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Preface

Scoliosis is a lateral curvature of the spine that is frequently encountered by health-
care professionals. Scoliosis has historically been categorized into congenital, neu-
romuscular, and idiopathic forms, and related curves include kyphosis, 
kyphoscoliosis, and lordosis. Patients affected by scoliosis are concerned about 
prognosis, associated health conditions, and recurrence risks. Developmental 
genetic studies of the spine and next-generation sequencing-based genetic analysis 
have led to recent advances in understanding the genetic etiology of idiopathic and 
congenital scoliosis.

The inspiration for the First Edition was derived from the invited session, 
Straightening Out the Curves: Understanding the Genetics Basis of Idiopathic and 
Congenital Scoliosis organized at the 2008 American College of Medical Genetics, 
Annual Clinical Genetics Meeting in Phoenix, AZ, USA. The Second Edition pres-
ents significant progress in understanding the genetic etiology of adolescent idio-
pathic scoliosis, presented March 16–17, 2017, at the Genomic Approaches to 
Understanding and Treating Scoliosis Conference, in Dallas, TX, USA. This meet-
ing was a joint session of the International Consortium for Vertebral Anomalies and 
Scoliosis and the International Consortium for Scoliosis Genetics. These groups 
have now combined forces and merged into the International Consortium for Spinal 
Genetics, Development, and Disease.

Our understanding of the genetic and developmental mechanisms underlying 
idiopathic and congenital scoliosis is rapidly evolving, and our goal in editing The 
Genetics and Development of Scoliosis, Second Edition, was to provide researchers, 
clinicians, and students with the emerging views in this field.

Tempe, AZ, USA Kenro Kusumi
Sydney, Australia Sally L. Dunwoodie
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Chapter 1
Developmental and Functional Anatomy 
of the Spine

Alan Rawls and Rebecca E. Fisher

 Introduction

The vertebral column is composed of alternating vertebrae and intervertebral (IV) 
discs supported by robust spinal ligaments and muscles. All of these elements, bony, 
cartilaginous, ligamentous, and muscular, are essential to the structural integrity of 
the spine. The spine serves three vital functions: protecting the spinal cord and spi-
nal nerves, transmitting the weight of the body, and providing a flexible axis for 
movements of the head and torso. The vertebral column is capable of extension, 
flexion, lateral (side to side) flexion, and rotation. However, the degree to which the 
spine is capable of these movements varies by region. These regions, including the 
cervical, thoracic, lumbar, and sacrococcygeal spine, form four curvatures (Fig. 1.1). 
The thoracic and sacrococcygeal curvatures are established during the fetal period 
while the cervical and thoracic curvatures develop during infancy. The cervical cur-
vature is established in response to holding the head upright, while the lumbar cur-
vature develops as an infant begins to sit upright and walk. However, congenital 
defects and degenerative diseases can result in exaggerated, abnormal curvatures. 
The most common of these include kyphosis (hunchback deformity), lordosis 
(swayback deformity), and scoliosis. Scoliosis involves a lateral curvature of greater 
than 10  °, often accompanied by a rotational defect. To appreciate the potential 
underlying causes of scoliosis, we need to understand the cellular and genetic basis 
of spinal development and patterning. In this chapter, we will review the embryonic 
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development of the spine and associated muscles and the functional anatomy of 
these structures in the adult.

 Embryonic Origins of the Spine

The origins of the vertebral column, spinal musculature, and associated tendons are 
two rods of paraxial mesoderm that fill in the space on either side of the neural tube 
at the time of gastrulation. Beginning at 20 days post coitus, paraxial mesoderm 
undergoes segmentation in a rostral to caudal direction to form 42–44 pairs of 
somites, which can be subdivided into 4 occipital, 8 cervical, 12 thoracic, 5 lumbar, 
5 sacral, and 8–10 coccygeal somites. The first occipital and the last 5–7 coccygeal 
somites disappear during embryonic development. Each somite will differentiate 
into four cell lineage-specific compartments that contribute to the vertebral column 
and associated musculature, including the sclerotome (vertebrae and ribs), synde-
tome (tendons), myotome (skeletal muscle), and dermomyotome (dermis and skel-
etal muscle progenitor cells).

Fig. 1.1 Lateral view of 
the vertebral column, 
illustrating the spinal 
curvatures (Drawing by 
Brent Adrian)

A. Rawls and R. E. Fisher
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Somite formation can best be described as a continuous segmentation of mesen-
chymal cells from the rostral end of the paraxial mesoderm or presomitic mesoderm 
(PSM) that lays down the embryonic cells that will give rise to the axial skeleton. 
Intrinsic to this process is (1) an oscillating clock controlling the timing of somito-
genesis, (2) the formation of intersomitic boundaries, (3) mesenchymal to epithelial 
transition (MET), and (4) positional identity (e.g., rostral/caudal and dorsal/ven-
tral). Experimental disruption in any one of the processes in vertebrate model organ-
isms (e.g., mouse and chick) can lead to an axial skeletal dysmorphogenesis that is 
phenotypically consistent with scoliosis. The timing of somite formation and the 
determination of the site of boundary formation are established by the interactions 
between the Notch, Wnt, and FGF signaling pathways. Here we will focus on the 
morphogenetic events associated with the physical separation of PSM during for-
mation of the boundary, epithelialization, and positional identity.

 Establishing the Intersomitic Boundary

Boundary formation occurs as somitic cells pull apart from the adjacent 
PSM. Dependent on the animal, this varies from the simple cleavage of the PSM by 
fissures initiated along either the medial or lateral surfaces as seen in Xenopus and 
zebra fish to a more dynamic ball-and-socket shape with a reshuffling of cells across 
the presumptive somite-PSM boundary in chicks [57, 64, 74, 75, 163]. The activity 
is an intrinsic property of the PSM, as it will occur in explants in the absence of the 
adjacent ectoderm and endoderm [108]. However, the underlying mechanism(s) 
remains poorly understood. In studies carried out in chick embryos, the fissure can 
be induced by activated Notch receptors and is stabilized by the presence of Lfng 
[128]. Transcription factors Mesp2 (and its chicken homologue, cMeso1) and Tbx18 
have also been shown to play a role in forming boundaries [19, 124, 146, 152]. 
Ectopic expression of either cMeso1 or Tbx18 is sufficient to induce ectopic fissures 
in chick PSM. Additional signals derived from the ventral PSM coordinate fissure 
formation in the dorsal PSM, though the nature of the signal remains poorly under-
stood [127]. It is likely that the physical separation of cells at the fissure is related to 
differential changes in cell adhesion.

 Somite Epithelialization

Cells of the newly formed somites undergo an increase in cell number, density, and 
expression of extracellular matrix proteins (reviewed in [70, 151]), resulting in the 
condensation of mesenchyme into an epithelial ball, surrounding a mesenchymal 
core, called the somitocoele. This occurs in a gradual process with the cells along 
the rostral edge of somite 0 becoming epithelia at the time of boundary formation 
[46]. Epithelialization is complete with the formation of the next boundary (Fig. 1.2). 

1 Developmental and Functional Anatomy of the Spine
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The transcription factors paraxis and Pax3 are required to direct MET in cells of 
somite +1 [20, 21, 86, 130]. Inactivation of paraxis results in somites formed of 
loose clusters of mesenchyme separated by distinct intersomitic boundary forma-
tion (Fig.  1.2). This reveals that MET is not required for boundary formation. 
However, the two events are temporally linked, suggesting that they are both respon-
sive to the oscillating segmental clock. Candidate genes for linking the two are 
snail1 and snail2 (Snai1 and Snai2), which are expressed in oscillating patterns in 
the PSM [40]. Snail genes are transcriptional repressors that are able to block the 
transcription of paraxis and cell adhesion molecules associated with epithelializa-
tion [9, 10, 26, 40]. Overexpression of Snai2 will prevent cells from contributing to 
epithelium in somite +1. Thus, switching off snail gene expression may be essential 
for the timing of MET.

In contrast to boundary formation, signals from the surface ectoderm are required 
to induce MET and the expression of paraxis [38, 45, 80, 127, 128, 138]. Wnt sig-
naling has been implicated in regulating this process with Wnt6 and Wnt11 as the 
most likely candidates [55, 80, 129, 159]. Ectopic expression of Wnt6 is able to 
rescue somite epithelialization where the ectoderm has been removed. Further, 
Wnt6 is able to induce paraxis transcription through a beta-catenin-dependent man-
ner, predicting a mechanism of action [80].

Fig. 1.2 Schematic of 
mouse somite formation. 
Lateral view of somites 
budding off the rostral end 
of the presomitic 
mesoderm demonstrates 
the stepwise transition of 
mesenchymal cells to 
epithelium. By convention, 
the forming somite is 
labeled “0” and the newest 
somite is “+1”

A. Rawls and R. E. Fisher
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Somite epithelialization is associated with an increase in the expression of mem-
bers of the cadherin superfamily and cell adhesion molecules [45, 151]. These cell 
surface molecules participate in the formation of focal adhesion and desmosomes at 
the apical junction of epithelium. Inactivation of N-cadherin (Cdh2), alone or in 
combination with cadherin 11 (Cdh11), leads to the disorganization of the somite 
epithelium into small clusters of cells [58, 79, 116]. Functional inactivation of Cdh2 
through increased endocytosis has been implicated in the formation of the new 
somitic boundary. The protocadherin, PAPC, which is dynamically expressed in the 
forming somites regulated by Notch/Mesp2 signaling, promotes clathrin-mediated 
endocytosis and the internalization of Cdh2 [29, 119]. This disrupts homotypic 
interaction of cadherins between adjacent cells leading to a fissure that will become 
the somitic boundary.

The phenotypes of the cadherin mutations are not as severe as either the paraxis 
or Pax3, predicting that additional factors associated with cell adhesion are required 
for epithelialization. The most likely candidates are the genes involved in cytoskel-
etal remodeling. Likely targets are members of the Rho family of GTPase. In the 
chick, overexpression of Cdc42 promotes somitic cells to maintain their mesenchy-
mal state [103]. Both the inhibition and over-activation of Rac1 disrupt somite epi-
thelialization, demonstrating the sensitivity of the cells to disruption of this pathway. 
The activity of Rac1 cannot be rescued by paraxis predicting that Rac1 is acting 
downstream [103]. In the paraxis-null, localization of Rac1 is disrupted in the 
somites, and the regulation of the expression of Rac1 modifiers, including the gua-
nine nucleotide exchange factor, Dock2, is disrupted reinforcing a role for paraxis 
downstream of Rac1 [123].

Differential gene expression studies with paraxis-null somites revealed a signifi-
cant reduction in the expression of fibroblast activation protein alpha (Fap), encod-
ing a dipeptidyl peptidase that regulates fibronectin and collagen fiber organization 
in extracellular matrix [123]. Further, downstream genes in the Wnt and Notch sig-
naling pathways were downregulated in the absence of paraxis, predicting a positive 
feedback loops with both pathways.

 Rostral/Caudal Polarity of Somites

Spatial identity along the rostral/caudal axis is established in each somite at the time 
of its formation [3, 56]. Rostral/caudal polarity is essential for imposing the seg-
mental patterning of the peripheral nerves and the resegmentation of the sclerotome 
during vertebrae formation. This is regulated by an intricate feedback loop between 
cells in the rostral and caudal halves of the forming somite (somite 0). Consistent 
with the cyclical nature of somitogenesis, the feedback loop is also entrained with 
the oscillating segmental clock. Activation of the Notch pathway plays a central role 
in determining spatial identity. Disruption of Notch1, ligands Dll1 and Dll3, or 
modifying gene peptide-O-fucosyltransferase 1 (Pofut1) and presenilin-1 lead to the 

1 Developmental and Functional Anatomy of the Spine
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loss of rostral- and caudal-specific gene expression, fusion of the vertebrae, and 
disruption of the segmental pattern of the peripheral nerves [41, 47, 59, 73, 76, 104, 
131, 144]. Spatial identity of the rostral half of the somite requires the expression of 
Mesp2, which is transcribed in a broad domain that encompasses presumptive 
somite −1 before becoming restricted to the rostral half of the presumptive somite 
(somite 0) [124, 147]. Mouse embryos deficient in Mesp2 lead to expanded expres-
sion of caudal-specific genes and fused vertebrae. Transcription of Mesp2 is up- 
regulated by activated Notch in a Tbx6-dependent manner [166], which in turn 
represses transcription of the Dll1 ligand in the rostral domain through the tran-
scriptional repressor, Ripply2 [101]. In the caudal half of somite 0, Mesp2 transcrip-
tion is repressed by a presenilin-1-dependent manner [73, 148, 166].

Maintenance of rostral/caudal polarity after somite formation requires paraxis, 
which is associated with the regulation of somite epithelialization [65]. In paraxis- null 
embryos, the transcription pattern of Mesp2 and components of the Notch signaling 
pathway are unaltered in somite 0 and − 1. However, the expression of caudal-specific 
genes, such as Dll1 and Uncx4.1, is broadly transcribed in the newly formed somites. 
It has been proposed that paraxis participates in a cell adhesion- dependent mechanism 
of maintaining the intersomitic boundary between the rostral and caudal halves of the 
somite after their specification in the presomitic mesoderm [65].

 The Anatomy and Development of the Vertebrae 
and Intervertebral Discs

A typical vertebra consists of two parts: the body and the vertebral (or neural) arch 
(Fig. 1.3A). The vertebral body is located anteriorly and articulates with the adjacent 
intervertebral (IV) discs (Figs. 1.1, 1.3, and 1.4). Together, the vertebral body and arch 
form a central, vertebral foramen, and, collectively, these foramina create a vertebral 
canal that protects the spinal cord. In this section, the functional anatomy of the verte-
brae and IV discs in the adult and the genetic basis for their development in the embryo 
will be discussed.

Fig. 1.3 Features of a typical human vertebra. (A) Superior and (B) lateral view (Drawing by 
Brent Adrian)

A. Rawls and R. E. Fisher
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 Functional Anatomy of the Vertebrae and IV Discs

The vertebral bodies consist of a shell of compact bone surrounding a core of tra-
becular bone and red marrow. In addition, hyaline cartilage forms vertebral end 
plates on the superior and inferior surfaces of each body. The vertebral bodies, in 
conjunction with the IV discs, bear and transmit weight; as a result, the bodies 
increase in size from the cervical to the lumbar region (Fig. 1.1). However, as weight 
is then transferred to the lower extremities via the sacrum, the bodies subsequently 
decrease in size.

The vertebral arch is located posterior to the vertebral body and consists of two 
pedicles and two laminae (Fig. 1.3A). The superior and inferior notches of adjacent 
pedicles form the intervertebral foramina, which transmit the spinal nerves (Figs. 1.1 
and 1.3B). Disruption of these foramina (e.g., by a herniated disc) can compress the 
spinal nerves, leading to both sensory and motor deficits. In addition to protecting 
the spinal cord and spinal nerves, the vertebral arch also has a number of processes 
that provide sites for muscle and ligament attachment. The spinous process, located 
at the junction of the laminae, and the transverse processes, located at the pedicle- 
lamina junctions, provide attachment sites for ligaments as well as the erector spi-
nae and transversospinalis muscles (Fig.  1.3A–B). In addition, in the thoracic 
region, the transverse processes articulate with the tubercles of the ribs to form the 
costovertebral joints. Finally, the superior and inferior articular processes of adja-
cent vertebrae interlock to form the zygapophysial (or facet) joints (Fig. 1.4). These 
synovial joints permit gliding movements and their orientation largely determines 
the ranges of motion that are possible between adjacent vertebrae.

The morphology and the functions of the vertebrae vary by region. The cervical 
spine is composed of seven vertebrae (Fig. 1.1). The bodies are small, reflecting 
their relatively minor weight-bearing role, while transverse foramina are present for 
the passage of the vertebral arteries and veins. In addition, the articular facets on the 
superior and inferior articular processes face superiorly and inferiorly, promoting 

Fig. 1.4 Structure of the 
intervertebral disc 
(Drawing by Brent Adrian)

1 Developmental and Functional Anatomy of the Spine
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flexion, extension, lateral flexion, and rotation at the cervical facet joints. This 
region also includes two highly derived elements, the C1 and C2 vertebrae. The C1 
vertebra, or atlas, lacks a body and spinous process. Instead, it features two lateral 
masses united by an anterior and posterior vertebral arch. The superior articular 
facets of the atlas articulate with the occipital condyles of the skull to form the 
atlanto-occipital joints. These synovial joints allow for flexion and extension of the 
head. The C2 vertebra, or axis, features a dens or odontoid process; this process 
represents the body of the atlas that fuses with the axis during development. The 
dens process articulates with the anterior arch of the atlas to form the median 
atlanto-axial joint while the facet joints between the C1 and C2 vertebrae form the 
lateral atlanto-axial joints. Together, these joints allow for rotation of the head.

The 12 thoracic vertebrae are distinct in featuring costal facets on their bodies 
and transverse processes (Fig. 1.3B). Typically, a thoracic vertebral body articulates 
with the heads of two ribs, while the transverse process articulates with the tubercle 
of one of these ribs; altogether, these articulations form the costovertebral joints. 
These synovial joints serve to elevate and depress the ribs, thus increasing the 
anterior- posterior and transverse diameters of the thoracic cavity during respiration. 
In the thoracic spine, the superior and inferior articular facets face anteriorly and 
posteriorly (Fig. 1.3B), permitting rotation and some lateral flexion. However, the 
orientation of these facets, as well as the inferiorly directed spinous processes and 
the costovertebral joints, severely restricts flexion and extension of the thoracic 
spine. In contrast, the medially and laterally facing articular facets of the five lum-
bar vertebrae allow for a great deal of flexion and extension, but restrict rotation. 
The lumbar vertebrae also exhibit robust vertebral bodies and well-developed spi-
nous, transverse, and articular processes that provide attachment sites for ligaments 
as well as the erector spinae and transversospinalis muscles (Fig. 1.1).

The sacrum is typically formed by the fusion of five sacral vertebrae (Fig. 1.1). 
The sacral canal transmits the spinal roots of the caudal equina and ends at the sacral 
hiatus, an important landmark for administering a caudal epidural. In addition, pairs 
of sacral foramina transmit the ventral and dorsal rami of the sacral spinal nerves. 
The sacrum plays an important role in transmitting the weight of the body from the 
spine to the lower extremities; as a result, the sacroiliac joints are protected by 
extremely robust ligaments. The coccyx is typically formed by the fusion of four 
coccygeal vertebrae (Fig. 1.1). Although rudimentary in humans, the coccyx serves 
as a focal point for the attachment of the muscles of the pelvic floor as well as the 
sacrotuberous and sacrospinous ligaments.

Most of the vertebral bodies articulate superiorly and inferiorly with IV discs, 
forming secondary cartilaginous joints or symphyses (Fig.  1.4). However, an IV 
disc is not present between the atlas and axis, and the sacral and coccygeal IV discs 
ossify progressively into adulthood. Representing up to 25% of the total length of 
the spine, the IV discs act as shock absorbers and enhance spinal flexibility, particu-
larly in the cervical and lumbar regions [100]. The IV discs are responsible for 
resisting compressive loads due to weight bearing as well as tensile and shearing 
stresses that arise with movements of the vertebral column, such as rotation and 
lateral flexion. The thoracic IV discs are relatively thin and uniform in shape, while 

A. Rawls and R. E. Fisher
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the cervical and lumbar IV discs are wedge-shaped, contributing to the curvatures 
of the vertebral column (Fig. 1.1). Each IV disc is composed of an outer fibrocarti-
laginous ring, the annulus fibrosus, and a central gelatinous core, the nucleus pulpo-
sus (Fig.  1.4). Composed primarily of collagen fibers, the annulus fibrosus is 
characterized by a series of concentric layers, or lamellae (Fig. 1.4). The lamellae 
serve to resist the expansion of the nucleus pulposus during compression [25]. The 
nucleus pulposus is composed of water, proteoglycans, and scattered collagen 
fibers.

The vertebrae and IV discs are stabilized by robust spinal ligaments that function 
to restrict movements and to minimize the need for continual muscular contraction. 
The major spinal ligaments are illustrated in Fig. 1.5. The broad anterior longitudi-
nal ligament is situated on the anterior surface of the vertebral bodies and IV discs 
and extends from the sacrum to the occipital bone (Fig. 1.5). This ligament, which 
prevents hyperextension of the spine and anterior herniation of the nucleus pulpo-
sus, is especially prone to injury in the cervical region due to whiplash (hyperexten-
sion) injuries. The posterior longitudinal ligament is slender compared to its 
counterpart. It lies within the vertebral canal, on the posterior surface of the verte-
bral bodies and IV discs (Fig. 1.5). This ligament prevents hyperflexion of the ver-
tebral column and posterior herniation of the nucleus pulposus. In fact, due to the 
presence of the posterior longitudinal ligament, the nucleus pulposus tends to herni-
ate in a posterolateral direction.

While the anterior and posterior longitudinal ligaments traverse the length of the 
spine, the ligamenta flava connect the laminae of adjacent vertebrae (Fig.  1.5). 
These ligaments contribute to the posterior wall of the vertebral canal, thus helping 
to protect the spinal cord. The ligamenta flava are highly elastic, supporting the 
normal curvatures of the spine, resisting separation of the laminae during flexion, 
and assisting in extending the spine from a flexed position. The vertebrae are also 
held together by the intertransverse and interspinous ligaments, which connect adja-
cent transverse and spinous processes, respectively (Fig. 1.5). More superficially, 

Fig. 1.5 Major ligaments of the spine. Lateral view illustrating the ligamentum flava, supraspi-
nous, interspinous, and anterior and posterior longitudinal ligaments (Drawing by Brent Adrian)
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the robust supraspinous ligament binds the spinous processes together. In the neck, 
the supraspinous ligament merges with the ligamentum nuchae, a fibroelastic struc-
ture that extends from the cervical spinous processes to the occiput, forming a mid-
line raphe for muscle attachment [94]. The intertransverse, interspinous, and 
supraspinous ligaments help prevent hyperflexion and extreme lateral flexion of the 
vertebral column.

 Development of the Vertebrae

The axial skeleton is derived from the sclerotome compartment of the somites, 
which first appear during the fourth week of development in humans as the epithe-
lial cells in the ventral/medial quadrant of the somite undergo an epithelial-to- 
mesenchymal transition (EMT). These cells, along with the mesenchymal cells of 
the somitocoele, are initially specified to the chondrogenic lineage and form the 
cartilage models of the vertebrae (Fig. 1.6) (reviewed in [44]). Through endochon-
dral ossification, the cartilage is replaced by bone. The molecular events that regu-
late this process are similar to those that regulate the appendicular skeleton and part 
of the cranium. These pathways are reviewed elsewhere [81]. In this chapter, we 
will focus on the signaling events that influence patterning of the newly formed 
vertebrae.

The transition from sclerotome to vertebrae can be divided into distinct pro-
cesses for the ventral structures (vertebral body and intervertebral discs) and dorsal 
neural arch structures (pedicles, laminae, spinous and transverse processes) based 
on both cell origin and genetic regulation. Patterning along the dorsal/ventral axis is 
controlled by opposing gradients derived from the notochord and surface ectoderm 
overlying the neural tube. Sonic hedgehog (Shh) and the BMP inhibitor, noggin, 
have been identified as factors expressed in the notochord that are sufficient to pro-
mote the expression of the transcription factors Pax1, Pax9, and Mfh1 in the sclero-
tome [49, 53, 91, 110]. Pax1 and Pax9 are essential for the maintenance of 
sclerotomal cells [53]. Compound mutations of these two genes in the mouse lead 
to loss of the vertebral body and proximal ribs [111]. In addition to signals from the 
notochord, the polycomb genes Pbx1 and Pbx2 and bHLH genes paraxis and Mesp2 
are also required for Pax1 and Pax9 transcription [28, 149]. The homeodomain- 
containing genes, Meox1 and Meox2, that are essential for vertebrate development 
[84, 135] combine with Pax1 and Pax9 to activate the expression of Nkx3.2, a tran-
scriptional repressor that triggers chondrogenesis [121, 122]. Chondrocyte differen-
tiation is associated with the downregulation of Pax1 in the cells of the sclerotome. 
Though Pax1 is required for sclerotome specification, it is an inhibitor of chondro-
genesis through the inhibition of Sox9, Nkx3.2, Indian hedgehog, and aggrecan 
[150]. This dual role for Pax1 likely allows for further subdivision of the sclerotome 
as the cells that contribute the intervertebral disc and fail to undergo chondrogenesis 
maintain its expression.
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The formation of the vertebral body is dependent on the highly coordinated 
migration of sclerotomal cells both toward the midline and along the rostral/caudal 
axis (Fig. 1.6) (reviewed in [15]). Soon after EMT, cells from the ventral/medial 
sclerotome migrate toward the notochord. This is directed in part through an inter-
action with an extracellular matrix network (e.g., laminin, fibronectin, collagen I, 
aggrecan, and perlecan) radiating from the notochord [62]. Production of the matrix 
genes requires the expression of Sox5 and Sox6 [137]. Initially, the Pax1 + ve sclero-
tomal cells form an unsegmented sheath around the notochord that will give rise to 
both the future vertebral bodies and intervertebral discs. Segmentation appears as 
cells of the future intervertebral discs condense, and the intervening loose mesen-
chyme will give rise to the vertebral bodies [36]. The metameric pattern is also 
reflected in Pax1 expression, which is maintained in the future intervertebral disc 

Fig. 1.6 Sclerotome origins of the vertebrae. (A) A schematic of the differentiating somites 
demarcating the domains of the sclerotome that migrate to form the individual elements of the 
vertebrae. (B) A diagram of a thoracic vertebra. Vertebral body (VB; green), pedicle (P; yellow), 
transverse process (TP; yellow), lamina (L; blue) and spinous processes (SP; blue), proximal rib 
(PR; yellow), and distal rib (DR; orange)
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and lost from the vertebral body anlagen. This is believed to promote differential 
chondrocyte maturation in the vertebral bodies, while maintaining the intervertebral 
cell in a mesenchymal state [150].

The formation of the neural arches is more complicated as the pedicles and trans-
verse processes are derived from the central sclerotome while the lamina and spi-
nous processes originate from the dorsal/medial sclerotome (Fig.  1.6). They are 
further distinguished by their contribution from the rostral and caudal halves of the 
sclerotome, which are morphologically distinguishable at this time (Fig. 1.7A). The 
pedicles and transverse processes originate almost solely from the caudal domain 
and the spinous process from the rostral domain. While the pedicles and transverse 
processes are dependent on Pax1 for specification to the chondrogenic lineage, the 
lamina and spinous processes are dependent on Msx1 and Msx2 transcription. Thus, 
these structures still develop in Pax1/Pax9 double knockouts where the vertebrae 
are absent [111]. Msx1 and Msx2 transcription is induced by BMP2 and BMP4 
expressed in the surface ectoderm and roof plate of the neural tube [98, 99, 160]. 
SHH and the BMP’s are mutually antagonistic in their actions [113]. Ectopic expres-
sion of BMP2 or BMP4 on the dorsal neural tube will increase dorsal chondrogen-
esis while ectopic expression lateral to the neural tube inhibits chondrogenesis [154, 
160]. The corollary is also true with SHH-expressing cells grafted dorsally, inhibit-
ing Msx1 transcription and preventing chondrogenesis [160].

Resegmentation of the sclerotome is intimately linked to the specification of the 
rostral and caudal domains early in somitogenesis. As described previously, the 
interaction between the Notch signaling pathway and Mesp2 leads to the specifica-
tion of the rostral and caudal fate of the somite prior to overt segmentation. As such, 
the caudalization of the somite by inactivation of Mesp2 leads to fusion of the ver-
tebral bodies and neural arches along the length of the vertebral column [124]. In 
contrast, disruption of the somites’ caudal identity through inactivation of the Notch 
pathway leads to fused vertebral bodies and an absence of neural arches. Mutations 
in genes regulating this process have been identified as the cause of spondylocostal 
dysostoses, a heterogeneous group of disorders with severe axial skeletal malforma-
tion characterized radiographically by multiple vertebral segmentation defects 
(reviewed in [139]). Disruption of rostral/caudal polarity after somite formation has 
also been shown to impact resegmentation, though to a lesser extent. In paraxis- 
deficient embryos, ventral cartilage fails to segment into vertebral bodies and IV 
discs, while the lateral neural arches are unaffected [65].

 Rostral/Caudal Patterning

An additional layer of regulation is required to confer the distinctive regional char-
acteristics of the cervical, thoracic, lumbar, sacral, and caudal vertebrae. Members 
of the Hox transcription factor family have been strongly implicated in establishing 
positional identity of vertebrae along the rostral/caudal axis (reviewed in [161]). 
From classic studies in Drosophila, the Hox genes have long been known to 
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Fig. 1.7 Schematic of vertebral generation through sclerotome resegmentation. (A) Ventral view 
of the sclerotome, syndetome, and myotome compartments. The caudal half of the sclerotome 
grows into the rostral half of the adjacent somite. (B) Ventral view of the vertebral column with 
associated epaxial muscles and axial tendons. Shading represents the contribution of the rostral 
and caudal sclerotome to the vertebral bodies and transverse processes. The intervertebral disc 
forms at the site sclerotome separation. Note the relationship of the muscle and bone after 
resegmentation
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regulate segmental identity in the insect body plan [77]. Compound mutations that 
inactivate more than one gene of a paralogous Hox group in mice lead to rostral 
homeotic transformation of the vertebrae. This was first observed with Hoxa3/Hoxd3 
double mutant embryos, where the prevertebral elements that normally contribute to 
the atlas form a bone contiguous with the occipital bone [37]. Since this observa-
tion, similar homeotic transformations have been reported for paralogous mutations 
in the Hox5, Hox6, Hox7, Hox8, Hox9, Hox10, and Hox11 group genes [31, 88, 
156, 162]. Consistent with the colinear expression of these genes, the rostral homeo-
tic transformations effect successively more caudal vertebrae with the Hox11 paral-
ogous mutants displaying a transformation of sacral and early caudal vertebrae into 
a lumbar-like fate [162].

The positional identity conferred by the Hox genes during vertebral patterning is 
modified by members of the polycomb family and TALE class of homeodomain- 
containing transcription factors. The polycomb genes, Bmi and Eed, function as tran-
scriptional repressors that limit the rostral transcription boundary of individual Hox 
genes. Inactivation of these genes leads to a rostral shift in gene expression and trans-
formation of the vertebrae [72]. The TALE gene families, Pbx and Meis genes, are 
able to form dimer partners with the Hox genes, leading to modified transcription of 
target genes by altering DNA-specific binding specificity (reviewed in [96]). The 
TALE genes play a larger role in patterning, regulating the transcription of the 5 prime 
Hox genes by both a Hox-dependent and Hox-independent manner [11, 27, 82, 112].

 Formation of the IV Discs

An IV disc is comprised of a proteoglycan-rich nucleus pulposus, the annulus fibro-
sus, and cartilage end plates that adhere to the adjacent vertebrae that collectively 
redistribute the compressive force generated by the vertebral column. Though origi-
nally thought to be derived solely from the sclerotome of the somite [60, 95], the 
nucleus pulposus has been shown to be derived from the notochord [34]. As a result, 
we must now invoke a more complicated model for the development of the IV discs 
that requires the coordination of multiple independent signaling pathways.

The notochord is a rodlike structure running the length of the embryonic ventral 
midline, where it serves as a signaling center for the patterning of the central ner-
vous system, gut, and vertebral column. The notochord is comprised of highly vacu-
olated cells encapsulated in a sheath composed of collagen, aggrecan, fibronectin, 
laminin, cytokeratin, and sulfate glycosaminoglycans (GAGs). Components of the 
sheath including aggrecan and more than 100 sulfated GAGs are also found in the 
nucleus pulposus, where they maintain the osmolality essential for giving the tissue 
its gel-like characteristics [107, 134]. The signaling pathways that are required for 
nucleus pulposus formation remain poorly understood. Some insight has come from 
the study of Shh, which is required for the integrity of the notochordal sheath and 
cell proliferation [33]. In complete and conditional mutations, notochordal cells fail 
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to properly migrate to the nucleus pulposus [35]. Sheath stability and ultimately 
maintenance of the notochord are dependent on Sox5/Sox6 and Foxa1/Foxa2 expres-
sion [83, 137]. Single mutations in either of the Sox or Foxa genes did not have 
notochord defects, suggesting functional redundancy of sister genes. In the case of 
Foxa, the proteins have been shown to bind to the Shh promoter predicting a role in 
regulating the Shh pathway [63].

The annulus fibrosus of an IV disc forms from condensed mesenchyme derived 
from the somitocoele at the border of the rostral and caudal domains during reseg-
mentation [60, 95]. Somitocoele cells cannot be replaced by sclerotomal cells 
derived from EMT in forming the IV disc predicting specification of a distinct lin-
eage, now called the arthrotome [95]. Development of the annulus fibrosus and its 
maintenance in adults is dependent on members of the TGF-beta superfamily. 
Inactivation of TGF-beta type II receptor (Tgfbr2) in type II collagen expressing 
cells results in an expansion of Pax1/Pax9 expression and the loss of IV discs [8]. 
GDF-5 and BMP-2 promote cell aggregation and expression of the chondrogenic 
genes instead of osteogenic genes in the IV discs [78, 167].

 The Anatomy and Development of Spinal Muscles

A number of muscle groups act upon the spine. Those located anterior to the verte-
bral bodies act as flexors, including longus capitis and colli, sternocleidomastoid, 
psoas major, and rectus abdominis. In contrast, the extensors of the spine are located 
posterior to the vertebral bodies and include the splenius, erector spinae, and trans-
versospinalis muscles (Fig. 1.8). Lateral (side to side) flexion is achieved by the 
scalenes, sternocleidomastoid, splenius capitis and cervicis, and the erector spinae 
in the cervical region and quadratus lumborum, transversus abdominis, the abdomi-
nal obliques, and the erector spinae in the lumbar region. While flexors of the spine 
are innervated by the ventral rami of spinal nerves or the spinal accessory nerve (CN 
XI), the extensors are innervated by the dorsal rami of spinal nerves. Since the lat-
eral flexors include members from both of these groups, their innervation varies. 
The term “spinal muscles” typically refers to the dorsal rami innervated splenius, 
erector spinae, and transversospinalis muscles. In this section, the functional anat-
omy of the spinal muscles and the genetic basis for their development in the embryo 
will be discussed.

 Functional Anatomy of the Spinal Muscles

Splenius capitis and cervicis occupy the posterior aspect of the cervical region, deep 
to the trapezius and the rhomboids (Fig. 1.8A). They take origin from the ligamen-
tum nuchae and cervical and thoracic spinous processes and insert onto the mastoid 
process and occipital bone (capitis) or the cervical transverse processes (cervicis) 
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(Fig. 1.8A). Bilateral contraction of splenius capitis and cervicis extends the head 
and cervical spine while unilateral contraction laterally flexes and rotates the neck 
to the ipsilateral side.

Lying deep to the splenius layer, the erector spinae consist of three longitudinal 
columns of muscle (Fig. 1.8A). These muscles arise via a common tendon from the 
iliac crest, sacrum, and lumbar spinous processes. From lateral to medial, the col-
umns include (1) iliocostalis, which attaches to the ribs and cervical transverse pro-
cesses; (2) longissimus, which attaches to the ribs, thoracic and cervical transverse 
processes, and mastoid process; and (3) spinalis, which spans adjacent spinous pro-
cesses and terminates on the occipital bone. Unilateral contraction of the erector 
spinae muscles laterally flexes and rotates the spine to the ipsilateral side while 
bilateral contraction extends the spine.

