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Simple Summary: Marbling is an important factor affecting the quality of beef. The co-culture
(myoblast-preadipocytes) system was successfully established in our lab in the early stage to simulate
the internal environment of marbling. Within this environment, ACTC1 gene was a differentially
expressed gene screened from the co-culture system. The gene was not expressed in monocultured
adipocytes but was expressed in co-cultured adipocytes. Therefore, we hypothesize that the ACTC1
gene plays a role in the development of bovine myoblasts and preadipocytes. In this study, we
explored the effect of ACTC1 gene on the proliferation and differentiation of bovine myoblasts
and preadipocytes, aiming to discover the potential biological function of ACTC1 gene in muscle
development and fat deposition. The results showed that ACTC1 could regulate the development of
bovine myoblasts and preadipocytes, and ACTC1 could be used as an important target for improving
beef quality in the future.

Abstract: Actin Alpha Cardiac Muscle 1 (ACTC1) gene is a differentially expressed gene screened
through the co-culture system of myoblasts-preadipocytes. In order to study the role of this gene in
the process of proliferation and differentiation of bovine myoblasts and preadipocytes, the methods
of the knockdown, overexpression, and ectopic expression of ACTC1 were used in this study. After
ACTC1 knockdown in bovine myoblasts and inducing differentiation, the sizes and numbers of
myotube formation were significantly reduced compared to the control group, and myogenic marker
genes—MYOD1, MYOG, MYH3, MRF4, MYF5, CKM and MEF2A—were significantly decreased
(p < 0.05, p < 0.01) at both the mRNA and protein levels of myoblasts at different differentiation
stages (D0, D2, D4, D6 and D8). Conversely, ACTC1 overexpression induced the inverse result. After
ectopic expression of ACTC1 in bovine preadipocytes and induced differentiation, the number and
size of lipid droplets were significantly higher than those of the control group, and the expression of
adipogenic marker genes—FABP4, SCD1, PPARγ and FASN—were significantly increased (p < 0.05,
p < 0.01) at the mRNA and protein levels of preadipocytes at different differentiation stages. Flow
cytometry results showed that both the knockdown and overexpression of ACTC1 inhibited the
normal cell cycle of myoblasts; however, ectopic expression of ACTC1 in adipocytes induced no
significant cell cycle changes. This study is the first to explore the role of ACTC1 in bovine myogenesis
and lipogenesis and demonstrates that ACTC1 promotes the differentiation of bovine myoblasts and
preadipocytes, affecting the proliferation of myoblasts.

Keywords: bovine; myoblasts; preadipocytes; ACTC1; proliferation; differentiation

1. Introduction

Compared with other meats, beef is richer in protein, vitamins, and a variety of
essential amino acids, so it is favored by the majority of consumers. Beef quality is
determined by several factors, chief among them being muscle growth and development

Animals 2021, 11, 3468. https://doi.org/10.3390/ani11123468 https://www.mdpi.com/journal/animals

https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://doi.org/10.3390/ani11123468
https://doi.org/10.3390/ani11123468
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ani11123468
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani11123468?type=check_update&version=1


Animals 2021, 11, 3468 2 of 21

as well as intramuscular fat content [1,2]. At the cellular level, an increase in intramuscular
fat content is characterized by increased proliferation in adipocytes and an increase in the
number and size of lipid droplets (differentiation). As one of the most widely consumed
meats in the world, improving the output and quality of beef has long been important to
the food industry. Given that the growth and development of muscle and fat are directly
related to the yield and quality of beef, understanding the regulatory mechanisms in
muscle and adipose tissue growth and development at the molecular level may elucidate
new strategies to impact beef quality and lay a foundation for the molecular breeding of
beef cattle.

Actin Alpha Cardiac Muscle 1 (ACTC1) is the main actin in embryonic hearts and
plays an important role in heart development [3–5]. Moreover, it is the most abundant
transverse α-actin subtype in mature hearts and the main protein of myocardial myofila-
ments, making it responsible for the contractile function of the heart through the troponin
system [6]. Cardiac actin gene mutations are thought to affect sarcomere contraction and
lead to familial hypertrophic and idiopathic dilated cardiomyopathy, cardiac compensatory
hypertrophy, and heart failure [7–14]. Furthermore, ACTC1 is also the most important
striated α-actin in fetal skeletal muscle [15,16]. Studies have shown that while ACTC1 plays
a critical role in the formation of early human skeletal muscle, ACTC1 protein expression is
downregulated to a negligible level in fetal skeletal muscle after birth, although it may be
expressed in regenerated muscle fibers [17,18]. In mouse models, transgene overexpression
of ACTC1 can alleviate muscle dysplasia diseases caused by a skeletal muscle α-actin
(ACTA1) deficiency (ACTA1 disease) [19]. Further study has found that the expression
of ACTC1 is related to myogenic regulatory factors. When it is co-expressed with MRF4,
the N-terminal of MRF4 can inhibit the expression of ACTC1 [20]. ACTC1 has also been
used as a marker of glioma invasion and prognosis [21]. One study even reported that
ACTC1 could be used as a biomarker for the diagnosis of liver metastasis and provide a
new strategy for the development of anti-metastasis drugs in colon cancer patients [22].

