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1  |  INTRODUC TION

Adolescent idiopathic scoliosis (AIS) is characterized as a puberty- onset 
spinal deformity that affects millions of children worldwide.1 Although 
great progress has been made in the study of AIS over the last 20 years, 

its pathogenesis is far from fully understood due to its genetic complex-
ity.2 Spinal fusion is recommended for AIS patients with Cobb angles 
exceeding 45°, but the risks and health economics related to surgical 
treatments are thorny issues.3 Clarifying the pathogenesis of AIS is of 
great significance for its early diagnosis, prevention, and treatment.
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Abstract
Objective: Paravertebral muscle asymmetry may be involved in the pathogenesis of 
adolescent idiopathic scoliosis (AIS), and the Tent5a protein was recently identified as 
a	novel	active	noncanonical	poly(A)	polymerase.	We,	therefore,	explored	the	function	
of the AIS susceptibility gene Tent5a in myoblasts.
Materials and methods: RNA- seq of AIS paravertebral muscle was performed, and 
the molecular differences in paravertebral muscle were investigated. Twenty- four AIS 
susceptibility genes were screened, and differential expression of Tent5a in paraver-
tebral	muscles	was	confirmed	with	qPCR	and	Western	blot.	After	the	knockdown	of	
Tent5a, the functional effects of Tent5a on C2C12 cell proliferation, migration, and ap-
optosis were detected by Cell Counting Kit- 8 assay, wound- healing assay, and TUNEL 
assay, respectively. Myogenic differentiation markers were tested with immunofluo-
rescence and qPCR in vitro, and muscle fiber formation was compared in vivo.
Results: The AIS susceptibility gene Tent5a was differentially expressed in AIS par-
avertebral muscles. Tent5a knockdown inhibited the proliferation and migration of 
C2C12 cells and inhibited the maturation of type I muscle fibers in vitro and in vivo. 
Mechanistically, the expression of myogenin was decreased along with the suppres-
sion of Tent5a.
Conclusions: Tent5a plays an important role in the proliferation and migration of myo-
blasts, and it regulates muscle fiber maturation by maintaining the stability of myo-
genin. Tent5a may be involved in the pathogenesis of AIS by regulating the formation 
of muscle fiber type I.
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The etiology of AIS is multifactorial, including abnormal bone 
metabolism, endocrine hormone dyscrasia, or neuromuscular sys-
tem imbalance,2 and the genetic basis cannot be ignored in the 
pathogenesis of AIS.4 A functional variant of AIS, Lbx- As1, was iden-
tified in a genome- wide association study based on 4,317 Chinese 
AIS patients.5 Many susceptibility genes related to skeletal muscle 
development, such as Lbx1, Pax3, and Tbx1, have been reported in 
AIS.6– 8 Recently, a large number of studies have reported paraver-
tebral muscle asymmetry based on imaging changes, histological 
characteristics, and electrophysiological differences,9– 12 which indi-
cates that paravertebral muscle asymmetry may be involved in the 
pathogenesis of AIS.

Recently, 20 loci significantly associated with AIS have been 
reported	from	79,211	Japanese	individuals,	and	Tent5a was one of 
the susceptibility genes for AIS.13 Tent5a was recently identified as 
a novel active noncanonical poly(A) polymerase.14 Poly(A) length 
is highly regulated in the nucleus and cytoplasm, and poly(A) tails 
help regulate gene expression and probably play a critical role in 
cell differentiation.15,16 Tent5a has previously been found to be 
associated with a variety of human diseases, including retinitis pig-
mentosa, skeletal disorders, Alzheimer's disease, and obesity.17– 19 
However, the function of the Tent5a gene in muscle development 
is still unclear.

Based on the asymmetry of paravertebral muscle in AIS, we 
explored the function of the AIS susceptibility gene Tent5a in myo-
blasts,	as	well	as	the	formation	of	muscle	fibers.	We	revealed	that	
Tent5a plays an important role in the proliferation and migration 
of myoblasts and regulates muscle fiber maturation by maintain-
ing the stability of myogenin. These findings shed new light on 
the etiology of AIS and provide new therapeutic opportunities 
for AIS patients to correct muscle asymmetry with nonoperative 
management.

