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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,
neuromuscular, and idiopathic forms, and related curves include kyphosis, kypho-
scoliosis, and lordosis. Patients affected by scoliosis are concerned about prognosis,
associated health conditions, and recurrence risks. Developmental genetic stud-
ies of the spine and linkage and family-based association studies have led to
recent advances in understanding the genetic etiology of idiopathic and congeni-
tal scoliosis. Advances in genotyping and sequencing technology promise to further
increase our understanding of the heterogeneous group of disorders involving spinal
curvatures.

The inspiration for this volume 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 goals of that ses-
sion were to bring leading researchers of both congenital and idiopathic scoliosis
to present the current state of research and to compare potential shared develop-
mental and genetic mechanisms. Following up on the discussions from this session,
this volume presents the recent advances in studies of early spinal development and
how disruptions in embryonic segmentation can lead to congenital vertebral defects.
This volume also describes a recently defined clinical classification system for con-
genital vertebral disorders, based on identification of mutations in genes regulating
segmentation. In addition, recent reports of genetic loci predisposing patients to
develop juvenile and adolescent idiopathic scoliosis are presented, and key clinical
features are reviewed. Finally, there is discussion of how genetic heterogeneity and
gene—environment interactions may contribute to congenital scoliosis and isolated
vertebral malformations.
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viii Preface

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

Tempe, Arizona Kenro Kusumi
Darlinghurst, New South Wales Sally L. Dunwoodie
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Chapter 1
Genetic Regulation of Somite and Early Spinal
Patterning

Kenro Kusumi, Walter Eckalbar, and Olivier Pourquié

Introduction

The spine forms the core of the vertebrate body plan and consists of complex
repeating segments of musculoskeletal tissues, i.e., bone, cartilage, skeletal muscle,
ligaments, and tendons, together with vasculature, lymphatics the spinal cord, and
peripheral nerves. Key to this development is the formation of transient embryonic
structures called somites, which will be discussed further below. As will be detailed
in upcoming chapters, the spine plays a central biomechanical role, and disruptions
in the structure of the vertebral column can have profound clinical consequences.
The development of the spine takes place through a series of embryological events,
detailed below and shown in Fig. 1.1.

(1) Formation of paraxial mesoderm
(2) Segmental pre-patterning in the presomitic mesoderm

Notch pathway genes

Wnt pathway genes

FGF signaling

Interactions between Notch, Wnt, and FGF pathway genes
Prepatterning at the wavefront or determination front

FGF and Wnt signaling and the determination front
Retinoic acid and the determination front
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Fig. 1.1 Regions of developmental activity during somitogenesis. (a) Diagram illustrating an early
somite-stage mouse embryo at 8.5 dpc (equivalent to a 22-day human embryo) with Mesp2 expres-
sion visualized by whole-mount in situ hybridization. Regions of specific developmental activity
are shown on the right and include (i) axis elongation, (ii) cycling gene expression, (iii) segment
determination, (iv) rostrocaudal specification, (v) somite formation, (vi) somite maturation and tis-
sue differentiation. (b) Lateral image of a 9.5-dpc mouse embryo. PSM, presomitic mesoderm;
S0, newly forming somite; SI, newly formed somite I, S—I, region of PSM to next form a somite.
Embryos are oriented rostrally toward the top

(3) Rostral-caudal orientation and somite segment formation

(4) Determination of myogenic and chondrogenic precursors within somites

(5) Division of somites into four compartments: the myotome, which generates
embryonic skeletal muscle, the dermotome, which gives rise to the dermis, the
syndetome, which gives rise to tendons, and the sclerotome, which contains
somitic cells that give rise to the axial skeleton

(6) Resegmentation of the sclerotome, a migratory cell population that reshapes
into vertebrae and ribs

(7) Embryonic skeletal muscle formation from the myotomal blocks

(8) Patterning of the peripheral nervous system and vasculature based on the somite
template

In this chapter, we will focus our discussion on the first two steps, and the later
steps will be described in the following chapter.

Formation of Paraxial Mesoderm

The paraxial mesoderm is formed in two phases. In the first phase, gastrulation,
paraxial mesodermal cells are formed when cells of the epiblast ingress through the
primitive streak in the caudal distal tip of the embryo. These epiblast cells undergo
a transition from epithelial to mesenchymal organization, as regulated by genes in
the Wnt, FGF, and BMP pathways, and disruption of these genes lead to failure of
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mesodermal formation (reviewed in Arnold and Robertson 2009, Ciruna and
Rossant 2001). In the mouse model system, gastrulation generates the paraxial
mesoderm up to the 30-31 somite stage at approximately 10 days post coitum (dpc;
Wilson and Beddington 1996).

In the second phase, the paraxial mesoderm is formed from the structure called
the tailbud. During the last stages of gastrulation, the primitive streak regresses and
eventually disappears when the neural tube closes, leaving a region of mesenchy-
mal cells in the tailbud adjacent to the ventral ectodermal ridge (VER, Tam and
Tan 1992). The VER is required for continued generation of the paraxial mesoderm,
and ablation of this tissue leads to premature truncation of the axis (Goldman et al.
2000). The VER appears to be the source of signaling molecules that regulate BMPs,
which are required for continued proliferation of mesenchymal cells to contribute
to presomitic mesoderm. Disruptions of the morphogenetic processes in the tailbud
may underlie the defects observed in caudal regression syndrome or caudal agenesis
(OMIM 600145). In this disorder, there is premature truncation of the axial skeleton,
particularly in the thoraco-lumbar region, suggesting a defect in either the genera-
tion of paraxial mesoderm from the tailbud or the transition from the first to second
phase of mesodermal formation. Currently, the genetic regulation of the transition
from gastrulation to tailbud formation of paraxial mesoderm is not well understood.

Segmental Prepatterning in the Presomitic Mesoderm

The unsegmented paraxial mesoderm at the caudal end of the embryo is referred
to as the presomitic mesoderm (PSM). At the rostral end of the PSM, segments
of paraxial mesoderm are budded off to form the epithelial somites. This process
will be discussed in greater detail in Chapter 2. While the unsegmented paraxial
mesoderm does not reveal any morphologically obvious processes, prepatterning
of the somite segments and their rostral-caudal compartmentalization are being
determined by complex genetic regulatory networks within the PSM. Describing
the current state of our understanding of this prepatterning and the implications for
scoliosis and vertebral anomalies is the central aim of this chapter.

Before any genes were associated with somitogenesis, this iterative process was a
favorite focus of mathematical modeling. The process of somite formation involves
the conversion of a steady stream of tissue in the PSM into discrete pulses or
somite segments. Mathematical models that describe this process usually rely on
an “escapement” or device that stores energy and releases it in a series of regu-
lar, discrete periodic blocks or segments. One model that has become a very useful
framework for understanding modern genetic findings is the “clock and wavefront”
escapement model (Cooke and Zeeman 1976; Cooke 1981). In this model, cells
within the PSM are sequentially recruited into successive somite formation due to
an abrupt transition of their properties taking place at the level of a “wavefront,”
which travels caudally as somitogenesis proceeds. The periodicity of the transi-
tion that leads to somite formation is controlled by a “clock™ or an oscillator that
interacts with the wavefront to shift cells from one state to another, introducing the
discontinuous borders required for segmentation. Modern additions to this model
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propose that the oscillator controls the periodic response of the PSM cells to exter-
nal signals causing the transition between the two stable cell states (Goldbeter et al.
2007).

The first evidence that an oscillator may actually exist was the identification of
periodic expression of the transcription factor c-hairyl in the chick PSM (Palmeirim
etal. 1997). A dynamic wave of c-hairy] mRNA expression was observed to sweep
from the caudal to the rostral end of the PSM concurrent with the formation of
each somite. Based on this observation of cycling c-hairyl expression, the molec-
ular realization of the oscillator mechanism proposed in the clock and wavefront
model was termed the “segmentation clock™ (Fig. 1.2). Research by a number of
investigators has identified genes in the mammalian segmentation clock, including
human cycling genes, as described further below and in Table 1.1.

Phase | Phase Il Phase lll

Fig. 1.2 Cycling gene expression in the presomitic mesoderm. Cycling gene expression is shown
by Phases I-1II1, as defined previously (Pourquié¢ and Tam 2001). Top panels show the cycling gene
expression of the Nrarp gene in 10.5-dpc mouse embryos, as visualized by whole-mount in situ
hybridization (Sewell et al. 2009). Asterisks mark the rostral region of Nrarp expression in SO, the
nascent somite, which condenses from Phase I to III. White arrowheads mark the caudal region of
Nrarp expression in the unsegmented presomitic mesoderm, which progresses rostrally during each
somite cycle. Diagrams below highlight key features of each phase of Nrarp expression. Embryos
are oriented rostrally toward the top

Notch Pathway Genes

The first cycling genes to be identified in mammals were members of the Notch
pathway, including the modulator and glycosyltransferase lunatic fringe (Lfng)
(Forsberg et al. 1998, McGrew et al. 1998, Aulehla and Johnson 1999) and the
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Table 1.1 Cycling and oscillatory genes in mammalian somitogenesis

Gene Signaling

symbol Description pathway(s) Reference(s)

Cycling genes in somitogenesis

Axin2 axin2 Wnt Aulehla et al. (2003)

Dactl Dapper homolog 1, antagonist Wnt Dequéant et al. (2006) and
of beta-catenin Suriben et al. (2006)

Dkk1 Dickkopf homolog 1 Whnt Dequéant et al. (2006)

Dusp4 Dual specificity phosphatase 4 ~ EGF, FGF Chu et al. (1996), Dequéant

et al. (2006) and Niwa et al.
(2007)
Dusp6 Dual specificity phosphatase 6  FGF, Klock and Herrmann (2002),
MAPK/ERK  Dequéant et al. (2006) and
Niwa et al. (2007)

Hesl Hairy and enhancer of split 1 Notch Jouve et al. (2000)

Hes7 Hairy and enhancer of split 7 Notch Bessho et al. (2001a)

Hey2 Hairy/enhancer-of-split related ~ Notch Leimeister et al. (2000a)
with YRPW motif 2

Heyl Hairy/enhancer-of-split related ~ Notch Leimeister et al. (2000b) and

(Hey3) with YRPW motif-like Kusumi et al. (2004)

Hspg?2 Perlecan (heparan sulfate FGF Sharma et al. (1998) and
proteoglycan 2) Dequéant et al. (2006)

Lfng Lunatic fringe, Notch McGrew et al. (1998), Aulehla
O-fucosylpeptide 3-beta-N- and Johnson, (1999)
acetylglucosaminyltransferase

Myc Myelocytomatosis oncogene ErbB, Feng et al. (2002) and Sansom

Jak-STAT, et al. (2007)
MAPK,

TGF-beta,

Whnt

Nkd1 Naked cuticle 1 homolog Notch, Wnt Ishikawa et al. (2004)

Nrarp Notch-regulated ankyrin repeat ~ Notch and Dequéant et al. (2006) and
protein Whnt Sewell et al. (2009)

Ptpnll Protein tyrosine phosphatase, FGF, IL-1, -2, Saxton and Pawson (1999) and

(Shp2) non-receptor type 11 and -6 Dequéant et al. (2006)
Sp5 Trans-acting transcription T-box, Wnt Harrison et al. (2000),
factor 5 Weidinger et al. (2005) and
Dequéant et al. (2006)
Spry2 Sprouty homologue 2 FGF, Shim et al. (2005) and Dequant
Jak-STAT et al. (2006)
Spry4 Sprouty homologue 4 FGF, Hayashi et al. (2009)
Jak-STAT

Tnfrsf19 Tumor necrosis factor receptor ~ JNK, TNF, Eby et al. (2000) and Dequéant
superfamily, member 19 Wnt et al. (2006)

Other oscillatory genes in somitogenesis

Maml3 Mastermind-like 3 Notch William et al. (2007)

Nkd2 Naked cuticle 2 homolog Wnt William et al. (2007) and

Zhang et al. (2007)
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basic helix—loop-helix effectors Hesl, Hes7, Hey5, and Heyl (Palmeirim et al.
1997, Leimeister et al. 2000a, Bessho et al. 2001a). Genetic evidence from tar-
geted mutants also highlighted the requirement of Notch signaling in segmentation,
including Notchl (Conlon et al. 1995), recombination signal binding protein for
immunoglobulin kappa J region/mammalian Suppressor of Hairless (Rbpj, Oka
et al. 1995; Barrantes et al. 1999), delta-like 1 (DIl1, Hrabe de Angelis et al. 1997,
Barrantes et al. 1999), Lfng (Evrard et al. 1997, Zhang et al. 2007, Shifley et al.
2008), delta-like 3 (DII3, Kusumi et al. 1998, Dunwoodie et al. 2002, Kusumi et al.
2004, Sewell et al. 2009), presenilin 1 (Psenl, Shen et al. 1997), Hes7 (Bessho et al.
2001b), and peptide-O-fucosyltransferase 1 (Pofutl, Schuster-Gossler et al. 2009).
Interestingly, targeted mutation of the mouse orthologue of c-hairyl, Hesl, does not
display any defects in somitogenesis (Ishibashi et al. 1995). However, mutations in
both cycling genes such as Hes7 and noncycling genes such as DIlI and DII3 pro-
duce segmental defects. This suggests that the segmentation clock has the capacity
to compensate for loss of single cycling genes and that noncycling genes are also
required to maintain the segmentation clock.

Activation of the Notchl receptor leads to cleavage of the Notch intracellu-
lar domain (Notch-ICD) that translocates to the nucleus. Oscillatory changes in
Notch-ICD protein levels have been observed by immunohistochemistry, indicating
cyclical activation of the Notch signaling pathway (Huppert et al. 2005, Morimoto
et al. 2005). POFUT]1 activates Notch by adding O-linked fucose, which are later
modified by LENG, to serine or threonine residues. Lfng expression is activated by
Notchl, and in turn, LFNG inhibits the activation of Notchl signaling, establishing a
negative feedback loop (Dale et al. 2003). In Lfng null mutants, the lack of negative
feedbacks leads to constitutive Notch-ICD expression within the PSM (Morimoto
et al. 2005). However, when Lfng is constitutively expressed in the PSM, cycling
expression of endogenous Lfng and Hes7 is still observed (Serth et al. 2003). This
suggests that cycling inhibition of Notch signaling by LFNG is required for the
segmentation clock but that ectopic inhibition of Notch signaling by LFNG is not
sufficient to shut down the network.

The HES protein family establishes key negative feedback loops in the Notch
component of the segmentation clock (Bessho et al. 2003). The expression levels
of the transcriptional repressors Hes7, Hesl, and Hey2 oscillate in the mouse PSM
(Jouve et al. 2000, Bessho et al. 2001a). However, Hesl and Hey2 null mutants
have no somitic phenotype (Ishibashi et al. 1995; Ohtsuka et al. 1999, Gessler et al.
2002). Only Hes7 null mutants display defects in somitogenesis and expression of
cycling genes such as Lfing, and upregulation of transcription from Hes7 promoter
(Bessho et al. 2001a). This supports the hypothesis that Hes7 represses its own tran-
scription, as well as the transcription of Lfng in the PSM (Bessho et al. 2003). The
Lfng promoter contains a CSL/Rbpj binding site, which is required for regulation
by Notch signaling, and binding sites for bHLH proteins (Morales et al. 2002, Cole
et al. 2002). Oscillations of Lfng in the caudal PSM are lost when these regulatory
regions are deleted, which leads to ubiquitous activation of Notch in the PSM and
severe vertebral anomalies in the cervico-thoraco-lumbar region but not the sacral
and caudal region, suggesting differential requirement of Lfng oscillation along the
rostral-caudal axis (Shifley et al. 2008).
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Due to the increasing complexity of the genetic network regulating somitogene-
sis, mathematical models are playing an increasing role in our understanding of the
segmentation clock in the mouse embryo. Most models have been based on delayed
negative feedback loops established through HES-family members (Hirata et al.
2004, Lewis 2003, Monk 2003). One key variable in these models is the half-life
of the Hes RNA and protein. In mouse, HES7 and HES1 proteins are degraded by
a proteasome-dependent mechanism and protein half-life is estimated to be approx-
imately 22 min (Bessho et al. 2003, Hirata et al. 2002, Hirata et al. 2004). The
time-delay mathematical model predicts that increasing the half-life of the HES7
protein would disrupt cycling, and when the half-life of the HES7 protein was genet-
ically modified to increase from 22 to 30 min, this prediction was validated (Hirata
et al. 2004).

Wnt Pathway Genes

Several lines of evidence have demonstrated a regulatory role for Wnt signaling in
somitogenesis. First, a negative feedback inhibitor of the Wnt pathway, Axin2, was
observed to display cycling expression in mouse PSM (Aulehla et al. 2003). Second,
the Wnt3a vestigial tail (v¢) hypomorphic mutant displays disruptions in the cycling
expression of the Notch gene Lfng and Axin2, suggesting that Wnt signaling may
be required for signaling of two pathways (Aulehla et al. 2003). Third, microarray-
based screens for genes with oscillatory expression have identified a number of Wnt
pathway genes with the periodicity of the segmentation clock in the mouse PSM
(Dequéant et al. 2006) or in human mesenchymal stem cells (William et al. 2007).
Genes identified by Dequéant et al. (2006) clustered into different groups, with one
cluster primarily made up of genes linked to the Wnt signaling pathway. This group
includes the trans-acting transcription factor 5 (Sp5), myelocytomatosis oncogene
(Myc), and the negative feedback inhibitors Axin2 and Dkkl (Dequéant et al. 2006,
Wedinger et al. 2005, He et al. 1998, Glinka et al. 1998).

In canonical Wnt signaling, receptor activation leads to the stabilization of beta-
catenin, which then enters the nucleus to activate transcription of its target genes.
Oscillatory expression of Wnt inhibitors, such as DkkI or Dactl (Dequéant et al.
2006, Suriben et al. 2006), would then be expected to lead to oscillatory expression
of beta-catenin levels. Mutations in beta-catenin, like those in the Wnt3a ligand,
lead to disruption of gene oscillations in both the Notch and the Wnt pathways
(Dunty et al. 2008). However, when beta-catenin is constitutively expressed, gene
oscillations are not affected for either the Wnt or the Notch pathways (Dunty et al.
2008, Aulehla et al. 2008). Thus, oscillatory beta-catenin expression is necessary
but not sufficient to drive the segmentation clock.

Further evidence that Wnt signaling is necessary but not necessarily the mas-
ter regulator of the segmentation clock comes from targeted mutations. Axin2 null
mutants, like those of HesI, do not display any somite phenotype (Yu et al. 2005).
However, disruptions of the Wnt inhibitor Dkk/ and the Wnt target genes Sp5
and Myc cause segmental defects (MacDonald et al. 2004, Harrison et al. 2000,
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Trumpp et al. 2001, Camenisch et al. 2000). In chick embryos treated with CKI-7,
an inhibitor of the LRP binding factor casein kinase 1, the period of somitogene-
sis increases from one somite pair per 90 min to one somite pair per 115-120 min
(Gibb et al. 2009). Thus, both Wnt and Notch signaling are necessary for the seg-
mentation clock, but due to the complexity of the mechanism, the hierarchy of gene
interactions still needs further investigation.

Fibroblast Growth Factor (FGF) Signaling

Recent studies have identified that members of the FGF pathway oscillate in
phase with the Notch pathway cyclic genes (reviewed in Dequéant and Pourquié
2008). These cycling genes include the antagonists of FGF signaling, sprouty
homolog 2 (Spry2), and dual specificity phosphatase 6 (Dusp6). Targets of the
FGF pathway in the mouse, including snail homolog 1 (Srail) and snail homolog
2 (Snai2), and Dusp4, a negative feedback inhibitor of the FGF pathway, also
display an oscillating expression pattern (Dale et al. 2006, Niwa et al. 2007).
Oscillations of another negative inhibitor of the FGF pathway Sprouty4, which oscil-
lates in phase with the Notch pathway gene Lfng, are lost in Hes7-null mutants,
suggesting a possible link between the FGF and the Notch pathways (Hayashi
et al. 2009).

