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Abstract 

Background Non-coding RNA is a key epigenetic regulation factor during skeletal muscle development and post-
natal growth, and miR-542-3p was reported to be conserved and highly expressed in the skeletal muscle among dif-
ferent species. However, its exact functions in the proliferation of muscle stem cells and myogenesis remain to be 
determined.

Methods Transfection of proliferative and differentiated C2C12 cells used miR-542-3p mimic and inhibitor. RT-qPCR, 
EdU staining, immunofluorescence staining, cell counting kit 8 (CCK-8), and Western blot were used to evaluate 
the proliferation and myogenic differentiation caused by miR-542-3p. The dual luciferase reporter analysis and res-
cued experiment of the target gene were used to reveal the molecular mechanism.

Results The data shows overexpression of miR-542-3p downregulation of mRNA and protein levels of proliferation 
marker genes, reduction of  EdU+ cells, and cellular vitality. Additionally, knocking it down promoted the aforemen-
tioned phenotypes. For differentiation, the miR-542-3p gain-of-function reduced both mRNA and protein levels 
of myogenic genes, including MYOG, MYOD1, et al. Furthermore, immunofluorescence staining immunized by MYHC 
antibody showed that the myotube number, fluorescence intensity, differentiation index, and myotube fusion index 
all decreased in the miR-542-3p mimic group, compared with the control group. Conversely, these phenotypes exhib-
ited an increased trend in the miR-542-3p inhibitor group. Mechanistically, phosphatase and tensin homolog (Pten) 
was identified as the bona fide target gene of miR-542-3p by dual luciferase reporter gene assay, si-Pten combined 
with miR-542-3p inhibitor treatments totally rescued the promotion of proliferation by loss-function of miR-542-3p.

Conclusions This study indicates that miR-542-3p inhibits the proliferation and differentiation of myoblast and Pten 
is a dependent target gene of miR-542-3p in myoblast proliferation, but not in differentiation.
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Background
Skeletal muscle is one of the most important organs 
and tissues in mammals [1], accounting for 40% of the 
body weight [2]. Therefore, the normal development of 
skeletal muscle will directly affect the life activities of 
the whole body, such as the energy transformation of 
the body to produce power, directly or indirectly partic-
ipate in energy metabolism, and affect individual health 
[3]. Skeletal muscle development is mainly realized 
through the proliferation and differentiation of skeletal 
muscle progenitor cells and hypertrophy and thicken-
ing of skeletal muscle fibers [4]. This process is regu-
lated by several factors, including transcription factors 
[5], methyltransferases [6], non-coding RNA [7], and 
signaling pathways [8]. However, the development pro-
cess of the entire skeletal muscle is extremely complex 
and the key regulators are not completely revealed.

MicroRNAs (miRNAs) are a class of highly conserved 
endogenous non-coding RNAs with 18 to 22 nucleo-
tides [9]. It acts by binding to the 3’-UTR (untranslated 
region) site of the target gene resulting in mRNA deg-
radation or translation disruption [10]. In the process 
of skeletal muscle development, some muscle-spe-
cific miRNAs or muscle-rich expressions of miRNAs 
involved in myogenesis were reported. For example, 
miR-185-3p and miR-370-3p are highly and specifically 
expressed in leg muscles of New Zealand rabbit fetuses, 
children, and adults, affecting muscle development 
[11], and miR-22 can inhibit the proliferation of C2C12 
cells and promote their differentiation [12]. More and 
more studies indicate that multiple muscle-enriched 
miRNAs play an extremely important and essential 
role in muscle development. Guo et al. found that miR-
542-3p showed a very high average RNA level among 
the newly annotated miRNAs during goat skeletal mus-
cle development, and showed a significant decrease 
after birth [13]. Also, previously published report found 
that miR-542-3p significantly increased in muscle dys-
function patients [14, 15]. Another evidence showed 
that miR-542-3p had a trend of first increasing and then 
decreasing in the porcine five prenatal stages (35, 49, 
63, 77, 91 days post coitum) and five postnatal stages (2, 
28, 90, 120, 180 days postnatal), which was identified as 
a new candidate myogenic miRNA [16]. However, the 
specific role and molecular mechanism of miR-542-3p 
in regulating the proliferation and differentiation of 
myoblast remain unclear.

In this study, we aim to measure the expression pattern 
of miR-542-3p during C2C12 myoblasts myogenic differ-
entiation and reveal the potential role of miR-542-3p in 
the proliferation and differentiation of myoblasts by gain 
and loss of miR-542-3p function. Our results show that 
miR-542-3p directly targets Pten to negatively regulate 

the proliferation of myoblasts, but does not depend on 
Pten to inhibit differentiation.

