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Analysis of LncRNA expression in cell differentiation
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ABSTRACT
Lineage-specific cell differentiation is a precise and coordinated biological process. To explore the roles of
long noncoding RNA (lncRNA) in this process, the expression of polyA-minus RNAs was comparatively
studied during the course of myocyte and adipocyte differentiation. In addition to identifying thousands
of novel lncRNAs, distinct lncRNA profiles were revealed during lineage-specific differentiation, showing
their active involvement in this process. This study further found that lncRNAs were organized in clusters
and are co-regulated, constituting transcription open domains (TODs). In myocyte differentiation of C2C12
cells, loss-of-function screening identified three myogenic lncRNAs. Knockdown of their expression
compromised not only the differentiation process, but also the essential signaling pathway. In addition to
showing that lncRNAs are actively involved in cell differentiation, our results start to reveal a
comprehensive signaling pathway, involving both protein and lncRNA factors.

KEYWORDS
lncRNA; Differentiation;
Myogenesis; Adipogenesis

Introduction

During development of the multicellular organism, lineage-specific
cell differentiation is an essential cellular process. The differentia-
tion of tissue-specific stem cells involves increased restriction in
proliferation capability, culmination in cell-cycle exit and finally
terminal differentiation. Precise coordination of this process
involves diverse cellular factors and their interactions [1].

Myocyte and adipocyte differentiation are two robust model
systems for cell differentiation. Over the past decades, studies have
focused on characterization of involved protein factors, leading to
the establishment of discrete signaling pathways [2,3]. In the case
of myocyte differentiation, this process is regulated mainly by mas-
ter transcriptional factor MyoD, and involves multiple myogenic
factors such as Myf5, myogenin, MRF4, and Mef2 [4].

More recently, emerging evidence has proposed that lncRNAs
are involved in the regulation of muscle development, through a
variety of molecular mechanisms occurring either in the nucleus
or cytoplasm. Within the nucleus, enhancer RNAs (eRNAs) CE

and DRR can induce the expression of MyoD or MyoG, which can
function in cis or in trans [5]. LncRNA SRA acts as a transcrip-
tion activator for MyoD, p68 and p72 [6]. LncRNAs H19 and
Glt-Meg3 interact with the PRC2 complex to modulate their tar-
get genes [7–9]. While in the cytoplasm, Linc-MD1 functions as
a microRNA sponge to inhibit mRNA degradation of two tran-
scription factors MAML1 and MEF2c, mediated by miR-133
and miR-135 [10]. Short interspersed element (SINE) containing
lncRNAs can bind to the UTR regions of Cdc6 and Traf6
mRNAs and promote their decay at different stages of muscle

differentiation [11]. Furthermore, aberrant expression of these
lncRNAs may lead to severe muscular disorders, demonstrating
their physiological and pathological relevance [12–15].

Despite current progress in this field, we are still at the begin-
ning of ‘an era of noncoding RNA’. The roles of lncRNAs in var-
ious biological processes, particularly cell differentiation, remain
to be elucidated. For example, most of the characterized
lncRNAs are polyadenylated RNAs due to the limitation of stan-
dard experimental design. Therefore, the present study aims to
characterize polyA-minus RNA expression and regulation, spe-
cifically in the differentiation of C2C12 and 3T3-L1 cells.

Results

The expression patterns of lncRNA in myogenesis
and adipogenesis

To characterize the polyA-minus lncRNAs in cell differentia-
tion, myocyte differentiation of C2C12 cells and adipocyte dif-
ferentiation of 3T3-L1 cells were comparatively investigated.
C2C12 cells derived from murine satellite cells and when
treated with horse serum, are capable of undergoing spontane-
ous myocyte differentiation [16] (Fig. S1). Mouse 3T3-L1 cell
line, established in 1974, is the most used model system for in
vitro adipogenesis [17]. When treated with a hormone cocktail
consisting of 3-isobutyl-1-methyxanthine, dexamethasone and
insulin, the cells readily differentiate into adipocytes.

