
R E S E A R CH A R T I C L E

Comparative analysis of paraspinal muscle imbalance between
idiopathic scoliosis and congenital scoliosis from the
transcriptome aspect

Zhen Wang1,2 | Junduo Zhao1 | Haining Tan3 | Yang Jiao1 | Xin Chen1 |

Jianxiong Shen1

1Department of Orthopedics, Peking Union

Medical College Hospital, Peking Union

Medical College and Chinese Academy of

Medical Sciences, Beijing, China

2Department of Orthopedics, The First

Affiliated Hospital of Nanjing Medical

University, Nanjing, China

3Department of Orthopedics, Beijing

Friendship Hospital, Capital Medical

University, Beijing, China

Correspondence

Jianxiong Shen, Department of Orthopedics,

Peking Union Medical College Hospital, Peking

Union Medical College and Chinese Academy

of Medical Sciences, No. 1 Shuai Fu Yuan,

Wang Fu Jing Street, Beijing 100730, China.

Email: sjxpumch@163.com

Funding information

National Natural Science Foundation of China,

Grant/Award Numbers: 81772424, 81974354,

82230083

Abstract

Background: Previous studies have analyzed paraspinal muscle imbalance in idio-

pathic scoliosis (IS) with methods including imaging, histology and electromyography.

However, whether paraspinal muscle imbalance is the cause or the consequence of

spinal deformities in IS remains unclear. Comparison of paraspinal muscle imbalance

between IS and congenital scoliosis (CS) may shed some light on the causality of

paraspinal muscle imbalance and IS. This study aimed to elucidate the generality and

individuality of paraspinal muscle imbalance between IS and CS from gene

expression.

Methods: Five pairs of surgical-treated IS and CS patients were matched. Bilateral

paraspinal muscles at the apex were collected for transcriptome sequencing. Differ-

entially expressed genes (DEGs) between the convexity and concavity in both IS and

CS were identified. Comparison of DEGs between IS and CS was conducted to dis-

criminate IS-specific DEGs from DEGs shared by both IS and CS. Bioinformatics anal-

ysis was performed. The top 10 hub genes in the protein–protein interaction (PPI)

network of IS-specific DEGs were validated by quantitative PCR (qPCR) in 10 pairs of

IS and CS patients.

Results: A total of 370 DEGs were identified in IS, whereas 380 DEGs were identi-

fied in CS. Comparison of DEGs between IS and CS identified 59 DEGs shared by IS

and CS, along with 311 DEGs specific for IS. These IS-specific DEGs were enriched in

response to external stimulus and signaling receptor binding in GO terms and calcium

signaling pathway in KEGG pathways. The top 10 hub genes in the PPI network of

IS-specific DEGs include BDKRB1, PRH1-TAS2R14, CNR2, NPY4R, HTR1E, CXCL3,

ICAM1, ALB, ADIPOQ, and GCGR. Among these hub genes, the asymmetrical expres-

sion of PRH1-TAS2R14 and ADIPOQ in IS but not CS were validated by qPCR.

Conclusions: Transcriptomic differences in bilateral paraspinal muscles between the

convexity and concavity in IS share few similarities with those in CS.
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1 | INTRODUCTION

Idiopathic scoliosis (IS) is the most common type of scoliosis, occupy-

ing approximately 90% of all scoliotic patients.1 In addition to appear-

ance deformities, IS increases the risk of low back pain and reduces

spinal mobility.2–5 Moreover, the progression of thoracic curvature in

IS may also cause cardiopulmonary dysfunction.6,7 Currently, thera-

pies targeting IS patients with a Cobb angle less than 25� are limited,

partially due to the lack of clarity of the pathogenesis of the disease.

Therefore, exploring the etiology and mechanism of IS may help to

develop early interventions.

Imbalance of paraspinal muscles between the convexity and con-

cavity is observed in both IS and congenital scoliosis (CS). Considering

the existence of vertebral malformations, paraspinal muscle imbalance

in CS is supposed to be secondary. Compared to CS, IS presents no

prominent vertebral deformities. Therefore, it is speculated that IS

may present primary muscle pathological changes. That is, paraspinal

muscle imbalance in IS might be the comprehensive outcome of pri-

mary lesions and secondary changes. Distinguishing primary imbal-

ance from secondary changes in bilateral paraspinal muscles may help

to explore the pathogenesis of IS.

