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RESEARCH ARTICLE

Enhanced Myogenesis by Silencing Myostatin with
Nonviral Delivery of a dCas9 Ribonucleoprotein Complex
Yinwei Chen,1,2 Lia Banie,1 Benjamin N. Breyer,1 Yan Tan,1 Zhao Wang,1 Feng Zhou,1

Guifang Wang,1 Guiting Lin,1 Jihong Liu,3 Lei S. Qi,4,5 and Tom F. Lue1,*

Abstract
Stress urinary incontinence (SUI) and pelvic floor disorder (PFD) are common conditions with limited treatment
options in women worldwide. Regenerative therapy to restore urethral striated and pelvic floor muscles repre-
sents a valuable therapeutic approach. We aim to determine the CRISPR interference-mediated gene silencing
effect of the nonviral delivery of nuclease-deactivated dCas9 ribonucleoprotein (RNP) complex on muscle regen-
eration at the cellular and molecular level. We designed four myostatin (MSTN)-targeting sgRNAs and transfected
them into rat myoblast L6 cells together with the dCas9 protein. Myogenesis assay and immunofluorescence
staining were performed to evaluate muscle differentiation, while CCK8 assay, cell cycle assay, and 5-ethynyl-
2¢-deoxyuridine staining were used to measure muscle proliferation. Reverse transcription–polymerase chain
reaction and Western blotting were also performed to examine cellular signaling. Myogenic factors (including
myosin heavy chain, MSTN, myocardin, and serum response factor) increased significantly after day 5 during
myogenesis. MSTN was efficiently silenced after transfecting the dCas9 RNP complex, which significantly pro-
moted more myotube formation and a higher fusion index for L6 cells. In cellular signaling, MSTN repression
enhanced the expression of MyoG and MyoD, phosphorylation of Smad2, and the activity of Wnt1/GSK-3b/
b-catenin pathway. Moreover, MSTN repression accelerated L6 cell growth with a higher cell proliferation
index as well as a higher expression of cyclin D1 and cyclin E. Nonviral delivery of the dCas9 RNP complex sig-
nificantly promoted myoblast differentiation and proliferation, providing a promising approach to improve mus-
cle regeneration for SUI and PFD. Further characterization and validation of this approach in vivo are needed.

Introduction
Stress urinary incontinence (SUI) and pelvic floor disor-

der (PFD) have profound impacts on the health and well-

ness of millions of women. The worldwide incidence of

SUI was projected to affect 167 million people (a preva-

lence of 3.3%) by 2018.1,2 Furthermore, pelvic organ pro-

lapse (POP) has a prevalence of 3–6%, and as high as

50% when evaluated based on vaginal examination.1,3

Treatment methods for SUI and PFD include nonsurgi-

cal and surgical treatments. Surgical treatments for SUI in-

clude various modifications of bladder neck suspension

procedures and midurethral slings. For severe (stage 3

and 4) POP, surgical procedures include repair with native

tissue, abdominal sacrocolpopexy, and transvaginal mesh.

Mesh surgeries for both SUI and POP can be very effec-

tive, but many patients experience complications that

include infection, mesh erosion, pelvic pain, and dyspareu-

nia. These problems resulted in more than 140,000 law-

suits in the United States alone, and led to a total ban of

using mesh for POP in the United States, Australia, and

the United Kingdom.4 Nonsurgical treatment options in-

clude pelvic floor exercise, electrical stimulation, biofeed-

back, topical hormone creams, and bulking agents.

Vaginal pessaries, pelvic floor exercise, and biofeedback

are used for POP. Although most of these therapies are

safe, their efficacy and durability are limited.