Interactions Between Notch, Wnt, and FGF Pathway Genes

Not all genes fall only into one pathway or another, and genes that interact with
many pathways are particularly interesting within the segmentation clock. Among
these genes is the Notch-regulated ankyrin repeat protein (Nrarp), which is a tar-
get of Notch and acts as a negative regulator of the Notch pathway (Lamar et al.
2001, Krebs et al. 2001, Pirot et al. 2004). Nrarp also functions to stabilize the Wnt
pathway transcription factor, member lymphoid enhancer binding factor 1 (Lef1),
thus positively regulating the Wnt pathway (Ishitani et al. 2005). Nrarp displays a
pattern of cycling expression distinct from Axin2 and Lfng patterns, which is dis-
rupted in DII3, Lfng, and Wnt3a null embryos (Sewell et al. 2009). Naked cuticle
1 homolog (Nkd1), a previously identified cyclic gene which acts as an inhibitor of
Wht signaling, is also regulated by Notch signaling (Ishikawa et al. 2004). However,
targeted mutations in NkdI and Nkd2 do not produce any defects in somitogenesis
(Zhang et al. 2007). Genes that serve as possible links between the Notch and the
Whnt pathways are of great interest in terms of understanding the regulation of the
segmentation clock.

While the cycling patterns of Notch- and FGF-associated genes appear in phase
in the PSM, this co-expression does not necessarily indicate co-regulation. For
example, cycling expression of Spry2 is retained in the Notch pathway Rbpj null
mutants (Dequéant et al. 2006). Furthermore, cycling expression of the FGF Dusp4
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is observed in Lfng, DIll, and Rbpj null mutants, where Notch signaling is inhib-
ited in explanted mouse PSM with DAPT (Niwa et al. 2007). However, cycling
expression of selected genes in the FGF, Notch, and Wnt pathways is disrupted with
the conditional deletion of fibroblast growth factor receptor I (Fgfrl) gene in the
PSM (Niwa et al. 2007, Wahl et al. 2007). Cyclic expression of Axin2 and Spry2 is
quickly lost in presomitic mesoderm explant cultures treated with the FGF inhibitor
SU-5402. However, Lfng oscillations are lost only after a one-cycle delay in SU-
5402-treated tails, and this delay suggests that Notch oscillations are indirectly
regulated by FGF signaling (Wahl et al. 2007). By transitive logic, this suggests
that FGF may act upstream of Wnt signaling, since Wnt signaling is required for
Lfng oscillations (Aulehla and Herrmann 2004; Nakaya et al. 2005).

However, other lines of evidence do not support this hierarchy. Oscillations in
the expression of the Notch target Hes7 also require FGF signaling in mouse (Niwa
et al. 2007). Cyclic expression of Hes7 appears to be initiated by FGF signaling in
the tailbud, while Hes7 oscillations are maintained by Notch signaling in the more
rostral PSM (Niwa et al. 2007). This two-step model proposed to control Hes7 oscil-
lations is consistent with the delay observed in Lfng oscillations when Fgfrl is being
inhibited. However, in conditional Fgfr/ mutants where expression of beta-catenin
is constitutively stabilized, Lfng cycling expression is still observed (Aulehla et al.
2008). Notch oscillations are restored by constitutive beta-catenin in the absence of
FGF signaling, which contradicts the idea that FGF signaling controls Wnt oscilla-
tions. Taken together, these experiments suggest that neither Wnt nor FGF signals
control the oscillating expression of cyclic genes, such as Lfing. This, combined with
the observations that oscillations in Axin2 expression are maintained in Notch path-
way mutants, suggests that none of these signaling pathways acts as the pacemaker
for the segmentation clock (Aulehla et al. 2003).

It is possible that these three signaling pathways are controlled by a still uniden-
tified upstream pacemaker. A more parsimonious explanation would be that the
cycling genes in the segmentation clock belong to more than one signaling path-
way and we have yet to understand how this complex network is organized. Just as
mathematical models (Cooke and Zeeman 1976) were helpful in understanding the
basic mechanisms regulating somitogenesis, modern systems biology approaches
may help us to identify the key regulatory interactions between the genes we have
identified.

Prepatterning at the Wavefront or Determination Front

The clock and wavefront model (Cooke and Zeeman 1976) postulated that inter-
action between the PSM wavefront and the oscillator recruited cells ready to form
somites. This model placed the wavefront at the most rostral region of the PSM
where the nascent somites are forming. However, heat-shock experiments in the
frog challenged this localization and suggested that interaction between the wave-
front and the oscillator occurs caudal to where it was envisioned (Elsdale et al.
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1976). This wavefront was further refined through experiments in the chick, where
sections of PSM tissue were rotated 180° and allowed to develop (Dubrulle et al.
2001). The boundary, rostral to which tissues failed to reorient and were fixed in
rostro-caudal polarity, was called the determination front and defined the location at
which PSM cells acquire the segmental identity. The location of the determination
front coincides with the caudal boundary of mesoderm posterior 2 (Mesp2) expres-
sion, marking segmental prepatterning in the PSM. This will be discussed further in
the following chapter.

The determination front in the PSM also corresponds with a morphological tran-
sition at the cellular level. The cells in the caudal PSM are a loose mesenchyme,
while the cells rostral to the determination front are progressively epithelialized.
Cell movements in the PSM also slow down once passing this transition (Delfini
et al. 2005). This mesenchymal—epithelial transition and segmental patterning of the
rostral PSM also correlate with a downregulation of Snail genes. The Snail genes
are regulated by FGF signaling and in many systems they are associated with the
mesenchymal state (Dale et al. 2006). At the determination front the downregula-
tion of Snail genes is associated with the expression of adhesion molecules, such
as integrins or cadherins, which progressively increase in abundance as cells in the
rostral PSM become polarized (Linask et al. 1998, Horikawa et al. 1999). During
this transition the basal lamina, made up of laminin and fibronectin, is deposited
to surround the rostral PSM (Duband et al. 1987). The bHLH transcription factor
paraxis, which is expressed rostral to the determination front, is also required for the
mesenchymal-epithelial transition (Burgess et al. 1995). Paraxis functions to medi-
ate the mesenchymal—epithelial transition by regulating the transcription of Rho
GTPases, such as RAS-related C3 botulinum substrate 1 (Racl) and cell division
cycle 42 homolog (Cdc42) (Nakaya et al. 2004).

FGF and Wnt Signaling and the Determination Front

Experiments have shown that levels of both FGF and Wnt signaling appear to define
the location of the determination front (Aulehla et al. 2003, Dubrulle et al. 2001,
Sawada et al. 2001). An FGF gradient was observed for Fgf8 mRNA levels in
the PSM of chick, fish, and mouse embryos, with the highest levels at the caudal
end (Dubrulle et al. 2001, Sawada et al. 2001, Dubrulle and Pourqui€ 2004a). The
FGFS8 protein gradient establishes an MAPK/AKT gradient along the PSM (Delfini
et al. 2005, Sawada et al. 2001, Dubrulle and Pourquié¢ 2004). Experiments dis-
rupting the concentrations of FGF along the rostro—caudal PSM gradient in chicken
embryos caused markers of the caudal PSM, such as 7/Brachyury, to extend rostrally
and caused markers of segmentation and differentiation, such as paraxis, Mesp2,
or myogenic differentiation (Myod1), to be downregulated (Dubrulle et al. 2001,
Delfini et al. 2005).

Redundancy in the FGF pathway has made experiments on Fgf8 loss-of-function
mutants difficult to interpret. Fgf8 is likely not the only ligand involved in the FGF-
signaling gradient because a conditional deletion of Fgf8 in mice does not display
a segmentation phenotype (Perantoni et al. 2005). In addition to Fgf8, three other



1 Genetic Regulation of Somite and Early Spinal Patterning 11

components of the FGF pathway have so far been identified that are expressed in the
PSM and tailbud of the mouse: Fgf3, Fgf4, and Fgfl8 (Wahl et al. 2007). Treatment
of chick embryos with pharmacological inhibitors of the FGF pathway causes the
expression domain of genes expressed in the caudal PSM, such as Fgf8, to be shifted
further caudally. Mouse mutants with a conditional deletion of Fgfrl, the sole FGF
receptor identified so far in the PSM, in the paraxial mesoderm also results in a
similar caudal shift of the expression domains of Fgf8 and mesogenin 1 (Msgnl)
(Wahl et al. 2007). Taken together, these experiments show that the FGF path-
way likely functions to maintain the caudal identity of PSM cells (Dubrulle et al.
2001).

The Wnt ligand Wnt3a is also expressed in the tailbud and caudal PSM (Aulehla
et al. 2003). As with FGF signaling, a gradient of beta-catenin has highest levels in
the tailbud and extends toward the determination front (Aulehla et al. 2008). The
expression of Wnt targets, such as Axin2, also identifies the caudal to rostral Wnt-
signaling gradient (Aulehla et al. 2003). It has been shown that expression of FGF
ligands is dependent on Wnt signaling from the observation that Fgf8 expression is
lost in Wnt3a mutants. In the PSM, the beta-catenin gradient affects the position of
the determination front and defines the size of the oscillatory field. Downregulation
of Wnt signaling at the determination front is likely required for segmentation to
proceed normally, as suggested by beta-catenin gain-of-function mutants in the
PSM that inhibit activation of Mesp2 targets (Dunty et al. 2008, Aulehla et al.
2008).

Transcription of Fgf8 mRNA in PSM precursors in the tailbud terminates when
their descendents enter the caudal PSM. Fgf8 mRNA progressively decays as these
cells progress into the more rostral regions of the PSM. This process establishes
an Fgf8 mRNA gradient that is converted into a gradient of FGF signaling activity
(Delfini et al. 2005, Sawada et al. 2001, Dubrulle and Pourquié 2004). The Wnt
gradient is thought to be regulated by a similar mechanism (Aulehla and Herrmann
2004). As the FGF and the Wnt mRNA and proteins decay in the PSM, the deter-
mination front is displaced caudally. The rate of somitogenesis is then set by the
speed of this displacement. This mechanism maintains the coupling between axis
elongation and segmentation in the developing embryo.

Despite FGF and Wnt pathway activation following a caudal-to-rostral gradient,
paradoxically the expression of some of their targets genes displays cycling expres-
sion. The beta-catenin gain-of-function mutants have demonstrated that nuclear
beta-catenin plays a role in controlling the maturation of PSM cells. However, these
experiments have also shown that oscillations of Wnt targets, such as Axin2, are
the result of oscillating inputs independent of canonical beta-catenin and the FGF
pathways (Aulehla et al. 2008).

Retinoic Acid and the Determination Front

The location of the determination front is also regulated by a rostral-to-caudal
gradient of retinoic acid (RA), opposite to that of the Wnt and FGF gradients
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(Vermot and Pourquié, 2005, Sirbu and Duester, 2006, Diez del Corral et al. 2003,
Moreno and Kintner 2004). The RA gradient is established by limiting the expres-
sion of its biosynthetic enzyme source, Raldh2, to the rostral most PSM and somitic
region (Niederreither et al. 2002a, b). Through RA response element (RARE)-LacZ
reporter experiments in mouse, it was found that RA signaling was limited to the
rostral PSM and somites, and absent from the caudal PSM and tailbud, where
the enzyme Cyp26, which degrades RA, hence serving as a sink, is expressed in
response to FGF signals and degrades RA (Vermot et al. 2005, Abu-Abed et al.
2001). Treatment of explants of the caudal PSM of chicken embryos with RA
antagonists downregulates the expression of Fgf8. Also, Raldh2 expression is down-
regulated when an FGF8-soaked bead is grafted to the PSM (Diez del Corral et al.
2003). Furthermore, the Fgf8 domain extends to the rostral PSM in mouse Raldh2
mutants and in RA-deprived chicken or quail embryos (Vermot et al. 2005, Diez del
Corral et al. 2003). The opposing gradients of FGF and RA are found in Xenopus
and thus appear to be conserved across vertebrates (Moreno and Kintner 2004).
The mutual inhibition of the opposing FGF and RA gradients was proposed to
localize the determination front (Fig. 1.3, Diez del Corral et al. 2003). Unfortunately,
RA signaling does not appear to be necessary for segmentation, as somites are still
formed in Raldh2-mutant mice lacking RA signaling (Niederreither et al. 2002a, b).
Furthermore, a caudal shift in the RARE-lacZ domain is not observed in
conditional mutations of Fgfrl. This suggests the RA gradient is being opposed

Rostral/Anterior \

Fig. 1.3 Integration of
FGF/Wnt and retinoic acid
gradients with cycling gene
expression to position the
determination zone. The
region within the presomitic
mesoderm where the
prospective segmental
borders are modeled to be
specified is termed the
determination zone.
Opposing gradients of
FGF/Wnt signaling (gray
gradient) versus retinoic acid
signaling (speckled gradient)
are proposed to position this
determination front (bar) Caudal/Posterior
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by more than the FGF gradient (Wahl et al. 2007). It remains to be determined if the
Whnt gradient alone can antagonize RA signaling.

Evidence also points to a role for RA controlling the symmetry of somitoge-
nesis (Vermot and Pourquié, 2005, Sirbu and Duester, 2006). In embryos lacking
RA, asymmetry between the spacing of somites on the left and right sides of the
embryo can develop. If allowed to develop, these types of lateralized defects could
result in spinal curvatures, due to unilateral vertebral malformations. Studies have
demonstrated that RA inhibits the ability of the paraxial mesoderm to respond to
asymmetric signaling downstream of the left-side determinant Nodal, which could
disrupt the symmetry of somitogenesis (Vermot and Pourquié 2005).

Comparison with Somitogenesis in Humans

The periodicity of somite formation and cycling gene expression is species-specific,
with average periods ranging from 30 min in zebrafish to 90 min in the chick and
2 h in the mouse (Saga & Takeda, 2001). The rate at which somites are produced in
human embryos can be estimated from the Carnegie collection, giving an average of
4-4.5 somites each day between embryonic days 22 and 28 (Carnegie stages 10-13,
calculated from O’Rahilly et al. 1979). This would give an estimated periodicity of
cycling genes of 5.3—-6 h. Molecular analysis of cycling genes in human synchro-
nized cell cultures has identified a periodicity of approximately 5-6 h for HESI
and other genes, which is consistent with these estimates (William et al. 2007). The
increased cycling period in human compared to other mammals could have arisen
by a number of mechanisms, including the following:

(1) The half-life of auto-regulatory genes is longer in humans.

(2) The threshold levels for activation or repression may differ between species.

(3) The latency period or time required for transcriptional activation of cycling
genes may be longer in humans.

The effects of these quantitative changes are particularly suitable for systems
biological analysis of the complex genetic network.

The slower pace of human somitogenesis will need to be considered in
studying the mechanisms that lead to vertebral birth defects. If it takes over
twice as long for a somite to form in humans compared to other mammals
such as the mouse, the window of susceptibility to environmental insults is
greater in humans. Toxicological studies have identified teratogenic factors, includ-
ing hypoxia and carbon monoxide exposure. Hypoxia causes skeletal defects
including hemivertebrae, vertebral fusions, fragmented vertebral bodies, and rib
malformations in the mouse model (Ingalls and Curley 1957; Murakami and
Kameyama 1963; Rivard et al. 1979). Maternal carbon monoxide exposure results
in congenital spinal deformities directly related to dose and time of exposure
(Loder et al. 2000, Murray et al. 1979, Schwetz et al. 1979, Singh et al. 1984).
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Carbon monoxide is a commonly encountered occupational and environmental pol-
lutants, with rates of smoking reported among pregnant women at 11% (National
Center for Health Statistics 2009). However, since somitogenesis occurs early in
gestation starting at embryonic day 20 when many women may be unaware of
the pregnancy, it is also relevant that greater percentage of women in the general
population (18%) are smokers (National Center for Health Statistics 2009).

With the identification of somitogenesis genes that are disrupted in human
spondylocostal dysostosis and spondylothoracic dysplasia (DLL3, HES7, LFNG,
MESP2; Bulman et al. 2000, Sparrow et al. 2008, Sparrow et al. 2006, Whittock
et al. 2004, Cornier et al. 2008), we are at the cusp of being able to study
gene—environment interactions. Understanding the genetic pathways regulating
somitogenesis will help us to identify the quantitative effects of environmental
insults such as hypoxia or carbon monoxide on gene expression and cell function.
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Chapter 2
Development 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
spinal nerves, transmitting the weight of the body, and providing a flexible axis for
movements of the head and the torso. The vertebral column is capable of extension,
flexion, lateral flexion (side to side), and rotation. However, the degree to which
the spine is capable of these movements varies by region. These regions, including
the cervical, the thoracic, the lumbar, and the sacrococcygeal spine, form four cur-
vatures (Fig. 2.1). The thoracic and the sacrococcygeal curvatures are established
in fetal development, while the cervical and the thoracic curvatures develop during
infancy. The cervical curvature arises in response to holding the head upright, while
the lumbar curvature develops as an infant begins to sit upright and walk. Congenital
defects and degenerative diseases can result in exaggerated, abnormal curvatures.
The most common of these include a thoracic kyphosis (or hunchback deformity),
a lumbar lordosis (or swayback deformity), and scoliosis. Scoliosis involves a lat-
eral 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 vertebral column and skeletal muscle development from
somites. In this chapter, we will review the embryonic development of the spine and
associated muscles and link them to the functional anatomy of these structures in
the adult.
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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 meso-
derm 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 verte-
bral column and associated musculature: sclerotome (vertebrae and ribs), syndetome
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(tendons), myotome (skeletal muscle), and dermomyotome (dermis and skeletal
muscle progenitor cells).

Somite formation can best be described as a continuous segmentation of mes-
enchymal cells from the rostral end of the paraxial mesoderm or the 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 somitogenesis, (2) the formation of intersomitic boundaries, (3) mesenchymal
to epithelial transition (MET), and (4) positional identity (e.g., rostral/caudal and
dorsal/ventral). Experimental disruption in any one of the processes in vertebrate
model organisms (e.g., mouse and chick) can lead to an axial skeletal dysmor-
phogenesis 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. This pro-
cess is reviewed in Chapter 1. Here we will focus on the morphogenetic events
associated with the physical separation of PSM during formation of the boundary,
epithelialization, and positional identity.

Establishing the Intersomitic Boundary

Boundary formation occurs as somitic cells pull apart from the adjacent PSM.
Depending on the animal, this varies from the simple cleavage of the PSM by fis-
sures initiated along either the medial or the lateral surfaces as seen in Xenopus
and zebrafish to a more dynamic ball-and-socket shape with a reshuffling of cells
across the presumptive somite-PSM boundary in chicks (Wood and Thorogood
1994, Henry et al. 2000, Jiang et al. 2000, Kulesa and Fraser 2002, Afonin et al.
2006, Kulesa et al. 2007). The activity is an intrinsic property of the PSM, as
it will occur in explants in the absence of the adjacent ectoderm and endoderm
(Palmeirim et al. 1998). 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 (Sato et al. 2002).
Transcription factors Mesp2 (and its chicken homologue cMesol) and Thx18 have
also been shown to play a role in forming boundaries (Saga et al. 1997, Buchberger
et al. 1998, Tanaka and Tickle 2004, Takahashi and Sato 2008). Ectopic expression
of either cMesol 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 understood (Sato and
Takahashi 2005). 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 Tam and Trainor 1994,
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Keynes and Stern 1988), resulting in the condensation of mesenchyme into an
epithelial ball, surrounding a mesenchymal core, called the somitocoel. This occurs
in a gradual process with the cells along the rostral edge of somite 0 becom-
ing epithelia at the time of boundary formation (Dubrulle and Pourquié 2004).
Epithelialization is complete with the formation of the next boundary (Fig. 2.2).
The transcription factors paraxis and Pax3 are required to direct MET in cells of
somite +1 (Burgess et al. 1995, 1996, Schubert et al. 2001). Inactivation of paraxis
results in somites formed of loose clusters of mesenchyme separated by distinct
intersomitic boundary formation (Fig. 2.2). This reveals that MET is not required
for boundary formation. However, the two events are temporally linked, suggesting
that they are both responsive to the oscillating segmental clock. Candidate genes for
linking the two are snaill and 2 (Snail and Snai2), which are expressed in oscillat-
ing patterns in the PSM (Dale et al. 2006). Snail genes are transcriptional repressors
that are able to block the transcription of paraxis and cell adhesion molecules asso-
ciated with epithelialization (Batlle et al. 2000, Cano et al. 2000, Barrallo-Gimeno
and Nieto 2005, Dale et al. 2006). Overexpression of snail2 will prevent cells from
contributing to epithelium in somite +1. Thus switching off snail gene expression
may be essential for the timing of MET.