The transversospinalis muscles lie deep to the erector spinae. These muscles 
occupy the region between the transverse and spinous processes and include the 
semispinalis, multifidus, and rotatores muscles (Fig. 1.8B). The semispinalis mus-
cles are located in the thoracic and cervical regions, while the rotatores are promi-

Fig. 1.8 Muscles of the back. (A) On the left, the superficial splenius muscles; on the right, the 
erector spinae muscles, including iliocostalis, longissimus, and spinalis. (B) On the left, the trans-
versospinalis muscles, including semispinalis, multifidus, and rotatores; on the right, the levatores 
costarum, intertransversarii, and interspinales muscles (Drawing by Brent Adrian)
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nent in the thoracic region. In contrast, the multifidus extends along the length of the 
spine but is most developed in the lumbar region. Unilateral contraction of the trans-
versospinalis muscles rotates the spine to the contralateral side, while bilateral con-
traction extends the spine. These muscles also stabilize adjacent vertebrae and may 
have a proprioceptive function [23, 100].

Deep to the erector spinae are the levatores costarum, intertransversarii, interspi-
nales, and the muscles of the suboccipital triangle (Fig. 1.8B). The levatores costa-
rum are located between the transverse processes and the ribs and act as accessory 
muscles of respiration. The intertransversarii and the interspinales span the trans-
verse and spinous processes, respectively, and help stabilize the spine. Finally, 
among the muscles of the suboccipital triangle, the rectus capitis posterior major 
and minor and the superior oblique extend the atlanto-occipital joints, while the 
inferior oblique rotates the atlanto-axial joints.

The extensor muscles of the spine may contribute to either the initiation or the 
progression of scoliotic curves [30, 50, 85, 92, 157]. Asymmetry of the spinal exten-
sors, especially multifidus, has been reported in individuals with idiopathic scolio-
sis, including different degrees of hypertrophy, atrophy, fiber type distribution, 
centralization of nuclei, electromyographic activity, and disruption of sarcotubular 
and myofibrillar elements [1, 7, 22, 24, 30, 32, 50, 52, 71, 85, 92, 118, 120, 125, 
140, 165, 168, 169]. Whether these conditions are responsible for the development 
of idiopathic scoliosis, its progression, or both, is unclear.

 Development of Spinal Muscles

The spinal muscles that function to stabilize and extend the vertebral column are 
derived from the dorsal half of the myotome, from the occipital, thoracic, lumbar, 
and sacral somites. The origins of spinal muscles lie within a highly mitogenic myo-
genic progenitor cell (MPC) population located in the dorsomedial margin of the 
dermomyotome. These cells migrate subjacently to a space between the dermomyo-
tome and the sclerotome where they exit the cell cycle and differentiate into mono-
nucleated myocytes (Fig.  1.6, [43, 105]). The myotome expands along both the 
medial/lateral and dorsal/ventral axes by successive waves of MPC migration from 
the dermomyotome [42, 43, 66, 106]. This is followed by fusion of the myocytes 
into the multinucleated myotubes and morphogenic remodeling into the pattern of 
the adult spinal muscles [158].

The genetic basis of skeletal muscle development has been an area of intense 
study. The myogenic bHLH transcription factor family, including MyoD (Myod1), 
myf-5 (Myf5), myogenin (Myog), and MRF4 (Myf6), has been shown to be essential 
to initiate and maintain the myogenic program in cells fated to the myogenic lin-
eage. The phenotypes of individual and compound null mutants reveal that these 
factors can be split into a specification subclass (myf-5 and MyoD) and a differen-
tiation subclass (myogenin and MRF4). Interaction between the myogenic bHLH 
factors and members of the myocyte enhancer factor-2 (MEF2) family of MADS- 
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box transcription factors enhance muscle differentiation by increasing affinity of 
DNA binding and expanding the number of target genes that can be activated 
(reviewed in [4, 97]). The activity of Mef-2 and the myogenic factors are controlled 
in part by their association with chromatin remodeling proteins histone acetyltrans-
ferases (HATs) and histone deacetylases (HDAC) that promote and repress muscle- 
specific transcription, respectively. Calcium/calmodulin-dependent protein kinase 
(CaMK)-dependent phosphorylation of HDAC5 leads to its dissociation with MEF2 
and transport out of the nucleus [89, 90]. Acetylation of MyoD and myf-5 through 
p300 or PCAF increases affinity of the transcription factors for its DNA target and 
promotes transcription of myogenin and MRF4 as well as induces cell cycle arrest 
[109, 115, 126].

Specification of MPCs within the somite fated to become the epaxial muscles is 
dependent on paracrine factors secreted by adjacent tissues. These signals direct the 
competence of the cells to initiate the myogenic program and promote the amplifi-
cation of these committed progenitor cells in the dorsal/medial lip of the dermo-
myotome. Because of its role in specification, initiating Myf5 transcription has been 
used as a readout of specification. A combination of sonic hedgehog (Shh) secreted 
from the notochord and Wnts from the dorsal neural tube and surface ectoderm are 
implicated in this process [14, 39, 117]. Based on explant experiments, Wnt1 is able 
to induce the transcription of Myf5 [145]. The activity is transduced by frizzled 
receptors 1 and 6 through the canonical β-catenin pathway [12]. The role of Shh in 
specification was first predicted by the absence of Myf5 expression in the region of 
the epaxial myotome in Shh null embryos [13]. Further, mutations in Gli transcrip-
tion factors, which transduce Shh signaling, also display a deficit in Myf5 expres-
sion [87]. Consistent with these observations, the Myf5 epaxial enhancer is 
dependent on a consensus binding sequence for Gli transcription factors and con-
sensus binding sequence for Tcf/Lef, the β-catenin cofactor [12, 142, 153].

Though the cellular events associated with establishing the early muscle masses 
are now well described, as well as the genetic basis for muscle differentiation, less 
is known about subsequent events associated with establishing individual muscle 
groups from these masses. Embryonic muscles experience rapid growth, while the 
early muscle masses in the dorsal body wall, limb, hypoglossal chord, and head 
undergo several morphological processes (splitting, fusion, directional growth, and 
movement) in order to establish the appropriate shape, position, and fiber orienta-
tion of neonatal muscle. Further, they must coordinate with the growth and differen-
tiation of tendons, ligaments, connective tissue, and skeletal elements to establish 
the appropriate origin and insertion sites on the bones. Patterning of muscle is 
dependent on innervation [164] and extrinsic signals from the surrounding tissue 
[61, 68]. This is mediated at least in part through mesodermal cells expressing Tcf4 
[68] and both intrinsic and extrinsic cues from members of the Hox gene family [2, 
6]. In addition, the occurrence of defects in the multifidus muscles of mice with 
Lfng and Dll3 mutations suggests a previously unappreciated role for Notch signal-
ing in the patterning of the spinal muscles [51]. However, a clear understanding of 
the combination of local and global signals that directs individual and functional 
groups of muscles remains poorly understood.
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 Tendon Development

Tendons consist of fibroblast-like cells, called tenocytes, encased in a complex of 
collagen fibrils comprised of type I, III, IV, V, and VI collagen, Tenomodulin, and 
sulfated proteoglycans, including decorin, biglycan, fibromodulin, lumican, and 
aggrecan [133]. The embryonic formation of tendons occurs through the alignment 
of tenocytes along a linear track, followed by the deposition of the collagen fibrils. 
Tenocytes in mature tendon are thought to be in a non-proliferative quiescent state, 
with additional growth associated with an increase in collagen production [67]. 
Repair of tendons appears to be dependent on a localized stem cell population pre-
dicting an approach to injury repair similar to skeletal muscle [141].

The coordinated development of tendons along with muscle and skeletal ele-
ments is essential to the proper functioning of the musculoskeletal system [18]. 
However, the cellular origins of tendons and the regulator pathways that control 
their specification and differentiation are poorly understood. The identification of 
the bHLH transcription factor, scleraxis, as a tendon-specific marker accelerated 
research in this area [155]. Consistent with its intimate relationship to the epaxial 
muscles and vertebrae, the axial tendon is derived from a subdomain of the somite 
referred to as the syndetome, which is located between the myotome and sclerotome 
(Fig. 1.7) [17, 132]. The syndetomal cells are derived from an interaction between 
the sclerotome and myotome. Expression of Fgf4 and Fgf8 in the myotome is both 
necessary and sufficient for scleraxis expression in sclerotomal cells in the future 
syndetome region [17, 18]. Within the sclerotomal cells, the FGF induces an ERK 
MAP kinase-mediated cascade that requires activation of the ETS transcription fac-
tor, Etv4/Pea3 [16, 136]. It appears that there are also inhibitory signals generated 
from the sclerotome that limit the size of the syndetome. Overexpression of Pax1 
reduces the scleraxis expression domain in the sclerotome, a compound mouse 
mutation in Sox5/Sox6 lead to an expansion of the scleraxis-expressing domain [18].

Several regulators have been identified that are essential for tenocyte differentia-
tion as well as tendon maturation and maintenance leading to a simple model for 
tendogenesis. TGFβ and FGF signaling specify tenocytes from mesenchymal pro-
genitors in part by the induction of the bHLH transcription factor, Scleraxis (Scx) 
[48, 114]. This is followed by the expression of Mohawk (Mkx) and early growth 
response factors 1 and 2 (Egr1 and Egr2) in tenocytes. These genes are maintained 
in the tendons after birth, while Scx transcription levels diminish [133]. This pre-
dicts distinct functions for the three transcription factors that ultimately promote the 
expression of elements of the collagen fibrils associated with tendon development 
and adult maintenance and repair [5].

Targeted null mutations in mice have been leveraged extensively to determine 
the function of these genes in tendogenesis. Inactivation of Scx (Scx−/−) resulted in 
a significant loss of tendons in the limbs, trunk, and tail [102]. However, this did not 
eliminate all tendons, suggesting the presence of additional factors that are differen-
tially used in tenocyte differentiation. In contrast, Mkx−/− mice displayed a 
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 reduction in tendon mass through hypoplastic tendon fibers but no reduction in 
tenocyte numbers [102]. This was recapitulated in rats, where Mkx was inactivated 
using the CRISPR-Cas9 system, suggesting an essential role for the gene in tendon 
maturation [143]. Egr1 and Egr2 mutations lead to a reduction of collagen fibrils 
and the expression of Scx and Mkx in embryonic tendons consistent with providing 
positive feedback in the tendon signaling cassette. It is important to note that none 
of these mutations lead to a complete ablation of tendon development. This predicts 
functional redundancy or the existence of additional regulators that have not yet 
been identified.

In adults, tendons participate in homeostatic sensing that matches force- 
transmission capacity to mechanical load through a mechanical sensing system. 
This leads to the differentiation of mesenchymal stem cells associated with the ten-
don to tenocytes [69]. This appears to recapitulate the embryonic signaling pathway, 
as it requires Scx, Mkx, and Egr1 [54, 69, 93]. The general transcription factor II-I 
repeat domain-containing protein 1 (Gtf2ird1) has been found to be important in 
mechanical sensing. In response to stretching, Gtf2ird1 translocates to the nucleus 
from the cytoplasm where it induces Mkx expression [69]. Interestingly, extreme 
stretching leads to tendon damage and a reduction of tendon-specific gene expres-
sion and an increase in osteogenic and chondrogenic gene markers [93]. This can be 
recapitulated under conditions of mild stress, including the expression of Sox6, 
Sox9, and aggrecan, by inactivation of Mkx [143]. This predicts that Mkx plays the 
dual role of promoting tendon differentiation and preventing chondrogenesis.

 Summary

The vertebral column, spinal musculature, and associated tendons arise from par-
axial mesoderm which undergoes segmentation in a rostral to caudal direction to 
form pairs of somites. Each somite differentiates into four cell lineage-specific com-
partments that contribute to the spine, including the sclerotome (vertebrae and ribs), 
myotome (skeletal muscle), dermomyotome (dermis and skeletal muscle progenitor 
cells), and syndetome (tendons). The timing of somite formation and the determina-
tion of the site of boundary formation are established by the interactions between 
the Notch, Wnt, and FGF signaling pathways. In this chapter, we focused on three 
essential aspects of somite formation and patterning, including the establishment of 
the intersomitic boundary, somite epithelialization, and rostral/caudal polarity, and 
the subsequent development of the vertebrae, IV discs, and associated spinal mus-
cles and tendons.

The vertebrae are derived from the sclerotome compartment of the somites. The 
transition from sclerotome to vertebrae can be divided into distinct processes for the 
ventral structures (vertebral body and intervertebral discs) and dorsal neural arch 
structures (pedicles, laminae, spinous and transverse processes) based on both cell 
origin and genetic regulation. An additional layer of regulation, via members of the 
Hox transcription factor family, is required to confer the distinctive regional 
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 characteristics of the cervical, thoracic, lumbar, sacral, and caudal vertebrae. The IV 
discs, comprised of a nucleus pulposus, annulus fibrosus, and cartilage end plates, 
were originally thought to be derived solely from the sclerotome, but the nucleus 
pulposus has been shown to be derived from the notochord. As a result, we must 
now invoke a more complicated model for the development of the IV discs that 
requires the coordination of multiple independent signaling pathways such as the 
Shh and TGF-beta superfamily.

The spinal muscles that function to stabilize and extend the vertebral column are 
derived from a highly mitogenic myogenic progenitor cell population located in the 
dorsomedial margin of the dermomyotome. These cells migrate to a space between 
the dermomyotome and the sclerotome where they exit the cell cycle and differenti-
ate into mononucleated myocytes, forming the myotome. Though the cellular events 
associated with establishing the early muscle masses are now well described, as 
well as the genetic basis for muscle differentiation, less is known about the events 
leading to the development of individual and functional groups of spinal muscles. 
The tendons associated with these muscles are derived from a subdomain of the 
somite referred to as the syndetome, which is located between the myotome and 
sclerotome. The cellular origins of tendons and the regulator pathways that control 
their specification and differentiation are also poorly understood, although recent 
work in this area has identified several regulators, such as TGFβ and FGF signaling, 
as essential for tenocyte differentiation as well as tendon maturation and 
maintenance.
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Chapter 2
Environmental Factors and Axial Skeletal 
Dysmorphogenesis

Peter G. Alexander, Ricardo Londono, Thomas P. Lozito, and Rocky S. Tuan

 Introduction

Axial skeletal development is part of the complex, inclusive process of axial or 
midline development. It involves the interaction of many tissues including the 
embryonic notochord, neural tube, somite compartments, intersomitic angiopotent 
cells, and neural crest cells. These tissues give rise to the axial skeleton, interverte-
bral discs, spinal cord, trunk musculature and dorsal dermis, intervertebral arteries, 
and spinal ganglia. Development of these tissues occurs in an interdependent and 
hierarchical manner over an extended period of time. These characteristics may 
make the axial skeleton disproportionately susceptible to environmental influence, 
accounting for the high incidence of axial skeletal defects among live and stillbirths. 
It may also account for the many manifestations axial skeletal defects observed.

Data show that the axial skeleton is one of several organ systems with a high 
frequency of abnormality, 1 in 1000 live births [27, 39, 50, 93, 147, 154], and a very 
low heritable component, estimated to be between 0.5 and 2%. Congenital axial 
skeletal defects may occur in isolation or as a component of more widespread syn-
dromes or sequences [39, 50, 93, 154] (Table 2.1). It is estimated that the skeletal 
defect is accompanied by an intra-spinal neural defect in 40% of cases. In addition, 
approximately 50–60% of cases of congenital scoliosis suffer additional congeni-
tal defects in other organ systems including urogenital and cardiovascular systems 
(approximately 20% and 10–12%, respectively) and gastrointestinal and limb 
defects (2–5%). These combinations of congenital defects and their frequencies 
are reflective of the degree of concurrent development of the different organ 
systems.
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Table 2.1 Genetic syndromes that are characterized by scoliosis

A representative list of recognized genetic syndromes that may include vertebral anomalies
Syndrome Features

Alagille syndrome (autosomal 
dominant)

Neonatal jaundice, cholestasis, peripheral pulmonic stenosis, 
occasional septal defects, and patent ductus arteriosus, 
accompanied by abnormal facies, ocular, vertebral, and 
nervous system abnormalities

Bertolotti syndrome Sacralization of the fifth lumbar vertebrae with sciatica and 
scoliosis

Caudal dysgenesis syndrome Failure to form part or all of the coccygeal, sacral, and lumbar 
vertebrae and corresponding spinal segments with 
malformation and dysfunction of the bowel and bladder

Cerebrocostomandibular 
syndrome
(autosomal recessive)

Severe micrognathia, severe costovertebral anomalies 
including bell-shaped thorax, incompletely ossified, aberrant 
rib structure, abnormal rib connection to the vertebral body. 
Accompanied by palatal defects, glossoptosis, pre- and 
postnatal growth deficiencies, mental retardation

Coffin-Siris syndrome Hypoplasia of the fifth fingers and toes associated with mental 
and growth retardation, coarse facies, mild microcephaly, 
hypotonia, lax joints, mild hirsutism and occasionally 
accompanied by cardiac, vertebral, and gastrointestinal 
abnormalities

Oculocerebral- 
hypopigmentation syndrome
(autosomal recessive)

Oculocutaneous albinism, micropthalmus, opaque corneas, 
oligophrenia with spasticity, high-arched palate, gingival 
atrophy, scoliosis

Jarcho-Levin 
syndrome(spondylothoracic 
dysplasia)
(autosomal recessive)

Multiple vertebral defects, short thorax, rib abnormalities, 
camptodactyly, syndactyly and accompanied by urogenital 
anomalies and respiratory dysfunction

Kabuki makeup syndrome Mental retardation, dwarfism, scoliosis, cardiovascular 
abnormalities, and facies reminiscent of a Japanese Kabuki 
actor

King’s syndrome (malignant 
hyperthermia)

Short stature, kyphoscoliosis, pectus carinatum, 
cryptorchidism, delayed motor development, progressive 
myopathy, structural cardiovascular defects

Klippel-Feil syndrome Reduced number of cervical vertebrae, cervical hemivertebrae, 
low hairline, reduced neck mobility

Lenz’s syndrome
(X-linked)

Microphthalmia, anophthalmia, digital anomalies, narrow 
shoulders, double thumbs, vertebral abnormalities, dental, 
urogenital, and cardiovascular defects may occur

Multiple pterygium syndrome
(autosomal recessive)

Pterygia of the neck, axillae, popliteal, antecubital, and 
intercrural areas, accompanied by hypertelorism, cleft palate, 
micrognathia, ptosis, short stature, and a wealth of skeletal 
anomalies including camptodactyly, syndactyly, equinovarus, 
rocker bottom feet, vertebral fusions, and rib abnormalities

Oculoauriculovertebral 
syndrome
(Goldenhar syndrome)

Colobomas of the upper eyelids, bilateral accessory auricular 
appendages, vertebral anomalies, facial bossing, asymmetrical 
skull, low hairline, mandibular hypoplasia, low-set ears, and 
sometimes hemifacial microsomia

(continued)
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While dramatic axial skeletal defects do occur in the context of syndromes and 
other anomalies, the majority of congenital spinal anomalies involve single struc-
tural defects of the spine and frequently few obvious coincident malformations or 
functional deficits [56, 93, 154], indicating that a time-dependent, tissue-specific 
insult may be involved. The complexity of axial skeletal development and the vari-
ety of axial skeletal defects suggest a variety of loci and mechanisms through which 
environmental factors may cause axial skeletal dysmorphogenesis.

Faced with the high social costs of resultant morbidity, it is critical to determine 
the possible impact any environmental factor may have on the embryo. Although 
many of the known human teratogens can produce axial skeletal defects, the etiol-
ogy of over half of observed axial skeletal defects is unknown and is assumed to be 
multifactorial, a combination of genetic susceptibility and environmental insult 
[39, 93]. This fact highlights the need for investigating the role of environmental 
factors, alone or in combination, in the production of this particular class of defects. 
Such study requires the convergence of at least two broad fields of study. The first is 
developmental biology, to understand the details of normal development and iden-
tify new markers, loci, and perhaps possible mechanisms of teratogenesis. The sec-
ond field is teratology, a discipline closely related to reproductive toxicology that 
involves assessing the impact of environmental factors on the new biological mark-
ers, loci, and mechanisms discovered and characterized in developmental biology.

 Vertebral Dysmorphogenesis in Human Congenital Scoliosis

Clinically, congenital scoliosis is defined as a spinal curvature of over 10% caused 
by a structural vertebral defect [50, 56, 154]). The abnormal spinal curvature is 
further defined by its anterior-posterior location and the plane of curvature: coronal 
for scoliosis and sagittal for kyphosis. The characteristic feature of congenital axial 
skeletal defects is the malformation of vertebral bodies or processes evident at birth. 
Broadly, these vertebral defects are clinically classified as either failures in forma-
tion and morphogenesis represented by hemivertebrae, wedge vertebrae, open ver-
tebral arches, bifid vertebrae, and vertebral agenesis or failures in segmentation 

Table 2.1 (continued)

A representative list of recognized genetic syndromes that may include vertebral anomalies
Syndrome Features

Rubenstein-Taybi syndrome Mental and motor retardation, broad thumbs and big toes, 
short stature, high-arched palate, straight, beaked nose, various 
eye abnormalities, pulmonary stenosis, keloid formation at 
surgical scars, large foramen magnum, vertebral and sternal 
abnormalities

VATER-VACTERL sequence Vertebral anomalies, anal atresia (cardiac abnormalities), 
tracheal fistula with esophageal atresia, renal defects (limb 
abnormalities)
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represented by unilateral unsegmented bars or block vertebrae (Fig. 2.1) [50, 56, 
53, 68, 93, 154]. Developmentally, these defects have their origin in somitogenesis, 
the initial manifestation of the vertebral column’s metameric segmentation.

 Normal Development of the Axial Skeleton

As discussed in other chapters of this volume, the axial skeleton is derived from the 
paraxial mesoderm, a primary germ layer, which undergoes the molecularly timed 
process of somitogenesis to produce blocks of tissue symmetrically arranged on 
either side of the midline neural tube and notochord (Table 2.2, Fig. 2.1) [38, 76, 186, 
198]. The somite is a transient embryonic structure that plays an important role in the 
patterning of the axial skeleton (comprised of vertebral bodies, ribs, and interverte-
bral discs) and its associated tissues: the hypaxial and epaxial muscles of the spine, 
the dorsal dermis of the trunk, and the intervertebral arteries. The morphogenic 
description of somitogenesis can be conceptually divided into several phases: pat-
terning, morphogenesis, differentiation, and growth and maturation [5, 38, 186, 204] 

Fig. 2.1 Different forms of congenital scoliosis: block vertebrae (a); unilateral bar (b); wedge 
vertebrae (c); multiple hemivertebrae (d); single, semi-segmented vertebrae (e); non-segmented 
hemivertebrae (f); incarcerated hemivertebrae (g). Defects in segmentation form block vertebrae, 
vertebral bars. Defects in formation form hemivertebrae and wedge vertebrae. (Adapted from 
Parke [158])
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under tight temporospatial control [164]. These are helpful classifications when 
characterizing and studying birth defects and their causes.

Among the tissues of the spine, the axial skeleton and its composite tissues 
undergo multiple rounds of patterning, differentiation, and growth events including 
somitogenesis, resegmentation, and ossification, among other processes. Briefly, 
the axial skeleton is derived from the sclerotome, the ventromedial quadrant of each 
somite. Cells of sclerotome are initially part of the epithelial somite. Shortly after 
expressing the paired-box gene Pax1 [16, 211], the cells de-epithelialize and relo-
cate themselves to surround the notochord. These cells then begin expressing Sox9, 
a chondrocyte-specific transcription factor, and producing prodigious amounts of 
cartilage matrix to form the cartilage anlage of the vertebral body [81]. There is a 
distinct polarity to the somite as it matures [204] that is consequential during reseg-
mentation, in which the posterior half of one somite merges with the anterior half 
of the posterior somite [37]. Together, these halves combine to form a vertebral 
body out of phase with the other tissue, characteristic of the vertebral motor unit 
[136, 214].

Development of the axial skeleton and the surrounding tissues occurs in an inter-
dependent and hierarchical manner over an extended period of time. This may make 
the axial skeleton disproportionately susceptible to environmental influence, 
accounting for the high incidence of axial skeletal defects among live and stillbirths. 
It may also account for the many manifestations of axial skeletal defects observed 
[53, 70]. Understanding these processes (the normal development of the spine) and 
their effects upon the surrounding tissues is important in deciphering the etiology of 
various forms of congenital scoliosis and the mechanisms by which environmental 
agents may initiate abnormal development.

Table 2.2 Developmental timing of the axial skeleton in the human embryo

Developmental feature
Day of 
gestation Other notable occurrences

Gastrulation 15 Neural plate formation
Notochord formation 17–19 Neural tube folding
First somite 19 Heart tube formation
Onset of neural tube fusion 22 Heart tube folding, optic and otic vesicle 

formation begins
Anterior neuropore closure 23–26 Embryonic circulation
Posterior neuropore closure 26–30 Forelimb bud
Sclerotomal segmentation 24–35
Notochordal segmentation 28–30
Last (30th) somite formed 32 Hindlimb bud, optic cup formed
All rib primordia evident 42–44
Chondrification of centra 36–42
Chondrification of ribs and laminae 40–44
Chondrification complete/onset of 
ossification

56–60
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 Experimental Axial Skeletal Teratology

Given that the majority of axial defects have no known genetic cause [39, 50, 56, 70, 
93, 154], the assumption must be made that there is an environmental component. 
The principles that aid in the definition of an environmental teratological agent were 
defined and popularized in the wake of the “thalidomide experience” and with some 
modification remain applicable today [106, 179, 199, 208, 218]. In establishing the 
role of an environmental agent in inducing a congenital axial skeletal defect, we 
know that it must first affect the development and function of axial tissues and those 
that influence their differentiation including the notochord, neural tube, paraxial 
mesoderm, and overlying ectoderm. Second, the exposure must occur somewhere 
between the fourth and tenth week of human gestation, or organogenesis, during 
which time gastrulation, neurulation, and somitogenesis occur (Table  2.2) [145, 
147]. Third, the target of the teratogen must play a necessary role in the affected 
developmental process (e.g., somitogenesis) by acting via a specific mechanism. 
Finally, we must observe a dose-response effect of the environmental agent on 
embryonic development in both frequency and degree that includes the graded man-
ifestations of abnormal development: death, dysmorphogenesis, inhibition of 
growth or developmental delay, and functional deficit.

In the etiology of scoliosis, target organs may include the paraxial mesoderm and 
somites, the neural tube and notochord, and the overlying ectoderm. For example, 
the patterning of the somite boundaries and the subsequent boundaries of differen-
tiation defined by integrated signaling pathways under the influence of the sur-
rounding tissues figure prominently. Morphological processes that may be affected 
include somitogenesis, neurulation, and gastrulation, which involve cell migration, 
epithelialization, and laminar fusion, as well proliferation and apoptosis. Finally, 
the differentiation, growth, and maturation of the axial skeletal elements may also 
play an important role (Table 2.3).

 Pathogenesis of Abnormal Axial Development

The identification of the structural defect in congenital scoliosis in the fetus or 
neonate remains an analysis conducted long after the initial pathogenic events 
inducing the malformation. Identifying and understanding the initial pathogenic 
event is a critical step in characterizing the mechanisms of teratogenesis, which 
can then lead to the development of appropriate interventions. Environmental 
insults to a developing organism occur at molecular or subcellular levels. While the 
list of possible environmental insults is very large, the insults may be translated 
into types of cellular responses that result in recognizable patterns of dysfunction 
of dysmorphogenesis among tissues and organs (Table 2.4).

Although teratogens are often discrete in nature (e.g., of known structure/composi-
tion and chemical characteristic), the determination of teratogenic mechanism is com-
plicated. The main reasons for this are as follows. First, not all the possible targets of a 
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teratogen have been identified, since many potentially affected targets remain unknown, 
i.e., normal developmental mechanisms still need identification and characterization. 
Related to this is the fact that it is highly unlikely that most teratogens act upon a single 
molecule or even a cellular pathway. Multiple mechanistic pathways may combine to 
produce a single pathogenic mechanism contributing to the resultant congenital defect. 
Second, our ability to monitor the effect of the teratogen on the biochemistry of indi-
vidual cellular targets is limited. Specifically, probes with sufficient sensitivity and 
specificity are unavailable for many processes and applications. Contributing to these 
issues is the fact that the amount of tissue available for study is usually very limited. 
Intertwined within these shortcomings is the difficulty of experimental interpretation, 
which varies with probe, detection methods, and the endpoint chosen.

Despite these complications, we can hypothesize several intracellular pro-
cesses that may be targets of teratogens. The teratogen generates its effects on the 
embryo often through a mode of molecular mimicry co-opting or undermining 
normal cellular processes such that they are activated, inactivated, or diverted in a 
manner inconsistent with developmental timing. Such processes include mitotic 
interference (mutagenesis and carcinogenesis), epigenetic changes (methylation 
and acetylation state), altered membrane function (composition or porosity), 

Table 2.3 Phases of somitogenesis in a stage 12 chick embryo and possible causal links between 
teratogen target tissues and hypothesized mature dysmorphogenesis

Stage 12 
chick  
embryo [78]

Transverse section/time  
of teratogenic insult Target tissue

Possible resultant 
dysmorphogenesis

1. Notochord Cleft vertebrae
2. Ectoderm/
neural tube

Vertebral element agenesis

3. Sclerotome Vertebral disc anomalies
Abnormal bone metabolism

1. Notochord Cleft vertebrae
2.Ectoderm/
neural tube

Vertebral agenesis

3. Somitic 
mesoderm

Hemivertebrae
Block vertebrae

4. Lateral 
plate 
mesoderm

Fused ribs
Bifid ribs

1. Chorda 
mesoderm/
notochord

Vertebral disc anomalies
Caudal agenesis

2. Paraxial 
mesoderm

Vertebral agenesis, 
hemi-block vertebrae

3. Ectoderm Block or hemivertebrae
Bifid or fused ribs
Vertebral agenesis

Labels: DSo differentiated somite, ESo epithelial somite, CSo condensed somite, PM paraxial 
mesoderm, NT neural tube, HN Hensen’s node, ECT ectoderm, END endoderm, NC notochord, 
DM dermomyotome, SC sclerotome, IM intermediate mesoderm, LM lateral plate mesoderm
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altered signal transduction, altered/inhibited energy metabolism, inhibition of 
waste (intermediary), metabolism, changed redox status, specific or general 
enzyme inhibition, and disturbances in nucleic acid synthesis, among many other 
possibilities. The cellular responses to these insults may be grouped into several 
common outcomes, including necrosis or apoptosis, reduced biosynthesis, failed 
cell/cell or cell/matrix interactions, impeded morphogenetic movement, and 
mechanical disruption of tissues. Ultimately, the final defect may be manifest via 
loss of cells or tissue or imbalances in growth and differentiation.

While specific mechanisms of many teratogenic insults remain largely unknown, 
the characterization of cellular responses has been more successful. One particularly 
well-characterized outcome is the correlation of tissue-specific patterns of cell death 
and impending malformation [79, 179, 199, 201, 226]. This correlation has high-
lighted several characteristics of teratogenic action including the principles that differ-
ent cell populations are sensitive to teratogenic insults at different time points, different 
agents target different tissues, and many teratogens expand areas of normal, develop-
mentally regulated cell death. The observed changes in normal cell death patterns 
indicate the target tissue and often play a role in the subsequent dysmorphogenesis 
[100, 162]; however, the apoptotic cells do not participate in subsequent tissue forma-
tion – thus the effect of the teratogen on the surviving cells is important and presumed 
to be related to the cause of cell death. Nonetheless, the increase in cell death serves 
as an early marker for the teratogenic action. As we learn more about development and 
toxicological responses on the molecular level, we will create more sensitive cell 
response markers that will allow greater resolution of the teratological action.

Table 2.4 Potential mechanisms, routes of pathogenesis, and ultimate morphogenetic outcome 
used by environmental teratogens in the induction of congenital malformation

Mechanisms → Pathogenesis → Pathway → final defect

Initial types of changes in developing 
cells or tissues after teratogenic insult:

Manifested as one or 
more types of abnormal 
developmental processes:

Resulting common 
pathway to final 
morphogenic defect:

Genetic mutation
Chromosomal damage
Epigenetic alteration Increased or decreased 

cell death
Mitotic interference Failed cell-cell 

interactions
Altered patterning

Nucleic acid synthesis/balance Reduced matrix 
biosynthesis

Abnormal 
morphogenesis

Altered enzymatic substrates,  
cofactors, etc.

Impeded morphogenic 
movements

Incomplete or 
imbalanced 
differentiation

Altered redox status Mechanical disruption of 
tissues

Disrupted membrane or cytoskeletal 
integrity
Altered signal transduction

Adapted from Wilson [218]
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 Overview of Agents and Conditions Associated with Axial 
Skeletal Teratogenesis

As stated above, axial skeletal malformations are often linked to exposure to terato-
genic conditions. The following summarizes the types of teratogens and teratogenic 
conditions associated with spinal malformations [183]. Detailed descriptions of 
some of these factors will be presented in the following sections.

 Recreational Teratogens

Recreational drugs such as alcohol and cocaine cigarettes are known to significantly 
reduce fetal and postnatal growth, significantly increase infant mortality, and cause 
congenital malformations of various types and severity.

 Pharmaceutical Teratogens

Most embryonic organs and the central nervous system are extremely sensitive to 
the teratogenic effects of pharmaceuticals such as thalidomide, diethylstilbestrol, 
retinoic acid, valproic acid, warfarin, lithium, nicotinic acid, and many 
chemotherapeutics.

 Industrial and Environmental Teratogens

Industrial processes required to fulfill the needs of growing populations worldwide 
release a substantial amount of waste products into the environment, with the toxi-
cological and teratogenic effect of many species as-yet uncharacterized. Among the 
chemicals with known teratogenic effects are organic solvents, arsenic, cadmium 
and lead anesthetic gases, and organic mercury.

 Agricultural Teratogens

Insecticides and herbicides are critical to providing nutrition to growing popula-
tions. Studies have determined that organochlorine insecticides such as DTT, para-
thion, and malathion may interfere with fertility and reproduction by mimicking 
estrogen-like compounds. Among herbicides, the by-product of Agent Orange 
2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) is highly teratogenic causing cleft 
palate and congenital renal abnormalities.

2 Environmental Factors and Axial Skeletal Dysmorphogenesis
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 Infectious Diseases

Microbial chemicals may act as teratogens. Microbes such as syphilis, cytomegalo-
virus, rubella, herpes, toxoplasma, and fifth disease affect 1–5% of all live births. 
These infections may cause a group of associated malformations known as the 
TORCH complex, as well as isolated structural defects and functional deficits.

 Metabolic Conditions

Some metabolic disorders, most prominently diabetes and hyperthermia, also 
induce congenital malformations in the embryos. Diabetic pregnancy increases the 
frequency of a wide variety of congenital defects over background including cardiac 
defects, eye and ear defects, renal defects, and functional deficits in addition to a 
high rate of congenital scoliosis, increased embryonic death, and lifelong metabolic 
disorders.

 Nongenetically Linked Conditions Characterized by Axial 
Skeletal Defects

 Spina Bifida

One group of malformations in which axial skeletal defects are prevalent is in the 
spectrum of neural tube defects. Neural tube defects are frequently classified accord-
ing to the severity of the neural lesion [147, 178, 184]. For example, spina bifida 
aperta (SBA) is associated with a failure of the neural arch to form over the underly-
ing spinal column and is considered the mildest of neural tube defects. The most 
severe type of neural tube defect includes the type that is represented by spina bifida 
operta (SBO), which is manifested by an open spinal column and failure of most of 
the associated vertebral elements to form. It is thought that the failure in neural tube 
development is the primary cause of this malformation and that the malformation of 
the vertebral body is secondary, underscoring the interdependence of neural tube 
and somitic mesoderm morphogenesis in normal development [143]. The etiology 
of these abnormalities has a well-characterized environmental component. They 
may be caused by dietary deficiencies in folate [221], by fetal exposure to anticon-
vulsants such as phenytoin and valproic acid [59], and ethanol, among other caus-
ative agents [42]. The incidence of spina bifida can be reduced even in high-risk 
populations through proper nutrition and supplementation with antioxidants such as 
folic acid.
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 The VATER Association

The VATER spectrum is a nonrandom association characterized by vertebral anom-
alies (V), anal atresia (At), tracheoesophageal (TE) fistula, and renal (R) anomalies 
[25, 39, 124]. This spectrum may also be associated with cardiovascular (C) anoma-
lies and limb (L) anomalies (VACTERL). The incidence of VATER in diabetic 
mothers is 200× higher than in the general population which occurs at a rate of 16 
per 100,000 births [39, 126, 160, 123]. Vertebral defects in this association can 
involve agenesis, hypoplasia, and hemivertebrae, often afflicting many contiguous 
vertebral units. As the acronym suggests, many associated tissues are affected.