To resolve the temporal regulation of lncRNA expression,
several critical time-points were examined, representing the
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proliferating blast cells, the differentiating cells, and the lineage-
specific mature cells. For convenience, the day of differentiation
induction is indicated as day(0).

In myocyte differentiation, cell samples were collected at day
(0), day(3) and day(5); while in adipocyte differentiation, sam-
ples were collected at day(0), day(14) and day(21). After total
RNAs extraction, a reverse enrichment procedure was per-
formed to isolate polyA-minus lncRNA components [18].
These samples were then subjected to RNA sequencing using
the illuminaHiSeqTM2000 platform.

For myocyte differentiation published in our earlier study
[18], a total of 98.3 million reads were obtained, comprising
33.1 million reads from myoblasts, 31.7 million reads from dif-
ferentiating myocytes, and 33.5 million reads from mature
myocytes. Using TopHat software [19], 62.3 million reads
(63%) were successfully mapped to the mouse genome
(NCBI37/mm9). After filtering out rRNAs and repeated
sequences, a high-confidence data set comprised of 49.4 million
uniquely mapped reads was obtained. 19% of the reads were
mapped to exons of Refseq genes, and the remainder were
mapped to non-coding regions.

To define the boundaries of these intergenic transcripts,
read-assembly was performed according to the following crite-
ria: a maximum spacing between two neighboring reads of 150
nucleotides and a minimum of 10 mapped reads within a geno-
mic region. This led to the identification of 856 intergenic
lncRNAs in myocyte differentiation (Table S1), occupying
0.0461% of the mouse genome. Coding potentials of these
sequences were examined by CPC2 program and are presented
in Table S2.

When the same procedure was performed with the sequenc-
ing data of 3T3-L1 cells, 600 intergenic lncRNAs were identi-
fied, occupying 0.0077% of the genome (Fig. S3b; Fig. 1b;
Table S3 & S4).

LncRNA profiles in lineage-specific differentiation

When all of the lncRNAs were aligned to the mouse genome
side by side, distinct distribution profiles were revealed (Fig. 2).
For example in adipocyte differentiation, 59.3% (359) of the
transcripts were mapped to a 10.3 Mbp region in chromosome
10, leading to the identification of a novel adipogenic lncRNA
slincRAD as reported in our previous study (Yi 2013). However,

during myocyte differentiation, the most heavily distributed
chromosome is chromosome 15, followed by chromosome11,
4, 2, 1, 10, 16 and 13. Thus, 134 lncRNAs were mapped to chro-
mosome 15 in myocyte differentiation, occupying 0.1912% of
the sequence; however, only 9 adipogenesis lncRNAs, occupy-
ing 0.0017% of the sequence, were mapped to this chromo-
some. Interestingly, among the thousands of independent
lncRNAs, only 39 (6%) lncRNAs were commonly expressed in
both differentiation setting, while 94% of the lncRNAs were
specifically expressed in only one of the two closely related dif-
ferentiation processes. Therefore, this study has revealed novel
lncRNA profiles specific to each differentiation process.

To explore the spatial distribution of the lncRNAs, sequenc-
ing reads were further analyzed by means of cumulative distri-
bution curve and probability density analysis (Fig. S4). Given
the criterion that the maximum spacing of 100 kb between two
neighboring lncRNAs and no less than three lncRNAs in each
cluster, 573 lncRNAs (38%) were found to be distributed in 32
gene clusters (Fig. 3 & Table S5). 28 gene clusters were identi-
fied in myocyte differentiation and 4 gene clusters were identi-
fied in adipocyte differentiation. The genomic proximity of the
clustered lncRNAs and their lineage-specific co-regulation sug-
gest that they are regulated under a common transcription pro-
gram, in each differentiation processes. This led to our
hypothesis that they may form transcription open domains
(TODs).

