) and C2C12 cells dif-
ferentiated for 3 d (D3) was determined by qPCR. NEAT is a known nuclear
IncRNA, and tRNA-lle is a cytoplasmic-enriched RNA. The relative RNA levels
were normalized to those of the control g-actin. The data represent the
means + SD of three independent experiments.

when f-actin, GAPDH, and 185 RNA were used as reference
genes, respectively (Fig. 1C and SI Appendix, Fig. S2 D and E).
Gene Ontology (GO) analysis showed that SYISL-associated
genes are clustered mainly into biological adhesion, biological
regulation, developmental, metabolic, growth, and immune system
processes (SI Appendix, Fig. S2 F and G).

Characterization of the IncRNA SYISL and Identification of Its
Downstream Target Genes. We first evaluated full-length SYISL
c¢DNA in C2C12 cells using RACE and Northern blot assays,
confirming that SYISL is a 1,181-nt polyadenylated IncRNA
deposited in the National Center for Biotechnology Information
database (SI Appendix, Fig. S2 H-J). The coding potential cal-
culator (CPC) software indicated that SYISL is a noncoding
RNA similar to the known IncRNAs HOTAIR, Braveheart, and
LncMyoD (SI Appendix, Fig. S2K). Cell-fractionation assays
demonstrated that SYISL is present in both the nuclei and cy-
toplasm of proliferating and differentiated C2C12 myoblasts
(Fig. 1D). Furthermore, we examined the expression profiles of
SYISL during postnatal muscle development, finding up-
regulated SYISL expression in the first two postnatal weeks and
down-regulated SYISL expression thereafter (SI Appendix,
Fig. S2L). Because SYISL is localized to the fourth intron of the
SYNPO?2 gene, we tested the correlation between the spatio-
temporal expression patterns of SYISL and SYNPO2 by qPCR.
SYNPO?2 was increased during C2C12 cell differentiation before
decreasing after 8 d (SI Appendix, Fig. S2M), and it was mainly
expressed in the stomach, small intestine, and heart (SI Appendix,
Fig. S2N), indicating that the spatiotemporal expression patterns
of SYISL and SYNPO2 were not consistent. To explore the reg-
ulatory mechanisms by which SYISL is regulated at the transcrip-
tional level, we conducted luciferase assays with four reporter
constructs containing different fragments of SYISL promoter (the
region between —2000 bp and +200 bp) (SI Appendix, Fig. S3A).
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Deletion of the region between —200 bp and +200 bp led to a
significant decrease in luciferase activity (SI Appendix, Fig. S34).
One potential MyoD-binding site (E-box) exists in this region (S
Appendix, Fig. S3B), and overexpression of MyoD increased the
luciferase activity of reporter construct D1 containing this E-box (S7
Appendix, Fig. S3C). Meanwhile, knockdown and overexpression of
MyoD significantly reduced and increased the endogenous SYISL
expression level, respectively (SI Appendix, Fig. S3 D and E). ChIP
results in proliferating and differentiated C2C12 cells showed that
MyoD could bind specifically to the E-box between —200 bp and
+200 bp (SI Appendix, Fig. S3F). Therefore, we concluded that
SYISL is a direct target of the MyoD gene.

To screen the target genes regulated by SYISL, we designed
three RNAi oligonucleotides to knock down the SYISL gene
specifically; the siRNA-2 fragments had the highest interference
efficiency (SI Appendix, Fig. S44). We further transfected
siRNA-2 to knock down the SYISL gene and induced cell dif-
ferentiation for 2 d. SYISL gene expression was significantly re-
duced when f-actin, GAPDH, and 185 RNA were used as reference
genes, as indicated by qPCR (SI Appendix, Fig. S4B). We next
used microarrays to analyze genome-wide gene-expression
changes after SYISL knockdown in C2C12 cells differentiated
for 2 d. In total, 399 genes, including MyoG, Myhl, Myh2, Myh4,
Myh7, Tnnil, and Mybpc2, were significantly up-regulated, and
635 genes were down-regulated after SYISL knockdown (fold
change >2.0; P < 0.05) (SI Appendix, Fig. S4C and Dataset S7).
According to GO enrichment analysis, the differentially expressed
genes were mainly related to cellular processes, metabolic pro-
cesses, biological regulation, and responses to stimuli (S Appendix,
Fig. S4 D and E). Pathway analysis indicated that the up-regulated
genes were mainly enriched for muscle differentiation and disease-
associated pathways, such as the calcineurin-signaling and chemokine-
signaling pathways, dilated cardiomyopathy, and viral myocarditis
(81 Appendix, Fig. S4F). The down-regulated genes, including
CDKs, N-Ras, ZEB2, IGF2BP3, Ki67, and PCNA, were mainly
involved in axon guidance, the cell cycle, and MAPK-signaling
pathways (SI Appendix, Fig. S4G). To validate the microarray
results, we used qPCR to confirm the expression changes of
some differentially expressed genes after SYISL overexpression
and knockdown in C2C12 cells; the results from both techniques
were consistent (SI Appendix, Fig. S4 H-K). From the above re-
sults, we deduced that SYISL might be involved in the regulation
of myoblast proliferation and differentiation.

