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The myogenic capacity of myoblasts decreases in skeletal muscle with age. In addition to environmental factors,
intrinsic factors are important for maintaining the regenerative potential of muscle progenitor cells, but their
identities are largely unknown. Here, comparative analysis of microRNA (miRNA) expression profiles in young and
old myoblasts uncovered miR-431 as a novel miRNA showing markedly reduced abundance in aged myoblasts.
Importantly, elevating miR-431 improved the myogenic capacity of old myoblasts, while inhibiting endogenous
miR-431 lowered myogenesis. Bioinformatic and biochemical analyses revealed that miR-431 directly interacted
with the 3′ untranslated region (UTR) of Smad4 mRNA, which encodes one of the downstream effectors of TGF-β
signaling. In keeping with the low levels of miR-431 in old myoblasts, SMAD4 levels increased in this myoblast
population. Interestingly, in an in vivomodel of muscle regeneration following cardiotoxin injury, ectopic miR-431
injection greatly improved muscle regeneration and reduced SMAD4 levels. Consistent with the finding that the
mouse miR-431 seed sequence in the Smad4 3′ UTR is conserved in the human SMAD4 3′ UTR, inhibition of miR-
431 also repressed the myogenic capacity of human skeletal myoblasts. Taken together, our results suggest that the
age-associated miR-431 plays a key role in maintaining the myogenic ability of skeletal muscle with age.
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Skeletal muscle exhibits a degenerative age-associated
decline in mass and function, termed sarcopenia (Narici
and Maffulli 2010). Sarcopenia can be triggered by a varie-
ty of conditions, including hormonal imbalances, motor
neuron degeneration, inflammation, and oxidative stress
(Frontera et al. 1991; Hughes et al. 2001; Goodpaster et
al. 2006). Recent studies revealed that muscle stem cells,
also known as satellite cells, showed age-associated phe-
notypes that included loss of self-renewal capacity, re-
duced regenerative potential, and senescence (Bernet
et al. 2014; Cosgrove et al. 2014; Sousa-Victor et al.
2014). The gradual reduction of satellite cells is a major
underlying cause of sarcopenia with age (Brack et al.
2005; Shefer et al. 2006; Collins et al. 2007). However, af-
ter activation of satellite cells into myoblasts, the mecha-
nisms responsible for the decreased myogenic capacity of
aged myoblasts have remained unclear.

So far, most research on muscle differentiation and re-
generation has primarily focused on the regulation of
myogenesis by myogenic regulatory factors (MRFs) such
as MYOD, MEF2, and MYOG (Sabourin and Rudnicki
2000; Sartorelli and Caretti 2005; Wang and Rudnicki
2012). In addition, several recent studies have shown that
microRNAs (miRNAs) are also involved in the mainte-
nanceofmuscle stemcellquiescenceand inmusclediseas-
es, including skeletal muscle hypertrophy and muscular
disorders (Eisenberg et al. 2007; Thum et al. 2007; Cheung
et al. 2012; Dey et al. 2012; Liu et al. 2012). However, the
roles of miRNAs in age-associated muscular disorders are
largely unknown.miRNAs are noncodingRNAs spanning
∼22nucleotides that play an important role in gene expres-
sion at the post-transcriptional level via mRNA degrada-
tion and/or inhibition of translation (Ambros 2004; Bartel
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2004). The finding that skeletal muscle-specific knockout
of Dicer, a key enzyme for maturation of precursor
miRNAs (pre-miRNA), causes a decrease in muscle mass
and abnormalmuscle formation inmice, causing perinatal
death, suggests that miRNAs have a key role in normal
muscle development (O’Rourke et al. 2007). In addition,
werecently found that themiRNA–mRNAregulatorynet-
work in skeletal muscle changes with age, suggesting that
miRNAs may be involved in the process of muscle aging
(Kim et al. 2014).

Transforming growth factor β (TGF-β) signaling inhibits
myogenesis by down-regulating the transcriptional activ-
ity ofMRFs (Martin et al. 1992; Liu et al. 2001). Moreover,
previous studies showed that activated TGF-β signaling
delays muscle differentiation and inhibits aged muscle re-
generation (Carlson et al. 2008, 2009; Gopinath and
Rando 2008; Jang et al. 2011). Old muscle cells produce
high levels of TGF-β, which in turn binds and activates
TGF-β receptors in resident satellite cells. Activated
TGF-β receptors phosphorylate SMAD2 and SMAD3,
and phosphorylated SMAD2/3 form a complex with
SMAD4 (the common mediator SMAD [Co-SMAD]).
The SMAD complex translocates into the nucleus and ac-
tivates a transcriptional program that interferes with the
regenerative capacity of satellite cells. However, satellite
cells isolated from old muscle tissues also exhibit less
myogenic capacity, suggesting that one or several intrin-
sic cellular factors participate in age-associated muscle
degeneration.

Here, analysis of miRNA expression profiles of myo-
blasts prepared from young and old mouse skeletal mus-
cles uncovered a novel age-associated miRNA, miR-431.
We describe that miR-431 regulates SMAD4 expression
and hence modulates the skeletal myogenic program in
myoblasts with age.

Results

Differential expression of miRNAs between
young and old myoblasts

To find miRNAs differentially expressed in skeletal mus-
cle with advancing age, we analyzed miRNA expression
profiles in young and old mouse myoblasts using next-
generation sequencing (NGS). We isolated primary myo-
blasts fromhindlimbmuscles of 3-mo-old (hereafter desig-
nated “young myoblasts”) and 27-mo-old (hereafter
designated “old myoblasts”) mice. Two proteins, PAX7
and MYOD, were used as specific markers for primary
myoblasts (Wang and Rudnicki 2012). By immunofluores-
cence analysis, ∼99% of isolated cells expressed both
PAX7 and MYOD (Supplemental Fig. 1). Consistent
with previous reports (Schultz and Lipton 1982; Fulle
et al. 2005; Wagers and Conboy 2005), old myoblasts
showed decreased myogenic capability, with decreased
numbers of differentiated myotubes positive for myosin
heavy chain (MyHC) (Supplemental Fig. 2A,B) and de-
creased levels of MyHC abundance (Supplemental Fig.
2C) relative to young myoblasts. The levels of Myog
mRNA, encoding the myogenic transcription factor, as

well as MyHC mRNA were also significantly down-regu-
lated in old myoblasts (Supplemental Fig. 2D).

Among the 118 mature miRNAs that showed signifi-
cant changes (greater than twofold) between young and
old myoblasts (Fig. 1A), 47 miRNAs were significantly
up-regulated, and 71 miRNAs were down-regulated in
old myoblasts (Tables 1, 2). We recently reported that
57% of miRNAs down-regulated in old muscle tissues
were located in the Dlk-Dio3 region of chromosome 12
(Kim et al. 2014). Interestingly, 63 of the 71 miRNAs
(89%) down-regulated in old myoblasts were also located
in theDlk-Dio3 genomic region, suggesting thatmiRNAs
expressed from this locusmay be relevant to the process of
muscle aging. We thus focused on the miRNAs located in
this genomic region.