2  |  MATERIAL S AND METHODS

2.1  |  Multifidus specimens of AIS patients

This study was approved by the institutional research ethics 
board (HX- 2019- 607). Twenty female AIS patients with a right 
thoracic curve who underwent spinal corrective surgery between 
the ages of 12 and 18 were included in this study (Figure 1A). In 
addition, we collected muscle samples from five teenagers who 
underwent spinal surgery due to spinal cord trauma as the nor-
mal control. Detailed information for curve type, age, gender, and 
Cobb angle of the AIS patients is presented in Table S1. Muscle 
tissues (~1.0 × 1.0 × 0.5 cm) were obtained from the multifidus at 
the apical region of concavity and convexity before tissue cau-
tery. Specimens were divided into two parts. One part was frozen 
in precooled isopentane for immunofluorescence staining, and 
the other part was flash- frozen in liquid nitrogen for RNA and 
protein testing.

2.2  |  RNA- seq and differential expression analysis

After total RNA was extracted and quantified, library preparation 
of each sample was constructed according to the manufacturer's 
protocol with 1 μg total RNA. After isolation of the poly(A) mRNA, 
mRNA fragmentation and priming were performed using NEBNext 
First Strand Synthesis Reaction Buffer and NEBNext Random 
Primers. Then, libraries with different indices were multiplexed and 
loaded on an Illumina HiSeq instrument according to the manufac-
turer's instructions (Illumina).

Quality control, mapping, and expression analysis were per-
formed, and the Padj of genes was set to <0.05 to detect differ-
entially expressed genes. GOSeq (v1.34.1) was used to identify 
Gene Ontology terms that annotate a list of enriched genes with a 
significant Padj less than 0.05. In addition, topGO was used to plot 
DAG.	We	used	scripts	in-	house	to	enrich	significantly	differentially	
expressed genes in KEGG pathways.

2.3  |  Expression analysis of AIS susceptibility genes

In this study, 24 susceptibility genes reported in East Asian AIS pa-
tients according to two large sample size genome- wide association 
studies were selected.5,13 Zhu et al.5 reported five susceptibility 
genes (Lbx1- As1, Pax3, Epha4, Bcl2, and Ajap1) with a sample of 4,317 
Chinese AIS patients and 6,016 controls. The other 19 susceptibil-
ity genes (Mtmr11, Arf1, Tbx1, Csmd1, Kif24, Bckdhb, Tent5a, Creb5, 
Nt5Dc1, Uncx, Plxna2, Agmo, Meox2, Fto, Lbx1, Bnc2, Abo, Pax1, and 
Cdh13) were identified from a meta- analysis of three genome- wide 
association	 studies	 consisting	 of	 79,211	 Japanese	 individuals.13 
Detailed information on the 24 susceptibility genes is presented in 
Table S2.

2.4  |  C2C12 cell culture and lentiviral transfection

C2C12 cells were acquired from the Chinese National Collection 
of Authenticated Cell Cultures (No. SCSP- 505). C2C12 cells were 
cultured in growth medium (DMEM with 10% fetal bovine serum, 
Gibco), and myogenic differentiation was induced with differentia-
tion medium (DMEM with 2% horse serum, HyClone) when C2C12 
cells grew to 90% confluence.

The knockdown and control lentiviruses were purchased from 
Wuhan	BrainVTA	Co.,	Ltd.	The	density	of	C2C12	cells	was	approx-
imately 80% after inoculation for 24 h, the growth medium was 
replaced, and concentrated lentivirus was added (MOI = 100). 
Auxiliary infection reagents were also added, and the growth 
medium was replaced the next day. Puromycin was used to se-
lect Tent5a- inhibited C2C12 cells. EGFP fluorescence was de-
tected with fluorescence microscopy 48 h after transfection, and 
qPCR	 and	Western	 blotting	were	 used	 to	 verify	 the	 knockdown	
effectiveness.
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2.5  |  Effects of Tent5a knockdown on C2C12 cells

C2C12 cells at 70% confluence were selected and prepared into a 
single- cell suspension. To detect the effect of Tent5a knockdown 
on myoblast viability, C2C12 cells were inoculated in 96- well plates, 
and 2000 cells in 100 µl of growth medium were seeded in each well. 
After incubation for 24 h, the Cell Counting Kit- 8 assay (YZ- CK04, 
Solarbio) was performed according to the manufacturer's protocol. 
The wound- healing assay was used to quantify cell migration. Cells 
were inoculated with a 6- well plate and scratched when the cell 
density increased close to 100%. The observation time points of the 
wound- healing assay included 0, 24, and 48 h. To detect the effect 
of Tent5a knockdown on myoblast apoptosis, C2C12 cell apopto-
sis was induced by H2O2,	and	a	TUNEL	assay	 (A113,	Vazyme)	was	
conducted according to the manufacturer's protocol. After culturing 
in differentiation medium for 5 days, C2C12 cells were fused and 
formed mature myotubes. Immunofluorescence staining and qPCR 
were used to detect the effect of Tent5a knockdown on myoblast 
differentiation.