Results
Expression patterns of miR‑542‑3p in different species 
and during myogenesis
Combined analysis of the differential miRNAs in differ-
ent models, including muscle dystrophy patients [15], 
porcine [16] and goat [13] skeletal muscle development, 
of which 32 differential miRNAs between male muscle 
dysfunction patients and healthy men of similar age were 
found, 24 candidate myogenic miRNAs were screened 
during 10 developmental stages of porcine skeletal mus-
cle and 19 miRNAs were enriched in the goat skeletal 
muscle, only miR-542-3p as the overlapped miRNA in 
all models (Fig.  1A). The sequence alignment analysis 
showed that miR-542-3p was highly conserved in differ-
ent species (Fig. 1B). C2C12 myoblasts were used to con-
struct the skeletal myogenesis model (Fig. 1C), RT-qPCR 
results showed that miR-542-3p expression showed a 
sharp decreasing trend at day 2 after myogenic differ-
entiation induction and then gradually increased dur-
ing myoblast differentiation (Fig.  1D). This expressional 
pattern suggested that miR-542-3p might be involved in 
myoblast proliferation and differentiation.

Overexpression of miR‑542‑3p inhibits the proliferation 
of myoblast
Overexpression of miR-542-3p transfected by its mimic 
in C2C12 cells significantly downregulated the mRNA 
levels of proliferation marker genes, including cyclin d1 
(CCND1), cyclin d2 (CCND2), cyclin b1 (CCNB1), cyc-
lin dependent kinase 2 (CDK2), cyclin dependent kinase 
4 (CDK4), and P53 (Fig. 2A, B). Western blotting analy-
sis also showed that miR-542-3p inhibited proliferation-
related protein levels, CCND1 decreasing to ~ 30%  and 
CCNB1 decreasing to ~ 40%  to counterparts of control 
(Fig.  2C, D). Moreover, EdU staining analysis showed 
miR-542-3p mimic group with significant inhibition 
of DNA synthesis ability, compared with the control 
(Fig.  2E, F). In compliance with the aforementioned 
assays, the cell vitality also decreased significantly in 
the miR-542-3p mimic treated cells by CCK-8 analysis 
(Fig.  2G). These data indicated that overexpression of 
miR-542-3p inhibits the proliferation of myoblast.

Knockdown of miR‑542‑3p promotes the proliferation 
of myoblast
Interestingly, miR-542-3p inhibitor treatment dramati-
cally suppressed its level in C2C12 myoblasts meas-
ured by RT-qPCR (Fig. 3A), which enhanced the mRNA 
expression of proliferation marker genes, including 
CCND1 with ~ 2-, CCND2 with ~ 3-, CCNB1 with ~ 3-, 
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CDK4 with ~ 3.5-, P53 with ~ 3-fold changes to those of 
control (Fig.  3B). Western blotting analysis showed that 
knockdown of miR-542-3p significantly upregulated pro-
tein levels of CCND1 and CCNB1 (Fig. 3C, D). Consist-
ently, disruption of miR-542-3p increased the percentage 
of EdU-positive cells by EdU staining (Fig. 3E, F) and cel-
lular vitality by CCK-8 analysis (Fig. 3G). Thus, it is con-
cluded that miR-542-3p inhibits myoblast proliferation.

MiR‑542‑3p gain‑of‑function inhibits the differentiation 
of myoblast
Previous results showed that the expression of miR-
542-3p decreased at the early differentiation stage and 
then gradually increased during myoblast differentia-
tion (Fig. 1D), which suggested miR-542-3p might par-
ticipate in myogenic differentiation. Overexpression 
of miR-542-3p was performed and data showed that 
all the myogenic marker genes, including myogenin 
(MYOG), myogenic differentiation 1 (MYOD1), myosin 
heavy chain (MYHC), myogenic factor 5 (MYF5) and 
myogenic factor 6 (MYF6), were inhibited in the miR-
542-3p mimic groups (Fig.  4A). Consistent with the 
transcriptional expression, miR-542-3p mimic treat-
ment had significantly lower protein levels of MYOG 
and MYOD1 than those of mimic NC by western blot-
ting analysis (Fig. 4B, C). Immunofluorescence staining 

immunized by MYHC antibody showed overexpres-
sion of miR-542-3p with fewer and smaller myotubes 
(Fig.  4D), indicated by the significant reduction of 
fluorescence intensity (Fig.  4E), differentiation index 
(Fig.  4F), and myotube fusion index (Fig.  4G). There-
fore, miR-542-3p gain-of-function inhibits the differen-
tiation of myoblast.

MiR‑542‑3p loss‑of‑function enhances the differentiation 
of myoblast
Next, we carried out miR-542-3p loss-of-function in 
C2C12 cells, which significantly increased the gene 
expression levels of MYOG, MYOD1, MYF5, and MYF6, 
compared to those of control (Fig. 5A). Western blotting 
result showed that interference of miR-542-3p dramati-
cally upregulated protein levels of MYOG and MYOD1 
(Fig. 5B, C). In compliance with the gene expression, dis-
ruption of miR-542-3p had more and larger myotubes 
labeled by MYHC antibody (Fig.  5D) and quantitative 
analysis found a significant increase trend of fluorescence 
intensity (Fig.  5E), differentiation index (Fig.  5F), and 
myotube fusion index (Fig. 5G) in miR-542-3p inhibitor-
treated cells to counterparts of control. Therefore, we 
infer that inhibition of miR-542-3p enhances myoblast 
differentiation.

