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Linc-RAM is required for FGF2 function in regulating myogenic cell differentiation
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ABSTRACT
Myogenic differentiation of skeletal muscle stem cells, also known satellite cells, is tightly orchestrated by
extrinsic and intrinsic regulators. Basic fibroblast growth factor (FGF2) is well documented to be implicated
in satellite cell self-renewal and differentiation by repressing MyoD. We recently identified a MyoD-
regulated and skeletal muscle-specifically expressed long non-coding RNA Linc-RAM which enhances
myogenic differentiation by facilitating MyoD/Baf60c/Brg1 complex assembly. Herein, we investigated the
transcriptional regulation and intracellular signaling pathway in mediating Linc-RAM gene expression
during muscle cell differentiation. Firstly, we demonstrate Linc-RAM is negatively regulated by FGF2 via
Ras/Raf/Mek/Erk signaling pathway in muscle cells. Overexpression of MyoD significantly attenuates
repression of Linc-RAM promoter activities in C2C12 cells treated with FGF2. Knockout of MyoD abolishes
FGF2-mediated repression of Linc-RAM gene transcription in satellite cells sorted from skeletal muscle of
MyoD¡/¡;Pax7-nGFPmice, suggesting inhibition of MyoD is required for FGF2-mediated expression of Linc-
RAM. For the functional significance, we show that overexpression of Linc-RAM rescues FGF2-induced
inhibition of C2C12 cell differentiation, indicating inhibition of Linc-RAM is required for FGF2-mediated
suppression of myogenic differentiation. Consistently, we are able to further corroborate the requirement
of Linc-RAM inhibition for FGF2-modulated repression of myogenic differentiation by using an ex vivo
cultured single fiber system and satellite cells sorted from Linc-RAM¡/¡;Pax7-nGFP knockout mice.
Collectively, the present study not only reveals the intracellular signaling in FGF2-mediated Linc-RAM
gene expression but also demonstrate the functional significance of Linc-RAM in FGF2-mediated muscle
cell differentiation.
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Introduction

Satellite cells are resident adult skeletal muscle stem cells that
are the indispensable primary contributors to skeletal muscle
regeneration [1]. In resting muscle, satellite cells are normally
quiescent; in response to stress or injury, however, they acti-
vate, proliferate, and either differentiate or self-renew to replen-
ish the quiescent stem cell pool [2]. Thus, the differentiation
potential and reversible quiescence of satellite cells are critical
for their functions in regulating postnatal muscle growth,
regeneration, and tissue homeostasis.

These processes are tightly orchestrated by extrinsic cues
from the stem cell niche and by intrinsic regulators, including
intracellular signaling components and transcriptional factors
[3]. The critical extrinsic signals include fibroblast growth fac-
tors (FGFs), Wnt7a, Notch ligands, transforming growth fac-
tor-b (TGF-b), brain-derived neurotrophic factor (BDNF),
mechano-growth factor (MGF), hepatocyte growth factor
(HGF), and insulin-like growth factor 1 (IGF-I) [3–11]. These
extrinsic factors act on multiple intracellular signaling path-
ways to modulate the self-renewal, proliferation and differenti-
ation of satellite cells. FGFs, which are essential for skeletal
muscle stem cell self-renewal, inhibit the expressions of myo-
genic differentiation genes, such as those encoding myogenic

differentiation 1 (Myod1, MyoD) and myogenin (MyoG)
[12]. Satellite cells express high levels of FGF receptors 1 and 4
[13,14]. Of the multiple FGFs, FGF2, also known as basic FGF
(bFGF), has been well documented as a potent regulator of sat-
ellite cell function [5,15]. FGF2 regulates satellite cell function
by activating multiple intracellular signaling pathways, includ-
ing Erk MAPK, p38a/bMAPK, PI3 kinase, PLCg, and STATs
[16–20]. Interestingly, FGF2 appears to facilitate satellite cell
division and muscle regeneration in dystrophic mice [21], and
the transgenic delivery of FGF2 and FGF6 to damaged muscle
has been shown to enhance their regeneration in mice [22].
However, the downstream target genes responsible for the
FGF2-mediated regulation of satellite cell behavior have not yet
been fully elucidated.