The association of these different mesenchymal-derived tissues to the vertebral 
column and the timing of their development are critical to hypothesizing the origin 
and mechanism of the defect(s). Analyses of the frequency and co-occurrence of the 
features of VACTERL and other syndromes suggest that the anomalies can extend 
to various cranio-caudal levels suggesting a time dependency and critical period 
through a defect in a common mechanism of dysmorphogenesis [194, 197]. The 
VACTERL sequence can be conceptually included in a group of progressively 
severe spectrums of which it may be the most severe (Table 2.5). This broad spec-
trum of malformations has been coined the axial mesodermal dysplasia complex 
(AMDC) [197]. Some confounding features to any hypothesis are the broad range 
of defects sometimes involving tissues derived from all germ layers, its largely 
spontaneous occurrence, and low rate of subsequent inheritance.

There are two broad but related models currently employed to explain the etiol-
ogy of AMDC suggesting that the collection of defects may arise from a single 
environmental insult at a time early in post-implantation development [23]. In the 
first theory, the embryo at the time of early gastrulation is comprised of a single 
morphogenetic field, the primary developmental field [126, 146]. At this time the 
embryo responds essentially as a single, homogeneous entity. The primary effect of 
the insult is to affect growth (proliferation) within the embryo, drastically affecting 
the existence and position of organizing centers and tissue morphogenesis through-
out the embryo as this primary developmental field subdivides into secondary devel-
opmental fields that will give rise to the various organs and structures of the embryo 
including the axial skeleton [125]. If the insult occurs at this time, there is necessarily 

Table 2.5 Common features of different associations within the axial mesodermal dysplasia 
complex spectrum. Oculo-auriculo-vertebral (OAV), Polyoligodactyly-imperforate anus-vertebral 
anomalies syndrome (PIV), Pallister-Hall syndrome (PHS)

Malformation VACTERL VATER OAV PIV PHS

Vertebral X X X X
Imperforate anus X X X X
Craniofacial X X
Tracheoesophageal fistula X X
Renal abnormalities X X X
Limb anomalies X X X

2 Environmental Factors and Axial Skeletal Dysmorphogenesis



42

a broad range of structures affected (polytopic defects) often of mesenchymal origin 
but involving ectodermal and endodermal germ layers as well.

A second variant on the theory holds that the broad spectrum of defects reflects 
a common mechanistic cause in many tissues of a more heterogeneous entity com-
prised of multiple secondary developmental fields, such that different tissues of the 
embryo respond in specific manners to produce the wide spectrum of observed 
defects [24, 124]. The defect then is thought to lie more in mechanisms of pattern-
ing or morphogenesis as the insult or defect occurs slightly later in development. 
This latter variation on developmental field defects and the etiology of multiple 
congenital anomalies such as VATER appears to more easily explain the wide spec-
trum of cranio-caudal positions of the defects and the wide degree of severity 
observed in several multiple congenital defect associations by allowing for a longer 
critical period. Both theories have been characterized theoretically and statistically 
to the range of defects observed in infants born to diabetic mothers, one of the most 
frequently recognized “causative” factors of the VATER spectrum [126].

The high incidence of the VATER and other AMDC variants in diabetic mothers 
suggests an etiology that involves a fundamental metabolic imbalance in energy 
production or a dysfunction in a critical component of the embryonic stress response. 
Some investigators have suggested that the defects may arise from malformation or 
dysfunction of the notochord, which is critical to the establishment and mainte-
nance of embryonic axes and the patterning and differentiation of many mesenchy-
mal tissues [71]. It has been suggested that notochord mutants such as Brachyury or 
sonic hedgehog (Shh) knockouts could be used as models for VATER and AMDC 
[9]. We discuss the potential for energy metabolism dysregulation as the locus 
affected resulting in VATER in the context of diabetes-induced congenital scoliosis 
below.

 Environmental Factors That Cause Axial Skeletal 
Dysmorphogenesis

 Valproic Acid

Valproic acid (VPA) is an anti-epileptic drug which is associated with a 20-fold 
increased incidence of spina bifida, a neural tube defect, in children born to preg-
nant mothers undergoing VPA treatment [8, 103, 140, 149]. Experimentally, VPA 
has been shown to be teratogenic in mouse, rat, chick, hamster, rabbit, and rhesus 
monkeys [17, 18, 55, 82, 129, 210]. Skeletal abnormalities in these models were 
most commonly observed, involving vertebrae, ribs, digits, and craniofacial bones. 
These frequently occur in the context of other cardiovascular, urogenital, and neu-
rological anomalies that together comprise the fetal valproate syndrome [94, 155]. 
The axial skeletal defects can include presacral vertebrae and cervical and thoracic 
ribs, indicating possible homeotic transformations. The defects may also include 
structural vertebral defects, indicating segmentation defects.
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In general, the primary locus of teratogens causing spina bifida including VPA is 
believed to be the neural tube, resulting in failure of neural tube closure [207]. 
Subsequently, the neural arches are unable to fuse. However, vertebral defects such 
as block vertebrae and hemivertebrae sometimes coincident with a neural tube 
defect have also been observed following VPA exposure ([17]). More detailed stud-
ies have shown that important patterning genes, such as PAX1 and paraxis, are 
downregulated by the administration of VPA in chick embryos [15, 17]. The malfor-
mations produced by VPA can be mimicked through the administration of antisense 
deoxynucleotides during somitogenesis [15, 17]. This type of data confirms that 
dysregulation of these genes can be teratogenic but does not indicate a specific 
mechanism for how this may occur.

The downregulation of these genes may be caused by decreased signaling or 
reduced or delayed differentiation caused by increased reactive oxygen species 
(ROS) production or altered nucleic acid metabolism [57, 141], as suggested by 
studies showing that folic acid administration can significantly reduce the incidence 
of experimentally induced VPA axial skeletal defects [59, 75, 94]. More recently, 
VPA has been shown to also inhibit histone deacetylase activity at therapeutic lev-
els, and that this activity is correlated with axial skeletal defects and exencephaly 
[130]. In a comparison of the teratogenicity and changes in gene expression by VPA 
and Trichostatin A (TSA), many of the shared genetic effects were specific to skel-
etal and cardiac muscle, assigning a more specific mechanistic action of VPA to 
dysregulating epigenetic control which lead to altered gene expression.

 Hypoxia

Congenital vertebral anomalies have been produced in newborn animals experimen-
tally by transient hypoxia and transient exposure during the embryonic period [73, 
89, 172, 215]. In these studies, many gross vertebral and associated skeletal defects 
have been induced, including hemivertebrae, vertebral fusions, fragmented verte-
bral bodies, bifid ribs, or junctions of two or more ribs. The nature and extent of 
skeletal malformations induced have been dependent upon the precise stage of 
somite formation at the time when maternal stress has been induced. Hypoxia is 
thought to affect the early embryo through the induction of increased ROS homo-
topically (where ROS are already prominent) [57] and later through altered vascu-
larization [45, 72, 215]. Less well defined is the idea that hypoxia itself or its 
management is important in and of itself for morphogenic process or cell function 
during embryonic development [35, 185].

During early organogenesis as the embryonic circulation develops, the embryo is 
known to undergo a transition from anaerobic respiration to aerobic respiration [87, 
88, 119, 131]. Recent studies have confirmed that oxygenation and the cellular 
response to oxygenation as interpreted through expression patterns of heat shock 
proteins (protective chaperones) [54, 134], antioxidant (superoxide dismutases) [65, 
148, 216, 224, 225], and HIF1alpha expression [91, 92, 122, 133] vary between  
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different tissues of the embryo over time. Some of these variations have been cor-
related to periods of teratogenic susceptibility [65, 152]. In this transition, mito-
chondrial respiration may be inefficient producing higher-than-usual amounts of 
ROS at a time when embryonic defenses against ROS damage are not well devel-
oped [108, 150]. This combination can lead to excess ROS-induced cell stress and 
cell death [29, 47, 51]. One hypothesis is that those tissues undergoing energetically 
demanding process such as morphogenesis are most susceptible to the oxygenation 
transition, a hypothesis furthered in diabetic embryopathy [137, 222]. The neural 
tube and somitic mesoderm have been shown to have a higher metabolic activity 
[118, 119, 131, 132, 167] than surrounding tissues during early organogenesis, the 
time of greatest susceptibility to environmentally induced axial skeletal defects. 
Recent research has begun to focus specifically on the interaction of the genetic 
variation and environmental stressors, in which the processes of neurulation [66] or 
somitogenesis [196] may be targeted by hypoxic exposure.

 Carbon Monoxide

Early work studying the effects of hypoxia utilized carbon monoxide as a chemical 
hypoxic agent. Carbon monoxide (CO) is an odorless, colorless, non-irritating gas 
produced by the incomplete combustion of carbon containing materials. There have 
been no epidemiological studies of the direct effect of CO on human pregnancies 
[183]. However, there are several case reports and anecdotes suggesting that CO 
may be a teratogen in humans [116, 173]. Anecdotal accounts were given in Brander 
[173] and reported congenital malformations, such as microcephaly, micrognathia, 
and limb defects including hip dysplasia, tetraplegia, equinovarus, and limb reduc-
tion. Indirect epidemiological information can be obtained from the observations of 
pregnancy outcomes among women who smoke. Maternal smoking is associated 
with various adverse outcomes including low birth weight, decreases in successful 
births [62], and various behavioral defects which can be mimicked by CO alone in 
animal models [22].

There are a limited number of studies linking CO to congenital malformations. 
Early studies in chick, rabbit, and rat showed a causative relationship [14, 139]; 
however, later studies failed to confirm this connection [11]. More recent studies 
exploring threshold levels and critical periods related to CO-induced effects upon 
the embryo have documented CO-induced dysmorphogenesis [7, 13, 46, 58, 114]. 
CO exposures during early organogenesis, the critical period, resulted in vertebral 
anomalies, microphthalmia, and a phenotype similar to caudal dysgenesis syn-
drome. Such malformations have been reported with CO exposures administered 
during organogenesis in the context of other teratogens at sub-teratogenic levels 
[191, 192]. This may be a significant problem worldwide since acute carbon mon-
oxide exposures may be higher and more frequent than often reported [62, 168, 
171, 213].
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CO does impair oxygen delivery to and into cells by binding hemoglobin, myo-
globin, and other porphyrins; however, it may also function as a signaling molecule 
in the context of nitric oxide (NO) signaling [121]. When administered after the 
vascular system is developed, the axial defects caused by CO are attributed to vas-
cular leakage and subsequent mechanical disruption of developing tissue [14]. 
However, during early organogenesis, axial defects involve the reduction of impor-
tant segmentation genes including pax-1 and paraxis [7], resulting possibly in the 
impaired inductive interaction of the neural tube with the paraxial mesoderm with 
CO acting as a signaling molecule. Nitric oxide is known to regulate neurulation 
and other early embryonic processes [104], and CO can alter the production of NO 
in axial tissues [6]. The impaired interaction is likely due to a loss of cell function 
characterized or indicated by increased neural tube apoptosis and loss of neural 
tube-derived somite epithelialization signals.

 Diabetes

Maternal diabetes is known to have many teratogenic effects [2, 64, 151]. 
Malformations including neural tube defects, caudal dysgenesis, vertebral defects, 
congenital heart defects, femoral hypoplasia, renal and craniofacial anomalies are 
described in infants of diabetic mothers. Caudal regression syndrome is a severe 
condition characterized by agenesis, regression, and/or disorganization of the pos-
terior (sacral-lumbar) vertebrae and the malformation of the soft tissue at that level 
and below [23, 24, 126,  194]. It occurs 200 times more frequently in diabetic than 
in nondiabetic pregnancies [32, 61, 209]. Other major malformations of the midline 
are also much more frequent including VATER, OAV, and other major malforma-
tions. Together, these can be placed in a related and progressive spectrum of syn-
dromes and nonrandom associations belonging to the axial mesodermal dysplasia 
complex (AMDC).

Mouse models utilizing “diabetic environments” or hyperglycemia report various 
anomalies encompassing the full spectrum of embryonic embryopathy [4, 68, 152, 
194]. These models together reveal that hyperglycemia is sufficient to cause most of 
the defects observed in diabetic embryopathy including neural tube defects, axial 
skeletal defects, heart and craniofacial abnormalities, and lib and renal defects – 
although no individual model phenocopies the condition completely. At physiologi-
cal levels of hyperglycemia or ketosis, the most consistent outcome is a failure of 
anterior and posterior neuropore closure [85, 153, 177, 178, 180]. Researchers have 
determined that the diabetic environment increases ROS production in these regions 
of the neural tube and in the primordia of the organs listed above including cranio-
facial region, otic and optic cups, Hensen’s node, and the notochord, caused by the 
diabetic environment. Coincident with the high ROS are an increase in cell death 
and a decrease in Pax-3, a factor critical in neural tube closure [63, 115]. Application 
of folic acid and other antioxidants greatly reduced the incidence of ROS production 
[148], insipient cell death, and the reduction of Pax3 expression.
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The caudal agenesis/dysgenesis syndrome can be phenocopied by prolonged 
exposure to hyperglycemia, hyperketonemia, streptozotocin [61]. The myriad of 
defects in these severely affected animals indicate an early patterning event is dis-
turbed [83, 194]. The notochord is laid down during gastrulation and is responsible 
for dorsoventral and mediolateral patterning as well as survival of the mesoderm 
during axis elongation. High levels of cell death in the notochord are observed in 
severely affected animals, suggesting the notochord function is likely to be compro-
mised, and mutations in the T-box gene Brachyury [169] and disruption of Shh [99] 
and Wnt [161] signaling have been presented as possible models of caudal dysgen-
esis and other manifestations of ADMC.

The incidence and severity of malformations in diabetic pregnancies is corre-
lated with poor glycemic control in the first trimester and can be reduced by institut-
ing tight glycemic control prior to conception, and the evidence presented above of 
various antioxidants and insulin provides hope that a cocktail can be developed and 
delivered harmlessly to prevent the initiation of the diabetic embryopathic condi-
tion. While prevention of the condition appears at hand, the initial biochemical 
imbalance presents us with an interesting problem. The condition of hyperglycemia 
provides a “free” energy source that is readily available to the mitochondrion for 
ATP production [67], a condition opposite to hypoxia, in which ATP production in 
greatly decreased. A reasonable hypothesis incorporating these two conditions is 
that molecular regulation of any developmental process can be disturbed by abnor-
mal maternal fuel metabolism, and the timing of specific episodes of poor glycemic 
control determines which organ systems are affected.

 Retinoic Acid

Retinoic acid (RA) is an analogue of vitamin A commonly used to treat acne and 
other skin conditions. In humans, prenatal exposure results in a characteristic pat-
tern of defects including abnormalities in the ears, mandibles, palates, aortic arch, 
and central nervous system. In animal models, many similar defects are observed 
[77]. During organogensis, higher doses of RA can induce axial skeletal defects and 
homeotic transformations [96, 98, 176] and even axial skeletal truncations [156]. 
Deficiency of retinoic acid also results in axial dysmorphogenesis [111], consistent 
with a role of retinoic acid in normal embryonic spine development.

As a naturally occurring chemical and signaling molecule, RA is involved in 
many aspects of embryonic patterning, including the patterning of the somites. The 
teratogenic effects of retinoic acid above are consistent with the in situ expression 
of RA receptors [43, 90, 120] and metabolic-transforming enzymes [30, 144, 170, 
203] as well as the effect of knocking down these molecules in murine models. RA, 
its receptors, and CYP26 are expressed in the paraxial mesoderm and act as critical 
regulators in the coordination of the somitogenesis clock and HOX gene expression 
[49, 187]. At increasingly higher doses, it is hypothesized that RA interrupts tissue 
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morphogenesis and neural crest migration and ultimately cell death in morphogeni-
cally critical tissues such as the neural tube, notochord, and paraxial mesoderm, 
resulting in a phenotype similar to caudal dysgenesis syndrome [90].

 Hyperthermia

Exposure of the human fetus to high temperatures (e.g., 2 °C above normal), as in 
the case of high fever or prolonged hot tub usage, is associated with neural tube 
defects, heart defects, microphthalmia, and functional deficits [54, 74]. There is no 
epidemiological evidence suggesting heat shock causes axial skeletal defects in 
humans. In studying the mechanisms of heat shock teratogenesis in animal models, 
vertebral defects were observed in many species including mice, rats, and chicks 
[26, 80, 110, 135, 166]. The severity of these defects is correlated to the time and 
duration of exposure. Experimental studies in chick embryos revealed that at mod-
erate levels and exposure times (42 °C for 20 min), one or two adjacent segments 
were fused into a single large somite. This effect was repeated every seven to eight 
somites separated by normal somitogenesis [166]. This result suggested a cell 
cycle- dependent mechanism to the defect and to somitogenesis itself, prompting 
the proposal of a clock and wave-front model for the patterning process of somito-
genesis [165].

The response of the embryo to hyperthermia is very dependent upon the degree 
of temperature increase, its duration, and the stage at which the heat shock is expe-
rienced [74]. There is a steep threshold for embryonic survival and resorption, 
which suggests the general outcome of hyperthermia is embryonic resorption. At 
levels of hyperthermia inducing embryonic survival and malformation, tissue- 
specific cell death is observed. Investigators identified the induction of heat shock 
proteins (HSP) as a prominent feature of the embryonic response, including humans 
[36]. These molecular chaperones play important roles in regulating protein folding 
during normal cell function, but they also serve to protect cells from environmental 
insult. In the process, the HSP-bound proteins are not able to perform their function 
[28, 212]. During teratological doses of hyperthermia, the cell cycle is slowed, sug-
gesting a mechanism of the vertebral anomalies observed. Recently the mechanism 
of somitogenesis was shown to involve the tightly controlled, cyclic expression of a 
variety of proteins many belonging to the Notch/Delta signaling system [190]. 
During heat shock, some of these proteins or their targets may be bound by HSP, 
and we can hypothesize that this would disrupt the somatogenic clock resulting in 
disrupted pattern and ultimately vertebral defects. An important feature of the pro-
tective heat shock response then and its relation to teratogenesis is that their activa-
tion and function may reduce or delay tissue development or morphogenic actions. 
In fact, many teratogenic insults induce HSP activity, and as such HSP activation 
may be an underlying commonality in teratogenic mechanisms along with ROS 
production and apoptosis.
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 Arsenic

Arsenic is a metal pollutant found naturally in groundwater and unnaturally in mine 
waste sites, industrial by-products, and agricultural runoff. It is toxic to humans and 
is known to cause birth defects including spina bifida, craniofacial defects, and devel-
opmental retardation and to decrease birth weight and increase incidences of fetal 
mortality, miscarriage, and stillbirth [48, 217, 219]. In experimental animal models, 
arsenic is teratogenic in mice, rats, and chicks [19, 33, 48, 84, 112, 163], with neural 
tube defects being common among all of them [188, 205]. Its toxicity is greatly 
dependent on its redox state: arsenate vs arsenite. The structure of arsenate can mimic 
that of phosphate groups, imparting arsenate with the ability to disrupt various cell 
processes including nucleic acid metabolism, lipid metabolism, and electron trans-
port. Inefficiency electron transport can lead to high production of ROS which have 
documented cell destructive activities and teratogenic capacity [21, 86, 101, 113]. In 
addition, arsenate can be reduced to arsenite. The effects of arsenite on disruption of 
cell cycle and cytoskeletal structure have been attributed to its reaction to sulfhydryl 
groups [12, 107], which may account for its strong induction of the heat shock 
response [21, 69, 135]. In addition, arsenite can disrupt the citric acid cycle and elec-
tron transport via binding to thiol-group enzymatic active sites [48] and generating 
ROS and subsequent birth defects [109, 117, 182]. In fact, recent studies have identi-
fied chemicals that inhibit arsenic- induced cell and tissue responses in the embryo 
that also have antioxidant activity [3, 117, 195].

A disruption in the energy status of different tissues of the developing embryo is 
attributed to teratogenicity of arsenic causing similar malformations to those 
observed in hypoxic or hyperglycemic environment; however, arsenic has other dis-
tinctive effects on the embryo [48]. Arsenic and other metal compounds are very 
effective inducers of the heat shock response [21, 135], which may protect cells 
from molecular damage but induce birth defects in its own right via disruption of the 
cell cycle and other cyclic and time-dependent morphogenetic processes [220]. 
Recently, specific examples of arsenic effects on differentiation [105, 128], cell 
survival [193], and angiogenesis [44, 127] have been reported, disruption of which 
is known to cause congenital birth defects. In addition, cells surviving the initial 
arsenic insult may pass on genetic damage that contributes to subsequent carcino-
genic transformation later in ontogeny [21, 95]. These multiple, interacting mecha-
nisms may account for the wide range of malformations observed following acute 
arsenic exposure and increase susceptibility to other environmental insults at low, 
chronic exposure levels [138].

 Ethanol

Ethanol, widely consumed as a recreational drug, has long been strongly associated 
with teratogenesis as fetal alcohol syndrome (FAS). FAS is present in up to 1 in 3 
children of alcoholic mothers equal to 40,000 children per year [183, 206]. FAS 
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manifestations include growth deficiency, central nervous system problems, charac-
teristic facial features, and organ malformations. Features of FAS have been 
observed in animal models exposed to ethanol in utero or in vitro, including mice, 
rat, chick, and others [20, 34, 60, 157, 181, 183, 202, 223].

The mouse model has been a particularly effective model in elucidating the etiol-
ogy of ethanol-induced birth defects. One mechanism of ethanol-induced teratogen-
esis is through ethanol impaired placental blood flow to the fetus by constricting 
blood vessels and inducing embryonic/fetal hypoxia and malnutrition [189]. Since 
ethanol rapidly crosses the placenta into the fetus, there are other direct embryonic 
and fetal targets of ethanol. Ethanol has also been shown to increase cell death in 
critical cell populations including anterior neural folds and neural crest cells [40, 
52, 175, 201], which play critical role in the morphogenesis of the face. Neural crest 
cells are particularly vulnerable to ethanol, inducing delayed/altered migration and 
cell death [175].

Correlations have been made to increased ROS production within the neural 
crest population [102], mitochondrial dysfunction, and cell death in the etiology of 
ethanol and other teratogens [148]. The anterior neural tube and cranial neural crest 
have been the subject of intense scrutiny in the teratogenic mechanisms of ethanol; 
however, other tissues are also affected, including the eye, ear, heart, renal system, 
and axial skeleton [10, 31, 97, 159, 181, 200, 215]. With respect to the axial skele-
ton, investigators observed a misalignment or segmentation defect in ethanol-
exposed embryos. Despite the substantial morphological  difference with heat 
shock-treated embryos, the investigators suggested that the mechanism may be 
similar to heat shock [31], involving the induction of the stress response by increased 
ROS production.

 Methanol

Another alcohol, methanol, is an alcohol encountered frequently during industrial 
processes, and the effects of inhaled methanol during pregnancy were compared to 
inhaled ethanol [142] in rats. At the highest doses, increases in external, visceral, 
and skeletal malformations were observed. Skeletal malformations were the most 
prevalent and included vertebral abnormalities the increased incidence of cervical 
ribs. Other skeletal abnormalities caused by methanol have been observed including 
holoprosencephaly, facial dysmorphogenesis, basicranial malformation, duplica-
tions of the atlas and axis and cervical vertebral abnormalities, and abnormal num-
ber of presacral vertebrae [41, 174]. Initial cellular responses appear similar to 
ethanol at the level of tissue-specific cell death [1]. In contrast to ethanol, many of 
the axial skeletal defects indicate homeotic shifts in segment identity.
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 Conclusion

Advances in cell and molecular biology with respect to normal development and 
somitogenesis and the pathogenesis and mechanisms of teratogenesis are occurring 
at a tremendous rate. This allows teratologists and developmental toxicologists the 
opportunity to revisit old problems with new tools. Despite the large number of cel-
lular processes that may be disturbed by a teratogen, there are only a limited number 
of cellular and morphological outcomes. This has led investigators to strive for the 
identification of very defined critical periods and doses in a variety of model sys-
tems to aid in the identification of the initial targets of a teratogen and the true, 
hypothetically singular target molecule or process, as proposed by Wilson in 1956. 
Applying genomic and proteomic technologies to the problem of teratogenesis 
should begin reveal the full spectrum of cellular processes affected and elucidate 
links between variations in genotype and the effect of the environment on the phe-
notype that produce birth defects such as congenital scoliosis. The identification, at 
least in part, of this “holy grail” will aid in the development of new preventative 
treatments to a variety of teratogenic insults.
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Chapter 3
Congenital Scoliosis and Segmentation 
Defects of the Vertebrae in the Genetic 
Clinic

Peter D. Turnpenny

The group of disorders that is best understood in terms of causation and pathophysi-
ology is dominated by the family of conditions known as the ‘spondylocostal dys-
ostoses’ (SCD), where segmentation anomalies occur throughout the vertebral 
column. Beyond this, there are a very large number of rare syndromes that include 
SDV and for which the genetic basis has been elucidated through various genetic 
strategies, though the pathophysiology giving rise to SDV is often not understood.

Six Notch signalling pathway genes are now linked to autosomal recessive (AR) 
SCD, types 1–6, and one to autosomal dominant (AD) SCD  – type 5. SCD1 is 
caused by mutated delta-like 3 (DLL3) at chromosome 19q13.1; SCD2, and the 
severe spondylothoracic dysostosis (STD), is due to mutated mesoderm posterior 2 
(MESP2) at 15q26; SCD3 is due to mutated LFNG O-fucosylpeptide 3-beta-N- 
acetylglucosaminyltransferase (LFNG) at 7p22; and SCD4 is due to mutated hairy 
and enhancer of split 7 (HES7) gene at 17p13.2. SCD5, following autosomal domi-
nant (AD) inheritance, is due to mutated T-box 6 (TBX6) at 16p11.2, but bi-allelic 
mutations of TBX6 also give rise to a variety of phenotypes ranging from congenital 
scoliosis to SCD.  SCD6 is due to mutated transcriptional repressor RIPPLY2 at 
6q14.2, though in the first report the phenotype is distinct from other forms of SCD 
with segmentation defects affecting the posterior elements of C1–C4, with hemiver-
tebrae and butterfly vertebrae of T2–T7.

Klippel-Feil syndrome (KFS), characterized by fusion of the cervical vertebrae, 
also embraces much diversity. KFS1 and KFS3 are AD forms and due to mutated 
GDF6 (8p22.1) and GDF3 (12p13.3), respectively. KFS2 is AR and due to mutated 
MEOX1 (17q21). Vertebral segmentation anomalies are a variable feature of a wide 
variety of rare syndromes, but for a high proportion of the diverse radiological and 
developmentally aberrant phenotypes seen in clinical practice, the underlying cause 
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is unknown. Further progress will depend on identifying causative genes in familial 
cases of CS/SDV, or cohorts of subjects with similar phenotypes, using next- 
generation DNA sequencing. Several classifications for SDV, CS, and KFS have 
been proposed and they are described.

 Introduction

Prior to the molecular genetic era, our understanding of genetic risk was often 
derived from epidemiological studies, leading to the assembly of empiric data that 
would allow analysis of possible inheritance patterns and recurrence risks for the 
purpose of genetic counselling. In 134 infants with idiopathic scoliosis, and their 
first-degree relatives, Wynne-Davies (1975) [1] found approximately 3% of parents 
and 3% of siblings had the same, or a similar, deformity. Congenital heart disease 
occurred in 2.5% of these cases (population incidence ~6/1000 live births) and intel-
lectual disability in 13%, strongly suggesting an admixture of syndromic forms of 
CS. Genitourinary abnormalities were reported by Vitko et al. (1972) [2] in 37 of 85 
(43%) patients with CS, and Erol et al. (2004) [3] studied 81 patients with different 
forms of CS and SDV, 39 of whom were prospectively recruited and 15 (38%) were 
found to have multi-organ/syndromic associations, many of which fitted loosely 
into the oculo-auriculo-vertebral (OAV) (or Goldenhar) spectrum. Purkiss et  al. 
(2002) [4] studied 237 cases of congenital scoliosis and identified 49 where two or 
more family members had either congenital or idiopathic scoliosis, suggesting a 
much higher recurrence rate of 20.7%. There was also a history of idiopathic scolio-
sis in 17.3% of the families. Maisenbacher et al. (2005) [5] reported that 10% of 
congenital scoliosis cases described having first-degree relatives with idiopathic 
scoliosis. These risk data are diverse, and there is a need for more studies with 
clearer phenotypic stratification.

Table 3.1 lists rare syndromes that may include CS and/or SDV, along with the 
genetic basis, if known (possible associations also listed [6, 7]). Most are rare, and, 
where the genetic basis of these rare syndromes with segmentation anomalies is 
known, the mechanisms leading to abnormal vertebral formation are usually not 
elucidated. The most commonly encountered diagnostic groups in clinical practice 
are OAV/Goldenhar spectrum, VATER or VACTERL (vertebral, anal, cardiac, 
tracheo- esophageal, renal, and limb) association, MURCS (Müllerian duct aplasia, 
renal aplasia, cervicothoracic somite dysplasia) association, and maternal diabetes 
syndrome. The pathogenesis of these broad clinical groups is also poorly under-
stood. OAV spectrum disorders, for which there is no clear consensus regarding 
diagnostic criteria, has been investigated using whole exome sequencing. Variants 
in MYT1, which encodes the myelin transcription factor, were found in occasional 
cases of OAVS, the mechanism possibly involving the retinoic acid receptor β [8]. 
A recent review has highlighted clinical heterogeneity in OAVS and collated reports 

P. D. Turnpenny



65

Table 3.1 Some syndromes and disorders that include segmentation defects of the vertebrae

Syndromes/disorders OMIM Gene

Alagille syndrome 118,450 JAG1, NOTCH2

Atelosteogenesis type II (de la Chapelle dysplasia) 256,050 SLC26A2

Atelosteogenesis type III 108,721 FLNB

Campomelic dysplasia 114,290 SOX9

Casamassima-Morton-Nance syndrome 271,520
Caudal dysgenesis syndrome 600,145 VANGL1

Cerebro-facio-thoracic dysplasia 213,980 TMCO1

CHARGE syndrome 214,800 CHD7

‘Chromosomal abnormality’
Cleft-limb-heart malformation syndrome 215,850
Currarino syndrome 176,450 MNX1

22q11.2 deletion syndrome (DiGeorge syndrome / 
velocardiofacial syndrome)

188,400; 
192,430

Dyssegmental dysplasia, Rolland-Desbuquois type 224,400
Dyssegmental dysplasia, Silverman-Handmaker type 224,410 HSPG2

Facial dysmorphism with multiple malformations 227,255
Femoral hypoplasia-unusual facies syndrome 134,780
Fibrodysplasia ossificans progressiva 135,100 ACVR1

Goldenhar syndrome / Oculo-auriculo-vertebral (OAV) 
spectrum

164,210 MYT1

Incontinentia pigmenti 308,300 IKBKG

Kabuki syndrome 147,920 KMT2D, KDM6A

McKusick-Kaufman syndrome 236,700 MKKS

KBG syndrome 148,050 ANKRD11

Klippel-Feil syndrome 118,100 GDF6, GDF3, 
MEOX1

Larsen syndrome 150,250 FLNB

Lower mesodermal agenesis
Maternal diabetes mellitus
Mayer-Rokitansky-Kuster-Hauser syndrome 277,000 TBX6, WNT4 , 

WNT9B

MURCS association 601,076 TBX6

Multiple pterygium syndrome, Escobar variant 265,000 CHRNG

OEIS complex 258,040
Phaver syndrome 261,575
Postaxial acrofacial dysostosis 263,750 DHODH

RAPADILINO syndrome (RECQL4-related disorders) 266,280 RECQL4

Robinow syndrome – Autosomal dominant, 
WNT5A-related

180,700 WNT5A

Robinow syndrome – Autosomal recessive, ROR2-related 268,310 ROR2

Simpson-Golabi-Behmel syndrome type 1 312,870 GPC3, GPC4

Spinal dysplasia, Anhalt type 601,344
Spondylocarpotarsal synostosis syndrome 272,460 FLNB

(continued)
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associating the phenotype with diverse chromosome and microarray-CGH findings, 
for which there is no consistent pattern [9]. Similarly, in 115 VATER/VACTERL 
subjects, a diverse range of copy number imbalances were found in 20 cases without 
a clear pattern of causality emerging [10], and there has been speculation that this 
group of disorders is a form of laterality defect [11]. There has been more signifi-
cant progress with MURCS, as discussed below. Emerging from the confusing 
diversity of phenotypes, next-generation sequencing has also facilitated identifica-
tion of at least one new syndrome, namely, that first reported by Verheij et al. [12], 
due to variants in PUF60 [13], which includes cervical spine anomalies.

Any case series presenting to the spinal surgeon and/or paediatrician/geneticist 
will demonstrate enormous radiological and structural heterogeneity, and a syn-
dromic or genetic diagnosis will often be imprecise at best and completely elusive 
at worst. Table 3.1 highlights that young (and not so young) patients presenting with 
CS/SDV should be examined and investigated very thoroughly for additional anom-
alies and a syndrome diagnosis considered. Referral to a clinical geneticist should 
therefore be part of the patient care pathway, and in the genetic clinic, investigations 
will almost certainly include microarray-CGH and, increasingly, analysis using a 
gene panel bespoke for skeletal dysplasias, abnormal segmentation disorders, and/
or relevant dysmorphic/complex syndromes.

Although CS is frequently associated with SDV, this is not always so and CS 
may occur in the absence of segmentation anomalies, though abnormalities of ver-
tebral formation may be present. In cases of this kind, a diagnosis of one of the 
skeletal dysplasias should be considered, though a precise radiological diagnosis 
may require follow-up skeletal surveys as the child grows. A clinical genetics opin-
ion with a view to genetic testing may be very helpful, and examples include con-
genital contractural arachnodactyly (aka Beals syndrome), which is autosomal 
dominant and due to mutations in FBN2; chondrodysplasia punctata, Conradi- 
Hünermann type (aka Happle syndrome), which is X-linked and due to mutations 
in the EBP gene; diastrophic dysplasia, which is autosomal recessive and due to 
mutations in the sulphate transporter gene SLC26A2 (aka DTDST); and spondylo-
metaphyseal dysplasia, Kozlowski type, which is autosomal dominant and due to 
mutations in TRPV4.