SYISL Promotes Myoblast Proliferation and Fusion but Inhibits
Myogenic Differentiation. To determine whether the SYISL gene
is involved in myogenesis, we used functional gain and loss to
study the effects of SYISL on myoblast proliferation and differ-
entiation in C2C12 cells. First, we used RTCA xCELLigence, 5-
ethynyl-2’-deoxyuridine (EdU) staining, and flow cytometry assays
to verify the potential roles of SYISL in C2C12 cell proliferation.
The RTCA xCELLigence assay showed that SYISL knockdown
significantly reduced the cell-proliferation capacity after 30 h of
transfection, whereas SYISL overexpression markedly improved
the cell-proliferation capacity after 40 h of transfection (Fig. 24
and ST Appendix, Fig. S54). The EdU staining assay showed that
SYISL knockdown significantly decreased EdU incorporation, and
SYISL overexpression resulted in increased EAU positivity com-
pared with that of the control (Fig. 2B and SI Appendix, Fig. S5B).
Flow cytometry analysis indicated a significant reduction in the
percentage of S-phase cells after SYISL knockdown, and opposite
effects were observed after the overexpression of SYISL (Fig. 2C
and SI Appendix, Fig. S5C). These results suggested that SYISL
accelerates myoblast proliferation. In addition, we detected the
expression of the key proliferation marker gene Ki67 after over-
expression and knockdown of SYISL. The Ki67 protein was sig-
nificantly down-regulated after SYISL knockdown, and SYISL
overexpression promoted its protein expression, while no significant
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difference at the protein level was observed for SYNPO?2 gene ex-
pression (Fig. 2D and SI Appendix, Fig. S5D).

Next, we investigated the role of SYISL in myogenic differ-
entiation. Real-time PCR, Western blot, and immunofluores-
cence staining were performed to detect the expression of
myogenic marker genes including MyoD, MyoG, and MyHC.
SYISL was successfully knocked down in C2C12 cells at D0, D2,
D4, and D6 (SI Appendix, Fig. S6A). SYISL knockdown signifi-
cantly promoted the myogenic differentiation of C2C12 cells, as
demonstrated by the increased mRNA and protein expression of
the myogenic marker genes MyoG and MyHC (Fig. 2 E-G and SI
Appendix, Fig. S6 B and C). However, no significant change in
protein expression of the MyoD gene was found after SYISL
knockdown (Fig. 2E). Likewise, SYNPO2 expression was de-
tected after SYISL knockdown; no significant differences were
observed at either the mRNA or protein level (Fig. 2E and SI
Appendix, Fig. S6D). To further confirm the knockdown results,
we overexpressed the SYISL gene in C2C12 cells and then in-
duced their differentiation. As expected, SYISL overexpression
significantly decreased the expression of MyoG and MyHC at the
mRNA and protein levels, but no significant changes in the ex-
pression of the MyoD and SYNPO?2 genes were observed after
SYISL overexpression (SI Appendix, Figs. S6 E-H and S7 A-C).

Finally, myosin immunofluorescence staining was used to an-
alyze the function of SYISL in the regulation of myotube fusion.
SYISL knockdown increased the proportion of myotubes with
three or fewer nuclei (Fig. 2H) and decreased the mRNA ex-
pression of the fusion marker genes Myomaker and p-lintegrin
(81 Appendix, Fig. S7D), while SYISL overexpression increased
the proportion of myotubes with more than three cell nuclei (S7
Appendix, Fig. STE) and promoted the mRNA expression levels
of Myomaker and -1 integrin (SI Appendix, Fig. STF), suggesting
that SYISL facilitates more myoblast fusion into one myotube.
Moreover, we used the wound-healing test to determine the cell
migration capacity at 12, 24, and 48 h after the knockdown or
overexpression of SYISL in C2C12 cells. SYISL knockdown
significantly promoted myoblast migration, and SYISL over-
expression inhibited cell migration (SI Appendix, Fig. S8 A and B).

SYISL KO in Mice Significantly Increases Muscle Fiber Density, Muscle
Mass, and Regeneration. To determine the role of SYZSL in muscle
development at the individual animal level, we used CRISPR/
Cas9-mediated genome editing to generate SYISL-KO mice. A
1,133-bp genomic region that contains most of the SYISL tran-
script was deleted, and different genotypes were identified by
PCR (SI Appendix, Fig. S9A4). SYISL-KO mice were healthy and
manifested no significant differences in weight or growth rate
compared with WT mice (SI Appendix, Fig. S9B). qPCR results
showed that SYISL expression was barely detectable in the
skeletal muscles of the SYISL-KO mice (SI Appendix, Fig. S9C).
To validate the effects of SYISL depletion on muscle develop-
ment, we examined the expression changes of the proliferation
and myogenic marker genes in the skeletal muscles of 2-mo-old
WT and SYISL-KO mice. Compared with WT mice, SYISL-KO
mice displayed higher protein expression levels of MyoG and
MyHC but lower protein expression levels of N-Ras (SI Appendix,
Fig. S9D). Moreover, the protein expression of the SYNPO2 gene
was not significantly altered (SI Appendix, Fig. S9D), a finding that
was consistent with the results in C2C12 cells.

Although the SYISL-KO mice showed normal growth and
body weight, the weights of their gastrocnemius (Gas), tibialis
anterior (TA), and quadriceps (Qu) muscles in both males and
females were significantly higher than those of WT mice (Fig. 34
and SI Appendix, Fig. SOF). Next, we used H&E staining and im-
munohistochemistry staining to assess changes in the number and
size of myofibers. Compared with WT mice, SYISL-KO mice
showed a significantly lower mean cross-sectional area of individual
myofibers but a significantly higher number of myofibers/mm? and a
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Fig. 2. SYISL promotes myoblast proliferation and fusion but inhibits myogenic differentiation. (A) RTCA xCELLigence analysis showed that C2C12 cell-
proliferation capacity was significantly reduced after SYISL knockdown. (B) Representative photographs of EdU staining showing that SYISL knockdown sig-
nificantly decreased EdU incorporation. Nuclei were stained with DAPI, magnification 40x. (C) Flow cytometry analysis showing that SYISL knockdown signif-
icantly decreased the percentage of S-phase cells. (D) Western blot results showing that SYISL knockdown significantly decreased the protein expression level of
Ki67, while no significant difference for SYNPO2 protein expression was observed in proliferating C2C12 cells. The dotted line represents a dividing line. Below
the dividing line is white space. (E) Western blot results showing that SYISL knockdown significantly increased the protein expression levels of MyoG and MyHC
in C2C12 cells differentiated for 2 d but did not affect MyoD and SYNPO2 protein expression. (F) Representative photographs of MyHC immunofluorescence
staining in C2C12 cells differentiated for 4 d showing that SYISL knockdown promoted myoblast differentiation. Positively stained cells were quantified,
magnification 10x. (G) Representative photographs of MyoG immunofluorescence staining in C2C12 cells differentiated for 2 d showing that SYISL knockdown
significantly promoted the MyoG protein expression level. Positively stained cells were quantified, magnification 40x. (H) Representative photographs of myosin
immunofluorescence staining in C2C12 cells differentiated for 5 d showing that SYISL knockdown decreased the fusion rate of myoblasts, magnification 40x. The
relative protein levels were normalized to those of the control g-actin. The data represent the means + SD of three independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001. NC, negative control; N.S. indicates statistical nonsignificance.

