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Abstract

Skeletal myogenesis is a highly coordinated process that involves cell proliferation, differentiation and fusion controlled by 

a complex gene regulatory network. The microRNA gene cluster miR-17–92 has been shown to be related to this process; 

however, the exact role of each cluster member remains unclear. Here, we show that miR-17 and miR-20a could effectively 

promote the differentiation of both C2C12 myoblasts and primary bovine satellite cells. In contrast, miR-18a might play a 

negative role in C2C12 cell differentiation, while miR-19 and miR-92a had little influence. Transcriptome and target analyses 

revealed that miR-17 could act on Ccnd2, Jak1 and Rhoc genes that are critical for cell proliferation and/or fusion. Notably, 

the addition of miR-19 could reverse the lethal effect of miR-17 and could thus facilitate the maturation of myotubes. Fur-

thermore, by co-injecting the lentiviral shRNAs of miR-17 and miR-19 into mouse tibialis anterior muscles, we demonstrated 

the wound healing abilities of the two miRNAs. Our findings indicate that in combination with miR-19, miR-17 is a potent 

inducer of skeletal muscle differentiation.
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Introduction

In vertebrates, skeletal myogenesis is a highly coordinated 

process that is fundamental to the development, growth and 

regeneration of skeletal muscle. Particularly, in response 

to exercise or damage, skeletal muscle can robustly regen-

erate owing to the residence of multipotent satellite cells 

[1]. Upon activation, satellite cells exit the quiescent state 

to proliferate and differentiate into myoblasts, which then 

further differentiate and fuse into multinucleated myotubes 

[2]. The multistep myogenic process is tightly controlled by 

a complex gene regulatory network. A group of bHLH (basic 

helix–loop–helix) transcription factors is located at the core 

node in this network, namely MRFs (myogenic regulatory 

factors), including MYF5, MYOD, MYOG (myogenin), 

and MRF4 [3, 4]. Many miRNAs (microRNAs), small non-

coding RNA molecules that target mRNAs to fine-tune gene 

expression, are also important components of this network 

[5–8].

The highly conserved miR-17–92 cluster is one of the 

most investigated miRNA clusters. It consists of six miR-

NAs as follows: miR-17, -18a, -19a, -20a, -19b-1, and 

-92a-1 (Fig. S1a). In the mature form, miR-19a and -19b 

share exactly the same sequence, while miR-17 and -20a 

only differ in two nucleotides [9, 10]. Although co-tran-

scribed initially, individual members of this cluster may have 

cooperative or opposing effects depending on the context. 

The miR-17–92 cluster was first found to be an oncomir in 

malignant B cell lymphoma [11]. Subsequently, miR-19a 

and -19b were identified to be the key oncogenic ones by 

targeting PTEN (phosphate and tensin homologue), thus 

increasing the PI3K–AKT signalling pathway for the main-

tenance and survival of B-lymphoma; however, miR-17 did 
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not contribute significantly to the malignant transformation 

of B-lymphoma [12, 13]. By contrast, in retinoblastoma, 

miR-17 and -20a became the key oncogenic ones, largely 

due to the repression of P21 (cyclin-dependent kinase inhibi-

tor) and the TGF-beta pathway components [14, 15]. It is 

increasingly clear that the role of each miR-17–92 member 

varies in a context-dependent manner. Most studies charac-

terised miR-17 as a pro-proliferative miRNA contributing to 

tumourigenesis in various cell types [16, 17]. However, the 

anti-proliferative effect of miR-17 has also been noticed in 

specific contexts (e.g., breast cancer cells) [18–20].

Notably, an inconsistency has arisen with respect to the 

roles of the miR-17–92 cluster in skeletal myogenesis. Liu 

et al. [21] demonstrated that by binding to the miR-17–92 

promoter in proliferating C2C12 myoblasts, exogenous 

MYOG could upregulate miR-20a to force cell cycle exit 

and stimulate differentiation. Luo et al. [22] also showed that 

the chemosynthetic mimics of miR-20a-5p and miR-20b-5p 

inhibited proliferation and promoted differentiation in QM-7 

(quail muscle clone 7) cells, which involved an auto-reg-

ulatory feedback loop between E2F1 and miR-20a/b. On 

the contrary, Qiu et al. [23] reported that in C2C12 cells, 

miR-17, -20a or -92a enhanced proliferation and repressed 

differentiation by targeting ENH1 (actin-associated protein 

enigma homologue 1), thus increasing the nuclear accumula-

tion of ID1 (inhibitor of differentiation 1) to block MRFs.

Therefore, to better understand the roles of the miR-17–92 

cluster in muscle differentiation, we transfected the mimic of 

each cluster member into C2C12 cells and identified miR-17 

and miR-20a, but not miR-18a, miR-19 or miR-92a, to be 

potent inducers of muscle differentiation. Nevertheless, miR-

18a might be a repressor, as treating cells with its specific 

inhibitor facilitated myogenic differentiation. Transcriptome 

and target analyses revealed that the pro-differentiation abil-

ity of miR-17 was achieved in part by inhibiting the critical 

targets Ccnd2 (cyclin D2), Jak1 (Janus kinase 1) and Rhoc 

(ras homologue family member C). Notably, miR-19 could 

reverse the phenomenon of cell death caused by miR-17, 

and the simultaneous administration of both could signifi-

cantly promote the differentiation of primary bovine skeletal 

muscle-derived satellite cells (MDSCs) and the repair of 

mouse tibialis anterior muscles. Our study not only revealed 

the mechanism by which miR-17 promotes skeletal muscle 

differentiation but also provided a potential strategy for meat 

production increase and muscle disease therapy.

Results

Different roles of the miR‑17–92 cluster members 
in muscle differentiation

To analyse the effects of the miR-17–92 cluster on mus-

cle differentiation, C2C12 myoblasts were transfected with 

each of the five miRNA mimics (miR-17-5p, miR-20a-5p, 

miR-19a-3p/miR-19b-3p, miR-18a-5p and miR-92a-3p) 

and then cultured in DM (differentiation medium) (Fig. 1a). 

Compared with that of the NC (negative control, scrambled 

sequence) cells, the myogenic programme was advanced in 

the cells carrying either the miR-17 or miR-20a mimic, with 

higher MYHC (myosin heavy chain) expression starting on 

day 3 and more myotube formation starting on day 5. Nota-

bly, most cells had already fused into long and multinucle-

ated fibres on day 7. In contrast, the mimics of miR-18a, 

miR-19 and miR-92a had little influence on C2C12 cell dif-

ferentiation (Figs. 1b, S1c).

Intriguingly, the expression levels of the miR-17–92 

cluster members were all decreased during the normal dif-

ferentiation of C2C12 cells, except for that of miR-18a, 

which increased during the early stages and decreased later 

(Fig. 1c). Its abundance was also much higher than that of 

the others all along (Fig. S1b). However, the exogenous 

addition of miR-18a had little pro-differentiation effects 

(Fig. 1b). Thus, we aimed to test whether the opposite condi-

tions would work. Indeed, after the treatment with the miR-

18a inhibitor, more cells expressed MYHC on day 3, and a 

larger bundle of myotubes was formed on day 7. By contrast, 

the miR-19 inhibitor did not show any apparent effects on 

myogenic differentiation (Fig. S1d, e), nor did the miR-17 

inhibitor (data not shown).

Then, to further examine the pro-differentiation abilities 

of miR-17 and miR-20a, transfected cells were cultured in 

GM (growth medium) that is not conductive to C2C12 cell 

differentiation (Fig. 1a). Surprisingly, miR-17 and miR-20a 

still exhibited strong effects (Figs. 1d, S1f). After 48 h of 

incubation in GM, the two mimics were able to induce the 

expression of Myh3 (myosin heavy chain 3) at concentrations 

as low as 2 nM. When their concentrations reached 50 nM, 

Myh3 transcripts were significantly increased (Fig. S1g). For 

Fig. 1  Different roles of the miR-17–92 cluster members in mus-

cle differentiation. a Two strategies for the muscle differentiation 

assay. At 24 h after the transfection with the miRNA mimics or the 

NC (negative control, scrambled sequence), the cells were cultured 

in DM (differentiation medium) or GM (growth medium), and then 

examined on the indicated days. The pattern diagram represents the 

process of myogenic differentiation, with the myoblasts in red, the 

myotubes in green and the nuclei in blue. b MYHC immunostaining 

of C2C12 cells transfected with each miRNA mimic at the indicated 

time points during DM-induced differentiation. Among the miR-

17–92 cluster members, miR-17 and miR-20a, but not the other three 

miRNAs, could advance the myogenic programme since day 3 (scale 

bar = 100  μm). c The endogenous expression patterns of the miR-

17–92 cluster members during normal C2C12 cell differentiation. 