Previous studies have explored paraspinal muscle imbalance in IS

with several methods. Ultrasound scan and magnetic resonance imag-

ing demonstrated the discrepancy of bilateral paraspinal muscles in

volume, thickness and cross-sectional area in IS,8–10 whereas histo-

pathological examinations revealed the differences in fiber distribu-

tion, the degree of fatty infiltration, the level of fibrosis and capillary

count.11,12 In addition, bilateral paraspinal muscles in IS also exhibit

asymmetrical myoelectric activities.13,14 However, the above studies

can hardly determine the causality between paraspinal muscle imbal-

ance and IS. To explore the precise role of paraspinal muscle imbal-

ance in IS, Jiang and colleagues15 applied next-generation sequencing

and identified 40 DEGs, mainly enriched in Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathways, such as glycolysis/

gluconeogenesis and adipocytokine signaling pathways. Similarly, Luo

et al.16 found 58 DEGs in paraspinal muscles between the concavity

and convexity of IS, mainly enriched in the insulin signaling pathway

and cyclic adenosine monophosphate (cAMP) signaling pathway.

However, transcriptomic comparison of paraspinal muscle imbalance

between IS and CS, which may help to exclude differentially

expressed genes (DEGs) secondary to spinal deformities and identify

IS-specific DEGs, is lacking.

This study aimed to compare paraspinal muscle imbalance

between IS and CS from the aspect of transcriptome and sketch out

the profile of IS-specific DEGs, thereby providing assistance to the

understanding of the causality between paraspinal muscle imbalance

and IS and the exploration of novel therapies targeting paraspinal

muscle imbalance for IS.

2 | MATERIALS AND METHODS

2.1 | Participants

Surgically treated scoliotic patients in Peking Union Medical College

Hospital from January 2022 to January 2024 were recruited. The

inclusion criteria for the IS group were as follows: (1) thoracic curve as

the major curve; and (2) primary posterior spinal fusion. The inclusion

criteria for the CS group were as follows: (1) apex located between

T5/6 and T11/12; (2) primary posterior spinal surgery; and (3) no neu-

rological malformations, including syringomyelia, diastematomyelia,

and tethered cord. After the matching of the two groups by age, sex

and the location of the apical vertebra, five pairs of IS patients

(Table 1) and CS patients (Table 2) were selected for transcriptome

sequencing. Besides, 10 pairs of IS patients (Table 1) and CS patients

(Table 2) were selected for the validation of gene expression. The pro-

cess of this study was detailed in Figure 1.

This study was approved by the institutional review aboard of

Peking Union Medical College Hospital (K4136) and performed

according to the Helsinki Declaration. A written informed consent

was obtained from adult patients or legal guardians.

2.2 | Sample processing

Multifidus on both the convexity and concavity at the apex were col-

lected intraoperatively. Tissues were washed and dissected to the

appropriate size. After immersion in RNA storage solution (Beyotime

Biotechnology, Shanghai, China) at 4�C overnight, samples were

transferred to �80�C for storage until use.

2.3 | RNA extraction, quantification, and
qualification

Total RNA was extracted using the TRIzol method. RNA purity and

concentration were detected using a NanoDrop 2000 spectropho-

tometer (Thermo Fisher, Waltham, MA, USA). The integrity and quan-

tity were determined using an Agilent 4200 Bioanalyzer (Agilent,

Santa Clara, CA, USA). Samples with an RNA concentration ≥40 ng/μL,

amount ≥1 μg, and integrity number ≥6.0 were used for library

construction.

2.4 | Library construction and mRNA-seq

mRNA was enriched using oligo (dT)-coated magnetic beads and

broken into fragments. Templated by mRNA fragments, the first
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strand cDNA was reverse-transcribed using dNTPs, followed by the

synthesis of the second strand cDNA. End repair was performed in

double-strand cDNA. Then, the 30 end was adenylated, followed by

the ligation of sequencing adaptors. After purification via fragment fil-

tering, cDNA was enriched by PCR amplification. The PCR product

was further purified to obtain the RNA library.

After library construction, preliminary quantification of concen-

tration was performed using a Qubit 3.0 fluorometer (Thermo Fisher,

Waltham, MA, USA), followed by accurate quantification with a

quantitative PCR (qPCR) method. Then, the samples were sequenced

using the Illumina NovaSeq PE150 platform (Illumina, San Diego,

CA, USA).

TABLE 1 Detailed information for IS patients included in this study.