Regulated expression of lncRNAs

The expression of lncRNAs was examined in terms of dif-
ferentiation stages. During the course of myocyte differenti-
ation, the expression of 664 (73.5%) lncRNAs were found
to be temporally regulated. Among them, consistent up-reg-
ulation of 103 lncRNAs were identified (Fig. 4a). Relative to
myoblasts, 242 lncRNAs were up-regulated and 297
lncRNAs were down-regulated in the differentiating myo-
cytes. When the cells progressed further into mature myo-
cytes, 136 lncRNAs were up-regulated and 368 were down-
regulated. Three lncRNAs overlapping the linc-MD1 locus
were identified (Fig. 4c).

When the same analyses were performed on adipocyte dif-
ferentiation, we found that 558 (93%) lncRNAs were tempo-
rally regulated (Fig. 4b). Relative to pre-adipocytes, 93
lncRNAs were up-regulated and 232 lncRNAs were down-reg-
ulated in the differentiating adipocytes. Contrastingly in the
mature adipocytes, 461 lncRNAs were up-regulated and 58
lncRNAs were down-regulated.

Under further detailed examination of their regulation, we
found that the early expressed lncRNAs reside mainly on chro-
mosome 15. Moreover, the most up-regulated lncRNAs were
found on chromosome 1, 8, 11 and 15 with the highest up-reg-
ulation on chromosome 15.

To corroborate their relevance to differentiation, differentia-
tion-specific protein factors were identified and mapped to
chromosomes. These included 114 myogenesis-relevant protein
factors and 182 adipogenesis-relevant protein factors (Table S6
& S7). As shown in Fig. S5, these protein factors were found to
reside within or close to the lncRNA clusters, lending further
support to the hypothesis of TODs.

Figure 1. Mapping profile of the sequencing reads in myocyte differentiation of
C2C12 cells.
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LncRNA functions in myocyte differentiation

To investigate their functions with a RNAi assay, the lncRNAs
were first categorized into nine subgroups in terms of their dif-
ferential regulation during the differentiation (Fig. S3c). Due to
the gene silencing property of RNAi, the subgroup that was
steadily up-regulated in the differentiation process was chosen
for further study. Other criteria used to obtain the candidate
lncRNAs are: high expression levels and proximity to critical
protein factors in chromosome distribution. This led to a can-
didate set of 73 lncRNAs (Table S8).

For each lncRNA, its transcription orientation was first
determined, using strand-specific RT-PCR (Table S9 & S10).
Then, gene-specific siRNAs were transfected into C2C12 cells,
on day(¡1) (Table S11). On day(0), the cells were induced into
myocyte differentiation, to determine lncRNAs effects on myo-
cyte differentiation.

Five days after induction, differentiation of the cells was
examined by MHC, Hoechst 33342 staining and EdU assays.
The gene silencing efficacies were examined by real time PCR
relative to scrambled siRNA controls (Table S11). Phenotypic
assays revealed four phenotypes, in terms of the effects of
siRNAs on cell proliferation and differentiation (Figs. 5, 6 &

Fig. S6). For 27 lncRNAs, including myo18 and myo77,
knockdown of their expression compromised both cell prolif-
eration and differentiation, shown by the decreased cell num-
bers and MHC staining. For another 29 lncRNAs, including
myo351, myo432, myo498 and myo586, knockdown of their
expression compromised cell differentiation but not prolifera-
tion. For 10 lncRNAs, including myo40 and myo743, knock-
down of their expression did not affect cell proliferation,
however enhanced cell differentiation. For the remaining 7
lncRNAs, including myo90 and myo306, knockdown of their
expression had no effects on either proliferation or differenti-
ation of the cells.

It has been shown that prior to terminal differentiation,
myoblast cells proliferate for a few rounds to increase cell
population size. Accordingly, our results clearly identified
two groups of lncRNAs that function specifically in the pro-
liferation or differentiation process. When a lncRNA func-
tioning in cell proliferation was repressed, both
proliferation and differentiation was affected. Contrastingly,
when a lncRNA functioning in cell differentiation was
repressed, only differentiation was affected. Interestingly,
silencing of a few lncRNAs led to enhanced adipocyte
differentiation.

Figure 2. Differentiation-specific profiles of lncRNAs. LncRNAs identified in myocyte and adipocyte differentiation are aligned on mouse chromosomes side by side.
LncRNAs obtained from myocyte differentiation are labeled in blue, lncRNAs from adipocyte differentiation are labeled in red.