The levels of mature miRNAs were detected by qRT-PCR on days 

1, 3 and 7. The relative (miRNA/U6) levels on day 1 were all set to 

1.0. All members were downregulated, except miR-18 (mean ± SEM, 

**P < 0.01, ***P < 0.001). d miR-17 and miR-20a promoted C2C12 

cell differentiation in GM (scale bar = 100 μm)

◂
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miR-19, although its level was also elevated upon transfec-

tion, there was no significant difference in the level of Myh3 

(Fig. S1g). Notably, miR-17 and miR-20a also accelerated 

the differentiation process of primary bovine MDSCs in DM 

(Fig. S1h, i), as was confirmed by the upregulated transcrip-

tion of MYH3, MYOD1 and MYOG (Fig. S1j).

Transcriptomic changes induced by miR‑17 
or miR‑20a

The knockdown of Ago2 (argonaute 2) or Gw182, the two 

key proteins of RISC (RNA-induced silencing complex), 

indicated that miR-17 and miR-20a promoted C2C12 cell 

differentiation via the classical RISC degradation pathway 

(Fig. S2). Then, to view the changes in gene expression pro-

file induced by miR-17 or miR-20a to accelerate the myo-

genic programme, C2C12 cells were transfected with the 

appropriate mimic for 48 h in GM and were harvested for 

RNA-seq analysis.

The functional categories of genes that were down-

regulated by miR-17 or miR-20a suggested a particular 

enrichment of cell cycle-related genes (Fig. 2a). Notably, 

Ccnd2, Jak1 and Rhoc were among the genes significantly 

downregulated (Fig. 2b). Actually, the three genes, together 

with some other downregulated genes associated with cell 

proliferation (Fig. 2c), were predicted to be the common 

targets of miR-17 and miR-20a by all three databases (Tar-

getScan, MicroRNA and MiRDB) due to their identical seed 

sequences.

It should also be noted that the level of Myf5, which 

is essential for satellite cell/myoblast proliferation, was 

reduced in both samples; this is in contrast to the levels of 

Myod1 and Myog, which are required for myotube forma-

tion (Fig. 2d). Meanwhile, there was little change in Mrf4 

expression (data not shown). Moreover, miR-17 seemed to 

have a stronger ability than that of miR-20a to induce the 

differentiation-related genes (Fig. 2d). Thus, we focused on 

miR-17 in the subsequent experiments.

Ccnd2, Jak1 and Rhoc were directly targeted 
by miR‑17 to promote C2C12 cell differentiation

To examine whether Ccnd2, Jak1 and Rhoc were direct 

targets of miR-17, the dual-luciferase reporter system was 

employed. The 3′UTR fragments of the three genes contain-

ing putative miR-17 sites were cloned and inserted down-

stream of the firefly luciferase-coding region (Fig. 3a). The 

wild-type 3′UTR of these genes conferred significant repres-

sion (50–70%) on the firefly/Renilla ratio upon miR-17 co-

transfection, which was reversed to different extent by site-

specific mutagenesis (Fig. 3b).

Further, qPCR and western blot analyses demonstrated 

that both mRNA and protein levels of Ccnd2, Jak1 and Rhoc 

were reduced by miR-17 (Figs. 3c, d, S3a). In fact, the sup-

pression of the three genes by their siRNAs (Fig. S3b, c) 

could promote C2C12 cell differentiation after the incuba-

tion in DM for 3 days, respectively. Notably, siCcnd2 and 

siJak1 were also successful in GM (Figs. 3e, S3d). These 

results indicated that the effects of miR-17 could be achieved 

in part by directly targeting Ccnd2 and Jak1 that are well 

known for maintaining cell proliferation, as well as Rhoc that 

is more involved in suppressing cell motility and regulating 

cell fusion.

miR‑19 complemented miR‑17 in promoting muscle 
differentiation

Upon miR-17 treatment, an obvious decrease in cell num-

ber, accompanied by an increase in cell debris, was noticed 

in C2C12 cells. Indeed, 48 h post-GM incubation, miR-17 

inhibited cell proliferation, as revealed by EDU (5-ethynyl-

2′-deoxyuridine) immunofluorescence staining (Figs. 4a, 

S4a), and also caused many cells to undergo apoptosis, 

with 50.8% positive for annexin V and 34.4% positive for 

PI (propidium iodide) (Figs. 4b, S4b). These effects actu-

ally constrain the efficacy of miR-17 in inducing skeletal 

myogenesis, as myotube formation is dependent on cell 

fusion. Interestingly, miR-19, another member of the clus-

ter, is capable of promoting cell proliferation and survival. 

Therefore, we tested whether it could complement miR-17 

in this respect.

Indeed, miR-19 increased C2C12 cell proliferation 

regardless of the presence of miR-17 (Figs. 4a, S4a). Mean-

while, upon co-transfection, it partially reversed the pro-

apoptotic role of miR-17 by reducing 18% of annexin V 

and 10.8% of PI signals (Fig. 4b). A series of genes that 

can activate inflammation and/or suppress survival, includ-

ing Pten, Socs3 and Tnfaip3, was significantly downregu-

lated in samples treated with miR-19 alone or miR-17 plus 

miR-19 (miR-17 + 19) (Figs. 4c, d, S4d). These genes were 

potential targets of miR-19 (Fig. 4d). Notably, Myf5 reduc-

tion by miR-17 was also counteracted by the addition of 

miR-19 (Fig. 4e). Some genes downregulated by miR-17 

but upregulated by miR-17 + 19 were enriched to functions 

such as cell cycle and cell division; however, the enrichment 

was not significant (Fig. S4c). Then, we turned to signalling 

pathways that were upregulated in the miR-17 + 19 group. 

Since the Ras–MAPK and PI3K–AKT pathways were rec-

ommended by KEGG enrichment (Fig. 4f), we measured 

ERK1/2 and AKT activation by western blotting. Indeed, 

miR-19 reversed the dephosphorylation effects of miR-17 on 

ERK1/2, AKT (Thr308) and AKT (Ser473) (Figs. 4g, S4f).

Notably, Ccnd2, Jak1 and Rhoc were still significantly 

downregulated in miR-17 + 19 samples (Fig. S4e). In fact, 

myogenic differentiation was not antagonised but was facili-

tated by the supplementation of miR-19, as indicated by the 
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Fig. 2  Transcriptomic changes induced by miR-17 or miR-20a. a 

The six top pathways downregulated by miR-17 or miR-20a accord-

ing to GO (Gene Ontology) enrichment. RichFactor is equal to the 

downregulated gene number divided by the total gene number in the 

pathway. b Volcano plots of − log10 (adjusted P value) vs. log2 (fold 

change, FC) of all differential genes upon miR-17 or miR-20a treat-

ment. The threshold (P = 0.05) is indicated with a dashed line. Ccnd2, 

Jak1 and Rhoc are the key downregulated targets, while Myh3, 

Myod1 and Myog are labelled as the major myogenic markers. c A 

heatmap of the Targetscan database’s representative predicted targets 

of miR-17 and miR-20a that were downregulated by their mimics 

according to the RNA-seq data. d A heatmap of the representative 

skeletal muscle-related genes that were differentially expressed upon 

miR-17 or miR-20a treatment. Notably, Myf5 was decreased by both 

miRNAs, and miR-17 induced higher expression levels of the other 

genes
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Fig. 3  Ccnd2, Jak1 and Rhoc 

were directly targeted by miR-

17 in promoting C2C12 cell 

differentiation. a A sketch map 

of the predicted miR-17-binding 

sites in the 3′UTR regions of 

the Ccnd2, Jak1 and Rhoc 

mRNAs. The seed region of 

miR-17-5p is highlighted in 

red and base paired with the 

wide-type sequence (WT) of 

each mRNA. The correspond-

ing mutant sequence (MUT) is 

indicated with a red box. b A 

dual-luciferase reporter assay. 

The 3′UTR fragments (WT and 

MUT) of Ccnd2, Jak1 and Rhoc 

were cloned into the pMIR 

vector and then co-transfected 

with the miR-17 mimic or the 

NC (negative control, scrambled 

sequence). The relative Firefly/

Renilla luciferase activity in the 

WT and NC group was set to 

1.0 (mean + SEM, **P < 0.01, 

***P < 0.001). c The mRNA 

levels of Ccnd2, Jak1 and Rhoc 

were decreased by miR-17. 