No. Age (years) Sex Classification

Major curve

ApplicationRange
Length
(no. of vertebrae) Cobb angle Apex

IS1 14 Male Lenke 1AN T6–T12 7 61 T9 RNA-seq

IS2 13 Female Lenke 1A- T5–T11 7 58 T8 RNA-seq

IS3 15 Female Lenke 1A- T7–L1 7 54 T10 RNA-seq

IS4 14 Female Lenke 1A- T5–T10 6 49 T9 RNA-seq

IS5 13 Female Lenke 1AN T5–T11 7 41 T8 RNA-seq

IS6 20 Male Lenke 1A- T5–L1 9 49 T8 qPCR

IS7 14 Female Lenke 3CN T6–T10 5 56 T9 qPCR

IS8 19 Female Lenke 2AN T6–T12 7 86 T9 qPCR

IS9 13 Female Lenke 1AN T5–T11 7 48 T8 qPCR

IS10 21 Female Lenke 1AN T3–T11 9 44 T7/8 qPCR

IS11 16 Male Lenke 1AN T5–T12 8 61 T9 qPCR

IS12 14 Female Lenke 3CN T6–T12 7 54 T9/10 qPCR

IS13 22 Female Lenke 2AN T6–L1 8 55 T9 qPCR

IS14 14 Male Lenke 1AN T5–T10 6 40 T8 qPCR

IS15 12 Female Lenke 1BN T5–T11 7 73 T8 qPCR

Abbreviations: IS, idiopathic scoliosis; L, lumbar vertebra; T, thoracic vertebra.

TABLE 2 Detailed information for CS patients included in this study.

No. Age (years) Sex Classification

Major curve

ApplicationRange
Length
(no. of vertebrae) Cobb angle Apex

CS1 13 Male Formation failure T9–T12 4 56 T10 RNA-seq

CS2 12 Female Formation failure T5–T10 6 51 T8 RNA-seq

CS3 15 Female Segmentation failure T10–T12 3 44 T11 RNA-seq

CS4 13 Female Mixed type T8–L2 7 67 T10 RNA-seq

CS5 12 Female Segmentation failure T5–L1 9 44 T8 RNA-seq

CS6 21 Male Segmentation failure T5–T10 6 106 T8 qPCR

CS7 14 Female Segmentation failure T6–L2 9 63 T10 qPCR

CS8 18 Female Segmentation failure T5–T12 8 52 T10 qPCR

CS9 13 Female Segmentation failure T6–T12 7 102 T9 qPCR

CS10 21 Female Segmentation failure T5–T9 5 70 T6/7 qPCR

CS11 15 Male Formation failure T5–T12 8 59 T10 qPCR

CS12 13 Female Formation failure T9–L1 5 67 T11 qPCR

CS13 23 Female Formation failure T5–T11 7 98 T9 qPCR

CS14 13 Male Segmentation failure T6–T12 7 81 T8/9 qPCR

CS15 13 Female Segmentation failure T5–T10 6 46 T7 qPCR

Abbreviations: CS, congenital scoliosis; L, lumbar vertebra; T, thoracic vertebra.
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2.5 | Bioinformatic analysis

Raw data were subjected to quality control to obtain clean data. Then,

paired-end clean reads were mapped onto the human reference

genome (hg38). Identification of DEGs between groups was per-

formed with the criteria of jlog2(Fold Change)j > 1 and P-value <0.05.

Gene Ontology (GO) functional enrichment and KEGG pathway analy-

sis of DEGs was performed. Visualization of protein–protein interac-

tions (PPIs) was implemented using Cytoscape version 3.0.

2.6 | Comparison between groups

Paraspinal muscles on the convexity and concavity in IS were

assigned to the IST group and the ISA group, respectively. Likewise,

muscles on the convexity and concavity in CS were divided into the

CST group and CSA group, respectively. Comparison between

the IST and ISA groups was performed to explore DEGs in

IS. Similarly, a comparison between the CST and CSA groups was

performed to identify DEGs in CS. To discriminate DEGs in IS

secondary to the deformities from those not, comparative analysis

of DEGs between IS and CS was performed. DEGs in IS were

divided into those shared by CS and those not. DEGs shared by IS

and CS were further classified into two subgroups: those with the

same difference between the convexity and concavity in IS and CS

and those with the opposite difference in IS and CS. DEGs in IS

sharing the same difference as CS were considered DEGs second-

ary to the deformities. DEGs in IS not shared by CS and DEGs in IS

shared by CS but with the opposite difference were merged as

IS-specific DEGs.