higher proportion of smaller myofibers (Fig. 3B and SI Appendix,  showed that deletion of SYISL in primary myoblasts significantly

Figs. S9 F-I and S10 A-E). Next, we scanned the whole cross-
section of the TA muscle from SYISL-KO and WT mice and
found that the TA muscle from SYZSL-KO mice had a higher total
fiber number than that of WT mice (Fig. 3C). To further confirm
the roles of SYISL in cell proliferation, differentiation, and fu-
sion, we isolated muscle primary myoblasts from the leg muscles
of WT and SYISL-KO mice. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and RTCA xCELLigence
assays showed that the proliferation capacity of SYISL-KO muscle
primary myoblasts was significantly lower than that of WT cells
(Fig. 3 D and E). Similarly, the EJU staining assay showed that
SYISL KO in myoblasts significantly decreased EdU staining (Fig.
3F). Moreover, SYISL KO significantly decreased Ki67 and N-Ras
gene mRNA expression but did not affect Pax7 gene expression
(SI Appendix, Fig. S114). Next, we analyzed the effects of SYISL
deletion on the differentiation of primary myoblasts; the results

Jin et al.

promoted MyoG and MyHC mRNA expression, but the expression
of MyoD was not significantly altered, a finding that was consistent
with the results in C2C12 cells (SI Appendix, Fig. S11B). MyHC,
MyoG, and myosin immunofluorescence staining further showed
that SYISL KO in primary myoblasts significantly increased myo-
genic differentiation and the number of myotubes but decreased
the myoblast fusion rate as judged by fewer cell nuclei in each
myotube (Fig. 3G and SI Appendix, Fig. S11 C and D). These data
suggested that SYISL promotes myoblast proliferation, increases
myoblast fusion, and inhibits differentiation in vivo and in vitro.
To investigate the role of SYISL in postnatal muscle regenera-
tion, we performed a cardiotoxin (CTX)-induced muscle-injury
experiment in WT and SYISL-KO mice. H&E staining of muscle
sections at different times of injury showed that at 14 and 18 d
following CTX injection most of the inflammatory myofibers in
SYISL-KO mice had been replaced by newly formed ones with
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Fig. 3. SYISL KO in mice results in increased muscle
fiber density, muscle mass, and regeneration. (A) The
weights of the Gas, TA, and Qu muscles of male
SYISL-KO mice were significantly higher than those
of male WT mice. All the data were normalized to
the body weight (mg/g). (B) Representative photo-
graphs of immunohistochemistry staining of dystro-
phin for Gas, TA, and Qu muscles from 2-mo-old
SYISL-KO and WT mice. Compared with WT mice,
SYISL-KO mice had lower average cross-sectional
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areas and more muscle fibers/mm?, magnification
40x. (C) SYISL-KO mice had more total muscle fibers
than WT mice. The TA muscle was isolated from
SYISL-KO and WT mice, and immunohistochemistry
was performed using the anti-dystrophin antibody.
The number of muscle fibers was measured by
scanning the whole cross-section. (D-F) SYISL KO
significantly decreased primary myoblast pro-
liferation capacity as determined by MTT (D), RTCA
xCELLigence analysis (E), and EdU staining (F), mag-
nification 40x. (G) Representative photographs of
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centralized nuclei, but more inflammatory cells and necrotic
myofibers still existed in WT mice. At day 21 after CTX injection,
muscle regeneration and repair were completed in SYISL-KO
mice, but newly formed myofibers identified by the presence of
central nuclei were still present in WT mice. Moreover, the
regenerated myofibers in SYISL-KO mice were denser and
smaller than those in WT mice, which were similar to the un-
injured state (Fig. 3H). To confirm these findings, we examined
the expression of embryonic MyHC (eMyHC), a marker of muscle
regeneration, at day 14 and day 21 after CTX injection. At these
two stages, regenerating myofibers of WT mice exhibited
higher eMyHC expression than those of SYISL-KO mice (51
Appendix, Fig. S124). These results indicated that muscle
regeneration in WT mice lags behind that of SYISL-KO mice.
Muscle regeneration involves the activation and proliferation of
satellite cells, followed by their terminal differentiation. To in-
vestigate how SYISL regulates muscle regeneration, we conducted
Pax7 (a specific maker of muscle satellite cells), EAU, and MyoG
staining to compare proliferation and differentiation capacities of
satellite cells in the regenerating myofibers from WT and
SYISL-KO mice at day 3 after injury. Consistent with the above
results in cells, the percentage of proliferating muscle satellite
cells (Pax7*/EdU™) decreased by about 27% in SYISL-KO mice
compared with that in WT mice while no significant change was
found in the percentage of satellite (Pax7") cells (SI Appendix,
Fig. S12B). In addition, the results of Pax7 and dystrophin
staining in normal muscle tissues indicated that there was no
significant difference in the total number of satellite cells in WT
and SYISL-KO mice (SI Appendix, Fig. S12C). These results
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MyoG immunofluorescence staining showing that
21d SYISL KO in primary myoblasts significantly increased
TN Y the myogenic differentiation, magnification 40x. (H)
Representative photographs of H&E staining of GAS
muscle at days 3, 7, 10, 14, 18, and 21 after injury
showing that SYISL-KO mice with smaller myofibers
complete muscle damage repair earlier than WT mice
with larger myofibers. PBS was used as the control,
magnification 40x. The data represent the means +
SD of at least three independent experiments. *P <
0.05, **P < 0.01.