RNA BIOLOGY 415



LncRNA expression in vivo

To explore their regulation in vivo, tissue expression profiles of 9
lncRNAs were examined in mouse, including myo18, myo25,
myo77, myo351, myo432, myo586, myo636, myo663 and
myo859. As expected, all the lncRNAs were found to express in
mouse skeletal muscles, except for myo25 (Fig. 7a). While

Myo432, myo586, myo636, myo663 and myo859 were similarly
expressed in all the tissues, tissue-specific expression was found
for myo18, myo77 and myo351 (Fig. S7). Similar to that of
MyoD, myogenin and MyHC [20], the expression of myo18 was
only identified in skeletal muscle, suggesting it is a skeletal mus-
cle-specific lncRNA. In contrast, the highest expression of
myo351 was identified in skeletal and heart muscles. For myo77,

Figure 3. The clustered distribution of lncRNAs. (a) The position and the cumulative distribution curve of lncRNAs in myocyte differentiation of C2C12 (blue) and adipo-
cyte differentiation of 3T3-L1 (red). Kolmogorov-Smirnov test was performed. �P< 0.1; ��P< 0.05; ���P< 0.001. (b, c) The pairwise distance of lncRNAs of C2C12 and 3T3
cells. LncRNA clusters are shown as red blocks inside the matrix.
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the highest expression level was found in lung, followed by skele-
tal muscle and heart. As a reference, a previously reported myo-
genic lncRNA Linc-MD1 was also examined in this assay.

To corroborate their in vivo activities, the expression of
myo18, myo77 and myo351 were further examined with dys-
trophic mdx mice. Carrying a point mutation in dystrophin
gene, mdx mice is a most used model system to investigate
muscle degeneration and regeneration in Duchenne Muscular
Dystrophy. Compared to wild-type controls, mdx mice dis-
played significantly decreased myo77 and myo351 levels in the
muscle. However, comparable myo18 levels were observed in
wild-type and mdx mice (Fig. 7b). Taken together, this led to
the identification of three novel myogenic lncRNAs.

Functional mechanism of myogenic lncRNAs

To pursue their functional roles, the expression of these
lncRNAs was further investigated during the course of myocyte
differentiation using qRT-PCR (Table S12). While the levels of
myo77 remained relatively stable throughout differentiation,
myo18 and myo351 increased steadily during this process,
showing an inducible property (Fig. 8a).

We next examined their effects on the expression of the
major myogenic factors, including MyoD, Mef2a, Myogenin
and MHC. Compared to the untreated C2C12 cells, silencing
the expression of myo18 led to down-regulation of all the fac-
tors while the knockdown of myo77 and myo351 only affected
the expression of myogenin and MHC (Fig. 8b).

As LncRNAs function through distinct molecular mecha-
nisms occurring either in the nucleus or cytoplasm,

understanding their cellular distribution may shed light on
their functional roles [21–23]. Accordingly, subcellular localiza-
tion of myo18, myo77 and myo351 were examined in myo-
blasts and differentiated myocytes. In myoblasts, these
lncRNAs were found to localize mainly within the nucleus.
However, when differentiation proceeded toward the terminal
stage, myo18 and myo351 were found to translocate from the
nucleus to the cytoplasm. In contrast, myo77 remained within
the nucleus throughout the differentiation process (Fig. 8c).

Additionally, the expression and cellular location of Linc-
MD1 were also resolved. Our study showed that: Linc-MD1
was expressed in the differentiated myocytes but not the myo-
blasts. Also a nucleus-specific localization was revealed for
Linc-MD1 transcripts (Fig. 8c).

Discussion

Higher-order chromatin structure emerges as an important issue
in DNA replication and gene expression. While early studies
have revealed discrete chromosome territories in interphase
nuclei, recent studies have reported that each chromosome is
comprised of multiple distinct topological associated domains
(TADs) [24]. With an average size of one million base pairs,
TADs are stable in diverse cell types and evolutionarily con-
served in relevant species. Thus, they are regarded as the basic
units of DNA replication and chromosome organization [25].
Interestingly, functionally relevant genes such as cytochrome
genes, olfactory receptors, and protocadherin genes, are found to
be organized into individual TADs, implying that they are tran-
scriptionally co-regulated in particular cellular processes [26].