The relative (mRNA/Gapdh) 

levels in the NC were set to 1.0 

(mean + SEM, ***P < 0.001). d 

The protein levels of CCND2, 

JAK1 and RHOC were 

decreased by miR-17 according 

to the western result. ACTIN 

was used as the internal control. 

e MYHC immunostaining of 

C2C12 cells treated with the 

siRNAs of Ccnd2, Jak1 and 

Rhoc. On day 3, all siRNAs 

advanced the myogenic pro-

gramme in DM (differentiation 

medium). Notably, siCcnd2 

and siJak1 also worked in 

GM (growth medium) (scale 

bar = 100 μm)
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Fig. 4  miR-19 complemented 

miR-17 in promoting muscle 

differentiation. a An EDU 

incorporation assay. The 

proliferation rate of C2C12 

cells was decreased by miR-17 

but was increased by miR-19 

(mean ± SEM, **P < 0.01, 

***P < 0.001). b Apoptosis 

analyses. C2C12 cells were 

transfected with miR-17 or miR-

17 + 19 for 3 days, and then 

both the attached cells and the 

supernatant were harvested and 

stained with annexin V and PI 

for subsequent FACS analysis. 

The addition of miR-19 partially 

reversed the lethal effects of 

miR-17. c Volcano plots of 

− log10 (adjusted P value) vs. 

log2 (fold change, FC) of all 

differential genes after miR-

19 or miR-17 + 19 treatment 

according to the RNA-seq data. 

The threshold (P = 0.05) is 

indicated with a dashed line. 

Pten, Socs3 and Tnfaip3 are 

highlighted as key downregu-

lated genes, while Myh3, Myod1 

and Myog are indicated as major 

myogenic markers. d A heatmap 

of the Targetscan database’s 

representative predicted targets 

of miR-19 that were downregu-

lated after miRNA treatment 

according to the RNA-seq data. 

e A heatmap of the skeletal 

muscle-related genes that were 

differentially expressed after 

miRNA treatment according 

to the RNA-seq data. f KEGG 

enrichment analysis of the 

miR-17 + 19 upregulated genes. 

Notably, PI3K–AKT and Ras–

MAPK signalling pathways are 

recommended. g ERK1/2 and 

AKT (Thr308) were re-activated 

by miR-19. h MYHC immu-

nostaining revealed that miR-

17 + 19 promoted C2C12 cell 

differentiation in GM (growth 

medium) better than miR-17 

alone did (scale bar = 100 μm)
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higher expression of Myh3 (Figs. 4e, S4g). Therefore, the 

combination of miR-17 and miR-19 was better in promoting 

C2C12 cell differentiation, which resulted in longer myo-

tubes containing more nuclei, as reflected by MYHC immu-

nostaining (Figs. 4h, S4i), fusion index and differentiation 

ratio analyses (Fig. S4h, j). By dividing myotubes into the 

following three categories: 1–4 nuclei (small), 4–10 nuclei 

(middle) and > 10 nuclei (large), it was revealed that miR-

17 + 19 increased both the total number of myotubes and the 

number of nuclei per myotube (Fig. S4k).

The healing potential of miR‑17 + 19 in injured 
mouse skeletal muscle

We then proceeded to test the potential of miR-17 + 19 in 

muscle damage repair. First, miR-17 and miR-17 + 19 were 

transfected into primary MDSCs isolated from foetal calves, 

respectively. MYHC staining showed that both promoted 

MDSC differentiation (Fig. 5a), and miR-17 + 19 resulted 

in more myotubes and a higher fusion efficiency than miR-

17 alone did (Fig. S5a). Next, we used 1.5%  BaCl2 (barium 

chloride) to damage mouse tibialis anterior muscles and 

injected a mixture of 1% Matrigel and lentiviral vectors con-

taining the shRNAs of miR-17 and miR-19b-1 into the mus-

cles 24 h later (Fig. 5b); this was after the pro-differentiation 

effects of the shRNAs were validated in C2C12 cells (Fig. 

S5b, e). The increased expression of miR-17 and miR-19 in 

the tibialis anterior muscles after injection was confirmed 

by qPCR (Fig. S5c). Paraffin section analysis showed that 

the regeneration process was advanced in muscles express-

ing shRNA-17 plus shRNA-19b-1 (shR-17 + 19) since day 

3, with a larger size and counts of newly generated muscle 

fibres compared to those in the NC muscles. After 10 days, 

the inflammatory infiltration was significantly reduced, and 

the regeneration process was almost complete (Figs. 5c, d, 

S5d). Simultaneously, the immunostaining of desmin, a 

marker of newly generated muscle fibres [24, 25], confirmed 

the advanced phenotype in muscles treated with shR-17 + 19 

(Fig. 5c).

Discussion

The miR-17–92 cluster is one of the most investigated 

miRNA clusters, especially in tumourigenesis [10]. Surpris-

ingly, the reported effects of this cluster on skeletal myogen-

esis were controversial. As mentioned above, two groups 

have shown that miR-20a could stimulate the differentiation 

of both C2C12 [21] and QM-7 cells [22]. However, another 

group holds an opposite opinion that miR-17, -20a and -92a 

could block the differentiation of C2C12 cells [23]. Here, 

we demonstrated that miR-17 and -20a could effectively 

advance the differentiation of not only C2C12 myoblasts 

but also primary MDSCs. In contrast, miR-18a might delay 

C2C12 cell differentiation, as the treatment with its specific 

inhibitor significantly promoted the myogenic process. In 

addition, miR-19 and -92a alone exhibited little influence; 

however, when co-transfected, miR-19 could reverse the 

lethal effect of miR-17 and could thus facilitate myotube 

maturation.

Therefore, we were on the side of Liu et al. [21] and 

Luo et al. [22] to be opposite to Qiu et al. [23]. For such 

inconsistency, one possible reason might be that the miRNA 

mimics, the miRNA-expressing viruses and the transfection 

method used were all different. Given that the amount of 

each mimic used for transfection and the expression data 

of the exogenous miRNAs were missing in the article of 

Qiu et al., it could not be excluded whether there was a sig-

nificant difference in miRNA levels that might lead to the 

inconsistency. Moreover, on one hand, the miRNA mimics 

we used have been improved for their specificity as each 

passenger strand is inactivated by proprietary chemical mod-

ifications so as to avoid being wrongly incorporated into 

RISC to cause off-target effects [26]. On the other hand, 

silencing of the two key proteins of RISC suppressed the 

pro-differentiation abilities of miR-17 and -20a in GM (Fig. 

S2), which eliminated the off-target effects related to the 

immune response [26].

An interesting scenario for the members derived from the 

same miRNA polycistron is to antagonise each other. This 

has already been observed for the miR-17–92 cluster mem-

bers; for example, miR-17 can abrogate the erythroleukemia 

induced by miR-92a [27]. In myogenesis regulation, a nota-

ble antagonism occurs between miR-1 and -133. Although 

the two well-known myomiRs (muscle-specific miRNAs) 

are clustered and transcribed together, miR-1 stimulates dif-

ferentiation, whereas miR-133 maintains proliferation [5]. 

Here, miR-18a emerged to act against miR-17 and -20a in 

C2C12 cell differentiation, just like it did in Th17 (T helper 

17) cell differentiation [28]. Besides, in C2C12 cells, there 

was one more antagonism arising in the cluster, as miR-19 

could mitigate miR-17-induced apoptosis.

Similar to miR-133 [5], miR-18a was upregulated at the 

early stages to serve as a brake of the normal differentia-

tion of C2C12 cells. In fact, it was also sharply increased 

during Th17 cell differentiation to inhibit the process [28]. 

However, contrary to miR-1 [5], miR-17 and -20a were both 

downregulated during the normal differentiation of C2C12 

cells, in spite of their pro-differentiation abilities. Given the 

miR-17/20a:miR-18a antagonism and the potent pro-apop-

tosis effect of miR-17 in C2C12 cells, we hypothesised that 

in the normal myogenic programme, the anti-differentiation 

ability of miR-18a is preferred, and accordingly, balanced 

expression of antagonistic members by post-transcrip-

tional regulation results in the decreased levels of miR-17 

and -20a due to their strong effects. Notably, during Th17 
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Fig. 5  The healing potential of 

miR-17 and miR-19 in injured 

mouse skeletal muscles. a miR-

17 or miR-17 + 19 could pro-

mote the differentiation of pri-

mary bovine MDSCs (skeletal 

muscle-derived satellite cells). 