Advancing beyond the existing therapies could involve

pelvic floor and external urethral sphincter muscle
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regeneration through different methods. Myostatin

(MSTN) is a key negative regulator of skeletal muscle

growth, and its absence facilitates muscle regeneration

after injury.5 Currently, the genome editor clustered reg-

ularly interspaced short palindromic repeats-Cas9

nuclease-null (CRISPR-Cas9) is effective for targeted

modification of MSTN.6 It has been reported that

CRISPR-Cas9-mediated MSTN gene knockout promotes

striated muscle-derived stem cell differentiation in vitro,7

and the technique has been successfully applied in devel-

oping MSTN knockout rabbits, goats, and pigs.8,9

In collaboration with Dr. Stanley Qi,10–12 we have suc-

cessfully used the CRISPR interference (CRISPRi)-MSTN

system to silence MSTN and improve myogenesis.13 In

our previous work, we successfully established Zucker

fatty rats as a consistent and reliable animal model to

study obesity-associated SUI.14 We used lentivirus to me-

diate the MSTN CRISPRi-dCas9-KRAB gene silencing

system in vitro in L6 cells and in vivo in Zucker rats.13

Our previous research adopted a viral system, which is

limited in terms of clinical application prospects. In this

study, we use a nonviral delivery of the CRISPRi-

dCas9-ribonucleoprotein (RNP) complex to inhibit the

expression of MSTN and examine the effect on the myo-

genesis and mechanism involved.

Materials and Methods
Cell culture and transfection
Rat myoblast L6 cells were used in this experiment. The

cells were divided into four groups as follows: (I) control;

(II) induction; (III) induction+CRISPRi-MSTN-sg; and

(IV) mock. In the control and induction groups, cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM) containing 10% fetal bovine serum (FBS) and

2% horse serum (HS), respectively. In the induction+
CRISPRi-MSTN-sg group, 2 · 105 L6 cells were seeded

in each six-well plate and cultured in DMEM containing

10% FBS. The following day, the medium was treated

with 50 lL of CRISPRi-dCas9-RNP complex (four guide

RNAs: MSTN-sg1, MSTN-sg2, MSTN-sg3, and MSTN-

sg4). In the mock group, the cells were treated with

dCas9 RNPs (Integrated DNA Technologies, Inc., Coral-

ville, IA) only without single-guide RNA (sgRNA). One

day after transduction, the medium was replaced by fresh

DMEM with 2% HS, and 5 days after transduction, cells

were harvested for myotube formation assay and gene

expression assay.

Nonviral delivery of CRISPRi/dCas9-RNP complex
(reverse transfection)
The MSTN sgRNAs were designed by using https://

portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-

design-crisprai and https://www.ncbi.nlm.nih.gov/gene/

29152 The 2¢-O-methyl 3¢ phosphorothioate modifica-

tion in the first and last three nucleotides were applied to

all four sgRNAs. The sequences of sgRNA are as follows:

(1) MSTN-sg1 (TGGCCCAGTGGATCTAAATG) UGG

CCCAGUGGAUCUAAAUG; (2) MSTN-sg2 (TGTCCT

CATTTAGATCCACT) UGUCCUCAUUUAGAUCCA

CU; (3) MSTN-sg3 (CAGCAGCAATCAGCACAAAC)

CAGCAGCAAUCAGCACAAAC; and (4) MSTN-sg4

(GCTGATTGCTGCTGGCCCAG) GCUGAUUGCUGC

UGGCCCAG. The sgRNAs were ordered from Synthego

(Menlo Park, CA).

The L6 cells were seeded and incubated in a 37�C/5%

CO2 incubator overnight so that they are *70% confluent

on the day of transfection. The 24-well cell culture plates

were prewarmed with 500 lL of normal growth me-

dium in each well. The same volume of RNP solution+
cells (225 lL) was added to each well of each plate.

The L6 cells on the first plate were lysed and processed

to analyze editing efficiency. The cells on other plates

were cultured for use in assays, banking, and/or single-

cell cloning.

The sgRNA and dCas9 protein V3 (Integrated DNA

Technologies, Inc.) were diluted to 3 lM working stock

concentrations. The RNP complexes of sgRNA to

dCas9 were assembled in a ratio of 1.3:1, and a total of

28.3 lL of RNPs was added in a microcentrifuge tube.