2.6  |  Primary cultures and cell transplantation

Satellite	 cells	 were	 isolated	 by	 a	 method	 described	 by	Watanabe	
et al.20 Briefly, the quadriceps femoris muscles of 4- week- old 
C57BL/6 mice (Dossy Experimental Animals Co., Ltd.) were cut off, 
and nonmuscular tissues, including fat, fascia, nerves, blood vessels, 
and tendons, were carefully removed using an asana microscope. 
The muscle was repeatedly pruned to approximately 1 mm3 in size 
with ophthalmic scissors and digested with 0.1% type I collagenase 
(C8140, Solarbio) for 1 h. After enzymatic digestion, filtration, and 
resuspension, satellite cells were incubated in high serum growth 
medium. Satellite cells were further purified by the differential adhe-
sion method and verified by Pax7 staining (Pax7, DSHB). P3- 5 myo-
blasts were selected for lentivirus transfection, and the knockdown 
efficiency of Tent5a expression was confirmed with qPCR and 
Western	blot.

One day before cell transplantation, 4- week- old C57BL/6 mice 
were selected to create a muscle injury model.21 Briefly, 50 µl of 
cardiotoxin (10 µM) was multipoint injected into the tibialis anterior 

F I G U R E  1 RNA	sequencing	of	AIS	paravertebral	muscles	and	differential	expression	analysis.	(A)	Representative	radiograph	of	AIS	
patients who underwent spinal corrective surgery. Muscle tissues were obtained from the multifidus at the apical region of concavity and 
convexity	during	surgery.	(B)	Clustergram	of	differential	expression	genes.	(C)	Volcano	Plot	of	differential	expression	genes.	(D)	KEGG	
pathway of differential expression genes. (E) GO term of differential expression genes
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muscle using a 31G insulin syringe. Then, myoblasts transfected with 
knockdown or control lentivirus were prepared, and 50 µl of single- 
cell suspension within 5 × 105 transfected myoblasts was multipoint 
injected into the tibial anterior muscle.22 Four weeks after myoblast 
transplantation, the tibialis anterior muscles were collected for sub-
sequent experiments.

2.7  |  Immunofluorescence staining

The thickness of the frozen section for AIS samples was 8 µm. 
After fixation with 4% paraformaldehyde and then blocking with 
5% BSA (Biofroxx) in 0.025% PBS- Tween 100 (Biofroxx), we in-
cubated the slices with primary antibodies against MHC I (1:20, 
BA- D5, DSHB) and MHC IIa (1:20, SC- 71, DSHB) overnight at 4°C. 
The secondary antibodies (1:200, Yeasen) were incubated at room 
temperature and protected from light for 1 h. Muscle samples of 
mouse tibialis anterior were processed in the same manner as de-
scribed above.

For satellite cells and C2C12 cells, 4% paraformaldehyde and 
0.5% Triton®X- 100 (Biofroxx) were used to incubate cells succes-
sively. After blocking, they were stained with the following primary 
antibodies: Pax7 (1:5, Pax7, DSHB), MHC (1:20, MF 20, DSHB), Myh7 
(1:100, sc- 53090, Santa Cruz), myogenin (1:100, sc- 12732, Santa 
Cruz), and MyoD (1:100, sc- 377460, Santa Cruz). The nuclei were 
stained	with	DAPI	for	5	min.	We	collected	the	images	using	a	fluo-
rescence	microscope.	ImageJ	software	(Version	1.52	V)	was	used	to	
analyze the percentage of myosin heavy chain- , Myh7- , myogenin- , 
and MyoD- positive cells.