A growing number of evidence show that miRNAs play crit-
ical role in regulating satellite cell functions [23]. miR-1 and
miR-206 regulate satellite cell differentiation by repressing
Pax7 [24]. miR-27a, which is expressed in differentiating skele-
tal muscle of the embryonic myotome and in activated SCs of
adult muscles, promotes satellite cell differentiation by target-
ing Pax3 [25]. We recently demonstrated that miR-431 regu-
lates satellite cell heterogeneity by refining Pax7 expression
[26]. Moreover, miR-127, which is encoded by the same
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miRNA cluster as miR-431, was shown to accelerate muscle
regeneration and ameliorate muscular dystrophy by enhancing
satellite cell differentiation via the targeting of sphingosine-1-
phosphate receptor 3 (S1PR3) in mice [27].

lncRNAs, which are defined as being> 200 nt in length,
often show spatiotemporally restricted expression patterns and
have been functionally implicated in cell lineage specification
and differentiation during development. For example, the
brain-specific lncRNA, RMST, regulates neural fate by physi-
cally interacting with Sox2 [28], and the heart-expressed
lncRNA, Braveheart, is required for cardiovascular lineage
commitment [29]. Several skeletal muscle-expressed lncRNAs
have been reported to control myogenic cell differentiation. For
instance, Linc-MD1 functions as a competing endogenous
RNA [30], and Linc-YY1 interacts with Yin Yang 1 (YY1) to
regulate target gene expression [31]. The upstream regulatory
region of the MyoD gene encodes several muscle-specific
lncRNAs that positively regulate myogenic lineage differentia-
tion, including eRNA [32], LncMyoD [33], and MUNC [34].
We recently identified a skeletal muscle-specifically expressed
and MyoD-regulated lncRNA Linc-RAM (Linc-RNA Activator
of Myogenesis) that functionally enhances myogenic cell differ-
entiation by interacting with MyoD to facilitate assembly of the
SWI/SNF chromatin-remodeling complex at myogenic gene
promoters [35]. However, the upstream triggers and intracellu-
lar signaling involved in the MyoD-mediated regulation of
Linc-RAM gene expression during muscle cell differentiation
remained unexplored. Here, we demonstrate that transcription
of the MyoD-regulated Linc-RAM is repressed by FGF2 via the
Ras/Raf/Mek/Erk signaling pathway. Furthermore, we provide
ex vivo and in vivo data showing that Linc-RAM is functionally
required for the FGF2-controlled differentiation of satellite
cells.

Results

Linc-RAM is negatively regulated by FGF2 in muscle cells

We recently identified a muscle-specifically expressed and
MyoD-regulated lncRNA Linc-RAM and reveal that functional
significance in enhancing myogenic cell differentiation [35].
Here, we set out to identify the upstream regulators and
intracellular signaling pathways of the MyoD-mediated tran-
scriptional regulation of Linc-RAM during muscle cell differen-
tiation. To this end, we grew C2C12 cells in differentiation
medium (DM) in the presence or absence of various cytokines,
including basic fibroblast growth factor (FGF2), insulin-like
growth factor 1 (IGF-1), transforming growth factor beta
(TGF-b), and myostatin (MSTN) [5,12,36,37]. Expressional
analysis of Linc-RAM in treated cells at various time points
revealed that only FGF2 affected the expression of Linc-RAM
gene expression, which was remarkably reduced in FGF2-
treated C2C12 cells cultured in DM (Fig. 1A). The expression
levels of MyoD and MyoG, two downstream targets of FGF2
signaling, were assayed as positive controls (Fig. 1A). To vali-
date the FGF2-mediated down-regulation of Linc-RAM in mus-
cle cells, satellite cells were flow cytometrically sorted from the
skeletal muscles of Pax7-nGFP knock-in mice, and then cul-
tured in the presence or absence of FGF2. Consistent with the

data obtained in C2C12 cells, FGF2 treatment significantly
decreased the expressions of Linc-RAM, MyoD, and MyoG
while increasing the level of Pax7 in the tested satellite cells at
24 hr (Fig. 1B) and 48 hr (Fig. 1C) post-treatment. To provide
molecular evidence of the ability of FGF2 to down-regulate
Linc-RAM transcription, we performed luciferase reporter
gene assays driven by the Linc-RAM promoter [35] in differen-
tiating C2C12 cells cultured in the presence or absence of
FGF2. MyoD and MyoG promoter-reporter genes were used as
positive controls. As shown in Fig. 1D, Linc-RAM promoter
activity was significantly blocked in the FGF2-treated cells.
Together, our data indicate that transcription of Linc-RAM is
negatively regulated by FGF2 in muscle cells.

