
159© Springer International Publishing AG, part of Springer Nature 2018 
K. Kusumi, S. L. Dunwoodie (eds.), The Genetics and Development of 
Scoliosis, https://doi.org/10.1007/978-3-319-90149-7_7

Chapter 7
Genetics and Functional Pathology 
of Idiopathic Scoliosis

Elizabeth A. Terhune, Erin E. Baschal, and Nancy Hadley Miller

 Introduction

Idiopathic scoliosis (IS) is a structural lateral curve of the spine that affects approx-
imately 2–3% of pediatric populations, with girls more severely affected than boys. 
Treatment options are currently limited to bracing, physical therapy, and spinal 
fusion surgery for severe progressive curves. The variability in clinical presenta-
tion, limited treatment options, and inability to detect those at risk for curve pro-
gression have confounded physicians as well as IS patients and their families. IS 
has long been recognized to have a familial or genetic component; however, the 
mechanisms underlying this heritability are largely unknown. Multiple studies to 
date have identified genetic variants that are associated with IS in specific cohorts. 
However, most of these associations, with the exception of variants in or near LBX1 
and GPR126, have not been able to be reproduced. The varied results of these stud-
ies are indications of the extreme genetic and phenotypic heterogeneity of this 
disorder. New technologies, including next-generation sequencing and improved 
animal models, hold promise for the discovery of additional mechanisms that cause 
IS.  Identifying the genetic factors underlying IS may aid in the development of 
diagnostic screening tools and more effective treatment options for affected 
children.
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 A Genetic Basis for Idiopathic Scoliosis (IS)

 A Familial Basis of IS

The hereditary basis of IS was established as early as the 1930s, when scoliosis was 
identified in five generations in one family [1]. Decades later, clinical observations 
and population studies documented a higher prevalence of scoliosis among relatives 
of affected individuals compared to the general population [1–7]. Specifically, 
Wynne-Davies observed that relatives of individuals with IS were at a higher risk 
for developing the disease, reporting that IS was present in 11% of first-degree, 
2.4% of second-degree, and 1.4% of third-degree relatives [2, 8]. In another study, 
Bonaiti et  al. observed that approximately 40% of IS cases were familial across 
multiple populations [9]. More recently, in an analysis of a unique database of a 
Mormon population in Utah (GenDB), 97% of IS patients were determined to be of 
familial origin [10]. Many researchers within the IS research community have since 
hypothesized that IS is likely due to multiple inherited risk alleles in tandem with 
environmental risk factors.

 Twin Concordance Rates

Studies of monozygotic and dizygotic twins have provided further evidence sup-
porting a genetic basis of IS. Concordance is defined as both twins having the dis-
ease, and higher concordance rate in monozygotic twins compared to dizygotic 
twins is an indication that a disease has a genetic component. The concordance for 
IS is approximately 73% for monozygotic twins and 36% for dizygotic twins [7, 
11–17], indicating there is a strong genetic component to the disease. At first, this 
may appear confusing and contradictory, as dizygotic twins appear to have a three-
fold higher concordance rate than that reported by Riseborough and Wynne-Davies 
for first-degree relatives [8]. However, upon further examination, the higher rate in 
dizygotic twins may be due to the differences in rates of radiographic confirmation 
of the scoliotic curve. Radiographic confirmation of scoliosis may be higher among 
twins, as the diagnosis of one twin may lead to inquiries into the curvature status of 
the other twin. This radiographic confirmation may be less likely within first-degree 
relatives, and thus first-degree relatives may have an artificially low concordance 
rate. There could also be an in utero environmental component to IS that has not yet 
been identified. Although these factors may confound the interpretation of the twin 
data, the high concordance rates in both monozygotic and dizygotic twins are an 
indication of a strong genetic component to IS.
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 Multiple Modes of Inheritance

To date, multiple modes of genetic inheritance have been reported in investigations 
of IS families, including X-linked [18, 19], multifactorial [2, 20, 21], and autosomal 
dominant [22–25]. Rather than presenting conflicting information, these reports 
serve as examples of the diverse spectrum of inheritance models for IS that can exist 
between families. Figure  7.1 presents two examples of commonly seen IS 

Possible X-linked dominant IS pedigree

Possible autosomal dominant IS pedigree
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Fig. 7.1 Examples of distinct but typical IS pedigrees. (a) A likely X-linked dominant pedigree of 
a multigenerational IS family. Note the lack of male-to-male transmission. (b) IS pedigree display-
ing male-to-male transmission and a possible autosomal dominant inheritance pattern
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pedigrees— one exhibiting an apparent X-linked dominant mode of inheritance and 
the other showing an apparent autosomal dominant mode of inheritance.