The cells transfected with the 

miRNA mimics were cultured 

for 3 days in DM (differentia-

tion medium) and were then 

examined by MYHC immu-

nostaining (scale bar = 100 μm). 

b The schematic of the muscle 

regeneration model. Mouse 

tibialis anterior muscles were 

injected with 1.5%  BaCl2 

followed by an injection of 

lentiviruses expressing shRNAs 

24 h later. The lentivirus 

injection day was set as day 

0. c Histology analyses of the 

tibialis anterior muscles from 

mice injected with shNC or 

shR-17 + 19. The muscles were 

collected on the indicated days 

(scale bar = 100 μm), and their 

cross sections were examined 

by H&E and desmin stainings. 

The immunosignal of desmin 

indicated that shR-17 + 19 

advanced muscle regeneration 

(scale bar = 100 μm). d Shown 

(left to right) are the number 

of the newly formed muscle 

fibres of various CSAs (cross-

sectional areas, μM2) on day5 

and day10, the in vivo fusion 

index for regenerating myofi-

bres on day5 and day10, and 

the numbers and distribution of 

regenerating myofibres on day 

10 (mean ± SEM, **P < 0.01, 

***P < 0.001)
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cell differentiation, although miR-17, -20a and -19b could 

enhance the process, there was little change in their expres-

sion levels [28].

There are a variety of ways for miRNAs to regulate the 

expression of target genes. The classic one is through the 

RISC pathway to mediate mRNA degradation or inhibit 

translation [29, 30].However, in the non-classic manner that 

is independent of RISC, miRNAs can also do the reverse to 

promote mRNA stabilisation [31] and/or accelerate transla-

tion [32–34]. Here, by knocking down AGO2 and GW182 

(two key proteins of RISC) in C2C12 cells, we found that the 

ability of miR-17 and miR-20a to accelerate the myogenic 

programme in GM was largely achieved by degrading their 

target genes via the RISC pathway as siAgo2 or siGw182 

strongly inhibited their effects (Fig. S2).

Switching from proliferation to differentiation is criti-

cal for skeletal myogenesis. Particularly, upon cell cycle 

exit, most C2C12 cells will naturally enter the myogenic 

programme. It has been reported that miR-17 can target 

many cell cycle-related genes, such as CCND1 (cyclin D1), 

MYC and E2F1 [35–37]. Notably, the expression level of 

Ccnd1 could determine the myogenic fate of C2C12 cells. 

For example, in GM, unphosphorylated Pitx2 (paired-like 

homeodomain 2) could stabilise Ccnd1 mRNA and thus 

sustain proliferation, whereas in DM, AKT2 could phos-

phorylate Pitx2 to downregulate Ccnd1, and thus, unlock dif-

ferentiation [38]. Indeed, the Ccnd1 level was significantly 

decreased by both miR-17 and -20a (Fig. 2c), indicating its 

contribution to the pro-differentiation abilities of the two 

miRNAs, just as it does to miR-206, a positive myomiR in 

skeletal myogenesis [39].

CCND2 is another key cyclin that controls the G1/S tran-

sition of the cell cycle [40]. A previous study indicated that 

the upregulation of the miR-17–92 cluster could cause sig-

nificant changes in its expression; however, whether it is the 

direct target of miR-17 was not verified [41]. Another study 

reported that Ccnd2 could be reduced by miR-195 and miR-

497, which contributed to the promotion of C2C12 cell dif-

ferentiation [42]. Indeed, similar to miR-17, siCcnd2 alone 

could advance the myogenic programme in the presence of 

GM (Figs. 3e, S3d). Thus, we demonstrated that Ccnd2 is 

also an important contributor to the pro-differentiation abil-

ity of miR-17, with its 3′UTR region being directly targeted. 

Moreover, as the decreased luciferase signal of the Ccnd2 

3′UTR reporter was not fully rescued by mutating the pre-

dicted site, this region might contain at least one other miR-

17 site that was ignored by the three databases (TargetScan, 

MicroRNA and MiRDB).

As key kinases in the JAK–STAT signalling pathway, 

JAKs play important, although different, roles in myogen-

esis. JAK1 has a marked effect on myoblast proliferation, 

whereas JAK2 and JAK3 mainly function in myotube for-

mation [43, 44]. Notably, siJak1 alone was also enough to 

advance the myogenic programme in GM (Figs. 3e, S3d); 

this is consistent with the previous finding that the down-

regulation of JAK1 switched on the muscle fate of C2C12 

cells by directly affecting STAT1 activation [45]. Besides, 

JAK1 has already been shown to be the direct target of miR-

17 in T-cell survival [46], which was validated here (Fig. 3a, 

b). Therefore, in parallel to the two cyclins, miR-17 also acts 

on the pivotal JAK1–STAT1–STAT3 cascade to cease pro-

liferation and thus drive the differentiation of C2C12 cells.

Here, Rhoc was verified for the first time to be the target 

of miR-17 (Fig. 3a, b). However, unlike siCcnd2 and siJak1, 

siRhoc alone could only accelerate differentiation in DM, 

but not in GM (Fig. 3e), even though it is also involved in 

tumour cell proliferation or initiation [47]. Nevertheless, as 

a small (~ 21 kDa) signalling G protein belonging to the Rac 

subfamily, RHOC is also important in actin cytoskeleton 

organisation, cell shape formation and cell motility regu-

lation [48, 49]. In the late stage of muscle differentiation, 

ECM (extracellular matrix) is required for cell fusion. How-

ever, RHOC can lead to ECM degradation, and finally, to 

cell polarity loss [50]. Moreover, RHOC can interact with 

ROCK1 (Rho-associated coiled-coil containing protein 

kinase 1) to phosphorylate and activate CNN3 (calponin 3), 

a negative regulator of muscle differentiation and cell fusion 

[51–53]. Altogether, the downregulation of RHOC might 

facilitate myotube formation via increased ECM expression 

and decreased CNN3 activation [36, 52, 54].

Although miR-17 emerges as a potent inducer of skeletal 

myogenesis via targeting a diverse set of genes, its pro-dif-

ferentiation ability is largely hampered by the concomitant 

lethal effect, as the cell number required for myoblast fusion 

is reduced. Interestingly, this deficiency can be comple-

mented by miR-19 (Figs. 4, S4), another miR-17–92 cluster 

member that is known to be capable of promoting cell prolif-

eration and survival [55, 56]. This might be largely attributed 

to its targets that were significantly downregulated in the 

miR-17 + 19 samples, such as PTEN, SOCS3 and TNFAIP3 

(Figs. 4e, S4d), which are involved in the PI3K–AKT signal-

ling pathway, skeletal muscle insulin resistance and TNF-

mediated apoptosis, respectively [57–60]. Indeed, the AKT 

pathway was re-activated by miR-17 + 19, which was sug-

gested by KEGG analysis and confirmed by western blotting, 

so was the MAPK pathway that is also significant in modu-

lating cell proliferation and survival (Fig. 4g, h) [61]. In 

other words, miR-19 could reverse the lethal effect of miR-

17 on C2C12 cells via, at least in part, the re-activation of 

the two pathways. Consequently, the combination of miR-17 

and -19 exhibited a better effect on myogenic differentiation, 

which also effectively improved in vivo muscle regenera-

tion after injury. Our findings thus offer new insights into 

the mechanisms of muscle differentiation and a potential 

strategy for meat production increase and skeletal muscle 

disease therapy.
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Materials and methods

Cell culture

C2C12 myoblasts and 293T cells were purchased from 

American Type Culture Collection (ATCC, USA). MDSCs 

were isolated as previously described [62]. In a humidified 

incubator with 5%  CO2 at 37 °C, C2C12 and 293T cells 

were grown in DMEM (HyClone, UT) with 10% foetal 

bovine serum (Gibco, USA) and 1% GlutaMAX Supple-

ment (Gibco), while MDSCs were cultured in DMEM 

with 15% foetal bovine serum, 10% heat-inactivated horse 

serum (Gibco) and 1% GlutaMAX Supplement. For the 

induction of differentiation, both cells were switched to 

DMEM with 2% heat-inactivated horse serum.

RNA oligonucleotides and transfection

The miRNA mimics and inhibitors were purchased from 

Invitrogen (USA) and GenePharma (China), respectively. 

All siRNAs were purchased from GenePharma, and their 

sequences are listed in Table S1. C2C12 cells and MDSCs 

were seeded into 24-well plates and were transfected with 

50  nM RNA oligonucleotides using Lipofectamine™ 

RNAiMAX (Invitrogen) according to the manufacturer’s 

instructions.