FGF2 regulates Linc-RAM gene expression via the Ras/Raf/
Mek/Erk signaling pathway

Next, we investigated intracellular signaling pathway involved
in the FGF2-mediated repression of Linc-RAM gene expression
in muscle cells. Given the critical role of the Ras/Raf/Mek/Erk
cascade in the FGF2-regulated expression of myogenesis-spe-
cific genes [38,39], we hypothesized that this pathway could
control the FGF2-mediated repression of Linc-RAM gene
expression during myogenic differentiation. To test this possi-
bility, we treated C2C12 cells with the Mek inhibitor, PD98059,
followed by FGF2, and analyzed Linc-RAM expression. As
shown in Fig. 2A, the FGF2-induced phosphorylations of Mek
and Erk were significantly blocked by PD98059, as was the
FGF2-mediated repression of Linc-RAM gene expression
(Fig. 2B). The expressions of MyoD and MyoG were examined
as controls (Fig. 2B). To corroborate these observations, we
performed promoter-reporter assays in C2C12 cells treated
with PD98059 followed by FGF2. As shown in Fig. 2C, FGF2
significantly reduced Linc-RAM- and MyoD-promoter-depen-
dent luciferase activities, but PD98059 pretreatment signifi-
cantly rescued these effects of FGF2 (Fig. 2C). Our findings
suggest that FGF2 regulates Linc-RAM gene expression via the
MEK/Erk signaling pathway. To test whether Ras/Raf kinase
activity was required for the FGF2-induced repression of Linc-
RAM expression during differentiation, we treated C2C12 cells
with S-farnesylthioacetic acid (FTA, a Ras inhibitor) or
GW5074 (GW, a Raf inhibitor) in the presence or absence of
FGF2. Indeed, the inhibitions of Ras and Raf both significantly
attenuated the FGF2-mediated suppressions of Linc-RAM,
MyoD, and MyoG gene expression (Fig. 2D, E), suggesting that
FGF2 negatively regulates Linc-RAM expression via the Ras/
Raf signaling pathway. Collectively, our experimental data
demonstrate that FGF2 represses Linc-RAM expression via the
Ras/Raf/Mek/Erk signaling pathway during muscle cell
differentiation.

MyoD is required for FGF2-mediated Linc-RAM gene
expression

MyoD, a master transcription factor for myogenesis, has been
identified as a downstream target of FGF2 in regulating myo-
genic gene expression [12], and Linc-RAM has been shown to
be transcriptionally regulated by the MyoD both in vitro and in
vivo [35,40]. Therefore, we hypothesized that FGF2 might
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negatively regulate Linc-RAM gene transcription by down-reg-
ulating MyoD expression in muscle cells. To test this possibil-
ity, we first examined the FGF2-mediated repression of Linc-
RAM expression in satellite cells sorted from the skeletal
muscles of MyoD-knockout mice (MyoD¡/¡;Pax7-nGFP) and
their WT littermates (Pax7-nGFP). The cells were cultured in
the presence or absence of FGF2, and Linc-RAM expression
was assessed. FGF2 treatment significantly down-regulated
Linc-RAM expression in satellite cells sorted from Pax7-nGFP
WT mice, but this effect was abolished in satellite cells sorted
from MyoD¡/¡;Pax7-nGFP mice (Fig. 3A), suggesting that the
ability of FGF2 to repress Linc-RAM expression is modulated
by MyoD in satellite cells. To further confirm this finding, we
examined the luciferase activity obtained from a reporter gene
driven by the Linc-RAM promoter [35] in FGF2-treated C2C12
cells overexpressing MyoD. Indeed, the FGF2-induced suppres-
sion of Linc-RAM promoter activity was completely restored by
MyoD overexpression (Fig. 3B). Thus, the data obtained from
both gain- and loss-of-function experiments demonstrate that
MyoD is required for the FGF2-mediated down-regulation of

Linc-RAM gene expression in muscle cells. Consistent with
these findings and the previously reported ChIP-PCR data
obtained with a MyoD antibody [35], our ChIP-PCR experi-
ments revealed that FGF2 treatment significantly reduced the
enrichments of MyoD protein on the promoters of Linc-RAM,
MyoG, and miR-206 in differentiating C2C12 cells (Fig. 3C).
Together, our experimental data demonstrate that MyoD is
required for FGF2-mediated expression of Linc-RAM during
muscle cell differentiation.