Exogenous miR-431 improves myogenic
differentiation of old myoblasts

We reasoned that the myogenic capability of old myo-
blasts could be restored by supplementation of the miR-
NAs that showed reduced levels with age. We selected
12 such miRNAs from the Dlk-Dio3 region, transfected
them into old myoblasts, and analyzed the levels of mark-
ers MyHC mRNA and Myog mRNA to monitor myogen-
esis. We found the highest induction of MyHC and Myog
mRNAs in old myoblasts transfected with a mimic (M) of
miR-431 (M-miR-431) (Fig. 1B,C). Moreover, both MyHC
andMyogmRNAwere reduced in young myoblasts trans-
fected with an inhibitor (I) of miR-431 (the antagomiR I-
miR-431) (Fig. 1D). These results strongly suggested that
miR-431, one of the miRNAs showing reduced levels in
oldmyoblasts, is an important regulatorymiRNA ofmyo-
genesis with age. Notably, M-miR-431 did not elevate
MyHC and Myog mRNAs in young myoblasts, likely
because the levels of miR-431 were already high in young
myoblasts. Likewise, I-miR-431 did not further decrease
MyHC andMyogmRNAs in oldmyoblasts (Supplemental
Fig. 3), suggesting that the levels of miR-431might be sat-
urated in young myoblasts but depleted in old myoblasts,
consistent with our NGS results.

Next, we asked whether transfection of M-miR-431
might be able to restore differentiation of old myoblasts,
as determined by assessing myotube morphology and
the number of MyHC-positive myotubes. Interestingly,
M-miR-431 induced myogenesis of old myoblasts, with
the appearance of more spindle-like, elongated myotubes,
and, conversely, I-miR-431 suppressed the myogenic ca-
pability of young myoblasts (Fig. 1E). The number of
MyHC-positive cells that contained two or more nuclei
relative to the totalMyHC-positive cells was significantly
increased in M-miR-431 transfected old myoblasts (Fig.
1F), further suggesting that miR-431 plays an important
role in maintaining the age-dependent myogenic capacity
of myoblasts.

miR-431 regulates SMAD4 expression through direct
binding to the Smad4 3′ untranslated region (UTR)

In order to identify the target mRNAs regulated by miR-
431, we searched for putative targets using TargetScan
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(http://www.targetscan.org) and miRanda (http://www.
microRNA.org). One potential target of miR-431 was
SMAD4, aprotein of interest given that SMAD4negatively
regulatesmyogenicdifferentiation (Deyetal.2012;Khanna
et al. 2014). Together with phosphorylated SMAD2/3 (a
modification elicited via TGF-β signaling), the SMAD
complex delays muscle regeneration in old mice. We thus
asked whether miR-431 regulates SMAD4 expression.
Among the 71 miRNAs down-regulated in old myo-

blasts (Table 2), putative target sites for four miRNAs—
miR-411, miR-434, miR-673, and miR-431—were identi-
fied on the 3′ UTR of mouse Smad4 mRNA (Fig. 2A). Re-
porter analysis using a construct that expressed the
luciferase-Smad4 3′ UTR and miRNA mimics indicated
that among the four miRNAs, only miR-431 reduced lu-
ciferase activity (Fig. 2B). This inhibition was specific, as
deletion of the miR-431 site (Mut 3′ UTR) on the Smad4
3′ UTR abolished this repression (Fig. 2C).
Direct interaction between miR-431 and endogenous

Smad4 mRNA was confirmed by pull-down experiments

using biotinylated (Bi)-miR-431 or Smad4 antisense oligo-
mers (ASOs) as baits. C2C12 cells were first transfected
with Bi-miR-431 or (control) Bi-cel-miR-67, and RNA
was isolated from cell lysates by pull-down using strepta-
vidin-coupled beads. Smad4 mRNA was found enriched
in the RNA isolated by pull-down from lysates of Bi-miR-
431 transfected cells, as detected by RT-qPCR analysis
(Supplemental Fig. 4A). Smad4 mRNA was also enriched
after pull-down using Bi-miR-431 and muscle tissue ly-
sates (Fig. 2D). Conversely, miR-431 was significantly en-
riched in Bi-Smad4 ASO pull-down using lysates from
either primary myoblasts or C2C12 cells (Fig. 2E; Supple-
mental Fig. 4B). Together, these results support the notion
that endogenous Smad4mRNA and endogenousmiR-431
interact physically.
As anticipated, SMAD4 protein levels were lower in old

myoblasts transfected with the miR-431 mimic and were
higher in young myoblasts transfected with the miR-431
antagomir (I-miR-431) than in control transfected myo-
blasts (Fig. 2F). Similar results were found in the mouse

Figure 1. miR-431 promotes differentiation of old
myoblasts. (A) Unsupervised hierarchical clustering
of 118 differentially regulated miRNAs with aging;
47 miRNAs were up-regulated, and 71 miRNAs were
down-regulated. Each column representsmiRNA lev-
els in young (n = 3) and old (n = 3) myoblasts isolated
from 3-mo-old and 27-mo-oldmice each. The intensi-
ty represents themagnitude of the difference. Red and
green denote high and low expression, respectively.
(B) After transfection with the miRNA mimics indi-
cated, old myoblasts were induced to differentiate in
differentiation medium. The relative expression of
differentiation marker genes such as MyHC (white
bar; n = 3 for each group) and Myog (black bar; n = 3
for each group) were quantified by RT-qPCR. The re-
sults were normalized to the amount ofActb (β-actin)
mRNA. The data are presented as the means ± SD.
(∗∗) P < 0.01. (C ) After transfection with Ctrl-mimic
(M-Ctrl) or miR-431 mimic (M-miR-431), old myo-
blasts were induced to differentiate in differentiation
medium and analyzed for the levels of differentiation
markers such asMyHC andMyogmRNAs. (D) Young
myoblasts transfected with the miR-431 inhibitor
(I-miR-431) showed decreased levels of the differenti-
ationmarkers tested (MyHC andMyogmRNAs). The
results were normalized by the average of Actb
mRNA. Data are presented as the means ± SD. (∗∗) P
< 0.01. (E) Representative images of differentiated
myotubes in I-miR-431 transfected young myoblasts
(top panels), M-miR-431 transfected old myoblasts
(bottom panels), and the corresponding control trans-
fections; immunofluorescence staining was used to
detect MyHC (green) and DAPI (blue). Bar, 200 µm.
(F ) The fusion index was assessed by calculating the
percentage of MyHC-positive cells that contained
two or more nuclei versus total MyHC-positive cells.
Six different views were randomly selected for mea-
surement of the fusion index. (∗) P < 0.05.
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myoblast cell line C2C12 following treatment with
M-miR-431 or I-miR-431 (Supplemental Fig. 4C). Taken
together, these results indicate that miR-431 repressed
the expression of SMAD4 by direct binding to Smad4
mRNA.