Immunofluorescence staining

For staining, the cells cultured in 24-well plates were fixed 

with 4% PFA (paraformaldehyde) for 20 min and were 

then permeabilized with 0.3% Triton X-100 for 17 min 

at RT (room temperature). After the blocking with 10% 

horse serum for 50 min at 37 °C, the cells were incu-

bated overnight at 4 °C with a MYHC antibody (1:200, 

cat. #bs-5885R, Bioss Antibodies, China). Then, the sec-

ondary antibody Alexa Fluor 488 (1:200, cat. #A0423, 

Beyotime, China) was incubated with the samples for 1 h 

at 37 °C. The cell nuclei were stained by DAPI (1:1000, 

cat. #C1002, Beyotime) for 5 min at RT. The MYHC and 

DAPI signals were visualised by a DMI3000B fluores-

cence microscope (Leica, Germany). The fusion index was 

determined by measuring the fraction of nuclei contained 

within the fused myoblasts with ImageJ software. EDU 

staining was performed according to the manufacturer’s 

protocol using the Cell-Light™ EdUTP  Apollo®567 

TUNEL In Situ Detection Kit (20T) (cat. #C10810-1, 

Ribobio, China).

RNA isolation and qRT‑PCR

The total RNA was extracted using the TRIzol RNA iso-

lation system (Takara, China) according to the manufac-

turer’s instructions. Real-time PCR was performed using 

SYBR Green Master (Cat#04913914001, Roche, Swit-

zerland) in a Light-Cycler 480 System (Roche). The fol-

lowing conditions were used: 95 °C for 30 s followed by 

40 amplification cycles at 95 °C for 10 s and 60 °C for 

15 s. The primers used are listed in Table S2. The rela-

tive gene expression levels were detected 48 h after cul-

turing in GM conditions and quantified by normalisation 

to those of endogenous β-actin using the  2−ΔΔCt method. 

The relative miRNAs expression levels were quantified by 

normalisation to those of endogenous U6 using the  2−ΔΔCt 

method as well.

RNA sequencing and bioinformatics analysis

C2C12 myoblasts were seeded into six-well plates and 

were then treated with miRNA mimics for 48 h. The total 

RNA samples from three biological replicates were sent 

to Novogene (China) for RNA-seq (Accession number: 

PRJNA534274). The library preparations were sequenced on 

an Illumina HiSeq platform, and 125-bp/150-bp paired-end 

reads were generated. Hisat2 was selected as the mapping 

tool. The DESeq2 R package (1.16.1) was used as the dif-

ferential expression analysis tool. Genes with an adjusted P 

value < 0.05 and |log2 (FoldChange)| > 1 found by DESeq2 

were assigned as differentially expressed. The RNA-seq data 

were analysed using DAVID Bioinformatics Resources 6.8. 

Target prediction was performed using the three following 

databases: TargetScan, MicroRNA and MiRDB.

Western blot analysis

C2C12 cell lysates were prepared using RIPA buffer con-

taining protease inhibitors, phosphatase inhibitors and dith-

iothreitol. The protein concentration was measured using 

the BCA Kit (Beyotime). Western blot analyses were per-

formed with the following primary antibodies: anti-AKT 

(cat. #4691), anti-p-AKT 473 (cat. #4060), anti-p-AKT 

308 (cat. #2965), anti-ERK1/2 (cat. #9102), anti-p-ERK1/2 

(cat. #9101), anti-CCND2 (cat. #3741) and anti-JAK1 (cat. 

#3344) from Cell Signalling Technology (USA) (all at 

1:1000), anti-RHOC (1:500, cat. #D260057) from Sangon 

Biotech (China), and anti-β-actin (1:5000, cat. #A5441) 

from Sigma-Aldrich (USA). After an overnight incubation 

at 4 °C, the membranes were incubated for 1 h at RT with the 

following secondary antibodies: anti-rabbit or anti-mouse 

IgG-horseradish peroxidase (HRP) (Proteintech, USA). 

Finally, the protein bands were detected using the Super 

ECL Detection Reagent (Tanon, China).
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Flow cytometry analysis of cell apoptosis

After 48 h of treatment with miR-17 or miR-17 + 19, cells 

were subjected to double immunostaining of annexin 

V-FITC and PI according to the protocol of the Apoptosis 

Detection Kit (Vazyme Biotech, China). The samples were 

detected using a BD Accuri™ C6 Plus Flow Cytometer 

(BD Biosciences, USA) and were analysed by FlowJo X 

software. For the visualisation of annexin V signals, Delta 

Vision OMX was used to display a higher resolution of the 

apoptotic phenotype.

Plasmid construction

The 3′UTR fragments of Ccnd2, Jak1 and Rhoc containing 

putative miR-17-binding sites were amplified by PCR. The 

corresponding mutagenesis of the binding sites was achieved 

by overlapping PCR. Afterwards, the PCR products were 

inserted into the pMIR-report vector (Promega, USA). All 

constructs were confirmed by DNA sequencing.

Dual‑luciferase assay

For the dual-luciferase assay, 293T cells were co-transfected 

with each pMIR-Report-3′UTR construct, control Renilla 

pRL-SV40 (Promega), and either miR-17 or miRNA NC 

using Lipofectamine™ 2000 (Invitrogen). After 48 h, the 

cells were analysed using the Dual-Luciferase Reporter 

Assay System Kit (Promega) on a GloMaxTM 20/20 Lumi-

nometer (Promega).

Lentivirus packaging

For lentivirus packaging, using the polyethylenimine-based 

transfection method [63], 293T cells were transfected 

with the purified viral plasmids expressing shRNA-17 and 

shRNA-19b-1, which were purchased from GenePharma. 

The serum was added 6–8 h after transfection, and the virus-

containing supernatant was collected after 72 h. The viruses 

were then concentrated by ultracentrifugation to at least  1010 

pfu/ml.

Mouse muscle regeneration model and lentivirus 
injection

C57BL/6 female mice were purchased from the Second 

Affiliated Hospital of Harbin Medical University (China). 

The mice used were at 8 weeks of age and had similar 

weights. A mouse muscle injury model was achieved by 

injecting 50 μl 1.5%  BaCl2 per leg into the tibialis anterior 

muscle. After 24 h, 50 μl of lentiviruses expressing shRNA-

17 and shRNA-19b-1 was injected. Two tibialis anterior 

muscles from each mouse were collected at day 0, day 1, 

day 3, day 5 and day 10 after the lentivirus injection. Each 

group contained 12 mice, 6 of which were used for shRNA 

expression analyses, and the other 6 were used for histology 

analyses. All animal procedures were approved by the Ani-

mal Care and Use Committee of Northeast Forestry Univer-

sity, and were carried out in accordance with the guidelines.

Histology

The skeletal muscle tissues were embedded in paraffin, cut 

into 5-μm thick sections, and stained with H&E (haematoxy-

lin and eosin, cat. #C0105, Beyotime) or a desmin antibody 

(1:200, cat. #AF0132, Beyotime, China). The regenerating 

areas were captured by a DMI3000B fluorescence micro-

scope (Leica).

Statistical analysis

The results from at least three independent experiments were 

analysed by Student’s t test, one-way ANOVA or two-way 

ANOVA.

Acknowledgements This work was supported by the National Natural 

Science Foundation of China (Nos. 31472159 and 31272520) and the 

Fundamental Research Funds for the Central Universities of China 

(No. 2572016EAJ3).

Compliance with ethical standards 

Conflict of interest All authors declare no conflicts of interest.

Open Access This article is distributed under the terms of the Creative 

Commons Attribution 4.0 International License (http://creativecom-

mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-

tion, and reproduction in any medium, provided you give appropriate 

credit to the original author(s) and the source, provide a link to the 

Creative Commons license, and indicate if changes were made.  

References

 1. Dumont NA, Wang YX, Rudnicki MA (2015) Intrinsic and extrin-

sic mechanisms regulating satellite cell function. Development 

142(9):1572–1581. https ://doi.org/10.1242/dev.11422 3

 2. Feige P, Brun CE, Ritso M, Rudnicki MA (2018) Orienting mus-

cle stem cells for regeneration in homeostasis, aging, and dis-

ease. Cell Stem Cell 23(5):653–664. https ://doi.org/10.1016/j.

stem.2018.10.006

 3. Yafe A, Shklover J, Weisman-Shomer P, Bengal E, Fry M (2008) 

Differential binding of quadruplex structures of muscle-specific 

genes regulatory sequences by MyoD, MRF4 and myogenin. 