Fig. 1 The expression pattern of miR-542-3p during myogenesis. A miR-542-3p was identified as a key candidate miRNA in the skeletal muscle 
development of goat and porcine, and muscle dysfunction patients. B The sequence alignment analysis of miR-542-3p in different species. The 
red-marked nucleotides were the seed sequence of miR-542-3p. hsa: homo sapiens; ssc: sus scrofa; chi: capra hircus; mmu: mus musculus; mo: rat; 
mml: macaca mulatta; eca: equus caballus; ocu: oryctolagus cuniculus. C, D The myoblasts morphology (C) and the expression level of miR-542-3p 
(D) at day 0, 2, 4, and 6 after myogenic differentiation, scale bar: 100 μm. n = 3, * P < 0.05, ** P < 0.01 
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Fig. 2 Overexpression of miR-542-3p inhibits myoblast proliferation. A The expression level of miR-542-3p in C2C12 myoblasts at 48 h after its 
mimic transfection was determined by RT-qPCR. B The mRNA level of CCND1, CCND2, CCNB1, CDK2, CDK4, and P53 in the miR-542-3p mimic 
and control groups. C, D The western blotting bands of proliferation markers in the miR-542-3p mimic and control groups (C) and their quantitative 
analysis (D) by image J software. The membrane was cleaved before hybridization with the antibody, and all protein bands (CCND1, CCNB1, 
and β-actin) in Fig. 2C were from the same samples. 4 biological replicates were detected, 3 of which were shown in the Fig. 2C and full-length blots 
were presented in Supplementary Fig. S2. E, F The images of 5-ethynyl-20-deoxyuridine (EdU) staining (E) and percentage of the EdU positive cells 
(F), scale bar: 100 μm. G Cell viability was measured by cell counting kit-8 assay (CCK-8). n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 
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Fig. 3 Disruption of miR-542-3p enhances the proliferation of myoblast. A The expression of miR-542-3p in C2C12 myoblasts at 48 h after its 
inhibitor treatment was assayed by RT-qPCR. B The mRNA levels of CCND1, CCND2, CCNB1, CDK2, CDK4, and P53 in the miR-542-3p inhibitor 
and inhibitor NC groups. C, D The western blotting bands of proliferation markers in the miR-542-3p inhibitor and inhibitor NC groups (C) 
and their quantitative analysis (D) by image J software. The membrane was cleaved before hybridization with the antibody, and all protein bands 
(CCND1, CCNB1, and β-actin) in Fig. 3C were from the same samples. 4 biological replicates were detected, 3 of which were shown in the Fig. 3C 
and full-length blots were presented in Supplementary Fig. S3. E, F The images of EdU staining (E) and percentage of the EdU positive cells (F), scale 
bar: 100 μm. G Cell viability was measured by CCK-8. n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 
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Pten is identified as a direct target gene of miR‑542‑3p
To further investigate the bona fide target of miR-542-3p 
in myoblast proliferation and differentiation, three 
online software tools, including Targetscan 7.2, miRDB, 
and DIANA, were used to predict the target gene of 
miR-542-3p. The Venn diagrams showed 36 overlap-
ping target genes, such as Sun2, Glis3, Gria4, and Pten 
(Fig.  6A). Numerous studies have shown that Pten has 
an important effect on the growth and development 
of skeletal muscle [17–19]. Therefore, Pten was pre-
dicted as a candidate target gene of miR-542-3p in the 
skeletal muscle. The dual luciferase reporter plasmids 
(PmirGLO-Pten-WT and PmirGLO-Pten-MT) were 
constructed, in which pmirGLO-Pten-WT was inserted 

by the wild type 3’-UTR sequence of Pten binding to 
seed sequence of miR-542-3p and PmirGLO-Pten-MT 
was inserted by Pten 3’-UTR with nucleotide mutation 
at binding site (Fig.  6B, C  and Supplementary Material 
Fig.  1). Next, PmirGLO-Pten-WT, PmirGLO-Pten-MT, 
miR-542-3p mimic, and mimic NC were co-transfected 
to perform luciferase reporter assay and data showed that 
miR-542-3p mimic treatment dramatically suppressed 
luciferase activity of PmirGLO-Pten-WT, compared to 
mimic NC group (Fig. 6D). In contrast, luciferase activ-
ity of PmirGLO-Pten-MT was not affected by miR-
542-3p mimic (Fig. 6D). Furthermore, overexpression of 
miR-542-3p inhibited Pten expression at mRNA levels 
(Fig.  6E), while knockdown of miR-542-3p elevated its 

Fig. 4 Overexpression of miR-542-3p inhibits myoblast differentiation. A The mRNA level of MYOG, MYOD1, MYHC, MYF5, and MYF6 at day 3 
after transfection of miR-542-3p mimic and control groups. B, C The western blotting bands of differentiation markers in the miR-542-3p mimic 
and control groups (B) and their quantitative analysis (C) by image J software. The membrane was cleaved before hybridization with the antibody, 
and all protein bands (MYOG, MYOD1, and β-actin) in Fig. 4B were from the same samples. 4 biological replicates were detected, 3 of which were 
shown in the Fig. 4B and full-length blots were presented in Supplementary Fig. S4. D Anti-Myosin heavy chain (MYHC) immunofluorescence 
staining after the transfection of miR-542-3p mimic, scale bar: 100 μm. E, F, G MYHC immunofluorescence intensity analysis (E), differentiation index 
(F), myotube fusion index (G) by image J software. n = 3, * P < 0.05, ** P < 0.01 
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mRNA levels (Fig.  6F). In compliance with transcrip-
tional level, the inhibition and elevation of Pten protein 
level were respectively observed in miR-542-3p mimic 
and its inhibitor treatment cells by western blotting anal-
ysis (Fig.  6G, H, I, J). Thus, these results indicated that 
Pten is a direct target gene for miR-542-3p.