Table 3.1 (continued)

Syndromes/disorders OMIM Gene

Urioste – Limb deficiency-vertebral hypersegmentation- 
absent thymus 1

VATER / VACTERL 192,350
Verheij syndrome 615,583 PUF60

Wildervanck syndrome 314,600

P. D. Turnpenny



67

 Spondylocostal Dysostosis, Somitogenesis, and the Notch 
Signalling Pathway

The main progress in understanding the genetic basis of SDV has come through the 
study of somitogenesis in animal models, mainly mouse but also chick. Animals 
with specific gene knockouts are generated and multiple gene expression assays 
undertaken to help elucidate the developmental pathways. Somitogenesis is the 
sequential process whereby paired blocks of paraxial mesoderm are patterned and 
laid down on either side of the midline from the presomitic mesoderm (PSM) to 
form somites, a process that takes place between days 20 and 32 of human embry-
onic development, proceeding in a rostro-caudal direction. In mouse, a pair of 
somites is formed every 1–3 h, whilst in humans the process is estimated to take 
6–12 h based on cell culture models and analysis of staged anatomical collections 
[14, 15]. Somites ultimately give rise to four substructures  – sclerotome, which 
forms the axial skeleton and ribs; dermatome, which forms the dermis; myotome, 
which forms the axial musculature; and syndetome, which forms the tendons [16, 
17]. Somitogenesis begins shortly after gastrulation and continues until the pre- 
programmed number of somite blocks is formed. In man 31 blocks of paired tissue 
are formed, but the number is species-specific. The establishment of somite bound-
aries takes place as a result of very finely tuned molecular processes determined by 
activation and negative feedback interactions between components of the Notch, 
Wnt, and FGF signalling pathways [18, 19] (Fig. 3.1). In the rostral third of the 
PSM, formation of segmental boundaries is subject to levels of the morphogen 
FGF8, which is produced in the caudal region of the embryo [20] and which prob-
ably maintains cells in an immature state until levels fall below a threshold, allow-
ing boundary formation. Somites already harbour specification towards their 
eventual vertebral identity, a process regulated by the Hox family of transcription 
factors [21], which also display oscillatory expression in the mouse during somito-
genesis [22].

The Wnt signalling pathway also displays oscillatory expression in a different 
temporal phase from Notch pathway genes and plays a key role in the segmentation 
clock [23–25]. The mediators of the determination front and the segmentation clock 
(Notch, FGF, Wnt) are required to form the somite boundary and specify rostro- 
caudal patterning of presumptive somites, for which Mesp2 is crucial [26]. Mesp2 is 
expressed caudal to the somite which is forming and this domain is set where Notch 
signalling is active, FGF signalling is absent, and the transcription factor Tbx6 is 
expressed. Precise periodicity in the establishment of somite blocks is mediated by 
several so-called ‘cycling’, or ‘oscillatory’, genes, two of which, LFNG and HES7, 
are implicated in human SCD.

Somites themselves, having formed, are subsequently partitioned into rostral 
and caudal compartments, with vertebrae formed from the caudal compartment of 
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one somite and the adjacent rostral compartment of the next, a phenomenon that 
is known as ‘resegmentation’ [27–30]. An understanding of the molecular biology 
of somitogenesis in animal models, in combination with finding patients and fam-
ilies with specific forms, or patterns, of segmentation anomalies, has led to the 
most definitive progress in understanding the causes of rare Mendelian forms of 
SDV.

Notch Wnt FGF

Fig. 3.1 The putative relationships between the Notch, Wnt, and FGF pathways in somitogenesis. 
(Reproduced courtesy of Elsevier; Gibb et al. [35])
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 Varied Use of Clinical Terminology

 Spondylocostal Dysostosis

In clinical practice the use of terms for vertebral segmentation abnormalities has 
been inconsistent and confusing. ‘Spondylocostal dysostosis’ (SCD) continues to 
be applied to a wide variety of radiological phenotypes where abnormal segmenta-
tion is evident, together with rib involvement. For this review we use our preferred 
definition as given in Table 3.2. This restricts use of the term to generalized SDV, 
which defines the Mendelian forms of SCD thus far identified, as summarized in 
Table 3.3. This is usually a short trunk, short stature condition with multiple/gener-
alized vertebral SDV accompanied by rib fusions and/or malalignment. A mild, 
non-progressive kyphoscoliosis is present, usually without additional organ abnor-
malities. Six Notch signalling pathway genes are now linked to this group, all dem-
onstrating autosomal recessive (AR) inheritance with TBX6 also demonstrating 
autosomal dominant (AD) inheritance, as described below.

Table 3.2 Proposed definitions for the terms spondylocostal dysostosis (SCD) and spondylothoracic 
dysostosis (STD) (ICVAS)

Features Spondylocostal dysostosis (SCD) Spondylothoracic dysostosis (STD)

General No major asymmetry to chest 
shape
Mild, non-progressive scoliosis
Multiple SDV (M-SDV) ≥10 
contiguous segments
Absence of a bar
Malaligned ribs with intercostal 
points of fusion

Chest shape symmetrical, with ribs fanning 
out in a ‘crab-like’ appearance
Mild, non-progressive scoliosis or no 
scoliosis
Generalized SDV (G-SDV)
Regularly aligned ribs, fused posteriorly at 
the costovertebral origins, but no points of 
intercostal fusion

Specific, 
descriptive

‘Pebble beach’ appearance of 
vertebrae in early childhood 
radiographs (Fig. 3.3)

‘Tramline’ appearance of prominent 
vertebral pedicles in early childhood 
radiographs, not seen in SCD (Fig. 3.6)
‘Sickle cell’ appearance of vertebrae on 
transverse imaging (Cornier et al. [55])

Table 3.3 Genes causing generalized SDV, i.e. ‘spondylocostal dysostosis’ according to the 
definition proposed in Table 2

SCD
Gene 
symbol

Chromosomal 
locus Protein name

SCD type 1 DLL3 19q13 Delta-like protein 3
SCD type 2 
and STD

MESP2 15q26.1 Mesoderm posterior protein 2

SCD type 3 LFNG 7p22 Beta-1,3-N-acetylglucosaminyltransferase 
lunatic fringe

SCD type 4 HES7 17p13.2 Transcription factor HES-7
SCD type 5 TBX6 16p11.2 T-box6 protein
SCD type 6 RIPPLY2 6q14.2 Ripply transcriptional repressor 2
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A number of attempts have been made to classify SDV. The scheme proposed by 
Mortier et al. (1996) [31] combines phenotype and inheritance pattern (Table 3.4). 
The scheme proposed by Takikawa et al. (2006) [32] allows a very broad definition 
of SCD (Table 3.5), and both these schemes identify Jarcho-Levin syndrome (JLS) 
with a ‘crab-like’ chest. McMaster and Singh’s [33] surgical approach to classifica-
tion (1999) distinguishes between formation and segmentation errors (Table 3.6). 
As with McMaster’s scheme, Aburakawa’s [34] classification scheme for vertebral 
abnormalities (1996), which includes vertebral morphology (Table 3.7), does not 
attempt to identify phenotypic patterns of malformation based on assessment of the 

Table 3.4 Classification of SDV according to Mortier et al. (1996) [25]

Nomenclature Definition

Jarcho-Levin syndrome Autosomal recessive
Symmetrical crab-like chest, lethal

Spondylothoracic dysostosis Autosomal recessive
Intrafamilial variability, severe/lethal
Associated anomalies uncommon

Spondylocostal dysostosis Autosomal dominant
Benign

Heterogeneous group Sporadic
Associated anomalies common

Table 3.5 Classification/definition of SDV according to Takikawa et al. (2006) [26]

Nomenclature Definition

Jarcho-Levin syndrome Symmetrical crab-like chest
Spondylocostal 
dysostosis

≥2 vertebral anomalies associated with rib anomalies (fusion and/or 
absence)

Table 3.6 Classification (surgical/anatomical) of vertebral segmentation abnormalities causing 
congenital kyphosis/kyphoscoliosis, according to McMaster and Singh (1999) [27]

Type Anatomical deformity Anomalies

I Anterior failure of vertebral body 
formation

Posterolateral quadrant vertebrae
  Single vertebra
  Two adjacent vertebrae
Posterior hemivertebrae
  Single vertebra
  Two adjacent vertebrae
Butterfly (sagittal cleft) vertebrae
Anterior or anterolateral wedged vertebrae
  Single vertebra
  Two adjacent vertebrae

II Anterior failure of vertebral body 
segmentation

Anterior unsegmented bar
Anterolateral unsegmented bar

III Mixed Anterolateral unsegmented bar contralateral 
posterolateral quadrant vertebrae

IV Unclassifiable
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spine as a whole. The use of a limited number of terms in these classification 
schemes neither reflects the great diversity of radiological SDV phenotypes seen in 
clinical practice nor incorporates knowledge from molecular genetics. Furthermore, 
the diversity of SDV is not fully captured within the classification of osteochondro-
dysplasias [35, 36]. A scheme for classification and reporting from the International 
Consortium for Vertebral Anomalies and Scoliosis (ICVAS) is described later.

 Klippel-Feil Syndrome

The term Klippel-Feil anomaly, or syndrome (KFS), has a more specific applica-
tion, even though the phenotypes within the general category are diverse. KFS refers 
to vertebral fusion or segmentation errors involving the cervical region and has been 
the subject of several classifications (Table 3.8) [37, 38]. Clarke et al. (1998) [39] 
(Table 3.9) proposed a further, detailed classification combining modes of inheri-
tance. To these clinical classifications must now be added a classification based on 
the recently discovered gene associations with rare forms of KFS [40–43] 
(Table 3.10). The Pax1 gene has been shown to be active during sclerotome forma-
tion and differentiation, and mutations were identified in the mouse undulated, sug-
gesting that sclerotome condensation is a Pax1-dependent process [44]. Two studies 
on patient cohorts with KFS were subsequently undertaken [6, 45], but despite some 
gene variants being identified in a small number, the same variants were either 
detected in an asymptomatic parent or did not occur in a conserved region of the 
gene. Overall, the role of PAX1 in KFS remains to be elucidated.

Table 3.7 Aburakawa classification of vertebral segmentation abnormalities (Aburakawa et  al. 
1996 [28]; Takikawa et  al. 2006 [26]) (modified North American classification). Note that 
hemivertebrae are seen in types B to F and L

Failure of formation
Type I
 A. Double pedicle
 B. Semi-segmented
 C. Incarcerated
Type II
 D. Non-incarcerated, no lateral shift
 E. Non-incarcerated, plus lateral shift
Type III
 F. Multiple
Type IV
 G. Wedge
 H. Butterfly
Failure of segmentation
 I. Unilateral bar
 J. Complete block
 K. Wedge (plus narrow disc)
Mixed
 L. Unilateral bar plus hemivertebrae
 M. Unclassifiable
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Table 3.8 Classification of Klippel-Feil anomaly, referring to segmentation defects or fusion of 
the cervical vertebrae, according to Feil (1919) [31] and Thomsen et al. (1997) [32]

Type Site Anomaly

I Cervical and upper thoracic Massive fusion with synostosis
II Cervical One or two interspaces only, hemivertebrae, occipito- 

atlanto fusion
III Cervical and lower thoracic or 

lumbar
Fusion

Table 3.9 Classification of Klippel-Feil anomaly according to Clarke et al. (1998) [33] (adapted 
from original publication)

Class Vertebral fusions Inheritance Possible anomalies

KF1 Only class with C1 fusions
C1 fusion not dominant
Variable expression of 
other fusions

Recessive Very short neck; heart; urogenital; 
craniofacial; hearing; limb; digital; 
ocular defects
Variable expression

KF2 C2–3 fusion dominant
C2–3 most rostral fusion
Cervical, thoracic, and 
lumbar fusion variable 
within a family

Dominant Craniofacial; hearing; otolaryngeal; 
skeletal and limb defects
Variable expression

KF3 Isolated cervical fusions
Variable position
Any cervical fusion except 
C1

Recessive or 
reduced penetrance

Craniofacial
Facial dysmorphology
Variable expression

KF4 Fusion of cervical 
vertebrae, data limited

Possible X-linked
Predominantly 
females

Hearing and ocular anomalies – 
abducens palsy with retraction bulbi
aka Wildervanck syndrome

Table 3.10 Genes associated with Klippel-Feil syndrome (KFS) [34–36]

KFS Gene symbol
Chromosomal 
locus Encodes Inheritance

KFS1 GDF6 [aka cartilage-derived 
morphogenetic protein 2 
(CDMP2)]

8q22.1 A member of the bone 
morphogenetic protein 
family

AD

KFS2 MEOX1 17q21.31 Homeodomain-containing 
protein

AR

KFS3 GDF3 12p13.1 A member of the bone 
morphogenetic protein 
family

AD

KFS4 MYO18B 22q12.1 Protein involved in muscle 
development

AR
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 The Genetics and Clinical Description of SCD Subtypes

 SCD1

Autozygosity mapping was used to identify a locus for AR SCD at chromosome 
19q13.1 in a large Arab–Israeli kindred first reported in 1991 [46, 47]. The region is 
syntenic with murine chromosome 7 harbouring the Dll3 gene, which is truncated 
in the pudgy mouse [48]. Dll3-null mice show disruption of the cyclical somitogen-
esis clock within the PSM [49]. Human DLL3 was therefore the obvious candidate 
for SCD1 in three separate families where affected individuals were homozygous 
for mutations [50]. The organization of human DLL3 is almost identical to mouse 
Dll3, except the terminal exon, which corresponds to a fusion of mouse exons 9 and 
10, resulting in a human protein of 32 additional amino acids. There is variability in 
the size of the mouse and human introns. The gene is sequentially ordered with a 
signal sequence (SS), the delta-serrate-lag (DSL) domain, six highly conserved epi-
dermal growth factor (EGF) repeats, and a transmembrane (TM) region (Fig. 3.2). 
More than 30 DLL3 mutations have now been identified and most of these published 
[51, 52]. Approximately 75% of positive cases have protein truncation nonsense 
mutations (the rest being missense), and parental consanguinity is seen in roughly the 
same proportion of cases.

There is a general consistency in the abnormal form and shape of the vertebrae 
in the different regions, from cervical to lumbar. The radiological appearances in 
childhood are of vertebrae that are circular or ovoid on A-P projection, and they 
have smooth outlines. To this appearance the term ‘pebble beach sign’ has been 
applied [52] (Fig. 3.3). Stature is affected to a variable degree, with some affected 
subjects achieving a final adult height that is only about 15 cm less than their pre-
dicted height on the basis of arm span measurements (assuming arm length is unaf-
fected). Final adult stature is more severely affected in some cases, and in the large 
family reported by Turnpenny et al. (1991) [46], a range of severity was evident. We 
know of two patients with slightly milder phenotypes due to missense mutations 
C309R and G404C, both with less dramatic vertebral segmentation abnormalities, 
even though the whole spine was involved (unpublished data). The milder pheno-
type may be due to the position of these residues within the EGF domains. It seems 

1                 2          3           4          5           6               
DSL                         EGF-like repeat domains                              TM

N C

2 kb

5’UTR 3’UTR

Fig. 3.2 The organization of the DLL3 gene. DSL delta-serrate-lag domain, EGF epidermal 
growth factor domain(s), SS starter sequence, TM transmembrane domain
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likely that some missense mutations, though not all, may give rise to milder pheno-
types. There is no clear, consistent evidence for organ abnormalities beyond the 
spine in subjects with SCD1. Learning difficulties or intellectual disability is not a 
feature, and although affected individuals have mild scoliotic curves from an early 
stage, these appear to remain stable throughout life in the majority of cases, and 
spinal surgery is usually not required.

 SCD2

A genome-wide scanning was used to identify linkage to 15q21.3–15q26.1  in a 
consanguineous family with two affected children who neither had DLL3 mutations 
nor demonstrated linkage to 19q13.1. This region harbours the somitogenesis gene 
MESP2, and sequencing identified a 4-bp (AGGC) duplication, frameshift mutation 
for which the affected subjects were homozygous and the parents heterozygous 
[53]. The mutation was not found in 68 normal ethnically matched control chromo-
somes. MESP2 encodes a basic helix-loop-helix (bHLH) transcription factor, a pro-
tein of 397 amino acids. Human MESP2 protein shares 58.1% identity with mouse 
Mesp2. Human MESP2 amino terminus contains a bHLH region encompassing 51 

Fig. 3.3 The radiological 
phenotype of SCD1 due to 
mutated DLL3. This shows 
segmentation abnormalities 
throughout the vertebral 
column and the variable 
ovoid appearance of 
multiple vertebrae – the 
‘pebble beach’ sign. The 
ribs are malaligned with 
points of fusion along their 
length. (Reproduced 
courtesy of GeneReviews)
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amino acids, which is divided into an 11-residue basic domain, a 13-residue helix I 
domain, an 11-residue loop domain, and a 16-residue helix II domain. The loop 
region is conserved between mouse and human Mesp1 and Mesp2. In addition, both 
Mesp1 and Mesp2 contain a unique CPXCP motif immediately carboxy-terminal to 
the bHLH domain. The amino- and carboxy-terminal domains are separated in 
human MESP2 by a GQ repeat region, which is also present in human MESP1 (2 
repeats), but have expanded in human MESP2 (13 repeats). Mice Mesp1 and Mesp2 
do not contain any GQ repeats, but they do contain a couple of QX repeats in the 
same region (Fig. 3.4). In cases designated SCD2, the mutations identified do not 
appear to give rise to nonsense-mediated decay of the derivative protein, in contrast 
to the effect of mutations in STD (see below), the more severe phenotype due to 
mutated MESP2.

N-term bHLH C-term

CPXCP

mesp2

N-term bHLH C-term

CPXCP

N-term bHLH

CPXCP

GQ repeats

a

b

c

Fig. 3.4 Comparison of mesoderm posterior 2: (a) MESP2 and (b) MESP1 (adjacent to MESP2 at 
15q26 in human). Both sequences clearly contain a basic helix–loop–helix (bHLH) domain. The 
length of the loop region is conserved between MESP1 and MESP2. In addition, MESP1 and 
MESP2 contain a unique CPXCP motif immediately C-terminal to the bHLH domain. MESP1 and 
MESP2 also share a C-terminal region that is likely to adopt a similar fold. MESP2 sequences 
contain a unique region at the C-terminus. The GQ repeats, which are located between the CPXCP 
motif and the shared C-terminal domain, are also found in human MESP1 (only two repeats) but 
have expanded in human MESP2 (13 repeats). Although lacking GQ repeats, the mouse sequences 
have two QX repeats in the same region: mouse MESP1 QSQS and mouse MESP2 QAQM. (c) 
Human MESP2 frameshift mutant
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Only one family with SCD due to a mutation in MESP2, demonstrating AR 
inheritance, has been published [53], and, therefore, the phenotype is based on min-
imal data. However, a second affected family with the same mutation and a very 
similar radiological phenotype was presented at an international meeting in 2005 
(Bonafé et al.). Subsequent haplotype analysis failed to show evidence for a com-
mon ancestry for the two families (unpublished data), so the particular 4-bp 
 duplication mutation is recurrent. A further case was found to be a compound het-
erozygote for MESP2 mutations (Fig. 3.5). The radiological phenotype is similar to, 
but distinguishable from, that of SCD1, and the ribs are more normally aligned. 
Segmentation defects appear more severe in the thoracic vertebrae compared to the 
lumbar vertebrae, which are relatively spared. Stature is affected to a small degree, 
and no additional organ abnormalities have been reported.

 STD: Spondylothoracic Dysostosis

Mutated MESP2 is also the cause of STD [54], a severe form of SDV with marked 
shortening of the spine, reduced thoracic volume, and in some cases life-threatening 
respiratory insufficiency. The mutations are of the type that give rise to nonsense- 
medicated decay (unpublished data).

Fig. 3.5 The radiological 
phenotype of SCD2 due to 
mutated MESP2. This 
shows segmentation 
abnormalities throughout 
the vertebral column with 
the thoracic region most 
severely disrupted. 
(Reproduced courtesy of 
GeneReviews)
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There are two very useful radiological features that help distinguish SCD type 1 
from STD (and to some extent SCD2). Firstly, in SCD points of fusion of the ribs 
along their length are usually apparent, whereas in STD the ribs are fused posteriorly 
and fan out laterally (‘crab-like’ appearance) without points of fusion along their 
length. Secondly, in foetal life and early childhood, multiple rounded hemivertebrae 
characterize SCD1 (DLL3 gene) – the ‘pebble beach sign’ [52] – and the vertebral 
pedicles are poorly visualized because they are not yet ossified. By contrast, in 
MESP2-associated SCD and STD, the vertebral pedicles are visible radiologically in 
foetal life and early childhood. Indeed, they are often neatly arranged and aligned, 
bordering multiple hemivertebrae between (Fig. 3.6). This is sometimes referred to as 
the ‘tramline sign’. STD has been well delineated and described by Cornier et al. [55]. 
Most reported cases are Puerto Rican but, although rare, it has been seen globally.

 SCD3

A candidate gene approach was used to identify LFNG as the genetic cause of SCD 
in an individual in whom no mutation could be found in DLL3 or MESP2 [56] 
(Fig. 3.7). LFNG – Lunatic fringe – encodes a glycosyltransferase (fucose-specific 
β-1, 3-N-acetylglucosamine) that post-translationally modifies the Notch family of 

Fig. 3.6 The radiological 
phenotype of STD due to 
mutated MESP2. This 
shows marked shortening 
of the spine, generalized 
segmentation defects, a 
‘crab-like’ fanning out of 
the ribs from their 
posterior costovertebral 
origins, and well-aligned 
ribs. The vertebral pedicles 
are ossified at this early 
stage of life (in contrast to 
SCD1), sometimes called 
the ‘tramline’ sign. 
(Reproduced courtesy of 
Wiley)
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cell surface receptors, a key step in the regulation of this signalling pathway [57], 
and is one of the ‘cycling’ genes whose wave of expression in the PSM, in a caudal- 
rostral direction, is crucial to the establishment of the next somite boundary. LFNG 
was sequenced as its expression is severely dysregulated in mouse embryos that 
lack Dll3 [58, 59] (the phenotypes of Dll3 and Lfng null mutant mice are very simi-
lar) and is associated with the Notch signalling pathway (like DLL3 and MESP2). In 
the affected case a missense mutation (c.564C → A) was detected that resulted in 
the substitution of leucine for phenylalanine (F188 L). The proband’s consanguine-
ous parents, of Lebanese Arab origin, were normal and heterozygous for the mutant 
allele. Functional assays showed that F188 L did not localize to the Golgi apparatus 
as the wild-type LFNG protein and that F188 L lacked transferase activity.

In this case of SCD3, the segmentation disruption was severe compared to SCD1 
and SCD2, giving rise to marked truncal shortening and apparently normal limb 
length  – arm span 186.5  cm, adult height 155  cm, and lower segment 92.5  cm. 
Multiple vertebral ossification centres in the thoracic spine, with very angular 
shapes were apparent. The affected case also demonstrated a minor form of distal 
arthrogryposis in the upper limbs, and it is not known whether this was part of the 
condition or secondary to peripheral nerve entrapment.

Fig. 3.7 The radiological 
phenotype of SCD3 due to 
mutated LFNG. This shows 
severe shortening of the 
thoracic spine in particular. 
(Reproduced courtesy of 
Elsevier)
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 SCD4

In humans, the first identified case of SCD due to a mutation in HES7 was found to 
be homozygous for a C > T nucleotide transition in exon 2, resulting in an arginine 
to tryptophan amino acid substitution [60]. Subsequently a family demonstrating 
compound heterozygosity for HES7 mutations was identified [61]. HES7 encodes a 
bHLH-Orange domain transcriptional repressor protein that is both a direct target of 
the Notch signalling pathway and part of a negative feedback mechanism required 
to attenuate Notch signalling [62]. Like LFNG, HES7 is a cycling gene; it is 
expressed in the PSM in an oscillatory pattern [63], which is achieved by an auto-
regulatory loop. Once translated, HES proteins act on their own promoters to repress 
transcription, and, due to the short half-life of HES proteins, autorepression is 
relieved, which allows a new wave of transcription and translation every 90–120 min-
utes in the mouse. Hes7-null mice display severe multiple SDV phenotypes [64].

To date, the pattern of SDV in SCD4 lies somewhere between SCD1 and mild 
STD, with ribs appearing to show fusion posteriorly and fanning out in a crab-like 
fashion (Fig. 3.8). The first reported patient was homozygous for a HES7 mutation 
and also had a lumbar myelomeningocele neural tube defect [60], whilst there were 
no associated malformations in the second reported family [61], where SCD 
occurred only in subjects who were compound heterozygotes for HES7 mutations. 
The findings in a large extended kindred, in which some family affected individuals 
have midline developmental defects besides generalized SDV, support the possibility 
that HES7 is implicated in determination of laterality and neural tube closure [65].

Fig. 3.8 The radiological 
phenotype of SCD4 due to 
mutated HES7. This shows 
segmentation abnormalities 
throughout the vertebral 
column, and the 
appearance resembles that 
of SCD2/STD. 
(Reproduced courtesy of 
Oxford University Press)
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 SCD5: Autosomal Dominant

Only one genetic cause of AD SCD has thus far been identified, namely, mutated 
TBX6 [66], in a three-generation Macedonian family previously shown not having a 
mutation in DLL3, MESP2, LFNG, and HES7 [67]. Exome capture and next- 
generation sequencing were used to identify a stop-loss mutation in TBX6 that seg-
regated with the phenotype in two generations, and the family demonstrated a 
generalized pattern of SDV without any additional malformations (Fig. 3.9).

The TBX6, or T-box6, gene encodes a putative DNA-binding protein expressed 
in somite precursor cells, indicating that it is implicated in the specification of the 
paraxial mesoderm. Studies in mouse demonstrate that the Tbx6 protein is directly 
bound to the Mesp2 gene, mediates Notch signalling, and subsequent Mesp2 tran-
scription in the PSM [68]. Functional studies in this reported family [66] demon-
strated a deleterious effect on the transcriptional activation activity of the TBX6 
protein, probably secondary to haploinsufficiency.

Fig. 3.9 The radiological 
phenotype of SCD5 due to 
mutated TBX6. This shows 
segmentation abnormalities 
throughout the vertebral 
column in an adult. The 
pattern is similar to that 
seen in an adult with 
SCD1. (Reproduced 
courtesy of Wiley)
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 SCD6

SCD6 is due to mutated transcriptional repressor RIPPLY2 at 6q14.2 [69]. This is 
another rare condition with only one reported family thus far. Two brothers born to 
non-consanguineous parents had SDV involving the posterior elements of the cervi-
cal vertebrae, C1-C4, as well as hemivertebrae and butterfly vertebrae of T2-T7. 
Spinal cord compression appeared to be a consequence of kyphosis at C2-C3, and 
mild thoracic scoliosis was present [69]. The radiological pattern was distinct from 
other forms of SCD, and it can be argued that the condition is best classified else-
where, especially in view of the overlap with KFS.

 TBX6, Congenital Scoliosis, and MURCS

The most significant recent advance in this field is the elucidation of the role of vari-
ous molecular events involving TBX6, and its locus at 16p11.2, in the development 
of both CS and SCD. In a large cohort of Han Chinese subjects with sporadic CS, Wu 
et al. (2015) [70] identified heterozygous null alleles in TBX6 in 11%. Of this group, 
~75% had a microdeletion at 16p11.2, whilst the remainder had nonsense or frame-
shift mutations. Deletion 16p11.2 is a well-recognized imbalance that confers sus-
ceptibility to neurodevelopmental problems, an increased head size, and mild 
obesity – but not all have CS. Wu et al. (2015) [70] therefore studied the other TBX6 
allele and identified a common haplotype in all affected cases. The haplotype is a 
series of single nucleotide variants, two of which, rs3809624 and rs3809627, are 
located in the 5′ noncoding region, and rs2289292 is a synonymous change in the 
final exon. This is known as the T-C-A haplotype as the transitions are C > T, T > C, 
and C > A reading from the 3′ end. The most common radiological phenotype is the 
presence of a limited number of hemivertebrae, most often in the upper lumbar or 
lower thoracic regions, giving rise to a varying degree of scoliosis. These findings 
have been confirmed elsewhere, and it is also now clear that a variety of axial skeletal 
phenotypes can result from these TBX6 events, ranging from CS to SCD [71]. Our 
own unpublished work adds to these findings, including the finding of abnormal 
TBX6 alleles in causing a form of MURCS, sometimes with a very severe axial skel-
etal pattern [72]. The molecular findings and phenotypes are summarized in Fig. 3.10.

 A New Classification and Radiological Reporting System 
for SDV

Currently, the use of nomenclature to describe CS/SDV is inconsistent and confus-
ing, even though some authors have recognized the existence of different entities 
and applied a rational distinction in the use of terms [73, 74]. This applies to the 
eponym Jarcho-Levin syndrome (JLS), used so widely that it has lost any 
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specificity. Its use is therefore discouraged. Klippel-Feil anomaly, or syndrome, is 
long established, more specific, and therefore retains some usefulness. It is sug-
gested that the terms SCD and STD be reserved for specific phenotypes (Tables 3.2 
and 3.3). Strictly speaking, these are dysostoses, not dysplasias, because they are 
due to errors of segmentation or formation early in morphogenesis, rather than an 
ongoing abnormality of chondro-osseous tissues during pre- and postnatal life.

The widely used terms Jarcho-Levin syndrome (JLS) [75–80], costovertebral 
syndrome [81–83], spondylocostal dysostosis (SCD, or SCDO according to OMIM 
nomenclature) [84, 85], and spondylothoracic dysplasia (STD) [86–88], are used 
interchangeably and indiscriminately [32, 89, 90]. In 1938 Jarcho and Levin [91] 
reported two siblings with short trunks, multiple SDV (M-SDV), and abnormally 
aligned ribs with points of fusion. In recent years many authors have equated JLS 
with the distinctive phenotype of a severely shortened spine and a ‘crab-like’ 
appearance of the ribs for which the preferred term today is STD [54, 55], first sug-
gested by Moseley & Bonforte (1969) [86]. Berdon et al. (2010) [92] have clarified 
the historical record. The incidence of STD is relatively high in Puerto Ricans com-
pared to elsewhere because of a founder effect MESP2 mutation [55]. The ethnicity 
of the siblings reported by Jarcho and Levin (1938) [91] was ‘coloured’, they did 
not manifest the distinctive crab-like appearance, and their phenotype was closer to 
either SCD2 or SCD4. A further eponym lacking specificity is Casamassima- 
Morton- Nance (CMN) syndrome [93]. This combines SDV with urogenital anoma-
lies, apparently following autosomal recessive inheritance. However, subsequent 
reports [94, 95] demonstrated a different SDV phenotype from the cases of 
Casamassima et al. (1981) [82], and consistency across all three reports, based on 
the SDV phenotype, is poor.
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16p11.2

• No CS phenotype
• Possible neuro-

developmental 
problems

• Risk of 
congenital  
scoliosis

• Risk of 
congenital  
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of MURCS
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Fig. 3.10 A summary of molecular events and CS/SCD phenotypes involving TBX6 and the 
16p11.2 locus
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The classification and reporting system for SDV conditions is illustrated in 
Fig. 3.11 and was developed by ICVAS. It provides simple, uniform terminology 
and can be applied both to man and animal models. The system takes account of 
both syndromic or non-syndromic conditions (see Table 3.1). Non-syndromic con-
ditions include most cases of Mendelian SCD and STD (as defined in this paper), 
whereby the malformation is usually restricted to the spine. SDV may be single, 
multiple, show various regional involvement, be associated with kyphoscoliosis, 
and include KFS. These conditions are mainly caused by defective somitogenesis 
and/or non-intrinsic disruption of normal segmentation and/or formation of verte-
brae. In the proposed scheme (Fig.  3.11), conditions essentially fall into one of 
seven categories. This simplification allows for uniformity between observers. In 
any particular case, once placed within one of the seven categories, further detailed 
descriptions of the position and effects of the segmentation anomalies can be added. 
Where appropriate, therefore, the ICVAS scheme incorporates existing terminology. 
This greatly reduces confusion that might be generated by indiscriminate use of the 
terms JLS or SCD. In cases with at least ten vertebral segments affected, but non-
contiguously, we suggest the designation ‘multi-regional’ form of M-SDV, rather 
than ‘generalized’. This group of phenotypes appears to be diverse, and further 
delineation will only be possible with advances in our understanding of causation.

The usefulness of correlating a detailed clinical examination with radiological 
findings has been well described previously [3]. The system was piloted [96] and 
allows for a more precise characterization of the radiological phenotype compared 

SDV

Multiple
(M-SDV)

Single 
(S-SDV) 

Regional
(Cervical, dorsal, 
lumbar, sacral)

M-SDV-R

Generalised
≥10 contiguous

vertebrae
(M-SDV-G)

Defined

Diagnostic 
Groups

Additional 
Reporting 
Comments

Known 
syndrome
(Eg KFS, 
OAVS, 

VACTERL) 

Undefined 
(M-SDV-RU)

SCD
(Types 

1,2,3,4,5) STD
Undefined 

(M-SDV-GU)

Known 
syndrome
(Eg OAVS, 
VACTERL) 

Undefined 
(S-SDV-U)

Comments Comments Comments Comments Comments Comments Comments

Fig. 3.11 The classification algorithm for SDV proposed by ICVAS, the International Consortium 
for Vertebral Anomalies and Scoliosis. By this scheme any patient can be placed within one of 
seven basic categories, with provision for further description of the specific findings in any indi-
vidual. (ICVAS clinical classification algorithm. SDV Segmentation Defect(s) of the Vertebrae, M 
Multiple, S Single, R Regional, G Generalised, U Undefined)
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to the indiscriminate use of a small number of terms, including eponyms. 
Furthermore, the system incorporates assessment of radiographic patterns of the 
spine as a whole, in addition to malformations of individual vertebrae. It is recog-
nized that the system will evolve over time as the identification of new genes brings 
clarity to the causation of different conditions, and groups of conditions, with CS 
and SDV.
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Chapter 4
The Genetics Contributing to Disorders 
Involving Congenital Scoliosis

Nan Wu, Philip Giampietro, and Kazuki Takeda

 Introduction

Congenital scoliosis (CS) is a congenital deformity of the spine. The spine is derived 
from somites by a process called somitogenesis, characterized by intricate interac-
tions of genes, signaling pathways, and related effectors. CS can represent an iso-
lated malformation or part of a syndrome with other clinical features such as renal, 
cardiac, gastrointestinal, and limb malformations. Genetic factors are involved in 
the development of CS, especially perturbations of genes in FGF, WNT, Notch, and 
TGFβ signaling pathways. Analysis of the current understanding of these conditions 
and associated genetic mechanisms will be employed to promote insight into the 
genetic susceptibilities contributing to CS. Genetic approaches utilized to under-
stand the etiology of CS will also be discussed.
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 Background

CS is a congenital deformity of the spine with a prevalence of 0.5–1% in the general 
population [1, 2]. It is characterized by the presence of vertebral malformations 
(VMs) which result in a rapid progression of spinal curvature and multiple comor-
bidities. For example, pulmonary function is often compromised, and paralysis may 
occur in some instances. The spinal deformity may significantly impact the physical 
and the psychological health of affected patients. About 50% of CS is associated 
with deformities of other organs [3–5], including renal, cardiac, and intraspinal 
defects [6], or is a part of an underlying genetic syndrome. In the absence of effec-
tive treatment, patients suffer from progression of their spine deformity [7] and 
significantly increased mortality rate [8]. The surgical cost of managing CS is esti-
mated to be $150,000 per operation with frequent follow-up examinations or opera-
tions, which all add to the financial burden for the family and the society [9]. 
Previous studies have demonstrated that both genetic and environmental factors are 
involved in the development of CS [10, 11].

 Embryological Basis of CS

In the past few decades, research in spine development has unraveled possible eti-
ologies of CS. Accumulating evidence supports a relationship between genotype 
and phenotype in CS patients with an embryological basis. In human and other 
mammals, vertebral bodies are derived from somites through a process called somi-
togenesis, which represents a harmonic convergence of multiple signaling path-
ways, related genes, and related effectors. Mutations in genes associated with 
somitogenesis or disruption of the symmetric gene modulation may eventually con-
tribute to the occurrence of CS.

In vertebrate embryogenesis, the paraxial mesoderm originates from progenitors 
initially located in a superficial layer of the embryo (epiblast), which are internal-
ized later in gastrulation and form the presomitic mesoderm (PSM). Subsequently, 
the paraxial mesoderm undergoes segmentation and lies on the lateral sides of the 
neural tube. The primitive streak differentiates into a mass of cells called the tail 
bud. The tail bud is located at the posterior tip of the embryo, which contains pro-
genitors of the PSM that contribute to subsequent tissue formation. In this process, 
the structure of the somite is gradually formed through a synchronous and rhythmic 
fashion. The somites give rise to the vertebrae, muscles, tendons, and ligaments of 
the spine.