Wynne-Davies suggested that IS was likely inherited in either a dominant or 
multifactorial mode of inheritance, based on their early studies in the 1960s–1970s 
with over 2000 individuals [2, 8]. Aksenovich [26] also suggested an autosomal 
dominant inheritance pattern for IS with sex-dependent penetrance, after conduct-
ing an analysis of families with probands with moderate to severe scoliosis (>25 
degrees). However, when the authors analyzed probands with mild scoliosis (<25 
degrees), multiple damaging alleles (genetic heterogeneity) were attributed as the 
likely cause for the IS. This same research group later conducted a complex segre-
gation analysis (CSA), a technique used to determine whether a major gene under-
lies the distribution of a phenotypic trait, of 101 IS families (703 individuals) with 
spinal curves of at least 5 degrees [27]. This analysis initially did not lead to a clear 
inheritance pattern, but after excluding individuals with curves under 11 degrees, 
the results supported an autosomal dominant pattern of inheritance with significant 
rates of incomplete penetrance. It is important to note that a clinical diagnosis of IS 
typically requires a spinal curvature of at least 10 degrees.

Other groups observed pedigrees that appear to display an X-linked inheritance 
pattern. This pattern is defined by a lack of male-to-male transmission, as males are 
unable to pass their X chromosome onto their male offspring. In 1972, Cowell 
et al. reported on 17 families with this mode of inheritance [18]. Later, Miller [19] 
and Justice [28] analyzed a subset of families that displayed characteristics of 
X-linked inheritance and found that the Xq23–26 region may be linked to IS in this 
subset.

 Section Summary

A genetic basis for IS has been well-established for decades, beginning with obser-
vational familial studies in the 1930s by Garland. Studies of inheritance patterns of 
IS have proven to vary both between and within families, with pedigrees supporting 
autosomal dominant, X-linked, and multifactorial inheritance patterns. Taken 
together, data acquired over the last century suggest that IS is a complex genetic 
disorder with variations in inheritance patterns in affected families.

 Heterogeneity and Confounding Factors

 Phenotypic Heterogeneity and Overlapping Conditions

Significant phenotypic and genetic heterogeneity across patient cohorts have caused 
significant challenges for determining the genetic factors underlying IS.  Non- 
idiopathic scoliosis is part of the disease phenotype for several musculoskeletal 
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conditions, including Marfan syndrome and osteogenesis imperfecta, and early 
studies of IS may not have fully excluded these individuals from their cohorts [1, 3, 
29, 30]. Other studies did not detail specific criteria for affected versus unaffected 
scoliosis status or were unable to consistently obtain spinal radiographs from study 
participants [2, 7, 8, 20, 22, 31]. Well-documented diagnostic criteria and radio-
graphic confirmation of curve magnitude can aid in the distinction between true 
affected and unaffected individuals, and radiographic confirmation can potentially 
reduce the rate of false-negative diagnoses made from clinical observations alone. 
In addition, thorough patient records are necessary for phenotypic subtype analyses 
within large study cohorts, and desired clinical information may include age of 
onset, curve severity, curve progression, family history of IS, and lifestyle or envi-
ronmental factors. Detailed phenotypic characterization, including radiographs, is 
important for assigning both affected and unaffected status and will allow for a bet-
ter understanding of IS.

 Genetic Heterogeneity

Likewise, genetic heterogeneity of patient populations is a significant challenge for 
IS researchers to overcome. Genetic heterogeneity is defined as a phenotype that 
arises by different genetic mechanisms. In the context of IS, this means that muta-
tions in multiple genes could each give rise to a similar phenotype— a lateral spinal 
curvature that is currently labeled as IS.  However, once the underlying genetic 
causes of IS are determined, it is possible that “idiopathic scoliosis” will be broken 
down into different subtypes based on phenotypic and genetic differences. In prac-
tice, it can be difficult to identify a clear inheritance pattern in families with high 
degrees of genetic heterogeneity, and these families may also appear to have high 
rates of incomplete penetrance. A major concern with genetic heterogeneity in IS is 
that individuals are treated as having the exact same condition for experimental and 
analysis purposes. This could confound both linkage and association studies. A full 
understanding of the genetic spectrum of IS may also be important for treatment 
options for the different disease subsets.