At present, most studies on ACTC1 have evaluated its effects on cardiac development
and related diseases in model animals, such as humans and mice. There have been few
studies on this gene in cattle. Of those that have been performed, some have shown that
ACTC1 gene copy number variation was related to beef production and quality [23]. Using
bovine longissimus dorsi RNA-Seq technology, one study found that ACTC1 is related to
bovine muscle weight gain and feed intake [24]. In addition, a recent paper on ACTC1
found that it may be related to the regulation of mammary gland development in Italian
buffalos [25]. However, the effects of ACTC1 on the proliferation and differentiation of
bovine myoblasts and adipocytes remains uninvestigated.

Our lab has previously identified ACTC1 as a differentially expressed gene via tran-
scriptome sequencing technology when studying the mutual regulation of bovine myocytes
and adipocytes (undergoing publication), and the role of ACTC1 in the muscle-fat dialogue
was preliminarily explored. In that study, ACTC1 was not detected in preadipocytes cul-
tured separately, but the presence of myoblasts in the co-culture (myoblasts-preadipocytes)
system induced the expression of ACTC1 in adipocytes. Herein, we utilize gene knockdown,
overexpression, and ectopic expression to elucidate the proliferation and differentiation
effects of ACTC1 on separately cultured bovine myoblasts and preadipocytes.

2. Materials and Methods
2.1. Sample Source

All animal procedures conformed with the Regulations for the Administration of Af-
fairs Concerning Experimental Animals (Ministry of Science and Technology, Beijing, China,
2004) and were approved by the Institutional Animal Care and Use Committee (College
of Animal Science and Technology, Northwest A&F University, Yanling, Xianyang, China,
No. 2013-23, 20 April 2013).
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In this study, the 4-day-old Qinchuan beef cattle was used to isolate preadipocytes
and myoblasts, and the cattle was born and raised at the breeding farm of the National
Beef Cattle Improvement Center (Yangling, Xianyang, China).

2.2. Isolation, Culture, and Differentiation of Primary Bovine Myoblasts and Preadipocytes

Myoblasts were isolated according to Wang et al. [26] and digested by type II col-
lagenase (Gibco) and neutral protease (Sigma, Kawasaki, Japan). Collagenase II and
neutral protease were used to digest Qinchuan cattle hind leg muscle tissue and then
centrifuged to collect the supernatant (150 rpm/min, 5 min). The process was repeated
until the muscle tissue was completely digested. All supernatants were centrifuged to
obtain primary myoblasts (1000 rpm/min, 10 min). The isolated myoblasts were cultured
in a complete growth medium of Dulbecco’s Modified Eagle Medium/F-12 (DMEM/F-12,
Gibco, Grand Island, NY, USA) containing 20% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin (Hyclone, Logan, UT, USA).

The isolation and culture protocols for preadipocytes were performed using type I
collagenase (Gibco) digestion method according to Meissburgeretal [27], with modifica-
tions established previously in our laboratory [28]. Collagenase I was used to digest
Qinchuan cattle perirenal fat. After centrifugation, the primary preadipocytes were present
in the pellet. Isolated preadipocytes were cultured in the complete growth medium of
DMEM/F-12 containing 10% FBS and 1% penicillin/streptomycin.

Once the cells (myoblasts or preadipocytes) were 70% confluent, they were then
cultured in growth medium supplemented with adenovirus. After 12 h, the media was
replaced with growth medium. Forty-eight hours later was recorded as the 0th day (D0),
and the media was replaced with the respective differentiation media. The differentiation
medium for myoblasts contained DMEM/F-12, with 2% horse serum (HS, Gibco) and
1% penicillin/streptomycin. The differentiation medium for preadipocytes was prepared
composed of complete medium containing isobutylmethylxanthine (IBMX, 0.5 mM, Sigma,
Kawasaki, Japan), insulin (1 mg/mL, Sigma, Kawasaki, Japan), and dexamethasone (1 mM,
Sigma, Saint Louis, MO, USA). The differentiation media were changed every two days,
and cell changes (myoblasts-myotubes; preadipocytes-lipid droplets) on the 2nd, 4th,
6th, 8th, and 10th days (D2, D4, D6, D8, D10) were recorded successively. The size and
number of lipid droplets and myotubes were observed under an Olympus IX71 microscope
(OLYMPUS, Dalian, China). Each experiment was performed in triplicate.