suggested that SYISL KO does not affect the Pax7 level but in-
duces cell-cycle exit and prevents the expansion of satellite cells.
Meanwhile, differentiated (MyoG™) cells increased by about 72%
in SYISL-KO mice compared with WT mice (SI Appendix, Fig.
S12D), suggesting an earlier myogenic differentiation potential of
SYISL-KO satellite cells. Considering the opposing effects of
SYISL on satellite cell proliferation and differentiation during
muscle regeneration, we infer that the faster muscle-damage repair
in SYISL-KO mice may be mainly attributable to the more efficient
differentiation of SYISL-KO satellite cells. Additionally, it is also
possible that the smaller myofibers in SYZSL-KO mice require less
time to regenerate than the larger myofibers in WT mice.

SYISL Interacts Directly with PRC2. The nuclear localization of
SYISL suggested that this IncRNA may recruit RNA-binding pro-
teins to control the transcription of target genes. Thus, we
attempted to identify the protein partners of SYISL. First, the po-
tential SYZSL-binding proteins were predicted using the catRAPID
algorithm, and EZH2 was found to interact with SYISL (SI Ap-
pendix, Fig. S134), a finding that was also confirmed by RNA-
protein interaction prediction (RPISeq) (SI Appendix, Fig. S13B).
Previous studies have shown that EZH?2 interacts with various
regulatory IncRNAs and plays important roles in myogenesis
(25, 36). To confirm the roles of the EZH2 gene in myoblast
proliferation and myogenic differentiation, we examined EZH2
protein expression during C2C12 cell differentiation and found
that the EZH2 expression level was decreased with C2C12 cell
differentiation (SI Appendix, Fig. S13C). Next, we overexpressed
and knocked down the EZH2 gene in C2C12 cells. As expected,
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overexpression of the EZH2 gene significantly promoted cell
proliferation and decreased myogenic differentiation (SI Appen-
dix, Fig. S13 D-F), which were confirmed by the results of EZH2
gene knockdown (SI Appendix, Fig. S13G). To further elucidate
the possible association of SYISL with EZH2, we compared the
target genes of SYISL with EZH2 and H3K27me3 ChIP-seq data
from C2C12 myoblasts. In total, 88 target genes regulated by
SYISL overlapped with H3K27me3 target genes, and 36 genes
overlapped with EZH?2 target genes (SI Appendix, Fig. S13H and
Dataset S8). Also, MyoG, Myh4, and MCK promoters were
enriched by endogenous EZH2 and H3K27me3, as determined by
ChIP in proliferating and differentiated C2C12 cells (S Appendix,
Fig. S13 I and J). To validate this interaction between SYISL and
EZH2, we performed RNA immunoprecipitation (RIP) of EZH2.
As expected, EZH2 pulled down SYISL in C2C12 cell lysates,
suggesting that EZH2 interacts with SYISL in vivo (Fig. 44). To
further determine this specific interaction in vitro, we performed a
biotinylated RNA-pulldown assay using biotinylated SYISL with
biotinylated single-stranded antisense RNA as the control. Indeed,
SYISL RNA could bind EZH2, but the antisense RNA strand
pulled down no EZH?2 protein (Fig. 4B). In conclusion, SYISL
interacts specifically with EZH2 in C2C12 cells in vitro and in vivo.

To determine the core protein-binding domain of SYISL, we
constructed a series of truncated SYISL fragments. Unlike full-
length SYISL, none of the truncated fragments could physically
bind EZH?2 (Fig. 4C). We next investigated the role of truncated
fragments and full-length SYISL in myoblast proliferation and
differentiation. Only the full-length SYISL significantly pro-
moted cell proliferation, as shown by EdU staining (Fig. 4D),
and significantly increased the expression of Ki67, N-Ras, and

MyHC

DAPI Merge

A Marker Input IgG EZH2
. DNA3.1
90

CDKG6 genes (SI Appendix, Fig. S13K). Similarly, only full-length
SYISL significantly repressed myogenic differentiation, as shown
by MyHC immunofluorescence staining (Fig. 4E), and MyoG and
MyHC gene expression (SI Appendix, Fig. S13L). These results
supported the notion that full-length SYISL is required to exert
its function in its physical interaction with EZH2. PRC2 is a
multisubunit histone methyltransferase complex mainly including
EZH2, SUZ12, EED, and RBBP4 (37, 38). To verify whether
SYISL could interact with other members of the PRC complex,
such as SUZ12, we performed RNA-pulldown and RIP experi-
ments. The full-length SYISL interacted with SUZ12 (Fig. 4 F
and G). This interaction of PRC2 and SYISL was also confirmed
by their nuclear colocalization as shown by SYISL RNA FISH
and EZH2/SUZ12 immunofluorescence staining (Fig. 4H).
These results suggested that SYISL specifically recruits PRC2 to
perform its epigenetic regulation roles.

