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Genome-wide association studies have identified many susceptibility genes for

adolescent idiopathic scoliosis (AIS). However, most of the results are hard to be

replicated in multi-ethnic populations. LBX1 is the most promising candidate gene in

the etiology of AIS. We aimed to appraise the literature for the association of LBX1 gene

polymorphisms with susceptibility and curve progression in AIS. We also reviewed the

function of the LBX1 gene in muscle progenitor cell migration and neuronal determination

processes. Three susceptibility loci (rs11190870, rs625039, and rs11598564) near the

LBX1 gene, as well as another susceptibility locus (rs678741), related to LBX1 regulation,

have been successfully verified to have robust associations with AIS in multi-ethnic

populations. The LBX1 gene plays an essential role in regulating the migration and

proliferation of muscle precursor cells, and it is known to play a role in neuronal

determination processes, especially for the fate of somatosensory relay neurons. The

LBX1 gene is the most promising candidate gene in AIS susceptibility due to its position

and possible functions in muscle progenitor cell migration and neuronal determination

processes. The causality between susceptibility loci related to the LBX1 gene and the

pathogenesis of AIS deserves to be explored with further integrated genome-wide and

epigenome-wide association studies.

Keywords: adolescent idiopathic scoliosis, LBX1, genome-wide association study, susceptibility, curve

progression, etiology

INTRODUCTION

Adolescent idiopathic scoliosis (AIS) is the most common pediatric spinal deformity, defined as
a lateral spinal curvature with a Cobb angle of >10 degrees, and it affects millions of children
worldwide (Cheng et al., 2015). In contrast to congenital, neuromuscular, and syndromic scoliosis,
an agreed-upon theory of the pathogenesis of AIS is lacking. The increased risk of developing AIS
in first-degree relatives and higher AIS concordance rates in monozygotic twins than in dizygotic
twins provide strong evidence for the heritability of AIS (Yee et al., 2014; Simony et al., 2016).
Genome-wide association studies (GWASs) have identified many susceptibility loci as well as
candidate genes such as ER1, PAX1, LBX1, GPR126, and SLC39A8 (Takahashi et al., 2011; Kou
et al., 2013; Zhu et al., 2015; Haller et al., 2018). However, replication studies for most susceptibility
loci are hard to verify these associations in multi-ethnic populations.
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In the region containing the LBX1 gene (encoding ladybird
homeobox 1), three susceptibility loci, rs11190870, rs625039,
and rs11598564 at chromosome 10q24.31 were identified in
Japanese AIS patients (Takahashi et al., 2011). A functional
variant rs678741 encoding an antisense transcript of LBX1 was
also reported to be associated with AIS (Zhu et al., 2015).
Recently, the association between LBX1 gene polymorphisms and
AIS was identified in Asian and Caucasian populations with a
meta-analysis (Jiang et al., 2019). The LBX1 gene specifies distinct
neuronal subtypes in the spinal cord and hindbrain, and it is
also essential for limb muscle development in vertebrates (Jagla
et al., 1995; Hernandez-Miranda et al., 2018). Coincidentally,
dysfunctional somatosensory and asymmetric paraspinal muscle
were proposed to explain the pathogenesis of AIS (Cheng et al.,
2015). Therefore, LBX1 is a promising candidate gene involved
in the etiology of AIS.

In this narrative review, we aimed to appraise the literature
for the association of LBX1 gene polymorphisms with AIS
susceptibility and curve progression. Besides, we reviewed the
function of the LBX1 gene in muscle progenitor cell migration
and neuronal determination processes. Moreover, integrated
genome-wide and epigenome-wide association studies for the
LBX1 gene in AIS are prospected. This review provides new
insights into the potential role of the LBX1 gene in the etiology
of AIS.