The Lipofectamine� CRISPRMAX� Reagent

(1.5 lL) was mixed with Opti-MEM� I Reduced

Serum Medium (25 lL) in another tube to form transfec-

tion solution. Both tubes were incubated for 5 min at

room temperature (RT) and then the RNP complexes

and transfection solution were mixed and incubated for

5–10 min at RT.

The L6 cells were resuspended in the growth medium

after trypsin digestion. For each reaction, the RNP-

transfection solution (50 lL) was mixed with the cells

(500 lL) in a microcentrifuge tube to a total volume of

550 lL and seeded into 2 · 24-well plates by adding

225–250 lL per replicate well. The cells were cultured

in a humidified 37�C/5% CO2 incubator for 2–3 days

and then treated with the above procedures.

To further confirm this effect, C2C12 cells and pri-

mary rat urethral muscle-derived stem cells were also

used for the myotube formation assay.

Myogenesis assay and immunofluorescence staining
With stimulation from trigger factors, myoblast cells dif-

ferentiate into myocytes and then the myotube forms

from the fusion of myocytes. This biological process is

termed as myogenesis. We used immunofluorescence

(IF) staining to check for myotube formation in the L6
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cells after treatment. The cells were fixed with ice-cold

methanol for 8 min, permeabilized with 0.05% Triton

X-100 for 5 min, and blocked with 5% normal HS in

phosphate-buffered saline (PBS) for 1 h at RT. Next,

they were incubated with the goat anti-myosin heavy

chain (MHC) antibody for 1 h at RT. After washing

with PBS three times, the cells were incubated with the

DexRed-conjugated goat anti-rabbit antibody for 1 h at

RT. After three washes with PBS, the cells were stained

with 4¢,6-diamidino-2-phenylindole (DAPI; for nuclear

staining) for 5 min. Finally, the IF slides were examined

under a fluorescence microscope and photographed.

Cell proliferation assay with CCK8 assay
and 5-ethynyl-2¢-deoxyuridine incorporation
The effect of MSTN inhibition with CRISPRi-dCas9-

RNP system on L6 cell proliferation was assayed with

the CellTiter-96 kit (Promega, Inc., Madison, WI). All

the reagents were dissolved in PBS at 1000 mg/mL as

stock solution. Further dilutions were made in serum-

free DMEM supplemented with 0.1% bovine serum albu-

min (BSA) and were assayed in a flat-bottom 96-well cell

culture plate. L6 cells at 80% confluence were rinsed

twice with PBS, trypsinized, and resuspended in serum-

free DMEM (supplemented with 0.1% BSA) at 105

cells/mL. Aliquots of 50 lL of the cell suspension were

then transferred to the 96-well plate so that each well con-

tained 5000 cells in a final volume of 100 lL.

In general, 20 lL of CCK8 solution reagent (MedChe-

mExpress, NJ) was added to each well. After 2 h of fur-

ther incubation at 37�C in the humidified 5% CO2

incubator, color development, which reflects the cell

number, was recorded with a plate reader (Molecular

Devices Corp., Sunnyvale, CA) at 490-nm absorbency.

For the EdU incorporation assay, 10 lM of EdU was

added to cells overnight, and EdU was checked with

Click-iT reaction cocktail conjugated with Alexa594-

azide (EdU Click-iT Cat# C10339; Invitrogen, La Jolla,

CA) for 30 min at RT. After nuclear staining with

DAPI for 5 min, the cells were examined under a fluores-

cence microscope and photographed. The cell cycle as-

say was performed with propidium iodide staining and

flow cytometry as previously reported.15 All assays

were duplicated in each experiment, and all data pre-

sented as the mean of three independent experiments.

Reverse transcription–polymerase chain reaction
As previously reported,16–18 total RNA was extracted

using the High Pure RNA Isolation Kit (Roche, Ger-

many) following the kit instructions. Total RNA

(2.5 lg) was annealed to 0.4 lg of oligo-dT primer in a

volume of 12 lL. Then, 4 lL of 5 · buffer, 2 lL of

0.1 M dithiothreitol, 1 lL of 10 mM dNTP, and 1 lL of

SuperScript reverse transcriptase (Invitrogen) were

added to bring the final volume to 20 lL. After 1 h of

incubation at 42�C, the mixture was incubated at

70�C for 10 min to inactivate the reverse transcriptase.