 Section Summary

IS is marked by a high degree of genetic and phenotypic heterogeneity, creating a 
significant challenge for researchers trying to unravel the genetic regions and mech-
anisms underlying this condition. Strict diagnostic criteria, particularly radiographic 
confirmation of IS status, are required to distinguish true IS from other conditions, 
as well as to identify true negative controls.
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 Overview of IS Genetic Findings

 Candidate Gene Studies

Prior to the availability of next-generation sequencing technologies, candidate gene 
approaches were used in order to analyze protein-coding genes thought to be impor-
tant to the physiological basis of IS.  As scoliosis is a phenotypic component of 
many connective tissue disorders, several extracellular matrix (ECM) genes includ-
ing collagens, elastin, fibrillin, and aggrecan were studied in IS individuals and 
families [25, 32]. However, these studies largely resulted in negative findings, as 
identified variants in these genes often did not segregate with the disease phenotype. 
Later studies using more modern sequencing technologies, however, did reveal cer-
tain significant associations between variants in ECM genes and the IS phenotype 
(see Next-Generation Sequencing).

 Linkage Analysis

After advances in genetic technologies in the early 1990s, researchers were able to 
screen the entire genome for known genetic markers or polymorphisms evenly 
spaced throughout the chromosome. One such analysis resulting from this advance-
ment was linkage analysis, which relies on the concept of genetic linkage, or the 
tendency of certain genes or genetic regions to be inherited together due to physical 
proximity on a chromosome. Linkage studies typically analyze certain genetic 
markers in large families with a disease and seek to identify marker alleles that are 
only present in affected individuals. From there, the candidate region can be nar-
rowed down further with additional fine mapping within the family members, 
including within candidate genes that may be present in the region, often using 
single nucleotide polymorphisms (SNPs). In parametric linkage analysis, LOD 
(logarithm of the odds) scores are reported to assess whether the allele segregating 
with the disease phenotype is due to linkage or due to chance. Parametric linkage 
requires specification of allele frequencies, penetrance, and an inheritance pattern. 
Nonparametric linkage analysis does not make any assumptions about the disease 
model and reports the probability of family members sharing alleles identical by 
descent. It should be noted that the presence of linkage or association of a locus with 
a disease does not prove causality. Results need to be validated within independent 
cohorts and then studied for functional importance.

In 2000, Wise et al. conducted nonparametric linkage analysis on a multiplex IS 
family, which suggested four regions, on chromosomes 3, 6, 12, and 18, as poten-
tially important for IS. After further study of regions 6, 10, and 18 in a second fam-
ily, region 18q was determined to be the most important region for linkage, with a 
secondary area on chromosome 6p. Additionally, both families supported a com-
mon candidate on distal chromosome 10q [33]. In 2002, Chan et al. analyzed the 
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three regions identified by Wise et al. in one multiplex family but were not able to 
replicate the linkage. The Chan group conducted a second genome-wide scan of 
seven families, which identified two regions of interest, a primary area on chromo-
some 19p13.3 and a secondary area on chromosome 2q [34]. Salehi et al. also con-
ducted linkage analysis on one large multiplex family, which yielded a candidate 
region on chromosome 17p11 [35]. This region was of particular interest, as it con-
tained several ECM genes.

In 2005, Miller et  al. reported a large genetic linkage screen of 202 families 
(1198 individuals), and stratified families based on phenotypic subtypes and the 
apparent mode of inheritance, to decrease the heterogeneity within the population. 
Linkage analysis of families with an apparent autosomal dominant inheritance pat-
tern yielded primary regions on chromosomes 6p, 6q, 9, 16, and 17, as well as sec-
ondary regions on chromosomes 1, 3, 5, 7, 8, 11, and 12. Similarly, in families with 
an apparent X-linked inheritance pattern, the Xq23–26 candidate region was identi-
fied. Stratification of the samples into families with an individual with kyphoscolio-
sis yielded significant regions on chromosomes 5 and 13, and analysis of families 
with an individual with a severe curve (>40 degrees) yielded a region on chromo-
some 19 [36].