Nucleic Acids Res 36(12):3916–3925. https ://doi.org/10.1093/

nar/gkn34 0

 4. Gunther S, Kim J, Kostin S, Lepper C, Fan CM, Braun T (2013) 

Myf5-positive satellite cells contribute to Pax7-dependent long-

term maintenance of adult muscle stem cells. Cell Stem Cell 

13(5):590–601. https ://doi.org/10.1016/j.stem.2013.07.016

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1242/dev.114223
https://doi.org/10.1016/j.stem.2018.10.006
https://doi.org/10.1016/j.stem.2018.10.006
https://doi.org/10.1093/nar/gkn340
https://doi.org/10.1093/nar/gkn340
https://doi.org/10.1016/j.stem.2013.07.016


5053MiR-17 and miR-19 cooperatively promote skeletal muscle cell differentiation  

1 3

 5. Chen JF, Mandel EM, Thomson JM, Wu Q, Callis TE, Hammond 

SM, Conlon FL, Wang DZ (2006) The role of microRNA-1 and 

microRNA-133 in skeletal muscle proliferation and differentia-

tion. Nat Genet 38(2):228–233. https ://doi.org/10.1038/ng172 5

 6. Lee SW, Yang J, Kim SY, Jeong HK, Lee J, Kim WJ, Lee EJ, Kim 

HS (2015) MicroRNA-26a induced by hypoxia targets HDAC6 in 

myogenic differentiation of embryonic stem cells. Nucleic Acids 

Res 43(4):2057–2073. https ://doi.org/10.1093/nar/gkv08 8

 7. Wu R, Li H, Zhai L, Zou X, Meng J, Zhong R, Li C, Wang H, 

Zhang Y, Zhu D (2015) MicroRNA-431 accelerates muscle regen-

eration and ameliorates muscular dystrophy by targeting Pax7 in 

mice. Nat Commun 6:7713. https ://doi.org/10.1038/ncomm s8713 

 8. Ma G, Wang Y, Li Y, Cui L, Zhao Y, Zhao B, Li K (2015) MiR-

206, a key modulator of skeletal muscle development and disease. 

Int J Biol Sci 11(3):345–352. https ://doi.org/10.7150/ijbs.10921 

 9. Mendell JT (2008) miRiad roles for the miR-17–92 cluster in 

development and disease. Cell 133(2):217–222. https ://doi.

org/10.1016/j.cell.2008.04.001

 10. Mogilyansky E, Rigoutsos I (2013) The miR-17/92 cluster: a 

comprehensive update on its genomics, genetics, functions and 

increasingly important and numerous roles in health and disease. 

Cell Death Differ 20(12):1603–1614. https ://doi.org/10.1038/

cdd.2013.125

 11. Ota A, Tagawa H, Karnan S, Tsuzuki S, Karpas A, Kira S, 

Yoshida Y, Seto M (2004) Identification and characterization of 

a novel gene, C13orf25, as a target for 13q31-q32 amplification 

in malignant lymphoma. Cancer Res 64(9):3087–3095

 12. Mu P, Han YC, Betel D, Yao E, Squatrito M, Ogrodowski P, de 

Stanchina E, D’Andrea A, Sander C, Ventura A (2009) Genetic 

dissection of the miR-17–92 cluster of microRNAs in Myc-

induced B-cell lymphomas. Genes Dev 23(24):2806–2811. https 

://doi.org/10.1101/gad.18729 09

 13. Olive V, Bennett MJ, Walker JC, Ma C, Jiang I, Cordon-Cardo C, 

Li QJ, Lowe SW, Hannon GJ, He L (2009) miR-19 is a key onco-

genic component of miR-17–92. Genes Dev 23(24):2839–2849. 

https ://doi.org/10.1101/gad.18614 09

 14. Conkrite K, Sundby M, Mukai S, Thomson JM, Mu D, Ham-

mond SM, MacPherson D (2011) miR-17–92 cooperates with 

RB pathway mutations to promote retinoblastoma. Genes Dev 

25(16):1734–1745. https ://doi.org/10.1101/gad.17027 411

 15. Petrocca F, Vecchione A, Croce CM (2008) Emerging role of 

miR-106b-25/miR-17–92 clusters in the control of transforming 

growth factor beta signaling. Cancer Res 68(20):8191–8194. https 

://doi.org/10.1158/0008-5472.CAN-08-1768

 16. Hong L, Lai M, Chen M, Xie C, Liao R, Kang YJ, Xiao C, Hu WY, 

Han J, Sun P (2010) The miR-17–92 cluster of microRNAs con-

fers tumorigenicity by inhibiting oncogene-induced senescence. 

Cancer Res 70(21):8547–8557. https ://doi.org/10.1158/0008-

5472.CAN-10-1938

 17. Sokolova V, Fiorino A, Zoni E, Crippa E, Reid JF, Gariboldi M, 

Pierotti MA (2015) The effects of miR-20a on p21: two mecha-

nisms blocking growth arrest in TGF-beta-responsive colon carci-

noma. J Cell Physiol 230(12):3105–3114. https ://doi.org/10.1002/

jcp.25051 

 18. Zhang L, Huang J, Yang N, Greshock J, Megraw MS, Giannakakis 

A, Liang S, Naylor TL, Barchetti A, Ward MR, Yao G, Medina A, 

O’Brien-Jenkins A, Katsaros D, Hatzigeorgiou A, Gimotty PA, 

Weber BL, Coukos G (2006) microRNAs exhibit high frequency 

genomic alterations in human cancer. Proc Natl Acad Sci USA 

103(24):9136–9141. https ://doi.org/10.1073/pnas.05088 89103 

 19. Shan SW, Lee DY, Deng Z, Shatseva T, Jeyapalan Z, Du WW, 

Zhang Y, Xuan JW, Yee SP, Siragam V, Yang BB (2009) Micro-

RNA MiR-17 retards tissue growth and represses fibronec-

tin expression. Nat Cell Biol 11(8):1031–1038. https ://doi.

org/10.1038/ncb19 17

 20. Hossain A, Kuo MT, Saunders GF (2006) Mir-17-5p regulates 

breast cancer cell proliferation by inhibiting translation of AIB1 

mRNA. Mol Cell Biol 26(21):8191–8201. https ://doi.org/10.1128/

MCB.00242 -06

 21. Liu QC, Zha XH, Faralli H, Yin H, Louis-Jeune C, Perdiguero 

E, Pranckeviciene E, Munoz-Canoves P, Rudnicki MA, Brand 

M, Perez-Iratxeta C, Dilworth FJ (2012) Comparative expression 

profiling identifies differential roles for Myogenin and p38alpha 

MAPK signaling in myogenesis. J Mol Cell Biol 4(6):386–397. 

https ://doi.org/10.1093/jmcb/mjs04 5

 22. Luo W, Li G, Yi Z, Nie Q, Zhang X (2016) E2F1-miR-20a-5p/20b-

5p auto-regulatory feedback loop involved in myoblast prolifera-

tion and differentiation. Sci Rep 6:27904. https ://doi.org/10.1038/

srep2 7904

 23. Qiu H, Liu N, Luo L, Zhong J, Tang Z, Kang K, Qu J, Peng 

W, Liu L, Li L, Gou D (2016) MicroRNA-17–92 regulates myo-

blast proliferation and differentiation by targeting the ENH1/Id1 

signaling axis. Cell Death Differ 23(10):1658–1669. https ://doi.

org/10.1038/cdd.2016.56

 24. Kuisk IR, Li H, Tran D, Capetanaki Y (1996) A single MEF2 site 

governs desmin transcription in both heart and skeletal muscle 

during mouse embryogenesis. Dev Biol 174(1):1–13. https ://doi.

org/10.1006/dbio.1996.0046

 25. Dey BK, Gagan J, Yan Z, Dutta A (2012) miR-26a is required for 

skeletal muscle differentiation and regeneration in mice. Genes 

Dev 26(19):2180–2191. https ://doi.org/10.1101/gad.19808 5.112

 26. Jackson AL, Linsley PS (2010) Recognizing and avoiding siRNA 

off-target effects for target identification and therapeutic applica-

tion. Nat Rev Drug Discov 9(1):57–67. https ://doi.org/10.1038/

nrd30 10

 27. Li Y, Vecchiarelli-Federico LM, Li YJ, Egan SE, Spaner D, Hough 

MR, Ben-David Y (2012) The miR-17–92 cluster expands multi-

potent hematopoietic progenitors whereas imbalanced expression 

of its individual oncogenic miRNAs promotes leukemia in mice. 