Then, 80 lL of Tris-EDTA buffer was added to make a

5 · diluted complementary DNA library, from which

1 lL was used for reverse transcription–polymerase

chain reaction (PCR).

The cycling program was set for 35 cycles of 94�C for

10 s, 55�C for 10 s, and 72�C for 10 s, followed by one

cycle of 72�C for 5 min. The PCR products were electro-

phoresed in 1.5% agarose gels, visualized by ultraviolet

fluorescence, and recorded by a digital camera. Data

were analyzed by ChemiImager-4000 software (version

4.04; Alpha Innotech Corporation, San Leandro, CA).

Primer sequences are presented in Table 1.

Western blot for cellular signaling assay
The cellular protein samples were prepared by homogeni-

zation of cells in a lysis buffer containing 1% IGEPAL

CA-630, 0.5% sodium deoxycholate, 0.1% sodium

dodecyl sulfate, aprotinin (10 mg/mL), leupeptin

(10 mg/mL), and PBS. Cell lysates containing 20 lg of

protein were electrophoresed in sodium dodecyl sulfate–

polyacrylamide gel electrophoresis and then transferred

to a polyvinylidene fluoride membrane (Millipore Corp,

Bedford, MA). The membrane was stained with Ponceau

S to verify the integrity of the transferred proteins and to

monitor the unbiased transfer of all protein samples.

Detection of target proteins on the membranes was per-

formed with an electrochemiluminescence kit (Amer-

sham Life Sciences, Inc., Arlington Heights, IL) with

the use of primary antibodies for MHC, MSTN, MyoG,

MyoD, p-Smad2 and Smad2, Wnt1, GSK-3b, b-catenin,

and b-actin (antibody information is presented in Table 2).

Table 1. Primer sequence used for reverse
transcription–polymerase chain reaction

Genes Primer sequence (5¢/ 3¢)

MHC-F GACTACAACATCGCTGGCTG
MHC-R CCCTGAAGAGAGCTGACACA
MSTN-F GCTCTTTGGAAGATGACGA
MSTN-R CTTGCATTAGAAAGTCAGACTC
MyoCD-F GTGCCAAGACTGAAGACTC
MyoCD-R GGAGAATGTGCATATTAACCAG
SRF-F CATGAAGAAGGCTTATGAGCTG
SRF-R TACACATGGCCTGTCTCAC
a-SMA-F CATCATGCGTCTGGACTTGG
a-SMA-R CCAGGGAAGAAGAGGAAGCA
b-Actin-F AAAGAAAGGGTGTAAAACGCA
b-Actin-R TCAGGTCATCACTATCGGCAAT

MHC, myosin heavy chain; MSTN, myostatin; MyoCD, myocardin;
SMA, smooth muscle actin; SRF, serum response factor.
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After hybridization of secondary antibodies, the result-

ing images were analyzed with the ChemiImager 4000

(Alpha Innotech) to determine the integrated density

value of each protein band.

Statistical analyses
Results were analyzed using GraphPad Prism version 5.0

(GraphPad Software, San Diego, CA) and expressed as

mean – standard error. Statistical analyses were per-

formed using one-way analysis of variance followed by

the Tukey’s post hoc test for multiple comparisons. Dif-

ferences among groups were considered significant at

p < 0.05.

Results
Time alteration of myogenic factors
To clarify the timing of myogenic factor alteration for L6

cells, we chose four time points and collected both RNA

and protein samples. As shown in Figure 1a and b, MHC,

MSTN, myocardin (MyoCD), and serum response factor

(SRF) were at low levels in both the control and induction

groups in the first 3 days, and they gradually increased on

days 4 and 5. RNA levels of aforementioned factors were

significantly higher in the induction group than in the

control group. However, the RNA level of a-smooth mus-

cle actin remained stable during the induction period of

6 days. Western blot (WB) results confirmed this finding.