Overexpression of Linc-RAM rescues the FGF2-induced
inhibition of muscle cell differentiation

Given the previous reports that FGF2 is a potent inhibitor of
myogenic cell differentiation and Linc-RAM promotes myo-
genic cell differentiation, together with our present finding that
FGF2 down-regulates Linc-RAM expression, we questioned
whether FGF2 inhibits myogenic differentiation by repressing
Linc-RAM expression in muscle cells. To examine this possibil-
ity, we stably overexpressed Linc-RAM in C2C12 cells and

Figure 1. Linc-RAM is negatively regulated by FGF2 in muscle cells. A. C2C12 cells were treated with FGF2 in differentiation medium (DM) for the indicated times. The
expressions of MyoD, MyoG, and Linc-RAM were examined by real-time quantitative RT-PCR (RT-qPCR). B. Satellite cells sorted from Pax7-nGFP mice were treated with
FGF2 in growth medium (GM) for 24hr, and the expressions of Pax7, MyoD, MyoG, and Linc-RAM were examined by RT-qPCR. C. Satellite cells sorted from Pax7-nGFP mice
were treated with FGF2 in GM for 48hr, and the expressions of Pax7, MyoD, MyoG, and Linc-RAM were examined by RT-qPCR. D. The responsiveness of the Linc-RAM gene
promoter to FGF2 was examined in C2C12 cells using a luciferase reporter gene assay. C2C12 cells were treated with FGF2 and then transfected with promoter-reporter
plasmids for Linc-RAM (RAM). The MyoD and MyoG gene promoters served as positive controls. Promoter activity is expressed as luciferase activity relative to that in the
vehicle control group (defined as 1). Values are means§ s.e.m. of three independent experiments. �P < 0.05, ��P < 0.01, ���P < 0.001. All P values were generated using
the two-tailed Student’s t-test.
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treated the stably overexpressing cells (Linc-OE cells) with
either FGF2 or PBS in DM for 24 or 48 hr. The myogenic dif-
ferentiation of treated cells was assessed by immunostaining
with antibodies against MyoG (24 hr) and MHC (48 hr)
(Fig. 4A). Consistent with our previous report [35], overexpres-
sion of Linc-RAM significantly enhanced myogenic differentia-
tion (Fig. 4A-C). Moreover, we found that Linc-RAM
overexpression completely abolished the FGF2-mediated
reductions of MyoG+ (Fig. 4A, B) and MHC+ cells (Fig. 4A and
C). Together, our data indicate that overexpression of Linc-
RAM is sufficient to rescue the inhibitory effect of FGF2 on
myogenic differentiation.

Deletion of Linc-RAM attenuates satellite cell
differentiation and primes for self-renewal

FGF2 plays a critical role in maintaining the self-renewal of sat-
ellite cells by inhibiting their differentiation [15]. We previously

reported that primary myoblasts isolated from muscle tissues of
Linc-RAM¡/¡ mice show delayed differentiation than those
from wild-type (WT) mice [35]. As our present findings indi-
cated that the FGF2-regulated down-regulation of Linc-RAM is
required for the ability of FGF2 to inhibit myogenic cell differ-
entiation, we reasoned that satellite cells lacking functional
Linc-RAM might exhibit increased self-renewal in the absence
of FGF2. We tested this possibility by examining the self-
renewal and differentiation of myofiber-associated satellite cells
using an ex vivo cultured single fiber system [26]. Single fibers
isolated from extensor digitorum longus (EDL) muscles were
cultured ex vivo for 72 hr, and the myofiber-associated satellite
cells were immunostained with antibodies against Pax7 and
MyoD (Fig. 5A). Typical clusters of satellite cell progeny repre-
senting proliferating (Pax7+/MyoD+), differentiating (Pax7¡/
MyoD+), and self-renewing (Pax7+/MyoD¡) cells were
counted. Compared to WT control mice, those of the Linc-
RAM¡/¡ group had significantly more self-renewing cells