+2 +1 0 -1 -2

Intersomitic boundary ~ Presomitic mesoderm

Fig. 2.2 Schematic of mouse
somite formation. Lateral
view of somites budding off
of 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 E]
newest somite is “+1”

< Mesenchymal Cell

Epithelial Cell
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In contrast to boundary formation, signals from the surface ectoderm are required
to induce MET and the expression of paraxis (Duband et al. 1987, Sosic et al. 1997,
Correia and Conlon 2000, Sato et al. 2002, Sato and Takahashi 2005, Linker et al.
2005). Wnt signaling has been implicated in regulating this process with Wnt6 and
Wntl1 as the most likely candidates (Wagner et al. 2000, Linker et al. 2005, Geetha-
Loganathan et al. 2006, Schmidt et al. 2004). Ectopic expression of Wni6 is able
to rescue somite epithelialization where the ectoderm has been removed. Further,
Wnt6 is able to induce paraxis transcription in a beta-catenin-dependent manner,
predicting a mechanism of action (Linker et al. 2005).

Somite epithelialization is associated with an increase in the expression of mem-
bers of the cadherin superfamily and cell adhesion molecules (Duband et al. 1987,
Tam and Trainor 1994). 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 (Cdhlil), leads
to the disorganization of the somite epithelium into small clusters of cells (Radice
et al. 1997, Horikawa et al. 1999). The phenotype of the cadherin mutations is 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 cytoskeletal remodeling. Likely targets are members of the
Rho family of GTPase. In the chick, overexpression of Cdc42 promotes somitic
cells to maintain their mesenchymal state (Nakaya et al. 2004). Both the inhibition
and the over activation of Racl disrupt somite epithelialization, demonstrating the
sensitivity of the cells to disruption of this pathway. The activity of Racl cannot
be rescued by paraxis, predicting that Racl is acting downstream (Nakaya et al.
2004).

Rostral/Caudal Polarity of Somites

Spatial identity along the rostral/caudal axis is established in each somite at the time
of its formation (Aoyama and Asamoto1988). Rostral/caudal polarity is essential
for imposing the segmental patterning of the peripheral nerves and the resegmenta-
tion 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 Notchl,
ligands DIl and DII3, or modifying gene peptide-O-fucosyltransferase 1 (Pofutl)
and presenilin-1 leads to the loss of rostral- and caudal-specific gene expression,
the fusion of the vertebrae, and the segmental pattern of the peripheral nerve pat-
tern (Swiatek et al. 1994, Conlon et al. 1995, Oka et al. 1995, de la Pompa et al.
1997, Hrabe de Angelis et al. 1997, Kusumi et al. 1998, Barrantes et al. 1999,
Koizumi et al. 2001, Dunwoodie et al. 2002, Schuster-Gossler et al. 2009). Spatial
identity of the rostral half of the somite requires the expression of Mesp2, which
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is transcribed in a broad domain that encompasses presumptive somite —1 before
becoming restricted to the rostral half of the presumptive somite (somite 0) (Saga
et al. 1997, Takahashi et al. 2000). Mouse embryos deficient in Mesp2 lead to
expanded expression of caudal-specific genes and fused vertebrae. Transcription
of Mesp2 is upregulated by activated Notch in a Thx6-dependent manner (Yasuhiko
et al. 2006), which in turn represses transcription of the DI/] ligand in the rostral
domain through the transcriptional repressor, ripply2 (Morimoto et al. 2007). In the
caudal half of somite 0, Mesp2 transcription is repressed in a presenilin-1-dependent
manner (Koizumi et al. 2001, Takahashi et al. 2003, Yasuhiko et al. 2006).

Maintenance of rostral/caudal polarity after somite formation requires paraxis,
which is associated with the regulation of somite epithelialization (Johnson et al.
2001). In paraxis-null embryos, the transcription pattern of Mesp2 and compo-
nents of the Notch signaling pathway are unaltered in somite 0 and —1. However,
the expression of caudal-specific genes, such as DIl and Uncx4.1 (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 inter-
somitic boundary between the rostral and the caudal halves of the somite after their
specification in the PSM (Johnson et al. 2001).

The Anatomy and Development of the Vertebrae and IV Discs

A typical vertebra consists of two parts: the body and the vertebral (or neural) arch
(Fig. 2.3a). The vertebral body is located anteriorly and articulates with the adjacent
IV discs (Figs. 2.1, 2.3, and 2.4). Together, the vertebral body and the arch form a
central, vertebral foramen, and, collectively, the foramina create a vertebral canal,
protecting the spinal cord. In this section, the functional anatomy of the vertebrae
and IV discs in the adult and the genetic basis for their development in the embryo
will be discussed.
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Fig. 2.3 Features of a typical human vertebra. a. Superior and b. lateral view. Drawing by Brent
Adrian
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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 trabec-
ular 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 conjunc-
tion with the IV discs, bear and transmit weight; as a result, the bodies increase in
size from the cervical to the lumbar region (Fig. 2.1). 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. 2.3a). The superior and inferior notches of adja-
cent pedicles form the intervertebral foramina, which transmit the spinal nerves
(Figs. 2.1 and 2.3b). 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 pro-
cesses, 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 spinae and transversospinalis muscle groups (Fig. 2.3a, b). In addition, the
transverse processes articulate with the costal tubercles to form the costovertebral
joints. Finally, the superior and the inferior articular processes of adjacent verte-
brae interlock to form the zygapophysial (or facet) joints (Fig. 2.4). 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. 2.1). 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 the inferior articular processes face superiorly and inferiorly,
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promoting 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 a 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 an 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. 2.3b). Typically, a thoracic vertebral body articulates
with two costal heads, 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 respira-
tion. In the thoracic spine, the superior and inferior articular facets face anteriorly
and posteriorly (Fig. 2.3b), 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 tho-
racic spine. In contrast, the medially and laterally facing articular facets of the five
lumbar vertebrae allow for a great deal of flexion and extension, but restrict rota-
tion. The lumbar vertebrae also exhibit robust vertebral bodies and well-developed
spinous, transverse, and superior articular processes that provide attachment sites
for ligaments as well as the erector spinae and transversospinalis muscle groups
(Fig. 2.1).

The sacrum is typically formed by the fusion of five sacral vertebrae (Fig. 2.1).
The sacral canal transmits the spinal roots of the cauda equina and ends at the sacral
hiatus, an important landmark for administering a caudal epidural. In addition, four
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. Similar to the sacrum, the coccyx is typically formed
by the fusion of four coccygeal vertebrae (Fig. 2.1). Although the coccyx is rudi-
mentary in humans, it 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. 2.4). However, an IV
disc is not present between the atlas and the 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,
particularly in the cervical and lumbar regions (Moore and Dalley 2006). 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
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as rotation and lateral flexion. The thoracic IV discs are relatively thin and uniform
in shape, while the cervical and lumbar IV discs are wedge-shaped, contributing
to the curvatures of the vertebral column (Fig. 2.1). Each IV disc is composed of
an outer fibrocartilaginous ring, the anulus fibrosus, and a central gelatinous core,
the nucleus pulposus (Fig. 2.4). Composed primarily of collagen fibers, the anulus
fibrosus is characterized by a series of concentric layers, or lamellae (Fig. 2.4). The
lamellae serve to resist the expansion of the nucleus pulposus during compression
(Cailliet 1988). The nucleus pulposus is composed of water, proteoglycans, and
scattered collagen fibers.

The vertebrae and IV discs are stabilized by robust spinal ligaments which
function to restrict movements and to minimize the need for continual muscular con-
traction. The major spinal ligaments are illustrated in Fig. 2.5. The broad anterior
longitudinal ligament is situated on the anterior surface of the vertebral bodies and
IV discs and extends from the sacrum to the occipital bone (Fig. 2.5). This ligament
prevents hyperextension of the spine and anterior herniation of the nucleus pulpo-
sus. This ligament is especially prone to injury in the cervical region due to whiplash
(hyperextension) injuries. The posterior longitudinal ligament is slender compared
to its counterpart. It lies within the vertebral canal, on the posterior surface of the
vertebral bodies and IV discs (Fig. 2.5). This ligament prevents hyperflexion of the
vertebral column and posterior herniation of the nucleus pulposus. In fact, due to
the presence of the posterior longitudinal ligament, the nucleus pulposus tends to
herniate 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. 2.5).
These ligaments contribute to the posterior wall of the vertebral canal, thus help-
ing to protect the spinal cord. The ligamenta flava are highly elastic; they support
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Fig. 2.5 Major ligaments of the spine. Lateral view illustrating the ligamentum flava,
supraspinous, interspinous, and anterior and posterior longitudinal ligaments. Drawing by Brent
Adrian
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the normal curvatures of the spine, resist separation of the laminae during flexion,
and assist in extending the spine from a flexed position. The vertebrae are also held
together by the intertransverse and interspinous ligaments, which connect adjacent
transverse and spinous processes, respectively (Fig. 2.5). More superficially, the
robust supraspinous ligament binds the spinous processes together. In the neck, the
supraspinous ligament merges with the ligamentum nuchae, a fibroelastic structure
that extends from the cervical spinous processes to the occiput, forming a midline
raphe for muscle attachment. 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
epithelial cells in the ventral/medial quadrant of the somite undergo an epithelial-to-
mesenchymal transition (EMT). These cells, in combination with the mesenchymal
cells of the somitocoele, form the sclerotome (Fig. 2.6) (reviewed in Dockter 2000).
Vertebrae are formed through the process of endochondral ossification. As such, a
chondrogenic model of the vertebrae and ribs is developed from sclerotomal cells.
Replacement of the cartilage with bone then follows. The molecular events that reg-
ulate this process are common with the appendicular and part of the cranial skeleton.
These pathways are reviewed elsewhere (Mackie et al. 2008). 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 (1) the verte-
bral body and the intervertebral disc at the ventral midline, (2) lateral neural arches
that will give rise to the pedicles and transverse process, and (3) the dorsal spinous
process. Patterning of the vertebrae along the dorsal/ventral axis is controlled by
opposing gradients derived from the notochord and the surface ectoderm overly-
ing the neural tube. Sonic hedgehog (SHH) and the BMP inhibitor, noggin, have
been identified as factors expressed in the notochord that are sufficient to promote
the expression of the transcription factors Pax/, Pax9, and Mfhl in the sclerotome
(Fan and Tessier-Lavigne 1994, Peters et al. 1995, McMahon et al. 1998, Furumoto
et al. 1999). PaxI and Pax9 are essential for the maintenance of sclerotomal cells
(Furumoto et al. 1999). Compound mutations of these two genes in the mouse lead
to loss of the vertebral body and proximal ribs (Peters et al. 1999). In addition to
signals from the notochord, the Polycomb genes Pbx/ and Pbx2 and bHLH genes
paraxis and Mesp2 are also required for Pax] and Pax9 transcription (Takahashi
et al. 2007, Capellini et al. 2008). The homeodomain-containing genes Meox! and
Meox2 have also been implicated in vertebrae development. MeoxI-deficient mice
display segmental fusions in the occipital/cervical region and the MeoxI/Meox2
compound null mutations lead to a profound loss of vertebral structures (Mankoo
et al. 2003, Skuntz et al. 2009).
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Fig. 2.6 Schematic of somite differentiation. a. Newly formed somites consist of an epithelium
and a mesenchymal somitocoele. b. The sclerotome compartment forms as the medial/ventral
region of the somite undergoes MET. ¢. The epaxial myotome forms as epithelial cells of the
dorsomedial lip of the dermomyotome undergo MET and migrate subjacently. d. The syndetome
appears as cells from the myotome interact with dorsal sclerotomal cells

The dorsal elements of the vertebrae, including the spinous process and the dor-
sal part of the neural arches, require Msx/ and Msx2 transcription induced by BMP2
and BMP4 expressed in the surface ectoderm and the roof plate of the neural tube
(Monsoro-Burq et al. 1994, 1996, Watanabe et al. 1998). SHH and the BMPs are
mutually antagonistic in their actions (Pourquié et al. 1993). Ectopic expression of
BMP2 or BMP4 on the dorsal neural tube will increase dorsal chondrogenesis, while
ectopic expression lateral to the neural tube inhibits chondrogenesis (Tonegawa
et al. 1997, Watanabe et al. 1998). The corollary is also true with SHH-expressing
cells grafted dorsally, inhibiting Msx!/ transcription and preventing chondrogenesis
(Watanabe et al. 1998).
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Remodeling the Sclerotome into Vertebrae

The formation of the vertebrae is dependent on the highly coordinated migration of
sclerotomal cells both toward the midline and along the rostral/caudal axis (Fig. 2.6)
(reviewed in Brand-Saberi and Christ 2000). Soon after EMT, cells from the ven-
tral/medial sclerotome migrate toward the notochord, where they will contribute to
the vertebral body and intervertebral discs. This is followed by the migration of the
lateral sclerotomal cells dorsally to form the vertebral pedicles and the laminae of
the neural arches. At this point, cells of the rostral and caudal halves of the scle-
rotome can be distinguished visually based on their density. The caudal half of the
sclerotome will proliferate and migrate toward the rostral domain of the adjacent
somite (Fig. 2.7a). Fate mapping in chick embryos revealed that the caudal and ros-
tral sclerotome halves of adjacent somites contribute equally to the vertebral body
(Goldstein and Kalcheim 1992, Aoyama and Asamoto 2000). In contrast, the neural
arches are derived almost solely from the caudal domain and the spinous process
from the rostral domain.

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 specifi-
cation 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
vertebral bodies and neural arches along the length of the vertebral column (Saga
et al. 1997). In contrast, disruption of the caudal identity of somites through inac-
tivation of the Notch pathway leads to fused vertebral bodies and an absence of
neural arches. As will be discussed in detail in later chapters in this book, mutations
in genes regulating this process have been identified as the cause of spondylocostal
dysostoses, a heterogeneous group of disorders with severe axial skeletal malfor-
mation characterized radiographically by multiple vertebral segmentation defects
(reviewed in Sparrow et al. 2007). 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 (Johnson et al. 2001).

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 establish-
ing positional identity of vertebrae along the rostral/caudal axis (reviewed in Wellik
2007). From classic studies in Drosophila, the Hox genes have long been known
to regulate segmental identity in the insect body plan (Lewis 1978). 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
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Fig. 2.7 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 the caudal
sclerotomes to the vertebral bodies and transverse processes. The intervertebral disc forms at the
site of sclerotome separation. Note the relationship of the muscle and bone after resegmentation

with Hoxa3/Hoxd3 double mutant embryos, where the prevertebral elements that
normally contribute to the atlas form a bone contiguous with the occipital bone
(Condie and Capecchie 1994). Since this observation, similar homeotic transfor-
mations have been reported for paralogous mutations in the Hox5, Hox6, Hox7,
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Hox8, Hox9, Hox10, and Hox11 group genes (Chen et al. 1998, van den Akker
et al. 2001, Wellik and Capecchi 2003, Mclntyre et al. 2007). Consistent with the
co-linear expression of these genes, the rostral homeotic transformations effect suc-
cessively more caudal vertebrae, with the Hox11 paralogous mutants displaying a
transformation of sacral and early caudal vertebrae into a lumbar-like fate (Wellik
and Capecchi 2003).

The positional identity conferred by the Hox genes during vertebrae 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
transcriptional repressors that limit the rostral transcription boundary of individ-
ual Hox genes. Inactivation of these genes leads to a rostral shift in gene expression
and transformation of the vertebrae (Kim et al. 2006). 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 Moens and Selleri 2006). The TALE genes play a larger role in pat-
terning and regulating the transcription of the 5" Hox genes in both a Hox-dependent
and Hox-independent manner (Popperl et al. 1995, Maconochie et al. 1997, Berkes
et al. 2004, Capellini et al. 2006).

Formation of the IV Discs

The genesis of the IV discs is intimately linked to somite polarity and sclerotome
resegmentation and as such is dependent on the Notch/Mesp2 signaling (Teppner
et al. 2007). The annuli fibrosi of the IV discs forms from condensed mesenchyme
derived from the somitocoele at the border of the rostral and caudal domains during
resegmentation (Huang et al. 1996, Mittapalli et al. 2005). Somitocoele cells cannot
be replaced by sclertomal cells derived from EMT in forming the IV disc predict-
ing specification of a distinct lineage, now called the arthrotome (Mittapalli et al.
2005). Development of the annuli fibrosi 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 PaxI/Pax9
expression and the loss of IV discs (Baffi et al. 2006). GDF-5 and BMP-2 promote
cell aggregation and expression of the chondrogenic genes instead of osteogenic
genes in the I'V discs (Kim et al. 2003, Yoon et al. 2003, Li et al. 2004). The nucleus
pulposus is derived from an expansion of notochord cells that move out of the carti-
lage of the adjacent vertebral body (Paavola et al. 1980). Survival of the notochord
cells is dependent on the expression of Sox5 and Sox6 (Smits and Lefebvre 2003).

The Anatomy and Development of Spinal Muscles
The spinal muscles function to stabilize and achieve movements of the vertebral

column. A number of muscle groups act on the spine. Those located anterior to
the vertebral bodies act as flexors. These include longus capitis and colli, psoas
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major, and rectus abdominis. Lateral flexion is achieved by the scalenes in the
cervical region and quadratus lumborum, transversus abdominis, and the abdom-
inal obliques in the lumbar region. The flexors and lateral flexors of the spine
are innervated by the ventral rami of spinal nerves. In contrast, the extensors
of the spine are located posterior to the vertebral bodies and are innervated by
the dorsal rami of spinal nerves (Fig. 2.5). The term “spinal muscles” typically
refers to the extensors of the spine. In this section, the functional anatomy 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 trapezius and the rhomboids (Fig. 2.8a). They take origin from the ligamentum
nuchae and cervical and thoracic spinous processes and insert onto the mastoid
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Fig. 2.8 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 /eft, the transver-
sospinalis muscles, including semispinalis, multifidus, and rotatores; on the right, the levatores
costarum, intertransversarii, and interspinales muscles. Drawing by Brent Adrian
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process and occipital bone (capitis) or the cervical transverse processes (cervicis)
(Fig. 2.8a). Bilateral contraction of splenius capitis and cervicis extends the head
and the 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 longitudi-
nal columns of muscle (Fig. 2.8a). These muscles arise via a common tendon from
the iliac crest, sacrum, and lumbar spinous processes. From lateral to medial, the
columns include (1) iliocostalis, which attaches to the ribs and cervical transverse
processes, (2) longissimus, which attaches to the ribs, thoracic and cervical trans-
verse processes, and mastoid process, and (3) spinalis, which spans adjacent spinous
processes. 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 the spinous processes, and include
the semispinalis, multifidus, and rotatores muscles (Fig. 2.8b). The semispinalis
muscles are located in the thoracic and cervical regions, while the rotatores are
prominent 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
transversospinalis muscles laterally flexes the spine and rotates it to the contralateral
side, while bilateral contraction extends the spine. These muscles stabilize adjacent
vertebrae and may have a proprioceptive function (Buxton and Peck 1989, Moore
and Dalley 2006).