On an upward trend, protein levels of MHC and MSTN

evidently increased more in the induction group than in

the control group (Fig. 1c, d). This finding suggests that

MHC, MSTN, MyoCD, and SRF are valuable factors

Table 2. Antibodies used for Western blot

Antibody Dilution (Supplier)

Anti-MHC 1:1000 (Abcam, Cambridge, MA)
Anti-MSTN 1:1000 (Santa Cruz Biotech,

Santa Cruz, CA)
Anti-MyoG 1:1000 (Santa Cruz Biotech)
Anti-MyoD 1:1000 (Santa Cruz Biotech)
Anti-p-Smad2 1:1000 (Santa Cruz Biotech)
Anti-Smad2 1:1000 (Santa Cruz Biotech)
Anti-Wnt1 1:1000 (Santa Cruz Biotech)
Anti-GSK-3b 1:1000 (Santa Cruz Biotech)
Anti-b-catenin 1:1000 (Santa Cruz Biotech)
Anti-b-actin 1:1000 (Invitrogen, Carlsbad, CA)
HRP-linked goat anti-mouse 1:10,000 (Invitrogen)
HRP-linked goat anti-rabbit 1:10,000 (Invitrogen)

HRP, horseradish peroxidase.

FIG. 1. Changes of myogenic factors during L6 cell differentiation. (a) PCR results for MHC, MSTN, MyoCD, SRF,
a-SMA, and b-actin at different time points (1, 3, 5, 6 days) in the control and induction groups. (b) mRNA levels of
MHC, MSTN, MyoCD, SRF, and a-SMA compared with that of b-actin in the two groups. (c) WB results for MHC,
MSTN, and b-actin at different time points (1, 3, 5, 6 days) in the control and induction groups. (d) Relative
expression level of MHC and MSTN compared with that of b-actin in the two groups. Data are presented as
mean – SD from three independent replicates. *p < 0.05, **p < 0.01, and ***p < 0.001. Con, control; Ind. induction;
MHC, myosin heavy chain; MSTN, myostatin; MyoCD, myocardin; PCR, polymerase chain reaction; SD, standard
deviation; SMA, smooth muscle actin; SRF, serum response factor; WB, Western blot.
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during L6 cell differentiation. Days 5 and 6 are the suit-

able timing to determine the changes of myogenic factors

in the following experiments.

Myotube formation after MSTN silence
In this study, we used the nonviral delivery of

CRISPRi-dCas9-RNP complex to silence the MSTN

expression and screened four MSTN-sgRNA sequences

to evaluate the effect. In both the RNA and protein lev-

els, MSTN expression noticeably increased in the in-

duction group compared with the control group

(Fig. 2a, c, d, f). MSTN was remarkably reduced in

the MSTN-Sg1, Sg2, and Sg3 groups compared with

the induction and mock groups. Especially for the

MSTN-Sg2 and Sg3 groups, MSTN mRNA levels

were reduced by about 60–70%, while protein levels

were reduced by about 50–60%.

On the contrary, MHC expression was remarkably

higher in the four MSTN-Sg groups relative to the induc-

tion and mock groups (Fig. 2a, b, d, e), and the MSTN-

Sg3 group had the highest expression of MHC. Similarly,

IF results also showed that these four MSTN-Sg groups

had the significantly larger positive area of MHC

(Fig. 3a, b). We found that these four groups had more

myotube numbers and higher fusion indexes of myotube

compared with the other groups (Fig. 3c, d), with the

MSTN-Sg3 showing the best indicators. Our results sug-

gest that the RNP system successfully transferred dCas9

protein and sgRNA into the L6 cells and further reduced

MSTN expression. The myotube formation from C2C12

and primary rat urethral muscle-derived stem cells after

MSTN silence also confirmed similar results (Supple-

mentary Figs. S1 and S2).