F IGURE 1 Workflow of this study. Generally, five pairs of idiopathic scoliosis (IS) patients and congenital scoliosis (CS) patients were
matched by the standard of same sex, age difference within 1 year and apical region within 1 vertebra. Bilateral paraspinal muscles were collected
intraoperatively and stored at �80�C. After extraction, total RNA was subjected to quality control. Then library construction was performed.
Quality inspection of the library was conducted, followed by RNA sequencing with Illumina Novaseq 6000 platform at PE150 mode. Raw data
were subjected to quality control to obtain clean data. Then clean data were mapped to human reference genome and qualitative and
quantitative analysis of genes was performed. Differentially expressed genes (DEGs) between different groups were identified. Bioinformatic
analyses of DEGs, including cluster analysis, GO functional enrichment, KEGG pathway enrichment and PPI analysis, was conducted. The
expressions of the top 10 hub genes in the PPI network of IS-specific DEGs were validated with qPCR. CSA, paraspinal muscles on the concave
side in congenital scoliosis; CST, paraspinal muscles on the convex side in congenital scoliosis; GO, gene ontology; ISA, paraspinal muscles on the
concave side in idiopathic scoliosis; IST, paraspinal muscles on the convex side in idiopathic scoliosis; KEGG, Kyoto Encyclopedia of Genes and
Genomes; PPI, protein–protein interaction; qPCR, quantitative polymerase chain reaction.

4 of 12 WANG ET AL.



2.7 | Quantitative PCR analysis

Briefly, cDNA was synthesized using PrimeScript™ RT Master Mix

(TaKaRa, Tokyo, Japan), according to the manufacturer's protocol. For

the PCR amplification, 10 μL reaction volume containing 2 μL cDNA

was prepared. Each cDNA sample was amplified using specific primers

(Table 3). qPCR analysis was conducted in a QuantStudio™ 6 Flex Sys-

tem (Applied Biosystems, Foster city, CA, USA). Target gene expres-

sion levels were normalized to that of 18S. Relative expression levels

were calculated using the 2�ΔCt method. Paired t test or Wilcoxon

matched-pairs signed rank test was performed to analyze gene

expression differences in paraspinal muscles between the concavity

and convexity in IS or CS.

3 | RESULTS

3.1 | Transcriptomic characteristics of paraspinal
muscle imbalance in IS

A total of 370 DEGs were identified in IS, with 150 highly expressed in the

IST group and 220 highly expressed in the ISA group (Figure 2A, B). DEGs

in IS were enriched in GO terms, including response to external stimulus,

system process and cell–cell signaling of the biological process (BP) domain

(Figure 2C), signaling receptor binding and molecular function regulator of

the molecular function (MF) domain (Figure 2D), along with plasma mem-

brane and extracellular region of the cellular component (CC) domain

(Figure 2E). KEGG analysis showed the enrichment of DEGs in various

pathways, such as neuroactive ligand–receptor interaction, calcium signal-

ing pathway and cAMP signaling pathway (Figure 2F). The top 10 hub

genes in the PPI network of DEGs in IS included melanin concentrating

hormone receptor 1 (MCHR1), neuromedin U receptor 1 (NMUR1), bradyki-

nin receptor B1 (BDKRB1), neuropeptide Y receptor Y4 (NPY4R), adreno-

ceptor alpha 2A (ADRA2A), 5-hydroxytryptamine receptor 1E (HTR1E),

C-X-C motif chemokine ligand 3 (CXCL3), proline rich protein HaeIII sub-

family 1-taste 2 receptor member 14 readthrough (PRH1-TAS2R14), canna-

binoid receptor 2 (CNR2), and glucagon receptor (GCGR) (Figure 2G).

3.2 | Transcriptomic characteristics of paraspinal
muscle imbalance in CS

A total of 380 DEGs were identified in CS, with 235 highly expressed

in the CST group and 145 highly expressed in the CSA group

(Figure 3A, B). GO analysis showed the enrichment of DEGs in CS in

multicellular organismal process and regulation of multicellular organ-

ismal process of the BP domain (Figure 3C), signaling receptor binding,

receptor regulator activity and receptor ligand activity of the MF

domain (Figure 3D), along with cell periphery and plasma membrane

of the CC domain (Figure 3E). In addition, DEGs in IS were enriched in

KEGG pathways, including neuroactive ligand–receptor interaction,

tight junction, and the Rap1 signaling pathway (Figure 3F). The top

10 hub genes in the PPI network of DEGs in CS included MCHR1,

NMUR1, cannabinoid receptor 1, neuropeptide Y receptor Y5, taste

2 receptor member 20, hydroxycarboxylic acid receptor 2, ADRA2A,

C-X-C motif chemokine receptor 6, neuropeptide Y receptor Y1, and

serum amyloid A1 (Figure 3G).