Blood 119(19):4486–4498. https ://doi.org/10.1182/blood -2011-

09-37868 7

 28. Montoya MM, Maul J, Singh PB, Pua HH, Dahlstrom F, Wu N, 

Huang X, Ansel KM, Baumjohann D (2017) A distinct inhibi-

tory function for miR-18a in Th17 cell differentiation. J Immunol 

199(2):559–569. https ://doi.org/10.4049/jimmu nol.17001 70

 29. Dalmay T (2013) Mechanism of miRNA-mediated repression 

of mRNA translation. Essays Biochem 54:29–38. https ://doi.

org/10.1042/bse05 40029 

 30. Tijsterman M, Plasterk RH (2004) Dicers at RISC; the mechanism 

of RNAi. Cell 117(1):1–3

 31. Ma F, Liu X, Li D, Wang P, Li N, Lu L, Cao X (2010) MicroRNA-

466l upregulates IL-10 expression in TLR-triggered macrophages 

by antagonizing RNA-binding protein tristetraprolin-mediated 

IL-10 mRNA degradation. J Immunol 184(11):6053–6059. https 

://doi.org/10.4049/jimmu nol.09023 08

 32. Tsai NP, Lin YL, Wei LN (2009) MicroRNA mir-346 targets 

the 5′-untranslated region of receptor-interacting protein 140 

(RIP140) mRNA and up-regulates its protein expression. Biochem 

J 424(3):411–418. https ://doi.org/10.1042/BJ200 90915 

 33. Vasudevan S, Tong Y, Steitz JA (2007) Switching from repression 

to activation: microRNAs can up-regulate translation. Science 

318(5858):1931–1934. https ://doi.org/10.1126/scien ce.11494 60

 34. Henke JI, Goergen D, Zheng J, Song Y, Schuttler CG, Fehr C, 

Junemann C, Niepmann M (2008) microRNA-122 stimulates 

translation of hepatitis C virus RNA. EMBO J 27(24):3300–3310. 

https ://doi.org/10.1038/emboj .2008.244

 35. Karami F, Mohammadi-Yeganeh S, Abedi N, Koochaki A, Kia V, 

Paryan M (2016) Bioinformatics prediction and in vitro analysis 

revealed that miR-17 targets cyclin D1 mRNA in triple negative 

https://doi.org/10.1038/ng1725
https://doi.org/10.1093/nar/gkv088
https://doi.org/10.1038/ncomms8713
https://doi.org/10.7150/ijbs.10921
https://doi.org/10.1016/j.cell.2008.04.001
https://doi.org/10.1016/j.cell.2008.04.001
https://doi.org/10.1038/cdd.2013.125
https://doi.org/10.1038/cdd.2013.125
https://doi.org/10.1101/gad.1872909
https://doi.org/10.1101/gad.1872909
https://doi.org/10.1101/gad.1861409
https://doi.org/10.1101/gad.17027411
https://doi.org/10.1158/0008-5472.CAN-08-1768
https://doi.org/10.1158/0008-5472.CAN-08-1768
https://doi.org/10.1158/0008-5472.CAN-10-1938
https://doi.org/10.1158/0008-5472.CAN-10-1938
https://doi.org/10.1002/jcp.25051
https://doi.org/10.1002/jcp.25051
https://doi.org/10.1073/pnas.0508889103
https://doi.org/10.1038/ncb1917
https://doi.org/10.1038/ncb1917
https://doi.org/10.1128/MCB.00242-06
https://doi.org/10.1128/MCB.00242-06
https://doi.org/10.1093/jmcb/mjs045
https://doi.org/10.1038/srep27904
https://doi.org/10.1038/srep27904
https://doi.org/10.1038/cdd.2016.56
https://doi.org/10.1038/cdd.2016.56
https://doi.org/10.1006/dbio.1996.0046
https://doi.org/10.1006/dbio.1996.0046
https://doi.org/10.1101/gad.198085.112
https://doi.org/10.1038/nrd3010
https://doi.org/10.1038/nrd3010
https://doi.org/10.1182/blood-2011-09-378687
https://doi.org/10.1182/blood-2011-09-378687
https://doi.org/10.4049/jimmunol.1700170
https://doi.org/10.1042/bse0540029
https://doi.org/10.1042/bse0540029
https://doi.org/10.4049/jimmunol.0902308
https://doi.org/10.4049/jimmunol.0902308
https://doi.org/10.1042/BJ20090915
https://doi.org/10.1126/science.1149460
https://doi.org/10.1038/emboj.2008.244


5054 D. Kong et al.

1 3

breast cancer cells. Chem Biol Drug Des 87(3):317–320. https ://

doi.org/10.1111/cbdd.12671 

 36. El Tayebi HM, Omar K, Hegy S, El Maghrabi M, El Brolosy 

M, Hosny KA, Esmat G, Abdelaziz AI (2013) Repression of 

miR-17-5p with elevated expression of E2F-1 and c-MYC in 

non-metastatic hepatocellular carcinoma and enhancement of 

cell growth upon reversing this expression pattern. Biochem Bio-

phys Res Commun 434(3):421–427. https ://doi.org/10.1016/j.

bbrc.2013.04.003

 37. Zhang X, Song H, Qiao S, Liu J, Xing T, Yan X, Li H, Wang N 

(2017) MiR-17-5p and miR-20a promote chicken cell proliferation 

at least in part by upregulation of c-Myc via MAP3K2 targeting. 

Sci Rep 7(1):15852. https ://doi.org/10.1038/s4159 8-017-15626 -9

 38. Gherzi R, Trabucchi M, Ponassi M, Gallouzi IE, Rosenfeld MG, 

Briata P (2010) Akt2-mediated phosphorylation of Pitx2 controls 

Ccnd1 mRNA decay during muscle cell differentiation. Cell Death 

Differ 17(6):975–983. https ://doi.org/10.1038/cdd.2009.194

 39. Feng Y, Niu LL, Wei W, Zhang WY, Li XY, Cao JH, Zhao SH 

(2013) A feedback circuit between miR-133 and the ERK1/2 path-

way involving an exquisite mechanism for regulating myoblast 

proliferation and differentiation. Cell Death Dis 4:e934. https ://

doi.org/10.1038/cddis .2013.462

 40. Ponzio G, Loubat A, Rochet N, Turchi L, Rezzonico R, Farahi Far 

D, Dulic V, Rossi B (1998) Early G1 growth arrest of hybridoma 

B cells by DMSO involves cyclin D2 inhibition and p21[CIP1] 

induction. Oncogene 17(9):1159–1166. https ://doi.org/10.1038/

sj.onc.12020 40

 41. Attar M, Arefian E, Nabiuni M, Adegani FJ, Bakhtiari SH, Karimi 

Z, Barzegar M, Soleimani M (2012) MicroRNA 17–92 expressed 

by a transposone-based vector changes expression level of cell-

cycle-related genes. Cell Biol Int 36(11):1005–1012. https ://doi.

org/10.1042/CBI20 11008 9

 42. Wei W, Zhang WY, Bai JB, Zhang HX, Zhao YY, Li XY, Zhao 

SH (2016) The NF-kappaB-modulated microRNAs miR-195 and 

miR-497 inhibit myoblast proliferation by targeting Igf1r, Insr and 

cyclin genes. J Cell Sci 129(1):39–50. https ://doi.org/10.1242/

jcs.17423 5

 43. Trenerry MK, Della Gatta PA, Cameron-Smith D (2011) JAK/

STAT signaling and human in vitro myogenesis. BMC Physiol 

11:6. https ://doi.org/10.1186/1472-6793-11-6

 44. Jang YN, Baik EJ (2013) JAK-STAT pathway and myogenic 

differentiation. JAKSTAT 2(2):e23282. https ://doi.org/10.4161/

jkst.23282 

 45. Sun L, Ma K, Wang H, Xiao F, Gao Y, Zhang W, Wang K, Gao 

X, Ip N, Wu Z (2007) JAK1-STAT1-STAT3, a key pathway pro-

moting proliferation and preventing premature differentiation of 

myoblasts. J Cell Biol 179(1):129–138. https ://doi.org/10.1083/

jcb.20070 3184

 46. Katz G, Pobezinsky LA, Jeurling S, Shinzawa M, Van Laethem F, 

Singer A (2014) T cell receptor stimulation impairs IL-7 recep-

tor signaling by inducing expression of the microRNA miR-17 

to target Janus kinase 1. Sci Signal 7(340):ra83. https ://doi.