Figure 4. Expression regulation of lncRNAs. (a) Venn diagram analysis showing the regulation of lncRNA in the differentiation of C2C12 cells. (b) Venn diagram analysis
showing the regulation of lncRNA in the differentiation of 3T3-L1 cells. (c) Expression profile of 856 myogenesis-associated lncRNAs. X axis, FPKM values of the lncRNAs in
myoblasts; Y axis, FPKM values of the lncRNAs in the differentiated myocytes. Three transcripts overlapping with Linc-MD1 are indicated by red.
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Despite this progress, another essential issue regarding the
functional units of chromosome structure remains to be resolved.
Accordingly, the intriguing findings in the present study are that:
(1) lineage-specific lncRNAs are distributed in clusters, within dis-
tinct genomic domains; (2) these gene clusters are transcriptionally
co-regulated in cell differentiation, and thus named TODs; (3) dis-
tinct TODs are involved in lineage-specific differentiation.

Among the thousands of intergenic lncRNAs identified in
myocyte and adipocyte differentiation, only 39 common lncRNAs
were characterized. The other 94% lncRNAs were found to express
only in one of the two differentiation processes. Thus, for the first
time, our study presents lineage-specific profiles of non-polyade-
nylated lncRNAs. This will help to establish a comprehensive reg-
ulation network involving both protein factors and lncRNAs.

Furthermore in myocyte differentiation, our study revealed
two functional categories of lncRNAs. Knockdown of their
expression led to proliferation or differentiation-specific phe-
notypes. In addition to these findings, three myogenic lincR-
NAs were characterized. Inhibiting their expression interfered
with not only the differentiation process, but also the myogenic
signaling pathway. In support of this finding, abnormal expres-
sion of these lncRNAs was also characterized in mdx mice.

In the present study, distinct lncRNA profiles were char-
acterized in lineage-specific cell differentiation, showing that
they are actively involved in these processes. Interestingly,
some of them are organized in clusters and co-regulated
during differentiation. Further examination of myocyte dif-
ferentiation identified three myogenic lncRNAs. Knockdown

Figure 5. Characterization of functional lncRNAs by RNAi screening. Cultured C2C12 cells were transfected by lncRNA-specific siRNA on day(¡1). Differentiation induction
was performed on day(0). On day(+5), the cells were collected, examined by immunofluorescence staining of MHC and Hoechst 33342staining. Ctrl (GM), cells cultured in
growth medium without siRNA treatment and induction. Scrambled siRNA, cells treated by a scrambled siRNA and then subjected to induction. lncRNA in red, down-reg-
ulation of the lncRNA led to decreased cell number and compromised MHC expression, relative to scrambled siRNA treatment. lncRNA in blue, down-regulation of the
lncRNA had no effect on cell number, and led to compromised MHC expression. lncRNA in green, down-regulation of the lncRNA had no effect on cell number, however
led to enhanced MHC expression. lncRNA in black, down-regulation of the lncRNA had no effect on both cell number and MHC expression.
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of their expression compromised not only the differentia-
tion process but also the essential signaling pathway.

Materials and methods

Ethics statement

Animals were maintained in the Center of Experimental
Animals at Peking University. All procedures involving ani-
mals were performed in accordance with protocols
approved by the Committee for Animal Research of Peking
University.

Oligonucleotides

DNA oligonucleotides were purchased from Invitrogen
(Beijing, China). RNA oligonucleotides were from RiboBio
(Guangzhou, China).