Another putative miR-431 target predicted by TargetS-
can was SMURF1, an E3 ubiquitin ligase that regulates
SMAD4 expression (Moren et al. 2005). We thus studied
whether SMURF1 might also be regulated by miR-431.
We found that SMURF1 levels were not elevated in old

myoblasts, where miR-431 levels were low; additionally,
SMURF1 levels remained unchanged after M-miR-431
transfection in oldmyoblasts (Supplemental Fig. 5). These
results indicated that miR-431 is unlikely to target
SMURF1, at least in muscle cells, thus ruling out the pos-
sibility that miR-431 regulates SMAD4 levels indirectly
via SMURF1-regulated proteolysis.

SMAD4 knockdown promotes myogenesis
in old myoblasts

Given the facts that miR-431 can bind to the Smad4
mRNA, in turn reducing SMAD4 expression levels, and
that miR-431 abundance decreased in old myoblasts, we
investigated the expression levels of SMAD4 as well as
other downstream effectors of TGF-β signaling (SMAD2
and SMAD3) in young and old myoblasts. Interestingly,
SMAD3 and SMAD4 were robustly up-regulated in old
myoblasts, while SMAD2 levels remained unchanged
(Fig. 3A). To determine whether the increase in SMAD3
and SMAD4 was associated with decreased myogenic ca-
pability in old myoblasts, we knocked down SMAD3 or
SMAD4 in old myoblasts using siRNA and examined
myogenesis relative to control siRNA transfected old
myoblasts. Knockdown of SMAD4 significantly (and se-
lectively) up-regulated the expression levels of myogenic
markers (MyHC and Myog mRNAs), while knockdown
of SMAD3 did not (Fig. 3B). Consistently, the number of
differentiated myotubes was significantly higher in siS-
mad4 transfected than in control siRNA transfected old
myoblasts (Fig. 3C), suggesting that SMAD4 is amajor reg-
ulatory SMAD protein responsible for the age-associated
decline in myogenic capacity.

We next analyzed the expression levels of SMAD4 and
the Smad4 mRNA regulator miR-431 during myogenesis
of young and old myoblasts. SMAD4 levels gradually de-
creased as old myoblasts differentiated, while miR-431
levels increased (Fig. 3D,E). In young myoblasts, basal
miR-431 levels were high and increased further with
myogenesis. Accordingly, SMAD4 was lowest during dif-
ferentiation of young myoblasts. Together, these results
indicated that SMAD4 might be down-regulated by
miR-431 in order for myoblasts to differentiate into ma-
ture myotubes and that these functions are impaired in
old myoblasts.

Since TGF-β signaling inhibits muscle differentiation
and delays regeneration in aged muscle (Carlson et al.
2008, 2009; Gopinath and Rando 2008; Jang et al.
2011), we asked whether miR-431 could control TGF-β
signaling by regulating SMAD4 levels. Exogenous trans-
fection of miR-431 ameliorated the repression of myo-
genesis seen in myoblasts treated with recombinant
TGF-β1 (Fig. 3F). Moreover, miR-431 was capable of sup-
pressing the increased luciferase activity of the 4xSBE-
luc reporter, which contains four SMAD-binding ele-
ments in its promoter region (Zawel et al. 1998), in
C2C12 cells treated with TGF-β1 (Fig. 3G). Myostatin
(MSTN) and Activin A (ActA) are two members of a
TGF-β superfamily known to regulate muscle homeosta-
sis (McPherron et al. 1997; Lee et al. 2010; Massague

Table 1. miRNAs up-regulated in old myoblasts

miRNA Fold change P-value

mmu-miR-669m-5p 3.54 0.021059
mmu-miR-6935-5p 3.41 0.006354
mmu-miR-7647-5p 2.99 0.023431
mmu-miR-6936-3p 2.94 0.002048
mmu-miR-10b-5p 2.87 0.02997
mmu-miR-2137 2.58 0.028233
mmu-miR-467a-5p 2.48 0.02227
mmu-miR-103-2-5p 2.44 0.045665
mmu-miR-6907-5p 2.36 0.02626
mmu-miR-3068-5p 2.27 0.044708
mmu-miR-466b-3p 2.25 0.016165
mmu-miR-7036b-5p 2.24 0.048147
mmu-miR-466a-3p 2.20 0.016486
mmu-miR-5125 2.16 0.007634
mmu-miR-669p-3p 2.09 0.04923
mmu-miR-669a-3p 2.09 0.014054
mmu-miR-669d-5p 2.04 0.020533
mmu-miR-467a-3p 2.04 0.015103
mmu-miR-7028-3p 2.03 0.04433
mmu-miR-466c-3p 2.01 0.022785
mmu-miR-6987-5p 1.99 0.00474
mmu-miR-6911-3p 1.99 0.031518
mmu-miR-150-3p 1.92 0.029822
mmu-miR-5131 1.91 0.047924
mmu-miR-1900 1.87 0.049764
mmu-miR-5627-5p 1.85 0.001093
mmu-miR-874-3p 1.79 0.012446
mmu-miR-7021-3p 1.76 0.034101
mmu-miR-7071-5p 1.75 0.031834
mmu-miR-708-3p 1.74 0.020067
mmu-miR-5129-3p 1.71 0.006154
mmu-miR-874-5p 1.63 0.001617
mmu-miR-1231-3p 1.54 0.011123
mmu-miR-466f-5p 1.5 0.01904
mmu-miR-669o-3p 1.49 0.008651
mmu-miR-193b-3p 1.47 0.038695
mmu-miR-6960-5p 1.45 0.023119
mmu-miR-7003-5p 1.41 0.050187
mmu-miR-129-5p 1.37 0.021198
mmu-miR-1949 1.28 0.010824
mmu-miR-669c-5p 1.27 0.025308
mmu-miR-196b-3p 1.23 0.041576
mmu-miR-129b-3p 1.19 0.045904
mmu-miR-1931 1.17 0.049321
mmu-miR-7679-5p 1.17 0.020527
mmu-miR-6909-5p 1.14 0.000335
mmu-miR-15a-5p 1.11 0.026551

Summary of the 47 miRNAs up-regulated (greater than twofold
change) in old myoblasts. Values are given in log2 (fold change).
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2012). Consistent with the effects of TGF-β1 treatment,
MSTN- and ActA-induced luciferase activity of 4xSBE-
luc was reduced by miR-431 (Supplemental Fig. 6).
However, miR-431 did not affect the rise in SMAD2/3
phosphorylation following treatment with TGF-β1 (Sup-
plemental Fig. 7). Our findings suggest that miR-431 af-
fects SMAD signaling by controlling SMAD4 protein
levels but not by controlling SMAD2/3 phosphorylation
status.