Figure 2. FGF2 regulates Linc-RAM gene expression via the Ras/Raf/Mek/Erk signaling pathway. A. C2C12 cells in DM were treated with FGF2, PD98059 (PD, a Mek inhibi-
tor), or PD plus (30 min later) FGF2. After 24 hr, the phosphorylations of Erk and Mek were detected by Western blotting. Total Erk and Mek were examined as controls.
The blots shown are representative of the results obtained from three independent experiments. B. The expressions of Linc-RAM and MyoD, MyoG in cells treated as
described in a were examined by RT-qPCR. C. The FGF2 responsiveness of the Linc-RAM gene promoter was examined in C2C12 cells by luciferase reporter gene assay.
C2C12 cells were treated with FGF2, PD, or PD (for 1 h) plus FGF2, and then transfected with promoter reporter plasmids for Linc-RAM. The MyoD gene promoter served
as positive controls. Promoter activity is expressed as luciferase activity relative to that in the vehicle control group (defined as 1). D. C2C12 cells in DM were treated with
FGF2, FTA (a Ras inhibitor), or FTA (for 30 min) plus FGF2. After 24 hr, the expressions of Linc-RAM and MyoD, MyoG were examined by RT-qPCR. E. C2C12 cells in DM
were treated with FGF2, GW (a Raf inhibitor), or GW (for 30 min) plus FGF2. After 24 hr, the expressions of Linc-RAM and MyoD, MyoG were examined by RT-qPCR. Values
are means § s.e.m. of three independent experiments. �P< 0.05, ��P< 0.01, ���P < 0.001, as assessed by the two-tailed Student’s t-test.
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(Pax7+/MyoD¡) and significantly fewer differentiating cells
(Pax7¡/MyoD+) (Fig. 5B). These ex vivo data reveal that Linc-
RAM¡/¡ satellite cells exhibit higher self-renewal capabilities
and attenuated differentiation in the absence of FGF2. We fur-
ther confirmed this observation by assessing the differentiation
of satellite cells sorted from skeletal muscles of Linc-RAM¡/¡;
Pax7-nGFP mice and their WT littermates (Pax7-nGFP) in the
presence or absence of FGF2 (Fig. 5C). Consistent with the pre-
vious report [35], we found that the differentiation of Linc-
RAM¡/¡ satellite cells was delayed relative to that of WT cells
in the absence of FGF2 (Fig. 5D-F). Remarkably, deletion of
Linc-RAM exhibited comparable effects on satellite cell differ-
entiation as FGF2 did (Fig. 5D-F), further confirming that
Linc-RAM acts as a downstream target of FGF2 in regulating
satellite cell function. Together, our results demonstrate that
FGF2-regulated Linc-RAM expression is required for the
FGF2-mediated self-renewal and differentiation of satellite
cells.

Discussion

The widespread application of high-throughput RNA sequenc-
ing, with the aid of computational and bioinformatics analysis,

has revealed that long noncoding RNAs (lncRNAs) constitute a
significant fraction of the transcriptome [41]. Functional
screening has implicated many lncRNAs in various cellular
events, including cell lineage specification, differentiation, cell
proliferation, apoptosis, cellular metabolism, and dosage com-
pensation [42–44]. We recently reported the identification and
characterization of a novel long intergenic noncoding RNA,
Linc-RAM [35], which is predominantly expressed in skeletal
muscle and is transcriptionally regulated by MyoD during
myogenic differentiation. In vivo functional studies demon-
strated that Linc-RAM-knockout mice exhibited an
impairment of muscle regeneration that was due to a defect in
satellite cell differentiation. Mechanistically, we revealed that
Linc-RAM modulates myogenic differentiation by directly
interacting with MyoD to facilitate the assembly of the MyoD-
Baf60c-Brg1 complex [35]. Although numerous lncRNAs have
been described, relatively few have been subjected to functional
studies in vivo [35,43], and we know very little about the molec-
ular mechanisms underlying their transcriptional regulations.
In the present report, we extended our previous work by inves-
tigating the transcriptional regulation and intracellular signal-
ing pathway in mediating Linc-RAM gene expression during
myogenic cell differentiation. We demonstrate that the FGF2-
mediated repression of Linc-RAM expression occurs through
MyoD via the Ras/Raf/Mek/Erk signaling pathway during myo-
genic differentiation. Together with our previous findings, our
present data provide convincing evidence that Linc-RAM is a
lineage-specific lncRNA that plays regulatory roles in modulat-
ing muscle cell differentiation via FGF2-mediated signaling.