Deep to the erector spinae are the levatores costarum, intertransversarii, inter-
spinales, and the muscles of the suboccipital triangle (Fig. 2.8b). The levatores
costarum are located between the transverse processes and the ribs and act as acces-
sory muscles of respiration. The intertransversarii and the interspinales span the
transverse 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 (Fidler and Jowett 1976, Meier et al. 1997, Mannion
etal. 1998, Chan et al. 1999). Asymmetry of the spinal extensors, especially the mul-
tifidus muscle, has been reported in individuals with idiopathic scoliosis (Zuk 1962,
Butterworth and James 1969, Fidler and Jowett 1976, Spencer and Zorab 1976,
Alexander and Season 1978, Yarom and Robin 1979, Khosla et al. 1980, Reuber
et al. 1983, Sahgal et al. 1983, Zetterberg et al. 1983, Ford et al. 1984, Bylund et al.
1987, Meier et al. 1997, Chan et al. 1999). Chan and colleagues (1999) analyzed
MRI data for adolescents with idiopathic scoliosis and found multifidus abnormali-
ties on the concave side of scoliotic curves. As multifidus achieves ipsilateral lateral
flexion, this finding suggests that increased contractility or reduced fiber length may
play a role in the development of a curvature. The documented increase in type 11
muscle fibers on the concave side of scoliotic curves, indicating a longer T2 relax-
ation time, could also contribute to the development of a lateral curve (Ford et al.
1984, Meier et al. 1997).



2 Development and Functional Anatomy of the Spine 37
Development of Spinal Muscles

The spinal muscles that function to stabilize and achieve movements of the verte-
bral 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 myogenic progenitor cell (MPC) population located in the dor-
somedial margin of the dermomyotome. These cells migrate subjacently to a space
between the dermomyotome and the sclerotome where they exit the cell cycle and
differentiate into mononucleated myocytes (Fig. 2.6, Ordahl and Le Douarin 1992,
Denetclaw et al. 1997). The myotome expands along both the medial/lateral and
the dorsal/ventral axes by successive waves of MPC migration from the dermomy-
otome (Denetclaw et al. 1997, Kahane et al. 1998, Denetclaw and Ordahl 2000,
Ordahl et al. 2001). This is followed by fusion of the myocytes into the multinu-
cleated myotubes and morphogenic remodeling into the pattern of the adult spinal
muscles (Venters et al. 1999).

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) have been shown to be essential
to initiate and maintain the myogenic program in cells fated to the myogenic lineage.
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 differentiation
subclass (myogenin and MRF4). Interaction between the myogenic bHLH factors
and members of the myocyte enhancer factor-2 (MEF2) family of MADS-box tran-
scription factors enhances muscle differentiation by increasing affinity of DNA
binding and expanding the number of target genes that can be activated (reviewed in
Molkentin and Olson 1996, Arnold and Braun 2000). The activity of Mef-2 and
the myogenic factors are controlled in part by their association with chromatin
remodeling proteins histone acetyltransferases (HATs) and histone deacetylases
(HDACs) that promote and repress muscle-specific transcription, respectively.
Calcium/calmodulin-dependent protein kinase (CaMK)-dependent phosphorylation
of HDACS leads to its dissociation with MEF-2 and transport out of the nucleus
(McKinsey et al. 2000, 2001). 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 (Puri et al.
1997, Sartorelli et al. 1999).

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
amplification of these committed progenitor cells in the dorsal/medial lip of the
dermomyotome. 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 the surface
ectoderm is implicated in this process (Reshef et al. 1998, Cossu and Borello 1999,
Borycki et al. 2000). Based on explant experiments, Wntl is able to induce the tran-
scription of Myf5 (Tajbakhsh et al. 1998). The activity is transduced by Frizzled
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receptors 1 and 6 through the canonical B-catenin pathway (Borello et al. 2006).
The role of Shh in specification was first predicted by the absence of Myf5 expres-
sion in the region of the epaxial myotome in Shh null embryos (Borycki et al.
1999). Further, mutations in Gli transcription factors, which transduce Shh signal-
ing, also display a deficit in Myf5 expression (McDermott et al. 2005). Consistent
with these observations, the Myf5 epaxial enhancer is dependent on a consensus
binding sequence for Gli transcription factors and consensus binding sequence for
Tcf/Lef, the B-catenin cofactor (Summerbell et al. 2000, Teboul et al. 2003, Borello
et al. 2000).

Though the cellular events associated with establishing the early muscle masses,
as well as the genetic basis for muscle differentiation, are now well described, less
is known about subsequent events associated with establishing individual muscle
groups from these masses. Embryonic muscles experience rapid growth, while the
early muscles 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 orientation
of neonatal muscle. Further, they must coordinate with the growth and differentia-
tion of tendons, ligaments, connective tissue, and skeletal elements to establish the
appropriate origin and insertion sites on the bones. Patterning of muscle is depen-
dent on innervation (Yang et al. 2001) and extrinsic signals from the surrounding
tissue (Jacob and Christ 1980, Kardon et al. 2003). This is mediated at least in part
through mesodermal cells expressing Tcf4 (Kardon et al. 2003) and both intrin-
sic and extrinsic cues from members of the Hox gene family (Ashby et al. 2002,
Alvares et al. 2003). However, a clear understanding of the combination of local
and global signals that direct individual and functional groups of muscles remains
poorly understood.

Tendon Development

The coordinated development of tendons along with muscle and skeletal elements is
essential to the proper functioning of the musculoskeletal system. However, the cel-
lular origins of tendons and the regulator pathways that control their specification
and differentiation are poorly understood. The recent identification of the bHLH
transcription factor, scleraxis, as a tendon-specific marker has accelerated research
in this area (Tozer and Duprez 2005). Consistent with its intimate relationship to
the epaxial muscles and vertebrae, the axial tendon is derived from a subdomain of
the domain of the somite referred to as the syndetome, which is located between the
myotome and the sclerotome (Fig. 2.7) (Brent et al. 2003). The syndetomal cells are
derived from an interaction between the sclerotome and the myotome. Expression of
Fgf4 and Fgf8 in the myotome is both necessary and sufficient for scleraxis expres-
sion in sclerotomal cells in the future syndetome region (Brent et al. 2003, 2005).
Within the sclerotomal cells, the FGF induces an ERK MAP kinase-mediated cas-
cade that requires activation of the ETS transcription factor, Etv4/Pea3 (Brent and
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Tabin 2004, Smith et al. 2005). It appears that there are also inhibitory signals gen-
erated 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 leads to an expansion of the scleraxis-expressing domain
(Brent et al. 2005).
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Chapter 3
Environmental Factors and Axial Skeletal
Dysmorphogenesis

Peter G. Alexander 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 of axial skeletal defects observed.

Data show that the axial skeleton is one of several organ systems with a high
frequency of abnormality, 1 in 1,000 live births (Brent and Fawcett 2007, Cohen
1997, Dias 2007, Erol et al. 2002, Jaskwhich et al. 2000, O’Rahilly and Miiller
1996, Oskouian et al. 2007) 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 syndromes or sequences (Cohen 1997, Dias,
2007, Erol et al. 2002, Jaskwhich et al. 2000, Oskouian et al. 2007) (Table 3.1 and
Chapter 7). It is estimated that the skeletal defect is accompanied by an intra-spinal
neural defect in 40% of cases. In addition, approximately 50-60% cases of congen-
ital scoliosis suffer additional congenital defects in other organ systems including
urogenital and cardiovascular systems (approximately 20% and 10-12%, respec-
tively), 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.

R.S. Tuan (=)

Center for Cellular and Molecular Engineering, Department of Orthopaedic Surgery, University of
Pittsburgh School of Medicine, Pittsburgh, PA 15219, USA

e-mail: rst13 @pitt.edu

K. Kusumi, S.L. Dunwoodie (eds.), The Genetics and Development of Scoliosis, 47
DOI 10.1007/978-1-4419-1406-4_3, © Springer Science+Business Media, LLC 2010



48

P.G. Alexander and R.S. Tuan

Table 3.1 Genetic syndromes that are characterized by scoliosis

Syndrome

Features

Alagille syndrome (autosomal dominant)

Bertolotti syndrome

Caudal dysgenesis (agenesis, regression)
syndrome

Cerebrocostomandibular syndrome
(autosomal recessive)

Coffin-Siris syndrome

Oculocerebral hypopigmentation
syndrome (autosomal recessive)

Kabuki make-up syndrome

King’s syndrome (malignant
hyperthermia)

Klippel-Feil syndrome

Lenz’s syndrome (X-linked)

Multiple pterygium syndrome (autosomal
recessive)

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

Sacralization of the fifth lumbar vertebrae with
sciatica and scoliosis

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

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 post-natal growth deficiencies, mental
retardation

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

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

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

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

Reduced number of cervical vertebrae, cervical
hemivertebrae, low hair-line, reduced neck
mobility

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

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
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Table 3.1 (continued)

Syndrome Features
Oculoauricularvertebral syndrome Colobomas of the upper eye lids, bilateral
(Goldenhar syndrome) accessory auricular appendages, vertebral

anomalies, facial bossing, asymmetrical skull,
low hair-line, mandibular hypoplasia, low-set
ears, and sometimes hemifacial microsomia
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

Spondylothoracic dysplasia Multiple vertebral defects, short thorax, rib
(Jarcho—Levin syndrome) abnormalities, camptodactyly, syndactyly, and
(autosomal recessive) accompanied by urogenital anomalies and

respiratory dysfunction

VATER-VACTERL sequence Vertebral anomalies, anal atresia, (cardiac

abnormalities), tracheal fistula with
esophageal atresia, renal defects, (limb
abnormalities)

A selected list of recognized genetic syndromes that may include vertebral anomalies. Genetic
syndromes associated with scoliosis are further discussed in Chapter 7.

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 (Erol et al. 2002, Jaskwhich et al. 2000, Oskouian et al. 2007),
indicating that a time-dependent, tissue-specific insult may be involved. The com-
plexity of axial skeletal development and the variety 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 multi-factorial, a combination of genetic susceptibility and environmental insult
(Cohen 1997, Jaskwhich et al. 2000). This fact highlights the need for investigat-
ing 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 identify new markers, loci, and perhaps possible mecha-
nisms of teratogenesis. The second field is teratology, a discipline closely related to
reproductive toxicology that involves assessing the impact of environmental factors
on the new biological markers, loci, and mechanisms discovered and characterized
in developmental biology.
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Vertebral Dysmorphogenesis in Human Congenital Scoliosis

Clinically, congenital scoliosis is defined as a spinal curvature of over 10% caused
by a structural vertebral defect (Dias 2007, Erol et al. 2002, Oskouian et al. 2007).
The abnormal spinal curvature is further defined by its anterior—posterior loca-
tion and the plane of curvature as 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 failures in formation and morphogenesis represented by
hemivertebrae, wedge vertebrae, open vertebral arches, bifid vertebrae, and vertebral
agenesis or failures in segmentation represented by unilateral unsegmented bars or
block vertebrae bilateral fusions (Fig. 3.1) (Dias 2007, Erol et al. 2002, Jaskwhich
et al. 2000, Oskouian et al. 2007). Developmentally, however, all of these defects
have their origin in somitogenesis, the initial manifestation of the vertebral column’s
metameric segmentation.

Fig. 3.1 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
can produce these defects

Normal Development of the Axial Skeleton

As discussed in previous chapters, 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 3.2, Fig. 3.1) (Christ et al. 2000,
Stockdale et al. 2000, Gridley 2006). The somite is a transient embryonic structure
that plays an important role in the patterning of the axial skeleton (comprised of ver-
tebral bodies, ribs, and intervertebral discs) and its associated tissues: the hypaxial
and epaxial muscles of the spine, the dorsal dermis of the trunk, and the interver-
tebral arteries. The morphogenic description of somitogenesis can be conceptually
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Table 3.2 Developmental timing of the axial skeleton in the human embryo

Day of
Developmental feature 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 Hind limb bud, optic cup formed
All rib primordia evident 42-44
Chondrification of centra 3642
Chondrification of ribs and 4044
laminae
Chondrification complete/onset of 56-60
ossification

divided into several phases: patterning, morphogenesis, differentiation, and growth
and maturation (Tam and Trainor 1994, Christ et al. 2000, Alexander et al. 2007a).
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, includ-
ing 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 Pax/ (Wallin et al. 1994, Barnes et al. 1996a), the
cells de-epithelialize and relocate themselves to surround the notochord. These cells
then begin expressing Sox9, a chondrocyte-specific transcription factor, and pro-
ducing prodigious amounts of cartilage matrix to form the cartilage anlage of the
vertebral body (Healy et al. 1999). There is a distinct polarity to the somite as it
matures (Tam and Trainor 1994) that is consequential in the course of resegmenta-
tion, in which the posterior half of one somite merges with the anterior half of the
posterior somite (Christ et al. 2004). Together, these halves combine to form a ver-
tebral body out of phase with the other tissue, characteristic of the vertebral motor
unit.

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 still-
births. It may also account for the many manifestations of axial skeletal defects
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observed. 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.

Experimental Axial Skeletal Teratology

Given that the majority of axial defects have no known genetic cause (Cohen 1997,
Dias 2007, Erol et al. 2002, Jaskwhich et al. 2000, Oskouian et al. 2007), the
assumption must be made that there is an environmental component. The principles
that helped define environmental teratogical agents were popularized in the wake of
the “thalidomide experience” and with some modification remain applicable today
(Wilson 1977, Sulik 1997, Sadler and Hunter 1994). 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 influ-
ence their differentiation including the notochord, neural tube, paraxial mesoderm,
and overlying ectoderm. Second, the exposure must occur somewhere between the
4th and 10th week of human gestation, or organogenesis, during which time gas-
trulation, neurulation, and somitogenesis occur (Table 3.2) (Nishimura et al. 1974,
O’Rahilley and Miiller 1996). Third, the target of the teratogen must play a nec-
essary role in the affected developmental process (e.g., somitogenesis) by acting
via a specific mechanism. Finally, we must observe the dose-response effect of the
environmental agent on embryonic development in both frequency and degree of
malformation, including the graded manifestations 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. In particular,
the patterning of the somite boundaries and the subsequent boundaries of differentia-
tion defined by integrated signaling pathways under the influence of the surrounding
tissues figures prominently. Morphological processes that may be affected include
somitogenesis, neurulation, and gastrulation, which involve cell migration, epithe-
lialization, and laminar fusion, as well as proliferation and apoptosis. Finally the
differentiation, growth, and maturation of the axial skeletal elements may also play
an important role (Table 3.3).

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 induc-
ing the malformation. Identifying and understanding the initial pathogenic event
is a critical step in characterizing the mechanisms of teratogenesis, which can
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Table 3.3 Phases of somitogenesis in a stage 12 chick embryo and possible causal links between
teratogen target tissues and hypothesized mature dysmorphogenesis

Stage 12 Chick Transverse section/time of Possible resultant
Embryo teratogenic insult Target tissue dysmorphogenes
1. Notochord Cleft vertebrae
2.Ectoderm/ Vertebral element
neural tube agenesis
3. Sclerotome Vertebral disc
anomalies
Abnormal bone
metabolism
1. Notochord Cleft vertebrae
2. Ectoderm/ Vertebral agenesis
Neural tube
3. Somitic Hemivertebrae
mesoderm Block vertebrae
4. Lateral plate Bifid ribs
mesoderm

. Chordomesoderm/ Vertebral disk

notochord anomalies
Caudal agenesis
2. Paraxial Vertebral agenesis
mesoderm Hemiblock
Vertebrae
3. Ectoderm Block or
hemivertebrae
Bifid or fused ribs

vertebral agenesis

Phases of somitogenesis at three anterioposterior locations (A, B, and C) in a stage 12 chick
embryo. 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.

then lead to the development of appropriate interventions. Environmental insults
to a developing organism occur at molecular or sub-cellular 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 3.4) (Wilson 1977, Sulik
1997).

Although teratogens are often discrete in nature (e.g., of known struc-
ture/composition and chemical characteristic), the determination of teratogenic
mechanism is complicated. The main reasons for this are as follows. First, not
all the possible targets of a teratogen have been identified, since many poten-
tially 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.
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Table 3.4 Potential mechanisms, routes of pathogenesis, and ultimate morphogenetic outcome
used by environmental teratogens in the induction of congenital malformation. Adapted from
Wilson (1977)

Mechanisms Pathogenesis Final tissue outcome
Genetic mutation Increased or decreased cell Reduction of cells to allow
death proper morphogenesis or
tissue maturation
Chromosomal damage Failed cell-cell interactions
Epigenetic alteration Reduced matrix biosynthesis Imbalances in
differentiation
Mitotic interference Impeded morphogenic Imbalances in growth
movements
Nucleic acid synthesis/balance ~ Mechanical disruption of
tissues

Altered enzymatic substrates,
co-factors, etc.

Altered energy source

Altered redox status

Disrupted membrane or
cytoskeletal integrity

Altered signal transduction

Multiple mechanistic pathways may combine to produce a single pathogenic mech-
anism contributing to the resultant congenital defect. Second, our ability to monitor
the effect of the teratogen on the biochemistry of individual cellular targets is
limited. Specifically, probes with sufficient sensitivity and specificity are unavail-
able 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, and particularly the endpoint chosen.

Despite these complications, we can hypothesize several intracellular processes
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 cel-
lular 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), altered signal trans-
duction, altered/inhibited energy metabolism, inhibition of waste (intermediary)
metabolism, changed redox status, specific or general enzyme inhibition, and distur-
bances in nucleic acid synthesis, among 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 manifested via loss of cells or tissue or imbalances in growth
and differentiation.
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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 (Sadler and Hunter 1994, Sulik et al. 1988, Sulik 1997,
Zakeri and Ahuja 1997). This correlation has highlighted several characteristics of
teratogenic action including the principles that different cell populations are sen-
sitive to teratogenic insults at different time points, different agents target different
tissues, and many teratogens expand areas of normal, developmentally regulated cell
death. The observed changes in normal cell death patterns indicate the target tissue
often plays a role in the subsequent dysmorphogenesis; however, the apoptotic cells
do not participate in subsequent tissue formation — 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 ter-
atogenic 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.

Overview of Agents and Conditions Associated with Axial
Skeletal Teratogenesis

As stated above, axial skeletal malformations are often linked to exposure to
teratogenic conditions. The following summarizes the types of teratogens and terato-
genic conditions associated with spinal malformations (Schardein 2000). Detailed
descriptions of some of these factors will be presented in the following sections.

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

Pharmaceutical teratogens: Most embryonic organs and the central nervous sys-
tem are extremely sensitive to the teratogenic affects of pharmaceuticals such as
thalidomide, diethylstilbestrol, retinoic acid, valproic acid, warfarin, chemotherapy,
lithium, and nicotinic acid.

Industrial and environmental teratogens: Industrial processes required to provide
for growing populations worldwide release a substantial amount of waste products
into the environment, with the toxicologic 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 populations. Studies have determined that organochlorine
insecticides such as DTT, parathion, and malathion may interfere with fertil-
ity and reproduction by mimicking estrogen-like compounds. Among herbicides,
the byproduct of Agent Orange, 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD), is
highly teratogenic causing cleft palate and congenital renal abnormalities.
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Infectious diseases: Microbial chemicals may act as teratogens. Microbes such
as syphilis, cytomegalovirus, rubella, herpes, toxoplasma, and fifth disease affect 1—
5% of all live births. These infections may cause a group of associated malformation
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 back-
ground including cardiac defects, eye and ear defects, renal defects, and functional
deficits in addition to a high rate of congenital scoliosis, in addition to increased
embryonic death and life-long metabolic disorders.