3.3 | Identification of IS-specific DEGs and DEGs
with the same trend in IS and CS

As shown in Figure 4, the overlap of DEGs in IS and CS identified

66 DEGs shared by IS and CS. Among the 66 DEGs, 59 showing the

same trend between the convexity and concavity in IS and CS were

considered DEGs secondary to the deformities in IS. The remaining

7 displayed the opposite trend in IS and CS, and 304 DEGs in IS not

shared by CS were defined as IS-specific DEGs.

3.4 | Bioinformatic analyses of DEGs with the
same trend in IS and CS

Among the 59 DEGs with the same trend in IS and CS, 25 exhibited

higher expression in the ISA group, whereas the remaining 34 were

highly expressed in the IST group (Figure 5A). GO analysis revealed

the enrichment of these DEGs in muscle system process and muscle

contraction of the BP domain (Figure 5B), structural constituent of

TABLE 3 Primer sequences for PCR analysis.

Genes Sequence of primers (50–30)

BDKRB1 F: ATCAGCCAGGACCGCTACCG

R: TTGGATGGATCGCAGCAGGAATG

PRH1-TAS2R14 F: GCCTGCTGGAACCTGCTGTATC

R: GGCTTTGGTGCTGGCGTCTC

CNR2 F: GTCCCTGTTCATCGCCTTCCTC

R: CCAACCTCACATCCAGCCTCATTC

NPY4R F: CTCCATCCTCTCGCTCGTCCTC

R: GACACAGGCAATGACCCAGATGAG

HTR1E F: TCCACCAGCCTGCCAACTACC

R: TCCACACTCAGCCACACCTCAC

CXCL3 F: GCGTCCGTGGTCACTGAACTG

R: AGTGTGGCTATGACTTCGGTTTGG

ICAM1 F: GTCACCTATGGCAACGACTCCTTC

R: AGTGTCTCCTGGCTCTGGTTCC

ALB F: CCCAAGGCAACAAAAGAGCAACTG

R: TCCTCGGCAAAGCAGGTCTCC

ADIPOQ F: GACCAGGAAACCACGACTCAAGG

R: AGGGGTGCCATCTCTGCCATC

GCGR F: TGCTGGTGGCTGTCCTCTACTG

R: GTTGCTGGTGTTCCGCTCCTC

18S F: GGGGCCCGAAGCGTTTACTTTG

R: CAAGAATTTCACCTCTAGCGGCGC
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muscle of the MF domain (Figure 5C), and myosin filament and myo-

sin complex of the CC domain (Figure 5D). KEGG analysis indicated

the enrichment of these DEGs in tight junction, neuroactive ligand–

receptor interaction, and so forth. (Figure 5E). PPI analysis of these

DEGs found six nodes and six edges (Figure 5F).

3.5 | Bioinformatic analyses of IS-specific DEGs

Among 311 IS-specific DEGs, 195 were highly expressed in the ISA

group, whereas the remaining 116 were highly expressed in the IST

group (Figure 6A). GO analysis showed the enrichment of IS-specific

DEGs in response to external stimulus and cell–cell signaling of the

BP domain (Figure 6B), signaling receptor binding and molecular func-

tion regulator of the MF domain (Figure 6C), along with the extracellu-

lar region and extracellular space of the CC domain (Figure 6D). In

addition, these DEGs were enriched in KEGG pathways, such as neu-

roactive ligand–receptor interaction and calcium signaling pathway

(Figure 6E). The top 10 hub genes in the PPI network of IS-specific

DEGs included BDKRB1, PRH1-TAS2R14, CNR2, NPY4R, HTR1E,

CXCL3, intercellular adhesion molecule 1 (ICAM1), albumin (ALB), adi-

ponectin (ADIPOQ), and GCGR (Figure 6F).

F IGURE 2 Transcriptomic analysis of paraspinal muscle imbalance in idiopathic scoliosis (IS). (A) Heatmap of Differentially expressed genes
(DEGs) in paraspinal muscles between the convex and concave sides in IS. (B) Volcano plot of DEGs in bilateral paraspinal muscles of
IS. (C) Enrichment of DEGs of IS in the category of biological process in GO terms. (D) Enrichment of DEGs of IS in the category of molecular
function in GO terms. (E) Enrichment of DEGs of IS in the category of cellular component in GO terms. (F) Bubble plot of KEGG pathways in
which DEGs in IS were enriched. (G) Top 10 hub genes among the PPI network of DEGs in IS. GO, Gene Ontology; ISA, paraspinal muscles on the
concave side in idiopathic scoliosis; IST, paraspinal muscles on the convex side in idiopathic scoliosis; KEGG, Kyoto Encyclopedia of Genes and
Genomes; PPI, protein–protein interaction.
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3.6 | Validation of the expressions of
IS-specific DEGs