Myocyte differentiation

At a subconfluent density, C2C12 myoblasts were maintained
in growth medium (GM) consisting of DMEM supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin/strepto-
mycin (Gibco). To induce myogenic differentiation, the cells of

Figure 6. High content screening. Cultured C2C12 cells were transfected by lncRNA-specific siRNA on day(¡1), induced to myocyte differentiation on day(0), and col-
lected on day(+5) for analysis. Cell nucleus and MHC expression were detected by Hoechst 33342 and immunofluorescence staining. Data analysis was performed using a
High Content Imaging System. Ctrl(GM), cells cultured in growth medium without siRNA treatment and induction. Scrambled, cells treated by a scrambled siRNA and
then subjected to induction. X axis, lncRNA code; Y axis, the value of fusion index and nucleus number relative to that of scrambled siRNA-treated cells. Data are pre-
sented as mean§ SD; three independent assays were performed in triplicate. Student t test was performed (�,P< 0.05; ��, P < 0.01).
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»80% confluence were switched to differentiation medium
(DM) consisting of DMEM supplemented with 2% horse serum
(Invitrogen) and 1% penicillin/streptomycin, at day(0). Then,
the culture medium was replaced by fresh differentiation
medium daily. Myoblasts were collected at day (0), differentiat-
ing myocytes were collected at day(+3), and matured myocytes
were collected at day(+5).

Adipocyte differentiation and oil red O staining

3T3-L1 pre-adipocytes were grown at a subconfluent density, in
DMEM supplemented with 10% bovine serum. Two days after
the cells reached confluence on day(0), they were induced to
differentiate by changing the culture medium to DMEM sup-
plemented with 0.5 mM 3-isobutyl-1-methyxanthine (Sigma),
1 mM dexamethasone (Sigma) and 167 nM insulin (Sigma). At
the end of day(+1), culture medium was replaced with DMEM
supplemented only with 167 nM insulin. At the end of day(+3),
insulin was withdrawn and the cells were allowed to grow in
DMEM throughout the rest of the differentiation. Preadipo-
cytes were collected at day(¡1), the differentiating adipocytes
were collected at day(+13), and mature adipocytes were col-
lected at day(+20).

Oil Red O staining was performed to monitor the progres-
sion of adipocyte differentiation. Briefly, the cells were washed
three times with ice-cold PBS and fixed in 3.7% formaldehyde
for 2 min, then incubated with Oil Red O reagent for 1 h at
room temperature and washed with water. Oil red O reagent
(0.5%) was prepared in isopropanol by mixing with water at a
3:2 ratio and filtering through a 0.45-mm filter. The stained fat
droplets in the cells were visualized by light microscopy and
photographed.

RNA preparation and sequencing

Total RNAs were isolated using the TRIzol reagent (Sigma-
Aldrich). To isolate polyA-minus RNA components, eight
micrograms of purified total RNAs were subjected to sequential
depletion of rRNA, mRNA and short RNA species with an
rRNA depletion kit (Jianchengda Inc., Beijing), resulting in
pools of polyA-minus RNA. cDNA libraries were prepared
starting from 2 mg of polyA-minus RNA, using random hex-
amer priming (Invitrogen). Sequencing libraries were prepared
according to the single-end sample preparation protocol, and
were sequenced using Illumina HiSeqTM 2000 Sequencing Sys-
tem by Berry Genomics Inc (Beijing, China).

Using TopHat program (v1.2.0), the sequencing reads were
mapped to the mouse reference genome (NCBI37/mm9). The
mapped reads were then filtered against the RepeatMask and
Ensembl gene sets, leading to the identification of novel intergenic
transcription regions. To evaluate the coding potential of each tran-
scription region, a CPC (coding potential calculator) assay was per-
formed. For each transcription region, an FPKM value was
calculated to quantify its expressional abundance and variations,
using cufflinks v1.0.3.

RNAi screening

C2C12 cells were seeded in 12-well dishes one day before transfec-
tion. After the cells reached »50% confluence, individual siRNA
against lncRNA or scrambled control siRNA were transfected at a
final concentration of 40 nM in growth medium, using Lipofect-
amine RNAimax (Invitrogen). After the cells reached »80% con-
fluence, they were induced to myogenic differentiation by
replacing growthmedium to differentiationmedium.