2.8  |  qPCR and Western blot

After the muscle samples were pulverized using a mortar and pestle 
in liquid nitrogen or the cells were washed with PBS, RNAiso (108- 
95- 2, Takara) was added, and total RNA was isolated with Qiagen 
RNAeasy Mini Kits (1062832, Qiagen) per the manufacturer's guide-
lines. The PrimeScript™ RT reagent kit with a gDNA eraser was used 
to produce cDNA. PowerUp™ SYBR™ green master mix (A25742, 
Thermo Fisher Scientific) was added to detect the expression of re-
lated genes, and the gene- specific primers are listed in Table S3 and 
Table S4. Quantitative real- time PCRs were performed with an ABI 
QuantStudio 3 machine (Thermo Fisher Scientific).

RIPA lysis solution with 1% PMSF was used to extract total pro-
tein. Protein quantification was performed using the BCA method. 
Gel electrophoresis and membrane transfer were performed ac-
cording to standard processes. After nonspecific antigen blocking 
with 5% BSA, primary antibodies including Tent5a (1:200, A12765, 
ABclonal), MHC (1:50, MF20, DSHB), MHC I (1:50, BA- D5, DSHB), 
myogenin (1:500, sc- 12732, Santa Cruz), and Gapdh (1:5000) were 
used to incubate the polyvinylidene fluoride transfer membrane 
overnight. Images were captured with the Chemidoctm Imaging 
System. The relative expression of Tent5a, MHC, and MHC I was 

calculated	 according	 to	 the	 gray	 values	 using	 ImageJ	 software	
(Version	1.52	V).

2.9  |  Statistical analysis

Data were analyzed and plotted using GraphPad Prism 8.4.3 
(GraphPad Software Inc.), and all quantitative data are presented as 
the mean ± SD. Statistical analyses were carried out using t- tests 
or rank- sum tests when comparing continuous variables and the 
chi- square test or Fisher's exact test for dichotomous variables. 
Statistical tests were chosen based on sample size and normal-
ity of distribution. A p value of < 0.05 was considered statistically 
significant.

3  |  RESULTS

3.1  |  RNA sequencing of AIS paravertebral muscles

To investigate the molecular differences of the paravertebral mus-
cle in AIS, RNA sequencing of convex and concave paravertebral 
muscles was performed (Figure 1B). The results showed that the 
expression of 10 genes was upregulated on the concavity side, and 
48 genes were downregulated (Figure 1C). KEGG analysis showed 
that the differentially expressed genes were enriched mainly in the 
insulin signaling pathway, PPAR signaling pathway, and cAMP signal-
ing pathway (Figure 1D). GO analysis showed that the differentially 
expressed genes were enriched mainly in extracellular space, glu-
cose metabolic process, and glucose homeostasis (Figure 1E).

3.2  |  Differential expression of Tent5a in AIS 
paravertebral muscles

We	screened	for	the	expression	of	previously	reported	AIS	suscep-
tibility genes from RNA sequencing data, including Mtmr11, Arf1, 
Tbx1, Csmd1, Kif24, Bckdhb, Tent5a, Creb5, Nt5Dc1, Uncx, Plxna2, 
Agmo, Meox2, Fto, Lbx1, Bnc2, Abo, Pax1, Cdh13, Lbx1- As1, Pax3, 
Epha4, Ajap1, and Bcl2.5,13 Only the Tent5a gene showed differential 
expression in the two- sided paravertebral muscles of AIS patients 
(Figure 2). The differential reads for Tent5a were also confirmed 
with	 the	 use	 of	 the	 IGV	 tool	 (Figure	 S1).	We	 selected	 another	 10	
pairs of paravertebral muscles from AIS patients and verified the dif-
ferential	expression	of	Tent5a	with	qPCR	(Figure	3A)	and	Western	
blot (Figure 3B,C).

3.3  |  Asymmetry of fiber type in AIS

Compared with the convex side, a significantly lower proportion of 
type I muscle fibers was found on the concave side (Figure 3F,G), but 
the proportion of type IIA muscle fibers was higher (Figure 3H,I). In 
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addition, the expression of MHC and MHC I proteins in the para-
vertebral	 muscles	 of	 AIS	 patients	 was	 detected	 by	Western	 blot.	
There was no significant difference in the relative expression of 
MHC between the concavity and convex sides (Figure 3B,D), and 
the MHC I protein on the concave side of the paravertebral muscle 
was significantly lower than the MHC I protein on the convex side 
(Figure 3B,E). These results support the asymmetry of fiber type in 

AIS. In addition, the relative mRNA expressions of myofiber- related 
genes were compared among the convex side, concave side, and 
control muscles. The mRNA expressions in the concave side of AIS, 
but not the convex side, were closer to the normal control, including 
Myh1,	Myh7,	Tnni1,	Tnni2,	Tnnt3,	and	Tent5a	(Figure	3J).