Non-genetically Linked Conditions Characterized by Axial
Skeletal Defects: VATER Association

The VATER spectrum is a non-random association characterized by vertebral
anomalies (V), anal atresia (A), tracheoesophageal (TE) fistula, and renal (R)
anomalies (Botto et al. 1997, Cohen 1997, Martinez-Frias and Frias 1997). This
spectrum may also be associated with cardiovascular (C) anomalies and limb (L)
anomalies (VACTERL). The incidence of VATER in diabetic mothers is 200x
higher than in the general population, which occurs at a rate of 16 per 100,000
births (Pauli 1994, Cohen 1997, Martinez-Frias et al. 1998a). Vertebral defects in
this association can involve agenesis, hypoplasia, and hemivertebrae, often afflict-
ing many contiguous vertebral units. As the acronym suggests, many associated
tissues are affected. The association of these different mesenchymally derived tis-
sues 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 dys-
morphogenesis (Stewart et al. 1993). The VACTERL sequence can be conceptually
included in a group of progressively severe spectrums of which it may be the most
severe (Table 3.5). This broad spectrum of malformations has been coined the axial
mesodermal dysplasia complex (AMDC) (Stewart et al. 1993). Some confounding
features to any hypothesis are the broad range of defects sometimes involving tis-
sues derived from all germ layers, its largely spontaneous occurrence, and low rate
of subsequent inheritance.

There are two related, non-exclusive models currently employed to explain the
etiology of AMDC suggesting that the collection of defects may arise from a single
environmental insult at a time early in post-implantation development. In the first
theory, the embryo at the time of early gastrulation is comprised of a single mor-
phogenetic field, the primary developmental field (Optiz et al. 2002, Martinez-Frias
etal. 1998b). At this time the embryo responds essentially as a single, homogeneous
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Table 3.5 Common features of different associations within the axial mesodermal dysplasia
complex spectrum

Malformation VACTERL VATER OAV PIV PHS
Vertebral X X X X
Imperforate anus X X X X
Craniofacial X X
Tracheal-esophageal fistula X X

Renal abnormalities X X X
Limb anomalies X X X

(OAV) Oculo-auriculo-vertebral dysplasia, (PIV) Polyoligodactyly-imperforate
anus-vertebral anomalies syndrome, (PHS) Pallister-Hall syndrome.

entity. The primary effect of the insult at this time is to affect growth (proliferation)
within the embryo, drastically affecting the existence and position of organizing
centers and tissue morphogenesis throughout the embryo as this primary develop-
mental field subdivides into secondary developmental fields that will give rise to the
various organs and structures of the embryo including the axial skeleton (Martinez-
Frias and Frias 1999). If the insult occurs at this time, there is necessarily a wide
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 (Martinez-Frias and Frias 1997, Bohring et al. 1999). The defect then is
thought to lie more in mechanisms of patterning or morphogenesis as the insult or
defect occurs slightly later in development. This latter variation on developmen-
tal field defects and the etiology of multiple congenital anomalies such as VATER
appears to more easily explain the wide spectrum 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 of these theo-
ries 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 (Martinez-Frias et al. 1998a). 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 dys-
function of the notochord, which is critical to the establishment and maintenance
of embryonic axes and the patterning and differentiation of many mesenchymal tis-
sues (Gilbert-Barness et al. 2001). It has been suggested that notochord mutants
such as brachyury (7) or sonic hedgehog (SHH) knock-outs could be used as
models for VATER and AMDC (Arsic et al. 2002). We discuss the potential for
energy metabolism dysregulation as the locus affected resulting in VATER in the
context of diabetes-induced congenital scoliosis below.
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Environmental Factors That Cause Axial Skeletal
Dysmorphogenesis

Valproic Acid

Valproic acid (VPA) is an anti-epileptic drug that 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 (Lammer et al. 1987, Nau et al. 1991).
Experimentally, VPA has been shown to be teratogenic in mouse, rat, chick, hamster,
rabbit, and rhesus monkeys (Ehlers et al. 1992, Menegola et al. 1996, Vorhees et al.
1987, Barnes et al. 1996b, Basu and Wezeman 2000, Hendrickx et al. 1988). 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 neurological anomalies that together comprise the
fetal valproate syndrome. The axial skeletal defects can include presacral vertebrae,
cervical and thoracic ribs, indicating possible homeotic transformations. The defects
may also include structural vertebral defects, indicating segmentation defects.

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 (Turner
et al. 1990). Subsequently, the neural arches are unable to fuse. However, verte-
bral defects such as block vertebrae and hemivertebrae sometimes coincide with a
neural tube defect have also been observed following VPA exposure (Barnes et al.
1996b). More detailed studies have shown that important patterning genes, such as
Pax1 and paraxis (Tcf15), are down-regulated by the administration of VPA in chick
embryos (Barnes et al. 1996b, Barnes et al. 1997). The malformations produced by
VPA can be mimicked through the administration of anti-sense deoxynucleotides
during somitogenesis (Barnes et al. 1996b, Barnes et al. 1997). This type of data
confirms that dysregulation of these genes can be teratogenic, but does not indi-
cate a specific mechanism for how this may occur. The down-regulation of these
genes may be caused by decreased signaling or reduced or delayed differentiation
caused by increased ROS production or altered nucleic acid metabolism (Fantel
1996, Nau et al. 1991), as suggested by studies showing that folic acid adminis-
tration can significantly reduce the incidence of experimentally induced VPA axial
skeletal defects (Green and Copp 2005). More recently, VPA has been shown to
also inhibit histone deacetylase activity at therapeutic levels, and that this activity is
correlated with axial skeletal defects and exencephaly (Menegola et al. 2006). In a
comparison of the teratogenicity and changes in gene expression by VPA and TSA
(Trichostatin A), many of the shared genetic effects were specific to skeletal and car-
diac muscle, assigning a more specific mechanistic action of VPA to dysregulating
epigenetic control which leads to altered gene expression.

Hypoxia

Congenital vertebral anomalies have been produced in newborn animals experi-
mentally by transient hypoxia and transient exposure during the embryonic period
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(Grabowski and Paar 1958, Ingalls and Philbrook 1958, Rivard 1986, Webster and
Abela 2007). In these studies, many gross vertebral and associated skeletal defects
have been induced, including hemivertebrae, vertebral fusions, fragmented vertebral
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 for-
mation at the time when maternal stress has been induced. Hypoxia is thought to
affect the early embryo through the induction of increased reactive oxygen species
(ROS) homotopically (where ROS are already prominent; Fantel 1996) and later
through altered vascularization (Grabowski 1961, Danielson et al. 1992, Webster
and Abela 2007). Less well defined is the idea that hypoxia itself or its manage-
ment is important in and of itself for morphogenic process or cell function during
embryonic development (Chen et al. 1999, Semenza 1999).

During early organogenesis as the embryonic circulation develops, the embryo
is known to undergo a transition from anaerobic respiration to aerobic respiration
(Hunter and Sadler 1989, Hunter and Tugman 1995, Mackler et al. 1975, Miki et al.
1988a). Recent studies have confirmed that oxygenation and the cellular response
to oxygenation as interpreted through expression patterns of heat shock proteins
(protective chaparones) (Edwards et al. 1997, Mirkes 1997), antioxidant (super-
oxide dismutases) (Wells and Winn 1996, Ornoy 2007, Forsberg et al. 1996, Yon
et al. 2008, Zaken et al. 2000), and HIF1alpha expression (Iyer et al. 1998, Maltepe
et al. 1997, Jain et al. 1998, Minet et al. 2000) vary between different tissues of the
embryo over time. Some of these variations have been correlated to periods of ter-
atogenic susceptibility (Ornoy et al. 1999, Forsberg et al. 1996). In this transition,
mitochondrial 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. This combination can lead to excess ROS-induced cell stress and cell death
(Dennery 2007, Dumollard et al. 2007, Burton et al. 2003). One hypothesis is that
those tissues undergoing energetically demanding process such as morphogenesis
are most susceptible to the oxygenation transition, a hypothesis furthered in dia-
betic embryopathy. The neural tube and somatic mesoderm have been shown to have
a higher metabolic activity (Raddatz and Kucera 1983, Miki et al. 1988a, b, Mackler
et al. 1971, Mackler et al. 1975) than surrounding tissues during early organogen-
esis, the time of greatest susceptibility to environmentally induced axial skeletal
defects.

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 materi-
als. There have been no epidemiological studies of the direct effect of CO on human
pregnancies (Schardein 2000). However, there are a number of case reports and
anecdotes suggesting that CO may be a teratogen in humans (Robkin 1997, Longo
1977). Anecdotal accounts were given in Brander (Robkin 1997) and reported
congenital malformations, such as microcephaly, micrognathia, and limb defects
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including hip dysplasia, tetraplegia, equinovarus, and limb reduction. Indirect epi-
demiological information can be obtained from the observations of pregnancy
outcomes among women who smoke. Maternal smoking is associated with vari-
ous adverse outcomes including low birth weight, decreases in successful births
(Fichtner et al. 1990), and various behavioral defects that can be mimicked by CO
alone in animal models (Bnait and Seller 1995).

There are a limited number of studies linking CO to congenital malformations.
Early studies in chick, rabbit, and rat showed a causative relationship (Baker and
Tumasonis 1972, Murray et al. 1979); however, later studies failed to confirm this
connection (Astrup et al. 1975). More recent studies exploring threshold levels and
critical periods related to CO-induced effects upon the embryo have documented
CO-induced dysmorphogenesis (Bailey et al. 1994, Daughtrey et al. 1983, Loder
et al. 2000, Alexander and Tuan 2003). CO exposures during early organogenesis,
the critical period, resulted in vertebral anomalies, microphthalmia, and a phenotype
similar to caudal dysgenesis syndrome. Such malformations have been reported with
CO exposures administered during organogenesis in the context of other teratogens
at sub-teratogenic levels (Singh et al. 1993, Singh 2006). This may be a signif-
icant problem worldwide since acute carbon monoxide exposures may be higher
and more frequent than often reported (Fichtner et al. 1990, Ralston and Hampson
2000).

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 (Maines 1997). When administered
after the vascular system is developed, the axial defects caused by CO are attributed
to vascular leakage and subsequent mechanical disruption of developing tissue
(Baker and Tumasonis 1972). However, during early organogenesis, axial defects
involve the reduction of important segmentation genes including Pax/ and paraxis
(Tcf15) (Alexander and Tuan 2003), 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 (Lee and Juchau, 1994), and CO can alter the production of
NO in axial tissues (Alexander et al. 2007a). 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 (Finnell and Dansky
1991, Aberg et al. 2001). Malformations including neural tube defects, caudal dys-
genesis, vertebral defects, congenital heart defects, femoral hypoplasia, renal, and
craniofacial anomalies are described in infants of diabetic mothers. Caudal regres-
sion syndrome is a severe condition characterized by agenesis, regression, and or
disorganization of the posterior (sacral-lumbar) vertebrae and the malformation
of the soft tissue at that level and below (Bohring et al. 1999, Martinez-Frias
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et al. 1998b). It occurs 200 times more frequently in diabetic than in nondiabetic
pregnancies. Other major malformations of the midline are also much more fre-
quent including VATER, OAV, and other major malformations. Together, these can
be placed in a related and progressive spectrum of syndromes and non-random
associations belonging to the ADMC.

Mouse models utilizing “diabetic environments” or hyperglycemia report various
anomalies encompassing the full spectrum of embryonic embryopathy (Akazawa
1995, Ornoy et al. 1999). These models together reveal that hyperglycemia is suf-
ficient to cause most of the defects observed in diabetic embryopathy including
neural tube defects, axial skeletal defects, heart and craniofacial abnormalities, rib
and renal defects — although no individual model phenocopies the condition com-
pletely. At physiological levels of hyperglycemia or ketosis, the most consistent
outcome is a failure of anterior and posterior neuropore closure (Sadler et al. 1988,
Sadler and Horton 1983, Horton and Sadler 1983, Ornoy et al. 1986, Sadler et al.
1989). 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 craniofacial region, otic, and optic cups, Hensen’s node, and
the notochord, caused by the diabetic environment. Coincident with the high ROS
is an increase in cell death and a decrease in Pax3, a factor critical in neural tube
closure (Fine et al. 1999, Loeken 2005). Application of folic acid and other antioxi-
dants greatly reduced the incidence of ROS production (Ornoy 2007), insipient cell
death and the reduction of Pax3 expression.

The caudal agenesis/dysgenesis syndrome can be phenocopied by prolonged
exposure to hyperglycemia, hyperketonemia, and streptozotocin. The collection of
defects in these severely affected animals indicates an early patterning event is
disturbed. 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 compromised,
and mutations in the T-box gene brachyury (Rashbass et al. 1994) and disruption of
Shh function (Kim et al. 2001) have been presented as possible models of caudal
dysgenesis and other manifestations of ADMC.

The incidence and severity of malformations in diabetic pregnancies are cor-
related with poor glycemic control in the first trimester and can be reduced by
instituting tight glycemic control prior to conception, and the evidence presented
above of various antioxidants and insulin provides hope that a cocktail can be devel-
oped and delivered harmlessly to prevent the initiation of the diabetic embryopathic
condition. While prevention of the condition appears at hand, the initial biochemical
imbalance presents us with an interesting pattern. The condition of hyperglycemia
provides a “free” energy source that is readily available to the mitochondrion for
ATP production, a condition opposite to hypoxia, in which ATP production in
greatly decreased. A reasonable hypothesis incorporating these two opposite con-
ditions is that molecular regulation of any developmental process can be disturbed
by abnormal maternal fuel metabolism, and the timing of specific episodes of poor
glycemic control determines which organ systems are affected.
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Retinoic Acid

Retinoic acid (RA) is an analog of vitamin A commonly used to treat acne and other
skin conditions. In humans, prenatal exposure results in a characteristic pattern of
defects including abnormalities in the ears, mandibles, palates, aortic arch, and cen-
tral nervous system. In animal models, many similar defects are observed (Gudas
1994). At higher doses delivered during organogenesis, RA can induce axial skele-
tal defects as well as including homeotic transformations (Kessel and Gruss 1991,
Rubin and LaMantia 1999, Kawanishi et al. 2003), and at higher doses axial skeletal
truncations (Padmanabhan 1998).

Aside from being a well-characterized teratogen, retinoic is also a naturally
occurring chemical involved in many aspects of embryonic patterning, including
the patterning of the somites. The teratogenic effects of retinoic acid above are con-
sistent with the in situ expression of RA receptors (Maden 1994, Cui et al. 2003,
Tulianelle et al. 1999) and metabolic-transforming enzymes (Swindell et al. 1999,
Niederreither et al. 2002, Reijntjes et al. 2004, Cammas et al. 2007) 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 (Duester 2007,
reviewed in Sewell and Kusumi 2007). At higher levels, it is hypothesized that RA
interrupts tissue morphogenesis, neural crest migration, and at highest doses causes
cell death in morphogenically critical tissues, such as the neural tube, notochord, and
paraxial mesoderm, resulting in a phenotype similar to caudal dysgenesis syndrome
(Tulianelle et al. 1999).

Hyperthermia

Exposure of the human fetus to high temperatures (for example, 2°C over 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 (Graham et al. 1998,
Edwards et al. 1997). There is no epidemiological evidence suggesting heat shock
causes axial skeletal defects. In studying the mechanisms of heat shock teratogenesis
in animal models, vertebral defects were observed in many species including mice,
rats, and chicks (Breen et al. 1999, Mirkes and Cornel 1992, Primmet et al. 1988).
The severity of these defects is correlated to the time and duration of exposure.
Experimental studies in chick embryos revealed that at moderate levels and exposure
times (42°C for 20 minutes), one or two adjacent segments were fused into a single
large somite. This effect was repeated every 7-8 somites separated by normal somi-
togenesis (Primmet et al. 1988). This result suggested a cell cycle-dependent mecha-
nism to the defect and to somitogenesis itself, prompting the proposal of a clock and
wave-front model for the patterning process of somitogenesis (Primmet et al. 1989).

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
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experienced (Graham et al. 1998). 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 malforma-
tion, tissue-specific cell death is observed. Investigators identified the induction
of heat shock proteins (HSP) as a prominent feature of the embryonic response.
These molecular chaperones play important roles in regulating protein folding dur-
ing 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
(Buckiova et al. 1998, Walsh et al. 1999). During teratological doses of hyperther-
mia, the cell cycle is slowed, suggesting 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 (Shifley and Cole 2007). During heat shock, some
of these proteins or their targets may be bound by HSP, and we can hypothe-
size that this would disrupt the somitogenic clock resulting in disrupted pattern
and ultimately vertebral defects. An important feature of the protective heat shock
response then and its relation to teratogenesis is that their activation 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.

Arsenic

Arsenic, a metal pollutant, is found naturally in groundwater and unnaturally in
mine waste sites, industrial byproducts, and in agricultural runoff. It is toxic to
humans and is known to cause birth defects including spina bifida, craniofacial
defects, developmental retardation and to decrease birth weight and increase inci-
dences of fetal mortality, miscarriage, and still birth (Willhite and Ferm 1984,
DeSesso et al. 1998). In experimental in vitro models, arsenic is teratogenic in
mice, rats, and chicks (Hood and Bishop 1972, Chaineau et al. 1994, Beaudoin
1974, Lindgren et al. 1984, Peterkova and Puzanova 1976, DeSesso et al. 1998),
with neural tube defects being common among all of them (Shalat et al. 1996,
Takeuchi 1979). 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 transport. Inefficient electron transport
can lead to high production of ROS, which have documented cell destructive activi-
ties and teratogenic capacity (Hunter 2000, Kitchin and Ahmad 2003, Bernstam and
Nriagu 2000). In addition, arsenate can reduce to arsenite. The effects of arsenite on
disruption of cell cycle and cytoskeletal structure have been attributed to its reac-
tion to sulthydryl groups (Levinson et al. 1980), which may account for its strong
induction of the heat shock response (German et al. 1986, Mirkes and Cornel 1992,
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Bernstam and Nriagu 2000). In addition, arsenite can disrupt the citric acid cycle
and electron transport via binding to thiol group enzymatic active sites (DeSesso
et al. 1998). A disruption in the energy status of different tissues of the develop-
ing embryo is attributed to teratogenicity of arsenic causing similar malformations
to those observed in hypoxic or hyperglycemic environment; however, arsenic has
other distinctive effects on the embryo (DeSesso et al. 1998). Arsenic and other
metal compounds are very effective inducers of the heat shock response (Mirkes
and Cornel 1992, Bernstam and Nriagu 2000), which may protect cell from molec-
ular damage, but induce birth defects in its own right via disruption of the cell
cycle and other cyclic and time-dependent morphogenetic processes (Wlodarczyk
et al. 1996). In addition, cells surviving the initial arsenic insult, may pass on
genetic damage that contribute to subsequent carcinogenic transformation later in
ontogeny (Bernstam and Nriagu 2000). These multiple, interacting mechanisms
may account for the wide range of malformations observed following acute arsenic
exposure.

Ethanol

Ethanol, widely consumed as a recreational drug, has long been strongly associ-
ated with teratogenesis as fetal alcohol syndrome (FAS). FAS is present in one in
three children of alcoholic mothers, with an estimated 40,000 children born every
year in the United States (Schardein 2000, Thackray and Tift 2001). FAS manifes-
tations include growth deficiency, central nervous system problems, characteristic
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 (Sulik et al. 1981, Becker et al. 1996, Fernandez et al. 1983, Sanders and
Cheung 1990, Yelin et al. 2007, Schardein 2000, Chaudhuri 2000, Padmanabhan
and Muawad 1985).