Validation of the expressions of the top 10 hub genes in the PPI net-

work of IS-specific DEGs demonstrated no significant differences in

paraspinal muscles between the concavity and convexity in both IS

and CS regarding BDKRB1, CNR2, NPY4R, HTR1E, CXCL3, ICAM1, ALB

and GCGR (Figure 7A, C–H, J). Asymmetrical mRNA levels of

PRH1-TAS2R14 and ADIPOQ were observed in IS with higher expres-

sions in paraspinal muscles on the concavity, whereas no statistical

differences regarding the expressions of PRH1-TAS2R14 and ADIPOQ

in bilateral paraspinal muscles of CS were observed (Figure 7B, I).

4 | DISCUSSION

This study described the transcriptomic characteristics of paraspinal

muscle imbalance in IS and CS and verified the great difference in the

transcriptome for paraspinal muscle imbalance between IS and CS. In

addition, through the comparison of DEGs between IS and CS, we

F IGURE 3 Transcriptomic analysis of paraspinal muscle imbalance in congenital scoliosis (CS). (A) Heatmap of differentially expressed genes
(DEGs) in paraspinal muscles between the convex and concave sides in CS. (B) Volcano plot of DEGs in the bilateral paraspinal muscles of
CS. (C) Enrichment of DEGs of CS in the category of biological process in GO terms. (D) Enrichment of DEGs of CS in the category of molecular
function in GO terms. (E) Enrichment of DEGs of CS in the category of cellular component in GO terms. (F) Bubble plot of KEGG pathways in
which DEGs in CS were enriched. (G) Top 10 hub genes among the PPI network of DEGs in CS. CSA, paraspinal muscles on the concave side in
congenital scoliosis; CST, paraspinal muscles on the convex side in congenital scoliosis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; PPI, protein–protein interaction.
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identified the profile of IS-specific DEGs for paraspinal muscle imbal-

ance in IS.

Genome-wide associated studies have identified dozens of sus-

ceptible genes for IS in the last decade. Among these genes, several

are differentially expressed in bilateral paraspinal muscles of IS, includ-

ing ladybird homeobox protein homolog 1, adhesion G protein-

coupled receptor G6, paired box 1, paired box 3, TRAF2 and NCK

interacting kinase, Meis homeobox 1, β-catenin, and suppressor of

cytokine signaling 3.17–21 However, the above studies failed to pro-

vide global differences in bilateral paraspinal muscles from the aspect

of omics. Herein, we applied transcriptomic sequencing and identified

370 DEGs in bilateral paraspinal muscles of IS, much greater than the

number of DEGs in previous studies.15,16 The great differences

regarding the number of DEGs between this study and previous stud-

ies may be attributed to the different filters. Among the 58 DEGs

identified by Luo and colleagues,16 Tent5a participates in the progres-

sion of IS through inhibiting the proliferation and migration of myo-

blasts and the maturation of type I myofibers. However, whether

these gene expression differences in the bilateral paraspinal muscles

of IS are primary or secondary remains unclear. To rule out differential

genes secondary to the deformities, Jiang and colleagues15 introduced

age-matched CS patients as the control and identified 2 critical DEGs

specific for IS—H19 and ADIPOQ. Notably, they did not take parame-

ters, including sex and the location of the apical vertebra, into

account. In addition, intraspinal anomalies, which may interfere with

the development and function of paraspinal muscles, should be ruled

out in the CS group. In this study, CS patients without intraspinal

abnormalities were selected as the control group. Age and sex were

matched between the IS and CS groups. Besides, no significant differ-

ences were observed regarding major curve length and Cobb angle

between the IS group and the CS group. Transcriptome sequencing

showed that the number of DEGs in IS was comparable to that in

CS. However, approximately 60% of DEGs in IS were highly expressed

on the concavity, whereas 60% of DEGs in CS exhibited higher

expressions on the convexity. GO analysis showed that only 15 of the

106 BP terms in which DEGs in IS were enriched were shared by

CS. In addition, 9 of the 17 MF terms and 6 of the 12 CC terms in

which DEGs in IS were enriched were shared by CS. Regarding KEGG

pathways, 5 of the 17 pathways in which DEGs in IS were enriched

were shared by CS. Among the top 10 hub genes in the PPI network

of DEGs in IS, only 3 were shared by CS. These data suggest signifi-

cant differences between DEGs in IS and those in CS regarding the

type, distribution, function and interactions.