3.4  |  Tent5a knockdown inhibited the 
proliferation and migration of C2C12 cells

To confirm the effect of Tent5a on myoblasts, we produced Tent5a 
knockdown C2C12 cells by transfection with lentivirus. Cell count-
ing showed that the cell number of the Tent5a knockdown group 
was significantly lower than the cell number of the Tent5a knock-
down group of the negative control group on Day 3 (Figure 4C). In 
addition, the Cell Counting Kit- 8 assay showed lower cell viability in 
the Tent5a knockdown group (Figure 4D).

The effect of Tent5a knockdown on the migration ability of 
C2C12 cells was detected with a wound- healing assay. After 48 h 
of culture, the migration area in the Tent5a knockdown group was 
significantly lower than the migration area in the Tent5a knockdown 
group in the control group (Figure 4E,F). A TUNEL assay was used to 
detect the effect of Tent5a knockdown on the apoptosis of C2C12 
cells. The percentage of apoptosis was comparable between the two 

F I G U R E  2 Expression	of	AIS	susceptibility	genes	in	
paravertebral muscles. The expression of 24 AIS susceptibility 
genes was compared between convex and concave sides in 
paravertebral muscles, and differential expression of Tent5a was 
found. Each bar represents mean ± SD. Paired sample t- test. 
*p < 0.05

F I G U R E  3 Asymmetry	of	fiber	type	and	Tent5a	expression	in	AIS	paravertebral	muscles.	(A)	The	differential	expression	of	Tent5a	was	
verified with qPCR in 10 pairs of paravertebral muscles from AIS patients. Paired sample t- test. *p <	0.05.	(B–	E)	Representative	Western	
blots showing asymmetric expression of Tent5a and MHC I in paravertebral muscles. Each bar represents mean ± SD. Paired sample t- test. 
*p < 0.05. (F and G) Representative immunofluorescence showing a significantly lower proportion of type I muscle fibers on the concave 
side. Paired sample t- test. ***p < 0.001. (H and I) Representative immunofluorescence showing a significantly higher proportion of type IIa 
muscle fibers on the concave side. Paired sample t- test. **p < 0.01. The scale bar represents 50 µm.	(J)	The	relative	mRNA	expression	of	
myofiber-	related	genes	among	the	convex	side,	concave	side,	and	control	muscles.	One-	way	ANOVA	test.	*p < 0.05
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groups. (Figure 4G,H). These results suggest that Tent5a knockdown 
inhibited the proliferation and migration of C2C12 cells.

3.5  |  Tent5a knockdown inhibited myogenic 
differentiation of C2C12 cells

After 5 days of myogenic differentiation, the expression of the 
myogenic protein was detected with immunofluorescence stain-
ing. Compared with the negative control group, the intensity and 
density of immunofluorescence for MHC were significantly lower 
in the Tent5a knockdown group (Figure 5A). The percentage of 
MHC (+) nuclei was also decreased in the Tent5a knockdown 
group (Figure 5B). Myogenin, a myogenic transcription factor es-
sential for myogenic differentiation, was decreased in the Tent5a 
knockdown group (Figure 5D– F). These results suggested that 
Tent5a knockdown inhibited the myogenic differentiation of 
C2C12 cells.

Intriguingly, we found that the deregulation of Tent5a led 
to a significant decrease in the mRNA expression of Myh7, 
Tnni1, and Tnnc1 (Figure 5G). Furthermore, the percentage of 

Myh7 (+) nuclei was also decreased in the Tent5a knockdown 
group (Figure 5C). These results suggested that Tent5a knock-
down inhibited mainly myogenic differentiation and espe-
cially impaired the maturation of genes related to type I muscle 
fibers.