2.3. Interference and Overexpression of Adenovirus Packaging

In this experiment, based on the sequence (Gene ID: 533219) of ACTC1 gene pub-
lished on NCBI, primers (Table 1) were designed and synthesized to amplify the cod-
ing DNA sequence (CDS) of ACTC1 (see the next paragraph for PCR system). These
were then sent to OBIO Technology (Shanghai) Corp., Ltd. for adenovirus packaging.
The titers of ACTC1 knockdown adenovirus (AD-shRNA-ACTC1, pDKD-CMV-eGFP-U6-
shRNA (ACTC1)) and control adenovirus (AD-shRNA-NC, pDKD-CMV-eGFP-U6-shRNA)
were 6.32 × 1010 PFU/mL and 3.16 × 1011 PFU/mL, respectively. The titers of ACTC1
overexpression (ectopic expression) adenovirus (AD-ACTC1, pAdeno-MCMV-ACTC1-
P2A-3Flag-EGFP) and control adenovirus (AD-NC, pAdeno-MCMV-3Flag-EGFP) were
1.34 × 1011 PFU/mL and 4.74 × 1010 PFU/mL, respectively.

Table 1. The primer sequence of the CDS region of ACTC1.

Gene Name Accession Numbers Primer Sequence (5′ > 3′) Fragments Size (bp)

ACTC1 NM_001034585.2 Forward: ATGTGCGACGATGAGGAGAC
Reverse: TTAGAAGCACTTGCGGTGGA 1134
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PCR system: DNA 100 ng/µL, upstream and downstream primers 2.5 µL, dNTP Mix
(2.5 mmol/L, Takara, Mountain View, CA, USA) 4 µL, 10 × PCR Buffer 5 µL (Takara),
Ex Taq 0.25 µL (Takara), diluted with double distilled water to 50 µL. The reaction protocol
is as follows: 95 ◦C 3 min, 95 ◦C 20 min, 55 ◦C 30 s, 72 ◦C 2 min, 30 cycles, 72 ◦C 5 min.

2.4. Optimal Adenovirus MOI Determination

Myoblasts or preadipocytes were resuscitated in a 12-well plate. When cells were at
50~70% confluency, the different concentrations of adenovirus AD-shRNA-NC (MOI = 6,
19, 32, 44), AD-shRNA-ACTC1 (MOI = 38, 51, 63, 76), AD-NC (MOI = 16, 19, 22, 27) or
AD-ACTC1 (MOI = 9, 19, 29, 39) were added to the complete growth medium, and the
medium was changed. After 48 h, the optimal infection concentration was determined
via cell growth and green fluorescent protein (GFP) expression. RNA and protein were
extracted, and ACTC1 changes were measured by qRT-PCR and Western blot.

2.5. Immunofluorescence Staining

D4, D6, and D8 myocytes were stained with MYHC immunofluorescence to observe
myotube changes. The cells were fixed with 4% tissue cell fixation solution (Solarbio) for
10 min; permeated with 0.2% TritonX-100 (Sigma, Kawasaki, Japan) for 20 min; incubated
with phosphate-buffered saline (PBS, Hyclone) containing 10% donkey serum (Solarbio),
1% bovine serum albumin (Sangon Biotech, Shanghai, China), and 0.3 M glycine (Sigma,
Kawasaki, Japan) for 1 h; incubated with MYHC antibody (mouse anti-MYHC, 1:200,
Abcam, ab50967, Cambridge, NT, UK) at 4 ◦C overnight; then washed with PBS 3 times.
Before imaging, the cells were incubated at 37 ◦C for 1 h with Goat Anti-Mouse IgG (H + L)
(1:200, SA00013-3, Proteintech Group, Inc., Rosemont, IL, USA), the cell nucleus was stained
with 4′,6-diamidino-2-phenylindole (DAPI, Gibco, Grand Island, NY, USA) for 15 min, and
it was washed 3 times with PBS before being imaged on an Olympus IX71 microscope
(OLYMPUS 100×, Dalian, China).

2.6. Oil Red O Staining

D0, D2, D4, D6, D8, and D10 preadipocytes were stained with oil red O (Sigma,
Kawasaki, Japan) to observe lipid droplet changes. The oil red O solution was prepared
with isopropanol (BIOFOUNT, Beijing, China) and then diluted with distilled water and
filtered. The cells were washed with PBS 3 times and fixed with 4% tissue cell fixation
solution for 30 min, stained with oil red O for 30 min, and washed with PBS 3 additional
times. The numbers and sizes of lipid droplets were then imaged on an Olympus IX71
microscope (OLYMPUS 400×, Dalian, China). Three images were randomly collected for
each observation field to calculate the area of Oil Red O staining by the software Image J
(National Institute of Mental Health, Bethesda, MD, USA).