Gao et al. produced evidence of linkage and association of the 8q12 region. Fine- 
mapping association studies of this region revealed evidence of IS-associated hap-
lotypes centered over exons 2–4 of the CHD7 gene [37]. Interestingly, mutations in 
CHD7 are associated with CHARGE syndrome, for which scoliosis is frequently 
part of the disease phenotype. However, an independent association study of 22 
single nucleotide polymorphism (SNPs) in the CHD7 gene in 244 IS families failed 
to replicate the CHD7 finding [38].

Edery et al. performed a genome-wide scan of three large multigenerational IS 
families compatible with an autosomal dominant inheritance pattern [39]. The 
group was not able to replicate the previous findings for 19p13.3, 17p11.2, 9q34, 
and 18q in any of the three families. However, they observed disease co-segregation 
in the 3q12.1 and 5q13.3 loci in one family. Subsequent exome sequencing in this 
family narrowed the disease gene to POC5, and injection of patient-specific POC5 
mRNA into zebrafish embryos led to the development of an IS-like phenotype [40] 
(see Functional Studies and Animal Models).

 Genome-Wide Association Studies

Genome-wide association studies (GWAS) use genetic data from large cohorts to 
test the association of a phenotype with a genotype, typically a SNP. The first GWAS 
for IS was reported in 2011 by Sharma et al. [41], which assayed 419 adolescent IS 
families with 327,000 SNPs. The authors found the strongest evidence for associa-
tion with chromosome 3p26.3 SNPs in the proximity of the CHL1 gene, which 
encodes an axon guidance protein related to ROBO3. Later that year, a GWAS of 
1376 Japanese females with adolescent IS and 11,297 controls revealed a significant 
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association with variants near the gene LBX1 [42]. LBX1 encodes the transcription 
factor ladybird homeobox 1, which is an important determinant of spinal cord neu-
ron migration and cell fate choice [42]. Significant associations of SNPs near LBX1 
have since been reported in several additional studies, including those from Chinese, 
European, and French-Canadian cohorts [43–52]. The same research group who 
performed the Takahashi et al. GWAS expanded their original study cohort to 1819 
cases and 25,939 controls of Japanese ancestry, which revealed a susceptibility 
locus within the G-protein-coupled receptor gene GPR126 [53]. This association 
was replicated in two independent studies within IS cohorts of Chinese ancestry 
[54, 55]. Other IS GWAS have reported associations within BCN2 [56], between 
SOX9 and KCNJ2 [57], near PAX1 [58], and with several loci in or near genes 
involved in Wnt signaling [59]. Table 7.1 provides a summary of IS GWAS, linkage, 
and other association studies to date.

 High-Throughput Sequencing

The advent and adoption of high-throughput (“next-generation”) sequencing tech-
nologies in the 2000s spurred a genetic revolution by allowing researchers to 
sequence whole genomes or exomes in a fraction of the time and cost of traditional 
sequencing methods. Exome sequencing captures the 1–2% of the human genome 
that is predicted to be protein-coding and allows for the identification of both rare 
and common variants in these protein-coding genes. Exome sequencing is based on 
the hypothesis that variants in protein-coding regions are more likely to have func-
tional effects that could cause the disease and has been used successfully to identify 
causative variants for many diseases, particularly those that are monogenic.

Exome sequencing has been used in multiple IS studies to identify candidate 
variants and genes. In 2014, Buchan et al. reported an exome sequencing study of 
91 unrelated individuals of European ancestry with severe scoliosis (>40 degrees), 
which revealed the variant burden in FBN1 as most associated with adolescent 
IS. Subsequent sequencing of both FBN1 and FBN2 in a larger cohort showed a 
significant enrichment of rare variants in both genes within Caucasian individuals 
with severe scoliosis (7.6%) compared with in-house controls (2.4%) 
(p = 5.46 × 10−4) and exome sequencing project controls (2.3%) (p = 1.48 × 10−6) 
[60]. These findings were also replicated in an independent Han Chinese cohort 
(p = 0.0376), suggesting that these rare variants might be useful markers of curve 
progression. In 2015, Baschal et al. reported that rare variants in HSPG2, which 
encodes the ECM protein perlecan, were associated with the IS phenotype in a mul-
tigenerational AIS family. One particular rare variant, p.Asn786Ser, was also over-
represented in an additional cohort of 100 unrelated IS cases as compared to controls 
(p = 0.024) [61]. ECM variants were further implicated by Haller et al. in an exome 
sequencing study of 391 severe AIS cases and 843 controls of European ancestry 
[62]. Novel non-synonymous/splice-site variants in ECM genes were significantly 
enriched in cases versus controls (p  =  6  ×  10−9); furthermore, novel variants in 
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Table 7.1 Genetic studies of idiopathic scoliosis (IS) cohorts using linkage or association analyses