The mouse model has been a particularly effective model in elucidating the
etiology of ethanol-induced birth defects. One mechanism, of ethanol-induced
teratogenesis is through ethanol impaired placental blood flow to the fetus by
constricting blood vessels and inducing embryonic/fetal hypoxia and malnutrition
(Shibley et al. 1999). Since ethanol rapidly crosses the placenta into the fetus, there
are other direct embryonic and fetal targets of ethanol. The mouse model has been
a particularly effective model in elucidating the etiology of ethanol-induced birth
defects. Ethanol has been shown to increase cell death in critical cell populations
including anterior neural folds and neural crest cells (Sulik et al. 1988, Rovasio and
Battiato 1995, Dunty et al. 2001), which play a critical role in the morphogenesis
of the face. Neural crest cells are particularly vulnerable to ethanol, inducing
delayed/altered migration and cell death (Rovasio and Battiato 1995). Correlations
have been made to increased ROS production within the neural crest population
(Kotch et al. 1995), mitochondrial dysfunction and cell death in the etiology of
ethanol and other teratogens (Ornoy 2007). The anterior neural tube and cranial
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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 (Kennedy and Elliott 1986, Parnell et al. 2006,
Sulik 2005, Webster and Abela 1984, Assadi and Zajak 1992, Sanders and Cheung
1990, Carvan et al. 2004). With respect to the axial skeleton, investigators observed
a misalignment or segmentation defect in ethanol-exposed embryos. Despite the
substantial morphological difference with heat shock- treated embryos, the inves-
tigators suggested that the mechanism may be similar to heat shock (Carvan et al.
2004), involving the induction of the stress response by increased ROS production.

Methanol

Methanol is an alcohol encountered frequently during industrial processes. When
the effects of inhaled ethanol and methanol were compared, the highest doses of
methanol significantly increased the incidence of various defects including skeletal
malformations (Nelson et al. 1985). Skeletal malformations were the most prevalent
congenital defects observed and included vertebral abnormalities and an increased
incidence of cervical ribs. Other skeletal abnormalities caused by methanol have
been observed including holoprosencephaly, facial dysmorphogenesis, basicranial
malformation, duplications of the atlas and axis and cervical vertebral abnormalities,
and abnormal number of presacral vertebrae (Connelly and Rogers 1997, Rogers
et al. 2004). Initial cellular responses appear similar to ethanol at the level of tissue-
specific cell death (Abbott et al. 1995). In contrast to ethanol, many of the axial
skeletal defects indicate homeotic shifts in segment identity.

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 systems
to aid in the identification of the initial targets of a teratogen and the true, hypotheti-
cally singular target molecule or process, as proposed by Wilson in 1956. Applying
genomic and proteomic technologies to the problem of teratogenesis should begin to
reveal the full spectrum of cellular processes affected, and elucidate links between
variations in genotype and the effect of the environment on the phenotype that pro-
duce 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 4

Overview and Comparison of Idiopathic,
Neuromuscular, and Congenital Forms
of Scoliosis

Benjamin Alman

Scoliosis is really a physical finding, a lateral curvature of the spine. There are a
number of potential causes, not all of which are related to a primary spinal defor-
mity. For instance, if a patient has one leg longer than another, they will display
a curved spine; otherwise their trunk would leave the pelvis at an angle, causing
the individual to always look like they are leaning to one side. In a similar way,
if an individual leans their back to one side, they will also show a scoliosis on a
radiograph. Radiographs are often used to make the diagnosis, but because of these
“postural” causes, scoliosis is usually defined as a curve on a standing radiograph
of the spine measuring at least 10° (Binstadt et al. 1978, Cobb 1958).

The causes of scoliosis can be broadly classified as congenital, neuromuscular,
syndrome related, idiopathic, and due to a secondary cause (Beals 1973). Another
way to think about this is that scoliosis can be caused by a primary problem
related to the spine itself (idiopathic and congenital scoliosis) or can be secondary
to an underlying more systemic disorder (neuromuscular or syndromic scoliosis)
(Table 4.1).

Congenital scoliosis is due to a vertebral malformation during fetal development,
which results in a deviation of the normal spinal alignment. Neurologic conditions
can cause curves due to muscle weakness or muscle imbalance, with muscles on one
side of the spine pulling laterally more than muscles on the other side of the spine.
This includes conditions such as cerebral palsy, paralysis, and Duchenne muscular
dystrophy. These curves often have a typical radiographic appearance, with a long
curve over most of the spine, often in a “c” shape, so that the patient is made off bal-
ance by the curve. Syndromes that are not associated with a neuromuscular problem,
but instead are associated with a structural defect in the connective tissues can also
cause scoliosis. This is presumably because gene mutation causes the bone and soft
tissues to weaken, resulting in skeletal deformity. Several syndromes fall into this
category including Marfan syndrome, osteogenesis imperfecta, and Ehlers—Danlos.
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Table 4.1 Selected

syndromes and Achondroplas}a
neuromuscular conditions Arthrogryposis
associated with scoliosis Cerebral palsy

Charcot-Marie—Tooth disease
Congenital hypotonia
Duchenne muscular dystrophy
Ehlers—Danlos syndrome
Marfan syndrome
Myelomeningocele
Neurofibromatosis
Osteogenesis imperfecta
Paralysis

Poliomyelitis

Spinal muscular atrophy

In Ehlers—Danlos and Marfan, laxity of the soft tissue ligaments connecting the ver-
tebra is associated with scoliosis. Osteogenesis imperfecta is associated with both
soft tissue laxity and also weak bones that easily deform, and this condition can also
cause scoliosis (Raff and Byers 1996).

The cause of idiopathic scoliosis, as the name suggests, is not known, although
there is a wealth of data showing a familial occurrence (Kouwenhoven and Castelein
2008). Indeed, linkage studies suggest a genetic etiology, and several scoliosis
loci have been identified. Idiopathic scoliosis behaves clinically in different ways
depending on the age at which the curve presents. As such, it has been subdivided
into adolescent, juvenile, and infantile forms. Many cases of infantile scoliosis and
a few cases of juvenile scoliosis will resolve on their own. For the other idiopathic
scoliosis patients, as a general rule, the younger a child presents, the more severe
the ultimate degree of scoliosis that will develop.

Routine screening for scoliosis is no longer recommended in most jurisdictions
(Weinstein et al. 2008). As such, patients usually present with a noticeable spinal
deformity or, more likely, chest wall and back asymmetry. Whether identified by
the patient, their parents, or through identification by a primary caregiver, posterior
chest wall prominence is the most outward manifestation of spinal curvature. Other
body characteristics may include shoulder asymmetry and overall posture imbalance
in the coronal plane.

Sometimes pain can cause an individual to stand with their back bent and cause
a scoliosis. This includes painful conditions such as infection, secondary to trauma,
or malignancy. Brain tumors, intraspinal tumors, boney tumors, and extra-spinal
malignancies, such as a retroperitoneal tumors, can all present with scoliosis. As
such, the first priority for a physician caring for a patient with scoliosis is to evaluate
for such serious, potential life threatening conditions (Janicki and Alman 2007).

The two reasons for a physician to become involved in the care of an individual
with scoliosis are to identify the cause and to treat potentially deleterious effects
of the curve. The medical evaluation of a patient with scoliosis includes a medical
history, physical examination, and appropriate diagnostic radiographic tests. Much
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of the history and physical examination is focused on identifying more ominous
causes of scoliosis. Young age at onset (younger than 10 years of age), rapid curve
progression, and the presence of neurological symptoms are the most useful findings
in identifying nonidiopathic causes of scoliosis.

Once scoliosis is suspected, spinal radiographs are usually obtained. These films
are taken with a patient standing if possible. Curve magnitude is measured using
a technique referred to as the Cobb method, in which the greatest angle between
the end plates of the most tilted vertebra on each side of the apex of the curve is
measured (Fig. 4.1). There is a high intra- and interobserver variability to this mea-
surement. Studies show a 5° error of measurement in idiopathic cases, and studies
report up to a 15° error of measurement in congenital cases. There are a number
of clues that can be elucidated from the radiographs as to curve etiology. There
should be two pedicles at every level, and absence of a pedicle suggests either a
congenital, neoplastic, or infectious etiology. In idiopathic scoliosis, the apex of the
curve usually points away from the heart, to the right, and there should be rotation
of the spine, with the apex of the curve having the most rotation. Idiopathic scol-
iosis is not only a deformity in the coronal plane but also a rotational deformity. A
scoliotic curve without rotation should be investigated for other causes. If back pain

Fig. 4.1 Cobb angle («)
measurement on a standard
anterior—posterior view spinal
radiograph
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is present, additional studies should be considered, such as a lateral radiograph of
the spine including the lumbosacral region, to look for vertebral abnormalities asso-
ciated with diagnoses such as spondylolysis (an idiopathic fracture of the posterior
elements of the vertebral body), spondylolisthesis (a slipping forward of one verte-
bral body on the adjacent one), infection, or bony destruction. Further imaging for
patients with scoliosis and back pain may include a bone scan or a magnetic reso-
nance imaging (MRI) test. An MRI is not needed for the treatment of most patients
with idiopathic scoliosis although some treating centers will request an MRI for
any patient with scoliosis (Kotwicki 2008, Cassar-Pullicino and Eisenstein 2002,
Carman et al. 1990, Morrissy et al. 1990).

In addition to the obvious differences in the etiology of the various types of scol-
iosis, each has differences in their clinical behavior and in the implications of spinal
deformity (Howard et al. 2007, Mercado et al. 2007, Donaldson et al. 2007, Smith
et al. 2006). Because radiographs are easy to observe, much of the literature on sco-
liosis outcome is based on the degree of curve progression. Despite this, there is a
poor relationship between curve magnitude and the effect of scoliosis on an individ-
ual. Furthermore, depending on the location of a curve and an association with an
underlying condition, curves of equal magnitude can have very different effects.

Several population studies have examined the natural history of curve progres-
sion in idiopathic, congenital, and neuromuscular scoliosis. These studies give an
overall risk of progression in a population, but unfortunately, there is strong vari-
ability in how curves behave in individual patients, so that observation over time is
still required to make treatment decision based on progression in individual patients.
Further confounding issues of curve progression is the relatively poor reliability of
measures of degree of scoliosis on radiographs. This means that one needs to mea-
sure at least a 5° change in the magnitude of the degree of curve to be considered a
change (Carman et al. 1990, Morrissy et al. 1990).

Long-term studies of adolescent idiopathic scoliosis show little deleterious effect
in most untreated patients. In patients with idiopathic scoliosis in whom surgery was
recommended, but surgery was declined, there were little long-term differences in
pain, physical function, general health, or occupation when compared to the general
population. This makes it important to clearly define treatment goals in scoliosis.
Indeed, these data provide the rationale for an ongoing prospective randomized trial
of brace treatment versus no brace treatment for idiopathic scoliosis.

Severe curves centered in the thoracic spine can be associated with pulmonary
function insufficiency, and changes in pulmonary function test results can be seen
once a curve in the thoracic region exceeds 70°, and symptomatic changes are rare
in curves measuring less than 90° (Barrios et al. 2005, Smyth et al. 1984, Weber
et al. 1975). Some forms of congenital scoliosis are associated with more severe
pulmonary compromise, and this is due to the overall short trunk height or to a
severe curvature occurring in early infancy. Such deformities early in childhood can
impede normal lung development, as there is insufficient space available for nor-
mal pulmonary development. In these cases there is often multiple rib abnormalities
present which also contribute to the pulmonary insufficiency (Ramirez et al. 2007,
Campbell et al. 2003). Patients with a neuromuscular etiology to their scoliosis often
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have poor pulmonary function. It is, however, not clear if the poor pulmonary func-
tion is related to the spinal deformity or to the underlying weakness of the muscles
controlling respiration (Finder et al. 2004). As such, pulmonary effects from sco-
liosis are primarily limited to large curves, which occur most commonly in either
idiopathic scoliosis that present at a very early age or severe cases of congenital
scoliosis.

Pain can occur in all forms of scoliosis, but it is not clear that the incidence
of pain is greater than in the general population. While there are no population
studies of pain in congenital scoliosis, this type of spinal deformity does not seem
to be associated with a higher frequency of pain than idiopathic scoliosis. In some
cases of neuromuscular scoliosis or syndromic scoliosis pain may be associated with
spinal deformity, particularly because sitting and positioning may be difficult and
associated with abnormal pressure on the skin in patients with poor muscle control.
Indeed, this symptom is a major reason that children with neuromuscular scoliosis
undergo surgery (Mercado et al. 2007).

One consequence of spinal deformity is cosmesis. In moderate or severe scolio-
sis, one can see that the effected individual has a spinal deformity. Interestingly, the
degree of spinal deformity on radiographs does not correlate with cosmetic ratings
(Donaldson et al. 2007, Smith et al. 2006). For many individuals with idiopathic
or congenital scoliosis, cosmetic concerns are a major reason they seek interven-
tion. For children with congenital scoliosis, involvement of fewer vertebra often has
worse cosmetic effects than involvement of multiple vertebrae. The site of the con-
genital deformity is also important, as hemivertebrae near the top and bottom of
the spine have more dramatics cosmetic effects than congenital deformities in the
middle of the spine (Goldberg et al. 2002a, b).

Congenital scoliosis is due to skeletal abnormalities of the spine that are present
at birth. These anomalies, which can include multiple levels, are the result of and
broadly classified as a failure of formation or a failure of segmentation (or both)
during vertebral development. Because these spinal deformities are present in utero,
they may be first identified on fetal ultrasound. In addition, the underlying cause can
be associated with abnormalities of other organ systems in up to 40% of cases (Arlet
et al. 2003). Thus, it is important to identify associated anomalies with a thorough
evaluation of the neurological, cardiovascular, and genitourinary systems (Arlet
et al. 2003). In contrast, idiopathic scoliosis is not associated with a higher incidence
of other organ malformations than in the normal population. Syndromic scolio-
sis can be associated with other anomalies depending on the cause. For instance,
Marfan syndrome is associated with cardiovascular anomalies.

Treatment is based on the type, age of the patient, progression of the curve, the
long-term implications of the spinal deformity, the location of the curve, and type of
anomaly. Treatment can be divided into the broad categories of observation, bracing,
and surgery. Observation is used for small curves that are unlikely to progress to the
point of causing symptomatic problems. Bracing has been shown to be effective in
slowing scoliosis severity progression in mild to moderate-sized idiopathic curves
in skeletally immature children. It has not been demonstrated to alter curve progres-
sion in other forms of scoliosis, or in curves in skeletally mature individuals. Despite
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this, bracing is sometimes used to hold the back in an overall straighter alignment.
Surgery is used for more severe curves, and in most cases is spinal fusion using
instrumentation to hold the back into a straighter alignment. While texts often list a
degree of curvature as an indication for surgery, there are only relative, as opposed to
absolute, indications for surgery. Natural history studies of patients with idiopathic
scoliosis after skeletal maturity, found that curves less than 30° do not progress,
while most curves of greater than 50° continue to progress. The progression is on
average approximately 1° per year. These data are often used to suggest that curves
greater than 50° require surgery as they will progress later in life. Not all curves
actually progress (indeed almost a third of curves over 50° will not substantially
increase in severity), and severe physiologic abnormalities have not been found in
patients who had refused surgery with idiopathic scoliosis. In contrast severe curves,
which are usually secondary to juvenile idiopathic scoliosis or congenital scoliosis
can progress to a severity having deleterious physiologic effects and as such benefit
from surgical intervention. Treatment for very young children with severe curves is
rather problematic. In young children who still have substantial growth left, and for
whom bracing is not an option, spinal fusion will shorten the length of the spine, and
in the thoracic region this may decrease the space available for the lungs, resulting
in impaired pulmonary function. In these individuals, non-fusion surgery is unusu-
ally advocated (Janicki and Alman 2007, Kim et al. 2009, Heary et al. 2008). This
surgery involves either instrumentation for the spine without fusion or the use of
instrumentation to distract the ribs. Non-fusion surgery techniques have less than
ideal outcomes, and as such this is an area of intense current research into spine
deformity management.

Scoliosis is a physical finding that can have a variety of etiologies. While there
are some similarities between scoliosis of different etiologies, there are also sub-
stantial differences. As such, one needs to consider the etiology and natural history
of the various forms of scoliosis to develop effective therapeutic approaches for
patients with scoliosis.
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Chapter 5

Abnormal Vertebral Segmentation

(or Segmentation Defects of the Vertebrae)
and the Spondylocostal Dysostoses

Peter D. Turnpenny

Introduction

In the most commonly occurring form of scoliosis in clinical practice, adolescent
idiopathic scoliosis, there is no apparent malformation of the vertebrae. The pro-
cess of segmentation that gives rise to somites, followed by resegmentation giving
rise to vertebrae, and the subsequent formation of the vertebrae all appear normal.
Abnormal formation of the vertebrae, for example, in some of the skeletal dysplasias
that give rise to platyspondyly, may not necessarily be accompanied by scoliosis.
In conditions with segmentation defects of the vertebrae (SDV), scoliosis is a fre-
quent feature, though to a very variable and unpredictable degree. These conditions
frequently present as congenital scoliosis. In clinical practice SDV are of interest
to a variety of disciplines. Radiologists seek to describe abnormal imaging pat-
terns, spinal surgeons make difficult decisions about surgery on affected children
and adults, pediatricians care for the wider consequences such as respiratory insuf-
ficiency, and for clinical geneticists SDV are an important “handle” in the search
for specific diagnoses, in making decisions concerning genetic testing, and in pro-
viding genetic risk counseling. SDV can occur as part of any one of an extensive
range of syndromes (Table 5.1) as well as an isolated anomaly. This multiplicity of
syndromes, with their different genetic and nongenetic causes, highlights the sen-
sitivity and susceptibility of axial skeletal development to perturbations of normal
somitogenesis. Apart from the Mendelian forms of SCD due to mutated genes in the
Notch signaling pathway (see below), the function of other genes implicated in syn-
dromes that include SDV is poorly understood. This includes, for example, ROR2
in Robinow syndrome and CHD7 in CHARGE syndrome. As a birth defect SDV
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Table 5.1 Some syndromes that include segmentation defects of the vertebrae

OMIM
Syndrome reference Gene(s)
Acrofacial dysostosis™ 263750
Aicardi* 304050
Alagille 118450 JAGGEDI, NOTCH2
Anhalt* 601344
Atelosteogenesis 111 108721 FLNB
Campomelic dysplasia 211970 SOX9
Casamassima—Morton—Nance* 271520
Caudal regression*® 182940
Cerebro-facio-thoracic dysplasia* 213980
CHARGE 214800 CHD7
“Chromosomal”
Currarino 176450 HLXB9
De La Chapelle* 256050
DiGeorge/Sedlackova 188400 Haploinsufficiency 22¢1/1.2
Dysspondylochondromatosis™
Femoral hypoplasia-unusual facies™ 134780
Fibrodysplasia ossificans progressiva 135100 ACVRI
Fryns—-Moerman*
Goldenhar* (oculo-auriculo-vertebral 164210

spectrum)

Holmes—Schimke*
Incontinentia pigmenti 308310 NEMO
Kabuki* 147920
Kaufman-McKusick 236700 MKKS
KBG syndrome* 148050
Klippel-Feil* 148900 ? PAX1
Larsen 150250 FLNB
Lower mesodermal agenesis*®
Maternal diabetes™
MURCS association™ 601076
Multiple pterygium syndrome 265000 CHRNG
OEIS syndrome™ 258040
Phaver* 261575
Rapadilino 266280 RECQILA
Robinow 180700 ROR2
Rolland-Desbuquois* 224400
Rokitansky sequence* 277000 ? WNT4
Silverman 224410 HSPG?2
Simpson—Golabi—-Behmel 312870 GPC3
Sirenomelia* 182940
Spondylocarpotarsal synostosis 269550 FLNB
Spondylocostal dysostosis 277300 DLL3, MESP2, LFNG, HES7
Spondylothoracic dysostosis™ 277300 MESP2

Thakker-Donnai* 227255
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Table 5.1 (continued)

OMIM
Syndrome reference Gene(s)
Toriello*
Urioste*
VATER/VACTERL* 192350
Verloove-Vanhorick* 215850
Wildervanck* 314600
Zimmer™* 301090

*Underlying cause not known

may occur as frequently as 0.5-1.0/1000 births, though true incidence and preva-
lence figures are unknown (Wynne-Davies 1975, Purkiss et al. 2002). Many of the
radiological phenotypes encountered do not match to a recognizable syndrome and
the cause is frequently unidentified. Therefore, the clinical and research commu-
nities face enormous challenges in stratifying this broad group of conditions more
accurately, understanding the natural history of the various disorders, and identify-
ing the causes. This chapter will concentrate on the small but well-defined group of
Mendelian conditions to which the term spondylocostal dysostosis (SCD) has been
applied.