2.7. Flow Cytometry

When cells were at 50~60% confluency, varying concentrations of knockdown and
overexpression (ectopic expression) adenoviruses were infected in myocytes and adipocytes,
respectively, with each treatment performed in triplicate. After 48 h, cells were at 80–90%
confluency and were digested with Trypsin-EDTA (0.25%, Gibco). Then, One Step Cell
Cycle Straining Kit (MultiSciences Biotech, Hangzhou, China) was added to permeate the
cells, and the cells were stained with DAPI for 30 min. Finally, the DNA content under the
differing treatments was detected via flow cytometer (λ = 488 nm).

2.8. Real-Time Quantitative PCR

The total RNA of the cells on the 0th, 2nd, 4th, 6th, and 8th day was extracted by TRIzol
reagent (Takara, Mountain View, CA, USA), and then cDNA was obtained by Prime Script
RT reagent kit (Takara, Mountain View, CA, USA). In this study, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the internal reference, and primers were designed
by gene sequence on NCBI to detect the expression changes of myogenic marker genes
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(MYOD1, MYOG, MYH3, MYF5, MYF6, MEF2A and CKM) and adipogenic marker genes
(PPAR γ, FABP4, SCD1 and FASN) at the mRNA level. The primer sequence is shown in
Table 2. Subsequently, the cDNA was used for qRT-PCR in triplicate wells by the SYBR
Green Real-Time PCR Master Mix (Takara, Mountain View, CA, USA) in Bio-Rad Real-Time
PCR System (Bio-Rad, Hercules, CA, USA). Then the result was calculated according to the
formula 2−∆∆Ct. The thermal cycles used in the qRT-PCR were 40.

Table 2. RT-qPCR primer sequence.

Gene Name Accession Numbers Primer Sequence (5′ > 3′) Primer Length (bp)

GAPDH NM_001034034 Forward: AGTTCAACGGCACAGTCAAGG
Reverse: ACCACATACTCAGCACCAGCA 124

ACTC1 NM_001034585.2 Forward: CAGTGCTGTCCCTGTATGCT
Reverse: AAGCAGCCGTAGCCATTTCA 282

PPARγ NM_181024 Forward: TGAAGAGCCTTCCAACTCCC
Reverse: GTCCTCCGGAAGAAACCCTTG 117

SCD1 NM_173959 Forward: TCCGACCTAAGAGCCGAGAA
Reverse: TGGGCAGCACTATTCACCAG 200

FASN NM_001012669 Forward: GGCAAACGGAAAAACGGTGA
Reverse: CTTGGTATTCCGGGTCCGAG 183

FABP4 NM_174314 Forward: TGAGATTTCCTTCAAATTGGG
Reverse: CTTGTACCAGAGCACCTTCATC 101

MYOD1 NM_001040478 Forward: AACCCCAACCCGATTTACC
Reverse: CACAACAGTTCCTTCGCCTCT 196

MYOG NM_001111325 Forward: GGCGTGTAAGGTGTGTAAG
Reverse: CTTCTTGAGTCTGCGCTTCT 85

MYH3 NM_001101835.1 Forward: AAATGAGGGATGACCGCCTG
Reverse: GCACTCTTGAGAAGGGGCTT 205

MYF5 NM_174116 Forward: CCTCTAGTTCCAGGCTCATCTA
Reverse: ACCTCCTTCCTCCTGTGTAATA 90

MRF4 NM_181811 Forward: GTGATAACTGCCAAGGAAGGAG
Reverse: CGAGGAAATGCTGTCCACGA 93

MEF2A NM_001083638 Forward: AATGAACCTCACGAAAGCAGAAC
Reverse: TTAGCACATAGGAAGTATCAGGGTC 106

CKM NM_174773 Forward: GTGGCTGGTGATGAGGAGTC
Reverse: TTTCCCCTTGAACTCACCCG 270

PCNA NM_001034494.1 Forward: TGAACCTCACCAGCATGTCCAAAAT
Reverse: TTCAAATACTAGTGCCAACGTGTCCG 104

P21 NM_001098958.2 Forward: GACCAGCATGACAGATTTCTACCA
Reverse: TGAAGGCCCAAGGCAAAAG 144

P27 NM_001271625.3 Forward: AGATGTCAAACGTGCGAGTG
Reverse: GCCAAAGAGGTTTCTGCAAG 104