SYISL Regulates Myogenesis by Recruiting PRC2 to the Promoters of
Target Genes. Because SYISL specifically interacts with PRC2, we
investigated whether there is a mutual regulation relationship
between SYISL and EZH2 in C2C12 cells. The results showed
that SYISL knockdown or overexpression did not significantly
influence EZH2 gene expression (SI Appendix, Fig. S14 A-D),
nor was SYISL gene expression significantly altered by EZH2
knockdown or overexpression (SI Appendix, Fig. S14 E and F).
Similarly, knockdown of SYISL did not influence SUZI12 gene
expression (S Appendix, Fig. S14G). These results suggested
that SYISL regulates myogenesis through its interaction with
PRC?2 rather than by regulating EZH?2 gene expression. Because
EZH?2 functions by binding to target promoters, we performed
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tion, magnification 10x. (F and G) Interaction be-
tween SYISL and SUZ12 as determined by RIP (F)
and biotin-labeled RNA pulldown (G). (H) RNA FISH
and immunofluorescence staining showed that SYISL
colocalized with EZH2 and SUZ12 in C2C12 cell nuclei,
magnification 63x. GAPDH and p-actin were used as
negative controls in RIP and RNA pulldown, respec-
tively. The values are shown as means + SD of three
independent experiments. *P < 0.05, **P < 0.01. N.S.
indicates statistical nonsignificance.
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ChIP to elucidate whether SYISL affects the capacity of EZH2
to bind the promoters of its target myogenic genes such as MyoG,
Mpyh4, and MCK in C2C12 cells. SYISL overexpression signifi-
cantly increased and SYISL knockdown significantly decreased
the enrichment of EZH2 at MyoG, Myh4, and MCK gene pro-
moters (Fig. 5 A and B). Previous studies revealed that EZH2
repressed gene expression by binding chromatin and establishing
H3K27me3 (10). Thus, we performed ChIP analysis for H3K27me3
after SYISL overexpression and knockdown in C2C12 cells, finding
that SYISL overexpression significantly increased and SYISL
knockdown significantly decreased H3K27me3 enrichment at the
MyoG, Myh4, and MCK promoters (Fig. 5 C and D). To sub-
stantiate these observations, we conducted EZH2 and H3K27me3
ChIP assays in the primary myoblasts from SYISL-KO and WT
mice and found that there was no significant enrichment of
EZH2 and H3K27me3 at MyoG, Myh4, and MCK promoters in
SYISL-KO primary myoblasts compared with levels in WT primary
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Fig. 5. SYISL inhibits myogenic differentiation by recruiting EZH2 and
H3K27me3 to the promoters of myogenic genes. (A) ChIP-gPCR results showing
that SYISL overexpression significantly increased EZH2 enrichment at the MyoG,
Myh4, and MCK promoters in C2C12 cells differentiated for 3 d. (B) ChIP-gPCR
results showing that SYISL knockdown significantly decreased EZH2 enrichment
at the MyoG, Myh4, and MCK promoters in C2C12 cells differentiated for 3 d.
(C) ChIP-gPCR results showing that SYISL overexpression significantly increased
H3K27me3 enrichment at the MyoG, Myh4, and MCK promoters in C2C12 cells
differentiated for 3 d. (D) ChIP-qPCR results showing that SYISL knockdown
significantly decreased H3K27me3 enrichment at the MyoG, Myh4, and MCK
promoters in C2C12 cells differentiated for 3 d. (E and F) ChIP-gPCR results in
primary myoblasts showing that there was no significant enrichment of EZH2
(E) or H3K27me3 (F) at MyoG, Myh4, and MCK promoters in SYISL-KO primary
myoblasts differentiated for 3 d compared with levels in WT primary myoblasts.
(G) gPCR results showing that MyoG overexpression rescued the inhibitory ef-
fects of myogenic gene expression mediated by SYISL overexpression. The rel-
ative RNA levels were normalized to those of the control g-actin. The values are
shown as means =+ SD of three independent experiments. *P < 0.05, **P < 0.01.
N.S. indicates statistical nonsignificance.
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myoblasts (Fig. 5 E and F), indicating that SYISL KO results in the
removal of EZH2 and H3K27me3 from target promoters. Because
overexpression of SYISL led to the down-regulation of the MyoG
expression level, we tested whether MyoG could efficiently rescue
the expression of myogenic genes after overexpression of SYISL.
Remarkably, MyoG overexpression rescued the inhibitory effects of
myogenic gene expression mediated by SYISL overexpression (Fig.
5G and SI Appendix, Fig. S14 H and I). The SYISL regulation of
myogenic differentiation through MyoG function was also con-
firmed by the bioinformatics analysis of the SYISL target genes with
MyoG and MyoD ChIP-seq data from C2C12 myoblasts. In total,
422 target genes regulated by SYISL overlapped with both MyoG
and MyoD target genes, 108 genes regulated by SYISL specifically
overlapped with MyoG target genes, and only 26 genes that may be
regulated by SYISL through other mechanisms or in an indirect
manner overlapped with MyoD target genes (SI Appendix, Fig. S14/
and Dataset S9). In conclusion, SYISL inhibits myogenic differen-
tiation by recruiting PRC2 to the promoters of myogenic genes.