The nuclear movement is required in the myoblast fu-

sion and myofiber generation.19 We found that although

these nuclei tend to be spread, and they still converge

in the center of the myotube in the induction control

and mock groups. However, the nuclei have been appar-

ently uniformly speared in that long axis of the myotube

in the MSTN 1–2 groups. With the enlargement of myo-

tubes, more nuclei began to migrate to the periphery in

the MSTN 3–4 groups, and their position has been signif-

icantly away from the center of the long axis. The results

indicate that MSTN can promote nuclear aggregation and

rearrangement, and the MSTN-Sg3 had a strong effect

(Supplementary Fig. S3).

FIG. 2. MSTN-RNP complexes successfully silenced MSTN expression. (a) PCR results for MHC and MSTN in the
seven groups. Relative mRNA levels of MHC (b) and MSTN (c) compared with that of b-actin in the seven groups.
(d) WB results for MHC and MSTN in the seven groups. Relative density of MHC (e) and MSTN (f) compared with
that of b-actin in the seven groups. *p < 0.05 and ***p < 0.001. RNP, ribonucleoprotein.
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Change of signaling pathway activity after MSTN
silence
Given that the sgRNA-3 achieved the lowest MSTN level and

highest MHC level, we chose sgRNA-3 to perform the fol-

lowing experiments. First, we measured the myogenic factor

of MyoG and MyoD. WB results showed that MSTN silence

enhanced the expression of MyoG and MyoD compared with

the induction and mock groups (Fig. 4a, c, d). The phosphor-

ylation of Smad2 is the classical downstream signaling cas-

cade after MSTN binds to its activin type II receptor.20 We

found that total Smad2 and the ratio of p-Smad2 to Smad2

increased in the induction group compared with the control

group. MSTN silence noticeably inhibited Smad2 expres-

sion and its phosphorylation level (Fig. 4a, e, f). It has

also been reported that MSTN activation largely affects

the activity of Wnt/b-catenin signaling.21

We found that Wnt1 and b-catenin were significantly

inhibited in the induction group, while MSTN silence sig-

nificantly promoted Wnt1 and b-catenin expression,

while GSK-3b showed the opposite trend (Fig. 4g–j).

Data suggest that myotube formation induced by the

MSTN-CRISPRi-dCas9 RNP complex was associated

with phosphorylation of the Smad2 and Wnt1/GSK-3b/

b-catenin pathway.

Cell proliferation after MSTN silence
To evaluate whether MSTN silence influenced the prolif-

eration of L6 cells, we performed EdU staining and

CCK8 assay. As shown in Figure 5a and b, the percentage

of EdU-positive cells was lowest in the induction group,

whereas MSTN silence greatly elevated the percentage.

Similarly, results of CCK8 assay showed that although

FIG. 3. MSTN silence promoted myotube formation. (a) Immunofluorescence results for MHC (green) and nucleus
(red) in L6 cells of the seven groups (control, induction, MSTN-Sg1, MSTN-Sg2, MSTN-Sg3, MSTN-Sg4, and mock)
after transfection (magnification 100 · ), scale bars = 200 lm. Semiquantitative analysis of MHC-positive area (b),
myotube number/HPF (c), and fusion index (d) in the seven groups. Fusion index (%) = (number of nuclei in
myotubes)/(total number of nuclei) · 100%. Data are presented as mean – SD from three independent replicates.
*p < 0.05 and **p < 0.01.
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the numbers of L6 cell were all increasing among the four

groups, there was a significant difference between the

MSTN-Sg3 and induction groups (Fig. 5c). There was a

significantly higher cell proliferation index in the

MSTN-Sg3 group compared with the induction group,

which means that more L6 cells entered the S+G2/M

phase (Fig. 6a, b). WB results further validated that

MSTN silence remarkably enhanced cyclin D1 and

cyclin E expression relative to the induction group

(Fig. 6c–e). This finding suggests that MSTN silence pro-

motes cell cycle and proliferation for L6 cells.