Study Approach
Number and type 
of sample Region

Candidate 
gene(s)/
marker(s)

Significance 
(p value)

Carr et al. 
1992 [23]

Candidate 
gene, linkage

4 families 17q21 COL1A1 NS
7q22 COL1A2, 

COL2A1
NS

Miller et al. 
1996 [25]

Candidate 
gene, linkage

11 families 15q21.1 FBN1 NS
7q11 ELN NS
7q22 COL1A2 NS

Wise et al. 
2000 [33]

Linkage 2 families 6q NA 0.023, NS
Distal 10q NA 0.0193, 0.033
18q NA 0.0023, NS

Morcuende 
et al. 2003 
[75]

Candidate 
gene, linkage

47 families 4q MTNR1A NS

Inoue et al. 
2002 [88]

Candidate 
gene

304 cases 6q25 ESR1 0.002

Chan et al. 
2002 [34]

Linkage 7 families 19p13.3 D19S894–
D19S1034

0.00001 
(4.48)4

2q13–2q22.3 D2S160– 
D2S151

0.0049 (1.72)4

Salehi et al. 
2002 [35]

Linkage 1 family 17p11–
17q11.2

D17S799–
D17S925

0.0001 (3.2)4

Justice et al. 
2003 [28]

Linkage 51 families Xq23–
Xq26.1

DXS6804–
DXS1047

0.0014 (2.23)4

Miller et al. 
2005 [36]

Linkage 202 families 6p F13A1–
D6S2439

0.01215

6q16 D6S1031–
D6S1021

0.00215

9q32–9q34 D9S938–
D9S1838

0.00055

16q11–
16q12

D16S764–
D16S3253

0.00025

17p11–
17q11

D17S1303–
D17S1293

0.0025

Alden et al. 
2006 [89]

Linkage 72 families 19p13 D19S591–
D19S1034

0.013565

Miller et al. 
2006 [89]

Linkage, 
association

7 families 5q13 D5S417–
D5S807

0.00173

13q13.3 D13S305–
D13S788

0.00013

13q32 D13S800–
D13S779

0.00013

Yeung et al. 
2006 [90]

Candidate 
gene

506 cases 12q22 IGF1 NS

(continued)
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Table 7.1 (continued)

Study Approach
Number and type 
of sample Region

Candidate 
gene(s)/
marker(s)

Significance 
(p value)

Wu et al. 
2006 [91]

Candidate 
gene

202 cases 6q25 ESR1 0.001

Tang et al. 
2006 [92]

Candidate 
gene

540 cases, 260 
controls

6q25 ESR1 NS

Qiu et al. 
2006 [93]

Candidate 
gene

473 AIS, 311 
controls

11q21 MTNR1B NS

Montanaro 
et al. 2006 
[94]

Candidate 
gene, linkage

81 trios 1p35 MATN1 0.024

Marosy 
et al. 2006 
[32]

Candidate 
gene, linkage

58 families 15q25–26 AGC1 NS

Gao et al. 
2007 [37]

Linkage, 
association

52 families 8q12 CHD7 0.005

Ocaka et al. 
2008 [95]

Linkage 25 families 9q31.2–
q34.2

D9S930–
D9S1818

0.00004

17q25.3-qtel D17S1806 0.00001
Raggio et al. 
2009 [96]

Linkage, 
association

7 families 12p D12S1608– 
D12S1674

Unknown

Marosy 
et al. 2010 
[97]

Linkage, 
association

3 families (triple 
curves)

6p D6S1043- 
D6S474

<0.001

10q D10S2325–
D10S1423 and 
D10S1765–
D10S1239

<0.001

Clough et al. 
2010 [98]

Linkage, 
association

17 families 
(males)