THE ASSOCIATION OF VARIANTS NEAR
LBX1 WITH AIS SUSCEPTIBILITY

GWASs have identified many susceptibility SNPs as well as
promising candidate genes for AIS. Except for the LBX gene,
most of the results of these GWASs failed to be replicated
in different ancestral populations. Takahashi et al. (2011) first
identified three common variants near LBX1 in Japanese AIS,
and rs11190870, which lies 7.5 kb downstream of the LBX1 gene,
was the most significant SNP (P = 1.24 × 10–19). Subsequently,
the susceptibility locus was successfully replicated in 10 other
studies, including six studies with a Chinese population (Fan
et al., 2012; Gao et al., 2013; Jiang et al., 2013; Zhu et al., 2015;
Nada et al., 2018; Man et al., 2019), one study with a Caucasian
population (Chettier et al., 2015), one study with a Scandinavian
population (Grauers et al., 2015), one study with a French-
Canadian population (Nada et al., 2018), and one study with a
Japanese population (Kou et al., 2019). Notably, the association
between locus rs11190870 and AIS was still the most significant
in the recent GWASwith 79,211 Japanese individuals included (P
= 2.01× 10–82) (Kou et al., 2019).

A consistent result was obtained in six meta-analyses for
the susceptibility locus of rs11190870. Londono et al. (2014)
performed a meta-analysis of the locus of rs11190870 with
multiple ethnic groups, and the results firmly established the
LBX1 region as the first major susceptibility locus for AIS. Two
other meta-analyses conducted in East Asian populations also
confirmed this susceptibility locus in AIS, and the T allele of
rs11190870 was considered the risk allele (Chen et al., 2014; Liang
et al., 2014). Recently, two updated meta-analyses identified

the robust significant association of rs11190870 in Asian and
Caucasian AIS patients (Cao et al., 2016; Jiang et al., 2019). The
detail information for the association of rs11190870 with AIS
susceptibility are shown in Table 1.

In Takahashi’s study, the other two susceptibility loci near
LBX1, the rs625039 and rs11598564 polymorphisms, were also
associated with AIS (Takahashi et al., 2011). The rs625039 SNP
was located in the 5′-flanking region of the LBX1 gene, and
two case–control studies successfully replicated the susceptibility
locus in the Southern and Northern Chinese Han populations
(Gao et al., 2013; Liu et al., 2017). In addition, two meta-
analyses conducted in East Asian populations also confirmed
this susceptibility locus in AIS, and the G allele of rs625039 was
considered the risk allele (Cao et al., 2016; Jiang et al., 2019). The
rs11598564 SNPwas located in the 3′-flanking region of the LBX1
gene, and it was also repeatable in the Chinese Han population
(Gao et al., 2013; Liu et al., 2017). Two meta-analyses conducted
in East Asian populations also confirmed that the G allele of
rs625039 was the risk allele in AIS (Cao et al., 2016; Jiang et al.,
2019). The detail information for the association of rs625039 and
rs11598564 with AIS susceptibility are shown in Table 2.

In the first GWAS to investigate susceptibility loci in Chinese
AIS, the rs678741 polymorphism, located in the intron of
the LBX1AS1 gene, had the strongest association with AIS
susceptibility (P = 9.68× 10–37) (Zhu et al., 2015). The findings
for this susceptibility locus were replicated in Caucasian AIS
with a strong association (Chettier et al., 2015). In a GWAS
of the French-Canadian population, the SNP rs678741 showed
a significant association with severe AIS (Nada et al., 2018).
Recently, the association with disease onset for rs678741 was
successfully replicated in the Chinese population (Man et al.,
2019). Twometa-analyses conducted inmulti-ethnic populations
also confirmed this susceptibility locus in AIS, and the A allele of
rs678741 was considered the risk allele (Cao et al., 2016; Jiang
et al., 2019).