Increased SMAD4 abundance during muscle
regeneration in aged mice

To investigate the function of SMAD4 and miR-431 in
muscular tissue regeneration in vivo, we employed a
mouse model of muscle injury (Charge and Rudnicki
2004; Liu et al. 2012). To activate satellite cells into myo-
blasts, we induced skeletal muscle injury and regenera-
tion by injecting cardiotoxin (CTX) into tibialis anterior
(TA) muscle of young and old mice. Consistent with pre-
vious reports (Conboy and Rando 2012), old TA mus-
cles showed impaired regeneration after CTX injection,
whereas young TAmuscles regenerated well (Supplemen-
tal Fig. 8A). During muscle regeneration for the following
14 d, we compared the expression levels of SMAD4 and
miR-431. Similar to the expression pattern during myo-
blast differentiation, SMAD4 levels were higher in old
muscle than in young muscle. Interestingly, SMAD4 lev-
els increased dramatically after CTX injection and de-
clined to the basal level as young muscle regenerated.
However, in old TA muscles, SMAD4 levels were in-
creased further by CTX injury and remained elevated for
14 d (Fig. 4A; Supplemental Fig. 8B). In contrast, expres-
sion of miR-431 remained lower in old TA muscles than
in young TA muscles (Fig. 4A).
To investigate where SMAD4 was expressed in re-

generating muscle tissues, we performed immunohisto-
chemical analysis of tissue sections at day 14 after CTX
injection. Interestingly, SMAD4 was intensely present
in PAX7-positive myoblasts (Fig. 4B), not in mature mus-
cle fibers. Old muscle contained more (80%) SMAD4-

Table 2. miRNAs down-regulated in old myoblasts

miRNA Fold change P-value

mmu-miR-7212-5p −5.78 0.020715
mmu-miR-6979-3p −5.63 0.045156
mmu-miR-7001-3p −5.43 0.014774
mmu-miR-666-3p −5.31 0.034263
mmu-miR-543-5p −5.29 0.010398
mmu-miR-380-3p −5.01 0.037972
mmu-miR-433-5p −4.91 0.002483
mmu-miR-412-3p −4.84 0.001552
mmu-miR-494-3p −4.64 0.009268
mmu-miR-7115-3p −4.61 0.019192
mmu-miR-136-5p −4.60 0.005565
mmu-miR-496a-3p −4.58 0.02173
mmu-miR-770-5p −4.47 0.0181
mmu-miR-379-3p −4.40 0.009389
mmu-miR-487b-5p −4.28 0.004591
mmu-miR-411-3p −4.14 0.026343
mmu-miR-6997-5p −4.13 0.033504
mmu-miR-381-5p −4.10 0.012283
mmu-miR-679-3p −4.10 0.000571
mmu-miR-323-3p −4.05 0.036854
mmu-miR-3071-5p −4.00 0.037211
mmu-miR-127-5p −3.93 0.002906
mmu-miR-136-3p −3.89 0.045724
mmu-miR-376a-5p −3.85 0.002186
mmu-miR-539-5p −3.84 0.026406
mmu-miR-431-5p −3.79 0.016137
mmu-miR-329-5p −3.79 0.028976
mmu-miR-758-3p −3.78 0.003559
mmu-miR-369-5p −3.77 0.025644
mmu-miR-495-3p −3.75 0.011352
mmu-miR-382-5p −3.68 0.001865
mmu-miR-381-3p −3.65 0.048197
mmu-miR-433-3p −3.63 0.046394
mmu-miR-344-3p −3.61 0.047136
mmu-miR-7034-5p −3.61 0.048469
mmu-miR-485-5p −3.56 0.048683
mmu-miR-300-3p −3.55 0.032466
mmu-miR-541-5p −3.55 0.018197
mmu-miR-494-5p −3.54 0.036919
mmu-miR-431-3p −3.53 0.029777
mmu-miR-1193-3p −3.52 0.017707
mmu-miR-323-5p −3.52 0.004217
mmu-miR-1188-5p −3.48 0.043702
mmu-miR-434-3p −3.47 0.02596
mmu-miR-668-3p −3.46 0.023088
mmu-miR-673-5p −3.41 0.039084
mmu-miR-666-5p −3.40 0.031627
mmu-miR-679-5p −3.38 0.036022
mmu-miR-127-3p −3.29 0.025096
mmu-miR-667-5p −3.27 0.012473
mmu-miR-673-3p −3.27 0.026454
mmu-miR-540-3p −3.26 0.016015
mmu-miR-409-5p −3.25 0.019062
mmu-miR-377-3p −3.14 0.045477
mmu-miR-410-3p −3.11 0.024808
mmu-miR-409-3p −3.11 0.029103
mmu-miR-411-5p −3.10 0.0163
mmu-miR-543-3p −3.07 0.028155
mmu-miR-665-3p −3.06 0.048904
mmu-miR-434-5p −2.99 0.024427
mmu-miR-3544-3p −2.88 0.023315
mmu-miR-337-5p −2.88 0.023315

Table 2. Continued

miRNA Fold change P-value

mmu-miR-134-5p −2.82 0.031212
mmu-miR-377-5p −2.79 0.050174
mmu-miR-412-5p −2.78 0.046297
mmu-miR-344b-3p −2.34 0.015913
mmu-miR-6925-3p −2.31 0.032019
mmu-miR-5620-5p −2.23 0.011863
mmu-miR-410-5p −2.17 0.030804
mmu-miR-495-5p −1.90 0.003459
mmu-miR-1668 −1.02 0.01336

Summary of the 71 miRNAs down-regulated (greater than
twofold change) in old myoblasts. Sixty-three of 71 decreased
miRNAs (89%) in old myoblasts were located in the Dlk-Dio3
genomic region. Values are given in log2 (fold change).
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positive myoblasts than young muscle (∼20%), suggest-
ing the possibility that the elevated SMAD4 in aged myo-
blasts contributes to impaired regeneration of old muscle
tissues.

miR-431 restores regeneration in old mice

To further investigate the therapeutic potential of miR-
431 on aged muscle regeneration, we examined whether
miR-431 or siSmad4 could improve the impaired muscle
regeneration seen in old mice in vivo. We injected miR-
431 or siSmad4 into old TA muscles on days 2 and 5 after
CTX injury (Fig. 5A) and confirmed that SMAD4 levels
were down-regulated in siSmad4-treated or M-miR-431-
treated muscle tissues at day 6 after CTX injury (Supple-
mental Fig. 9). Twoweeks later,we investigated the degree
of muscle regeneration by performing immunohisto-
chemical analysis of DAPI and laminin in tissue sections.
As shown in Figure 5B, the newly formed myofibers with
central nuclei had significantly larger diameters in
SMAD4 knockdown TA muscle tissues than in control
muscle tissues. Furthermore, miR-431 enhanced muscle
regeneration in old mice, as muscles injected with miR-
431 displayed significantly larger regenerating fibers

than control muscles (Fig. 5C). These results support
the idea that miR-431 improves muscle regeneration in
old mice by targeting SMAD4, underscoring its therapeu-
tic potential for healthy muscle aging.

miR-431 regulates differentiation of human skeletal
muscle myoblasts (HSMMs)