Figure 7. Cellular distribution of lncRNAs. (a) Using RT-PCR, the expression of lncRNAs and protein factors were determined in WT mouse tissues. (b) LncRNA expression
was examined by RT-PCR in skeletal muscles, derived from WT and mdx mice.
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Immunofluorescence and high content screening assays

Prior to the assays, C2C12 cells grown in 12-well dishes were
transfected with 40 nM siRNA, and cultured for 5 days in dif-
ferentiation medium. Then the cells were fixed in 4% formalde-
hyde (Thermo Scientific) for 15 min, permeabilized in 1%
Trioton X-100 (Thermo Scientific) for 15 min, blocked in 1%
Albumin Bovine V (Amresco, USA) for 10 min, and incubated
in monoclonal anti-myosin antibody solution (1:400; Sigma-
Aldrich) for 2 h at 37�C. Then, the cells were washed with PBS
and incubated with anti-mouse IgG-FITC antibody solution
(1:50; Sigma-Aldrich) for 1 h at 37�C. Following this, the cells
were washed again with PBS, stained the cells with Hoechst
33342 (Mac gene, China) for 20 min, and mounted. To assess
myogenic differentiation, the number of Hoechst 33342-stained
nuclei within the myosin positive cells (multinucleated cells,
i.e., �2 nuclei) was determined and expressed as a percentage
of the total number of nuclei analyzed per image. Immunofluo-
rescence images were captured using Operetta High Content
Imaging System (PerkinElmer, USA), and analyzed by

Columbus Image Data Storage and Analysis System (Perki-
nElmer, USA).

Semi-quantitative RT-PCR and real-time qRT-PCR assay

Total RNA was isolated using TRIzol reagent (Sigma-Aldrich),
from C2C12 cells or mouse tissues. Using PARISTM Kit Protein
and RNA Isolation System (Ambion, Grand Island), isolation of
cytoplasmic and nuclear RNA was performed according to the
manufacturer’s instructions. cDNAs were synthesized with
lncRNA-specific (Tiangen, Beijing) for determination of transcrip-
tion orientation or random primer (Takara, Japan) for quantifica-
tion and reverse transcriptase TIANScript M-MLV (Tiangen,
Beijing, China). Semi-quantitative PCR amplification was carried
out with a TC-5000PCR Thermal Cycler (TECHNE, UK), and
PCR products were checked on 2% agarose gel. Real time qRT-
PCR was performed with a Stratagene Mx3005P qPCR Systems
(Agilent Technologies) using GoTaq® qPCR Master Mix (Prom-
ega). Relative expression levels were calculated by the comparative

Figure 8. Cellular functions of lncRNAs. (a) Using qRT-PCR, the expressional profiles of myo18, myo77 and myo351 were established at specific stages in the differentia-
tion. Expression levels are shown as fold-changes relative to that of day(0). (b) Effects on the major myogenic factors. The expression of MyoD, Mef2a, Myogenin and
MHC were measured in siRNA-transfected cells. Gene-silencing activity was calculated relative to that of scrambled siRNA-treated cells. Data are presented as mean §SD.
Student t test was performed; �P< 0.05; ��P< 0.01; ���P< 0.001. (c) Cellular distribution of lncRNAs. Using RT-PCR, lncRNA levels were determined in myoblasts or differ-
entiated myocytes. Total RNA samples, nuclear (nuc) and cytoplasmic (cyt) RNA fractions were individually examined. U6 snRNA and GAPDH mRNA were include as
references.
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threshold cycle (DDCT) methods, using 18s rRNA as an internal
control. Primer sequences are listed in Supplementary Table.

Statistical analysis

All the experiments were repeated for at least three times. Sta-
tistical analysis was performed with GraphPad Prism (version
6) and MATLAB R2016b. Data were analyzed by 2-tailed Stu-
dent’s t test, and presented as means § SD. P<0.05 was consid-
ered statistically significant.

Abbreviations

DM differentiation medium
FPKM Reads Per Kilobase of per Million mapped reads
GM growth medium
lncRNA long noncoding RNA
lincRNA long intergenic noncoding RNAs
MHC myosin heavy chain
siRNA small interference RNA.
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