THE ASSOCIATION OF VARIANTS NEAR
LBX1 WITH AIS SEVERITY

Although AIS affects millions of children with a global pooled
prevalence of 1.34%, the prevalence of curvature exceeding
the surgical threshold is much lower (Lonstein, 2006; Cheng
et al., 2015). The ability to distinguish individuals at high risk
of curve progression would facilitate early treatment, which is
believed to be efficient in patients and economic for their families
(Weinstein et al., 2013; Agabegi et al., 2015). An AIS prognostic
test, called “ScoliScores,” was proposed to predict progression in
the Caucasian population according to 53 related SNPs (Ogilvie,
2010; Ward et al., 2010). Regrettably, the ScoliScores were not
replicable in different ethnic populations (Ogura et al., 2013; Roye
et al., 2015; Tang et al., 2015; Xu et al., 2016).

As the most promising candidate gene in AIS susceptibility,
the value of the LBX1 gene in predictions of AIS curve
progression is still unclear. Jiang et al. (2013) first investigated
the association of rs11190870 with curve progression of AIS in
a Han Chinese population, and patients with the TT genotype

Frontiers in Genetics | www.frontiersin.org 2 January 2021 | Volume 11 | Article 614984

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Luo et al. LBX1 Gene in Adolescent Idiopathic Scoliosis

TABLE 1 | The association of rs11190870 with AIS susceptibility.

Study design References Population No. AIS/Control RAF AIS/Control P-value OR 95% CI

GWAS Takahashi et al., 2011 Japanese 1,376/11,297 0.670/0.565 1.24 × 10−19 1.56 (1.41–1.71)

Case–control Fan et al., 2012 Southern Chinese 300/788 0.67/0.52 9.1 × 10−10 1.85 (1.52–2.25)

Case–control Gao et al., 2013 Han Chinese 513/440 0.620/0.490 1.17 × 10−8 1.70 (1.42–2.04)

Case–control Jiang et al., 2013 Han Chinese 949/976 0.597/0.496 1.8 × 10−9 1.51 (1.33–1.71)

GWAS Zhu et al., 2015 Chinese 4,317/6,016 0.63/0.52 8.68 × 10−14 1.56 (1.39–1.75)

GWAS Chettier et al., 2015 Caucasian 620/1,287 0.651/0.551 5.43 × 10−9 1.52 (1.32–1.75)

Case–control Grauers et al., 2015 Scandinavian 1,739/1,812 0.69/0.36 7.0 × 10−18 1.53 (1.39–1.69)

Case–control Liu et al., 2017 Northern Chinese 180/180 0.58/0.46 1.34 × 10−3 1.62 (1.20–2.17)

GWAS Nada et al., 2018 French-Canadian 788/952 0.63/0.58 4.68 × 10−3 1.22 (1.06–1.39)

GWAS Kou et al., 2019 Japanese 5,327/73,884 0.66/0.56 2.01 × 10−82 1.52 (1.46–1.59)

Case–control Man et al., 2019 Chinese 313/200 0.612/0.502 5.0 × 10−4 1.56 (1.21–2.01)

Meta-analysis Londono et al., 2014 Multiple ethnic 5,159/17,840 - 1.22 × 10−43 1.6 (1.5–1.7)

Meta-analysis Chen et al., 2014 East Asian 3,215/15,347 - <0.001 1.61 (1.51–1.72)

Meta-analysis Liang et al., 2014 East Asian 2,889/5,526 - <0.001 1.61 (1.50–1.72)

Meta-analysis Cao et al., 2016 Multiple ethnic 5,754/18,628 - <0.001 1.21 (1.17–1.25)

Meta-analysis Jiang et al., 2019 Multiple ethnic - - <0.00001 1.54 (1.48–1.61)

TABLE 2 | The association of rs625039, rs11598564, and rs678741 with AIS susceptibility.