Since the miR-431 seed sequence is conserved between
the human SMAD4 3′ UTR and the mouse Smad4
3′ UTR (Supplemental Fig. 10), we anticipated that miR-
431 might regulate human SMAD4 expression levels as
well. To test this possibility, we analyzed SMAD4 pro-
tein levels and differentiation indices in HSMMs trans-
fected with M-miR-431 or I-miR-431. Consistent with
the results obtained in mouse myoblasts, M-miR-431
transfection down-regulated SMAD4 protein levels in
HSMMs, whereas I-miR-431 increased SMAD4 levels
(Fig. 6A). While M-miR-431 did not promote myogenic
differentiation significantly in HSMMs (Supplemental
Fig. 11), I-miR-431 repressed myogenic differentiation of
HSMMs robustly (Fig. 6B,C). Perhaps the lack of response
of HSMMs toM-miR-431 is related to the presence of high
levels of miR-431, as HSMMcells originated from a young

Figure 2. miR-431 regulates SMAD4 expression by
directly interacting with the Smad4 3′ UTR. (A) Sche-
matic depicting the sites of putative interaction of
down-regulated miRNAs within the 3′ UTR of the
Smad4mRNA. (B) The effect ofM-miR-431 on the activ-
ity of a luciferase-Smad4 3′ UTR reporter construct. (∗∗)
P < 0.01. (C ) Effect of miR-431 on the activity of lucifer-
ase reporters bearing either awild-type Smad4 3′ UTRor
a mutant (MT) Smad4 3′ UTR with a deletion of the
miR-431 site. (D) Lysates (300 µg) fromyoung or oldmus-
cle tissues were incubated with biotinylated (Bi)-
miR431-5p or Bi-cel-miR-67 (Ctrl miR) at 4°C with rota-
tion. Four hours later, the RNA was isolated from pull-
down material using streptavidin beads and was ana-
lyzed by RT-qPCR for Smad4 mRNA enrichment; nor-
malization was carried out using Gapdh mRNA for
young or old muscle tissue. The data represent the
means ± SEM of three independent experiments. (∗) P <
0.05. (E) Lysates from young myoblasts were incubated
with antisense oligomers (ASOs) complementary to
Smad4 mRNA or a negative control RNA (Gm14635
lincRNA). TheRNA isolated after pull-downusing strep-
tavidin beads and Smad4 mRNA (normalized to Gapdh
mRNA) (left) or for miR431-5p (normalized to RNU6B)
(right) were measured by RT-qPCR analysis. (F ) Levels
of SMAD4 in I-miR-431 transfected young myoblasts
(left) and inM-miR-431 transfected oldmyoblasts (right),
each relative to control cells.
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(17-yr-old) donor (Lonza). Together with the results in
mouse myoblasts, our data collectively indicate that
down-regulation of miR-431 in myoblasts is an important
intrinsic cue to delay myogenesis, a major phenotype of
aged myoblasts.

Discussion

Our study provides evidence supporting a key role for
miR-431 in the maintenance of myogenic capability
of myoblasts with age. We identified 118 age-related
miRNAs in myoblasts from different ages using NGS.

Among them, we focused on miR-431, which we found
to regulate SMAD4 expression by directly targeting the
Smad4 3′ UTR. Interestingly, in myoblasts of aged mice,
SMAD4 protein levels increased dramatically, while
miR-431 levels declined. We found that ectopic elevation
of miR-431 improved the differentiation of old myoblasts
in culture and restored the regeneration of muscle in old
mice in vivo. Conversely, antagonization of miR-431 de-
layed the differentiation of humanmyoblasts and elevated
SMAD4 expression, in agreement with the fact that the
miR-431 site on the human SMAD4 3′ UTR is conserved.
Taken together, our findings suggest that miR-431 is re-
quired for maintenance of the myogenic capability of

Figure 3. Knockdown of SMAD4 promotes
myogenesis of old myoblasts. (A, top) Lysates
of four independently isolated young and old
myoblasts were subjected to immunoblot anal-
ysis with antibodies to detect the indicated
proteins, and ACTB was used as a loading con-
trol. (Bottom) Quantification of Western blot-
ting signals is presented as the means ± SD.
(∗) P < 0.05. (B, top) Twenty-four hours after
old myoblasts were transfected with siCtrl
and siSmad3 or siSmad4, myogenesis was in-
duced using differentiation medium. Differen-
tiation markers MyHC mRNA and Myog
mRNA were identified by RT-qPCR analysis.
(Bottom) The effect of SMAD4 knockdown by
assessing the same parameters. (∗) P < 0.05; (∗∗)
P < 0.01; (∗∗∗) P < 0.001. (C ) Immunofluores-
cence staining for MyHC (green) and DAPI
(blue) to detect differentiated myotubes in old
myoblasts expressing normal or silenced levels
of SMAD4. Bar, 200 µm. (Right) The fusion in-
dex wasmeasured by the percentage ofMyHC-
positive cells that contained twoormorenuclei
versus total MyHC-positive cells. Six different
views were randomly selected for measure-
ment of the fusion index. (∗) P < 0.05. (D) Ex-
pression levels of the indicated proteins, as
determined by Western blot analysis in young
and old myoblasts cultured in differentiation
medium for up to 3 d (DM3). ACTB was used
as a loading control. (E) Relative expression of
miR-431 in the cells described in D. The data
were normalized to the amount ofU6 snoRNA
and were expressed relative to the normalized
value for young myoblasts in growth medium.
(GM) Growth medium; (DM) differentiation
medium. (F ) The effect of miR-431 on the re-
pression of myogenesis due to TGF-β treat-
ment. After transfection with M-Ctrl or M-
miR-431, old myoblasts were incubated in dif-
ferentiation medium with 5 ng/mL TGF-β1
for 2 d. The levels of MyHC mRNA and Myog
mRNA were measured by RT-qPCR analysis.
The results were normalized to Actb mRNA
levels in each sample, as measured by RT-
qPCR analysis. Data are presented as the

means ± SD. (∗∗)P < 0.01. (G) The effect ofmiR-431on the SMADsignaling induced by the treatmentwithTGF-β1. C2C12 cellswere trans-
fected withM-miR-431 or I-miR-431 together with the 4xSBE-luc reporter construct. Cells were treated with 5 ng/mLTGF-β1 for 16 h be-
fore luciferase analysis. The values represent fold induction relative to the basal activity of 4xSBE-luc in a dual-luciferase assay. (∗) P < 0.05.
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PAX7+MYOD+ myoblasts (Fig. 6D), underscoring its po-
tential usefulness as a therapeutic target to slow down
muscle aging.