CCND2 NM_001076372.1 Forward: GGGCAAGTTGAAATGGAA
Reverse: TCATCGACGGCGGGTAC 173

CCNA2 NM_001075123.1 Forward: GCCACTGGCACCTCTTGATTA
Reverse: TCCACGAGGATAGCCCTCATA 231

Note: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ACTC1, actin alpha cardiac muscle 1; PPARγ, peroxisome proliferator-
activated receptor γ; SCD1, stearoyl-CoA desaturase; FASN, fatty acid synthase; FABP4, fatty acid-binding proteins 4; MYOD1, myogenic
differentiation 1; MYOG, myogenin; MYH3, myosin heavy chain 3; MYF5, myogenic factor 5; MRF4, myogenic regulatory factor 4;
MEF2A, myocyte enhancer factor 2A; CKM, creatine kinase-M; MYHC, myosin heavy chains; PCNA, proliferating cell nuclear antigen;
P21, cyclin-dependent kinase inhibitor 1A; P27, cyclin-dependent kinase; CCNA2, cyclin A2; CCND2, cyclin D2.
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2.9. Western Blot

A protein extraction kit (Solarbio Company, Beijing, China) was used to extract the
proteins on days 2, 4, 6 and 8 of adipocyte and myocyte differentiation, and the protein
expression of the corresponding marker genes for fat differentiation and muscle differenti-
ation were detected. The protein concentration was determined using the bicinchoninic
acid (BCA) method (Takara). Protein sample buffer (Takara) was added into proteins
at a proportion of 1:4 and denatured at 100 ◦C for 10 min. Polyacrylamide gels at 5%
and 12% were prepared, and 20 µg of protein samples were loaded per well. Gels were
electrophoresed at 80 V for 30 min, followed by 120 V until the samples ran to the bottom
of the gel. The protein samples in the gel were transferred to a polyvinylidene fluoride
membrane (PVDF, Merck Millipore, Taufkirchen, Germany), and then sealed with Quick-
Block Western blocking solution (Beyotime Biotechnology, Shanghai, China) for 20 min.
GAPDH (rabbit anti-GAPDH, 1:10,000 Abcam, Cambridge, UK, NP_001029206.1), ACTC1
(rabbit anti-ACTC1, 1:1000, Invitrogen, CA, USA NP_001029757.1), MYOD1 (mouse anti-
MYOD1, 1:1000, Abcam, Cambridge, NT, UK, NP_001035568.2), MYOG (rabbit anti-MYOG,
1:1000, Abcam, Cambridge, NT, UK, NP_001104795.1), MYHC (mouse anti-MYHC, 1:200,
Abcam, Cambridge, NT, UK), MRF4 (mouse anti-MYF6, 1:100, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA, NP_861527.1), MEF2A (rabbit anti-MEF2A, 1:1000, Abcam,
Cambridge, NT, UK, NP_001077107.1), FABP4 (rabbit anti-FABP4, 1:1000, Abcam, NT, UK,
NP_776739.1), PPARγ (rabbit anti-PPARγ, 1:1000, Boster, Wuhan, China, NP_851367.1),
FASN (rabbit anti-FASN, 1:2000, Abcam, Cambridge, NT, UK, NP_777087.1) antibodies
were added and incubated overnight at 4 ◦C. Then, the corresponding HRP-conjugated
Goat Anti-Rabbit IgG (1:5000, Sangon Biotech, Shanghai, China), or m-IgGκ BP-HRP
(1:1000, sc-516102, Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA) were added and
incubated at room temperature for 1 h. Finally, the prepared chemiluminescent HRP
substrate (Millipore, Danvers, MA, USA) was added to the PVDF membrane containing
protein bands, and the GelDoc gel XR + imaging system (Bio-Rad, Hercules, CA, USA)
was used to Chemiluminescence (CL). Observe the changes in the expression of marker
proteins (myoblasts: MYOD1, MYOG, MYHC, MRF4, MEF2A; preadipocytes: FABP4,
PPARγ, FASN, SCD1) at different stages of cell differentiation according to the light and
shade of the band.

2.10. Statistical Analysis

Graphpad Prism software was used to analyze quantitative results. Image Lab soft-
ware was used to analyze protein results, and Modfit software was used to perform
statistical analysis on the Flow Cytometry results and quantify results. Error bars represent
s.e.m. * p < 0.05; ** p < 0.01.