SNP Study design References Population No. AIS/Control RAF AIS/Control P-value OR 95% CI

rs625039 GWAS Takahashi et al., 2011 Japanese 1,376/11,297 0.724/0.636 8.13 × 10−15 1.49 (1.34–1.64)

Case–control Gao et al., 2013 Han Chinese 513/440 0.714/0.626 5.09 × 10−5 1.49 (1.23–1.80)

Case–control Liu et al., 2017 Northern Chinese 180/180 0.66/0.57 2.45 × 10−2 1.41 (1.04–1.90)

Meta-analysis Cao et al., 2016 Multiple ethnic 1,646/13,749 - <0.001 1.14 (1.11–1.17)

Meta-analysis Jiang et al., 2019 Multiple ethnic - - <0.00001 1.50 (1.38–1.62)

rs11598564 GWAS Takahashi et al., 2011 Japanese 1,376/11,297 0.542/ 0.460 5.98 × 10−14 1.42 (1.30–1.56)

Case–control Gao et al., 2013 Han Chinese 513/440 0.600/0.497 5.54 × 10−6 1.52 (1.27–1.83)

GWAS Zhu et al., 2015 Chinese 4,317/6,016 0.67/0.60 2.15 × 10−8 1.33 (1.19–1.52)

Meta-analysis Cao et al., 2016 Multiple ethnic 1,966/13,585 - <0.001 1.21 (1.16–1.25)

Meta-analysis Jiang et al., 2019 Multiple ethnic - - <0.0001 1.41 (1.31–1.51)

rs678741 (LBXAS1) GWAS Zhu et al., 2015 Chinese 4,317/6,016 0.543/0.451 9.68 × 10−37 1.44 (1.37–1.52)

GWAS Chettier et al., 2015 Caucasian 620/1,287 0.627/0.527 5.56 × 10−9 1.52 (1.32–1.72)

GWAS Nada et al., 2018 French-Canadian 788/952 0.55/0.58 0.112 1.11 (0.97–1.28)

Case–control Man et al., 2019 Chinese 319/201 0.575/0.447 <0.0001 1.67 (1.30–2.15)

Meta-analysis Cao et al., 2016 Multiple ethnic 4,937/7303 - <0.001 1.20 (1.18–1.23)

Meta-analysis Jiang et al., 2019 Multiple ethnic - - <0.0001 1.35 (1.16–1.59)

had a larger Cobb angle (P = 0.005). Subsequently, four studies,
including two with a Chinese population and two with a Japanese
population, could not replicate the association of rs11190870
with the curve severity of AIS (Gao et al., 2013; Takahashi et al.,
2015, 2018; Man et al., 2019). The detail information for the
association of rs11190870 with AIS severity are shown in Table 3.

The other two variants near LBX1, rs11598564 and rs625039,
were also explored in the Chinese population, but no association
was found between the susceptibility loci and the severity of
curvature (Gao et al., 2013). The novel locus rs678741, which
is near the region encoding an antisense transcript of the LBX1
gene, was associated with AIS susceptibility but not with curve
severity in the Chinese population (Zhu et al., 2015) Recently, a

study on the association of rs678741 with AIS curve progression
also failed to replicate the association in a Chinese population
(Man et al., 2019). The detail information for the association of
rs11598564, rs625039, and rs678741 with AIS severity are shown
in Table 3.

The LBX1 gene is essential for neuron and muscle
development, and LBX1 is the most promising candidate
gene in AIS susceptibility because of its position and possible
function. The associations of three susceptibility loci near
LBX1 (rs11190870 and rs11598564, located in the 3′-flanking

regions, and rs625039, located in the 5
′

-flanking region) were
successfully verified in multi-ethnic populations. In addition,
another susceptibility locus, rs678741, which has the potential to
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TABLE 3 | The association of rs11190870, rs11598564, rs625039, and rs678741 with AIS severity.