Embryonic development of somites from PSM is regulated by a variety of fac-
tors. Detailed mechanisms underlying the networked interactions of these factors 
have been illustrated by multiple models, with the clock-wavefront model widely 
accepted [12]. In the clock-wavefront model, the PSM is progressively segmented 
into repetitive somites, driven by the periodic activation of Notch, WNT, and FGF 
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signaling pathways [13]. Segmentation clock and the wavefront model is composed 
of the sequential interactions of a variety of signals. The segmentation clock is initi-
ated by the oscillatory expression of the HAIRY1 gene and a variety of other genes 
called oscillators, with several genes expressed periodically representing the “clock” 
portion of the model [14, 15]. The wavefront portion of the model corresponds to 
FGF and WNT signal gradient [16]. In the paraxial mesoderm, the formation of 
segmentation clock depends on both the periodic expression of related genes and 
their repression due to negative feedback mechanisms [17]. Periodic signals of 
clock and wavefront enable the PSM to form somites individually in a single peri-
odic cycle.

In somitogenesis, segmentation occurs after the formation of somites, when the 
formed somites receive a clock signal. For example, MESP2 is activated by NICD 
(Notch signaling) and TBX6. MESP2 are initially expressed in a restricted area (one 
segment length), and subsequently RIPPLY1/2 is expressed in the posterior half 
region, thus defining future segment boundaries according to the area of the signal 
[18]. The downstream target gene RIPPLY2 is activated, which is thought to be a 
negative feedback inhibitor of MESP2 and TBX6. The process contributes to the 
definition of the anterior boundary of the newly formed segment [19]. Inactivation 
of MESP1 and MESP2 results in failure of paraxial mesoderm formation, thus indi-
cating their importance in somitogenesis [20, 21].

One of the most notable features of somitogenesis is bilateral symmetry. 
Segmentation clocks are synchronized on both sides, ensuring the symmetric for-
mation of somites in both sides of the PSM. Retinoic acid (RA), a derivative of 
vitamin A, has been implicated as a key regulator of the symmetry in somitogenesis 
[22–24]. The process of somitogenesis depends upon close interaction between the 
clock and wavefront and genes which are essential for neural development to form 
the normal body axis structures including somites and the neural tube.

In summary, the process of somitogenesis is controlled by Notch, WNT, and 
FGF signaling-related genes. They coordinate the key steps during somitogenesis 
including segmentation, bilateral symmetry, and vertebral formation. Disruption of 
the signaling pathways and malfunction of regulators in these processes are of 
importance in the pathogenesis in CS.  Genes associated with somitogenesis and 
vertebral development are summarized in Table 4.1.

 Approaches in Understanding the Genetic Etiology of CS

Vertebral development occurs through a synchronous convergence of multiple path-
ways and several dozen genes. As described before, genes in the FGF, WNT, and 
Notch signaling pathways are liable to mutate in CS patients. Previous work reported 
several candidate loci by numerous methods.

Cytogenetic analysis demonstrated the presence of a paracentric inversion inv. 
(q22.2q23.3) [8] segregating in those individuals with phenotypic manifestations of 
Klippel-Feil syndrome (KFS) defined by the presence of a short neck, low posterior 
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hairline, cervical vertebral fusion, and limitation of range of motion of the neck 
[28]. This information was subsequently used to identify mutations in GDF6 in both 
sporadic and familial cases of KFS. Additional cytogenetic evidence for loci con-
tributing to the development of CS includes the observation of additional chromo-
somal rearrangements, including de novo balanced reciprocal translocation – t(5;17) 
(q11.2;q23) [33], de novo pericentric inversion inv. [2] (p12q34) [34], and translo-
cation – t(5;8) (q35.1;p21.1) [35]. Traditional linkage methodologies utilizing sin-
gle nucleotide polymorphisms (SNP) or short tandem repeat (STR) polymorphisms 
may be applied to large families with CS when cytogenetic etiologies have been 
eliminated.

However, traditional linkage analysis has significant limitations to identify caus-
ative genes since isolated CS often represents a sporadic occurrence. Candidate 
gene analyses offered a reasonable alternative method for studies. Utilizing mouse- 
human synteny analysis, 27 eligible loci, 21 of which cause VMs in mouse, have 
been identified [36, 37]. In a phenotypically well-defined cohort of patients with 
CS, five candidate genes extrapolated from murine models were chosen for analy-
sis [27, 38–41]. The VMs represented among this cohort spanned the entire length 
of the spine and are described in greater detail in a prior communication [27]. 
Sequence variants in PAX1, DLL3, WNT3A, and T (Brachyury) associated with 
decreased penetrance have been identified in patients with VMs and were seen at 
low frequency or not detected in healthy controls [38]. In a cohort of 79 CS cases, 
a screen for variants in DLL3, MESP2, and HES7 (genes associated with causing 
severe VMs such as spondylocostal dysostosis; see below) was conducted. One 
family carried a variant in MESP2 and another in HES7. In both families, the pen-
etrance and expressivity of the mutation were variable; importantly the variants 
were shown to impair the in vitro function of the transcription factors encoded by 

Table 4.1 Somitogenesis-associated genes

Category Gene namea

NOTCH 
related [15, 
25]

HEY2, PSEN1, HES1, DLL1, JAG1, LFNG, DLL3, MESP1, MESP2, NKD1, 
RTF, RIPPLY

FGF related 
[15]

DUSP6, FRS2, GRB2, SOS1, FGF8, BCL2L11, EFNA1, EPHB2, HSPG2, SHH, 
PTPN11, GAB1

WNT related 
[15]

WNT3A, FZD7, FZD5, CDC73, PHLDA1, DVL2, HDAC9, DACT1, TNFRSF1, 
FZD3, SPRY2, FZD6, HAS2, MYC, APC, SMAD4, LRP5, DKK1, FRZB, 
TCF15, FZD1, CTBP1, FZD9, SMARCA5, CER1

HOX related 
[26]

HOXC8, HOXC4, HOXD11, HOXD10, HOXD3, HOXA7, HOXB7, PAF1

PAX [27] PAX9, PAX1, PAX7

Other [28–32] RAB23, IHH, PLXDC1, TWIST1, GLI3, FLNB, SLC35A3, MXD4, PDFGFRA, 
TBX6, ACD, MID1, GDF3, GDF6, POLR1D, COL8A1, T (brachyury), 
MEOX1

aBold denotes mutated gene associated with VMs; mutations have been identified in patterning 
genes outside known somitogenic pathways in “Other” category. Mutations have not been identi-
fied in the majority of somitogenesis associated genes identified in other species
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these genes [11]. In another cohort containing 154 CS patients, genetic polymor-
phisms of LMX1A were found to be associated with susceptibility to CS in Chinese 
Han population [42].

Biallelic germline mutations in CDK10 (cyclin-dependent kinase 10) have been 
identified in five consanguineous Saudi Arabian families with growth retardation, 
vertebrae fusion or hemivertebrae, and developmental delay. CDK10 is a protein 
kinase which has a regulatory role in transcription and cilia growth [43]. Cdk10 
knockout mice showed several bone defects affecting axial skeleton and longer 
cilia, suggesting that ciliary defects might contribute to the phenotype of individuals 
with CDK10 mutations [43].

A novel missense mutation has been identified in SLC35A3, a gene associated 
with complex vertebral malformation in cattle [44, 45]. The patient’s features 
included butterfly and hemivertebrae distributed throughout the spine, cleft palate, 
patent foramen ovale, patent ductus arteriosus, posterior embryotoxon, shortened 
limbs, and facial dysmorphism [46].

Chromosome microarray (previously referred to as array CGH) is a technique 
that was developed in order to determine alterations in dosage distribution of small 
DNA segments throughout the entire genome. An advantage of chromosome micro-
array is the ability to identify potential regions of micro-aneuploidy associated with 
VMs across the entire genome, instead of limited detection of only one focused 
region. Because etiology of CS is heterogeneous and may involve multiple genetic 
defects, many of which remain to be identified, this approach represents an efficient 
screening tool for defining additional loci that may harbor genetic defects underly-
ing etiology of these disorders, although it may lack power to identify a single 
candidate gene. Chromosome microarray has successfully identified some potential 
regions associated with CS, with the identification of a common deletion encom-
passing the TBX6 gene, identifying a major advance in our understanding of the 
causes of CS (see below) [29].

 TBX6 Variants Contributing to CS

In clinical practice, a proportion of patients with CS do not display notably addi-
tional organic deformities. These cases are of great interest in the genomic research 
because they represent a phenotypically distinct group to study the pathogenesis of 
VMs.

Variations of genes involved in somitogenesis have been studied a decade before. 
Ghebranious et al. [38] sequenced a panel of patients with heterogeneous types of 
CS by a panel of genes associated with signal pathways in somitogenesis including 
PAX1, DLL3, SLC35A3, WNT3A, TBX6, and T(Brachyury). They sequenced the 
complete T(Brachyury) and the coding regions, splice junctions, and 500 bp of the 
promoter region in TBX6. Three unrelated patients harbored the same c.1013C > T 
transition in exon 8 of the T gene, and no TBX6 sequence variation was identified. 
Fei et al. [47] genotyped two known SNPs in TBX6 among 254 Chinese Han sub-
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jects (127 CS patients and 127 controls). For the single SNP analysis, the allele 
frequencies of rs2289292 (SNP1, chr16:30005131, G/A, exon 8) and rs3809624 
(SNP2, chr16:30010303, A/G, 5′-untranslated region) were significantly different 
between cases and controls (P = 0.017 and 0.033, respectively). The haplotype anal-
ysis showed a significant association between SNP1/SNP2 and CS cases (P = 0.017), 
with the G-A haplotype more frequently observed in controls (odds ratio, 0.71; 95% 
confidence interval, 0.51–0.99).

The TBX6 gene is known as T-box 6, a member of the T-box family, and encodes 
a transcription factor which plays an important role in the regulation of development 
processes [48]. TBX6 is localized to 16p11.2, with a 6091 bp in size, and contains 9 
exons according to updated information. It has been reported that the interaction 
between TBX6 and genes involved in clock-wavefront model or TBX6 itself will 
result in abnormal formation of somites, contributing to CS [49–53].

Several reports showed that the copy number variations (CNVs) in the 16p11.2 
region might be associated with CS phenotype. Shimojima et al. [54] reported a 
3-year-old boy with developmental delay; inguinal hernia; hemivertebrae of T10, 
T12, and L3; a missing right 12th rib; and hypoplasia of the left 12th rib. The patient 
had a 593-kb interstitial deletion of 16p11.2, and the mother had the same deletion 
identified by chromosome microarray. Al-Kateb et al. [55] analyzed radiologic data 
obtained from ten patients with 16p11.2 CNV (nine with deletions and one with 
duplication). Eight of them had CS, and the remaining two had idiopathic scoliosis 
(IS). They additionally reviewed five patients reported previously with 16p11.2 
rearrangement and similar skeletal abnormalities, concluding that two of them were 
affected with CS while the others had IS. Although many studies reported the asso-
ciation between 16p11.2 CNV and CS, the exact mechanism was still unclear at that 
time. Subsequently, Wu et al. [29] elaborated that TBX6 null variants and a TBX6 
common hypomorphic allele together contribute to CS in a compound inheritance 
model. In a group of 161 Han Chinese patients with sporadic unrelated CS, CNV 
analysis identified 17 heterozygous TBX6 null mutations in those persons affected 
with CS. This included 12 instances of a recurrent 16p11.2 deletion affecting TBX6 
and 5 single nucleotide variants (1 nonsense and 4 frameshift mutations). No TBX6 
mutations were identified in the control group. The identification of phenotypically 
normal individuals with 16p11.2 microdeletions and the discordant intrafamilial 
phenotypes of CS in 16p11.2 microdeletion carriers suggested that heterozygous 
TBX6 null mutations are insufficient to cause CS. Notably, they went on to identify 
another common (about 44% in Asian descent and 33% in European descent) hap-
lotype which was showed as a hypomorphic allele in trans with the TBX6 null muta-
tions. This Compound Inheritance of both Rare and Common (CIRC) model 
accounted for up to 11% of sporadic CS cases. These findings were validated in an 
additional cohort and worldwide multicenter case series of 16p11.2 microdeletions 
and further replicated by the following studies in a Japanese CS cohort [56] and a 
French SDV (segmentation defects of the vertebra) cohort [57].
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 Syndromes and Disorders Associated with VMs

According to the classification scheme of International Consortium for Vertebral 
Anomalies and Scoliosis (ICVAS), several types of CS can be classified as syn-
dromes [58]. Patients with those syndromes share VM and are different from each 
other in associated systemic phenotypes. Different genes and signaling pathways 
could be involved in the pathogenesis of these syndromes, compared with the cases 
studied above. These mechanisms should be more widely involved in the develop-
ment of multiple organs or systems affected in these patients.

 Spondylocostal Dysostosis

Spondylocostal dysostosis (SCD) is a heterogeneous group of spinal disorders char-
acterized by multiple segmentation defects of the vertebrate, malalignment of the 
ribs, and often reduction in rib numbers. Distinct phenotypic subtypes, each with a 
distinctive genetic defect, are classified (Table  4.2). Limited by existing genetic 
technology at the time, prior studies only focused on several candidate genes. Due 
to these limitations, the process to identify SCD-associated candidate genes was a 
lengthy one. With the development of next-generation sequencing (NGS) and 
decrease of sequencing costs, it is possible to cast a wider net and test for mutations 
in all possible genes related to vertebral development in a single test.

Up to now, six genes have been demonstrated to be involved in the pathogenesis 
of SCD (Table 4.2) [81]. SCD will be discussed in detail in Chap. 3: however, some 
discussion with respect to mutation of RIPPLY2 is warranted here. McInerney-Leo 
et al. [25] reported two VM patients within one family; they identified compound 
heterozygous mutations of RIPPLY2 gene (a novel truncating variant c.A238T: 
p.Arg80* and a low frequency one c.240-4 T > G) segregating with the phenotype 
from whole exome sequence (WES). The RIPPLY2 gene was classified as causing 
SCD type 6 in OMIM (Online Mendelian Inheritance in Man). However, the pheno-
type of patients in their report was hemivertebrae, which does not seem like a clas-
sical manifestation of SCD. These phenomena suggest that RIPPLY2 might have 
some overlap in genetic etiology with other genes which correlate with vertebral 
malformation, such as TBX6.

 Klippel-Feil Syndrome

KFS, also known as Klippel-Feil anomaly, has been identified as early as 500 B.C. 
in an Egyptian mummy and first arose by Klippel and Feil’s description of a French 
tailor with massive cervical fusion [82]. The hallmark of KFS is the presence of 
cervical vertebral fusion abnormalities. Associated features observed in less than 
50% of affected individuals include short neck, low posterior hairline, and limited 
neck motion. Additional multisystem malformations, including neural tube defects; 
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Table 4.2 Syndromic CS-related genes

Disease MIM# Phenotype Gene Reference

Spondylocostal 
dysostosis

277300 Multiple vertebral dysgenesis in the 
thoracic region with multiple misaligned 
ribs

DLL3 [59]

605195 Multiple hemivertebrae in thoracic region, 
with lumbar vertebrate more angular and 
irregular

MESP2 [60]

609813 Multiple vertebral malformation in cervical, 
thoracic, and lumbar spine

LFNG [61]

613686 Multiple and contiguous vertebral 
segmentation defects involving all spinal 
regions, but mainly the thoracic region

HES7 [62]

122600 Mixture of hemivertebrae and vertebral 
blocks. Ribs are relatively mild affected

TBX6 [63]

616566 Deficiency of posterior element of cervical, 
vertebral malformation in cervical and 
thoracic region

RIPPLY2 [25]

Klippel-Feil 
syndrome

118100 Defects in the formation or segmentation of 
the cervical vertebrae, resulting in a fused 
appearance. The clinical triad consists of 
short neck, low posterior hairline, and 
limited neck movement

GDF6 [64]
613702 GDF3 [30]
214300 MEOX1 [31, 65]
616549 MYO18B [66]
– PAX1 [67]
– RIPPLY2 [68]
– POLRID [32]

Alagille syndrome 118450 Abnormal vertebrae (“butterfly” vertebrae) 
and decrease in interpedicular distance in 
the lumbar spine; neonatal jaundice; 
posterior embryotoxon and retinal 
pigmentary changes; pulmonic valvular 
stenosis as well as peripheral arterial 
stenosis; absent deep tendon reflexes and 
poor school performance; broad forehead, 
pointed mandible, and bulbous tip of the 
nose and in the fingers, varying degrees of 
foreshortening

JAG1
NOTCH2

[69, 70]

VACTERL 314390 Vertebral anomalies, anal atresia, cardiac 
malformations, tracheoesophageal fistula, 
renal anomalies, and limb anomalies

ZIC3 [71–73]
TRAP1 [74]
PCSK5 [75]
FOXF1 [76]

Congenital NAD 
deficiency 
disorder 1

617660 Vertebral segmentation abnormalities, 
congenital cardiac defects, renal defects, 
and distal mild limb defects. Additional 
features are variable

HAAO [77]

Congenital NAD 
deficiency 
disorder 2

617661 Vertebral segmentation abnormalities, 
congenital cardiac defects, renal defects, 
and distal mild limb defects. Additional 
features are variable

KYNU [77]

(continued)
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ENT (ear, nose, and throat) defects; thoracic cage abnormalities; pulmonary, cardio-
vascular, and other skeletal anomalies; genitourinary abnormalities; myopathy; neu-
ropathy; and cognitive disorders, may occur in association with KFS [83, 84]. While 
the majority of the cases represent sporadic occurrences within a particular family, 
both autosomal dominant and autosomal recessive forms of KFS have been reported. 
To date, four disease-causing candidate genes and two disease-associated genes 
have been identified (Table 4.2). GDF6 and GDF3 genes have been reported caus-
ing autosomal dominant KFS. A pericentric inversion inv. [8] (q22.2q22.3) segre-
gating in a four-generation family with KFS [64] has led to the identification of 
mutations in GDF6, a member of the BMP family, in familial and sporadic cases of 
KFS. In a three-generation family with autosomal dominant KFS, a missense muta-
tion c.746C > A (p.A249E) was identified. In addition, a recurrent mutation in a 
highly conserved residue c.866 T > C (p.L289P) of GDF6 was identified in 2 of 121 
sporadic cases of KFS [28]. Ye et  al. [30] described a three-generation North 
American family with a clinical spectrum of ocular and skeletal phenotypes. Two 
patients had cervical fusion at C5–6 and C3–4. A heterozygous mutation p.R266C 
in GDF3 was identified that segregated with the skeletal phenotype in four family 
members. Morpholino knockdown of dvr1, the GDF3/GDF1 zebrafish homolog, 
recapitulated ocular and skeletal phenotypes seen in humans.

The occurrence of KFS in sibs and in consanguineous families suggests autoso-
mal recessive inheritance of the disorder. Homozygous MEOX1 [31, 65] and 
MYO18B [85] truncating mutations have also been identified in different consan-
guineous families. A c.670G > A (p.Q84*) mutation in the MEOX1 gene was identi-
fied in affected family members with KFS in a Turkish consanguineous marriage 
family. Two additional consanguineous families with members affected with KFS 
were found to harbor mutations in MEOX1. MEOX1 plays an important, nonredun-
dant role in maintaining sclerotome polarity and the formation of craniocervical 
joints, and Meox1 null mutant mice have defects in the axial skeleton [86]. Meox1 
maintains the appropriate expression of downstream genes such as Bapx1, Tbx18, 
and Uncx, which regulate somite development [86, 87]. MYO18B is another locus 
which accounts for the occurrence of KFS.  Two patients from unrelated family 
shared similar phenotype characterized by KFS and myopathy. The compound phe-
notypes were found to be associated with a null mutation (c.6905C > A, p.S2302*) 
in MYO18B. MYO18B functions as an ancillary protein to myosin 2 and is highly 
expressed in both somites and striated muscles in mouse [88].

There is evidence that mutations in the PAX1 gene also contribute to the occur-
rence of KFS [67]. Pax1 is expressed in the sclerotome, which gives rise to the 
vertebrae and ribs [89, 90]. Medial sclerotome condensation fails to occur at the 

Table 4.2 (continued)

Disease MIM# Phenotype Gene Reference

Facio-auriculo- 
vertebral spectrum

164210 Unilateral deformity of the external ear and 
small ipsilateral half of the face with 
epibulbar dermoid and vertebral anomalies

SALL1 [78]
BAPX1 [79]
MYT1 [80]
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lumbosacral level in the undulated mouse, thus preventing the formation of inter-
vertebral disks and vertebral bodies [91]. Mutations in PAX1 were identified in 3 of 
63 patients diagnosed with KFS. One of these patients and the asymptomatic mother 
of the patient carried a (c.224C > G, p.P61A) missense mutation 38 bp upstream 
from the paired-box region, which is associated with DNA binding of the PAX1 
protein. Assuming this mode of inheritance is autosomal dominant, reduced pene-
trance could be postulated if this mutation promotes causation (Table 4.2).

Karaca et  al. [68] reported a homozygous RIPPLY2 frameshift mutation 
(c.299delT, p.L100 fs) in a KFS together with heterotaxy pedigree. Considering the 
mechanism that Ripply2 is a direct transcriptional target of Tbx6 and Mesp2, they 
proposed that RIPPLY2 is a novel gene for autosomal recessive KFS (Table 4.2).

Whole exome sequence analysis of an affected father and daughters with pheno-
typic features consistent with KFS including cervical segmentation defects, cleft 
palate, Sprengel deformity, and sensorineural hearing loss (suggestive of Treacher 
Collins syndrome) revealed a POLR1D mutation (c.T332C, p.L111P) [32]. 
Haploinsufficiency of POLR1D has previously been reported in association with 
altered ribosomal levels supporting development of neural crest-derived craniofa-
cial structures. This finding supports the extension of the genotypic spectrum of 
VMs to mutations in genes outside of the FGF, Notch, and WNT signaling pathways 
(Table 4.2).

 Syndromes Containing CS Phenotype

 Alagille Syndrome

Alagille syndrome (ALGS) is a complex multisystem disorder characterized by the 
presence of three out of seven major clinical criteria which include cholestasis with 
bile duct paucity on liver biopsy, congenital cardiac defects (with particular involve-
ment of the pulmonary arteries), posterior embryotoxon in the eyes, characteristic 
facial features (broad forehead, deep set eyes, pointed chin), vertebral anomaly, and 
abnormalities of the kidneys and vasculature (often in the head and neck) [92]. The 
most common radiographic finding, observed with a frequency from 33% to 93%, 
is butterfly-shaped thoracic vertebrae, secondary to cleft abnormality of the verte-
bral bodies.

ALGS is inherited in an autosomal dominant manner with 50–70% of cases rep-
resenting de novo occurrences. The rate of germline mosaicism may also be rela-
tively high (about 8%) [93, 94]. Currently, two genes are associated with ALGS: 
JAG1 located at 20p12.2 and NOTCH2 located at 1p12 [69]. The majority of the 
cases (up to 95%) are caused by haploinsufficiency of the JAG1 gene (encoding 
Jagged-1), either due to missense mutations (the majority) or deletions at the locus. 
To date, over 400 different JAG1 gene mutations have been identified in ALGS 
patients (point mutations, microdeletions, and insertions), showing the variability in 
its mutagenesis and paucity of recurrent mutations [95]. A small percentage (<5%) 
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of ALGS are caused by mutations in NOTCH2 [70, 92], which are more commonly 
associated with incompletely penetrant ALGS with renal disease [96].

JAG1 is a cell surface protein that functions as a ligand for one of four Notch 
transmembrane receptors, which are key signaling molecules in the Notch signaling 
pathway, an evolutionarily conserved pathway that is crucial in development. 
NOTCH2 encodes a member of the Notch family transmembrane receptors. The 
Notch receptors (NOTCH1, NOTCH2, NOTCH3, and NOTCH4 in humans) share 
structural characteristics, including an extracellular domain consisting of multiple 
epidermal growth factor-like repeats and an intracellular domain consisting of mul-
tiple, different domain types. The Notch family members play a role in a variety of 
developmental processes by controlling cell fate decisions.

No genotype-phenotype correlations exist between the clinical manifestations of 
ALGS and the specific JAG1 and NOTCH2 pathogenic variant types or the location 
of the mutation within the genes. A recent study using genome-wide association 
study identified a new locus (rs7382539) for ALGS that reached suggestive genome- 
level significance upstream of the thrombospondin 2 (THBS2) gene [97]. THBS2 
codes for an adhesive glycoprotein that mediates cell-cell and cell-matrix interac-
tions associated with cell proliferation, apoptosis, and angiogenesis, as well as 
affecting Notch signaling. THBS2 expression may further perturb JAG1-NOTCH2 
signaling in patients harboring a JAG1 mutation and lead to a more severe pheno-
type with liver malformations, thus implicating THBS2 as a plausible candidate 
genetic modifier of liver disease severity in ALGS (Table 4.2).

 VACTERL Association

VACTERL association is a condition comprising multisystem congenital malforma-
tions, which is typically defined by the concurrence of at least three of the following 
component features: vertebral anomalies (V), anal atresia (A), cardiac malforma-
tions (C), tracheoesophageal fistula (TE), renal dysplasia (R), and limb abnormali-
ties (L). The prevalence of VACTERL/VATER association is between 1/7000 and 
1/40,000 [98]. Although the frequency of the six clinical features varies, vertebral 
anomalies are the most common observation in many cohorts of VACTERL associa-
tion, which have been reported in approximately 60–95% of affected individuals [99].

VACTERL association is a rare and complex condition with highly heteroge-
neous etiology and manifestations. Although the clinical criteria for VACTERL 
association appear to be straightforward, the overlapping in either clinical manifes-
tation or genetic finding is challenging for clinicians and geneticists. There is evi-
dence for genetic factors contributing to VACTERL syndrome including single gene 
mutations, CNVs, structure variants, and mitochondrial dysfunction [100]. Among 
these genetic factors, several candidate gene mutations and CNVs have been 
reported to be related with different vertebrae phenotypic features. For example, 
different types of ZIC3 variants, including point mutations, deletions, and 
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 polyalanine expansion, have been reported to be responsible for both VACTERL 
and VACTERL-like association [71, 72]. Mutations in TRAP1 [74], PCSK5 [75] 
and FOXF1 [76] have also been reported in VACTERL patients with hemivertebrae 
or butterfly vertebrae, while DLL3 mutation was reported in patients with block 
vertebrae [40]. 13q deletion [101] and 19p13.3 microdeletion [102] were also found 
in VACTERL patients, but not all involved patients harbor VMs. These may imply 
that other modification factors were involved which warrant further investigation. 
The detailed descriptions regarding the involvement of VMs in VACTERL associa-
tion can be found in a systemic review from Chen et al. [100].

 Congenital NAD Deficiency Disorders

Recently, nicotinamide adenine dinucleotide (NAD) deficiency was robustly 
reported in a group of patients with multiple congenital malformations similar to 
VACTERL. Before this report, many causes of isolated organ defects had been iden-
tified, such as heart defects and vertebral malformation. But the genetic causes of 
isolated cardiac or vertebral defects appear to have little relevance when these 
defects occur in combination. In the study, Shi et al. [77] enrolled patients with con-
genital vertebral and heart malformations from four families. Whole exome/genome 
sequence identified biallelic pathogenic HAAO and KYNU variants in these patients. 
In vitro assay proved that loss of HAAO or KYNU activity leads to increased plasma 
levels of metabolites upstream of these enzymes and reduced levels downstream, 
including NAD. Homozygous null mutant mice showed that all the Haao−/− and 
Kynu−/− embryos had multiple defects, including defects in vertebral segmentation, 
heart defects, small kidney, cleft palate, talipes, syndactyly, and caudal agenesis, 
recapitulating the human phenotype. Importantly, these mice could be rescued by 
niacin (vitamin B3) supplementation, indicating that loss of embryonic NAD leads 
to embryo defects and death. The rescue experiment also indicates that vitamin B3 
supplementation might prevent miscarriage and malformation in humans.

 Facio-Auriculo-Vertebral Spectrum

Facio-auriculo-vertebral spectrum (FAVS), also known as Goldenhar syndrome and 
hemifacial microsomia, is a rare birth defect associated with the abnormal develop-
ment of the first branchial arch and second branchial arch. Typical symptoms are 
usually present on the affected side, involving incomplete development of the exter-
nal ear, middle ear, nose, mandible, masticatory muscles, facial muscles, and other 
facial tissues [103]. Other clinical features may include VMs, including severe sco-
liosis, fused cervical vertebrae, and spina bifida occulta of multiple lumbar verte-
brae [104]. Some cases also displayed several atypical findings, including 
imperforate anus and rib fusions [105].
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Although there may be genetic components, which lead to certain family pat-
terns, FAVS is considered to have multifactorial etiologies which remain largely 
unknown. SALL1 gene mutation (c.826C  >  T, p.R276*) has been identified in 
affected individuals with FAVS [78], and a c.1256 T > A (p.L419*) mutation has 
been reported in two sisters who are clinically discordant for this condition [106]. 
Strong allelic expression imbalance of BAPX1 was observed in patients, and epigen-
etic dysregulation could predispose to FAVS [79]. A de novo nonsense mutation 
(c.25C > T, p.9 > *) in MYT1 is reported in a female case by whole exome sequence, 
so that MYT1 is hypothesized to be a candidate gene for FAVS [80] (Table 4.2).

In an autosomal dominant multigeneration pedigree in which five individuals are 
affected with FAVS, a 1.3 Mb duplication of chromosome 14q22.3 was identified in 
all affected individuals. Utilization of human craniofacial disease network signa-
tures, mouse expression data, and dosage sensitivity predictions implicated OTX2 as 
a potential causal gene [107]. The proband had medulloblastoma, consistent with 
the observation that overexpression of OTX2 is associated with the occurrence of 
medulloblastoma. In a cohort of 51 patients with clinical features of FAVS, ten 
patients were found to have CNV involving the 22q11.21 genomic region [108]. All 
ten patients had microduplications of this region with four of them having two or 
more nonoverlapping microduplications of the 22q11.21 genomic region. Despite 
the occurrence of 22q11.21 microduplications in clinically unaffected individuals, 
the 22q11.21 genomic region may contribute to the regulation of branchial arch- 
derived structures.

 Perspective

Currently, the classification of CS is mainly based on clinical manifestations. 
Mutations of genes in key signaling pathways could lead to different CS syndromes 
with similar phenotypes, while the same syndrome could be separated into several 
subtypes according to genotyping thus providing evidence for phenotypic and 
genetic heterogeneity. Panel/target sequencing, whole exome sequence (WES), and 
whole genome sequence (WGS) are now applied in molecular diagnosis [109, 110]. 
It is anticipated that these methods will be increasingly utilized in genetic diagnoses 
and molecular classification in CS patients, opening a new era for novel gene dis-
covery and clinical practice. As genomic variation is characterized in different 
races, larger-scale multicenter cohorts with multiethnic studies are in great need to 
identify universal or possible differences in genes associated with CS among differ-
ent racial groups. Using GWAS strategy in conjunction with NGS [111] may help 
localize additional candidate loci. As the causes for CS and VM are heterogeneous, 
a combination of various techniques needs to be implemented to identify the genetic 
etiology. Functional studies and animal models are necessary to ascertain pathoge-
nicity of identified variants.
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Chapter 5
Animal Models of Idiopathic Scoliosis

Zhaoyang Liu and Ryan Scott Gray

 Introduction

The term scoliosis is derived from the Greek skolios (σκολιός), meaning to curve or 
twist; in human, scoliosis is used to describe any atypical curvatures of the spine 
greater >10° with rotation of one or more vertebral bodies. In most cases, the term 
“scoliosis” is commonly used to refer to the so-called (adolescent) idiopathic sco-
liosis (IS); however, the incidence of abnormal spine curvature can manifest in 
many human diseases; as of June 2017, there are 774 Online Mendelian Inheritance 
in Man (OMIM) unique entries with some indication of scoliosis. Given the high 
incidence of scoliosis among human diseases, it is not surprising that many forms of 
scoliosis (e.g., congenital, kyphoscoliosis, and IS) are modeled in other vertebrate 
species. Our focus for this chapter is the review and synthesis of how current animal 
models of scoliosis inform the pathogenesis of normal spine development, homeo-
stasis, and disease, with particular emphasis on models of scoliosis that develop 
postnatally without overt vertebral dysplasia. There are detractors of the validity of 
using animal models to study IS, in some cases declaring that a central tenet of the 
disease is that it is a strictly “bipedal” or “human” condition. Despite these cri-
tiques, we hope to highlight examples where animal models have generated funda-
mental insights into potential biological origins of IS in humans. Regardless of the 
ultimate clinical relevance of these models for human IS, we suggest that a deeper 
mechanistic understanding of spine development, homeostasis, and disease using 
animal models will broaden the understanding of the molecular genetics of spine 
development and disease in humans.
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 Normal Spine Function Requires the Integration of Multiple 
Musculoskeletal Tissues

The structural units of the spine – the vertebral bodies and the intervertebral discs – 
are derived from segmented condensations of cartilaginous anlage that originate 
from the embryonic somites flanking the notochord, which ultimately fuse at the 
midline [1, 2]. The notochord is derived from chordamesodermal cells during gas-
trulation and can function as a primitive spine in free-swimming aquatic larvae, 
such as zebrafish and frog, prior to skeletogenesis [3–5]. In addition to this struc-
tural role, the notochord also has a critical role in both formation and structure of the 
spine as signals derived from this tissue are absolutely required for the formation of 
a segmented vertebral column [6] and direct formation of the nucleus pulposus por-
tion of the intervertebral discs [7].

The maturation and homeostasis of a healthy, functional spine requires the inte-
gration of several musculoskeletal tissues including the bone, cartilage and connec-
tive tissue, muscle, and the peripheral nervous system. It stands to reason that overt 
defects in one or more of these musculoskeletal components of the spine could yield 
scoliosis, for instance, severe vertebral dysplasia is commonly associated with the 
spine curvatures. However, in the case of IS, there have been few indications of 
underlying structural defects that would explain pathogenesis of IS. Thus, it is rea-
sonable to speculate that more subtle, subclinical defects of one or more musculo-
skeletal components of the spine may contribute to pathogenesis of IS.  Indeed, 
magnetic resonance imaging studies suggest differences in signal intensity in the 
apex of the curvature, and postmortem analysis has shown that changes in the typi-
cal expression of anabolic markers and known markers of disc degeneration are 
found in the intervertebral disc (IVD) of IS patients [8]. Finally, the biology of how 
the spine and its integrating components develop during adolescence and are main-
tained in adults remains poorly understood. For instance, how are the annulus fibro-
sis and nucleus pulposus components of the IVD maintained and how might subtle 
defects in these tissues contribute to instability of the spine in IS patients. Moreover, 
it has been observed that the outer annulus fibrosis of the IVD is innervated in 
humans [9] and rats [10], yet it remains to be determined how these innervations are 
important for normal spine physiology and their pathology might contribute to 
disease.

Dysfunction of extrinsic neuroendocrine factors, such as melatonin [11], or met-
abolic hormones, such as incretins [12, 13], has been reported to be associated with 
IS in humans and animal models. While there has been limited mechanistic insight 
attributed to these associations in vivo, it is very likely that these or other systemic 
interactions of extrinsic and intrinsic musculoskeletal components of the spine are 
important for the development and homeostasis of the spine. For these reasons, it is 
wise to contemplate more diverse, potentially synergistic pathoetiologies for IS. For 
example, minor defects of innervations of the paraspinal muscles and intervertebral 
disc might be sufficient to generate instability of the spine during period of rapid 
growth, leading to scoliosis, as was recently shown in mouse [14]. Alternatively, 
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defects in a key neuroendocrine signaling pathway may lead to decreased bone 
mineral density/osteopenia which could generate weakness in vertebral endplates 
generating spine instability. Future research into the pathogenesis of IS should 
begin to address these hypotheses by empirical testing in animal models. The chal-
lenge for these models will be to reconcile these mechanistic insights with the 
known phenotypes of IS in humans and ultimately confirmed in using precious 
human tissue samples.