In skeletal satellite cells, FGF2 potently inhibits myogenic dif-
ferentiation and activates MAP kinase to promote muscle cell
proliferation. This dual function of FGF2, which reflects its regu-
lation of different target genes during myogenic development
and muscle regeneration, helps control the balance between cell
proliferation and differentiation, and is physiologically and path-
ologically important for maintaining tissue homeostasis [45].
Various downstream target protein-coding genes involved in the
FGF2-mediated behaviors of satellite cells have been identified
[12,46,47]. However, no previous work had examined the
involvement of non-protein-coding genes, especially long
ncRNAs, in the FGF2-mediated inhibition of cell differentiation
or promotion of satellite cell self-renewal. In this report, we iden-
tify Linc-RAM as the first FGF2-regulated lncRNA and show
that FGF2 mediates the self-renewal and differentiation of satel-
lite cells by modulating Linc-RAM in a MyoD-dependent man-
ner. Interestingly, our data show that although overexpression of
Linc-RAM promotes differentiation, FGF2 nevertheless inhibits
the differentiation in the Linc-RAM overexpression myoblasts,
which suggests that FGF2 inhibits myogenic differentiation
through both Linc-RAM dependent and independent manner.
However, demonstration that FGF2 fails to inhibit myogenic dif-
ferentiation of the Linc-RAM knockout myoblasts (Fig. 5)
excludes the possibility of Linc-RAM independent action of
FGF2. The discrepancy between overexpression and knockout
experiments suggest the complexity of FGF2 action in regulating
myogenic cell differentiation. Taken together, our findings reveal
that the transcriptional regulation of a lineage-specific lncRNA
can have functional significance in cell fate determination during
development.

Figure 3. MyoD is required for FGF2-mediated Linc-RAM gene expression. A.
Expression of Linc-RAM in satellite cells isolated from Pax7-nGFP;MyoD¡/¡(KO) and
Pax7-nGFP (WT) mice. Cells were cultured in GM for 48 hr in the presence and
absence of FGF2. The expression of MyoG served as positive controls. B. The
responsiveness of the Linc-RAM gene promoter (luciferase activity) was examined
in C2C12 cells co-transfected with a MyoD-encoding plasmid and treated with or
without FGF2. Promoter activity is expressed as luciferase activity relative to that
in the control group (defined as 1). C. The relative enrichment of MyoD in the Linc-
RAM gene promoter region was assessed by chromatin immunoprecipitation
(ChIP) with a MyoD antibody. C2C12 cells cultured in DM for 24 hr in the presence
or absence of FGF2 were subjected to ChIP experiments. The miR-206 and MyoG
promoters served as positive controls. Values are means§ s.e.m. of three indepen-
dent experiments. �P< 0.05, ��P< 0.01, ���P< 0.001, as assessed by the two-tailed
Student’s t-test.
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Given satellite cell plays pivotal role in regulating postnatal
muscle growth and tissue homeostasis, muscle regeneration
and muscular disease, thus, it has been long a promising target
to treat muscle diseases, such as muscular dystrophy. For exam-
ple, application of FGF2 benefits dystrophic phenotype in mice
[21]. Our finding suggests Linc-RAM functions as a down-
stream target of FGF2 in regulating satellite cell self-renewal
and differentiation. It might be intriguing to investigate the
pathological phenotype of the mdx mice (a human muscular
dystrophy mouse model) in absent of Linc-RAM¡/¡ by cross-
ing Linc-RAM¡/¡ mice with the mdx mice in the future. The
benefit of targeting satellite cells to improve the muscular dys-
trophy phenotype of mdx mice is also supported by additional
findings. For example, Wnt7a was shown to considerably ame-
liorate the muscular dystrophy phenotype ofmdxmice by stim-
ulating satellite cell self-renewal and expansion [1]. Our group
recently reported that acetoacetate acts as a signaling metabo-
lite to alleviate muscular dystrophy in mdx mice by stimulating
satellite cell proliferation [48]. Finally, our group and other
researchers have demonstrated that miRNAs (miR-1, miR-206,
miR-431 and miR-127) can functionally improve the pathologi-
cal phenotype ofmdxmice by enhancing satellite cell differenti-
ation [26,27,49]. Collectively, the present and previous findings
should facilitate the development of stem cell-based treatments
that target satellite cell functions in patients with DMD and
other muscular diseases.

Materials and methods

Mice and animal care. All animal procedures were approved
by the Animal Ethics Committee of Peking Union Medical Col-
lege (Beijing, China). Mice were housed in the animal facility
and had free access to water and standard rodent chow. Pax7-

nGFP knock-in mice were kindly gifted by Dr. Shahragim Taj-
bakhsh (Institute Pasteur, France). The Linc-RAM¡/¡ mice in
the C57BL/6 background were as previously described [35].
The MyoD¡/¡ mice (#002523) were obtained from Jackson
Laboratory. The Mdx mice were obtained from the Model Ani-
mal Research Center of Nanjing University (Nanjing, China).