Discussion
The CRISPR-Cas9 system, a revolutionary genetic editing

tool, has shown a great potential in medical treatment and

biological research. It has two important components:

Cas9 nuclease and single-guide RNA (sgRNA). sgRNA

directs the constructs to the DNA target site, and stimu-

lates Cas9 to cleave the DNA strands. DNA double-strand

break repair is mainly associated with two conserved

mechanisms: nonhomologous end-joining and homology-

directed repair (HDR) pathway.20 With a template DNA,

the HDR pathway helps researchers to induce the precise

FIG. 4. MSTN silence altered p-Smad2/Smad2 and Wnt1/GSK-3b/b-catenin pathways. (a) WB results for MSTN,
MyoG, MyoD, p-Smad2, and Smad2 in the four groups (control, induction, MSTN-Sg3, and mock) after transfection.
Relative density of MSTN (b), MyoG (c), MyoD (d), p-Smad2 (e), and Smad2 (f) compared with that of b-actin in the
four groups. (g) WB results for Wnt1, GSK-3b, and b-catenin in the four groups. Relative density of Wnt1 (h), GSK-3b
(i), and b-catenin (j) compared with that of b-actin in the four groups. Data are presented as mean – SD from three
independent replicates. *p < 0.05, **p < 0.01, and ***p < 0.001. GSK-3b, glycogen synthase kinase 3 beta; MyoD,
myogenic differentiation 1; MyoG, myogenin; Wnt1, Wnt family member 1.
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knockin and knockout sequence in the target site for gene

modification.21–23 As for catalytically dead Cas9, it has

been widely used for gene silencing in eukaryotic cells

through CRISPRi due to its absence of endonuclease ac-

tivity.24 Efficient delivery is vital and acts as the precon-

dition for the function of CRISPR/dCas9 system.

Compared with plasmid DNA and messenger RNA,

delivery of RNP complex has the distinct advantage,

such as high editing efficiency, less off-target effects,

and lower immunogenicity.24,25 There are three ways to

deliver the RNP components into cells and organs, in-

cluding viral, nonviral, and physical methods. Generally,

the nonviral method is preferred because it does not have

virus-related side effects such as carcinogenesis, re-

stricted encapsulating capacity, and immunogenicity.25

In 2012, Dever et al. reported that using the RNP com-

plex could successfully obtain homologous-recombination-

mediated modification at the HBB locus in CD34+ hemato-

poietic stem cells to cure the b-hemoglobinopathies.26 RNP

complex not only showed broad application prospects in

the field of stem cells (human pluripotent stem cells and in-

duced pluripotent stem cells),26–28 but also exhibited good

effects in in vivo studies. In the field of muscle dysfunction,

Cas9 RNP has been utilized to delete the mutated exon 23,

which is the cause of Duchenne muscular dystrophy in a

mouse model. This resulted in the genetic deletion as well

as improved muscle function.29

However, there are few reports on the use of RNP

complex in the treatment of urinary incontinence. In

this study, we first used the cationic lipid-based vectors

to transfer the RNP components into L6 cells to silence

the MSTN gene. We found that the MSTN-Sg3 RNP com-

plex significantly reduced MSTN expression, and the

mRNA levels decreased about 60–70%. It suggests that

nonviral delivery of CRISPRi-dCas9-RNP complex into

L6 cells is feasible, which lays a good foundation for fur-

ther enhancing muscle regeneration in vivo.

During the myotube formation, low concentration of

serum stimulates the significant increase of key myogenic

factors at day 5, including MHC, MSTN, and MyoCD

(Fig. 1). Usually, most studies on the differentiation of

myoblasts have selected the induction time of days

5–7,30,31 and this allows time for differential myogenic

factors to take effect. In this study, we focused on the

FIG. 5. MSTN silencing promoted L6 cell proliferation. (a) EdU staining result for L6 cells in the four groups
(control, induction, MSTN-Sg3, and mock) after transfection (magnification 100 · ), scale bars = 200 lm. (b) The
percentage of the EdU-positive cells in the four groups. (c) The proliferation of L6 cells in the four groups was
determined by the CCK8 assay. ***p < 0.001. EdU, 5-ethynyl-2¢-deoxyuridine.
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potential of MSTN to improve muscle regeneration.