3. Results
3.1. Screening of Adenovirus MOI

Figure 1a–c,e exhibits the infection of the ACTC1 knockdown and control adenoviruses
of different MOI values into myoblasts and the subsequent interference efficiency at the
mRNA and protein levels. The maximal interference efficiency (up to 95%) was achieved
when the AD-shRNA-NC and AD-shRNA-ACTC1 MOI values were 44 and 51, respectively.
Figure 1d,f,h,i shows the infection of the ACTC1 overexpression adenovirus into bovine
preadipocytes at varying MOI levels. Maximally, at an AD-NC MOI value of 19 and an
AD-ACTC1 MOI value of 9, mRNA and protein expression increased 10,000-fold compared
to the control. Although ACTC1 can be highly expressed in myoblasts, its expression
cannot be detected in adipocytes; accordingly, ACTC1 was interfered and overexpressed in
myoblasts but ectopically expressed in adipocytes. Fluorescence results revealed that the
optimal MOI value for overexpressing adenovirus in adipocytes was the same as in the
myoblasts (Figure 1g).
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3.2. Effect of ACTC1 on Differentiation of Bovine Myoblasts

After knockdown ACTC1 in bovine myoblasts, the sizes and numbers of myotubes in
the AD-shRNA-ACTC1 group were significantly lower than those in the AD-shRNA-NC
group via brightfield imaging (D4, D6, D8, D10; Figure 2) and immunofluorescence staining
(D4, D6, D8; Figure 3), with no significant differences observed at D0 or D2 (Figure 2).
The myotube fusion index showed the same results (Figure 3). Myogenic marker genes,
including MYOD1, MYOG, MYH3, MRF4, MYF5 and MEF2A, changed significantly at the
mRNA (D0, D2, D4, D6 and D8) and protein levels (D2, D4, D6 and D8) after knockdown
ACTC1 (Figures 4 and 5). At the mRNA level, the expression of MYOD1, MYOG, and
MRF4 decreased significantly (p < 0.05 or p < 0.01), while the expression of MYH3 and CKM
increased initially at D2 (MYH3: p < 0.01; CKM: p < 0.05), then decreased significantly in the
later stages (p < 0.05 or p < 0.01). MYF5 increased significantly on D6 (p < 0.05 or p < 0.01)
but decreased significantly in other periods (p < 0.01). The expression of MEF2A gene
changed significantly depending on the day, with expression on D0 and D4 decreasing
significantly (p < 0.01) and increasing significantly on D2 and D6 (p < 0.05). At protein
levels, the corresponding differences can also be seen with the mRNA level (Figure 5).
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of ACTC1, MYOD1, MYOG, MYHC, MRF4 and MEF2A at D2, D4, D6 and D8 days by Western blot after ACTC1 knockdown.
(b–g) Use Image J software to measure the gray value of protein bands. Each experiment was performed in triplicate. Error
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After overexpression ACTC1 treatment, myotube formation was observed on D2, D4,
D6, D8 and D10 (Figure 6a). While there was no significant difference between AD-NC
and AD-ACTC1 phenotypes on D2, the sizes and numbers of myotubes formed in the
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AD-ACTC1 group were significantly higher than those in AD-NC group on D4, D6, D8 and
D10. The myogenic marker gene MYH3 increased significantly (p < 0.05, Figure 6e) after
treatment, while other marker genes showed no significant changes, although they showed
an upward trend (Figure 6c,d,f,g). These results demonstrate that ACTC1 overexpression
significantly promotes myotube formation, while ACTC1 knockdown significantly inhibits
myotube formation.
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Figure 6. Detection of myoblast differentiation and expression of myoblast marker gene mRNA after overexpression of
ACTC1. (a) The myotube formation in bright field was observed D2, D4, D6, D8 and D10 days after AD-NC and AD-ACTC1
adenovirus infection. Olympus IX71 microscope (40×); (b–g) Detection of mRNA expression of ACTC1, MEF2A, MYOG,
MYH3, MRF4 and MYF5 on D6 after overexpression of ACTC1. Each experiment was performed in triplicate. Error bars
represent s.e.m. * p < 0.05; ** p < 0.01.