3.6  |  Tent5a knockdown inhibited the 
maturation of type I muscle fibers in vivo

To investigate the effect of Tent5a on myogenic differentiation in 
vivo, myoblasts were labeled with EGFP using lentiviral transfection 
and transplanted into the tibial anterior muscle of mice (Figure 6A). 
EGFP- positive muscle fibers represented the myogenic differentia-
tion of transplanted cells. Four weeks later, we found that the per-
centage of MHC I/EGFP muscle fibers in the Tent5a knockdown 
group was significantly lower than the percentage of MHC I/EGFP 
muscle fibers in the control group (Figure 6B,C). In the Tent5a knock-
down group, the relative mRNA expression of Myh7 and Tnnc1 was 
also significantly decreased, while the relative expression of the 
Tnnc2 gene was increased (Figure 6D). These results confirmed that 

F I G U R E  4 Tent5a	knockdown	inhibited	the	proliferation	and	migration	of	C2C12	cells.	(A	and	B)	qPCR	and	Western	blots	were	
conducted to verify Tent5a knockdown in C2C12 cells. Each bar represents mean ±	SD.	One-	way	ANOVA	with	multiple	comparison	test.	
***p < 0.001. (C and D) Cell counting and Cell Counting Kit- 8 assay showing lower proliferation viability in the Tent5a knockdown group. 
Each bar represents mean ±	SD.	One-	way	ANOVA	with	multiple	comparison	test.	*p < 0.05, **p < 0.01. (E and F) Representative wound- 
healing assay showing lower migration viability in the Tent5a knockdown group. Each bar represents mean ±	SD.	One-	way	ANOVA	with	
multiple comparison test. **p < 0.01. (G and H) Representative TUNEL assay showing a comparable percentage of apoptosis among groups. 
Each bar represents mean ±	SD.	One-	way	ANOVA	with	multiple	comparison	test.	The	scale	bar	represents	200	µm
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Tent5a knockdown mainly inhibited the maturation of type I muscle 
fibers in vivo.

3.7  |  Regulatory effects of Tent5a on myogenic 
regulatory factors

We	detected	 the	mRNA	expression	of	Tent5a,	myogenic	 regula-
tory factors (myogenin, MyoD, Myf5, and Myf6), and myogenic- 
related genes (Myh4 and Myh7). The relative expression of Tent5a 
was upregulated from Day 0 to Day 3 and downregulated gradu-
ally from Day 4 to Day 5 (Figure 7A). The relative expression of 
myogenin was significantly upregulated on the first day and 
maintained	at	a	high	level	on	Day	5	(Figure	7A).	The	Western	blot	

results showed that the relative expression of Tent5a was upregu-
lated from Day 0 to Day 2 and then maintained at high expression 
levels during myoblast differentiation (Figure 7C,D), and the rela-
tive expression of myogenin was increased progressively from Day 
0 to Day 5 (Figure 7C,E).

To investigate the regulatory effects of Tent5a on myogenic reg-
ulatory factors, we conducted Tent5a knockdown experiments, and 
the mRNA expression levels of myogenin, MyoD, Myf5, and Myf6 
were detected on Day 3 of myogenic differentiation. The relative ex-
pression of myogenin was significantly downregulated in the Tent5a 
knockdown group (Figure 7B). The previous results also showed 
decreased myogenin (+) nuclei in the Tent5a knockdown group 
(Figure 5D– F). These results suggested that Tent5a knockdown 
mainly restrained the expression of myogenin.

F I G U R E  5 Tent5a	knockdown	
inhibited myogenic differentiation of 
C2C12 cells. (A– C) Representative 
immunofluorescence showing a lower 
intensity and density of MHC and MYH7, 
as well as the percentage of MHC (+) 
nuclei and MYH7 (+) nuclei in the Tent5a 
knockdown group. Each bar represents 
mean ± SD. Unpaired t- test. *p < 0.05, 
***p < 0.001. (D– F) Representative 
immunofluorescence showing a lower 
percentage of myogenin (+) nuclei in 
the Tent5a knockdown group. Each bar 
represents mean ± SD. Unpaired t- test. 
*p < 0.05. (G) qPCR showing decreased 
mRNA expression of Myh7, Tnni1, and 
Tnnc1 in the Tent5a knockdown group. 
Each bar represents mean ± SD. Unpaired 
t- test. *p < 0.05. The scale bar represents 
100 µm
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4  |  DISCUSSION

Because of the genetic complexity of AIS, its pathogenesis has 
not been clarified. In contrast to congenital scoliosis, no signifi-
cant vertebral dysplasia is observed in the early stages of AIS.23,24 
Recently, an increasing number of studies have speculated that 
paravertebral muscle asymmetry may be involved in the patho-
genesis of AIS.25,26 Here, we investigated the role of the suscep-
tibility gene Tent5a in the pathogenesis of AIS, and we found that 
Tent5a knockdown inhibited the proliferation and migration of 
C2C12 cells and inhibited the maturation of type I muscle fibers in 
vitro and in vivo. In addition, the Tent5a gene might maintain myo-
genic differentiation by promoting the expression of myogenin. 
Together, these results indicate that the AIS susceptibility gene 
Tent5a may be involved in the pathogenesis of AIS by modulating 
muscle fiber formation via maintenance of myogenin expression 
(Figure 8).