17p D17S975, 
D17S2196

<0.05

Edery et al. 
2011 [39]

Linkage, 
association

3 families (1 
family with 
disease 
co-segregation)

3q12.1 D3S3690–
D3S3045,

<0.001

5q13.3 D5S2851–
D5S1397

<0.001

Sharma 
et al. 2011 
[41]

GWAS 419 families 3p26.3 CHL1 2.58 × 10−8

Takahashi 
et al. 2011 
[42]

GWAS 1376 AIS and 
11,297 controls

10q24.31 LBX1 1.24 × 10−19

Gao et al. 
2013 [44]

Association, 
replication

513 AIS and 440 
controls

10q24.31 LBX1 5.09 × 10−5–
1.17 × 10−8

Kou et al. 
2013 [53]

GWAS 1819 AIS and 
25,939 controls

6q24.1 GPR126 2.25 × 10−10

Miyake 
et al. 2013 
[57]

GWAS 554 AIS (severe) 
and 1474 controls

17q24.3 SOX9, KCNJ2 4.00 × 10−18

(continued)
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 musculoskeletal collagen genes were present in 32% of AIS cases versus 17% of 
controls. Patten et al. combined genetic linkage data with exome sequencing of one 
large IS family to identify a rare variant in POC5, a centrosomal protein, as associ-
ated with the phenotype [40]. In 2016, Li et al. performed exome sequencing on a 
large family with IS to identify AKAP2, a gene encoding a cAMP regulatory protein 
that associates with the actin cytoskeleton [63]. In a recent study, Gao et al. com-
bined linkage data from a three-generation IS family of Chinese decent with exome 
sequence data in a discovery cohort of 20 AIS individuals and 86 controls, which 
showed a significant association of the IS phenotype with three missense variants in 
the MAPK7 gene [64]. MAPK7 encodes a nuclear transport protein, and in vitro 
experiments demonstrated that the three missense variants each disrupted nuclear 
translocation in cellular models. Table 7.2 provides a non-exhaustive summary of IS 
studies using next-generation sequencing technologies.

 Transcriptomics and Other Approaches

Although an individual’s genomic DNA is generally identical across tissues, their 
messenger RNA (mRNA) will vary from tissue to tissue to create unique expression 
signatures, collectively defined as the transcriptome. Several groups have compared 
the gene expression in relevant cell types between IS and control individuals, with 
the aim of identifying biological differences that may more accurately reflect what 
is occurring at the protein level of the cell. Osteoblasts, bone cells that form miner-
alized matrix, have been analyzed by several IS research groups due to their impor-
tance to skeletal growth and maintenance, as well as their ability to be collected 

Table 7.1 (continued)

Study Approach
Number and type 
of sample Region

Candidate 
gene(s)/
marker(s)

Significance 
(p value)

Londono 
et al. 2014 
[46]

Meta- 
analysis, 
replication

9 cohorts 10q24.31 LBX1 1.22 × 10−43 
(for 
rs11190870)

Zhu et al. 
2015 [48]

GWAS 4317 AIS and 
6016 controls

1p36.32 AJAP1 2.95 × 10−9

2q36.1 PAX3, EPHA4 7.59 × 10−13

18q21.33 BCL2 2.22 × 10−12

Ogura et al. 
2015 [56]

GWAS 2109 AIS and 
11,140 controls

9p22.2 BNC2 2.46 × 10−13

Sharma 
et al. 2015 
[58]

GWAS 3102 individuals 20p11.22 PAX1 6.89 × 10−9

Zhu et al. 
2017 [59]

GWAS 5953 AIS and 
8137 controls

2p14 MEIS1 1.19 × 10−13

P-value denotes most significant published value.
NS not significant.
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during spinal surgeries. Fendri et al. conducted a microarray of IS and control osteo-
blasts and observed differential expression of multiple homeobox genes in IS cells 
[65]. Additionally, clustering analysis of differentially expressed genes showed that 
these genes functioned within biological pathways important in bone development. 
The Moreau group has also observed differences in IS osteoblasts compared to con-
trols, including altered melatonin signaling [66, 67] and longer cilia, which they 
believe may affect the cell’s mechanotransduction capabilities [68].