org/10.1126/scisi gnal.20052 21

 47. Bora I, Shrivastava N (2017) ABCs of RhoGTPases indicating 

potential role as oncotargets. J Cancer Res Ther 13(1):2–8. https 

://doi.org/10.4103/0973-1482.20487 8

 48. Clark EA, Golub TR, Lander ES, Hynes RO (2000) Genomic 

analysis of metastasis reveals an essential role for RhoC. Nature 

406(6795):532–535. https ://doi.org/10.1038/35020 106

 49. Guan X, Chen S, Zhao Y (2018) The role of RhoC in malignant 

tumor invasion, metastasis and targeted therapy. Histol Histo-

pathol 33(3):255–260. https ://doi.org/10.14670 /HH-11-915

 50. Vega FM, Fruhwirth G, Ng T, Ridley AJ (2011) RhoA and 

RhoC have distinct roles in migration and invasion by acting 

through different targets. J Cell Biol 193(4):655–665. https ://doi.

org/10.1083/jcb.20101 1038

 51. Shibukawa Y, Yamazaki N, Kumasawa K, Daimon E, Tajiri M, 

Okada Y, Ikawa M, Wada Y (2010) Calponin 3 regulates actin 

cytoskeleton rearrangement in trophoblastic cell fusion. Mol Biol 

Cell 21(22):3973–3984. https ://doi.org/10.1091/mbc.E10-03-0261

 52. Shibukawa Y, Yamazaki N, Daimon E, Wada Y (2013) Rock-

dependent calponin 3 phosphorylation regulates myoblast fusion. 

Exp Cell Res 319(5):633–648. https ://doi.org/10.1016/j.yexcr 

.2012.12.022

 53. Liu R, Jin JP (2016) Calponin isoforms CNN1, CNN2 and CNN3: 

regulators for actin cytoskeleton functions in smooth muscle and 

non-muscle cells. Gene 585(1):143–153. https ://doi.org/10.1016/j.

gene.2016.02.040

 54. Dankert JT, Wiesehofer M, Czyrnik ED, Singer BB, von Ostau 

N, Wennemuth G (2018) The deregulation of miR-17/CCND1 

axis during neuroendocrine transdifferentiation of LNCaP prostate 

cancer cells. PLoS One 13(7):e0200472. https ://doi.org/10.1371/

journ al.pone.02004 72

 55. Sun J, Jia Z, Li B, Zhang A, Wang G, Pu P, Chen Z, Wang Z, 

Yang W (2017) MiR-19 regulates the proliferation and invasion 

of glioma by RUNX3 via beta-catenin/Tcf-4 signaling. Oncotarget 

8(67):110785–110796. https ://doi.org/10.18632 /oncot arget .22720 

 56. Huang C, Luo H (2018) miR-19-5p enhances tumorigenesis in 

human colorectal cancer cells by targeting TSPYL5. DNA Cell 

Biol 37(1):23–30. https ://doi.org/10.1089/dna.2017.3804

 57. Zhang X, Chen Y, Zhao P, Zang L, Zhang Z, Wang X (2017) 

MicroRNA-19a functions as an oncogene by regulating PTEN/

AKT/pAKT pathway in myeloma. Leuk Lymphoma 58(4):932–

940. https ://doi.org/10.1080/10428 194.2016.12138 27

 58. Dou L, Wang S, Huang X, Sun X, Zhang Y, Shen T, Guo J, Man 

Y, Tang W, Li J (2018) MiR-19a mediates gluconeogenesis by 

targeting PTEN in hepatocytes. Mol Med Rep 17(3):3967–3971. 

https ://doi.org/10.3892/mmr.2017.8312

 59. Jorgensen SB, O’Neill HM, Sylow L, Honeyman J, Hewitt KA, 

Palanivel R, Fullerton MD, Oberg L, Balendran A, Galic S, van 

der Poel C, Trounce IA, Lynch GS, Schertzer JD, Steinberg GR 

(2013) Deletion of skeletal muscle SOCS3 prevents insulin resist-

ance in obesity. Diabetes 62(1):56–64. https ://doi.org/10.2337/

db12-0443

 60. Urbano PCM, Aguirre-Gamboa R, Ashikov A, van Heeswijk B, 

Krippner-Heidenreich A, Tijssen H, Li Y, Azevedo VF, Smits 

LJT, Hoentjen F, Joosten I, Koenen H (2018) TNF-alpha-induced 

protein 3 (TNFAIP3)/A20 acts as a master switch in TNF-alpha 

blockade-driven IL-17A expression. J Allergy Clin Immunol 

142(2):517–529. https ://doi.org/10.1016/j.jaci.2017.11.024

 61. Yu H, Zhang M, Zhao Y, Wu P, Chen PL, Li WD (2013) Insu-

lin promotes proliferation of skeletal myoblast cells through 

PI3K/Akt and MEK/ERK pathways in rats. Sheng Li Xue Bao 

65(1):19–25

 62. Tong H, Jiang R, Liu T, Wei Y, Li S, Yan Y (2018) bta-miR-378 

promote the differentiation of bovine skeletal muscle-derived 

satellite cells. Gene 668:246–251. https ://doi.org/10.1016/j.

gene.2018.03.102

 63. Toledo JR, Prieto Y, Oramas N, Sanchez O (2009) Polyethylen-

imine-based transfection method as a simple and effective way to 

produce recombinant lentiviral vectors. Appl Biochem Biotechnol 

157(3):538–544. https ://doi.org/10.1007/s1201 0-008-8381-2

Publisher’s Note Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/cbdd.12671
https://doi.org/10.1111/cbdd.12671
https://doi.org/10.1016/j.bbrc.2013.04.003
https://doi.org/10.1016/j.bbrc.2013.04.003
https://doi.org/10.1038/s41598-017-15626-9
https://doi.org/10.1038/cdd.2009.194
https://doi.org/10.1038/cddis.2013.462
https://doi.org/10.1038/cddis.2013.462
https://doi.org/10.1038/sj.onc.1202040
https://doi.org/10.1038/sj.onc.1202040
https://doi.org/10.1042/CBI20110089
https://doi.org/10.1042/CBI20110089
https://doi.org/10.1242/jcs.174235
https://doi.org/10.1242/jcs.174235
https://doi.org/10.1186/1472-6793-11-6
https://doi.org/10.4161/jkst.23282
https://doi.org/10.4161/jkst.23282
https://doi.org/10.1083/jcb.200703184
https://doi.org/10.1083/jcb.200703184
https://doi.org/10.1126/scisignal.2005221
https://doi.org/10.1126/scisignal.2005221
https://doi.org/10.4103/0973-1482.204878
https://doi.org/10.4103/0973-1482.204878
https://doi.org/10.1038/35020106
https://doi.org/10.14670/HH-11-915
https://doi.org/10.1083/jcb.201011038
https://doi.org/10.1083/jcb.201011038
https://doi.org/10.1091/mbc.E10-03-0261
https://doi.org/10.1016/j.yexcr.2012.12.022
https://doi.org/10.1016/j.yexcr.2012.12.022
https://doi.org/10.1016/j.gene.2016.02.040
https://doi.org/10.1016/j.gene.2016.02.040
https://doi.org/10.1371/journal.pone.0200472
https://doi.org/10.1371/journal.pone.0200472
https://doi.org/10.18632/oncotarget.22720
https://doi.org/10.1089/dna.2017.3804
https://doi.org/10.1080/10428194.2016.1213827
https://doi.org/10.3892/mmr.2017.8312
https://doi.org/10.2337/db12-0443
https://doi.org/10.2337/db12-0443
https://doi.org/10.1016/j.jaci.2017.11.024
https://doi.org/10.1016/j.gene.2018.03.102
https://doi.org/10.1016/j.gene.2018.03.102
https://doi.org/10.1007/s12010-008-8381-2

	MiR-17 and miR-19 cooperatively promote skeletal muscle cell differentiation
	Abstract
	Introduction
	Results
	Different roles of the miR-17–92 cluster members in muscle differentiation
	Transcriptomic changes induced by miR-17 or miR-20a
	Ccnd2, Jak1 and Rhoc were directly targeted by miR-17 to promote C2C12 cell differentiation
	miR-19 complemented miR-17 in promoting muscle differentiation
	The healing potential of miR-17 + 19 in injured mouse skeletal muscle

	Discussion
	Materials and methods
	Cell culture
	RNA oligonucleotides and transfection
	Immunofluorescence staining
	RNA isolation and qRT-PCR
	RNA sequencing and bioinformatics analysis
	Western blot analysis
	Flow cytometry analysis of cell apoptosis
	Plasmid construction
	Dual-luciferase assay
	Lentivirus packaging
	Mouse muscle regeneration model and lentivirus injection
	Histology
	Statistical analysis

	Acknowledgements 
	References