SNP References Population No. AIS Cobb angle of TT Cobb angle of TC Cobb angle of CC P-value

rs11190870 Jiang et al., 2013 Chinese 314 34.1 ± 11.6 32.0 ± 13.8 27.2 ± 9.4 0.005

Gao et al., 2013 Chinese 234 30.10 ± 14.81 30.73 ± 19.56 27.90 ± 18.05 0.33

Takahashi et al., 2015 Japanese 2,068 39.0 ± 15.4 40.2 ± 16.4 37.6 ± 14.6 0.20

Takahashi et al., 2015 Japanese 123 43.6 ± 16.4 37.1 ± 14.0 30.6 ± 13.1 0.07

Takahashi et al., 2018 Japanese 1,860 41.7 ± 16.5 42.0 ± 16.6 39.3 ± 15.5 0.13

Man et al., 2019 Chinese 176 47.2 ± 15.3 47.4 ± 19.4 45.0 ± 16.9 0.679

SNP References Population No. AIS Cobb angle of AA Cobb angle of AG Cobb angle of GG P-value

rs625039 Gao et al., 2013 Chinese 234 31.35 ± 22.07 28.73 ± 17.89 31.00 ± 16.68 0.37

SNP References Population No. AIS Cobb angle of AA Cobb angle of AG Cobb angle of GG P-value

rs11598564 Gao et al., 2013 Chinese 234 28.32 ± 17.26 30.60 ± 19.58 30.18 ± 15.02 0.50

SNP References Population No. AIS Cobb angle of GG Cobb angle of GA Cobb angle of AA P-value

rs678741 LBX1AS1 Zhu et al., 2015 Chinese 632 38.1 ± 8.2 36.3 ± 9.1 37.9 ± 8.4 0.29

Man et al., 2019 Chinese 175 46.6 ± 16.9 48.7 ± 18.4 44.8 ± 17.4 0.412

regulate the expression of the LBX1 gene, was also identified to
have a robust significant association in multi-ethnic AIS patients.
However, the association of the four variants related to LBX1
with AIS severity failed to be replicated. These results suggested
that the LBX1 gene might be involved in the initiation but not
in the progression of AIS. Because susceptibility does not mean
a functional variant, the functions of the LBX1 gene and its
potential roles in the pathogenesis of AIS need to be clarified.

THE FUNCTION OF THE LBX1 GENE IN
MUSCLE DEVELOPMENT

The LBX1 gene plays an essential role in regulating muscle
precursor cell migration and maintaining its migratory potential
(Figure 1) (Brohmann et al., 2000). Previous transcript analyses
and immunofluorescence staining confirmed the upregulation
and location of LBX1 in muscle precursor cells (Schmitteckert
et al., 2011). Migratory muscle precursor cells could remain
undifferentiated during migration, and LBX1+ cells commence
differentiation into skeletal muscle cells after arrival in the limb
(Tani-Matsuhana et al., 2018). In LBX1 knockout mice, the limb
muscles were specifically lacking, whereas other skeletal muscles
developed normally (Schäfer and Braun, 1999). Further evidence
suggested that LBX1 regulated responsiveness to the lateral, but
not the ventral, migration of hypaxial muscle precursors (Gross
et al., 2000), potentially through ERK and FGF8 signaling to
control lateral migration (Masselink et al., 2017).

A secondary role for LBX1 in promoting the proliferation
of muscle precursor cells has also been proposed (Brohmann
et al., 2000; Uchiyama et al., 2000). In Drosophila and their
vertebrate counterparts, the LBX1 gene displayed a restricted
expression pattern in a subset of muscle precursor cells and was
implicated in the diversification of muscle cell fates (Bidet et al.,

2003) The critical function of LBX1 is to expand the muscle
precursor cell pool to respond to environmental stimulation
(Mennerich and Braun, 2001). LBX1 is expressed in Xenopus
myoblasts, and its function in hypaxial muscle development is to
repress myoD, thereby allowing myoblasts to proliferate before
terminal differentiation (Martin and Harland, 2006). Therefore,
migration defects with LBX1 loss of function may be secondary
to less efficient and reduced numbers of muscle precursor cells
reaching their distal target. In addition, the expression of the
LBX1 gene was also found in activated but not quiescent satellite
cells, which suggested that LBX1 plays important roles in satellite
cells (Watanabe et al., 2007).