Cell sorting. FACS was used to obtain satellite cells from 4-
week-old gender- and age-matched Pax7-nGFP, Pax7-nGFP;
Linc-RAM¡/¡, and Pax7-nGFP;MyoD¡/¡ littermates. Briefly,
mononucleated muscle-derived cells were isolated from hin-
dlimb muscles using dispase and collagenase digestion. The
GFP+ cells were directly sorted with a BD Aria II Cell Sorting
System (BD Biosciences). The sorted cells were cultured on col-
lagen-coated dishes in F10 basal medium (F10 medium con-
taining 20% FBS and 1% penicillin/streptomycin) with/without
10 ng/ml FGF2 (Invitrogen).

C2C12 cell culture, differentiation and treatment. Mouse
C2C12 cells (ATCC, CRL-1772) were cultured in growth
medium (GM) consisting of Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 4.5 g/l glucose,
10% FBS and 1% antibiotics at 37�C in a 5% CO2 atmosphere.
At 80–90% confluence, cells were switched to differentiation
medium (DM; DMEM supplemented with 2% horse serum and
1% penicillin/streptomycin). For signaling pathway analyses,
cells were pretreated with the pharmacological inhibitors,
PD98059 (20 mM for 1 hour; Cell Signaling), FTA (5 mM for
30 minutes; Calbiochem) or GW (2.5 mM for 30 minutes; Cal-
biochem). C2C12 cells stably overexpressing Linc-RAM were
generated previously in our laboratory [35].

RT-qPCR analyses. Total RNA was extracted using the TRI-
zol reagent (Life Technologies) and reverse transcribed using
RevertAid reverse transcriptase (Thermo Scientific). qPCR
analyses were performed using a Real-Time PCR Detection

Figure 4. Overexpression of Linc-RAM rescues the FGF2-induced inhibition of muscle cell differentiation. A. C2C12 cells stably overexpressing Linc-RAM (Linc-OE) and con-
trol C2C12 cells were treated with FGF2 in DM. After 24 and 48 hr, differentiation was examined by immunostaining for MyoG and MHC, respectively. Scale bar, 100 mm.
The images are representative of the results obtained from three independent experiments. B. The numbers of MyoG+ cells per microscopic view in A were counted. C.
The numbers of MHC+ cells per microscopic view in A were counted. Values are means § s.e.m. of three independent experiments. ���P < 0.001, as obtained using the
two-tailed Student’s t-test.
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System (Biorad Connect). The primers were shown in the
Table 1.

Luciferase reporter assay. C2C12 cells were transiently
transfected with a promoter-luciferase reporter plasmid con-
taining either Linc-RAM promoter [35], or MyoD promoter
(2.4 kb upstream of MyoD), or MyoG promoter (gifted by Dr.
Zhenguo Wu (Dept. of Biochemistry, Hong Kong University of
Science and Technology, Hong Kong), using the FuGene HD
transfection reagent (Roche). Twenty-four hours later, the
luciferase activity in cell lysates was determined using the Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions.

Western blot analysis. C2C12 cells were lysed in a buffer
containing 50 mM Tris (pH 7.5), 150 mM NaCl, 0.5% Nonidet

P40, and protease and phosphatase inhibitors. The total pro-
teins were resolved by SDS-PAGE and transferred to a PVDF
membrane. Immunoblotting was performed using primary
antibodies against phospho-Mek, Mek, phospho-Erk, and Erk
(Cell Signaling Technology). The membranes were washed for
30 min, incubated with HRP-conjugated secondary antibodies
(Zhongshanjinqiao Corporation) for 1 hr at room temperature,
and then washed with Tris-buffered saline containing 0.1%
Tween-20 for 30 min. The membranes were then placed in
detection solution (Thermo Scientific), incubated for 1 min at
room temperature, and subsequently exposed to X-ray film.

ChIP-qPCR assay. C2C12 cells were treated with 10 ng/ml
FGF2, chromatin was extracted, and ChIP analyses were per-
formed with the kit (Millipore, Cat. #17–610) according to the
manufacturer’s standard protocol with MyoD antibodies (Santa
Cruz, SC-760). The fold enrichment was quantified by qRT-
PCR.