MiR‑542‑3p inhibits myoblasts proliferation by targeting 
Pten
Shen et  al. found that Pten positively regulates the pro-
liferation of skeletal muscle satellite cell [20]. Firstly, the 
function of Pten regulation on myoblast proliferation 
was confirmed mediated by si-Pten treatment. RT-qPCR 

results showed that the knockdown efficiency of Pten was 
high and decreased to ~ 20% to that of control (Fig. 7A), 
which significantly downregulated mRNA levels of prolif-
eration-related marker genes, including CCNB1, CCND2, 
CDK2, and CDK4 (Fig.  7A). Moreover, knockdown of 
Pten exhibited an obvious reduction of EdU positive cells 
(Fig. 7B, C). These data were concluded that the knock-
down of Pten suppressed myoblast proliferation.

Then, the rescue experiments of co-transfected si-Pten 
and miR-542-3p inhibitor were carried out to validate 
miR-542-3p inhibiting myoblasts proliferation depend-
ing on target gene Pten. Compared with inhibitor NC 
and miR-542-3p inhibitor groups, miR-542-3p inhibitor 

Fig. 5 Inhibition of miR-542-3p promotes myoblast differentiation. A The mRNA improvement of MYOG, MYOD1, MYHC, MYF5, and MYF6 at day 3 
after transfection of miR-542-3p inhibitor and control groups. B, C The western blotting bands of differentiation markers in the miR-542-3p inhibitor 
and control groups (B) and their quantitative (C) analysis by image J software. The membrane was cleaved before hybridization with the antibody, 
and all protein bands (MYOG, MYOD1, and β-actin) in Fig. 5B were from the same samples. 4 biological replicates were detected, 3 of which were 
shown in the Fig. 5B and full-length blots were presented in Supplementary Fig. S5. D Anti-Myosin heavy chain (MYHC) immunofluorescence 
staining after the transfection of miR-542-3p inhibitor, scale bar: 100 μm. E, F, G MYHC immunofluorescence intensity analysis (E), differentiation 
index (F) and myotube fusion index (G) by image J software. n = 3, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 
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combination with the si-Pten group totally rescued the 
mRNA level of proliferation-related genes (Fig.  7A). 
Similarly, the DNA synthesis ability of myoblast, another 
indicator of cellular proliferation, assessed by EdU 

staining analysis was identical to the expression of pro-
liferated related genes (Fig. 7B, C). These results further 
demonstrated that miR-542-3p inhibits the proliferation 
of C2C12 myoblasts by directly targeting Pten.

Fig. 6 miR-542-3p directly targets the Pten gene. A Prediction of target genes of miR-542-3p using online software, including DIANA, TargetScan 
7.2, and miRDB. B The complementary pairing of miR-542-3p and the potential target gene Pten wild type 3’-UTR or its mutated 3’-UTR. C Diagram 
of the construction of dual-luciferase reporter vectors containing the Pten 3’-UTR sequences of wild type or mutant. hRluc-neo fusion means renilla 
luciferase; Luc2 means firefly luciferase. D 293 T cells were co-transfected with Pten-3’-UTR wild or mutant dual-luciferase vector and the miR-542-3p 
mimic or mimic NC. The relative luciferase activity was assayed at 48 h after transfection. E, F The mRNA level of Pten in the miR-542-3p mimic 
(mimic) and mimic NC (E), miR-542-3p inhibitor (inhibitor) and inhibitor NC (F) were determined by RT-qPCR. G, I, H, J Protein level of Pten 
was detected by western blotting after overexpression (G, H) and inhibition (I, J) of miR-542-3p. The membrane was cleaved before hybridization 
with the antibody, and all protein bands in Fig. 6G and protein bands in Fig. 6I were from the same sample, respectively. Full-length blots are 
presented in Supplementary Fig. S6. n = 3, * P < 0.05, ** P < 0.01 
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MiR‑542‑3p inhibits myoblasts differentiation independent 
of targeted Pten
Yue et al. found that the skeletal muscle-specific knock-
out (KO) Pten gene can alleviate muscle fiber degen-
eration, restore muscle function, and improve muscle 
pathology [19]. To validate the effect of Pten on the dif-
ferentiation of C2C12 myoblasts, si-Pten and negative 
control (NC) were transfected, respectively. RT-qPCR 
results showed that knockdown of Pten significantly 
promoted the mRNA levels of the differentiated related 
marker genes MYOG and MYF6 were also significantly 
increased (Fig. 8A). In addition, MYHC antibody immu-
nofluorescence staining found more myotubes in the si-
Pten group than that of inhibitor NC (Fig.  8B) and had 
a significant increase trend in the fluorescence intensity 
(Fig.  8C), differentiation index (Fig.  8D), and myotube 
fusion index (Fig.  8E) of the si-Pten group by quantita-
tive analysis. These data indicated that the knockdown of 
Pten promotes myoblast differentiation.