 Spine Form Follows Dysfunction

The development of the spine begins in utero but undergoes tremendous growth and 
maturation during adolescence in humans. The same processes of spine develop-
ment, postnatal refinement, and maturation of the axial skeleton are recapitulated in 
other vertebrate species including the mouse and zebrafish model systems. There 
are three broad classifications of scoliosis in humans including congenital, neuro-
muscular/syndromic, and idiopathic. Congenital scoliosis (CS) is a developmental 
disorder characterized by overt structural malformation/dysplasia of one or more 
vertebral units, which can result in focal spine curvatures, present at birth [15]. 
Defects in somite segmentation or notochord development have been shown to be 
primary causes of vertebral malformations and CS in animal models. For example, 
the majority of mutations associated with human CS disrupt Notch signaling com-
ponents, many of which have been nicely modeled in the mouse [16, 17]. Whereas, 
the induction of notochord defects via chemical inhibition of lysyl oxidases [18], 
genetic disruptions of the extracellular matrix components of the notochord sheath 
[19–21], or by disruptions of lysosomal-dependent vacuolation of the inner most 
notochord cells [22] lead to vertebral malformations and scoliosis in the zebrafish 
model. CS can also be modeled by gene-environment interactions in mouse, as was 
shown by haploinsufficiency of known Notch signaling components in combination 
with an environmental stressor, hypoxia, in utero [23]. This is particularly important 
in light of several observations of increased incidence of IS within families of CS 
patients [24]. Moreover, recent studies in zebrafish suggest that CS and IS may 
share a common genetic basis [25, 26], where the pathology is altered by changes in 
gene dosage of protein tyrosine kinase 7 (ptk7) [26] or ladybird homology domain 
1b (lbx1b) [25] during embryonic development. It will be important to determine 
whether more subtle defects in somite segmentation or disruptions of notochord 
development during embryonic development can predispose the onset of IS in 
humans.

Neuromuscular/syndromic scoliosis encompasses spine defects that are thought 
to be downstream of a general loss of muscle tone via inherent defects of the axial 
muscles or of their innervations or initiated by severe joint laxity or general weak-
ness of the connective tissues of the axial skeleton. For instance, patients suffering 
from Duchenne muscular dystrophy [27], neurodegenerative diseases like Rett syn-
drome [28], or joint hypermobility/connective tissue diseases such as Marfan 
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 syndrome [29] and Ehlers-Danlos syndrome [30] are known to display increased 
incidence of scoliosis without obvious vertebral malformations in humans. A recent 
report beautifully illustrates that functional ablation of the TrkC neurons, which 
provide connections between the proprioceptive mechanoreceptors and the spinal 
cord, can generate a model of IS in mouse [14]. While animal models exist for a 
wide-range of neurological and connective tissue disorders, very few examples have 
been reported to display scoliosis as a phenotype [27, 31, 32]. In our opinion, this 
may simply be explained by under sampling of the spinal architecture in these 
models.

In contrast to neurological or syndromic scoliosis, clinical manifestations of IS 
usually occur during adolescence in otherwise healthy individuals. IS can be viewed 
as a diagnosis of exclusion, wherein IS patients should not display overt vertebral 
dysplasia, neurological deficits, or other known diagnoses, although many of these 
measures of diagnoses are not necessarily tested for in all clinical settings. That 
said, rare variants in connective genes known to contribute for Marfan and Ehlers- 
Danlos syndromes are reported to be associated with IS in humans [33, 34], sug-
gesting that some AIS patients could represent subclinical examples of these 
syndromes. Alternately, the pathogenesis of IS may act via somatic loss of hetero-
zygosity or epigenetic changes in the normal pattern of gene expression of other 
known CS, neuromuscular, or connective tissue disease genes. Ongoing efforts to 
utilize modern genomics approaches, coupled with experimental testing in animal 
models, will be critical to test these complex models of pathogenesis.

 What Makes a Good Animal Model of Disease?

The molecular genetics and underlying pathology of IS are not fully understood, 
despite millennia of clinical investigation [35]. For this reason, it is difficult to 
understand how progress will be made without well-structured experimental 
approaches including animal models. In recent years, different animal models dis-
playing characteristics of IS have been characterized. These models represent the 
most ethical and cost-effective way forward to gain deeper mechanistic understand-
ing of both normal development and disease onset and progression of the spine. An 
explicit animal model should both model the phenotype(s), underlying genetic 
causes, and natural history of disease and provide an experimental platform for the 
development of therapeutic interventions of disease. Unfortunately, there are very 
few examples of animal models that meet this strict set of criteria for any disease 
[36]. For these reasons, we see a benefit in considering levels of validity for animal 
models of human disease [37], both for reviewing the current data and as a way of 
building toward more relevant animal models of IS in the future. We refrain from 
making strong assertions of whether an animal model has bona fide relevance to 
human IS; instead, we will discuss several examples which portray morphological 
similarities to IS as observed in human; undoubtedly caveats exist. We echo the fol-
lowing metrics of validity to characterize animal models of IS:
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Face validity An animal model with similar phenotypic indicators of human IS. At 
this level, a model should exhibit a postnatal-onset scoliosis, in otherwise healthy 
individuals, and without obvious vertebral malformations. Indeed, there are multi-
ple examples of animal models of IS induced by surgical resection or tethering of 
vertebral elements and resection of the pineal gland. Moreover, there are a growing 
number of heritable, genetic models in mouse and zebrafish that display phenotypes 
observed in IS (Table 5.1). Undoubtedly, many of these models will fall short of 
relevance for human IS; however, all of these models provide a foundation for 
assessing structural principles and biological mechanisms for spine stability.

Construct validity An animal model which displays face validity and also displays 
a similar underlying molecular genetic basis of IS in humans. At this level, the ani-
mal model should be the result of an analogous genetic mutation or relevant cellular 
pathology that is associated with IS in humans. Thus far, only a few examples of 
animal models at this level of validity have been reported for IS (Table 5.1). Moving 
forward the method of genetic engineering utilized to engineer the model should be 
considered. For instance, a complete loss-of-function, “knockout” model of a can-
didate IS gene might not be as valid in comparison to an animal model that is engi-
neered to contain a tissue-specific conditional loss-of-function or by engineering a 
“humanized” allele of a candidate IS mutation. With the advent of modern genome 
editing and conditional genetic approaches, this level of validity should be the stan-
dard for modeling human disease, while less robust genetic approaches such as 
morpholino “knockdown” or transient transgenics should be avoided.

Predictive validity An animal model that has a similar response to clinically vali-
dated therapeutics for IS. Thus far, no animal models of IS have been reported for 
this level of validity. The development of these “gold-standard” models will be criti-
cal for the improvement of current interventions or testing of new therapeutics for 
IS.

 Animal Models

There are four distinct classes of animal models reporting some of the hallmarks of 
IS: (i) pineal resection models, (ii) mechanical models, (iii) environment models, 
and (iv) genetic models (Table 5.1). The pineal resection models have been recently, 
extensively reviewed [11]; for this reason, we will not reassess these models here.

5 Animal Models of Idiopathic Scoliosis
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 Mechanical Models of IS

The majority of IS models reported thus far have been generated by the establish-
ment of a mechanical asymmetry via bracing, tethering, or resection of axial tissues. 
It is clear that bipedal and quadrupedal animals do not share identical vectors of 
axial loading and stress; however, all vertebrates experience mechanical loads and 
torsion on the spine as they move through the environment regardless of whether 
they are terrestrial or aquatic animals [38]. By systematically altering mechanical 
properties of the axial column, these studies have provided critical insights of the 
anatomical components necessary for normal spine stability. Furthermore, the 
majority of these experimental approaches have been shown to destabilize quadru-
pedal animals which further supports the notion that these principles are evolution-
arily conserved biomechanical properties of spine stability, irrespective of the forces 
applied to the spine during locomotion.

The first reports of experimental scoliosis by systematic resection analysis were 
performed in rabbit by Langenskiold and Michelsson [39–41]. In these seminal 
experiments, the authors provide an anatomical framework for spine stability, con-
cluding that “... unilateral resection of the posterior ends of the sixth to eleventh ribs 
including the costal parts of costo-ventral joints” provokes a model of progressive 
scoliosis. This suggests that the normal attachment of the lower rib cage to the ver-
tebral column is a critical biomechanical component for maintaining spine stability. 
In agreement, unilateral rib osteotomy or nonsurgical rib cage deformity via tho-
racic restraint prior skeletal maturity was also shown to generate progressive tho-
racic scoliosis with rotation in mouse [42]. Importantly, the induction of scoliosis in 
this thoracic restraint model was relieved by bilateral rib neck osteotomy prior to 
bracing. Together these data support a model where the biomechanical decoupling 
of the rib cage and spine can lead to onset and progression of scoliosis, as had been 
previously proposed [43, 44]. For this reason, abnormal interactions of the spine 
and rib cage should be considered as a principle etiological factor causing progres-
sive thoracic scoliosis in humans. This model is further supported by observations 
in that IS patients which commonly have compressed, flatten rib cage morphology 
or disruptions of sternum [35, 45–49]. Longitudinal studies of human IS to assess 
how changes in the morphology of the rib cage contributes to the onset and progres-
sion of IS will be greatly assisted by modern low-dose radiation, 3D imaging plat-
forms [50].

Postnatal spine maturation proceeds via the growth and ossification of several 
cartilaginous unions (synchondrosis) to include the costovertebral joints – which 
articulate each rib with an individual vertebral unit – and the neurocentral joints, 
which join the neural arch to the vertebral body or centrum. Moreover, the vertebral 
units, which are derived from cartilaginous anlage flanking the notochord, are them-
selves synchondroses, typically fused prior to birth in humans. Perhaps defects in 
the maturation and closure of these axial midline synchondroses contribute to the 
onset of IS. As described above the ablation of the normal mechanical properties of 
the costovertebral joints can generate robust IS-like scoliosis in rabbit and mouse. 
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In agreement the hemi-circumferential ablation of the neurocentral joint by electro-
coagulation results in mild scoliosis in a growing pig model [51]. Taken together it 
is clear that the abnormal development and maturation of these axial synchondroses 
may serve as a source of mechanical asymmetry, contributing to the onset of IS in 
some cases.

In addition to intrinsic defects of the spine, extrinsic components of the spine 
such as dysfunctional sensorimotor control, asymmetry of the semicircular canal, 
and vestibular defects have been proposed to contribute to pathogenesis of IS [52–
56]. Resection studies in the frog Xenopus laevis show that unilateral resection of 
the inner ear/vestibular structures results in progressive scoliosis without vertebral 
dysplasia [57]. The spine curvatures in this model are hypothesized to be due to the 
introduction of an asymmetric muscle tone and a progressive deformation of the 
cartilaginous structural elements of the spine prior to ossification [58]. The model 
born out of these findings suggests that loss of vestibular function may promote a 
general tonic imbalance in descending pathways of spinal motoroneurons which 
would contribute to asymmetric torsion on the spine; in particular during develop-
ment in utero, where weight-supporting limb proprioceptive signals are diminished 
and the immature skeleton is composed of less ossified structural elements, connec-
tive tissues, and synchondrosis. In this manner, even subtle defects of the biome-
chanical properties of these elements of the spine could be primary to the initiation 
of scoliosis during periods of rapid growth in adolescence. On the other hand, it may 
be possible that any imbalance of descending neurological pathways during embry-
onic and postnatal development, whether peripheral or central, may initiate defor-
mations of the soft spine elements via asymmetric muscle tone. Many disorders 
affecting the central nervous system in humans also manifest scoliosis; however, 
several mouse models with defects in the peripheral nervous system do not display 
scoliosis [59–62]. However, it was recently shown that tissue-specific ablation of 
Runx3 from peripheral neurons (Wnt-1Cre), which ablates proprioceptive function, 
generates characteristics of IS with generalized ataxia in mouse [14]. In conclusion, 
these mechanical animal models of scoliosis provide strong support that both struc-
tural and neuromuscular asymmetries during periods of spine development can 
cause scoliosis that model IS with face validity.

 Environmental Models

There is a report of scoliosis in a wild fish population in Belews Lake, North 
Carolina. These fish displayed curves along both dorsal-ventral and medial-lateral 
axes, which is phenotypically similar to scoliosis reported in other zebrafish mutants 
with late-onset scoliosis [63, 64]. The cause of scoliosis in these fish is thought to 
be due to contaminated wastewater effluent from a coal-fired power plant, found to 
contain high levels of selenium. Interestingly, after bioremediation efforts which 
decreased levels of selenium, the incidence of spine deformity was found to be con-
comitantly decreased in the population [65]. This report suggests that high levels of 
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selenium have teratogenic effects on normal spine development. The mechanism of 
this effect has not been determined or recapitulated in other established laboratory 
animal models.

 Genetic/Heritable Models of IS

There are multiple examples of both aquatic and terrestrial animals in the wild 
which display IS-like scoliosis, including bonobo [66], orangutan [67], dolphins 
[68, 69], gray whale [70], and sea otter [71], although it is unknown whether the 
pathogenesis of these curvatures represents environment or genetic factors. 
Regardless, there are several examples of heritable models that display characteris-
tics of IS reported in guppy, quail, chicken, and rabbit. Unfortunately, most of these 
animal models are no longer available for modern genetic studies [72–74]. More 
recently studies using genetically defined laboratory animal models have begun to 
identify heritable genetic lesions which generate models of IS [26, 62, 63, 75]. The 
continuation of mechanistic studies in these genetically defined, heritable animal 
models will greatly aid in the deeper understanding of the genetics of normal spine 
development and will contribute to our understanding of the pathogenesis of scolio-
sis in humans.

 Aquatic Models of IS

The spontaneous curveback mutant guppy (Poecilia reticulata) model of IS which 
displays face validity due to larval-onset scoliosis with a dorsal-ventral sinusoidal 
curvature, with additional medial-lateral curves and rotation, without the presence 
of any underlying vertebral malformations [76]. This mutant phenotype was mapped 
to a qualitative trait locus on the guppy linkage group 14, which was estimated to 
explain >80% of the genetic variance [77]. The exact nature of the genetic lesion 
controlling spine instability in the curveback mutant has not been reported.

Several other IS models have been reported in the zebrafish (Danio rerio) model. 
The zebrafish model system is one of the premier model organisms for unbiased 
forward genetic screening of relevant phenotypes as well as for the application of 
functional testing of genetic associations of human disease using modern gene- 
editing techniques. Robust techniques have been successfully employed in the 
zebrafish model to study development and human disease including injection of 
synthetic RNA constructs, chemical genetic screens, modern transgenic approaches, 
and the use of antisense morpholino oligonucleotides (morpholinos) to reduced or 
knockdown gene expression or translation of gene products [78]. With the recent 
advent of modern reverse genetic approaches such as TALENs or CRISPR-Cas9 
[79, 80], it is now feasible to substitute wild-type (WT) alleles with variant, “human-
ized” alleles found in human genetic studies, making this model a cost-effective 
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resource for the development of animal model of IS displaying construct validity. 
Moreover, zebrafish undergo external development and have mostly transparent 
bodies during the range of skeletal development making them increasingly valuable 
for studying postembryonic skeletal development and disease [21, 64, 81–86].

For these reasons, recent genome-wide association studies (GWAS) of human IS 
cohorts have utilized the zebrafish model to test for functional roles of these risk 
loci. For example, the human variant, rs6570507, located within an intron of the G 
protein-coupled receptor 126 (GPR126) locus, is associated with human IS [87]. To 
test a model of loss-of-function for gpr126 in zebrafish, morpholinos were used to 
knockdown gpr126 expression in embryonic zebrafish. This resulted in minor 
defects of the ossification of the axial skeleton in early larval stages [87]; however, 
no scoliosis was observed in adult mineralized spines in this fish. At first glance this 
gpr126 morpholino-based model appears to have some mechanistic validity in the 
spine; however, it is important to note that several missense and nonsense alleles of 
gpr126 in zebrafish have been described to exhibit defects in myelination due to 
defects in Schwann cell biology [88] and dysplasia of the cartilaginous semicircular 
canal of the inner ear [89]; in contrast none of these gpr126 mutants were reported 
to display defects in bone mineralization or scoliosis. Perhaps the simplest interpre-
tation is that gpr126 knockdown reagents are exhibiting non-specific effects on the 
mineralization of the axial centra, having little to do with the true nature of gpr126 
function in zebrafish development.

The human variant, rs11190870, represents one of the most robust signals for 
risk of IS in multiple ethnic backgrounds [90–93]. This SNP is located several kilo 
bases downstream of the Ladybird Homology Domain 1 (LBX1) gene. Lbx proteins 
are homeodomain DNA-binding nucleoproteins with well-defined roles in tran-
scriptional regulation and cell lineage determination including migration of muscle 
lineages [94] and specification of neuronal subtypes in the brain and spinal cord 
[95–97]. Guo et al. found increased binding of nucleoproteins as well as increased 
transcriptional activity using a region of DNA containing the “risk” rs11190870 
T-allele as compared to the same region of DNA with the “non-risk” C-allele [25]. 
Together these findings suggest a gain-of-function model for the T-allele, perhaps 
leading to increased or ectopic expression of the LBX1 gene. However, it should be 
pointed out that both T- and C-alleles are common in a diverse range of ethnic back-
grounds. Moreover, the T/T and T/C haplotypes are the most common in all ethnic 
backgrounds tested which implicates the T-allele as the ancestral allele. In agree-
ment, we have only observed the T-allele in the mouse and zebrafish models, where 
we have assayed thus far (unpublished data).

The zebrafish model was utilized to test this gain-of-function model for LBX1 in 
the pathogenesis of IS. Zebrafish have three paralogues of LBX1, lbx1a, lbx1b, and 
lbx2, and a LBX1 antisense RNA 1 (LBX1-AS1; FLJ41350) gene closely linked to 
the lbx1a locus. Scoliosis or axis defects were not observed in either lbx1b−/− or 
lbx2−/− mutants; however, neither lbx1a mutants nor compound mutants were 
assayed. To test for a gain-of-function of these genes, the authors injected synthetic 
RNAs of each of the three zebrafish LBX1-related genes, human LBX1, or LBX1-AS1 
RNA finding that overexpression of all zebrafish and human paralogues induced 
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embryonic defects including notochord bending and convergent and extension 
defects of the axial mesoderm. The overexpression of Lbx RNAs induced decreased 
expression of wnt5b in the presomitic mesoderm, which is necessary for convergent 
and extension behaviors during zebrafish gastrulation [98]; however, experiments 
did not yield viable adult fish for analysis of the spine.

Interestingly, CS-like defects and kinks and bends of the notochord and vertebral 
malformations and scoliosis in mineralized adult spines were observed in transient 
transgenic zebrafish engineered to express lbx1b under the control of a portion 
lbx1b regulatory region (Tg[lbx1b:lbx1b]), which faithfully recapitulates the endog-
enous embryonic expression pattern of lbx1b. As previously discussed, structural 
defects of the notochord are well-established to contribute to vertebral malforma-
tions in zebrafish [20–22, 99, 100], which is very likely to be the antecedent of the 
vertebral malformations in these F0 Tg[lbx1b:lbx1b] transgenic zebrafish. 
Interestingly, a few F0 Tg[lbx1b:lbx1b] transgenic animals displayed scoliosis 
without vertebral malformations, more reminiscent of IS, presumably due to differ-
ences in the efficiency of integration or size of the clones expressing the transgene. 
Alternately, the locus of integration may regulate the spatial and temporal expres-
sion of the transgene in turn regulating the onset and severity of the phenotype.

In general, somatic transgenes (F0 s) are not generally considered a valid method 
for genetic analysis in the zebrafish community, and thus any conclusions made via 
this type of transient analysis are difficult to interpret. For instance, these defects 
could be related to non-specific effects due to the overexpression of lbx1b, rather 
than revealing a relevant function of lbx genes during zebrafish spine development. 
Unfortunately, this approach produced no viable F1 transgenic lines precluding 
analysis of the mature spine in stable Tg[lbx1b:lbx1b] transgenics. These data illus-
trate that expression of lbx1b must be tightly regulated during normal development 
in zebrafish and that dysregulation of LBX1 expression may highlight a common 
genetic basis of CS and IS in humans.

Additional support for a genetic basis for CS and IS was described by loss-of- 
function studies of the ptk7 gene in zebrafish [26], which showed that maternal- 
zygotic ptk7 mutants (MZptk7) – where the eggs are lacking ptk7 gene product – display 
vertebral anomalies commonly associated with CS (e.g., hemivertebrae and verte-
bral fusions). Mechanistically, MZptk7 mutant embryos display defects in the pat-
terning of known somite segmentation pathway genes and defective Wnt signaling, 
which is well known to be important during somitogenesis [101]. In contrast, 
zygotic ptk7 (Zptk7) mutant zebrafish – where the egg contains maternally depos-
ited wild-type ptk7 gene products but has little or no functional zygotic transcrip-
tion of ptk7 – displayed defects more characteristic of IS. Importantly, a single rare 
variant of PTK7 (P545A) isolated in a patient with IS was shown to generate defects 
in Wnt signaling. The pathogenicity of this PTK7 coding variant has not been 
directly tested in an animal model. Zptk7 mutant zebrafish display strong face valid-
ity with several hallmarks of IS observed in humans including postnatal-onset sco-
liosis and lack of vertebral dysplasia and in animals that display no apparent defects 
in behavior or viability.
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Further analysis demonstrated that ptk7 expression in foxj1a-postive cells or tis-
sues (Tg[foxj1a::ptk7]) is sufficient for maintaining spine stability during larval 
development [75]. Foxj1 is a master transcriptional regulator of motile cilia [102], 
and the motile ependymal cell cilia lining the ventricles are thought to help in the 
establishment of normal function of the ventricular system by helping to facilitate 
flow of the cerebral spinal fluid (CSF) in the brain. Importantly, a stable 
Tg[foxj1a::ptk7] transgene rescued the loss of ependymal cell cilia and normal CSF 
flow in Zptk7 mutant zebrafish. Together these data implicate defects in ependymal 
cell cilia and CSF flow in the pathogenesis of IS. Similar defects are typically asso-
ciated with hydrocephalus and postnatal lethality in mouse; it will be interesting to 
see if milder defects in the ventricular system would affect spine stability. It will be 
important to determine if defects in the ventricular system of the brain and spinal 
cord might underlie the association of scoliosis that is secondary to many neurologi-
cal disorders such as Rett syndrome and cerebral palsy.

The theme of ependymal cell cilia and ventricular defects contributing to scolio-
sis in zebrafish is recapitulated by several other mutants which disrupt components 
of primary or motile cilia, CSF flow, or generate primary ciliary dyskinesia in 
zebrafish [75]. In particular, a temperature-sensitive allele (tm304) of the c21orf59 
gene was used to define a temporal window of larval development (from 18 to 
30 days’ postfertilization (dpf)) when its function is required to maintain normal 
spine morphology. Presumably, these experiments also define a critical window 
when the function of these motile cilia components and functional CSF flow is nec-
essary for spine homeostasis; however, the precise link between the ventricular sys-
tem and spine stability remains to be determined. Interestingly, this period of 
development in zebrafish corresponds to well-documented periods of rapid growth 
in zebrafish [26, 103] and may be analogous to periods of rapid growth during ado-
lescence in humans. These mutant zebrafish models of IS exhibit face validity and 
provide novel models of defective CSF flow in zebrafish with which to investigate 
how this process may regulate typical spine morphology.

Finally, the relationship between inadequate CSF flow and scoliosis has been 
observed in other experimental models of syringomyelia, generated by injection of 
Kaolin (hydrated aluminum silicate) into the subarachnoid space in rabbit and dog 
[104, 105] and may underlie spine defects humans with Chiari malformations which 
also display obstructed CSF flow and higher rates of scoliosis [106]. It will be inter-
esting to understand if subclinical deficits in ependymal cell cilia or alterations to 
CSF flow may contribute to risk of IS in humans.

Other genes predicted to encode proteins that are core components of the cilia 
have been implicated in IS in zebrafish including the kinesin family member 6 (kif6) 
gene, a microtubule motor protein, and the centriolar protein homolog poc5. In the 
case of kif6, multiple non-complementing frameshift mutations generate late-onset 
scoliosis without vertebral dysplasia [63], which provides a model of face validity 
for IS.  While no defects in ciliogenesis of either primary or motile cilia were 
observed in kif6 mutant embryos up to 5dpf, the kif6 transcript was shown to be 
expressed in the brain. It will be interesting to test whether kif6 has a role in the 
ventricular system as was shown for ptk7. While there are no associations reported 
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as yet between KIF6 and IS in humans have been reported thus far, a recent report 
suggests that a micro RNA, MIR4300HG, associated with progression of IS in 
human may bind kif6 transcript, presumably to control its regulation [107].

Several familial cohorts containing IS are reported to be associated with rare 
single nucleotide variants (SNVs) of the POC5 gene [108]. Using morpholino anti-
sense oligonucleotides (MO), the authors observed that knockdown of zebrafish 
poc5 generated a curly-tailed phenotype with lethality after 3dpf phenotypes com-
monly associated with primary cilia dyskinesia in zebrafish [109–112]. A poc5 MO 
was used to “knockdown” endogenous poc5 expression, and human RNAs were 
co-injected to examine the effects of candidate human POC5 SNVs during spine 
development. Embryos expressing mutant POC5 RNAs were viable but were 
observed to have mild to severe axial curvatures in larval fish and IS in the fully 
mineralized adult skeleton, whereas embryos injected with WT human POC5 RNA 
did not develop scoliosis, suggesting that the IS-associated SNVs of POC5 are loss- 
of- function alleles [108]. The frequency of these SNVs of POC5 in these human 
cohorts was 75% and 30% in each of the cohorts, suggesting that these variants of 
POC5 are not sufficient to generate pathology in humans, rather there are likely to 
be additional disease-modifying mutations that co-segregate with effected individu-
als. It remains to be determined if the generation of endogenous “humanized” alleles 
of poc5 would display similar defects as were observed by knockdown and overex-
pression of exogenous POC5 variants. The generation of these alleles may provide 
construct validity and would be a valuable resource for modifier screens to identify 
IS loci in the zebrafish model.

Zebrafish genetics provide powerful models for validation for human genetic 
studies. Many important advances in developmental biology have been made by 
careful use of morpholino oligonucleotide-based gene interference [113]; however, 
there are many examples where lack of sufficient controls using MOs confounds the 
interpretation of the results. Along the same lines, overexpression by RNA injection 
or by transgenesis in zebrafish allows robust functional assays of human genetic 
findings. However, careful analysis using dose curves for injection of RNA or gen-
eration of stable transgenic lines should be the standard for all experimental design 
in future studies.

 Mouse Models

There are several mutant mouse strains that model aspects of IS, with the majority 
of these being the result of defects in the development or homeostasis of connective 
tissues and cartilages (Table 5.1). Using the inducible Col2a1CreERt2 deleter strain, 
postnatal conditional loss of the protein tyrosine phosphatase, non-receptor-type 11 
gene (also known as Shp2) in chondrocytes (Col2a1+ lineages) during juvenile 
development (4 weeks of age) generates a late-onset scoliosis in about 40% of the 
SHP2-conditional mutant mice by the age of 12 weeks [114]. The spine curvature in 
this conditional mutant mouse was very severe, noticeable without X-ray, atypical 
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lordosis in the upper thoracic spine and kyphosis of the lower thoracic to lumbar 
spine as well as rotation of individual vertebrae. SHP2 is a positive regulator of 
RAS-MAPK signaling, which is essential for connective tissue growth [115], and 
this conditional mouse model of Shp2 suggests this signaling is required for homeo-
stasis of the intervertebral disc. Indeed, histological analysis revealed variable 
thickness and a disruption of typically aligned columnar chondrocytes in the verte-
bral growth plate in these conditional mutant mice. Interestingly, when Shp2 was 
removed from Col2a1-expressing lineages later in development (8 weeks of age), 
no spinal deformity or scoliosis was observed up to 16 weeks of age. The analysis 
of this conditional Shp2 mutant mouse reveal a prospective window of susceptibility 
for pathogenesis of scoliosis due to defects of the disc and that homeostasis of car-
tilage tissues can be a major driver of spine stability.

Additional associations between cartilage homeostasis and spine integrity are 
underscored cartilage-specific deletion of SOX9 in postnatal mice, using an induc-
ible aggrecan enhancer-driven CRE deleter strain (Agc1-CreERT2) [116]. SOX9 is 
an essential transcription factor for the differentiation of the chondrocyte lineages 
during embryonic development [117]. In order to circumvent the embryonic require-
ment for SOX9, recombination of a floxed Sox9 allele was induced at 6 weeks of 
age, and by 4 months the mice displayed severe kyphosis of the thoracic spine. This 
postnatal loss of Sox9 also resulted in compression and degeneration of the IVDs, 
depletion of sulfated proteoglycan and aggrecan content in IVD cartilage, and pre-
cocious growth plate closure, and the mutant mice were observed to have defects in 
overall growth, although the size of individual vertebrae in adult mice was not 
affected. Global RNA transcriptome sequencing (RNA-seq) analysis revealed that 
depletion of SOX9 in aggrecan-expressing lineages of the IVD remarkably reduced 
the expression of several genes encoding extracellular matrix proteins, as well as 
some enzymes responsible for their posttranslational modification. Furthermore, 
several cytokines, cell-surface receptors, and ion channels were dysregulated, con-
firming that SOX9 also has a critical role in coordinating the homeostasis of the 
IVD postnatally and which is likely to contribute to loss of spine stability. Similar 
testing at 8 weeks was not reported in this model so it is unclear if spine stability is 
resistant to a loss of Sox9 expression at later time points as was observed for Shp2.

The regulation of spine structure during postnatal development is also controlled 
by the growth differentiation factors 5 and 6 (Gdf5 and Gdf6) genes, wherein Gdf5/6 
double mutant mice display severe vertebral column defects in adult mice that are 
not seen in either Gdf5 or Gdf6 single mutant animals [118]. While most double 
mutant mice fail to thrive to adulthood, severe lateral curvatures (Cobb angle 
between 39 and 67 degrees) of the spine were observed in roughly 30% of the 
double knockout mice by the age of 3 months, without vertebral dysplasia. Gdf5 is 
expressed in the developing joints of the skeleton and is one of the earliest known 
markers of joint formation [118, 119]. Histological analysis of the spine and IVD in 
these double mutant mice reveals reduced proteoglycan staining as indicating a 
degeneration phenotype of the cartilage. More global defects in the skeletal system 
were also observed, including a reduction in mineralized bone and narrowing or loss 
joint space in the limbs, which are not common traits of IS in humans. Despite this 
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these data illustrate that both Gdf5 and Gdf6 are candidate risk loci for the patho-
genesis and progression of IS.

While these models all display some face validity for understanding IS, the overt 
nature of other co-occurring pathologies makes these models less than ideal. 
Regardless it is important to underscore that these mutant mouse models are likely 
due to strong loss-of-function models, which may not be the case in human 
IS. Alternatively, it is more likely that hypomorphic mutations, compound heterozy-
gous mutations, or extragenic enhancer mutations that reduce the level or pattern of 
expression of these genes will provide some better models of IS. For this reason, 
variants in the genes highlighted above as well as other loci of well-known genes 
important for cartilage biology, especially those containing genes known to be 
important for cartilage, connective tissue, or IVD development, should be consid-
ered for validation in animal models.

Changes in bone mineral density or osteopenia may contribute to risk of IS in 
humans [120, 121]. Interestingly, loss-of-function mutant mice of the Fibroblast 
growth factor receptor 3 (Fgfr3) gene display scoliosis and kyphosis in juvenile 
Fgfr3−/− mice, which is associated with overgrowth of the axial and appendicular 
skeleton [122, 123]. Fgfr3−/− mice have also been characterized to display reduced 
cortical bone thickness, defective trabecular bone mineralization, premature joint 
degeneration, and early arthritis [124, 125]. Longitudinal X-ray and Micro-CT anal-
ysis of individual Fgfr3 mutant mice shows that this model displays progressive 
onset of spine curvature, where rapid progression in the thoracic spine coincided 
with rapid body growth up to 4 months [126]. Additional analysis of these mutant 
spines revealed lateral displacement of the spine and axial rotation of the vertebrae 
in Fgfr3 mutants. In addition, an overall increase in the length of vertebrae and a 
significant reduction of height on the concave side of IVD or wedging were also 
observed. Quantitative analysis of vertebrae, outside of the curve, showed reduced 
trabecular bone volume. Interestingly, higher measures of bone mineral density 
were observed at the concave side compared with the convex side vertebrae within 
the curve. This phenotype may result from an anabolic response to increased biome-
chanical strain on the concave side [127]; alternatively, this could be the result of a 
collapse of the disorganized trabecular network under increased strain [128].

Local treatment of the thoracic spine with a bone anabolic agent PTHrP-1-34 
inhibited the progression of lateral scoliosis and vertebral wedging phenotypes in 
Fgfr3 mutant mice, but this treatment had little impact on the formation of kyphosis 
in this model. The changes in IVD morphology in these Fgfr3 mutant mice were 
also corrected with PTHrP-1-34 treatment. Taken together, these results suggest that 
FGFR3 plays a critical role in regulating bone and cartilage growth, and PTHrP 
activity might be complementary to a loss of FGF signaling in the spine. While this 
Fgfr3 mutant model displays strong face validity for IS, no associations with this 
locus have been observed in humans with IS. That said, the mutations uncovered in 
the human FGFR3 locus have been dominant mutations and are known to cause a 
variety of limb malformations or cranial bone dysplasia – with one exception, where 
a novel pathogenic homozygous missense mutation in FGFR3 was isolated in a 
cohort of patients characterized by tall stature and scoliosis. While this is an inter-
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esting validation of the potential role of FGFR3 for pathogenesis of IS, other abnor-
malities of the appendicular and axial skeletons in these patients preclude this from 
being clinically classified as IS; instead this condition is labeled as a skeletal over-
growth syndrome [129]. Regardless, these studies illustrate that FGFR3 function is 
required for postnatal regulation of spine development and stability and further 
investigation of this locus and of FGFR3 signaling in human IS patients is 
warranted.

The C-type natriuretic protein (CNP) and its receptor, natriuretic peptide recep-
tor 2 (Npr2), and downstream effectors are involved in long bone growth in mice 
[130, 131]. Several gain-of-function mutations of NPR2 have been identified in 
patients with an overgrowth syndrome characterized by tall stature, macrodactyly, 
and scoliosis [132, 133]. Interestingly, transgenic mice strain that expresses a gain- 
of- function allele of NPR2 (p.Val883Met) from a cartilage-specific Co11a1 pro-
moter was observed to display kyphoscoliosis, wider growth plates, increased bone 
length, as well as upregulation of cyclic guanosine monophosphate (cGMP) level in 
cartilage [133]. While these alleles in human generate a broader spectrum of pheno-
types than commonly observed in IS in human, the mechanism of cartilage over-
growth potentially via over production of cGMP and its downstream effectors may 
be a relevant mechanism of IS to consider. This mouse model highlights a success-
ful approach in using transgenic mouse genetics to test gain-of-function models of 
human disease, which may be applied to study IS in the future.