Muscle-specific miRNAs (myomiRs), including miR-1,
miR-133, and miR-206, are highly expressed in cardiac
and skeletal muscles. Several studies revealed that myo-
miRs are highly relevant to muscle development and
diseases, including muscle hypertrophy and atrophy
(Callis et al. 2007; McCarthy and Esser 2007; McCarthy
et al. 2009; Townley-Tilson et al. 2010; McCarthy 2011).
miR-1 and miR-206 promoted myogenic differentiation,
miR-133 repressed myogenesis by increasing myoblast
proliferation, and miR-1 and miR-133 levels declined in
hypertrophic muscle tissues. Recent studies in miR-206
knockout and mdx mice showed that miR-206 enhanced

skeletal muscle regeneration and delayed progression of
Duchennemuscular dystrophy (Liu et al. 2012). However,
none of these myomiRs showed different abundance as a
function of age in our screen of young and old myoblasts,
suggesting that they may not be involved in the age-re-
lated impairment of myogenesis. Instead, we identified
miR-431 as the first candidate age-related myomiR. The
TGF-β/Smad signaling pathway is well known to inhibit
muscle development, myogenesis, and age-relatedmuscle
regeneration (Massague et al. 1986; Liu et al. 2001, 2004).
The agedmuscle produces excessive TGF-β, which in turn
induces high levels of phospho-SMAD3 in muscle stem
cells, thus inhibiting their myogenic capability (Carlson
et al. 2008). In addition to this age-related increase in ex-
tracellular signals that blockmuscle regeneration, we pro-
pose that a decrease in an intrinsic cellular factor, miR-

Figure 4. Levels of SMAD4 and miR-431 during regeneration of
injuredmuscles. (A) SMAD4expressionpatternsweredetermined
using Western blot analysis in CTX-injured young and old TA
muscle tissues for up to 14 d post-injury (DPI). (Top) GAPDH
was included as a loading control. RT-qPCR analysis of miR-431
in CTX-injured young and old TA muscle tissues for up to 14
d. (Bottom) Expression levels were measured in triplicate, and
the data were normalized to the amount of U6 snoRNA and ex-
pressed relative to the normalized value for young TAmuscle tis-
sues at day 0. (B) At day 14 after CTX injury, young and old TA
muscle tissue sections were stained with antibodies that recog-
nized PAX7 (green) and SMAD4 (red), revealing the colocalization
of both antigens inmyoblasts localized in oldmuscle tissues. Bar,
20 µm. (White dotted lines) Muscle fibers. (∗∗∗) P < 0.001.

Figure 5. siSmad4-treated or miR-431-treated old muscles
showed enhanced regenerative capacity. (A) Scheme of the exper-
imental procedures. CTX (20 µM) was injected into TA muscle
tissues of oldmice at day 0. Two days and 5 d later, injuredmuscle
tissues were injected with siSmad4 or miR-431 mimic, and con-
tralateral muscle tissues were injected with control siRNA or
miRNAmimic. At 14 d after injury,muscle tissueswere analyzed
by immunohistochemistry. (B,C ) Representative immunohisto-
chemistry images (left panels) of laminin (red) and DAPI (blue)
staining of siSmad4-treated (B) andmiR-431mimic-treated (C ) re-
generating fibers (n = 4) on day 14 after injury. Each cross-section
area (CSA) was measured by ImageJ software, and six different
views were randomly selected for measurement of CSA; (∗) P <
0.05. Bar, 100 µm.
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431, delays myogenesis and impairs muscle regeneration
with advancing age.
Overexpression ofmiR-26a promotedmuscle differenti-

ation and regeneration through down-regulation of
SMAD1 and SMAD4 (Dey et al. 2012), two factors that
were down-regulated by miR-26a in vascular smooth
muscle cells (Leeper et al. 2011). Since miR-26a expres-
sion levels did not change between young and old myo-
blasts, miR-431 may be the first age-related miRNA
responsible for SMAD4-dependent impairment of muscle
differentiation and regeneration in old mice. Our findings
further suggest that SMAD4 may be a promising new tar-
get in therapeutic efforts (possibly involving a rise inmiR-
431 function) to prevent age-relatedmuscle loss. It will be
interesting to see whether miR-431 and other age-related
miRNAs are also involved in dysfunctions such as im-
paired self-renewal and differentiation observed in aged
PAX7+MYOD− satellite cells. Since differentiation into
myotubes requires activation of satellite cells (PAX7+

MYOD+myoblasts), which in turn differentiate into myo-
tubes or proliferate themselves (Wang and Rudnicki
2012), the mechanisms underlying this myoblast-to-myo-
tube transition point to key regulators with implications
for therapy in muscle recovery from injury, a most debili-
tating problem that afflicts the aging population.
Our recent report demonstrated that 57% of down-reg-

ulated miRNA in old muscle tissues was located in the
Dlk-Dio3 region on chromosome 12 (Kim et al. 2014),
and here we also found that 89% of miRNAs down-regu-

lated in old myoblasts were also located in this genomic
region. Therefore, we hypothesized that miRNAs located
in theDlk-Dio3 region could have an important role in the
aging process for myoblasts, such as delayed myogenesis.
We thus primarily focused on this genomic region and dis-
covered thatmiR-431was a novelmiRNA influencing the
myogenic capability of old myoblasts. It remains to be
seen whether the miRNAs within the Dlk-Dio3 region
are involved in the aging processes in not only muscle
but also other organs. Future investigations into the rele-
vance of other Dlk-Dio3 miRNAs for maintenance of
muscle homeostasis may provide further important in-
sight into our understanding of muscle aging.
In conclusion, we found that the conserved miR-431

regulates SMAD4 expression in muscle cells from both
humans and mice, promotes regeneration in old mouse
skeletal muscle, and enhances differentiation of old myo-
blasts. Taking our findings together, we propose thatmiR-
431 is a valuable candidate for the development of thera-
pies aimed at maintaining muscle homeostasis during
aging.

Materials and methods

Mice

Young (3-mo-old) and old (27-mo-old) C57BL/6 mice were pur-
chased from the Laboratory Animal Resource Center (Korea Re-
search Institute of Bioscience and Biotechnology [KRIBB]). All

Figure 6. The effect ofmiR-431 inhibition on the dif-
ferentiation of HSMMs. (A) Levels of SMAD4 protein
after transfection of HSMMs in growthmedium (GM)
with I-miR-431 orM-miR-431. Protein levelswere de-
tected by Western blot analysis, and β-actin (ACTB)
was used as a loading control. (B) After transfection
with I-Ctrl or I-miR-431, HSMMs were placed in dif-
ferentiationmedium (DM), and the numbers of differ-
entiated myotubes were compared with those in
control cells after immunofluorescence staining for
MyHC (green) and DAPI (blue). Bar, 200 µm. (C ) Lev-
els of differentiation markers (MyHC and Myog
mRNAs) in I-miR-431 transfected HSMMs. Data rep-
resent the means ± SD. (∗) P < 0.05. (D) Proposed mod-
el for the regulation of myoblast differentiation by
miR-431 in different ages. Briefly, decreased miR-
431 in old PAX7+MYOD+ myoblasts results in in-
creased levels of SMAD4, a downstream effector of
signaling by themyogenesis repressor TGF-β, thereby
interrupting normal muscle differentiation.
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animal experiments were performed according to protocols ap-
proved by the Animal Care and Use Committee of KRIBB.