The Problem of Nomenclature

In describing segmentation abnormalities of the spine and ribs, the terms
Jarcho—Levin syndrome, costovertebral/spondylocostal/spondylothoracic dysosto-
sis/dysplasia all feature in the medical literature. Strictly speaking these disorders
are dysostoses rather than dysplasias. A dysplasia refers to a developmental and
ongoing abnormality of chondro-osseous tissues during prenatal and postnatal life,
while a dysostosis is a stable condition resulting from a formation abnormality early
in morphogenesis. In SDV, radiological features are crucial in syndrome delineation,
which in turn is essential for offering accurate genetic counseling. However, the use
of nomenclature in the medical literature is inconsistent and confusing, and this
problem is widely, but understandably, reflected in clinical practice. Multiple terms
are applied to the same phenotype, and a great diversity of phenotypes may come
under the same term, particularly Jarcho—Levin syndrome (JLS). Some authors have
recognized the existence of different entities and applied a rational distinction in the
use of terms (Aymé and Preus 1986, Roberts et al. 1988) but there is a need for a
systematic approach, which will be addressed in more detail later.

The eponymous Jarcho—Levin syndrome (JLS) is frequently used as an umbrella
term across the entire spectrum of radiological phenotypes that include SDV and
abnormal rib alignment. In 1938, Jarcho and Levin reported two siblings of Puerto
ican Rican origin with SDV of the entire vertebral column, though most severe in the
thoracic region (Jarcho and Levin 1938). Fusion of several ribs was present and both
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subjects died in infancy of respiratory failure. Close scrutiny suggests the phenotype
is closest to the form of SCD that we now call “type 2,” due to mutations in MESP2
(see below). To prevent confusion we believe it is preferable to avoid the use of
the eponymous JLS. Klippel-Feil anomaly (KFA), another frequently used eponym
in relation to cervical vertebral fusion anomalies, is more specific and therefore
more useful, though even here a great diversity of phenotypes occur with fusion of
the cervical vertebrae. A rarer eponymous entity with marked diversity in the few
reported cases is the Casamassima—Morton—Nance syndrome (Casamassima et al.
1981), which combines SDV with urogenital anomalies, apparently following auto-
somal recessive inheritance. However, subsequent reports (Daikha-Dahmane et al.
1998, Poor et al. 1983) demonstrated a different SDV phenotype from the cases
of Casamassima et al. and consistency across all three reports, based on the SDV
phenotype, is lacking.

In the early literature, the term costovertebral dysplasia can be found (Norum
and McKusick 1969, Cantd et al. 1971, David and Glass 1983) but is less often used
today. There is a preference for spondylocostal dysostosis (SCD) for those pheno-
types with extensive segmental vertebral involvement (>10 contiguous segments
plus rib abnormalities with points of fusion), and multiple SDV when >1 and <10
vertebral segments are involved (Bartsocas et al. 1981) (Table 5.2). However, in
practice a consensus on the use of terminology has yet to be achieved. As with JLS,
the term SCD is used for a wide variety of abnormal axial radiological phenotypes,
including those with gross asymmetry that are mostly sporadic (Fig. 5.1).

The term spondylothoracic dysostosis/dysplasia (STD) was first proposed by
Moseley and Bonforte (1969) and is best reserved for the distinctive condition, most
commonly reported in Puerto Ricans, characterized by severe trunkal shortening

Table 5.2 Proposed definitions for the terms spondylocostal dysostosis (SCD) and spondylotho-
racic dysostosis (STD)

Features Spondylocostal dysostosis (SCD) Spondylothoracic dysostosis (STD)
General No major asymmetry to chest shape Chest shape symmetrical, with ribs
Mild, nonprogressive scoliosis fanning out in a “crab-like”
Multiple SDV (MSDV) >10 appearance
contiguous segments Mild, nonprogressive scoliosis, or no
Absence of a bar scoliosis
Mal-aligned ribs with intercostal Generalized SDV (GSDV)
points of fusion Regularly aligned ribs, fused

posteriorly at the costovertebral
origins, but no points of intercostal

fusion
Specific, “Pebble beach” appearance of “Tramline” appearance of prominent
descriptive vertebrae in early childhood vertebral pedicles in early childhood
radiographs (Fig. 5.3) radiographs, not seen in SCD

“Sickle cell” appearance of vertebrae
on transverse imaging (Cornier
et al. 2004)
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Fig. 5.1 An SCD phenotype
demonstrating gross
asymmetry of the thoracic
cage. Cases like this do not
appear to follow Mendelian
inheritance. From Turnpenny
et al. 2007

and a radiological appearance of the ribs fanning out from a crowded vertebro-
costal origin in a “crab-like” fashion. The ribs appear fused posteriorly, though
otherwise they are neatly aligned and packed tightly together, and in contrast to
the appearance in SCD, they show no points of fusion other than that at their poste-
rior origins. The thoracic vertebrae appear most severely affected and “telescoped”
together, and scoliotic curves in early life are uncommon. This distinctive pheno-
type has been well characterized in recent studies (Cornier et al. 2000, Cornier
et al. 2004). Infant mortality is approximately 50% due to restrictive respiratory
insufficiency, though survival may depend on the quality of medical care avail-
able. As illustration of the confusion in nomenclature, a number of case reports in
the literature that demonstrate the typical STD phenotype, predominantly in Puerto
Ricans, have been reported as examples of JLS (Moseley and Bonforte 1969, Lavy
et al. 1966, Pochaczevsky et al. 1971, Pérez-Comas and Garcia-Castro 1974, Gellis
and Feingold 1976, Trindade and de Nébrega 1977, Solomon et al. 1978, Tolmie
et al. 1987, Schulman et al. 1993, McCall et al. 1994, Mortier et al. 1996). Other
case reports (Karnes et al. 1991, Simpson et al. 1995, Aurora et al. 1996, Eliyahu
et al. 1997, Rastogi et al. 2002) designated as JLS are neither very similar to those
described by Jarcho and Levin (Jarcho and Levin 1938) nor consistent with STD.
A number of attempts have been made to define the use of existing nomencla-
ture and arrive at some form of classification. The scheme proposed by Mortier
et al. (1996) combines phenotype and inheritance pattern (Table 5.3). The scheme
proposed recently by Takikawa et al. (2006) allows a very broad definition of
SCD (Table 5.4), but both these schemes identify JLS with a “crab-like” chest.
McMaster’s surgical approach to classification distinguishes between formation and
segmentation errors (Table 5.5, McMaster and Singh 1999). KFA, used to describe
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Table 5.3 Previously proposed classifications for SDV classification of SDV according to Mortier
et al. (1996)

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 5.4 Previously proposed classification/definition of SDV according to Takikawa et al.
(2006)

Nomenclature Definition
Jarcho-Levin syndrome Symmetrical crab-like chest
Spondylocostal dysostosis >?2 vertebral anomalies associated with rib

anomalies (fusion and/or absence)

Table 5.5 Previously proposed classifications for SDV: Classification (surgical/anatomical) of
vertebral segmentation abnormalities causing congenital kyphosis/kyphoscoliosis, according to
McMaster and Singh (1999)

Type Anatomical deformity Anomalies
I Anterior failure of vertebral body Posterolateral quadrant vertebrae
formation — 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

11 Anterior failure of vertebral body Anterior unsegmented bar
segmentation Anterolateral unsegmented bar
1 Mixed Anterolateral unsegmented bar
contralateral posterolateral quadrant
vertebrae
v Unclassifiable

different forms of cervical vertebral fusion or segmentation error, has been subclas-
sified (Table 5.6, Feil 1919, Thomsen et al. 1997), and Clarke et al. (1998) proposed
a further, detailed classification combining modes of inheritance (Table 5.7).
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Table 5.6 Classification of Klippel-Feil anomaly, referring to segmentation defects or fusion of
the cervical vertebrae, according to Feil (1919) and Thomsen et al. (1997)

Type Site Anomaly

I Cervical and upper thoracic Massive fusion with synostosis

I Cervical One or two interspaces only,
hemivertebrae, occipito-atlantoid
fusion

111 Cervical and lower thoracic or lumbar Fusion

Table 5.7 Classification of Klippel-Feil anomaly, adapted from Clarke et al. (1998)

Overlap with other

Class  Vertebral fusions Inheritance Possible anomalies  classifications
KF1 Only class with C1 ~ Recessive Very short neck, Types L, 11, and 111
fusion heart, urogenital, (Klippel and Feil)
Variable expression craniofacial,
of other fusions hearing, likmb,

digital, oclar
defects; variable

KF2 C2-3 dominant Dominant Craniofacial, Types L, II, and 11T
C2-3 most rostral hearing, (Klippel and Feil)
fusion otolaryngeal,
Cervical, thoracic, skeletal, and limb
and lumbar fusion defects; variable
variable within a
family
KF3 Isolated cervical Recessive or reduced Craniofacial Type II (Klippel and
fusions penetrance dysmorphology; Feil)
Any cervical fusion variable
except C1-2
KF4  Fusion of cervical Possibly X-linked;  Hearing and ocular ~ Commonly termed
vertebrae, limited predominantly anomalies; Wildervanck
data females possibly heart syndrome
defects

In reality, the use of a limited number of terms fails to reflect the great diversity of
radiological SDV phenotypes seen in clinical practice. Furthermore, segmentation
disorders and their diversity are not fully catered for within the classification of
osteochondrodysplasias (Offiah and Hall 2003, Superti-Furga and Unger 2007).

The Diversity of Phenotypes Manifesting Axial Skeletal Defects

In clinical practice sporadically occurring cases of SDV are far more common
than familial, and sporadic cases are more likely to be associated with additional
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anomalies. There is wide clinical heterogeneity within the sporadic group
(Martinez-Frias et al. 1994) and the literature was well reviewed by Mortier et al.
(1996). Anal and urogenital anomalies occur most frequently (Poor et al. 1983,
Pochaczevsky et al. 1971, Tolmie et al. 1987, McCall et al. 1994, Karnes et al. 1991,
Bonaime et al. 1978, Eller and Morton 1976, Devos et al. 1978, Kozlowski 1984,
Giacoia and Say 1991, Murr et al. 1992, Lin and Harster 1993) followed by a variety
of congenital heart disease (Mortier et al. 1996, Aurora et al. 1996, Kozlowski 1984,
Delgoffe et al. 1982, Ohzeki et al. 1990). Limb abnormalities occur but are generally
of a minor nature, e.g., talipes and oligodactyly or polydactyly (Mortier et al. 1996,
Karnes et al. 1991). Infrequently, diaphragmatic hernia is a feature (Martinez-Frias
et al. 1994). As a minor anomaly, inguinal and abdominal herniae are frequently
reported in association with SDV.

Many case reports could reasonably be assigned a diagnosis of the VATER
(Vertebral defects, Anal atresia, Tracheo-Esophageal fistula, Radial defects, and
Renal anomalies) or VACTERL (Vertebral defects, Anal atresia, Cardiac defects,
Tracheo-Esophageal fistula, Radial defects and Renal anomalies, non-radial Limb
defects) associations (Kozlowski 1984) and this would appear to be a very hetero-
geneous group with few clues regarding causation at the present time. A frequent
association with severe SDV, affecting rib number and alignment, is neural tube
defect (NTD, Wynne-Davies 1975, Martinez-Frias et al. 1994, Eller and Morton
1976, Kozlowski 1984, Giacoia and Say 1991, McLennan 1976, Naik et al. 1978,
Lendon et al. 1981, Sharma and Phadke 1994). This NTD-associated group should
be classified separately from the SCD group because the primary developmental
pathology presumably lies in the processes determining neural tube closure as dis-
tinct from somitogenesis, and it is valid to classify on the basis of underlying cause
rather than the radiological features (Martinez-Frias 1996). Similarly, an association
between spina bifida occulta, and/or diastematomyelia, and SDV has been reported
(Aymé and Preus 1986, Poor et al. 1983, Herold et al. 1988, Reyes et al. 1989),
strongly suggesting a causal link or sequence, though the mechanisms remain to be
elucidated.

SDV may be a consequence of maternal diabetes syndrome, which can give rise
to multiple congenital anomalies. Classically, the malformation is caudal regression
to a varying degree, i.e., absent sacrum or agenesis of the lower vertebral column
(Bohring et al. 1999), features that overlap with the ill-defined disorder known as
axial mesodermal dysplasia. However, there are patients with hemivertebrae (Novak
and Robinson 1994) and various forms of axial skeletal defects (Fig. 5.2) following
poorly controlled diabetes in pregnancy in an insulin-dependent mother.

Some clues to genetic causes of SDV may come from patients with axial skeletal
defects and chromosomal abnormalities. These cases are relatively rare and apart
from trisomy 8 mosaicism (Riccardi 1977) there is no clear consistency to the
group with chromosome abnormalities. Deletions affecting both 18q (Dowton et al.
1997) and 18p (Nakano et al. 1977) have been reported, a supernumerary dicentric
15q marker (Crow et al. 1997) and an apparently balanced translocation between
chromosomes 14 and 15 (De Grouchy et al. 1963). It can be postulated that hap-
loinsufficiency may unmask a new Mendelian locus for SCD but the paucity and
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Fig. 5.2 Abnormal
segmentation in a child
whose mother had poorly
controlled diabetes mellitus
in pregnancy. This is a
recognizable pattern in
maternal diabetes syndrome

diversity of these cases may indicate that the resulting SDV in association with mul-
tiple congenital anomalies represents a common pathway of complex pleiotropic
developmental mechanisms that are sensitive to a range of unbalanced karyotypes.
It is also possible that chromosome mosaicism accounts for some cases where
there is marked asymmetry in the radiological phenotype, which would also explain
sporadic occurrence, but skin or tissue biopsy is rarely undertaken.

Notch Signaling Pathway Genes and Spondylocostal Dysostosis

Notch signaling is a key cascade pathway in somitogenesis, and the function of
many genes and their products, together with their complex interactions, has been
at least partially elucidated through research in animal models. The consequences
of many different heterozygous and homozygous gene knock-outs in animal mod-
els have been well described elsewhere in this book. In man, the functions of
orthologous genes and their proteins obviously cannot be studied in the same way.
Nevertheless, the association of a number of genes in the pathway with certain
phenotypes has become established through linkage studies carried out on affected
families, followed by candidate gene sequencing to identify pathogenic mutations.
The diseases that result from mutations in Notch signaling genes are diverse and
would not readily be considered to link to a common pathway. The affected organ
systems include the vascular and central nervous systems; the skeleton, face, and
limb; hematopoiesis; the determination of laterality; and the liver, heart, kidney,
and eye. The reader is directed to articles that review the many functions of Notch
signaling during development (Joutel and Tournier-Lasserve 1998, Gridley 1997,
Gridley 2003, Pourquié and Kusumi 2001, Harper et al. 2003). As this chapter deals
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primarily with SDV, consideration is now given to the Notch pathway genes DLL3,
MESP2, LFNG, and HES7 genes, all of which give rise to autosomal recessive traits
in man.

Delta-Like 3 (DLL3) and SCD

The key breakthrough in the search for a gene linked to SCD came with autozygos-
ity mapping studies in a large inbred Arab kindred with seven affected individuals
(Turnpenny et al. 1991, Turnpenny et al. 1999). The locus identified, 19q13.1,
is syntenic with mouse chromosome 7 (Giampietro et al. 1999), which harbors
the DII3 gene. A mutation in this gene was shown to be the cause of SDV in
a radiation-damaged mouse known as pudgy (Dunwoodie et al. 1997, Griineberg
1961, Kusumi et al. 1998). DLL3 was therefore the obvious candidate for the SCD
families demonstrating linkage to 19q13.1 and sequencing initially identified muta-
tions in three consanguineous affected families, including the original large Arab
kindred (Bulman et al. 2000). Approximately 30 mutations have now been identified
in affected individuals (Turnpenny et al. 2007 and unpublished data) and DLL3-
associated SCD is referred to as SCD type 1. The majority of affected subjects have
been the offspring of consanguineous partnerships with Middle Eastern or Pakistani
origins.

Human DLL3 encodes a ligand for Notch signaling which has recently been
shown to act as a negative regulator of Notch signaling (Ladi et al. 2005, Geffers
et al. 2007). The gene comprises eight exons and spans approximately 9.2 kb of
chromosome 19. A 1.9 kb transcript encodes a protein of 618 amino acids. The
protein consists of a signal sequence, a delta-serrate-lag2 (DSL, receptor interact-
ing) domain, six epidermal growth factor (EGF)-like domains, and a transmembrane
domain (TM). Pathological mutations occur throughout all domains of the gene,
three-quarters of which are protein truncating, the remainder being missense. Some
missense mutations appear to give rise to a slightly milder phenotype and protein
modeling studies may help explain these differential effects in due course. Studies in
animal models have found that DLL3 shows spatially restricted patterns of expres-
sion during somite formation and it is believed to have a key role in the cell signaling
processes giving rise to somite boundary formation, which proceeds in a rostral—
caudal direction with a precise temporal periodicity driven by an internal oscil-
lator, or molecular “segmentation clock” (McGrew and Pourquié 1998, Pourquié
1999).

Mutated DLL3 results in SDV throughout the entire spine with all vertebrae
losing their normal form and regular three-dimensional shape. The most dramatic
changes, radiologically, affect the thoracic vertebrae, and the ribs are mal-aligned
with a variable number of points of fusion along their length (Fig. 5.3a). There is
an overall symmetry of the thoracic cage despite some cases showing minor scoli-
otic curves that are nonprogressive and therefore do not usually require surgery. In
early childhood, before ossification is complete, the vertebrae have smooth, rounded
outlines — especially in the thoracic region — and for this we have suggested the
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Fig. 5.3 a. The radiological phenotype of SCD type 1 due to mutated DLL3. For this pat-
tern of rounded vertebrae with smooth edges the term “pebble beach sign” has been suggested.
From Turnpenny et al. 2007. b. A milder phenotype due to a missense mutation in DLL3.
Segmentation is less severe and there are mild scoliotic curves

term “pebble beach sign.” Additional anomalies appear to be rare. However, in
one case abdominal situs inversus was present but the link with mutated DLL3 is
uncertain. In another family, affected siblings homozygous for the exon 8 mutation
1369delCGCTCCCGGCTACATGG (C655M660del17) manifested a form of distal
arthrogryposis in keeping with fetal akinesia sequence, and both succumbed in early
childhood (C. McKeown, personal communication). Multiple inbreeding occurred
in this particular family and it is possible that a separate autosomal recessive con-
dition segregated coincidentally to SCD. Spinal cord compression and associated
neurological features have not been observed, and intelligence and cognitive perfor-
mance are normal. This suggests that DLL3 is not required for brain development
or function in humans, which contrasts to findings in the mouse, where central
nervous system defects have been found (Pourquié 1999), including defects in
the neuroventricles of the pudgy mouse (Kusumi et al. 2001, Dunwoodie et al.
2002).
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Some human mutations have been identified in more than one family and hap-
lotype studies have suggested common ancestry for at least two of these. These are
(1) two ethnic Pakistani kindreds originating from Kashmir (949delAT mutation)
and (ii) an ethnic Lebanese Arab family and ethnic Turkish family (614insGTC-
CGGGACTGCG mutation). The 593insGCGGT (S198ins5) mutation is present in
the original Arab kindred, homozygous in those affected, but in a Spanish fam-
ily the affected child is heterozygous for the same mutation. Haplotype analysis
on these two pedigrees does not support a common ancestry and the 593ins-
GCGGT mutation is therefore believed to be recurrent, occurring as it does within
a region of the gene with multiple repeat GCGGT sequences. Slipped mispair-
ing during DNA replication is the likely explanation of this insertion mutation.
Similarly, the missense mutation G504D has been found in northern European
families (England and The Netherlands) and haplotype analysis suggests that it
has occurred recurrently. One family with this mutation was originally reported as
demonstrating autosomal dominant SCD (Floor et al. 1989). However, the family
was shown to demonstrate pseudo-dominant inheritance (Whittock et al. 2004a).
The mutations, C309R and G404C, are missense and appear to be associated with
a slightly milder phenotype (Fig. 5.3b). G404C has been identified in two fami-
lies from The Netherlands, in one of which the patients were homozygous, and in
the other heterozygous, the second allele being G504D. Other missense mutations
give rise to a phenotype indistinguishable from that caused by protein truncation
mutations.