Through the comparison of IS and CS, we divided DEGs in IS into

DEGs shared by IS and CS and IS-specific DEGs. Of note, DEGs

shared by IS and CS account for only 16% of DEGs in IS, whereas the

remaining 84% were IS-specific DEGs. Functional analysis showed

the enrichment of IS-specific DEGs in various terms associated with

F IGURE 4 Identification of idiopathic scoliosis (IS)-specific differentially expressed genes (DEGs). Venn diagram showing the overlap of
66 DEGs in IS and congenital scoliosis (CS). These genes were classified into two groups: DEGs with the same trend shared by IS and CS (59) and
DEGs with the opposite trend shared by IS and CS (7). DEGs with the opposite trend shared by IS and CS and DEGs in IS not shared by CS were

considered IS-specific DEGs (311). CSA, paraspinal muscles on the concave side in congenital scoliosis; CST, paraspinal muscles on the convex
side in congenital scoliosis; ISA, paraspinal muscles on the concave side in idiopathic scoliosis; IST, paraspinal muscles on the convex side in
idiopathic scoliosis.

8 of 12 WANG ET AL.



F IGURE 5 Bioinformatic analysis of differentially expressed genes (DEGs) with the same trend shared by idiopathic scoliosis (IS) and
congenital scoliosis (CS). (A) Heatmap of DEGs with the same trend shared by IS and CS. (B) Enrichment of DEGs with the same trend shared by
IS and CS in the category of biological process in GO terms. (C) Enrichment of DEGs with the same trend shared by IS and CS in the category of
molecular function in GO terms. (D) Enrichment of DEGs with the same trend shared by IS and CS in the category of cellular component in GO
terms. (E) Bubble plot of KEGG pathways in which DEGs with the same trend shared by IS and CS were enriched. (F) PPI network of DEGs with
the same trend shared by IS and CS. GO, Gene Ontology; ISA, paraspinal muscles on the concave side in idiopathic scoliosis; IST, paraspinal
muscles on the convex side in idiopathic scoliosis; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein–protein interaction.

F IGURE 6 Bioinformatic analysis of idiopathic scoliosis (IS)-specific differentially expressed genes (DEGs). (A) Heatmap of IS-specific DEGs.

(B) Enrichment of IS-specific DEGs in the category of biological process in GO terms. (C) Enrichment of IS-specific DEGs in the category of
molecular function in GO terms. (D) Enrichment of IS-specific DEGs in the category of cellular component in GO terms. (E) Bubble plot of KEGG
pathways in which IS-specific DEGs were enriched. (F) Top 10 hub genes among the PPI network of IS-specific DEGs. CS, congenital scoliosis;
GO, Gene Ontology; ISA, paraspinal muscles on the concave side in idiopathic scoliosis; IST, paraspinal muscles on the convex side in idiopathic
scoliosis; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein–protein interaction.
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cAMP signaling pathway, such as adenylate cyclase-inhibiting

G protein-coupled receptor signaling pathway, cyclic-nucleotide-

mediated signaling, adenylate cyclase-modulating G protein-coupled

receptor signaling pathway, cAMP-mediated signaling of the BP domain.

Besides, IS-specific DEGs were also enriched in terms associated with

cyclic guanosine monophosphate (cGMP), which serves as an antagonist

of cAMP, such as 30 ,50-cGMP phosphodiesterase activity and cGMP

binding of the MF domain. KEGG analysis also indicated the enrichment

of IS-specific DEGs in cAMP signaling pathway and cGMP-protein

kinase G (PKG) signaling pathway. As is known, cAMP signaling pathway

mediates energy utilization and muscle contraction through the regula-

tion of glycogenolysis and sarcoplasmic calcium kinetics. In skeletal mus-

cles, the activation of the cAMP signaling pathway may increase muscle

volume and promote the conversion of type II myofibers to type I myo-

fibers.22 Noteworthily, DEGs shared by IS and CS were also enriched in

cAMP pathway and cGMP-PKG pathway. Therefore, we suggest that

F IGURE 7 Validation of the expressions of idiopathic scoliosis (IS)-specific differentially expressed genes (DEGs) with qPCR. (A) Differences
regarding the mRNA expression of BDKRB1 in paraspinal muscles between the concavity and convexity of IS and congenital scoliosis (CS).
(B) Differences regarding the mRNA expression of PRH1-TAS2R14 in paraspinal muscles between the concavity and convexity of IS and
CS. (C) Differences regarding the mRNA expression of CNR2 in paraspinal muscles between the concavity and convexity of IS and
CS. (D) Differences regarding the mRNA expression of NPY4R in paraspinal muscles between the concavity and convexity of IS and
CS. (E) Differences regarding the mRNA expression of HTR1E in paraspinal muscles between the concavity and convexity of IS and
CS. (F) Differences regarding the mRNA expression of CXCL3 in paraspinal muscles between the concavity and convexity of IS and