The PAX3–LBX1 myogenic pathway as a whole appears to
be conserved in elasmobranchs in a manner consistent with the
patterning of limb muscle formation (Okamoto et al., 2017). In
the absence of PAX3 in mice, LBX1 and c-Met expression in the
somite was severely compromised, which suggested that PAX3
was necessary for LBX1 expression in the lateral tips of somites
(Mennerich et al., 1998; Brohmann et al., 2000). Recently, PAX3
was proposed to act as a core regulator of the lateral migration
of myoblasts, which has been hypothesized to be controlled
by LBX1 (Masselink et al., 2017). A previous study identified
rs13398147 near PAX3 as an AIS susceptibility locus in a Chinese
population (Zhu et al., 2015), and PAX3 might have a functional
role in the pathogenesis of AIS by regulating the development of
paravertebral muscles (Qin et al., 2020). Significantly asymmetric
bilateral expression of LBX1 and PAX3, two previously reported
susceptible genes of AIS, was found in the paraspinal muscles
of AIS patients. It is noteworthy that both genes were involved
downstream of the Wnt/beta-catenin pathway (Zhu et al., 2017;
Xu et al., 2020).

Paraspinal muscles play an important role in spinal stability,
and muscle-based mechanisms are a possible etiology for AIS.
Several studies have reported the asymmetry of paraspinal
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FIGURE 1 | The role of the LBX1 gene in the migration of muscle precursor cells. [(A) The genetic hierarchy for the development of migratory muscle precursor cells,

where the primary function of LBX1 is to repress MyoD. (B) The role of the LBX1 gene is the promotion of proliferation but the repression of the differentiation of

migratory muscle precursor cells].

muscles between convex and concave side in patients with AIS.
Paraspinal muscle thickness of mild AIS was measured using
ultrasound imaging, and significantly greater muscle thickness
was found on the concave side at apical region (Zapata et al.,
2015). Muscle fiber redistribution was reported in AIS, and
decreased type I fiber was found on the concave side (Stetkarova
et al., 2016). Consistently, electrophysiological activity and
muscle energy consumption were also significantly decreased
on the convexity (Newton Ede and Jones, 2016; Stetkarova
et al., 2016; Federau et al., 2020). Recently, the potential role
of the LBX1 gene in the propagation of AIS through paraspinal
muscles was investigated, and remarkably asymmetric expression
of mRNA and protein was found in the paraspinal muscles at
the apical region of AIS patients (Xu et al., 2020). Therefore,
the LBX1 gene might be involved in asymmetric muscle
formation by regulating the proliferation and differentiation
of muscle precursor cells. In addition, the potential role of
the LBX1 gene in other tissues, such as interneurons, cannot
be ignored.

THE FUNCTION OF THE LBX1 GENE IN
INTERNEURON DEVELOPMENT

LBX1 masks a subset of interneurons in the spinal cord, and
it is known to play a role in neuronal determination processes
(Schubert et al., 2001; Schmitteckert et al., 2011). The expression
of LBX1 distinguishes two major neuronal classes generated in
the dorsal spinal cord. LBX1+ and LBX1- neurons settle in the
superficial and deep dorsal horn, respectively. In LBX1-mutant
mice, the morphology and neuronal circuitry of the dorsal
horn are aberrant due to the dysfunction of LBX1+ neurons
(Muller et al., 2002). In LBX1-knockout mice, the presumptive
GABAergic neurons were transformed into glutamatergic cells,
and LBX1 was proposed to determine neuron fate in the dorsal
spinal cord at early embryonic stages (Kruger et al., 2002; Cheng

et al., 2005; Nadadhur et al., 2018). LBX1 is required for the
expression of GlyT2, NPY, and N/OFQ in dorsal spinal neurons,
which was supposed to play a role in promoting GABAergic
neuron fate (Huang et al., 2008). Similar to the PAX3–LBX1
myogenic pathway involved in muscle development, LBX1 and
PAX3 might act together synergistically to control the generation
of neuronal subtypes (Kruger et al., 2002).