Then, we carried out the rescue experiments of co-
transfected si-Pten and miR-542-3p inhibitor to elucidate 
miR-542-3p repressing myogenic differentiation through 

the target gene Pten. It was found that the differentiation-
associated genes had no significant change except for 
MYF5, compared with the miR-542-3p inhibitor group, 
so the promotion of myogenic differentiation induced 
by the miR-542-3p inhibitor was not rescued (Fig.  8A). 
Further, myotubes formation, differentiation index, and 
myotube fusion index were determined by immunofluo-
rescence staining and its quantitative analysis, which was 
also identical to gene expressional trend (Fig. 8B, C, D, E). 
In summary, miR-542-3p inhibits the differentiation of 
myoblasts independently of targeting Pten. These results 
demonstrated that miR-542-3p inhibits myoblast differ-
entiation and relies on the target gene Pten to inhibit pro-
liferation (Fig. 9).

Discussion
More and more pieces of evidence indicate that multiple 
muscle-enriched miRNAs play an extremely important 
and essential role in muscle development. Here, over-
expression of miR-542-3p inhibits the proliferation and 
differentiation of myoblast. On the contrary, the knock-
down of miR-542-3p promotes these phenotypes. This 

Fig. 7 miR-542-3p inhibits myoblasts proliferation through targeting Pten. A The mRNA level of Pten, CCND1, CCND2, CCNB1, CDK2, and CDK4 
in the miR-542-3p inhibitor, si-Pten, miR-542-3p inhibitor + si-Pten and control groups. B,C The images of 5-ethynyl-2’-deoxyuridine (EdU) staining (B) 
and percentage of the EdU positive cells (C), scale bar: 50 μm. n = 3, * P < 0.05, ** P < 0.01 
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study proves that miR-542-3p is a negative regulator of 
myoblast proliferation and myogenic differentiation.

Extensive research demonstrated that miRNAs are 
highly conserved in the minimal [21–23]. Through lit-
erature and sequence alignment analysis, miR-542-3p is 
the only highly conserved difference miRNA in skeletal 
muscle development of goats [13], muscular dystrophy 
patients [15] and porcine [16]. Therefore, miR-542-3p 
was identified as a conserved in different species. Besides, 
we found that the expression of miR-542-3p decreased 

sharply after 2  days of induction, and then gradually 
increased. Research has shown that miR-542-3p has a 
trend of first increasing and then decreasing in the five 
prenatal and postnatal stages of porcine [16] and plays an 
important role in skeletal muscle of yaks aged 0.5, 2.5, 4.5, 
and 7.5 years [24]. Therefore, miR-542-3p might partici-
pate in the proliferation and differentiation of myoblasts.

CCNB1 [25], CDK2 [26], CCND1 [27], CCND2 [28], 
CDK4 [29], and P53 [30] are all marker genes associ-
ated with cell proliferation, and our data show that 

Fig. 8 miR-542-3p inhibits myoblasts differentiation. A The mRNA level of Pten, MYOG, MYOD1, MYHC, MYF5, and MYF6 in the miR-542-3p inhibitor, 
si-Pten, miR-542-3p inhibitor + si-Pten, and control groups were detected by RT-qPCR. B Anti-Myosin heavy chain (MYHC) immunofluorescence 
staining after the transfection of miR-542-3p inhibitor, si-Pten, miR-542-3p inhibitor + si-Pten, and control groups. DAPI (blue), cell nuclei, scale bar: 
100 μm. C MYHC immunofluorescence intensity analysis by image J software. D Differentiation index. E Myotube fusion index. n = 3, * P < 0.05; ** 
P < 0.01; *** P < 0.001; **** P < 0.0001 
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overexpression of miR-542-3p significantly inhibits these 
gene expression, cellular activity and DNA synthesis and 
vice versa. These data indicate that miR-542-3p inhibits 
the proliferation of C2C12 myoblasts. Similarly, exten-
sive studies have shown that miR-542-3p has an inhibi-
tory effect on the proliferation of cancer cells, including 
colorectal cancer cell [31], neuroblastoma cell [32], and 
epithelial ovarian cancer [33]. Based on previously pub-
lished work, Qin et al. found that the expression of miR-
542-3p in porcine peaked at 63  days after coitum and 
gradually decreased later [16], and Guo et al. found that 
miR-542-3p peaked at 60 days of gestation and decreased 
significantly at 3 days after birth in the four developmen-
tal stages of longissimus dorsi muscle of goats [13]. These 
results suggested that miR-542-3p is highly expressed 
during the fetal period (a high cellular proliferation 
phase) of porcine and goat, which suggested that miR-
542-3p might be a positive regulator for muscle stem cell 
proliferation. However, overexpression of miR-542-3p 
inhibits C2C12 cell proliferation in vitro, and the oppo-
site phenotype was observed after inhibition of miR-
542-3p. Except for our data and the aforementioned cited 
works, other papers also shown that miR-542-3p gain-of-
function inhibits the proliferation of cells, such as osteo-
blast cell [34] and breast cancer cell [35]. Combined with 
our data and published works, miR-542-3p is a conserved 
negative regulator for cell proliferation.