Perhaps the most relevant model of IS has been observed as a conditional loss- 
of- function of Gpr126 specifically deleting in osteochondroprogenitor cells (using 
the Collagen Type II Cre (Col2Cre) deleter strain) [62]. It was observed that embry-
onic loss of Gpr126 in osteochondroprogenitor cells resulted in postnatal-onset of 
spine curvature without vertebral dysplasia in ~50% of the Gpr126 conditional 
knockout mice by the age of postnatal day 20 and with increased incidence (>85%) 
by 4 months of age. Because this Col2Cre;Gpr126 mutant mouse model has many 
hallmarks of IS including lack of other vertebral dysplasia and postnatal-onset of 
the pathology (Fig. 5.1), and because the GPR126 locus is associated with human 
IS [87], we suggest it should be viewed as a model of IS with construct validity.

GPR126 has been shown to be required in multiple tissues including during 
endocardium development [134], in Schwan cells for the myelination of peripheral 
axons [88, 135], and for inner ear development [89]. The exact cellular etiology of 
the Col2Cre;Gpr126 mutant mouse has not been established; however, it is clear 
that osteochondroprogenitor cells give rise to the bone, cartilages and connective 
tissues, the IVD, and to many of the tendons and ligaments of the spine. Further 
work using more refined conditional mouse genetics is needed to address which of 
these tissues is critical for the pathogenesis of IS in this model.

 That said histological analysis of the IVDs did not reveal any overt changes in 
the patterning or differentiation of the IVD tissues a P1 or P20 in Col2Cre;Gpr126 
mutant mice, with the exception of some incidence of acellular clefts at the midline 
of the annulus fibrosis and growth plate at both P1 and P20. This suggests that 
Gpr126 may have a role in the normal closure of the midline axial synchondroses of 
the vertebral bodies during the transition from notochord to IVD. Moreover, mild 
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increases in cell death visualized by increased TUNEL- positive cells of the verte-
bral growth plate and IVD were also observed, suggesting a minor role of Gpr126 
in cell survival in these tissues. In contrast, no significant changes in the trabecular 
bone of the vertebrae or defects in the development or mineralization of the long 
bones was observed in Col2Cre;Gpr126 mutant mice, suggesting that Gpr126 func-
tions in chondrocytes or other connective tissues and not in the bone to maintain the 
homeostasis of the spine. However, the use of well- characterized lineage-specific 
CRE transgenic mouse strains will be necessary to support this model. Additionally, 
further studies should also seek to address if the scoliosis observed in conditional 
mouse mutants of Gpr126 is the result of embryonic defects or if its function is 
required during periods of rapid spine growth. 

Interestingly, a significant fraction of these Gpr126 conditional mutant mice also 
exhibited dorsal-ward deflections of the sternum, reminiscent of rib cage defects 
clinically termed pectus excavatum (PE) in humans. PE is a common musculoskel-
etal disorder of the anterior chest wall which has high concomitant incidence with 
IS in humans [46, 47, 136]. The authors found that loss of Gpr126 led to upregu-
lated expression of a matrix modifying gene Galactose-3-O-sulfatransferase 
(Gal3st4), a gene implicated in human PE [137]. Taken together, these data suggest 
that Gpr126 may act as a common genetic cause for the pathogenesis of both IS and 

Fig. 5.1 Col2Cre;Gpr126 mutant mice display late-onset scoliosis without vertebral dysplasia. 
Longitudinal X-ray imaging of (dorsal view) of an individual Cre(-) control (A-A’) and 
Col2Cre;Gpr126 mutant (B-B’) mutant mice. The mice of both genotypes are phenotypically nor-
mal without overt vertebral dysplasia at postnatal day 10 (P10); however, by P40 the 
Col2Cre;Gpr126 mice display right thoracic spine curvature (red arrows) that are not observed in 
Cre (-) control mice
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PE, possibly via a misregulation of extracellular matrix gene expression, which was 
also observed in the inner ear cartilages of gpr126 mutant zebrafish [89].

 Distinct Elements of the Mammalian Spine

While both mouse and zebrafish models are being utilized to study scoliosis, it is 
important to note distinct differences in the components of the vertebral column 
between them. For example, the formation of the vertebral units during develop-
ment and the morphology and composition of the bony vertebrae and of the IVD are 
quite different. In mouse, the vertebrae form by endochondral ossification of carti-
laginous anlagen which fuse at the midline [138]. In contrast, zebrafish vertebrae 
form by direct mineralization of the notochord sheath to form the perichordal centra 
which underlie the elaboration of the vertebrate, which does not pass through a 
cartilaginous stage [139, 140]. Mature mouse vertebrae are columnar-shaped struc-
tures that form by endochondral ossification which leaves cavities the interior of the 
vertebrae, housing the bone marrow. In contrast, mature vertebrae in zebrafish are 
hourglass-shaped structures, without bone marrow; instead they are filled with vac-
uolated tissue which is likely derived by the fusion of notochord-derived vacuolated 
cells [141].

There are also overt differences in the tissue components of the IVD. In mouse, 
the IVD is a lamellar fibrocartilaginous joint surrounding the nucleus pulposus 
(NP), characterized by an abundance of hydroscopic proteins (e.g., aggrecan) which 
act to generate high osmotic pressure, allowing for resilience during compressive 
strain of the spine [142]. The inner annulus fibrosis (AF) layers of the IVD are com-
posed of strands of fibrocartilage attached to the cartilaginous endplate (CEP). 
These strands of fibrocartilage in composite form the inner and outer AF lamellar 
layers that radially and circumferentially surround the NP tissue (Fig. 5.2A, A’), 
providing structural integrity and containment for the NP [6].

The IVD of zebrafish contains notochord-derived [141] vacuolated cells embed-
ded in a fibrocartilaginous matrix (Fig. 5.2B, B’) which highlights a common lin-
eage of the innermost portion of the IVD in both mouse and zebrafish. Despite the 
common origin of the inner disc tissue (NP), zebrafish do not display some of the 
molecular hallmarks of NP or AF tissues observed in mouse and human. For 
instance, Safranin-O staining – which stains mature, healthy AF and NP of sec-
tioned IVD tissue in mouse – does not stain the IVD of adult zebrafish (Fig. 5.2B, 
B’), in contrast to the cartilage-rich NP of the mouse (Fig. 5.2A, A’). Indeed the 
formation of glycosaminoglycan-rich NP tissue appears to be a hallmark of mam-
mals [143]. The analogous structure to the AF in zebrafish appears to be a small 
acellular intervertebral ligament (IVL) that encircles the IVD, originally described 
in medaka fish (Oryzias latipes) [144], and in contrast to the robust fibrocartilagi-
nous strands of cells which make up the AF in mouse (Fig. 5.2A, A’). Interestingly, 
Safranin-O staining of zebrafish IVD is seen just interior, adjacent to the IVL 
(Fig.  5.2B’, D); however, the function of this group of cells remains unclear. 
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Zebrafish IVDs are also observed to host a collection of cells adjacent to the IVL on 
the exterior side, presumably these are twist-positive as shown in the medaka fish, 
hypothesized to be osteoblast progenitors [144], and may also be important for 
maintaining the IVL tissue. Regardless of these unambiguous differences in the 
structure and protein composition of mouse and zebrafish IVD, genetic studies that 
illustrate defects in these tissues, which are correlated to scoliosis, may have con-
served mechanisms in humans in some cases. In the future, careful analysis of these 
tissues in mouse and zebrafish mutants that display scoliosis should be considered. 
Case in point, a recent report of a wavy mutant medaka, which displays characteris-
tics of IS [145], may be due to dysplasia of the intervertebral disc region. This 
phenotype may be reminiscent of work showing that defective fusion of notochord 
vacuolated cells during larval development is sufficient to generate scoliosis and 
vertebral fusions in zebrafish [22]. It will be interesting to address these issues in 
mouse models as well as the functional role of the inner most cellular/tissue layer of 
the NP are likewise unknown (Fig. 5.2A’, C). One could imagine that if these cells 
have a role in growth in homeostasis of the IVD, even subtle defects in their func-
tion could contribute to a loss of spine stability. In conclusion, clear structural dif-
ferences in the mouse and zebrafish spine exist; undoubtedly caveats exist for all 
animal models of human disease. For this reason, the use of animal models to study 
IS should take care to reflect on anatomical differences and be cognizant of other 
potential caveats for each model system.

 Considerations of Analysis of Spinal Curvatures in Mouse 
and Zebrafish

When working with mouse models, it is imperative to ensure careful alignment and 
placement of mice for X-ray analysis of the spine. In particular, we find that a “sco-
liosis” can be falsely observed in mice that are improperly placed in the X-ray scan-
ner, and when readjusted, with hips and shoulders carefully aligned and adjusted 
along the AP axis, these same mice do not display spinal curvature (Fig. 5.3). This 
imaging artifact is likely due to the normal kyphosis of the mouse that is best seen 
on lateral views. When imaged appropriately using a lateral view, extreme kyphosis 
in mice may also be abnormal. Indeed, similar spinal pathology is observed in 
human scoliosis representing a spectrum of rotational deformities that often includes 
kyphosis (in combination, this deformity may be referred to as kyphoscoliosis). For 
example, humans with Marfan syndrome have increased incidence of both scoliotic 
and kyphotic defects of the spine. Mouse model of Marfan syndrome has often been 
described as having extreme kyphosis [146], with no description of scoliosis, 
although it is unclear whether scoliosis was even evaluated in this study.

Our personal experience with zebrafish models of IS has not uncovered this sus-
ceptibility to positioning affects. Indeed, mutant zebrafish with scoliosis are 
uniquely identified in swimming fish; however, we have observed some mutant 
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zebrafish that display very mild scoliosis that are not readily noticeable without 
X-ray or skeletal preparation analysis (unpublished observations). This is in stark 
contrast to our observations in mouse where even severe thoracic scoliosis is not 
readily noticeable with X-ray analysis. Importantly this suggests that many more 
mouse mutant models may exist that have never been reported to have spine defects 
simply due to lack of observation, this is recently been supported by clear indica-
tions of scoliosis from high-throughput analysis of over 3000 novel mouse mutant 
strains as part of the International Mouse Phenotyping Project [147, 148].

 Conclusions

While no single animal model can replicate the pathophysiology of the human spine 
clearly, animal models including teleost and mouse can be useful in studying the 
molecular genetics and mechanics of spine development and disease. While genetic 
studies in human IS are certain to become more powerful ways of advancing its 
molecular genetics, we argue that validation of these findings in animal models is 
critical to ensuring actionable biomedical research whether in the model or in 
human-derived in  vitro culture models. Moreover, the discovery of the cellular 
pathogenesis of IS in these animals is important for advancing approval for studies 
of resected tissue from human IS and nonpathogenic patient sources.

Fig. 5.3 Positioning of mice is critical for accurate determination of spine curvatures. Two wild- 
type C57BL/6J(JAX) mice at P40 imaged live under isoflurane anesthesia (A and B panels). In 
some cases, mice that imaged without proper care for placement will show an obvious spine cur-
vature (red arrows) (A, B). However, after manipulation and lengthning of the spine and alignment 
of the shoulders and hips by gentle traction with the thumb and fingers you can balance the mouse 
on its ribcage, which allow for imageing of normal spine alignment (A’, B’).
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Moving forward, it is worthwhile to consider the caveats of each model and start 
to hold future study of IS models to a higher standard, for instance: (i) in particular 
for zebrafish, we suggest that analysis must be done in a relatively mature spine, in 
contrast making conclusions of relevance to IS based on kinking body plans in 
embryonic zebrafish; (ii) in particular for mouse, care should be taken to ensure 
accurate alignment of the spine prior to analysis of the spine curvature by X-ray as 
false positives are easily observed; (iii) we suggest levels of validity that might help 
to address the distinctive hallmarks of human IS for individual models; (iv) where 
possible we suggest that analysis of IS models should be done using reproducible 
stable transgenic or heritable genetic animals or highly reproducible mechanically 
induced models.
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Chapter 6
Current Understanding of Genetic Factors 
in Idiopathic Scoliosis

Carol A. Wise and Shiro Ikegawa

 Introduction

Art and literature dating back to the beginnings of modern history have depicted the 
human struggle with scoliosis.

Perhaps the most notorious case of scoliosis in Western history was that of King 
Richard III of England, who Thomas More described as having “…croke backed, 
his left shoulder much higher than his right….” This image was borne out sensation-
ally 527 years later when a twisted skeleton was unearthed and proven by DNA 
evidence to be almost certainly that of the fifteenth-century British monarch [1]. 
Subsequent analyses suggest that Richard III suffered from adolescent “idiopathic” 
scoliosis (AIS), so-called because it arises in children entering the adolescent 
growth spurt who appear to be otherwise healthy (Fig. 6.1a).

AIS is a puzzling disease that has evaded biologic understanding for decades 
despite numerous investigations [2]. Epidemiologic studies (described in more 
detail in Chap. 7) consistently identify high heritability and striking sexual dimor-
phism in AIS, with girls having a more than fivefold greater risk of progressive 
deformity than boys [3]. These observations support a disease model in which sus-
ceptibility to AIS is primarily driven by heritable factors that may differ between the 
sexes. In this model, the total mutational burden required to “activate” progressive 
AIS in males will be greater than that in females, a phenomenon known as the 
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Fig. 6.1 (a) AIS in an adolescent female. Shoulder imbalance and rib hump are noted. Standing 
posteroanterior radiograph reveals a typical right thoracic curve with no visible anomalies. (b) 
Genetic heterogeneity in AIS. As depicted, the frequency of an allele (e.g., of a SNP) is expected 
to be inversely related to its effect size
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Carter effect [4, 5]. Males with progressive AIS therefore should be fruitful for dis-
covering deleterious AIS-causing mutations. The genetic underpinnings in AIS set 
up the exciting opportunity for mutation discovery in human populations that can 
get to biologic causality. Advantages to such human-based studies are that [1] ani-
mal models of AIS are few and may not fully recapitulate the phenotype; [2] the 
ability to completely and systematically survey each genome in the current era of 
high-throughput genomics can yield comprehensive results; and [3] these discover-
ies in sum may explain a significant fraction of overall disease risk.

Fig. 6.2 (a) Framework for discovering common AIS genetic risk variants. Stick figures depict 
case and control populations, where cases are enriched for a particular common allele. After statis-
tical comparisons the data are displayed as a Manhattan plot, with SNPs in chromosome order on 
the X-axis versus their evidence for association as measured by the (inverse log10) of the P-value. 
A representative gene is shown at the bottom, with exons shown as blue boxes, 5′ and 3′ untrans-
lated regions shown in green, and noncoding regulatory elements shown as yellow ovals. For 
simplicity, we show replicated associations with AIS susceptibility by their relative location to the 
gene. So, for example, the chromosome 20p11.12 susceptibility locus maps within an PAX1 
enhancer; the chr10q24.31 signal is near the LBX1 promoter, etc. (b) Framework for discovering 
rare AIS genetic risk variants. The search space for rare disease variants detected by WES or WGS 
may be reduced to those co-segregating with disease in an extended family (left), those satisfying 
de novo or recessive inheritance models (middle), or by gene-based burden testing in cases and 
controls
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As with other complex genetic disorders, we expect many heritable mutations 
with varying effect sizes and frequencies will comprise the total mutational burden 
in AIS. As depicted in Fig. 6.2, variants that are rare in a population tend to be more 
penetrant and confer a greater disease risk in an individual, whereas common 
 variants are expected to be less penetrant and to confer relatively smaller effects [6]. 
In this chapter, we review progress in population-based gene discovery for AIS for 
solving the complex genetic architecture of AIS. For a review of family-based AIS 
gene discovery, please see Chap. 7. For simplicity, we have divided this review into 
discussions of “common” and “rare” variants (i.e., genetic mutations). The implica-
tions to epigenetics and systems biology are also discussed along with the prospects 
for using genetics to predict the likelihood of progression, to estimate individual 
disease risk, and as a clinical tool to delineate new AIS subtypes.

 Defining Common Genetic Risk Factors for AIS

 GWAS

The majority of genetic risk in AIS has been defined thus far by hypothesis-free 
genome-wide association studies (GWAS). Such studies are designed to map the 
location of genetic risk factors in the genome relative to fixed markers, usually sin-
gle nucleotide polymorphisms (SNPs) that are robustly genotyped using microarray- 
based methods [7]. By definition, SNPs are common in the population and 
consequently can be informative in statistical tests such as logistic regression that 
measure frequency differences between affected cases and matched controls. An 
alternative statistical method, the transmission disequilibrium test (TDT), measures 
over- or under-transmission of particular alleles to the affected offspring [8] 
(Table 6.1). From a practical standpoint, decreasing genotyping costs have made 
GWAS increasingly feasible and affordable. Public and consortium initiatives such 
as the Database of Genotypes and Phenotypes (dbGaP) [9, 10] and the Wellcome 
Trust Case Control Consortium (WTCCC) have proven to be a major boon to the 
success of GWAS by providing controlled access to genotypes from other large 
studies [11]. Large-scale institutional efforts to biobank control DNA samples have 
likewise sped up discovery by GWAS and other platforms [12].

Further gains in power have been achieved by methods of genome-wide imputa-
tion, in which additional genotypes may be inferred by comparison to patterns of 
linkage disequilibrium (LD) in a reference dataset such as UK10K and 1000G [13] 
(Table 6.2). Imputing genotypes genome-wide can be computationally intense, but 
the method can pay off handsomely in terms of new discoveries that would have 
been missed otherwise [7, 14]. The post-genotyping phase of GWAS is also driven 
by a toolbox of publicly available resources. For example, SNP allele frequency 
data by population as provided in dbSNP and HapMap enable quality control checks 
to identify unmatched outlier samples. Other useful resources for interpreting 
genomic intervals underlying GWAS signals are given in Table 6.2, 6.3, and 6.4.
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Table 6.1 Genetic definitions

Acronym Name Definition

GWAS Genome-wide association 
study

An observational study of a genome-wide set of 
genetic variants in different individuals to see if any 
variant is associated with a trait

SNP Single nucleotide 
polymorphism

A variation in a single nucleotide that occurs at a 
specific position in the genome, where each variation is 
present to some appreciable degree within a population 
(e.g., > 1%)

TDT Transmission 
disequilibrium test

A family-based association test for the presence of 
genetic linkage between a genetic marker and a trait

LD Linkage disequilibrium The nonrandom association of alleles at different loci 
in a given population

eQTL Expression quantitative 
trait locus

Genomic loci that contribute to variation in expression 
levels of mRNAs

SNV Single nucleotide variant A variation in a single nucleotide without any 
limitations of frequency and may arise in somatic cells

WES Whole exome sequencing Is a transcriptomics technique for sequencing all of the 
protein-coding genes in a genome (known as the 
exome)

WGS Whole genome sequencing The process of determining the complete DNA 
sequence of an organism’s genome at a single time

RNA-seq RNA sequencing Uses next-generation sequencing (NGS) to reveal the 
presence and quantity of RNA in a biological sample at 
a given moment in time

ChIP-seq Chromatin 
immunoprecipitation

A type of immunoprecipitation experimental technique 
used to investigate the interaction between proteins and 
DNA in the cell

ATAC- 
seq

Assay for transposase- 
accessible chromatin

A technique that identifies chromatin accessibility 
genome-wide

Hi-C Extension of chromatin 
conformation capture (3C)

A technique that uses cross-linking and high- 
throughput sequencing to study long-range interactions 
genome-wide

Capture 
Hi-C

Modification of Hi-C A technique that uses hybridization arrays to capture 
interactions with specific functional elements

ChIA- 
PET

Chromatin interaction 
analysis by paired-end tag 
sequencing

A technique that incorporates chromatin 
immunoprecipitation, ChIP-based enrichment, 
chromatin proximity ligation, paired-end tags, and 
high-throughput sequencing to determine long-range 
interactions genome-wide

Hi-ChIP Extension of Hi-C A technique designed to allow similar analysis as 
ChIA-PET with less input material

PLAC- 
seq

Proximity ligation-assisted 
ChIP-seq

A technique in which proximity ligation is conducted 
in nuclei prior to chromatin shearing and 
immunoprecipitation
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Because of the many tests performed in a typical GWAS (so-called multiple test-
ing), a significance level of P < 5 × 10−8 is generally required for any association to 
be declared significant (GWAS-level significance). Follow-up studies to indepen-
dently validate candidate SNPs can reveal false positives that may arise from  random 
allele frequency differences or technical reasons and provide true effect sizes. 
Consequently, access to multiple large cohorts is needed as a starting point for any 
GWAS.  It is important to note that while GWAS are proven to be powerful for 
 mapping disease loci, genotyped SNPs may not be disease alleles themselves, and 
further fine-mapping approaches are needed to define causal mutations. The 
NHGRI-EBI Catalog of published genome-wide association studies aggregates 
published studies that can be queried by disease, chromosomal location, associated 
SNP, etc., allowing quick cross-study comparisons [15, 16].

Table 6.2 Public databases

Resource Purpose URL

dbGaP Database of genotypes and phenotypes https://www.ncbi.nlm.nih.gov/
gap

WTCCC Wellcome Trust case control 
consortium

https://www.wtccc.org.uk/

UK10K United Kingdom ten thousand https://www.uk10k.org/
1000G 1000 genomes http://www.

internationalgenome.org/
dbSNP Database of single nucleotide 

polymorphisms
https://www.ncbi.nlm.nih.gov/
snp/

NHGRI-EBI GWAS 
resource

Catalog of published genome-wide 
association studies

http://www.genome.gov/
gwastudies/

gnomAD Genome aggregation database http://gnomad.broadinstitute.
org/

ENCODE Encyclopedia of DNA elements https://www.encodeproject.
org/

OMIM Online Mendelian inheritance in man https://www.omim.org/
GTEx Genotype-tissue expression https://www.gtexportal.org/

home/

Table 6.3 Platforms and resources for population-based gene discovery

Technology Readout Controls Statistical test
Clinical 
reference

SNP microarray 
genotyping

SNPs, CNVs gnomAD, HapMap, 
dbGaP GWAS 
datasets

Logistic regression, 
trend tests, TDT

GWAS 
catalog

WES SNVs, indels gnomAD, EVS Burden ClinVar, 
OMIM

WGS SNVs, indels, 
CNVs, SNPs

1000G, UK10K Burden ClinVar, 
OMIM, 
dbSNP
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Here we summarize current progress in the discovery of both common and rare 
AIS risk variants, focusing on loci that have been identified by genome-wide meth-
ods and validated in multiple studies. For simplicity, we present each associated 
region by chromosome band and nearest gene, recognizing that some signals point 
to extragenic, noncoding disease loci.

 Chr10q24.31: LBX1

The first definitive AIS locus was identified in a GWAS and follow-up replication in 
a Japanese population [17]. The most significantly associated SNP in the region was 
rs11190870 (P-value = 1.24 × 10−19, OR = 1.56). This association was subsequently 
replicated in a Hong Kong Chinese population and cohorts of Han Chinese in 
Nanjing and Guangzhou [18, 19]. A more recent international meta-analysis using 
Japanese, Han Chinese, and Caucasian populations (5159 cases and 17,840 con-
trols) supported rs11190870 as a global AIS susceptibility SNP (P = 1.22 × 10−45; 
OR = 1.60) [20]. rs11190870 is encoded within 80 kb of strong LD and very near 
the end of the LBX1 gene that is encoded head-to-head with another gene FLJ41350 
(also called LOC399806 or LBX1-AS1 (for LBX1 antisense RNA 1)).

LBX1 (OMIM 604255) is the vertebrate ortholog of the ladybird late (lbl) homeo-
box gene originally discovered in the fruit fly Drosophila melanogaster [21, 22]. In 
the fly, lbl participates in segmentation and cell specification of heart and muscle 
precursors. In the mouse Lbx1 is specifically expressed during embryogenesis, with 
expression restricted to the developing central nervous system and muscles. Lbx1 
knockout (KO) mice had extensive muscle loss at birth [23–25]. The KO mice also 
had defects in heart looping and myocardial hyperplasia [26]. Lbx1 is suggested to 
control the expression of genes that guide lateral migration of muscle precursors 
and maintain their migratory potential. However, scoliosis was not described in the 
KO mice. Further, loss of Lbx1 causes apoptotic loss of dorsal association neurons, 

Table 6.4 Susceptibility loci in AIS

Region Marker Phenotype P-value (odds ratio) Candidate gene Reference

10q24.31 rs11190870 AIS susceptibility 1.24 × 10−19 (1.56) LBX1 59
6q24.1 rs6570507 AIS susceptibility 1.27 × 10−14 (1.27) GPR126 61
9p22.2 rs3904778 AIS susceptibility 2.46 × 10−13 (1.21) BNC2 77
20p11.22 rs6137473 AIS susceptibility 2.15 × 10−10 (1.30) PAX1 42
18q21.33 rs4940576 AIS susceptibility 2.22 × 10−12 (1.23) BCL2 62
2q36.1 rs13398147 AIS susceptibility 7.59 × 10−13 (1.28) PAX3/EPHA4 62
1p36.32 rs241215 AIS susceptibility 2.95 × 10−9 (0.83) AJAP1 62
17q24.3 rs12946942 AIS curve severity 6 × 10−12 (1.56) SOX9, KCNJ2 60
11q24.1 rs35333564 AIS curve severity 1.98 × 10−9 (1.56) MIR4300HG 69

Regions in the human genome providing statistically significant evidence of harboring an AIS risk 
factor are denoted by their OMIM locus number (column one) where applicable. The markers 
shown are those that provided most significant evidence in the region
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cells of the dorsal spinal cord that relay somatosensory information, and disruption 
of dorsal horn innervation by nociceptive afferent neurons along with an increase in 
dorsal commissural neurons [27, 28]. Thus, LBX1 may be implicated in myogenic 
and neurogenic etiology of AIS. FLJ41350 is predicted to encode a 120 amino-acid 
human-specific protein. Its predicted protein has no known homology to other 
human proteins. Human LBX1 has three zebrafish homologues, namely, lbx1a, 
lbx1b, and lbx2. It is interesting that both overexpression and morpholino  knockdown 
of the three lbx genes produced zebrafish with scoliosis. Similar experiments with 
FLJ41350 did not yield scoliosis phenotypes. Thus, LBX1 itself may play a dosage-
sensitive role in spine deformity [29].

 Chr6q24: GPR126

In an expanded Japanese GWAS, significant associations were observed with SNPs 
on chromosome 6q24.1 within an intron of the ADGRG6 gene, also referred to as 
GPR126. The association was replicated in Chinese and US-Caucasian (non- 
Hispanic white) populations (rs6570507 combined P-value  =  1.27 × 10−14 
(OR = 1.27)) and has since been replicated in multiple additional studies [30, 31]. 
Comparison to the catalog of published GWAS found that rs6570507 was also asso-
ciated with trunk length in European populations [32]. GPR126 (OMIM 612243) 
consists of 26 exons and encodes a 1250-aa adhesion G protein-coupled receptor. 
GPR126 is highly expressed in human cartilage and in the proliferating cartilage of 
the mouse vertebral column, suggesting a role in spinal development [30]. In the 
ATDC5 cell line, Gpr126 mRNA expression increases with early chondrogenic dif-
ferentiation and is apparently regulated by the SOX9 transcription factor [33]. In the 
same cells,  Gpr126 overexpression increases expression of the cartilage marker 
genes Col2a1 (encoding type II collagen) and Acan (encoding aggrecan), while 
its knockdown decreases their expression [34], indicating that Gpr126 is a positive 
regulator of cartilage differentiation.

GPR126 is a member of the adhesion G protein-coupled receptor (GPCR) fam-
ily that functions in cell adhesion and migration [35]. In zebrafish, gpr126 is 
required for Schwann cell myelination, an effect that could be overcome by elevat-
ing cAMP levels with forskolin. Originally characterized as an orphan receptor, 
these data suggested that GPR126 signals through G proteins [36]. Mouse Gpr126 
null mutants fail to grow and also have severe neurologic deficits, displaying hypo-
myelinating peripheral neuropathy [37–39]. More recently, a novel genetic mouse 
model showing many of the hallmarks of AIS was provided by genetically remov-
ing Gpr126 in osteoprogenitor cells. Axial cartilage cells lacking Gpr126 become 
apoptotic prior to onset of AIS. This and additional experiments defined a critical 
role for Gpr126 during postembryonic cartilage development, including effects on 
the morphogenesis of the annulus fibrosis, chondrocyte survival, and the expression 
of Gal3st4 [40].

C. A. Wise and S. Ikegawa



147

 Chr9p22.3–22.2: BNC2

Heritability studies (calculated as the square of the correlation coefficient, r2) esti-
mate that LBX1- and GPR126-associated loci only explain ~1% of the total genetic 
variance in AIS. To identify additional susceptibility gene(s) for AIS, a more pow-
erful GWAS was designed by substantially increasing the number of the subjects 
to greater than fivefold and conducting a whole genome imputation and a meta-
analysis. Analysis of the association of 4,420,789 SNPs for 2109 Japanese subjects 
with AIS and 11,140 control subjects yielded a third novel locus, rs3904778 on 
chromosome 9p22.2, that surpassed genome-wide significance and replicated in 
independent Japanese and Han Chinese populations (combined P = 1.70 × 10−13, 
OR = 1.21) [41]. The most significantly associated SNPs were in intron 3 of BNC2 
(OMIM 608669) that encodes basonuclin 2, a highly conserved transcription fac-
tor belonging to the C2H2 group of zinc finger proteins. In humans, this gene is 
most highly expressed in the uterus and spinal cord, and expression is also evident 
in the bone and cartilage. Expression quantitative trait locus (eQTL) data in the 
GTEx database suggested that the associated alleles have the potential to upregu-
late BNC2 transcription. BNC2 overexpression produced body curvature and 
abnormal somite formation in zebrafish, suggesting that a gain of function increases 
AIS risk [41].

 Chr20p11.22: PAX1

A GWAS in 3102 individuals of European descent (non-Hispanic white) identified 
significant associations with a locus on chromosome 20p11.22 that is distal to 
PAX1. This association was also found in independent North American, Japanese, 
and East Asian female cohorts [42]. Further investigation revealed that the associa-
tion was driven almost entirely by females (combined rs6137473 P = 2.15 × 10−10, 
OR = 1.30) but not males (combined rs6137473 P = 0.71, OR = 1.08), identifying it 
as a sex-specific AIS locus. The 174-kb associated locus is distal to the PAX1 (paired 
box 1, OMIM 167411) region, a transcription factor that is required for normal 
development of ventral vertebral structures [43]. To identify potential functional 
sequences, the region was annotated with predicted skeletal muscle regulatory ele-
ments as noted in the ENCODE database. One candidate sequence demonstrated 
enhancer activity in zebrafish somitic muscle and spinal cord, an activity that was 
abolished by AIS-associated SNPs. Thus, this sexually dimorphic AIS susceptibility 
locus was potentially refined to a noncoding enhancer that may regulate PAX1 
expression in spinal development.
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 Other Loci

A four-stage genome-wide association study (GWAS) of 4317 female Han Chinese 
AIS patients and 6016 controls detected the previously described association near 
LBX1 and identified three novel susceptibility loci [44]. One locus on chromosome 
1p36.32 represented by SNP rs241215 (P combined = 2.95 × 10−9, OR = 0.83) is 
about 125 kb 5′ of the AJAP1 gene at 2q36.1. AJAP1 encodes adherens junction- 
associated protein 1, a transmembrane protein that interacts with E-cadherin/catenin 
complexes and may regulate cell adhesion, migration, and invasion [45]. The sec-
ond locus represented by SNP rs13398147 (P combined = 7.59 × 10−13, OR = 1.28) 
is in a region of about 500 kb between PAX3 and EPHA4. The association is pre-
sumed to be driven by variation in noncoding regulatory elements with effects on 
PAX3 or EPHA4 or both. PAX3 regulates myogenesis in early development and 
neurogenesis in the neural tube [46–48]. In humans PAX3 mutations are associated 
with syndromes involving hearing, limb, craniofacial, and pigmentation anomalies. 
In the mouse Pax3 together with Pax7 is necessary to maintain a source of myogenic 
cells that are required for skeletal muscle formation and maintenance after early 
embryonic stages [49]. EPHA4 encodes a receptor protein tyrosine kinase that is 
critical for appropriate corticospinal tract development and axon guidance [50]. A 
third locus is on chromosome 18q21.33 represented by SNP rs4940576 (P com-
bined = 2.22 × 10−12, OR = 1.23) within the BCL2 gene. The latter encodes the B 
cell lymphoma 2 proto-oncogene, an integral outer mitochondrial membrane pro-
tein that mediates resistance to apoptosis in a variety of cell types. In neurons BCL2 
participates in neurogenesis during development and also enhances neuron survival 
throughout adult life [51]. In bone, BCL2 overexpression can inhibit osteoblast dif-
ferentiation [52]. No replication has been reported for these three new loci.

 Association with Severity

One of the major goals in current clinical management of AIS is to accurately iden-
tify and aggressively treat those patients with a high likelihood of curve progres-
sion. Correlating factors include bone age at first presentation, sex, menarchal 
status, remaining growth, and curve pattern [2]. Genetic factors are presumed to 
influence curve progression, and targeted studies of a few SNPs in ESR1, ESR2, 
MATN1, and IGF1 genes have suggested associations with AIS severity [53–56].

A comprehensive search for severity-correlated SNPs was conducted in a GWAS 
by using only severely affected AIS subjects, defined by having spinal deformity 
with Cobb angle above 40°. Through a two-stage association study using a total of 
~12,000 Japanese subjects, six AIS-associated loci were identified that surpassed a 
genome-wide significance level [57]. Five of these were previously reported, three 
near LBX1 on chromosome 10q24.31 and two on chromosome 6q24.1 in GPR126. 
The allele frequencies of SNPs in the LBX1 and GPR126 loci did not correlate with 
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AIS severity. One SNP, rs12946942 on chromosome 17q24.3, showed significant 
association in a recessive model (P = 4.00 × 10−8, OR = 2.05) and was replicated in 
a Han Chinese population (combined P = 6.43 × 10−12, OR = 2.21). This SNP also 
showed significant association between curve severity and genotype using the 
Kruskal-Wallis test [57]. rs12946942 and the LD block containing it are in a gene 
desert between SOX9 and KCNJ2. Both of them are ~1 Mb away from the SNP but 
are excellent candidate genes.

SOX9 is a master transcriptional regulator of chondrogenesis and cartilage for-
mation [58]. Recently the SOX5/6/9 trio proteins were shown to act cooperatively 
genome-wide, through super-enhancers (SEs), to implement the growth plate chon-
drocyte differentiation program [59]. SOX9 mutations cause campomelic dysplasia 
(OMIM 114290), a skeletal dysplasia characterized by bowing of the long bones, 
small scapula, tracheobronchial narrowing, sex reversal, and kyphoscoliosis [60]. In 
adult mice, SOX9 was reported to regulate GPR126 gene expression and control the 
homeostasis of connective tissues such as the growth plate, articular cartilage, and 
the intervertebral disk [61]. Very long-range cis-regulatory elements controlling 
tissue-specific SOX9 expression have been reported [62, 63]. The LD block contain-
ing rs12946942 has recently been defined as a susceptibility locus of prostate cancer 
[64]. The block contains six enhancer elements, one of which forms a long-range 
chromatin loop to SOX9 in a prostate cancer cell line. Two SNPs within the enhancer 
shown to direct allele-specific gene expression, suggesting variants in the region, 
may similarly predispose to AIS by controlling scoliosis-related spatiotemporal 
SOX9 expression.

KCNJ2 encodes a potassium channel, a component of the inward rectifier current 
(IK1) [65]. KCNJ2 mutations cause a cardiodysrhythmic type of periodic paralysis 
known as Andersen-Tawil syndrome (ATS; OMIM 170390) that is also character-
ized by ventricular arrhythmias, periodic paralysis, facial and skeletal dysmorphism 
including hypertelorism, small mandible, cleft palate, syndactyly, clinodactyly, and 
scoliosis [65, 66]. The 17q24.2–q24.3 microdeletion syndrome whose deletion that 
removes KCNJ2 and rs12946942 exhibited skeletal malformations similar to ATS, 
including progressive scoliosis [67]. However, a similar microdeletion that includes 
KCNJ2, but not rs12946942, has no scoliosis phenotype [68]. Further studies are 
necessary to identify the causal gene in this locus.