Immunofluorescence staining. Cells were washed with
phosphate-buffered saline (PBS), fixed with 4% formaldehyde
for 10–15 min, permeabilized with 0.1% Triton X-100, blocked
with 3% bovine serum albumen (BSA) in PBS for 10 min, and
incubated with antibodies against Pax7, MyoD or MyoG
(Developmental Studies Hybridoma Bank [DSHB]) in 3% BSA/
PBS (2 mg/mL) for 1–1.5 hr. The cells were then washed with

Figure 5. Deletion of Linc-RAM attenuates satellite cell differentiation and primes for self-renewal. A. Representative images of satellite cells from ex vivo-cultured single
fibers immunostained for Pax7 (red) and MyoD (green). The single fibers were isolated from extensor digitorum longus (EDL) muscles and ex vivo cultured for 72 hr. DAPI
was used to visualize nuclei (blue). Scale bar, 50mm.The lower panel shows magnified views of the upper panels. B. Percentages of Pax7+/MyoD+, Pax7–/MyoD+ and
Pax7+/MyoD– cells immunostained as described in A Ex vivo-cultured single fibers were isolated from Linc-RAM¡/¡ and WT mice. The data are from three mice of each
genotype, and more than 150 myofibers were analyzed per mice. C. The relative expressions of Linc-RAM in FACS-sorted satellite cells cultured in the presence or absence
of FGF2 were determined by RT-qPCR. The satellite cells were sorted from Linc-RAM¡/¡;Pax7-nGFP(KO) and Pax7-nGFP(WT) control mice (n = 3 animals for each geno-
type). D. Representative images of MyoG immunostaining (red) for FACS-resolved satellite cells cultured in GM for 48 hr in the presence or absence of FGF2. DAPI was
used to visualize nuclei (blue). Scale bar, 100 mm. E. The percentages of MyoG-positive cells in d were calculated from three independent experiments. F. The relative
expressions of MyoG in the cells described in D were determined by RT-qPCR. Values are means§ s.e.m. �P < 0.05, as assessed by the two-tailed Student’s t-test.

Table 1. Primers used in the present study.

Gene Sequence Product

Linc-RAM-F 5 0-GGCGGCCATTCCCAGGACTTTG-3 0 240bp
Linc-RAM-R 5 0-ATCTTCCAGGCTCTGGGGCGAAG-3 0
GAPDH-F 5 0-TGGAGAAACCTGCCAAGTATGA-3 0 118bp
GAPDH-R 5 0-CTGTTGAAGTCGCAGGAGACA-3 0
myogenin-F 5 0-GCAATGCACTGGAGTTCGGT-3 0 120bp
myogenin-R 5 0-GCTGTCCACGATGGACGTAAG-3 0
MyoD-F 5 0-CAACGCCATCCGCTACAT-3 0 123bp
MyoD-R 5 0-GGTCTGGGTTCCCTGTTCT-3 0
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PBS, incubated with a fluorescein isothiocyanate (FITC)-conju-
gated secondary antibody (10 mg/mL) for 30 min, washed five
times with PBS, incubated with 4 0,6-diamidino-2-phenylindole
(DAPI) for 3 min, washed twice with PBS, and examined by
fluorescence microscopy.

Isolation and staining of single myofibers. Single myofib-
ers were isolated from the EDL muscles of 8-week-old male
mice by incubation with 3 ml of 0.2% collagenase I (Sigma, C-
0130) in serum-free DMEM in a shaking water bath at 37�C
for 45–60 min. Digestion was considered complete when the
muscle looked less defined and slightly swollen, with hair-like
single fibers flowing away from the edges. The digested muscles
were placed in a Petri dish, and myofibers were isolated under
a microscope. Single fibers were placed in six-well plates pre-
coated with horse serum, and 2 ml/well of fiber medium
(DMEM supplemented with 20% FBS and 1% penicillin/strep-
tomycin) was added. The fibers were cultured for 72 hr at 37�C
in a 5% CO2 atmosphere, fixed with 4% paraformaldehyde,
and stained for Pax7 and MyoD. For statistical analyses, Pax7+

and MyoD¡ cells were counted from at least 40 single fibers
per mouse in three pairs of Linc-RAM¡/¡ and WT mice.

Statistical analysis. Values are presented as means § s.e.m.
The statistical significance of the difference between two means
was calculated with the two-tailed Student’s t-test. P < 0.05
was considered statistically significant.
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