Overexpression and interference of miR-542-3p, the 
mRNA level of P53 respectively decreased and increased 
along with the proliferation marker genes. However, the 
P53 expressional trend mediated by miR-542-3p in our 
study was contradictory with its classical function, as a 
tumor suppressor factor [36]. It was found that P53 has 

a low concentration in normal cells and is transcription-
ally activated after being stimulated by external factors, 
and its role is related to protein modifications, including 
ubiquitination and acetylation [37, 38]. Thus, the changes 
in the mRNA level of P53 were detected, it was specu-
lated that P53 without modification may not play a bio-
logical function in this experiment. In addition, Roser 
Farre-Garros et  al. reported that miR-542-3p/5p was 
positively correlated with P53 activity in patients with 
chronic obstructive pulmonary disease (COPD), accom-
panied by a reduction of muscle mass and function [15]. 
In this case, the data just showed that the miR-542 level 
has positively correlated with the gene set for P53 activ-
ity, being involved in mitochondrial ribosomal stress [15]. 
The miR-542 weather affects the P53 expression or its 
protein modification still needs further study.

More and more miRNAs play a role in the differentia-
tion of skeletal muscle myogenesis, such as muscle-spe-
cific miRNAs (including miR-208 [39, 40] and miR-499 
[41]) and non-muscle-specific miRNAs (including miR-
24, miR-122, miR-26a, miR-27b, miR-29, miR-214, miR-
486, miR-499, miR-125b, etc.) [42–49]. In recent years, 
there has been limited literature on miR-542-3p in study-
ing skeletal muscle development. Kureel J et  al. have 
explained the mechanism of action of miR-542-3p in 
osteoblast differentiation and bone formation, and miR-
542-3p acts on bone morphogenetic protein 7 (BMP-7) 
to inhibit osteoblast differentiation [34]. Consistently, we 
found that overexpression of miR-542-3p inhibited dif-
ferentiation of myoblasts.

We used three online software tools (Targetscan 7.2, 
miRDB, and DIANA) combined with Venn diagram 
analysis to predict that Pten is a candidate target gene of 

Fig. 9 Schematic diagram of miR-542-3p regulation on myoblasts proliferation and differentiation
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miR-542-3p. Previously, researchers reported that Pten 
was targeted by miR-19b-3p, resulting in an increase of 
muscle protein synthesis rate in aging mice and human 
myotubes [50]. Additionally, Pten was discovered in 1997 
independently by three laboratories as a tumor sup-
pressor of which the expression is often lost in tumors 
[51–53], and several miRNAs (including miR-205, miR-
122, miR-21, etc.) have been identified as binding to the 
3’ untranslated region of Pten mRNA [54–56]. Therefore, 
we hypothesized that miR-542-3p might inhibit myoblast 
proliferation and differentiation targeting Pten. Indeed, 
dual-luciferase reporter analysis and expression meas-
urement supported that Pten was a bona fide target gene 
of miR-542-3p. Furthermore, the rescued experiment 
provided direct evidence that miR-542-3p suppresses 
myoblast proliferation through target Pten. However, 
the rescued phenomenon was not observed in myoblast 
differentiation, which suggested that the inhibition of 
miR-542-3p on myogenic differentiation independent of 
targeted Pten and miR-542-3p would target other genes 
to repress myogenesis.

Conclusions
Collectively, miR-542-3p repressed the proliferation and 
differentiation of C2C12 myoblasts. Furthermore, Pten 
was identified as the downstream target gene of miR-
542-3p, and its inhibition for myoblast proliferation 
depends on Pten. Our findings are conducive to under-
standing the specific mode of action of miR-542-3p in 
regulating myoblast proliferation and differentiation, 
which also expands knowledge of studying skeletal mus-
cle at the miRNA level.

Methods
Cell culture
The C2C12 myoblasts cell line (ATCC, USA) was cultured 
in a growth medium consisting of Dulbecco’s modified 
eagle medium (DMEM) (Gibco, C11995500BT, China), 
10% fetal bovine serum (FBS) (AlphaCell, 100,061, 
China), and 1% penicillin–streptomycin (PS) (Biosharp, 
BL505A, Hefei,  China). The cells with 80%-90% conflu-
ences were incubated in a differentiation medium (DM) 
containing 2% horse serum (Solarbio, S9050,  Beijing, 
China), 1% PS, and DMEM. Cells were cultured in a cell 
culture incubator at constant temperature and humid-
ity (37 °C, 5%  CO2), and the medium was changed every 
2 days.