3.3. Effect of ACTC1 on the Proliferation of Bovine Myoblasts

After ACTC1 knockdown, myoblast proliferation increased significantly in the G0/G1
phase (p < 0.05) and decreased in G2/M phase (p < 0.05) (Figure 7a,b). Cell proliferation
marker gene mRNA detection found that P21 increased by 201% (p < 0.05; Figure 6e) and
CCND2 significantly decreased (p < 0.05; Figure 7h), while P27, PCNA and CCNA2 did
not significantly change (Figure 7d,f,g). After ACTC1 overexpression, the proliferation of
myoblasts increased significantly in the G0/G1 phase (p < 0.05) but showed no signifi-
cant changes in the S and G2/M phases (Figure 8a,b). Proliferation marker gene mRNA
detection found that PCNA significantly decreased (p < 0.01), P21 significantly increased
(p < 0.01), and CCND2 significantly increased (p < 0.05), while CCNA2 and P27 did not
significantly change (Figure 8c–h). These results demonstrate that ACTC1 can alter the
proliferation of bovine myoblasts.
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** p < 0.01. 
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Figure 8. Effect of overexpression of ACTC1 on proliferation cycle of bovine myoblasts and detection of mRNA expression
of proliferation marker gene. (a,b) Flow cytometric measurement of DNA content using propidium iodide (PI) staining in
AD-NC/AD-ACTC1 treated proliferating myoblast. (c–h) Relative mRNA expression of cell cycle genes: PCNA, P21, P27,
CCNA2 and CCND2. Each experiment was performed in triplicate. Error bars represent s.e.m. * p < 0.05; ** p < 0.01.
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3.4. Impact of ACTC1 on Bovine Preadipocyte Differentiation

Oil red O staining results showed that the numbers and sizes of lipid droplets in
the AD-ACTC1 group were significantly greater than those in the AD-NC group on D0,
D2, D4, D6, D8 and D10 after induced ectopic ACTC1 expression (Figure 9). Moreover,
lipid quantification results showed that, except for D0, there are extremely significant
differences (Figure 10). The expression of adipogenic marker genes (PPAR γ, FABP4, FASN
and SCD1) were significantly changed at both the mRNA (D0, D2, D4, D6 and D8) after
ectopic expression (Figure 10): PPARγ increased significantly on D2 (p < 0.01) and D6
(p < 0.05); FABP4 increased significantly during adipocyte differentiation (p < 0.01); FASN
increased significantly on D4 (p < 0.05) and D6 (p < 0.01), but decreased significantly on D8
(p < 0.01); and SCD1 increased significantly in the late stage of adipocyte differentiation
(p < 0.01 or p < 0.05; Figure 10e). The results exhibit that ectopic expression of ACTC1 can
significantly promote the formation of lipid droplets. At protein levels (D2, D4, D6 and
D8), the corresponding differences with the mRNA level can also be seen (Figure 11).
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Figure 9. Lipid droplet formation in adipocytes after ectopic expression of ACTC1. Lipid droplets on
D0, D2, D4, D6, D8 and D10 days after infection of AD-NC and AD-ACTC1 adenovirus by oil red O
staining (Olympus IX71 microscope 400×). Each experiment was performed in triplicate. Image J
software was used to measure the oil red O area. Randomly collect 3 images for each observation
field. Error bars represent s.e.m. ** p < 0.01.
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3.5. Effect of ACTC1 on Proliferation of Bovine Preadipocytes

Ectopic expression of ACTC1 had no significant effect on the proliferation cycle of
preadipocytes (Figure 12a,b) and induced no significant changes in the expression of
proliferation the marker genes: PCNA, P21, P27, CCNA2 and CCND2 [29–35] (Figure 12d–h).
These results show that ACTC1 gene had no effect on the proliferation of bovine preadipocytes.
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3.6. Model Diagram

In this study, knockdown and overexpression of ACTC1 inhibited myoblast prolifer-
ation, and ectopic expression of ACTC1 had no significant effect on the proliferation of
bovine preadipocytes (Figure 13a). However, ACTC1 is positively correlated with myoblast
differentiation, especially having a significant promoting effect on myotube formation in
the middle stage of differentiation and a significant maintenance effect on myotube in the
later stage of differentiation; in addition, ectopic expression ACTC1 could significantly
promote the formation of lipid droplets, which was positively correlated with preadipocyte
differentiation (Figure 13b), and this was consistent with the results of myoblasts inducing
the expression of ACTC1 in preadipocytes in the previous muscle-fat dialogue.
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staining in AD-NC/AD-ACTC1 treated proliferating myoblast. (c–h) Relative mRNA expression of cell cycle genes: PCNA,
P21, P27, CCNA2 and CCND2. Each experiment was performed in triplicate. Error bars represent s.e.m. ** p < 0.01.
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4. Discussion

The growth and development of skeletal muscle can be divided into three stages:
embryonic, fetal, and mature [36]. Prenatal development is divided into two stages:
embryonic and fetal skeletal muscle development. The development of skeletal muscle
includes myogenesis, adipogenesis, and fibrogenesis. There are numerous factors that
affect myogenesis. Genes such as PAX3, PAX7, MYF5 and MYOD primarily play roles in
muscle satellite cell proliferation [37,38], while MYOD, MYOG, MRF4, MYHC and CKM
genes mainly regulate muscle cell fusion [39]. Preadipocytes are the basic biological unit
of adipose tissue, and their ability to proliferate and differentiate continues throughout
an animal’s life [40]. Fat differentiation depends primarily on cascade regulation of a
variety of signal transduction pathways and transcription factors. Studies have shown that
factors such as PPARγ, SCD1, FABP4 and FASN can promote adipogenesis [41–45]. Since
intramuscular fat content is a critical aspect of beef quality [1], and that at the cellular level,
the proliferation and differentiation of myoblasts and preadipocytes directly determines
the growth and development of muscle, these factors directly affect beef quality.