LBX1 acts as a selector gene in the fate determination of
somatosensory relay neurons. The somatosensory information
was transferred in a large number of distinct sensory
interneurons that organized in specific laminae within the
dorsal spinal horn (John et al., 2005). In mice lacking LBX1,
cell types that arise in the ventral alar plate acquire more dorsal
identities. This results in the loss of dorsal horn association
interneurons, excess production of commissural neurons,
and disrupted sensory afferent innervation of the dorsal horn
(Gross et al., 2002). In LBX1-mutant mice, viscerosensory
relay neurons are specified at the expense of somatosensory
relay neurons, and LBX1 is essential to specify dBLb neurons
that generate somatosensory relay neurons (Sieber et al.,
2007).

The upright posture is made possible by proprioceptive
system based on cortical, subcortical, and medullary integration
of multisensorial information, especially somesthetic input
(Munoz-Rubke et al., 2017; Sim et al., 2018). Proprioceptive
system provides direct information on position and movements
of body segments (Blecher et al., 2018). The gait parameters of
AIS patients were investigated, and somatosensory dysfunction
in AIS patients showed to have an impact on dynamic balance
control (Lao et al., 2008). In addition, more serious disturbance
of dynamic proprioceptive system was found in AIS, which
suggested an immaturity of the central nervous system, especially
parietal cortex, with poor integration of dynamic proprioceptive
afference (Le Berre et al., 2017). Therefore, sensory processing
of postural stability in AIS patients could be an important
analytical factor.
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FIGURE 2 | Hypothesis of susceptibility loci and epigenetic factors jointly

regulate the LBX1 gene.

Although the dysfunction of proprioception in AIS patients
has been widely recognized in clinical studies (Yekutiel et al.,
1981; Le Berre et al., 2017; Sim et al., 2018), the direct evidence
linking impaired proprioception with scoliosis is still absence.
Surprisingly, peripubertal scoliosis was successfully developed
without vertebral dysplasia and muscle asymmetry in null-
mutant mice for RUNX3, which lack TrkC neurons connecting
proprioceptive mechanoreceptors and the spinal cord (Blecher
et al., 2017). The resemblance of animal models to the human
condition of AIS offers a clue as to its etiology and expands
the scope of the proprioceptive function in musculoskeletal
development (Blecher et al., 2018). Proprioceptive inputs alter
with balance tasks of varying difficulty, with the spinal reflex
pathway being inhibited in favor of sensory input to the
cortex as balance becomes increasingly challenged (Le Berre
et al., 2017). The rapid progression of AIS is coincides
with the postnatal maturation of muscle mechanosensors, as
well as a substantial increase in muscle mass. Peripubertal
scoliosis might therefore result from increasing mechanical
burden placed on a proprioceptive-deficient spine (Blecher
et al., 2017; Assaraf et al., 2020). Abnormal central respiratory
rhythmogenesis was found in LBX1-deficient humans, and
the LBX1 mutation selectively interfered with its ability to
cooperate with PHOX2B and thus impaired the development
of a small subpopulation of neurons essential for respiratory
control (Pagliardini et al., 2008; Hernandez-Miranda et al.,
2018). This unusual gene-gene interaction could also provide
insight into the functional study of the LBX1 gene in
AIS pathogenesis.