Although paravertebral muscle asymmetry has been reported in 
AIS, the molecular differences in the paravertebral muscle of AIS are 
unclear.	We	conducted	RNA-	seq	 to	compare	 the	convex	and	con-
cave paravertebral muscles. Fifty- eight genes were differentially 
expressed in AIS paraspinal muscle, and these genes were mainly 
enriched in the insulin signaling pathway, PPAR signaling pathway, 
and cAMP signaling pathway. The insulin signaling pathway is crucial 
for the regulation of glucose levels and energy metabolism, and its 
downstream molecules play important roles in glycogen synthesis, 
protein synthesis, glucose transport, and cell apoptosis.27,28 Glucose 
metabolism and insulin sensitivity are essential for muscle contrac-
tion, and previous evidence has shown that muscle disorders could 
cause abnormal lipid deposition.29 Recently, FR030200- Tent5a 
signaling has been reported to participate in the insulin resistance 
of the vascular injury.30 In addition, Tent5a has been validated as a 
trans- regulator for leptin, and Tent5a knockdown increased insulin- 
stimulated leptin secretion from the adipocytes.19 PPAR belongs to 

F I G U R E  6 Tent5a	knockdown	inhibited	
the maturation of type I muscle fibers in 
vivo. (A) Paradigm showing the operation 
process in vivo. (B and C) Representative 
immunofluorescence showing a lower 
percentage of MHC I/EGFP muscle fibers 
in the Tent5a knockdown group. Each 
bar represents mean ± SD. Paired t- test. 
*p < 0.05. (D) qPCR showing decreased 
mRNA expression of Myh7 and Tnnc1 
in the Tent5a knockdown group. Each 
bar represents mean ± SD. Paired t- test. 
*p < 0.05. The scale bar represents 
100 µm
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the ligand- activated receptor family of nuclear hormone receptors. 
One of its subtypes, PPARα, is involved in lipid metabolism and regu-
lates the expression of many myogenic genes.31– 33 Similarly, scholars 

recently revealed the differential expression of H19 and ADIPOQ in 
the paravertebral muscles of AIS patients, and they speculated that 
transcriptome differences in AIS patients might be the reason for 
the structural and functional imbalance of paravertebral muscles.34

Investigating the function of AIS susceptibility genes could help 
us to further understand the pathogenesis of AIS. Recently, several 
AIS susceptibility genes, such as Lbx1 and Pax3, have been identified 
to be associated with skeletal muscle function.5,8,35,36	We	screened	
24 AIS susceptibility genes and verified the differential expression of 
Tent5a in the paravertebral muscle. Furthermore, we knocked down 
the expression of Tent5a and inhibited the proliferation and migra-
tion of C2C12 cells. During the development of somatic segments, 
sarcomeres originate mainly from the directional migration of pre-
cursor cells in the dermomyotome and then fuse into mature muscle 
fibers.37– 40 Sufficient quantities of myoblasts and their normal mi-
gration function are needed to ensure precise directional migration 
during somatic segmental development.41,42 Otherwise, impaired 
myoblasts might lead to an asymmetric distribution of epaxial mus-
cle and eventually result in the morphological and functional imbal-
ance of paravertebral muscles. Therefore, Tent5a might interfere 
with skeletal muscle development by impairing the proliferation and 
migration function of myoblasts.

The myoblasts could fuse and transform into fast- twitch 
(type I) and slow- twitch (type IIa, type IIb, and type IIx) skeletal 
muscle fibers in vivo. The function of skeletal muscle depends 
largely on different proportions of muscle fibers, and its delicate 

F I G U R E  7 Regulatory	effects	of	Tent5a	on	myogenic	regulatory	factors.	(A)	The	dynamic	expression	of	Tent5a	and	myogenic	regulatory	
factors (myogenin, MyoD, Myf5, and Myf6) during myogenic differentiation. (B) qPCR showing decreased mRNA expression of myogenin in 
the Tent5a knockdown group. Each bar represents mean ± SD. Unpaired t- test. *p < 0.05, **p <	0.01.	(C–	E)	Representative	Western	blots	
showing dynamic expression of Tent5a and myogenin during myogenic differentiation. Each bar represents mean ± SD. Unpaired t- test. 
*p < 0.05, **p < 0.01, ***p < 0.001