Cell transfection
miR-542-3p mimic, mimic negative control (NC), miR-
542-3p inhibitor, and inhibitor NC were synthesized 
by Jima Pharmaceutical Technology (Shanghai, China) 
(Table 1). The above RNAs, Pten-wild (ligated the 3’-UTR 

of Pten) and pmir-GLO plasmids were transfected by 
Lipofectamine™ 3000 Reagent (Invitrogen, L3000015, 
USA), according to the instructions of the manufacturer. 
The cells were seeded in 24-well plates and the transfec-
tion was performed at 40% and 60% of cell confluence 
for proliferation and differentiation assay, respectively. 
Collected cells 48 h after transfection to detect prolifer-
ation-related indicators. To detect differentiation-related 
indicators, myogenic induction was performed on cells 
24 h after transfection, and then cells were collected for 
further myogenic analysis at 3 days after induction. The 
miR-542-3p mimic was transfected at a concentration 
of 80 nmol/l (nM) and the inhibitor was transfected at a 
concentration of 100  nM. And the transfection concen-
tration of Pten’s siRNA is 100 nM.

Total RNA extraction and quantitative real‑time PCR 
(RT‑qPCR)
TRiZOL (Vazyme, R401-01, Nanjing,  China) reagent 
was used to extract total RNA from C2C12 myoblasts. 
The quality and concentration of RNA were measured 
by Nanodrop ND-1000 (Thermo Fisher, USA), and the 
 OD260/OD280 between 1.8 ~ 2.0 was used to synthesize 
cDNA. According to the manufacturer’s instructions, 
Prime-Script RT Master Mix (Takara, Dalian, China) 
was used to synthesize cDNA. SYBR qPCR Master Mix 
(Vazyme, Nanjing, China) and SYBR real-time PCR mix-
ture (BioTeke, Beijing, China) were used for real-time 
quantitative PCR analysis on the Bio-Rad CFX96 system. 
The primers used were shown in Table  2. Each sample 
was repeated three times and the 2-△△Ct method was 
used to analyze data.

EdU staining
For this measurement, 10  µM 5-ethynyl -2’-deoxyur-
idine (Beyotime, C0078S, Shanghai,  China) was added 
to GM and incubated for 2 h. The procedures of fixation, 

Table 1 RNA oligonucleotides for miR-542-3p and siRNA for Pten 
in this study

miRNA Name Sequence (5’‑3’)

miR-542-3p mimic UGU GAC AGA UUG AUA ACU GAAA 
UCA GUU AUC AAU CUG UCA CAUU 

mimic NC UUC UCC GAA CGU GUC ACG UTT 
ACG UGA CAC GUU CGG AGA ATT 

miR-542-3p inhibitor UUU CAG UUA UCA AUC UGU CACA 

inhibitor NC CAG UAC UUU UGU GUA GUA CAA 

si-Pten GAA GUA AGG ACC AGA GAC AUU 
UGU CUC UGG UCC UUA CUU CUU 

Pten NC AUU CUA UCA CUA GCG UGA CUU 
GUC ACG CUA GUG AUA GAA UUU 
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osmosis, and Edu staining were conducted under the 
manufacturer’s instruction. DAPI was used to conduct 
nuclear staining for 10 min. Finally, images were captured 
by Zeiss confocal laser microscope and the positive rate 
was representative of EdU positive cells/DAPI cells.

Cell counting kit 8 (CCK‑8) assay
C2C12 myoblasts were seeded in 96-well plates with 
100 μl growth medium (GM) and every plate had 5 ×  103 
cells. Negative control, mimic, and inhibitor were trans-
fected into cells and a Cell Counting Kit 8 (AbMole, 
M4839, Shanghai, China) was used to detect the cell pro-
liferative activity. In brief, 10 μl CCK-8 reagent was added 
into cells in every plate and a full band microplate reader 
(Perkin Elmer) was used to detect absorbance (450 nm) 
at 12 h, 24 h, 48 h, and 72 h. There are 6 biological repeti-
tions in each group.

Immunofluorescence staining
The cells were washed by PBS twice and 4% paraform-
aldehyde (Biosharp, BL539A, China) solution was 
added to fix cells for 10 ~ 15 min at room temperature, 
and then PBS was used to wash samples three times. 
Subsequently, 100  nM glycine was added to incubate 
for 10  min, and then PBS was added to wash sam-
ples 3 times. Blocking buffer (5% goat serum, 2%BSA, 
0.2%TritonX-100, and 0.1% sodium azide) was used to 
incubate cells for 30 min at room temperature, and then 
cells were immunized with primary antibodies (MYHC, 
DSHB Hybridoma Product MF 20) for overnight at 4℃. 

After that, the fluorescently labeled secondary antibody 
diluted with PBS was added to incubate for 1 h at room 
temperature. The fluorescently labeled secondary anti-
body included Alexa Fluor™ 568 goat anti-rabbit IgG 
(H + L) (Invitrogen, A11011, Carlsbad, USA) and Goat 
anti-mouse IgG H&L/FITC (Bioss, bs-0296G-FITC, 
Beijing,  China). The confocal microscope (Zeiss, 
LSM800, Germany) was used to capture images. Used 
ImageJ software to calculate fluorescence intensity and 
collected all data from randomly selected areas of 3 bio-
logical replicates. MYHC immunofluorescence inten-
sity analysis is expressed as total fluorescence intensity 
divided by area. The myotube differentiation index was 
expressed as the ratio of the number of myotubes with 
3 or more nuclei to the total number of myotubes [57]. 
The Myotube fusion index was expressed as the ratio of 
the number of nuclei in the myotube to the total num-
ber [58].