PERSPECTIVES AND CONCLUSIONS

Despite strong evidence that it is the most promising candidate
gene, the direct or indirect connection between susceptibility loci
and hypothetical disease-risk genes remains poorly understood.
The genomic architecture around LBX1 on chromosome
10q24.31 reveals a highly conserved gene with extensive

regulatory mechanisms. A chromosome conformation capture
assay revealed that the genome region with the most significantly
associated SNP (rs11190870) physically interacted with the
promoter region of LBX1, and the risk allele showed higher
transcriptional activity in HEK 293T cells (Guo et al., 2016).
These results suggest that rs11190870 confers AIS susceptibility
by upregulating LBX1 transcription. In chicken embryos and
explant cultures, overexpression of LBX1 showed in a strong
activation of myogenic markers including MHC in somites
and limbs, but not in other ectopic locations (Mennerich and
Braun, 2001). However, upregulating of LBX1 in Xenopus lead
to enlarged somites due to an increase in cell proliferation,
but a lack of differentiated muscle (Martin and Harland, 2006).
Similarly, forced expression of LBX1 in C2C12 myoblast cells
resulted in severe depression of myogenic differentiation and
incomplete myotube formation (Watanabe et al., 2007). The
AIS presenting as low lean mass of back muscles (Cheng
et al., 2015). Whether the risk allele of rs11190870 could
suppress muscle formation through upregulating the LBX1 is
still undetermined.

One hypothesis to explain the pathogenesis of AIS is that
it is the consequence of crosstalk between multiple genes and
environmental factors, and epigenetic analyses may complement
genetic studies (Cheng et al., 2015; Ogura et al., 2018). Of
particular interest is the head-to-head orientation of LBX1
with its antisense counterpart, LBX1-AS1, together with the
very extensive CpG islands. Data from ENCODE showed that
rs678741 is located in a strong enhancer region marked by peaks
of several active histone methylation modifications (Zhu et al.,
2015). Meng et al. (2018) found that decreased methylation
at cg01374129 was associated with AIS curve progression, and
hypomethylation at this site may influence adolescent spinal
growth through altered HAS2 expression. Many researchers
have realized the importance of epigenetics to account for the
“missing heritability” in AIS GWAS, and increased methylation
of the PCDH10 and COMP promoters was found in AIS
patients relative to healthy controls (Mao et al., 2018; Shi
et al., 2020). Further integrated genome-wide and epigenome-
wide association studies (Figure 2) are necessary to reach a
better understanding of the potential role of the LBX1 gene
in AIS.

Although LBX1 is the most promising candidate gene
in AIS susceptibility, which has been successfully replicated
in multi-ethnic populations, GWASs just indicate statistically
susceptible locations on the genome, not disease-causing
sequence variations. The ability to replicate the phenotype
of AIS using animal models is an urgent problem to be
solved. Functional studies related to AIS susceptibility genes
have been performed. Shorter body lengths and delayed
ossification of the vertebrae were found in GPR126-knockdown
zebrafish (Kou et al., 2013), mild spinal curvature caused
by vertebral malformations was found in SLC39A8-knockout
zebrafish (Haller et al., 2018), and body axis deformation
was present in zebrafish with induced LBX1B overexpression
in the embryonic period (Guo et al., 2016). However, these
studies did not successfully replicate the human condition of
AIS for pubertal scoliosis without vertebral dysplasia. Even
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worse, the overexpression or knockout of a gene has a much
greater effect than the common variant near the candidate
gene. Excitingly, the phenotype of spine malalignment without
vertebral abnormalities was presented in PIEZO2 cKO mice,
which indicated the central role of proprioceptive neurons in
maintaining spinal stability (Assaraf et al., 2020). Therefore, the
conversion of information on statistically susceptible loci near
LBX1 to biological implications using animal models is of great
importance to clarify the pathogenesis of AIS.

In conclusion, the LBX1 gene is the most promising
candidate gene in AIS susceptibility due to its position
and possible functions in muscle progenitor cell migration
and neuronal determination processes. The causality
between susceptibility loci related to the LBX1 gene and

the pathogenesis of AIS deserves to be explored with
further integrated genome-wide and epigenome-wide
association studies.
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