F I G U R E  8 Schematic	drawing	of	Tent5a	modulates	muscle	
fiber formation in adolescent idiopathic scoliosis. The poly(A) 
polymerase Tent5a promotes myogenic differentiation by 
maintaining the mRNA stability of myogenin, and it is involved in 
the pathogenesis of AIS by modulating muscle fiber formation
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combination is essential for complex body movement and postural 
behavior.43,44 In AIS patients, we found different proportions of 
type I and type IIa muscle fibers between the concave and convex 
sides of the paravertebral muscles, which supported the asym-
metry of paravertebral muscle in AIS. In addition, we found that 
Tent5a knockdown inhibited myogenic differentiation and espe-
cially impaired the maturation of genes related to type I muscle 
fibers. The composition of muscle fibers is regulated by many 
factors. Exercise could promote an increased proportion of type 
I muscle fibers and enable the transition from fast to slow mus-
cles.45 Tbx1 was reported to regulate the muscle fiber type and 
oxidative metabolism in the myotube and stimulate the differen-
tiation of myoblasts.46 Taken together, these results indicate that 
Tent5a may be involved in the pathogenesis of AIS by disturbing 
muscle fiber formation.

Tent5a has recently been identified as an active atypical poly(A) 
polymerase.14 Poly(A) polymerase plays a highly modulatory role 
in the nucleus and cytoplasm, and different lengths of poly(A) 
tails could influence the stability, transport, and translation of 
mRNAs.15,16 Recently, Tent5a was identified as a trans- regulator of 
leptin through proteomic analysis.19 Patients identified with mu-
tation of Tent5a were associated with severe osteogenesis imper-
fecta, and skeletal dysplasia was found in the mouse with Tent5a 
mutation.47,48 In addition, Tent5a was expressed in hematopoietic 
system cells and played an important role in heme- induced he-
moglobinization.49 Deletion of the Tent5a gene led to abnormal 
formation of eye and body color in Xenopus.50 In this study, we 
first reported the function of Tent5a in myoblasts and myogenic 
differentiation in vitro and in vivo.

As the core member of myogenic regulator factors, myogenin 
regulates the fate of myoblasts and culminates in the formation of 
mature muscle fibers.51 In this study, we found that Tent5a knock-
down mainly restrains the expression of myogenin. Previous stud-
ies have shown that myogenin processed myoblast fusion and 
determined the number and size of muscle fibers.52 MyoD and 
myogenin are an overlapping group of myogenic regulatory factors 
that maintain the expression of each other in a feed- forward cycle. 
Rather than MyoD, late maturation depends mainly on myogenin, 
and MyoD cannot compensate for the loss of myogenin in vivo.53 
In addition to controlling the maturation of skeletal muscle, myo-
genin also affected the location and distribution of resident satel-
lite cells, which demonstrated a multilevel contribution of myogenin 
to muscle homeostasis throughout life.54 Therefore, the poly(A) 
polymerase Tent5a might play an important role in maintaining the 
mRNA stability of myogenin. The risks and health economics related 
to spinal correction in AIS are thorny issues, and Tent5a might be a 
new regulatory target for muscle development. Our findings provide 
new therapeutic opportunities to correct muscle asymmetry with 
nonoperative management.

Some limitations could not be ignored in this study. Firstly, the 
mechanism for Tent5a in maintaining the mRNA stability of myo-
genin deserves further study. Secondly, it is not an easy task to col-
lect back muscle samples from normal teenagers, only five control 

muscle samples have been collected in this study, and a larger sample 
size control study is needed to verify the muscle difference between 
AIS and normal teenagers. Finally, changes in mRNA and protein ex-
pression for Tent5a and myofiber- related genes after spinal fusion 
for AIS are still unclear.

5  |  CONCLUSIONS

The poly(A) polymerase Tent5a plays an important role in the pro-
liferation and migration of myoblasts, and it might regulate muscle 
fiber maturation by maintaining the stability of myogenin. As the 
susceptibility gene of AIS, Tent5a may be involved in the pathogen-
esis of AIS by regulating the formation of muscle fiber type I. These 
findings provide new therapeutic opportunities to correct muscle 
asymmetry for AIS with nonoperative management.
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