CS. (G) Differences regarding the mRNA expression of ICAM1 in paraspinal muscles between the concavity and convexity of IS and
CS. (H) Differences regarding the mRNA expression of ALB in paraspinal muscles between the concavity and convexity of IS and
CS. (I) Differences regarding the mRNA expression of ADIPOQ in paraspinal muscles between the concavity and convexity of IS and
CS. (J) Differences regarding the mRNA expression of GCGR in paraspinal muscles between the concavity and convexity of IS and CS. (nsP >0.05
between groups; *P < 0.05 between groups; **P < 0.01 between groups). CSA, paraspinal muscles on the concave side in congenital scoliosis;
CST, paraspinal muscles on the convex side in congenital scoliosis; ISA, paraspinal muscles on the concave side in idiopathic scoliosis; IST,
paraspinal muscles on the convex side in idiopathic scoliosis.
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metabolic imbalance and the asymmetrical distribution of myofibers in

bilateral paraspinal muscles of IS might be the comprehensive results of

primary lesions and secondary changes. Previous study revealed an

upregulation of calcium levels in the paraspinal muscles of IS. In addition,

the calcium level in muscles on the convexity is higher than that on the

concavity.23 In this study, IS-specific DEGs were also enriched in the

calcium signaling pathway. Considering the importance of intracellular

calcium homeostasis for muscle contraction and the maintenance of

muscle tone, we assumed that the imbalance in calcium ion levels and

asymmetrical activation of the calcium signaling pathway in bilateral

paraspinal muscles may participate in the pathogenesis of IS.24 Patients

with IS were reported to have decreased serum estrogen levels.25,26 In

addition, polymorphisms in estrogen receptor 1 (ESR1) and estrogen

receptor 2 (ESR2) are associated with susceptibility to and progression

of IS.27–31 An asymmetrical distribution of ESR1 and ESR2 in the bilat-

eral paraspinal muscles was reported.32,33 Recently, Shao and colleagues

demonstrated that disrupted ESR1 signaling in muscle progenitor cells

at the concavity may be responsible for the progression of IS.34 How-

ever, in this study, DEGs in bilateral paraspinal muscles shared by IS and

CS, instead of IS-specific genes, were enriched in the estrogen signaling

pathway. Accordingly, we speculated that asymmetrical activation of

the estrogen signaling pathway tends to be secondary to the deformi-

ties. Validation of gene expressions with qPCR demonstrated that 8 of

the top 10 hub genes in the PPI network of IS-specific genes showed

no statistical differences in bilateral paraspinal muscles of IS, indicating

the elusive genetic factors for IS. Besides, the low expressions of target

genes in comparison to the reference gene may to some degree over-

shadow the differences between the concavity and convexity in para-

spinal muscles of IS. Consistent with a previous study, asymmetrical

expression of ADIPOQ in IS instead of CS was also validated in our

cohort.15 As is known, ADIPOQ reduces the content of intramyocellular

lipid, increases type II myofiber area, attenuates inflammation and pro-

motes myogenesis.35–37 Therefore, asymmetrical expression of ADIPOQ

may mediate paraspinal muscle imbalance in development and function,

thus contributing to IS. In addition to ADIPOQ, asymmetric expression

of PRH1-TAS2R14 in bilateral paraspinal muscles of IS was also con-

firmed. As a readthrough transcript, PRH1-TAS2R14 encodes a fusion

protein that shares sequence identity with each individual gene product.

Until now few literatures report the function of PRH1-TAS2R14 in skele-

tal muscles. In that case, the precise role of PRH1-TAS2R14 in IS remains

to be clarified.

The limitations of this study deserve attention. First, the sample

size was relatively small, partially due to the low incidence of

CS. Second, as a descriptive study, this study only provides the land-

scape of IS-specific DEGs. In the future, further study with large sam-

ples is required to validate the expression of these DEGs and explore

the role of these genes in the pathogenesis of IS.

5 | CONCLUSIONS

Both IS and CS exhibit transcriptomic imbalance in paraspinal muscles

between the convexity and concavity. However, the transcriptome

profile for paraspinal muscle imbalance differed greatly between IS

and CS, suggesting different causalities between paraspinal muscle

imbalance and spinal deformities in IS and CS. In addition to transcrip-

tomic imbalance secondary to spinal deformities, there are some pri-

mary imbalances in the transcriptome in IS, which may account for the

pathogenesis of IS.
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