Other groups have analyzed gene expression within the paraspinal or paraverte-
bral muscles, which extend and bend the spine and are able to be collected during 
spinal fusion surgery. Microarray and RT-qPCR analysis of the paraspinal muscles 
of IS versus control individuals revealed increased activity in TGF-β signaling, 
which localized to the muscle’s extracellular region [69]. Paravertebral muscles 
were also shown to have asymmetric expression of the MT2 melatonin receptor on 
the convex versus concave sides of the scoliotic curve [70]. However, this finding 
was later disputed by Zamecnik et al., who found no difference in the expression of 
melatonin receptors between either the convex and concave sides of the scoliotic 
curve, and similarly did not find any differences between IS cases and controls [71].

Table 7.2 Genetic studies of idiopathic scoliosis (IS) cohorts using next-generation sequencing 
(NGS)

Study Approach
Number and type of 
samples Candidate gene(s) Significance (p value)

Buchan 
et al. 
2014b 
[60]

Exome 852 AIS and 669 
controls

FBN1, FBN2 5.46 × 10−4

Baschal 
et al. 
2015 [61]

Exome 1 family with 
validation in 240 
AIS/4679 controls

HSPG2 0.024

Patten 
et al. 
2015 [40]

Exome 1 family with 
validation in 40 
families

POC5 0.045, 0.0273

Haller 
et al. 
2016 [62]

Exome 391 AIS and 843 
controls, targeted seq 
of 919 AIS

ECM (multiple), 
musculoskeletal 
collagens (multiple), 
COL11A2

6 × 10−9 (ECM 
enrichment), 1 × 10−9 
(musculoskeletal 
collagen enrichment), 
6 × 10−9 (COL11A2)

Li et al. 
2016 [63]

Exome 1 family with 
validation in 503 
controls

AKAP2 Unknown

Gao et al. 
2017 [64]

Exome, 
linkage

1 family with targeted 
seq in 20 AIS families 
and 86 simplex 
patients, validation in 
1038 AIS simplex and 
1841 controls

MAPK7 2.8 × 10−5

P-value denotes most significant published value.
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Lastly, Buchan et al. analyzed genomic copy number variations (CNVs) in 148 
IS patients and 1079 controls [72]. The group identified a duplication of chromo-
some 1q21.1 in 2.1% of IS patients, but only 0.09% of controls, as well as the pres-
ence of two chromosomal rearrangements that were previously associated with 
spinal phenotypes. The group concluded that over 6% of adolescent IS patients in 
their cohort had a clinically important copy number abnormality and suggested that 
copy number analysis could be clinically useful to IS patients.

 Section Summary

Early genetic studies of IS were marked by specific analyses of genes or regions 
hypothesized to be biologically important to IS, including within the ECM, although 
these largely produced negative findings. Linkage analysis studies have revealed 
several loci associating with the disease phenotype, including SNPs in CHD7, 
although the relevance of these loci is unclear. GWAS have revealed several promis-
ing findings, with the LBX1 and GPR126 genes being replicated in cohorts of vary-
ing ethnicities. Other GWAS loci have not yet been replicated in other studies. The 
adoption of next-generation sequencing in the late 2000s also spurred several dis-
coveries, including the identification of ECM genes as important for IS, particularly 
the musculoskeletal collagen genes and HSPG2.

 Functional Studies and Animal Models

Animal modeling is an important step in research that is often required to prove that 
candidate genetic variations are able to cause disease. As few mammals other than 
humans are bipedal or develop scoliosis naturally, appropriately modeling IS has 
represented a significant hurdle for genetic discovery. The chicken, naturally 
bipedal, was used to create the first animal model of IS upon removal of the pineal 
gland. This phenotype was rescued upon administration of melatonin, which is 
secreted by the pineal gland, leading researchers to hypothesize that melatonin defi-
ciencies may underlie IS development [73, 74]. However, subsequent linkage analy-
sis of a region on chromosome 4q, which contained the human melatonin receptor, 
showed no evidence of association with IS [75]. Rats that have been made bipedal 
by amputation of the tail and forelimbs, coupled with gradual raising of the food and 
water sources, have also been used to model IS. Like the chicken, bipedalized rats 
likewise developed an IS-like phenotype upon pinealectomy [76, 77]. These rats 
were also observed to have abnormal levels of serum leptin, osteopontin, and 
calmodulin antagonists that were associated with spinal curve development and 
severity [78–81]. There is debate in the field, however, over whether these bipedal 
rodents accurately represent human disease or if the scoliosis is simply the result of 
degeneration due to an unnatural physiology.