Recent studies have reported that some IncRNAs, including
Xist, APTR, and ANCR, can recruit EZH?2 to epigenetically silence
the cdknla (cyclin-dependent kinase inhibitor 1A, p21) gene,
thereby promoting cell proliferation (39—41). p21 is an important
cell-cycle regulator that restrains the cell cycle by inhibiting CDKs
in mouse embryonic fibroblasts (42, 43). In this study, the in-
hibitory effects of p21 on cell proliferation were confirmed by EAU
staining in C2C12 cells (SI Appendix, Fig. S14K). Thus, we deduced
that SYISL may recruit EZH2 to inhibit p2] gene expression,
thereby promoting myoblast proliferation. First, we investigated
the effects of SYISL on the expression of p21 in C2C12 cells; the
results indicated that SYISL significantly inhibited p21 gene ex-
pression and increased the expression of CDKGO, its downstream
target gene, at either the mRNA or the protein level (Fig. 6 4 and
B and SI Appendix, Fig. S14 L and M). Consistent with these re-
sults, deletion of SYISL in mice resulted in significantly increased
p21 protein expression in muscle (Fig. 6C). Additionally, we ana-
lyzed the effects of the EZH2 gene on p21 gene expression in
myoblasts. Similar to SYISL, EZH2 inhibited p2] gene expression
and increased CDK6 gene expression (SI Appendix, Fig. S14N).
Next, we analyzed the effects of SYISL on the capacity of EZH2
and H3K27me3 to bind the p2] gene promoter in C2C12 cells. As
expected, SYISL overexpression significantly promoted EZH2 and
H3K27me3 enrichment at the p2I promoter (Fig. 6 D and E),
while SYISL knockdown reduced EZH2 and H3K27me3 enrich-
ment at the p21 promoter (Fig. 6 F and G). Consistently, no en-
richment of EZH2 and H3K27me3 at the p21 promoter was found
in SYISL-KO primary myoblasts, while the p21 promoter was sig-
nificantly enriched by EZH2 and H3K27me3 in WT primary
myoblasts (Fig. 6 H and I). Taken together, these results indicate
that SYISL inhibits p27 gene expression by recruiting EZH?2 to the
p21 promoter, ultimately resulting in failure to exit the cell cycle.
To further confirm whether SYISL promotes the cell cycle
through the p21 pathway, we cotransfected SYISL and p21 into
C2C12 cells. The results showed that overexpression of SYISL
induced the expression of CDK, N-Ras, and Ki67 genes. How-
ever, p21 overexpression significantly attenuated SYISL activity
(Fig. &J). These results demonstrated that the p21 gene is the main
downstream target gene in the regulation of cell proliferation
by SYISL.

To confirm whether SYISL binds directly to the promoters of
its target genes, we examined SYISL enrichment at the MyoG,
p21, Myh4, MCK, and MyoD promoters by chromatin isolation by
RNA purification (ChIRP) in C2C12 cells and primary myo-
blasts. The promoters of MyoG, p21, Myh4, and MCK, but not
MyoD, were significantly enriched in SY/SL ChIRP compared with
the lacZ RNA controls (Fig. 6 K and L). These data confirmed
that SYISL physically binds to the promoters of target genes and
inhibits their transcription by recruiting PRC2. Finally, to test
whether SYISL is required for the EZH2-mediated epigenetic

Jin et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801471115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801471115

L T

/

1\

BN AS  PNAS D)

A Osi-NC B

si-NC_ _si-SYISL 15 I si-SYISL

pcDNA3.1  pcDNA3.1-SYISL

O pcNDA3.1
|pcDNA3 1-SYISL

CDKe [ == 36kDa 31 B = CDKeé 36kDa i_%
p21 s —— 2 1kDa ED'S p2i[ === = = [21kDa 2
-acti —r— =0. ) &
pactin St 42kDa B-actin]| la2kpa &
0.0 K
T 0
C & D B EZH2 (pcDNA3.1)
15 gwT [ 19G (pcDNA3.1)
L KO B Bxo 5 Hlg@ ocopins -avies)
— = == b & 5B an gG (pcl
MyHC[= == == == <= ==|200kDa 210 Q005"
P21 R 2 1kDa = 58
pactin e ——— 42102 505 x
o =
ey 58
Q* 3 =
. HBGKZTFBifqg’CDNAS " ll EZH2 (si-NC) G W H3K27me3 (si-NC) B EZH2 (WT)
Eﬁsxtzp;mez( ‘%NAS 1-SYISL, g (sENC) H 198 (siNC) g 195 vn)
- pel ) EZH2 (si- SY\SL - [ H3K27me3 (si-SYISL) v B EZH2 (KO)
5 D'QG(P“D”““SY‘S) b l6G (s-SViSL) & g, 016G (s-sVist) S 0.03,019G (KO)
a 100 i 2 100 a,
o 580 '55 - 5380 S 2002
= £ ‘530017 TES BE
E 540 gs” E 540 £ 2001
28y 5 = 25, s
e 0 2 0.00 2 0 2 0.00
I W H3K27me3 (WT) ‘Jc 0 pcDNA3.1 K
0196 Wh S B pcDNA3.1-SYISL . Qo
= Hakz7mea (ko) @ I PCONA3.1-SYISL+pcDNA-3.1-p21 €40, C2C12cells
by 5
3 50,1196 (KO) g E
L 5 2
£e 60 < c
= Ea E
[ =] =}
o5 € S
2 220 @ w
s 2
e 0 s
=2 - N L] ,\'1’ .\h fp
L € 08"08" 3 P 2
[
§15 WT Primary myoblasts 2 WT primary myoblasts & KO primary myoblasts
E g 0 pcDNA3.1 8 [J pcDNAS. 1
é gi 7 B pcDNA3 1-EZH2 53 ns.  WpcDNA3.1-EZH2
C g3 e 52
z [
S E 1 g1
* O & Q& e N oo O X 20
O & O g O E A& oL AR
R "0\3 g TS « 2V )