In a previous study, we screened the differential gene ACTC1 via transcriptome se-
quencing technology. Our prior study found that ACTC1 was highly expressed in myoblasts
but was undetectable in adipocytes. In the present study, ACTC1 was interfered and over-
expressed in myoblasts, and ectopically expressed in adipocytes, to further investigate this
phenomenon. First, we evaluated the impact of different titers of adenovirus—as evaluated
by MOI—and determined the optimal adenovirus quantities to be added, according to
myoblasts and preadipocytes post-infection status and mRNA and protein levels. Fluores-
cence imaging revealed that the cellular states of preadipocytes and myoblasts treated with
the overexpression adenovirus were highly analogous, with the optimal MOI value for the
overexpression adenovirus remaining consistent between myoblasts and preadipocytes.

Our results demonstrate that ACTC1 knockdown in myoblasts significantly inhibits
the formation of myotubes in the middle and late differentiation stages, and that ACTC1
overexpression can promote myogenesis, most notably for the maintenance of myotubes
in the later stages of differentiation. Regardless, this study exhibits that ACTC1 can
be positively correlated with myogenesis, which is consistent with existing reports [46].
Furthermore, when investigating the expression of myogenic factors, MEF2A was found to
undergo significant changes. The MEF2A expression on D0 and D4 decreased significantly,
but increased significantly on D2 and D6. Notably, MEF2A itself does not have myogenic
activity, but it can directly bind to the promoters or enhancers of most muscle-specific
genes and potentially assist through transcriptional cooperation [47,48].

In cell proliferation, the interaction between cyclin and cyclin-dependent kinase
(CDK) strictly controls the cell cycle. The P21 family of proteins bind to cyclins, thus
preventing CDK phosphorylation and consequently inhibiting the cell cycle [29,32]. In
myoblasts, after ACTC1 knockdown, the G0/G1 phase increased significantly, the G2 phase
decreased significantly, and there was no significant change in the S phase. Additionally,
P21 expression increased significantly, while CCND2 decreased significantly. After ACTC1
overexpression, the G0/G1 phase also increased significantly, but there were no significant
changes to either the G2/M phase or the S phase. In addition, PCNA expression significantly
decreased, while P21 and CCND2 expression significantly increased. These results indicate
that both the knockdown and the overexpression of ACTC1 inhibited myoblast proliferation.
As indicated above, a potential explanation for this phenomenon is the high background
expression of ACTC1 in muscle cells. Consequently, the overexpression of ACTC1 may
lead to cell cycle regulation disorder, causing an excess to inhibit proliferation as well.
Either way, the mechanism by which ACTC1 is involved in the regulation of myoblast
proliferation cycle is complex and needs further study. Through this study, the effects of
ACTC1 on the proliferation and differentiation of bovine myoblasts were clarified for the
first time.

Ectopic expression of ACTC1 in preadipocytes demonstrated that ACTC1 could
significantly promote the formation of lipid droplets and that the expression of lipid
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production-related factors increases significantly with ectopic expression. However, it was
also found that the ectopic expression of ACTC1 had no significant effect on the cell cycle of
preadipocytes. These findings indicate that although ACTC1 is not expressed in adipocytes
cultured in vitro, but in the real environment of marbled beef in vivo, myocytes can induce
its expression and promote adipogenesis. However, since this is the first study of this
gene on bovine preadipocytes and it was the first time that ACTC1 was found to promote
the differentiation of adipocytes, there are few papers that can be used as references to
elucidate ACTC1’s specific regulatory mechanism, and it will have to be determined in
future studies.

5. Conclusions

Herein, using the knockdown, overexpression, and ectopic expression of ACTC1, we
found that ACTC1 was positively correlated to the differentiation of bovine myoblasts
and preadipocytes. Although ACTC1 was found not to have a significant effect on the
proliferation of preadipocytes, it could affect the proliferation of myoblasts, and its spe-
cific mechanisms require further investigation. In this study, the function of ACTC1 in
bovine preadipocytes and myoblasts was elucidated to lay a molecular foundation for the
exploration of intramuscular fat formation and ultimately, the improvement of beef quality.
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