7 Genetics and Functional Pathology of Idiopathic Scoliosis



172

Recently, several bony fish (teleosts) including the guppy (Poecilia reticulata) 
and zebrafish (Danio rerio) have emerged as leading models of IS. Scoliosis occurs 
naturally among several types of fish and is the most common morphological defor-
mity [81]. These fish experience a cranial-to-caudal load, generated by swimming 
through water, which is hypothesized to mimic the force load experienced by 
humans during locomotion [81–83]. Additionally, zebrafish possess many advan-
tages as an animal model, including rapid reproduction times, inexpensive care, 
ease of genetic manipulation, and abundant experimental resources including a 
well-annotated genome. The first fish model of IS was developed in a guppy lineage 
termed curveback [82]. The majority of the IS susceptibility of this lineage was later 
mapped to a 5 cM region which contained over 100 genes, including the melatonin 
receptor MTNR1B [84].

More recent studies have modeled IS in Danio rerio (zebrafish), a well-studied 
laboratory animal with a higher abundance of genetic and experimental resources as 
compared to the guppy. In 2014, Buchan et al. performed a forward mutagenesis 
screen for IS in zebrafish and isolated a recessive mutant called skolios, which 
developed an isolated spinal curvature without vertebral malformations. The pheno-
type was caused by a recessive mutation in kif6, a kinesin gene [85]. The Ciruna 
research group discovered that zebrafish with mutations in ptk7 developed a late- 
onset spinal curvature reminiscent of adolescent IS (Fig. 7.2) [86]. The group later 
recreated this phenotype using temperature-sensitive mutations in multiple cilia 
genes with a motile cilia-specific promotor. Mutant zebrafish exhibited irregulari-
ties in cerebrospinal fluid (CSF) flow, leading the group to hypothesize that altered 
CSF flow may underlie the development of IS [87]. Patten et al. injected zebrafish 
embryos with three human POC5 mRNA sequences identified in IS patients [40]. 
Injection of any of these sequences resulted in a spine deformity, without affecting 
other skeletal structures. The group concluded that mutations in POC5, which 
encodes a centriolar protein, may contribute to the development of IS.

 Section Summary

A significant challenge in IS genetics research has been the identification of an 
appropriate animal model, which is often required to demonstrate disease causality 
of candidate genes. Pinealectomized chickens and bipedal rodents were both shown 
to develop scoliosis by multiple groups, although there is debate on the utility of 
these models. Recently, bony fishes (teleosts), particularly the zebrafish, have 
emerged as promising animal models. Zebrafish naturally develop spinal curvatures 
and may more accurately mimic scoliosis in humans due to the analogous cranial- 
to- caudal load experienced from swimming. Additionally, zebrafish have a well- 
annotated genome and fast reproduction times and are easy and inexpensive to care 
for. Mutations in several genes have been shown to cause an IS-like phenotype in 
fish models, including human POC5 and zebrafish ptk7, as well as other cilia genes 
that lead to abnormal CSF flow.
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 Conclusion

Unraveling the genetic basis of IS has proven to be difficult due to extreme genetic 
and phenotypic heterogeneity within patient cohorts. Despite this difficulty, several 
candidate loci have been collectively identified by GWAS, linkage analysis, exome 
sequencing, and other experimental methods over the past several decades. New and 
emerging technologies including next-generation sequencing and CRISPR-Cas9 
genetic editing present unique opportunities to discover new loci underlying IS eti-
ology. Additionally, bony fish, particularly the zebrafish, have emerged as leading 
animal models to assist in demonstrating causality of candidate genomic regions in 

Fig. 7.2 Left, a spinal x-ray of an IS patient. Right, microcomputed tomography (micro-CT) of a 
ptk7 mutant zebrafish, presenting late-onset, rotational spinal curvature mirroring defining attri-
butes of human IS
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the etiology of IS. Understanding the genetic causes of IS is an important piece of 
the puzzle in understanding disease pathogenesis, which will help pave the way for 
future diagnostics, therapeutics, and perhaps cures for those affected with the 
disease.

Acknowledgments We thank the laboratory of Dr. Brian Ciruna for providing the micro-CT 
image of the mutant ptk7 zebrafish in Fig. 7.2.
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