Fig. 6. SYISL promotes cell proliferation by epigenetically repressing the p27 gene. (A) Western blot results showing that SYISL knockdown significantly in-
creased p21 protein expression and decreased CDK6 protein expression in proliferating C2C12 cells. The CDK6 gene is a known p21 target gene. (B) Western blot
results showing that SYISL overexpression inhibited p21 protein expression and increased CDK6 protein expression in proliferating C2C12 cells. (C) Western blot
results showing that SYISL KO in mice significantly increased p21 protein expression in muscle. The dotted line represents a dividing line. Above the dividing line
is white space. (D and E) ChIP-gqPCR results showing that SYISL overexpression significantly increased EZH2 (D) and H3K27me3 (E) enrichment at the p21 pro-
moter in proliferating C2C12 cells. (F and G) ChIP-gPCR results showing that SYISL knockdown significantly decreased EZH2 (F) and H3K27me3 (G) enrichment at
the p21 promoter in proliferating C2C12 cells. (H and /) ChIP-gPCR results showing that there was no significant enrichment of EZH2 (H) or H3K27me3 (/) at the
p21 promoter in SYISL-KO primary myoblasts compared with levels in WT primary myoblasts. (J) qPCR results showing that p27 overexpression significantly
attenuated SYISL activity. (K and L) ChIRP-gPCR results showing that SYISL could physically bind to the MyoG, Myh4, MCK, and p21 promoters, but not to the
MyoD promoter, in C2C12 cells (K) and primary myoblasts (L). Probes against lacZ RNA were used as a negative control. Twelve probes tiling the full-length of
SYISL RNA were separated into odd and even pools. (M and N) gPCR results showing that EZH2 gene overexpression significantly inhibited p21, MyoG, and Myh4
gene expression and increased CDK6 expression in WT primary myoblasts (M), but no significant changes were found in SYISL-KO primary myoblasts (N). The
relative RNA and protein levels were normalized to those of the control g-actin. The values are shown as the means + SD of three independent experiments. *P <
0.05, **P < 0.01, ***P < 0.001. NC, negative control; N.S. indicates statistical nonsignificance.

silencing of muscle-specific genes and cell-cycle genes, we
performed EZH?2 gene overexpression experiments in primary
myoblasts from WT and SYISL-KO mice. As expected, EZH2
gene overexpression significantly inhibited p21, MyoG, and Myh4
gene expression and increased CDK6 expression in WT primary
myoblasts (Fig. 6M), while no significant differences in the ex-
pression levels of these genes were detected in SY/SL-KO primary
myoblasts (Fig. 6N).

Discussion

Recent studies have highlighted the importance of IncRNAs in
diverse biological processes, most specifically in regulating cell
proliferation and differentiation (44, 45). The expression levels
of IncRNA are found to be more tissue- and cell type-specific
than those of protein-coding genes, and IncRNAs have been
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shown to be differentially expressed across various stages of
differentiation, indicating that they may be fine-tuners of cell
fate (44). Current hotspots of IncRNA research focus mainly on
tumorigenesis and stem cell pluripotency, while little is known
about the role of IncRNAs in myogenesis, especially regarding
their regulation of muscle mass. Using microarrays, Zhu et al.
(29) identified 82 IncRNAs that are differentially expressed in
original and differentiated muscle stem cells and revealed that
the IncRNA Inc-mg regulates muscle mass at the individual animal
level. In this study, we used microarray analysis to systematically
analyze the expression profiles of IncRNAs during C2C12 cell
differentiation and identified 356 persistently up-regulated and
266 persistently down-regulated IncRNAs. Our results provided a
database to further screen functional IncRNAs that are involved in
muscle fiber formation. Based on this database, we identified the
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IncRNA SYISL as a repressor of muscle development and
found that SYISL KO significantly increased the number of
smaller muscle fibers and muscle mass in mice. In general,
muscle mass is determined by the number and size of muscle
fibers. An increase in the size or cross-sectional area of muscle
cells is deemed muscle hypertrophy, whereas hyperplasia in-
volves an increase in the number of muscle cells (3, 46). Thus,
we concluded that the increased muscle mass observed in
SYISL-KO mice results mainly from muscle hyperplasia rather
than from hypertrophy.

PRC2 is involved in various biological processes, including cell
proliferation, differentiation, stem cell maintenance, and em-
bryonic development, and myogenic differentiation is controlled
by PRC2-mediated pathways (47-49). In undifferentiated myo-
blasts, PRC2 and HDACT are detected in the genomic regions of
silent muscle-specific genes. By contrast, PRC2 dissociates from
muscle-specific gene loci, and then MyoD and SRF are recruited
to chromatin in differentiated myotubes (10). PRC-mediated
gene silencing is mainly dependent on the regulation of EZH2-
mediated H3K27me3 (50-52). In addition, the IncRNAs Xist,
HOTAIR, H19, Chaer, Fendrr, Braveheart, and linc-YYI are in-
volved in the recruitment of PRC2 to the specific regulatory
regions (25, 38, 53, 54). For example, the long intergenic non-
coding RNA HOTAIR recruits PRC2 to specific target genes,
leading to the trimethylation of H3K27 and epigenetic silencing
of metastasis-suppressor genes (55). Linc-YYI interacts with
YY1/PRC2, evicts YY1/PRC2 from target promoters, and acti-
vates the expression of target genes (25). Here, we located
EZH2-binding peaks within the promoters of 36 genes regulated
by SYISL. Functional analysis further confirmed that SYISL re-
cruits PRC2 to the promoters of its target genes and inhibits
their expression through EZH2-mediated H3K27me3. Mean-
while, our results indicated that SYISL is indispensable for the
repression of myogenic gene expression mediated by PRC2.
Previous studies showed that mice with conditional knockout
(cKO) of EZH?2 in satellite cells have reduced muscle mass with
smaller myofibers and compromised muscle regeneration (12),
the opposite of the muscle phenotype of SYISL-KO mice. EZH?2
cKO in mice results in impaired satellite-cell proliferation
characterized by a reduction of Pax7" cells and derepression of
genes expressed in nonmuscle cell lineages (12), which may ac-
count for the reduction of muscle mass and regeneration. In-
terestingly, SYISL-KO mice show significantly increased muscle
fiber density and muscle mass although myoblast proliferation is
partly arrested. We speculate that the increased muscle density
and mass of SYISL-KO mice are mainly caused by the elimi-
nation of SYISL’s inhibition of the expression of myogenic
genes such as MyoG. Indeed, because the SYISL expression
level increases significantly with myogenic differentiation in
normal conditions, SYISL may play more important roles in the
inhibition of myogenic differentiation than in the promotion of
myoblast proliferation by recruiting EZH2 to target gene pro-
moters or other mechanisms. Moreover, full-length SYISL is
required for its physical interaction with EZH2 to repress the
expression of target genes. Recent studies have reported that
secondary and tertiary IncRNA structures might be correlated
with their biological functions and protein-binding potential
(56). Thus, we assume that full-length SYISL may be necessary
for the formation of secondary or higher-order structures to
interact with its binding proteins. Our results supply evidence
that IncRNAs are involved in the PRC2-mediated epigenetic
regulation of myoblast proliferation and differentiation.