Isolation of primary myoblasts and cell culture

Primarymyoblasts were isolated from the hindlimbmuscles of 3-
mo-old or 27-mo-old mice as previously described (Rando and
Blau 1994). Briefly, the muscles were minced using scissors and
incubatedwithdissociationbuffer for 20minat37°C.Thedissoci-
ation buffer included 2.4 U/mL dispase II (Roche), 1% collagenase
D (Roche), and 2.5 µM CaCl2. The slurry was triturated using a
serological pipette and subsequently passed through a 70-µm ny-
lonmesh (BDBioscience) to remove debris. The cellswere collect-
ed by centrifugation at 1000 rpm for 3 min and resuspended in
growthmedium,whichconsistedofHam’sF-10 (HyClone) supple-
mented with 20% FBS, antibiotics, and 5 ng/mL bFGF. To elimi-
nate fibroblasts, the cells were plated on noncoated plates for
1 h, and the floating cells (themyoblasts)were transferred to colla-
gen-coated culture dishes. To maintain primary myoblasts, the
growth medium was changed every 2 d. Myoblasts from young
and oldmouse donors that had been cultured for the samenumber
of passages were used for all experiments. The differentiation of
primarymyoblasts was induced by culturing the cells in differen-
tiation medium that consisted of DMEM (HyClone) supplement-
ed with antibiotics and 5% horse serum for 5 d.
HSMMs (Lonza Walkersville, Inc.) isolated from a 17-yr-old

donor were cultured in growth medium consisting of skeletal
muscle basal medium 2 (Lonza Walkersville, Inc.) supplemented
with antibiotics, human epidermal growth factor (hEGF), dexa-
methasone, L-glutamine, and 10% fetal bovine serum.Differenti-
ation was initiated 24–48 h after seeding by changing to the
differentiationmedium containing DMEM/F12 (Gibco), antibiot-
ics, and 2% horse serum.
C2C12 cells were purchased fromAmerican Type Culture Col-

lection and cultured in growth medium consisting of DMEM
(Gibco) with antibiotics and 10% fetal bovine serum. Differenti-
ationwas initiated 24–48 h after seeding by changing to the differ-
entiation medium containing DMEM (Gibco), antibiotics, and
5% horse serum.

miRNA sequencing and analysis

Small RNAwas enriched from total myoblast RNA (n = 12) using
the mirVana miRNA isolation kit (Ambion) following the manu-
facturer’s protocol, and miRNA libraries were prepared following
the Illumina library preparation protocol (Illumina, Inc.). Each li-
brarywas indexedwith the Illumina adaptor (6-base barcode). The
small RNA library was size-fractionated on a 6% TBE urea poly-
acrylamide gel, and the 140- to 160-base-pair (bp) fraction was ex-
cised from the gel. The purifiedmiRNA library was quantified on
the Agilent DNA 1000 chip. All of the indexed samples were
pooled and sequenced using an Illumina GAIIx instrument
(50-bp reads). Before mapping the raw small RNA sequencing
reads on the reference genome, the quality of the reads was eval-
uated by FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc), and attached adaptor sequences at the 3′ ends
were removed by in-house PERL script. Adapter-trimmed small
RNA reads were then mapped on the reference genome mm10
downloaded from the University of California at Santa Cruz ge-
nome browser (http://genome.ucsc.edu) by Burrows-Wheeler
Aligner (http://bio-bwa.sourceforge.net) software with default
options. For known miRNAs (miRBase version 20), we calculat-
ed the FPKM (fragments per kilobase per million mapped reads)
for each precursor and mature miRNA from the mapped reads
by custom Python script. miRBase was used to filter known

miRNAs, and Rattus norvegicus was used as a related species.
The data were deposited to Gene Expression Omnibus (GEO)
under accession number GSE66267.

qPCR and miRNA expression analysis

RNA preparation and cDNA synthesis were performed according
to standard protocols. qRT–PCR analysis was performed using
StepOnePlus (Applied Biosystems) with a 20-µL reaction volume
containing cDNA, primers, and SYBR Master Mix (Applied Bio-
systems). The data were normalized to the abundance of Actb
mRNA in each reaction. The primer sequences are listed in Sup-
plemental Table 1.
For analysis ofmaturemiRNAexpression, TaqManmiRNAas-

says were performed according to the manufacturer’s recom-
mended protocols (Applied Biosystems). Briefly, each reverse
transcriptase reaction contained 10 ng of total RNA isolated us-
ing the mirVana miRNA isolation kit, 50 nM stem–loop reverse
transcription primer, 0.25 mM each dNTP, 3.33 U/μL Multi-
Scribe reverse transcriptase, 0.25 U/μL RNase inhibitor, and 1×
reverse transcriptase buffer (all purchased from Applied Biosys-
tems). The RT-qPCR reactions were carried out in 96-well plates
using an Applied Biosystems instrument. U6 or RNU6B snRNA
served as an endogenous normalization control.

Transfection and luciferase assays

siRNAs, miRNA mimics, and miRNA inhibitors (30 nM each)
were transfected into primary myoblasts, C2C12 myoblasts, or
HSMMs using RNAiMAX (Invitrogen) according to themanufac-
turer’s protocol. miRNA mimics and miRNA inhibitors were
purchased from mirVana (Invitrogen) or AccuTarget (Bioneer)
(Supplemental Tables 2–4). siRNAs (Supplemental Table 5)
were purchased from Dhamacon (Thermo Scientific). For lucifer-
ase assays, the 3′ UTR fragment (nucleotide positions 0–1265) of
Smad4 mRNA containing a miR-431-binding site was cloned
into the pcDNA3-luc vector inwhich the luc-coding sequence ex-
ists betweenHindIII and BamHI in themultiple cloning site (Kim
et al. 2010). The resulting plasmid construct expressed a lucifer-
ase chimeric RNA driven by a constitutive promoter, allowing
for functional analysis of miRNA translational control of
mRNA. The mutant Smad4 3′ UTR with a deletion of the miR-
431-binding region (position 1067–1073 bp) was also cloned into
the same pcDNA3-luc vector for luciferase assays. 293T cells
were transfected withmiRNAs and luciferase plasmids. As an in-
ternal control, pGL3 vector (Promega) was cotransfected. For
analysis of luciferase activities using 4xSBE-luc (Zawel et al.
1998), 500 ng of 4xSBE-luc vector was transfected into C2C12
cells with miRNAmimics or inhibitors (30 nM each) using Lipo-
fectamine 2000 reagent (Invitrogen). A control reporter vector
(pRL-TK) was cotransfected for normalization. Twenty-four
hours after transfection, cells were serum-starved for 6 h, where-
upon they were either left untreated or treated for 16 h with 5 ng/
mLTGF-β (R&D Systems), 100 ng/mLMSTN (R&D Systems), or
100 ng/mLActA (R&DSystems). Forty-eight hours after transfec-
tion, luciferase assaymeasurementswere performed using a dual-
luciferase reporter assay (Promega) and a Victor X3 instrument
(PerkinElmer).

Pull-down assay using biotinylatedmiR431-5p or ASOs as a bait

C2C12 cells were transfectedwith biotinylated oligomers (60 nM
each; IDT): Bi-miR431-5p (5′-UGUCUUGCAGGCCGUCAUGCA-
3′ biotin) and control Bi-cel-miR-67 (5′-UCACAACCUCCUAGA
AAGAGUAGA-3′ biotin) using Lipofectamine 2000 (Invitrogen).