MSTN has been reported to be a negative modulator of

myogenesis, and it has a robust effect on growth and dif-

ferentiation of myoblasts, proliferation of satellite cells,

and thickening of muscle fibers.32–34

In this study, silencing MSTN using RNP complex

could lead to more myotube formation and a higher fu-

sion index in L6 cells. MSTN is capable of triggering

the phosphorylation of Smad2 and inhibiting Akt in the

cytoplasm. Smad2/3/4 complex further translocates into

the nucleus to affect the transcription of genes involved

in muscle atrophy.35,36 Data consistently showed that

Smad2 phosphorylation was remarkably lower in the

MSTN RNP-treated group than that in the induction

group, while expression of MyoG and MyoD was re-

markably higher than that of induction groups. Growing

evidence has shown a signal interaction between the

MSTN and Wnt/b-catenin pathway.37,38 Our study con-

firmed that inhibiting MSTN can reduce the activity of

Wnt1/GSK-3b/b-catenin pathway in L6 cells. However,

the intermediate factor between the MSTN and Wnt sig-

naling needs to be investigated further.

During muscle regeneration, critical biological pro-

cesses include satellite cell proliferation to replenish the

muscle stem cell pool and satellite cell differentiation to re-

pair muscle damage. Significant evidence shows that

MSTN is negatively associated with muscle cell prolifera-

tion validated by genome mutagenesis,39 miRNA infer-

ence,40 and artificial overexpression.41 It was reported

that the mammalian target of rapamycin (mTOR) and

AKT/FoxO1 pathways participated in MSTN inhibition-

induced proliferation in cultured Japanese flounder mus-

cle cells.41 Huang et al. revealed that MSTN-mediated

c-Jun N-terminal kinase signaling pathway was activated

in both proliferating and differentiating mouse myoblasts.42

Furthermore, autophagy and ubiquitin–proteasome act as

critical approaches for MSTN-mediated muscle catabolism

in chronic kidney disease.43 Consistently, we found that

silencing MSTN using the RNP complex enhanced L6

cell proliferation together with the higher level of

EdU uptake and higher proliferation index. The elevated

cyclin D1 and E were required in this process.

It is well established that Wnt signaling plays an im-

portant role in regulating cell proliferation, and Cyclin

FIG. 6. MSTN silencing altered cell cycle. (a) Distribution of cell cycle for L6 cells in the four groups. (b) The cell
proliferation rate in the four groups. (c) WB results for cyclin D1 and cyclin E in the four groups. Relative density of
cyclin D1 (d) and cyclin E (e) compared with that of b-actin in the four groups. Cell proliferation index
(%) = (number of cell in S+G2/M phase)/(number of cell in G0/G1+S+G2/M phase) · 100%. Data are presented as
mean – SD from three independent replicates. *p < 0.05, **p < 0.01, and ***p < 0.001.
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D1 acts as the target gene of the Wnt/b–catenin path-

way.44 Therefore, it is reasonable to assume that silencing

MSTN-induced proliferation is closely related to the Wnt

signaling-mediated cyclin increase.

There are several limitations of our study. First, this is

a cellular and molecular experiment, and the efficacy

and durability of RNP treatment require validation in

animal model and multiple cell lines, especially for

human primary myoblasts. Second, although the four

MSTN sgRNAs were all efficient, more potent sgRNAs

should be explored. In addition, our previous work dem-

onstrated that microenergy acoustic pulse (MAP) treat-

ment activates urethral striated muscle regeneration.12 It

would be valuable to combine both MAP and nonviral

delivery of MSTN RNP complex to see their synergistic

potential.

Conclusion
Downregulation of MSTN with nonviral delivery of

CRISPRi-dCas9-RNP complex significantly enhanced

myogenesis, which may be a potential clinical therapeu-

tic approach.
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