Myoblast fusion is also a critical process that contributes to
muscle growth and regeneration and that is controlled by mul-
tiple molecular and signaling pathways, such as the Myomaker,
Kif2, Cav2, Trio, Cdh18, Itgbl, MAPK, Wnt, and calcineurin-
NFATCc2 pathways (57). In this study, the microarray data and
gPCR results showed that SYISL knockdown reduces the ex-
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pression of some myocyte fusion-associated genes, including
Myomaker, -1 integrin, Kif2, Cav2, Trio, Cdh18, and Itgbl. However,
no EZH2-binding peaks exist within the promoters of these genes,
according to the EZH2 and H3K27me3 ChIP-seq data. Addition-
ally, only a subset of genes is coregulated by the SYISL and EZH2
genes. Thus, we hypothesize that during myogenesis SYISL may
regulate the expression of some target genes, particularly genes
related to myoblast fusion, through other mechanisms. IncRNAs
were found to interact with multiple proteins (58). For example, Xist
interacts with 81 proteins from the chromatin-modification,
nuclear-matrix, and RNA-remodeling pathways (59). Similarly,
like PRC2, other unknown proteins may participate in SYISL-
mediated myogenesis. Beyond that, IncRNAs have been shown
to function as miRNA molecular sponges to affect the expression
of miRNA target genes (34). For instance, MALATI has been
identified as a miR-133 molecular sponge (60), and /nc-mg func-
tions as a competing endogenous RNA for miR-125b (29). Bio-
informatics analysis showed the SYISL sequence also contains
multiple potential miRNA-binding sites, such as sites for miR-1,
miR-125, miR-214, miR-133, and miR-124, which are involved in
the regulation of myogenic differentiation (61). Therefore, SYISL
could feasibly exert its function by acting as miRNA sponge.

Compared with protein-coding genes, IncRNAs show lower
conservation across species, especially in their nucleotide se-
quences. However, recent studies have indicated that IncRNAs
exhibit cross-species conservation of their genomic position (62).
For example, LncMyoD is located ~30 kb upstream of the mouse
MyoD gene, and in the human genome a conserved IncRNA
(termed “hLncMyoD”) was identified ~20 kb upstream of the hu-
man MyoD gene (26). Likewise, both human and mouse linc-YY1
are transcribed from the upstream genomic regions of YY1 (25).
Bioinformatics analysis indicated that the human IncRNA
AKO021986 is transcribed from the fourth intron of the SYNPO?2
gene (SI Appendix, Fig. S154). We next analyzed the expression
pattern of AK027986 in human normal tissues using the
AnnoLnc web server and found that AK021986 is highly
expressed in skeletal muscle (SI Appendix, Fig. S15B), a pattern
similar to that of mouse SYISL. In addition, human AK021986 is
mainly expressed in the nuclei of human ES cells and SK.N.SH cells,
as determined using the IncATLAS annotation database (SI
Appendix, Fig. S15 C and D). Recent studies have revealed that
PRC2-binding IncRNAs have distinctive and evolutionarily
conserved sequence features across species (63). Thus, we ana-
lyzed the binding capacity of AK021986 and PRC2 using the
IncPro calculation method (64). Interestingly, human AK021986
shows a higher interaction score with PRC2 than the known
PRC2-binding IncRNA HOTAIR (SI Appendix, Fig. S15E). Con-
sidering the important roles of SYISL in muscle development,
further elucidation of the function and mechanism of AK021986 in
human muscle development will be worthwhile.

In summary, we identify an IncRNA, SYISL, and propose a
mechanistic model to elucidate its role in the regulation of
muscle fiber formation through PRC2-mediated epigenetic si-
lencing (S Appendix, Fig. S16). At the individual animal level,
SYISL cKO in mice leads to increased muscle fiber density and
muscle mass. Mechanistically, on the one hand, SYISL recruits
PRC2 to repress p21 gene expression, resulting in failure to exit
the cell cycle and promotion of myoblast proliferation. On the
other hand, SYISL guides PRC2 to repress the expression of
muscle-specific genes, such as MyoG and Myh4, and restrains
myoblast differentiation. Meanwhile, SYISL increases the rate of
myocyte fusion by other unknown mechanisms.

Materials and Methods

The IncRNA SYISL was screened using microarray analysis, and its function
was identified by gene overexpression and interference experiments in
myoblasts. SY/SL-KO mice were generated using the CRISPR/Cas9 system.
Muscle fiber and regeneration phenotypes were measured to verify the
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effects of SYISL on myogenesis. Animal experiments were conducted based
on the National Research Council Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use Committee
at Huazhong Agricultural University. The molecular mechanism by which
SYISL regulates target gene expression was examined by RIP, RNA pulldown,
ChIRP, ChIP, and other methods. See S/ Appendix for detailed information.
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