Lee et al.

1614 GENES & DEVELOPMENT

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://genome.ucsc.edu
http://genome.ucsc.edu
http://genome.ucsc.edu
http://genome.ucsc.edu
http://genome.ucsc.edu
http://bio-bwa.sourceforge.net
http://bio-bwa.sourceforge.net
http://bio-bwa.sourceforge.net
http://bio-bwa.sourceforge.net
http://bio-bwa.sourceforge.net


Twenty-four hours after transfection, cells were rinsed with PBS
and lysed in 1 mL of lysis buffer (20 mM Tris at pH 7.5, 100 mM
KCl, 5 mM MgCl2, 0.3% NP-40, 100 U of RNase inhibitor
[Thermo Fisher], protease inhibitor [Roche]) and incubated for
10 min on ice as described earlier (Lal et al. 2011). The cytoplas-
mic lysate was cleared by centrifugation at 12,000g for 10 min.
Dynabeads (100 μL) were added and further incubated for 4 h at
4°C with rotation. Beads were washed four times with 1 mL of
ice-cold lysis buffer, RNA was isolated using TRIzol, and the en-
richment of Smad4 mRNA was measured by RT-qPCR and nor-
malized to Gapdh mRNA levels. For young and old muscle
tissues, 300 µg lysates was incubated with 100 pmol of Bi-
miR431-5p or control Bi-cel-miR-67 for 4 h at 4°C with rotation
in 1 mL of lysis buffer before pull-down of the biotinylated
miR-431 using the above method. For antisense oligo pull-down
of Smad4 mRNA, young myoblasts or C2C12 cells were lysed
in a buffer (20 mM Tris-HCl at pH 7.5, 100 mM KCl, 5 mM
MgCl2, 0.5% NP-40) containing protease inhibitors (Roche) and
RNase inhibitor (Thermo Fisher). Lysates were incubated with
100 pmol of biotin-labeled oligomers complementary to Smad4
mRNA (CCAAACGTCACCTTCACCTT, GGCAGCAAACAC
ATCTCTCA, GCTGGCTGAGCAGTAAATCC, GCCCTGAA
GCTATCTGCAAC, TCAATCGCTTCTGTCCTGTG, CAGA
CAGACTGATGGCTGGA, GTGGAAGCCACAGGAATGTT,
GCAGGACTTCATCCAAGAGC, TTCACTTTCCCCACCTT
GTC, GCAGAACAGTGAAGCAGCAG, CCTGAAGTCGTCC
ATCCAAT, GGGGAAGAAACCCTGAAGTC, CAAGCAAAA
GCGATCTCCTC,andCTCCACAGACGGGCATAGAT)or long
noncoding RNA Gm14635 (CGTTCCATCATTGCAAGCCC,
ACCGTCATCTTCCAGGGAGA, and TTCGGGGATGTACGA
AAGCA) in 1× TENT buffer (10 mM Tris-HCl at pH 8.0, 1 mM
EDTA at pH 8.0, 250mMNaCl, 0.5% [v/v] Triton X-100) and pro-
tease and RNase inhibitors for 1 h at room temperaturewith rota-
tion as described (Yoon et al. 2012). Dynabeads (50 μL) were added
and further incubated for 30 min at room temperature with rota-
tion. Beads were washed three times with ice-cold PBS buffer,
RNA was isolated using TRIzol, and the enrichment of Smad4
mRNA was analyzed by RT-qPCR and normalized to Gapdh
mRNA. The same RNA was used to analyze the abundance of
miR-431-5p in Smad4mRNA-enriched samples usingQuantiMir
kit (System Biosciences, Inc.).

Immunoblot analysis

Muscle tissues and isolated myoblasts were homogenized in Pro-
Prep lysis buffer (iNtRON Biotechnology, Inc.) containing prote-
ase and phosphatase inhibitors. The lysates were centrifuged at
15,000g for 20 min at 4°C, and the resulting supernatants were
subjected to SDS-PAGE followed by immunoblot analysis. Anti-
bodies for immunoblotting recognized MYHC (Santa Cruz Bio-
technology), MYOG (Santa Cruz Biotechnology), ACTB (Santa
Cruz Biotechnology), SMURF1 (Thermo Scientific), phospho-
SMAD2/3 (Cell Signaling Technology), SMAD2/3 (Cell Signaling
Technology), SMAD4 (Santa Cruz Biotechnology), and GAPDH
(Santa Cruz Biotechnology).

Muscle regeneration following CTX injection

We injectedCTX (Sigma) into theTAmuscles of 3-mo-old and 27-
mo-old mice to inducemuscle regeneration following a previous-
ly described method (Conboy and Rando 2012). Briefly, TA mus-
cles were injected with 50 µL of 20 µM CTX. To deliver miR-431
and siSmad4 into TA muscles, we made mixtures of miRNA
mimics or siRNAs in RNAiMAX reagent (Invitrogen) as de-
scribed earlier (Dey et al. 2014). Three microliters of 1 mM

miRNA mimic or siRNA and 37 μL of nuclease-free water were
mixed with 40 μL of RNAiMAX reagents (Invitrogen) and incu-
bated for 30 min. A 50-μL aliquot of the mixture was injected
into TA muscle at 2 and 5 d after CTX injection.

Immunohistochemistry and immunofluorescence

Skeletal muscle tissues were fixed in 4% paraformaldehyde, and
frozen section samples or paraffin-embedded sections were pre-
pared. The frozen sections (10 µm thick) were stained with
DAPI and antibody according to standard protocols. Antibodies
for immunohistochemical analysis recognized laminin (Sigma-
Aldrich), PAX7 (Developmental Studies Hybridoma Bank), or
SMAD4 (Abcam). The paraffin sections were stained with
H&E according to standard protocols. The measurement of
cross-section areas (CSAs) was performed using NIH ImageJ
software (http://rsb.info.nih.gov/ij). For immunofluorescence,
primary myoblasts were grown on laminin-coated (Invitrogen)
coverslips in either growth medium or differentiation medium.
Cells were fixed in 4% paraformaldehyde, washed with PBS
buffer, and permeabilized with 0.3% Triton X-100 in PBS buff-
er. Cells were blocked with 3% bovine serum albumin in PBS
buffer and then incubated with primary antibody diluted in
blocking solution. Cells were then washed in PBS buffer and
incubated with secondary antibody. After further washes with
PBS, the coverslips were mounted on glass slides with VectoLab
mounting medium (with DAPI). Antibodies for immunofluores-
cence were directed to MYHC (Santa Cruz Biotechnology),
MYOD (Santa Cruz Biotechnology), or PAX7 (Developmental
Studies Hybridoma Bank). The fusion index was calculated as
the ratio of the number of multinucleated MYHC-positive cells
to the number of total MYHC-positive cells.

Statistical analysis

Quantitative data are presented as themeans ± SD unless indicat-
ed otherwise. Differences between means were evaluated using
Student’s unpaired t-test. A P-value of <0.05 was considered stat-
istically significant.
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