To identify genes associated with AIS progression, Ogura et  al. conducted a 
GWAS followed by a replication study using a total of 2543 AIS subjects who were 
evaluated for curve progression: the progression was defined as that with a Cobb 
angle ≥40° regardless of skeletal maturity and nonprogression as that with a Cobb 
angle ≤30° in skeletally mature patients [69]. These criteria are based on the natural 
history of AIS, wherein a curve with Cobb angle ≥40° may be progressive even 
after skeletal maturity, while that ≤30° is nonprogressive [70]. Curves between 31° 
and 39° were excluded to more clearly delineate the two groups, given that the Cobb 
method has 4–10° of intra- or interobserver error [71]. As a result, a novel locus on 
chromosome 11q14.1 was identified with genome-wide level of significant associa-
tion (P = 1.98 × 10−9, odds ratio = 1.56). Subsequent in silico and in vitro analyses 
identified a functional variant, rs35333564  in MIR4300HG, the host gene of a 
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microRNA, MIR4300. The genomic region containing rs35333564 had enhancer 
activity, which was decreased in its risk allele, suggesting that the decrease of 
MIR4300 is related to AIS progression.

The ability to objectively measure deformity progression (e.g., by Cobb angle 
measure) may provide the opportunity for genetic studies treating AIS as a quantita-
tive trait as noted. Specifically, these analyses could consider Cobb angle at the time 
of surgical intervention or skeletal maturity as an endpoint measure. Survival analy-
sis methods applied to longitudinal data (i.e., curve progression) might also be 
employed to identify factors that control progression rates [72]. In these methods, 
input variables may include SNP genotypes, gender, ethnicity, and initial measures 
of age, curve magnitude, curve pattern, bone age, etc., with the outcome variable 
being curve magnitude at a later time point. In this way, it may be possible to iden-
tify combinations of genotypes and phenotypes that classify progressive AIS. Both 
quantitative and qualitative studies should also benefit with improvements in imag-
ing modalities to characterize the three dimensions of scoliosis in time.

 Defining Rare Genetic Risk Factors for AIS

As with many complex disorders, genetic studies of AIS have been largely 
technology- driven. Consequently, while the majority of research has centered on 
common risk variants identified by GWAS, robust, massively parallel sequencing 
methods that query the entire exome or genome are increasingly cost-effective for 
discovering rare AIS risk alleles that are expected to contribute substantially to the 
disease. Rare disease alleles may be single nucleotide variants (SNVs) or small 
insertions/deletions (indels), and their discovery is bolstered by large-scale publicly 
available reference sets such as the genome aggregation database (gnomAD) that 
provide summary data for sequenced alleles [73] (Table 6.1). The search space for 
rare genetic risk factors is often limited to the exome by the so-called whole exome 
sequencing (WES) for practical reasons, i.e., interpretability. As the costs of 
sequencing decrease, the field is shifting more toward whole genome sequencing 
(WGS) and simultaneously improving the tools for identifying and interpreting 
noncoding rare disease variants that are rapidly coming online [74]. Association of 
rare variants with disease in a population is typically tested by statistically measur-
ing the burden of rare alleles per gene (i.e., coding sequences) or genetic network as 
compared to controls [75]. This approach is expected to evolve in parallel with the 
functional annotation of the noncoding genome through efforts such as the 
Encyclopedia of DNA Elements (ENCODE) [76] and other investigations of regula-
tory elements in the human genome.

The contribution of rare variants in unrelated AIS populations was recently tested 
in cohorts of unrelated AIS cases and controls by WES and gene-based association 
[77]. Burden tests of WES in 91 AIS cases and 337 controls showed FBN1 and 
FBN2 encoding fibrillin-1 and fibrillin-2 as the most significantly associated genes 
with AIS, a result that was supported with further analyses in a larger cohort. It was 
noted that these mutations tended to be associated with tall stature, larger spinal 
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curve, and slightly more Ghent criterion features [78], although the patients lack the 
cardiac manifestations or other complications that are typical of patients with 
Marfan syndrome (OMIM 154700) or congenital contractural arachnodactyly 
(OMIM 121050). Another study of 391 severe AIS cases and 843 controls of 
European ancestry examined the burden of rare variants by gene class or pathway 
and found rare mutation in extracellular matrix genes (ECM) in AIS (P = 6 × 10−9). 
In particular, novel coding variants in musculoskeletal collagen genes increased AIS 
risk by > twofold, with those in COL11A2 being most strongly associated [79]. This 
suggests that rare, mildly deleterious variants in genes responsible for Mendelian 
connective tissue disorders may be enriched in individuals with idiopathic 
scoliosis.

 Genomics and beyond

Although the majority of genetic risk in AIS awaits discovery, there is increasing 
evidence that variation in noncoding regulatory sequences contributes to disease 
susceptibility, presumably by altering spatiotemporal expression of genes such as 
PAX1 and LBX1. Defining the regulatory landscape of these tissues, at multiple 
developmental time points, is therefore a major goal in AIS genetic research but 
challenging due to the paucity of information for AIS-relevant tissues such as disc, 
vertebral bone, paravertebral muscle, and spinal cord in existing resources such as 
ENCODE and GTEx [80]. Success will turn on the careful procurement and study 
of surgical specimens using methods such as RNA-seq and ChIP-seq or related 
methods such as ATAC-seq, Hi-C, capture Hi-C, ChIA-PET, Hi-ChIP, and proxim-
ity ligation-assisted ChIP-seq (PLAC-seq) to define regulatory elements and corre-
lated expression at genome-wide scale [74]. Single-cell DNA and RNA sequencing 
is also a promising tool for expression analysis of heterogeneous samples [81]. 
Epigenetic changes, that is, alterations to the genome that do not involve changes in 
the DNA sequence itself, may also contribute to the genetic architecture of AIS. It 
is interesting to consider sex-specific methylation patterns in AIS, as DNA methyla-
tion patterns are known to vary between males and females. For example, Angelman/
Prader-Willi syndrome and maternal uniparental disomy chromosome 14 can 
involve progressive scoliosis [82]. Integrating genomic, epigenetic, and clinical data 
is expected to not only provide a framework for understanding the mechanisms 
underlying this complex and heterogeneous disease but also for forging new diag-
nostic and perhaps prognostic clinical tools.

 Assessing Risk and Potential for Personalized Medicine

Although the biologic contributions of individual genetic risk factors for AIS are 
expected to be small, studies of other complex disorders suggest that their aggregate 
effects are measurable and potentially informative. One approach to this calculates 

6 Current Understanding of Genetic Factors in Idiopathic Scoliosis



152

a “polygenic risk score (PRS)” that sums the effects of trait-associated common 
variants across the genome weighted by their effect sizes [14]. Theoretically a PRS 
might be used to identify high-risk individuals before disease onset or those indi-
viduals more likely to develop a particular disease subtype. For example, PRS have 
been shown to distinguish Crohn’s disease from ulcerative colitis in inflammatory 
bowel disease [83]. One can envision that, as more AIS-associated variants are iden-
tified, they may be incorporated into a personal risk scoring system that may predict 
onset or perhaps aid in predicting risk of progression. Ultimately a primary goal is 
to understand how many genetic risk variants contribute biologically to increase 
AIS disease risk and to identify noninvasive interventions to reduce such risk. In 
this regard it is interesting to consider that the reduced penetrance and contributions 
from common risk variants suggest that there are inherent protections (i.e., “canali-
zation”) against AIS that may be harnessed [84]. As the “AIS genome” continues to 
be defined, it is also expected that genotype-phenotype correlations may emerge. 
An example is the association between mild deleterious FBN1 and FBN2 mutations 
and specific clinical features described above. Perhaps such AIS subgroups will 
become distinct clinical entities that may be described by a new nomenclature. 
Much more exciting is the prospect of personalized medicine, i.e., the possibility 
that AIS subgroups may be candidates for specific biologic therapies driven by indi-
vidual genetic profiles.

 AIS Consortium-Based Studies

The overall genetic architecture of AIS in terms of rare and common mutations and 
epigenetics will continue to emerge in parallel with ongoing and future discovery 
studies. The sum of the total genetic variation in AIS discovered to date probably 
explains less than 5% of disease susceptibility. Clearly, well-powered genetic stud-
ies are needed to define remaining contributions to this disease. Larger, more pow-
erful GWAS are apparently warranted, given the promising association peaks that 
have been observed in exiting studies, but such studies are challenging to execute. 
Several tactics may help in this regard: [1] increasing sample size by recruiting 
larger cohorts, [2] utilizing more informative genotyping platforms, and [3] reduc-
ing genetic heterogeneity in the screened cohorts. Likewise, the continued discov-
ery of rare disease variants will rest on experimental designs that increase power, for 
example, by applying family-based approaches or network-based analyses to large 
cohorts. In each scenario, we can expect to increase the power to detect associations 
by increasing the size and number of studied cohorts. Well-organized research con-
sortia that can facilitate data harmonization and meta-analyses are one solution to 
this goal. The first such group, the International Consortium for Scoliosis Genetics 
(ICSG), was formed in 2012 for this purpose and subsequently produced the first 
AIS large-scale genetic meta-analysis, a study of the chromosome 10 LBX1 locus in 
multiple cohorts [85]. In 2016 ICSG formally merged with the International 
Consortium for Vertebral Anomalies and Scoliosis (ICVAS) to become the 
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International Consortium for Spinal Genetics, Development, and Disease (ICSGDD) 
[86]. Ongoing ICSGDD efforts also will include genome-wide meta-analysis of 
existing datasets and organizational efforts to support the creation of much larger 
cohorts. Leading large consortium-driven studies of underrepresented ethnic/ances-
tral groups is a particularly high priority, as genetic studies of AIS thus far have 
centered on European/non-Hispanic white and East Asian populations that are 
unlikely to represent the full repertoire of genetic variation contributing to this 
global disease. Another key ICSGDD goal is to standardize and enhance AIS phe-
notyping that when correlated with specific genotypes may speed the identification 
of specific disease subgroups.

 AIS Genetics: Summary and Future Research

Modern genomic tools are driving the discovery of genetic risk factors for AIS, 
primarily by GWAS. Rare variants are also expected to contribute to disease risk 
and are discoverable by well-powered sequence-based approaches. The total genetic 
risk profiles in individuals with AIS are expected to vary and may correlate with 
specific sub-phenotypes and/or disease progression. Integrated genomics hold the 
promise for identifying biologic networks that may be therapeutically targetable. 
The ability to scale genetic studies through emerging technologies and through 
consortium-sponsored collaboration will be key to defining the full genetic architec-
ture of AIS.
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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

a

b

A1

B1

C1

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10C11 C13 C14 C15 C16 C17 C18 C19

C2 C3 C4 C5 C6 C7 C8

B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14

A2

A1 A2

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.
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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.
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Chapter 8
Adolescence and Scoliosis: Deciphering 
the Complex Biology of Puberty 
and Scoliosis

Jeremy McCallum-Loudeac and Megan J. Wilson

 Introduction

Scoliosis is a disorder with large heterogeneity in onset, presentation and progres-
sion of spinal curvature. Scoliotic curvatures are generally classed into two forms: 
(a) congenital, whereby an inherited disorder causes scoliotic curvature through 
incorrect development or the vertebrae or vertebrae-associated structures, and (b) 
idiopathic, arising spontaneously during growth and development, typically with no 
physical defect to the bony elements of the vertebrae and with little understanding 
of aetiopathogenesis [29]. Idiopathic forms of the disease are far more prevalent, the 
largest proportion of these arising during adolescence, between 10 and 18 years of 
age; this is termed adolescent idiopathic scoliosis (AIS) [13, 28]. The onset and 
progression of AIS is poorly understood, making early intervention difficult and 
preventing development of a diagnostic tool for predicting curve progression. 
Treatment options include invasive surgery and/or thoracic bracing, often for up to 
22 h a day [11].

One of the most striking features of AIS biology is the sex bias observed in 
patient groups; females are significantly more affected and are more likely to prog-
ress to a severe curvature [28]. The sex ratio of AIS is 1.6:1 female-male at 10 years 
of age, increasing to 6.4:1 at 11 years of age. Furthermore, the observed prevalence 
is equal between sexes with curvatures of 10°, whereas for curvatures of at least 30°, 
a ratio of ten females for every one male is observed [76]. Substantial heterogeneity 
is seen in the likelihood and extent of curve progression between males and females, 
with factors such as age, pubertal stage of growth, original curve type and angle and 
events such as menses onset or peak growth periods all impacting on curve progres-
sion [28].
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Given the complexity of biological changes that occur during adolescence, it 
is possible that AIS has multiple origins resulting in presentation of a similar 
phenotype. Puberty involves the integration of multiple molecular pathways, 
resulting in the adolescent growth spurt, along with reproductive maturation. 
Many of these pathways have sex-dimorphic characteristics, such as differing 
expression levels between boys and girls during puberty, and have been impli-
cated in AIS biology. Once we have a better understanding why there is a sex 
bias, we will have a better understanding of not only the disease itself but drivers 
of spinal curve progression. For diseases developing in the adolescent period, 
particularly those resulting from aberrant growth, understanding the processes 
underlying these changes will provide better understanding of disease onset and 
progression.

 Puberty and Spine Biology

 Puberty Overview

Puberty, marking the end of childhood and the onset of adulthood, is characterised 
by attainment of sexual maturation and the development of secondary sexual 
characteristics, as well as changes to overall body size and shape. Fluctuating 
hormone levels over the peri-, pre-, pubertal and post-pubertal stages are respon-
sible for many anatomical and behavioural changes experienced throughout ado-
lescence [1].

Puberty onset is typically between 11 and 13 years of age; however, in some 
populations, there can be up to a 5-year variation in onset, believed to be attributable 
to industrialisation, nutritional status, genetics, ethnicity and sex [1]. Females will 
undergo and complete puberty earlier ~2 years earlier than males [3]. The age of 
menarche is determined by genetic, hormonal and environmental factors and is con-
sidered an important biological event, as it will dictate lifelong exposure to oestro-
gen, a factor critically important for health outcomes later in life. Marshall and 
Tanner [46] classified puberty into five stages based on the changes to the breasts, 
pubic hair and genital development, a scale which has been widely used since [46].

Pubertal onset and progression is largely controlled through the hypothalamic- 
pituitary- gonadal (HPG) axis, with onset attributed to changes in the secretory pat-
tern of gonadotrophin-releasing hormone (GnRH). The HPG axis is dormant during 
the prepubertal period, until an increase in GnRH secretion by neurons located in 
the hypothalamus stimulates the pituitary gland to produce luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH), and in turn, they stimulate produc-
tion of the gonadal steroid hormones (Fig. 8.1) (reviewed in [23]).

Although the process of sexual maturation is most commonly associated with 
puberty, there is also a noteworthy growth spurt resulting in increased vertical 
height. This growth spurt is largely restricted to the thorax; two-thirds of the overall 
height increase over this period is attributed to trunk lengthening [19]. This pubertal 
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adolescent growth spurt is a large period of physical change, and although well 
studied, its onset is hard to predict [3]. The adolescent growth spurt is commonly 
observed in females 12 months prior to menarche, while in males it follows the 
onset of puberty and may be up to 2 years later than females on average [74]. This 
is also the period where boys overtake girls in overall height.

Fig. 8.1 Overview of the 
signalling pathways 
involved in regulating 
female puberty and have 
been implicated in AIS 
biology. At the onset of 
puberty, pulses of GnRH 
secretion from the 
hypothalamus stimulate the 
pituitary gland to produce 
FSH and LH. These two 
hormones activate ovarian 
oestrogen synthesis, 
leading to a rise in 
circulating oestrogen 
levels. Leptin released by 
adipose tissue 
communicates to the 
hypothalamus to maintain 
body weight and energy 
homeostasis. Growth 
hormone production also 
increases during puberty; 
this increases production 
of IGF-1 by the liver. 
Together these hormones 
are required for sexual 
maturation and the 
adolescent growth spurt, 
including increased growth 
of the spinal column. 
Components of all of these 
pathways have been 
implicated in AIS biology 
through genetic and 
cellular biology studies
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 Growth of the Spine During Puberty

Understanding disorders of growth and development requires an understanding of 
‘normal’ development. Development and maturation of the spine begins in utero 
and continues through to the second decade of life [10]. Puberty is a critical period 
for bone deposition and density; ~40% of bone mass is acquired during adolescence 
[62]. Spine growth over the adolescent period is driven by an increase in vertebral 
height rather than disc height; no change in disc height was observed in individuals 
over the age of 10 years [69].

At the onset of puberty, an average 11% (~18 cm) and 13% (~20 cm) of standing 
height growth remains for females and males, respectively [18]. The period of time 
with the fastest upward growth is termed peak height velocity (PHV), timing of 
which varies with pubertal stage [22]. PHV also displays sex-specific differences, 
with females experiencing PHV typically around 11–13 years of skeletal age and 
males experiencing it at 13–15 years of skeletal age [12]. During the peak growth 
period, boys will overtake girls in overall height and will eventually continue growth 
for a further 2 years more than females [19].

The thoracic spine (T1–T12) will undergo several rapid growth periods: the 
first being from birth to 5 years of age, an increase of ~7 cm; the second is from 
5–10 years of age (~4 cm); and the last is another rapid growth through puberty 
(~7  cm) over the course of 3–4  years [19]. The lumbar spine will follow the 
same trend as the thoracic spine for growth periods, initially growing 3 cm in the 
first 5 years of life, 2 cm in the next 5 years and 3 cm during puberty. The spine 
has an incredibly slow process of ossification, finishing only in the 25th year of 
life [19].

Support structures associated with the bony elements of the spine play an impor-
tant role in spinal stability. In the prepubertal period, females have been observed to 
have 10% less paraspinous musculature than males, a trend observed to continue 
into adulthood [4, 42]. Although no differences were observed between sexes for 
muscle fibre types, minor differences were noted based on physical exercise during 
early development [42].

 AIS Onset and Progression

It is important to distinguish between curvature onset and curve progression during 
adolescence, as recent genetic studies indicate that some sequence variants may be 
associated with scoliosis onset, whereas others are linked to progression risk. This 
section will briefly look at both onset and curve progression in adolescence and 
subsequently, the factors believed to influence curve progression.
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 Age of Onset

Scoliosis first observed in the adolescent period, and in anyone diagnosed over the 
age of 10 years is typically classified into the cohort of AIS. Studies specifically 
reporting ages of onset between sexes are uncommon, with the true age of onset 
difficult to determine as curves are often not noticed until some progression has 
occurred. Moreover, clinicians typically look at markers of sexual or skeletal matu-
rity with the aim of providing some prognosis to the patient, and these are the most 
common end points to report [81]. Accurately determining the onset of scoliosis 
would allow for further work into aetiopathogenesis, allowing clinicians and 
researchers to understand the initial events leading to scoliotic onset. Several stud-
ies over the last few decades have provided some information regarding age of onset 
in their cohorts [2, 82]. Wynne-Davies [82] reported the age of onset in a small 
Scottish cohort, finding that the most prevalent onset for females was 14 years and 
15 years of age for males [82]. Adobor et al. [2] reported the mean age of onset in 
their Norwegian cohort, 14.5 ± 2.1 and 15.5 ± 2.1 years for girls and boys, respec-
tively [2].

 Curve Progression

Curve degree and likelihood of progression in AIS patients is considered an impor-
tant factor in determining appropriate treatment options and, as such, is a highly 
recorded and studied aspect of the disease. Understanding curve progression rates at 
the different stages of pubertal/sexual maturation provides good insight into the 
likelihood or curve progression and which processes may be associated with 
advanced curve progression.

Earlier AIS onset (<12 years of age) and a larger spinal curve that presents earlier 
in adolescence are considered high risk of curve progression, particularly during the 
peak height velocity period, whereas the older the individual at first presentation 
with AIS, the lower the incidence of progression [37, 88]. Curve progression during 
adolescence also plays a role in the continued progression of scoliotic curves fol-
lowing skeletal maturity; the larger the curve at skeletal maturity, the greater the 
progression [80]. Ylikoski [88] reports scoliotic progression to be dependent on 
several factors: growth velocity, age at presentation (first clinical visit), Risser sign, 
skeletal maturity and sexual maturity. The most significant curve progression was 
exhibited between 9 and 13 years of age, with an average growth velocity of 2 cm/
year, in patients with bone ages between 9 and 14 years and Risser signs of 0–1 and 
typically 0.5–2 years before menarche [88].
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 Puberty-Associated Indicators of Progression Risk

Factors influencing curve progression are poorly understood. Sex-specific patterns 
of growth, differences in age at growth spurt, sexual maturity and skeletal maturity 
have all been investigated as possible predictors of curve progression. Several 
aspects common among progressive scoliotic patients include a lack of pubertal 
development (lower Tanner stage, 0–2), low Risser sign (0–1) and a large spinal 
curvature at initial presentation (30–45°). Alternative factors contributing to curve 
progression include the curve type (single, double, thoracic or lumbar), location of 
the curve apex and the presence of any rotation in the apical vertebra [80].

Current data regarding age of menarche and scoliosis onset (or progression) is 
conflicting, with mixed results. Part of the reason for these conflicting results is the 
lack of reliable and consistent data in historical studies regarding puberty and abnor-
mal growth contributing to AIS. Studying the pubertal transition on a population 
scale is difficult due to the large heterogeneity between study designs and an inabil-
ity to confidently (or accurately) use one, or more, body characteristics as a marker 
of pubertal onset. Mao et al. [43] compiled data from ~6000 healthy female adoles-
cents and ~2200 females presenting with AIS, noting a delayed onset of menarche 
in those with AIS [43]. Differences in menarche age between the groups, although 
statistically significant, was slight, with control girls undergoing menarche at 
12.63 years of age and AIS girls undergoing menarche at 12.83 years of age [43].

The PHV period is typically considered the period where the scoliotic curvatures 
are most likely to arise [33]. This growth spurt appears to occur at a more rapid rate 
in many scoliotic individuals, with a 13–30% greater increase in height over the 
same time period as adolescents who never developed scoliosis, even though they 
might reach a similar final height to non-scoliotic children. This suggests that pro-
gression of AIS is linked to rapid growth [36, 65]. However, it is difficult to predict 
when PHV will occur even with respect to other puberty markers such as stages of 
sexual maturation [22].

Unlike females, few studies have been conducted looking at the anthropomor-
phic measurements of male AIS patients [77]. Wang [77] report standing and sitting 
heights, following correction, were all comparable between patients and controls in 
the male population [77]. These findings suggest female-specific processes respon-
sible for the significant increase in height of females over the pubertal stages; still 
what drives these processes leading to such a drastic sex bias in AIS is unknown.

Why might it be important to examine and understand the differences in pubertal 
development between male and females? As discussed further below, circulating 
hormones and their downstream signalling pathways influence adolescence devel-
opment in a sex-dimorphic fashion, an important factor that may contribute to AIS 
and the onset of puberty, particularly in females. This has an important bearing on 
the timing of onset and progression of spine curvatures. Additionally, it is difficult 
to determine whether changes to the anatomical aspects such as the skeleton are 
causal or a consequence of spinal curvature.
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 Puberty-Associated Factors Influencing Curve Progression

Recent use of genome-wide association studies has provided a large number of 
common variants for the onset and/or susceptibility of AIS. Many of the variants 
associated with AIS onset and development are also associated with regulation of 
puberty (onset and progression). The factors believed to result in scoliotic curva-
tures will be presented here, with their role in pubertal regulation discussed below. 
Single-nucleotide polymorphisms associated with AIS have been identified in a 
variety of genes: oestrogen receptors (ESR1 and ESR2), melatonin receptors 
(MNTR1A and MNTR1B), insulin-like growth factor 1 (IGF-1) and the leptin recep-
tor (Ob-R) [24, 35, 53, 54, 59, 87, 89]. However not all of these factors have been 
associated with AIS across multiple ethnic groups, warranting further investigation 
into AIS genetics and biology.

 Oestrogen and Oestrogen Receptors

The synthesis and production of oestrogen is critical in pubertal maturation and 
proper sexual functioning in both males and females. The majority of oestrogens are 
produced by the gonads in females (Fig. 8.1), with the remainder formed from tes-
tosterone aromatisation [66]. Oestrogen levels in females are closely related to the 
maturation of sexual organs and an increase in testosterone through life [16]. In 
males, oestradiol, largely produced by aromatisation of testosterone in peripheral 
adipose tissue, maintains testis Leydig cell populations [48].

The common form of circulating oestrogen is 17β-oestradiol (E2), which acts 
through binding to the intracellular oestrogen receptors ERα and ERβ, encoded by 
the Esr1 and Esr2 genes, respectively [86]. Oestrogen receptors not only mediate 
oestrogen response in reproductive tissues but are found throughout many tissues in 
the body including the CNS and bone [86]. These ligand-activated transcription fac-
tors translocate to the nucleus to bind to oestrogen response elements (EREs) to 
oestrogens genomic actions. Oestrogens also induce non-genomic actions, through 
an intracellular G-protein-coupled oestrogen receptor (GPER), although the mecha-
nism is not as well understood [64]. GPER is also expressed in multiple tissues 
including skeletal muscle and the CNS [58] and mediates rapid signalling events in 
response to oestrogen [63].

Clinical studies measuring circulating steroid hormone levels in AIS patients 
have produced contradictory findings, leading to suggestions that oestrogen role in 
AIS pathogenesis is likely due to altered responses to oestrogen levels, rather the 
level of oestrogen itself [30]. Although the literature lacks substantial evidence 
implicating E2 levels as a direct cause for scoliosis in humans, several animal 
model studies indicate that oestrogen exposure can alter scoliosis incidence and 
severity [17, 25].
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Human genetic studies have focused on associations between AIS risk and ER 
polymorphisms, with mixed results. Two gene polymorphisms in particular, 
rs9340799 (XbaI) and rs2234693 (PvuII), have been examined in different ethnic 
cohorts. Inoue et al. [24] were the first to show an association between oestrogen 
receptor polymorphisms and curve severity [24]. Initially, Inoue [24] showed that 
the XbaI polymorphism was associated with curve severity and progression but not 
onset [24]. The SNP rs9340799 was also linked to susceptibility for AIS and female 
bias, while the second SNP (rs2234693/XbaI) appeared to have no significant risk 
association. However, these findings were not replicated by further studies in 
Chinese AIS patients [73]. Contrasting the findings of Inoue et al. [24], Nikolova 
and colleagues identified the SNP rs2234693 (PvuII) as associated with disease 
susceptibility and curve severity among a Bulgarian cohort [53].

Janusz et al. [26] investigated a cohort of female patients presenting with AIS to 
determine whether or not association between the ESR1 and ESR2 gene polymor-
phisms and age at menarche is a potential cause of AIS. The age of menarche of this 
study population did not significantly differ from the general population. 
Furthermore, there was no difference between genotype of patients and the age at 
menarche [26]. The polymorphisms in ESR1 and ESR2 did not show any association 
with age at menarche, however in this cohort, girls with severe AIS exhibited a 
delayed onset of menarche [26].

A review of the oestrogen receptor studies conducted by Yang et al. [83] lead the 
authors to conclude there is not yet sufficient evidence to link ESR1 gene polymor-
phisms to onset of AIS [83]. The differences between studies vary too greatly to 
draw any sound conclusions. However, they predict that the ESR1 gene is potential 
modifier of AIS curve progression.

A recent review of the association between ESR2 polymorphisms (rs1256120) 
and AIS was conducted by Zhao et al. [90]; three studies were included comprising 
of Japanese, Chinese and Caucasian cohorts [90]. Though a single association for 
ESR2 and AIS was observed in the Chinese cohort, subsequent replication studies 
have not shown additional associations, leading authors to conclude that ESR2 poly-
morphisms are neither associated with AIS susceptibility nor curve progression 
[90]. Nonetheless, a third oestrogen receptor has also been linked to AIS, with 
GPER gene polymorphisms (rs3808351, rs10269151 and rs426655s3) significantly 
associated with curve severity in AIS patients [57].

 Melatonin Pathway

Melatonin is a hormone secreted by the pineal gland, with important roles in the 
regulation of circadian rhythm, sexual maturation, ageing and bone structure [45, 
56]. Circulating levels of melatonin are tightly linked to circadian rhythm, with 
melatonin levels lower during the day and higher during the night [68]. Prepubertal 
children produce higher levels of melatonin compared to post-pubertal peers, with 
both sexes showing a similar decline in melatonin levels across puberty; overall, 
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melatonin levels tend to be higher in females during puberty [15]. Melatonin appears 
to have a role in keeping the HPG axis in a quiescent state during the peri-pubertal 
period, although the mechanism behind its role in the reawakening of the HPG axis 
is poorly understood [68].

The role of melatonin in the aetiopathogenesis of AIS is poorly understood but 
believed to be of neuroendocrine origin. Melatonin was initially implicated in AIS 
following pinealectomy of chickens and later replicated in bipedal rodents; how-
ever, these findings were not replicated in non-human primates, suggesting that the 
melatonin function varies between in primates and other mammals (reviewed in 
[21]). Melatonin levels in AIS patients are relatively inconclusive, with several stud-
ies reporting no differences between scoliotic patients and controls, making it dif-
ficult to draw any sound conclusions [20, 21]. A likely reason for melatonin acting 
as a cause of scoliosis in the chicken, but perhaps not in other species, is the distri-
bution of the melatonin receptor; its distribution in chick is wider than in any other 
animal, with expression observed in dorsal grey matter of the spinal cord, the brain-
stem and the gonads [20].

Melatonin functions through binding to membrane-associated G-protein-coupled 
receptors, melatonin 1A (MTNR1B/MT1) and melatonin 1B (MTNR1B/MT2) 
[51]. Osteoblasts from AIS patients display dysfunctional melatonin signalling and 
reduced cell proliferation in response to melatonin treatment [6, 40, 41, 50]. 
However, while genetic variants in the MTNR1B gene promoter was previously 
been associated with AIS but not curve severity [59], this association not been rep-
licated in additional genetic studies [71, 84].

 Insulin-Like Growth Factor and Growth Hormone

Growth hormone (GH), responsible for longitudinal growth in children and adoles-
cents, also has important roles in metabolism and protein synthesis. Increased sex 
steroid production during puberty stimulates GH and insulin-like growth factor 
(IGF-1) production, both required for bone and muscle growth [31, 47]. GH pro-
duced by the pituitary gland stimulates IGF-1 production by the liver (Fig. 8.1). 
During adolescence, GH and IGF-1 levels are higher compared to the prepubertal 
and adult life stages [38].

Irregular growth during pubertal growth spurt may be involved in progression 
and severity of AIS, prompting investigation into the role of the GH/IGF-1 axis in 
AIS.  Previously, it was found that an IGF-1 gene polymorphism (rs5742612) is 
associated with curve severity but not occurrence in Chinese [87] and Korean groups 
[49]. However, this SNP association has not been replicated in further studies, 
including an additional Han Chinese group [54, 71, 85]. Genetic association studies 
for the growth hormone receptor gene (GHR) also report similar findings, with no 
association found between GHR gene polymorphisms and either AIS onset or pro-
gression [60, 85]. Together these studies suggest that there is currently insufficient 
evidence to support a direct role of the GH/IGF-1 axis in AIS aetiology.
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 Metabolic Regulation of Puberty and AIS

Several studies found that the body mass index (BMI) of both girls and boys with 
AIS is lower compared to matched healthy peers [55, 67, 79]. Clark et al. [14] inves-
tigated the association between body weight, BMI and AIS in girls included as part 
of a longitudinal study, at two ages, 10 years (before scoliosis onset) and 15 years 
(5.9% now had scoliosis) [14]. Their findings not only revealed that a low BMI/
body weight is associated with an increased risk of scoliosis, but those girls that 
later developed a scoliosis already had a lower BMI at 10 years of age [14]. Together 
these studies suggest that prepubertal body weight may be a contributing factor to 
scoliosis risk.

Puberty onset also requires the acquisition of a specific metabolic state and the 
presence of sufficient energy reserves. Both menarche and the adolescent growth 
spurt are delayed in girls with a low body weight [7, 27]. A key hormone required 
to signal sufficient energy reserves for pubertal development is leptin, a hormone 
also linked to AIS and low body weight.

 Leptin Signalling

Leptin, an adipocyte-secreted signalling hormone, is responsible for maintaining 
bone health and energy metabolism [75]. Leptin levels increase during the prepu-
bertal period, gradually rising in females during puberty; in contrast, males experi-
ence a transient spike in leptin, decreasing following the end of puberty [5, 9].

Several clinical studies have implicated leptin bioavailability in AIS aetiology. 
Circulating leptin levels are lower in individuals with scoliosis, compared to controls 
[34, 61]. Adjusting for age and menstrual status, AIS girls were typically taller (cor-
rected height), had a lower body weight and BMI and exhibited a marked decrease 
circulating leptin levels [61, 72]. Given that the leptin levels in an individual is related 
to the proportion of adipose tissue [39], it is difficult to determine if the reduced 
leptin levels in AIS girls is a consequence reduced body fat and/or indicates a prob-
lem with the leptin pathway. In one cohort studied by Nikolova et al. [52], there was 
no significant association between leptin functional polymorphisms (rs7799039) and 
a susceptibility to idiopathic scoliosis, curve severity or pattern [52].

The leptin receptor gene (LEPR) encodes for several isoforms of the leptin 
receptor, which can be found at the plasma membrane of a large variety of cells 
[44]. It has a role in mediating leptin action by controlling the clearance of leptin 
and binding leptin in the bloodstream and aiding leptin transport across the blood 
brain barrier [8]. Decreased leptin receptor numbers leading to leptin hyposensitiv-
ity may provide an explanation for the lower leptin levels in some AIS patients [14, 
32]. Tam et al. [72] observed higher serum LepR levels and lower free leptin index 
in AIS girls suggesting that altered leptin bioavailability could contribute to the 
observed lower body weight, lower BMI and abnormal body composition that 
appear to develop in scoliosis simultaneously [72]. Wang et al. [78] performed a 
case-control study examining the relative levels of serum leptin and leptin receptors 
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in primary chondrocytes collected from scoliotic patients undergoing surgery [78]. 
AIS patient samples showed reduced membrane expression of the leptin receptor 
compared to control samples; however, this was not due to lower LEPR (Ob-R) 
mRNA expression [78]. Using in vitro assays, the authors found that LepR (also 
called Ob-R) endocytosis and membrane insertion may be the cause of lower plasma 
membrane LepR levels in AIS patient-derived chondrocytes.

The association of six LEPR gene polymorphisms and AIS in a Han Chinese 
cohort identified a single polymorphism, rs2767485, as being significantly associ-
ated with susceptibility to AIS but not curve severity [35]. This SNP has been previ-
ously identified as determinant of plasma LepR levels [70], although the mechanism 
lowering LepR levels is unknown; this is in accordance with the in vitro cell culture 
work by Wang and colleagues [78], further supporting that LepR metabolism is 
altered in some AIS patients.

 Summary

Adolescence is a major period of sex maturation and growth for the human body 
and requires the successful integration of many hormonal pathways. Therefore, it is 
unsurprising that multiple pathways, whose activity dramatically changes during 
puberty and often in a sex-dimorphic fashion, have also been implicated in 
AIS. Although we have long suspected that AIS may be a multifactorial disease, 
research has largely focused on each aspect of AIS biology separately with some 
improvements to our understanding of the disease. The identification of a biological 
marker present during adolescence would permit early prognosis for individuals 
with AIS and progression risk, ultimately allowing for earlier stage intervention, 
avoiding invasive treatment at later stages of disease development. However, given 
the complexity of the underlying biology, particularly active during puberty, a sin-
gle marker is unlikely to be sufficient. Recent studies are beginning to examine the 
compounding effects of possible genetic variants in AIS progression and disease, 
integrating this data with animal models and in vitro cell mechanistic studies will be 
important to unravel AIS aetiology.
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