Dual‑Luciferase reporter assay
HEK293T (293  T) cells were seeded in 24-well plates 
and cultured in a growth medium (GM). The miR-
542-3p mimic, mimic NC, and luciferase reporter plas-
mids with wild type and mutant 3’-UTR of Pten were 
co-transfected at 70%-80% of cell density. There are 3 
repetitions in each group. The Dual-Luciferase Reporter 
Assay Kit (Vazyme, DL101-01, Nanjing,  China) was 
used to detect firefly and vanilla luciferase activity, 
according to the manufacturer’s instructions.

Table 2 Primer sequences for a reverse transcription-quantitative polymerase chain reaction

Gene Forward Reverse

miR-542-3p 5’-GCG CGT GTG ACA GAT TGA TAA-3’ 5’-AGT GCA GGG TCC GAG GTA TT-3’

miR-542-3p
Stem loop sequence

5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT TTC AG-3’

CCNB1 5’-CTT GCA GTG AGT GAC GTA GAC-3’ 5’-CCA GTT GTC GGA GAT AAG CATAG-3’

CDK2 5’-CAA AGC CAA GCA CGT AGA GAC-3’ 5’-TGC ACC ACA TAT TGA CTG TCC-3’

CDK4 5’-CTG AAC CGC TTT GGC AAG AC-3’ 5’-GCC CTC TCT TAT CGC CAG AT-3’

CCND1 5’-TAG GCC CTC AGC CTC ACT C -3’ 5’-CCA CCC CTG GGA TAA AGC AC-3’

CCND2 5’-GAG TGG GAA CTG GTA GTG TTG-3’ 5’-CGC ACA GAG CGA TGA AGG T-3’

P53 5’-CAA CAA ATG CTG GCT ACT AAGGA-3’ 5’-CAC GAG TTT TCC GTT GCT CA-3’

MYOG 5’-GAG ACA TCC CCC TAT TTC TACCA-3’ 5’-GCT CAG TCC GCT CAT AGC C-3’

MYOD1 5’-CCA CTC CGG GAC ATA GAC TTG-3’ 5’-AAA AGC GCA GGT CTG GTG AG-3’

MYHC 5’-GCG AAT CGA GGC TCA GAA CAA-3’ 5’-GTA GTT CCG CCT TCG GTC TTG-3’

MYF5 5’-AAG GCT CCT GTA TCC CCT CAC-3’ 5’-TGA CCT TCT TCA GGC GTC TAC-3’

MYF6 5’-AGA GGG CTC TCC TTT GTA TCC-3’ 5’-CTG CTT TCC GAC GAT CTG TGG-3’

U6 5’-CTC GCT TCG GCA GCACA-3’ 5’-AAC GCT TCA CGA ATT TGC GT-3’

18S 5’-CGC GGT TCT ATT TTG TTG GT-3’ 5’-AGT CGG CAT CGT TTA TGG TC-3’

RPL7 5’-ACG GTG GAG CCT TAT GTG AC-3’ 5’-TCC GTC AGA GGG ACT GTC TT-3’

Pten 5’-TGG ATT CGA CTT AGA CTT GACCT-3’ 5’-GCG GTG TCA TAA TGT CTC TCAG-3’
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Western blot analysis
Cells were washed twice with PBS solution and lysed in 
RIPA protein lysis buffer with 1% protease inhibitors to 
extract total protein. Western blotting was performed 
according to a previously established procedure, and 
protein concentration determination was performed 
using a BCA protein concentration assay kit (Biosharp, 
BL521B,  Hefei, China), followed by protein separation 
in SDS-PAGE, and then transferred to PVDF mem-
brane with anti-Pten (Bioss, bsm-33319M, Beijing, 
China), β-actin (Bioss, bsm-33036M, Beijing, China), 
CCND1 (Wanleibio, WL01435a, Shenyang, China),

CCNB1 (Wanleibio, WL01760, Shenyang, China), 
MYOG (Abcam, ab124800, Cambridge, United King-
dom), and MYOD1 (Wanleibio, WL04662, Shenyang, 
China) were immunoblotted. Used ImageJ software 
to analyze the grayscale values of protein bands and 
standardize the target protein bands to β-actin was 
used as the load control. Each experiment was repeated 
with 3 organisms.

Bioinformatic analysis
A prediction of the miRNA target gene was performed 
by miRDB (http:// mirdb. org/), Targets can (http:// 
www. targe tscan. org/ mmu_ 72/), and DIANA (http:// 
diana. imis. athen ainno vation. gr/ Diana Tools/ index. 
php?r= microT_ CDS/ index). Venn Diagram was fin-
ished by the website(http:// bioin forma tics. psb. ugent. 
be/ webto ols/ Venn/).

Statistical analysis
Data were represented as mean ± standard error. 
GraphPad Prism 8.0 software and image J 1.8.0 were 
used to analyze data. Calculate statistically signifi-
cant differences through T-test analysis and two-way 
ANOVA. P < 0.05, the difference is significant.
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