At present there is no confirmed case of AD SCD due to mutated DLL3. However,
in the large Arab family reported by Turnpenny et al. (1991) one female heterozy-
gous for the 593insGCGGT (S198ins5) mutation had a mild thoracic scoliosis
but no associated segmentation abnormality in the thoracic region, and a very
localized segmentation anomaly in the lower lumbar vertebrae. It is possible her
scoliosis and lumbar segmentation anomaly were coincidental to her DLL3 car-
rier status, as no other obligate carrier in the kindred is known to have had similar
features.

In general, the consistency of the radiological phenotype in mutation positive
cases (Turnpenny et al. 2003) means that, with experience, scrutiny of the radio-
graph usually makes it possible to identify those patients who will prove to have
DLL3 mutations. DLL3 mutations have not been found in the wide variety of
more common, though diverse, phenotypes that include SDV and abnormal ribs
(Maisenbacher et al. 2005, Giampietro et al. 2006). Therefore, it appears that there is
remarkable clinical homogeneity for the axial skeletal malformation due to mutated
DLL3, which has significant implications for the application of genetic testing in the
clinical setting.

In relation to defects of the axial skeleton in man, identification of the DLL3 gene
in SCD has represented a breakthrough in understanding the causative basis of this
group of malformations, as well as highlighting another example of cross-species
biological homology. It has become the paradigm for searching for the genetic basis
of other SCD phenotypes, which led directly to the identification of MESP2, LFNG,
and HES7 in cases of SCD.
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Mesoderm Posterior 2 (MESP2) and SCD

The identification of mutated MESP2 in association with SCD arose from the study
of a family of Lebanese Arab origin, with two affected children, in whom no
DLL3 mutations were found and linkage to 19q13.1 was excluded. In this fam-
ily, the radiological phenotype was subtly different from SCD type 1. Generalized
SDV was present, though with somewhat more angular features to the vertebrae
compared to the appearance in DLL3-associated SCD (Fig. 5.4a). Genome-wide
homozygosity mapping revealed six homozygous markers concentrated in a block
on 15q (D15S153 to D15S120). Subsequent mapping further supported linkage to
the 15q markers D15S153, D15S131, D15S205, and D15S127, and fine mapping
demonstrated a 36.6 Mb region on 15q21.3-15g26.1, between markers D15S117
and D15S1004, with a maximum two-point lod score of 1.588 at & = 0. The
region contains an excess of 50 genes and is syntenic to mouse chromosome 7,
which includes the Mesp2 gene. The Mesp2 knockout mouse manifests altered
rostro-caudal polarity, resulting in axial skeletal defects (Saga et al. 1997). The

Fig. 5.4 a. The radiological phenotype of SCD type 2 due to mutated MESP2. The vertebrae are
more angular than seen in SCD type 1 and the lumbar vertebrae are relatively spared. This case
was homozygous for the 500-503dup mutation. From Whittock et al. 2004. b. Another SCD type
2 case. This patient was heterozygous for mutations K91E (c.271A > G) and I129F (c.385A > T)
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predicted human gene, MESP2, comprises two exons spanning approximately 2 kb
of genomic DNA at 15q26.1. Direct sequencing of MESP2 gene in the two affected
siblings demonstrated a homozygous 4-bp (ACCG) duplication mutation in exon 1,
termed 500-503dup (Whittock et al. 2004b). The parents were heterozygotes and
the unaffected sibling homozygous normal, consistent with the duplication segre-
gating with SCD in the family. Fluorescent PCR excluded this mutation from 68
ethnically matched control chromosomes. The insertion is predicted to interrupt
splicing, leading to a frameshift at the same point in the MESP2 protein. A fur-
ther case with the same mutation and similar pattern of SDV has been identified
(Bonafé and Superti-Furga, International Skeletal Dysplasia Society meeting 2005,
Martigny) as well as a compound heterozygote case with novel mutations K91E
(c.271A > G) and I129F (c.385A > T) (P Turnpenny, personal communication)
(Fig. 5.4b).

The MESP2 gene is predicted to produce a transcript of 1,191 bp encoding a
protein of 397 amino acids with a predicted molecular weight of 41,744 Da and
isoelectric point (pI) of 7.06. The human MESP2 protein has 58.1% identity with
mouse MesP2, and 47.4% identity with human MESP1. Human MESP2 amino ter-
minus contains a basic helix—loop—helix (bHLH) region encompassing 51 amino
acids 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 slightly
longer than that found in homologues such as paraxis. The length of the loop region
is conserved between MESP1 and MESP2 in mouse and human, and orthologues in
Xenopus and chick. In addition, both MESPI 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 also found
in human MESP]I (two repeats) but expanded in human MESP2 (13 repeats). Mouse
MesP1 and MesP2 do not contain GQ repeats but they do contain two QX repeats
in the same region: mouse MesP1 QSQS; mouse MesP2 QAQM. Hydrophobicity
plots indicate that MesPI and MesP2 share a carboxy-terminal region that is pre-
dicted to adopt a similar fold, although MesP2 sequences contain a unique region at
the carboxy-terminus.

Sequence analysis of 20 ethnically matched and 10 non-matched individuals
revealed the presence of a variable length polymorphism in the GQ region of human
MESP?2, beginning at nucleotide 535. This region contains a series of 12 bp repeat
units. The smallest GQ region detected contains two type A units (GGG CAG GGG
CAA, encoding the amino acids GQGQ), followed by two type B units (GGA
CAG GGG CAA, encoding GQGQ), and one type C unit (GGG CAG GGG CGC,
encoding GQGR). Analysis of this polymorphism in the matched and non-matched
controls revealed allele frequencies that were not significantly different statistically
between the two groups.

Thus it was shown that the frameshift mutation in the human homologue,
MESP?2, results in autosomal recessive SCD in man, and this was designated SCD
type 2, or MESP2-associated SCD. MESP2 is a member of the bHLH family of tran-
scriptional regulatory proteins essential to a vast array of developmental processes
(Massari and Murre 2000).
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In murine somitogenesis Mesp2 has a key role in establishing rostro-caudal
polarity by participating in distinct Notch signaling pathways (Takahashi et al.
2000, Takahashi et al. 2003). Mesp2 expression is induced by DIlI/-mediated
Notch signaling (presenilinl-independent) and DII3-mediated Notch signaling
(presenilinl-dependent), while inhibition of Mesp2 expression is achieved through
presenilinl-independent DI/3-Notch signaling. Since Mesp2 can inhibit DII]
expression, this complex signaling network results in stripes of DIlI, DII3, and
Mesp2 gene expression in the anterior PSM.

The extent to which the murine model directly correlates with somitogenesis in
man is unknown, except that the phenotypes of the Mesp2 and DII3 mutant mice
closely resemble human SCD (Kusumi et al. 1998, Dunwoodie et al. 2002, Saga
et al. 1997). Mutated MESP?2 that gives rise to the similar but distinctive phenotype,
spondylothoracic dysostosis (STD), is dealt with later.

Lunatic Fringe (LFNG) and SCD

The identification of Notch pathway genes as causes of human SCD inevitably led to
the hypothesis that other genes of the pathway may be implicated in other forms of
generalized SDV. Among these the lunatic fringe (LFNG) gene, located on chro-
mosome 7p22, was considered a strong candidate because the Lfng-null mouse
has a nonlethal phenotype that includes costo-vertebral anomalies. The expres-
sion pattern of Lfng is oscillatory within the presomitic mesoderm and it is one
of several “cycling” genes that are crucial to the integrity of the segmentation
clock. LFNG encodes a glycosyltransferase that posttranslationally modifies the
Notch family of cell surface receptors, a key step in the regulation of this signal-
ing pathway (Haines and Irvine 2003) The LFNG protein is a fucose-specific B
1,3 N-acetylglucosaminyltransferase (Haines and Irvine 2003, Moloney et al. 2000)
that functions in the Golgi to posttranslationally modify the Notch receptors, alter-
ing their signaling properties (Bruckner et al. 2000, Haines and Irvine 2003). Earlier
studies have shown that Lfng gene expression is severely disregulated in D//3-null
mice, suggesting that Lfng expression is dependent on DII3 function (Dunwoodie
et al. 2002, Kusumi et al. 2004).

Initially, mutation screening in a series of affected subjects with diverse radi-
ological phenotypes failed to identify any positive cases. Eventually another case
was studied — an adolescent boy originating from northern Lebanon, the second of
five children born to consanguineous parents. He had a short neck and trunk at birth
and at 15 years had marked shortening of the thorax with a pectus carinatum and
kyphoscoliosis. A spinal MRI confirmed multiple SDV in the cervical and the tho-
racic spine with a serpentine curve in the cervical spine, concavity to the right in the
upper spine, and concavity to the left inferiorly. The thoraco-lumbar spine showed
multiple hemivertebrae (Fig. 5.5) and there were also multiple rib anomalies. The
spinal cord was normal with no evidence of a syrinx. At 15 he had a markedly short
trunk with a height of 155 cm (5th percentile), lower segment of 92.5 cm, and an
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Fig. 5.5 The radiological
phenotype of SCD type 3 due
to mutated LFNG. Only one
case has yet been identified.
The spinal shortening was
very marked and all regions
affected. From Sparrow et al.
2006

arm-span of 186.5 cm. As span:height ratio is close to unity normally, his stature
was reduced by approximately 30 cm. At birth he had been noted to have a con-
tracture of the left index finger and at age 15 he had hypoplasia of all the distal
interphalangeal joints of the fingers, which were long and slender. Radiographs of
the wrists and ankles were normal and the link between the spinal malformation and
mild digital contractures remains speculative.

On sequencing the entire coding region and splice sites of the LFNG gene, a
homozygous missense mutation (c.564C > A) in exon 3 was detected (Sparrow
et al. 2006), resulting in substitution of leucine for phenylalanine (F188L). The
proband’s parents, with normal spinal anatomy, were heterozygous for the mutant
allele. The phenylalanine residue substituted is highly conserved (Correia et al.
2003) and close to the active site of the enzyme. The mutation created a novel
Msel restriction enzyme site, which was used to confirm the sequencing results
in the pedigree. This variant was not found in 34 ethnically matched control sub-
jects (68 chromosomes), and the underlying base substitution was not present in
the NCBI SNP database (www.ncbi.nlm.nih.gov). Examination of the mutation
within a fringe model based on solved glycosyltransferase structures showed the
conserved phenylalanine residue (F188) to be located in a helix that packs against
the strand containing Mn>*-ligating residues, rather than being directly involved in
UDP-N-acetylglucosamine or protein binding.
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Further evidence of causality was provided by functional assays of the LFNG
mutant. Two F187L mutations in mouse Lfng that correspond to F188L in human
LFNG were generated: a ¢.564C > A mutation that encodes the rare leucine codon
(TTA) observed in the proband and the [c.562T > C + ¢.567C > G] mutation
encoding the most common human leucine codon (CTG). In addition, a previ-
ously characterized enzymatically inactive form of Lfng (D202A) was created that
disrupts the conserved DDD Mn?*-binding active site (Chen et al. 2001). Protein
expression studies showed that both F187L mutant Lfng proteins were expressed
at higher levels than wild-type or D202A Lfng forms, indicating that both transla-
tion efficiency and protein stability were not adversely affected by the F187L amino
acid change. As Lfng protein is normally present in the Golgi apparatus, intracel-
lular protein localization was examined using immunofluoresence. Wild-type and
D202A mutant Lfng were localized predominantly to the Golgi while the F187L
mutant Lfng did not co-localize with a marker. It was concluded that the F187L
mutant form of Lfng was expressed but abnormally localized within the cell.

This single case of SCD due to mutated LFNG has provided further evidence
that proper regulation of the Notch signaling pathway is an absolute requirement for
correct patterning of the axial skeleton, at the same time defining SCD type 3, or
LFNG-associated SCD.

Hairy and Enhancer of Split (HES7) and SCD

As with LFNG, the HES7 gene was a candidate for being associated with an SCD
phenotype because of its known role as a cycling gene in somitogenesis in experi-
mental models such as mouse, chick, zebrafish, and Xenopus. In Hes7-null mice the
somites do not segment normally and display disruption of anterior—posterior polar-
ity (Bessho et al. 2001). Hes7, like Mesp2, is a protein of the basic helix—loop-helix
(bHLH) superfamily of more than 125 DNA-binding transcription factors that are
involved in a vast array of developmental processes. When compared to the others,
HES (and HEY) proteins have an additional characteristic conserved domain that
is immediately carboxy-terminal to the bHLH domain, referred to as the Orange
domain, as well as a carboxy-terminal tetrapeptide. The oscillatory expression pat-
tern of Hes genes in mice is achieved by an autoregulatory feedback loop. Following
translation, HES proteins bind with their own promoters to repress transcription.
The affected subject was a Caucasian of Mediterranean origin born to consan-
guineous parents. He had prenatal diagnosis of myelomeningocele (lumbosacral)
with hydrocephalus, and at birth the weight and head circumference were on the
50th centile. A shortened thorax was noted, as well as an ectopic stenotic anus
and talipes. Radiologically, the spine was short with multiple contiguous SDV.
A cerebral CT scan showed a Chiari IT malformation. Growth parameters at 4 years
of age were 3rd centile for height and weight, but 98th centile for head circum-
ference. Having determined from DNA sequencing that no mutation was found in
DLL3, MESP2, or LFNG, analysis of homozygosity of descent using Affymetrix
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GeneChip® Human Mapping 250 K Sty Array revealed a single candidate region
in the proband —a 10.1 Mb on chromosome 17p13. The interval included two candi-
date genes, namely HES7 and DVL2 (DISHEVELLED?). On sequencing both genes,
homozygosity for a missense mutation was found in HES7, c.73C > T (R25W,
Sparrow et al. 2008). Both parents were heterozygous for the mutant allele, one
unaffected sibling was heterozygous, and the other unaffected sibling homozy-
gous normal. The mutation was not found in 110 ethnically matched controls (220
chromosomes).

HES family proteins repress transcription through two distinct mechanisms.
These proteins bind directly to DNA via an N-box (CACNAG) using a basic
region immediately N-terminal to the helix—loop—helix domain (which is involved
in homo- and heterodimerization with other bHLH family members). Corepressors
are then recruited to the promoter via interaction with a WRPW C- terminal motif.
They can also form heterodimers with the bHLH protein E47, thus preventing it
(and other bHLH proteins that normally heterodimerize with E47 such as MyoD)
from binding to E-boxes (CANNTG) and activating transcription.

Functional analysis was undertaken using a beta-actin reporter with upstream N-
boxes or E-boxes, and comparisons of transcriptional repression were made between
the wild-type mouse Hes7 with that of the R25W mutant Hes7. Levels of transcrip-
tion of the mutant allele were significantly increased, suggesting it lacked normal
repression activity. The evidence therefore supports this mutation as causative of
the phenotype, and this is designated SCD type 4, or HES7-associated SCD. The
actual phenotype (Fig. 5.6) bears a close similarity to STD with posterior fusion of
the ribs that fan out in a “crab-like” manner. The abnormal segmentation of the ver-
tebral bodies closely resembles that seen in DLL3-associated SCD (typel), though

Fig. 5.6 The radiological phenotype of SCD type 4 due to mutated HES7. The pattern is similar
to STD, with posterior fusion of the ribs that fan out in a “crab-like” manner. Also, the vertebral
pedicles are relatively prominent compared to SCD type 1 — the “tramline sign”. From Sparrow et
al. 2006



5 Abnormal Vertebral Segmentation and the Spondylocostal Dysostoses 99

the vertebral pedicles are also evident, as in STD — the “tramline sign.” Until more
cases of HES7-associated SCD are reported, it is unclear whether the neural tube
defect (and ectopic anus) in this patient was directly linked to mutated HES7.

Mesoderm Posterior 2 (MESP2) and Spondylothoracic
Dysostosis (STD)

Spondylothoracic dysostosis (STD), despite showing similarities to autosomal
recessive SCD, has distinctive phenotypic features and is therefore separately des-
ignated. As mentioned, the term “spondylothoracic dysostosis/dysplasia” was first
proposed by Moseley and Bonforte (1969), the thoracic vertebrae are usually
severely “telescoped” together, and consequently infant mortality is approximately
50% due to respiratory insufficiency. Survival may depend on the availability
of expert respiratory and intensive care. The clinical aspects of STD have been
documented in detail (Cornier et al. 2004). The radiologic findings of STD that dis-
tinguish it from SCD are (1) more severe shortening of the spine (with all vertebral
segments affected), especially the thoracic spine, leading to impaired respiratory
function in infancy; (2) rib fusions typically occurring posteriorly at the costover-
tebral origins, where the spinal shortening is most severe. The ribs usually appear
straight and neatly aligned without points of fusion along their length (in contrast to
the appearance in SCD). On antero-posterior X-ray the ribs characteristically “fan
out” from their costovertebral origins in a “crab-like” fashion (Fig. 5.7); and (3)
early radiographic prominence of the vertebral pedicles, a feature described as the
“tramline sign” (Turnpenny et al. 2007). In SCD, in fetal life and early childhood,
there is a significant lack of ossification of the vertebral pedicles.

STD occurs most frequently in Puerto Ricans, presumably due to the MESP2
founder mutation, p.GIuE103X (Cornier et al. 2008). In this population, the pheno-
type has been known as Jarcho—Levin syndrome (Jarcho and Levin 1938). However,

Fig. 5.7 The radiological
phenotype of STD due to
mutated MESP2. Severe
telescoping of the spine with
all vertebral segments
affected, and the ribs fan out
from their posterior origins
with little, if any, intercostal
fusions, giving a “crab-like”
appearance. The early
ossification of the vertebral
pedicles (in contrast to that
seen in SCD) has prompted
the suggestion that this be
termed the “tramline sign”
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the patients originally reported by Jarcho and Levin were not Puerto Rican (they
were described as ‘colored’) and the phenotype was closer to SCD type 2.

To date most individuals reported with STD have had nonsense mutations in
exon 1 of MESP2, which are predicted to result in nonsense mediated decay; how-
ever, several affected individuals are heterozygous for a nonsense mutation and a
missense mutation (Cornier et al. 2008).

A New Classification of SDV

Progress in identifying the genetic basis of different forms of SDV is hindered
by the broad diversity of phenotypes, their individual rarity, and the lack of a
systematic approach to classification and stratification. However, a collaborative
multicenter, multidisciplinary, approach could facilitate the best opportunity to
both elucidate the causes of SDV as well as conduct clinical studies focussed on
the natural history and treatment of these disorders. To these ends a consortium,
the International Consortium for Vertebral Anomalies and Scoliosis (ICVAS), was
formed in November 2005, comprising developmental biologists, radiologists, clini-
cal geneticists, and orthopaedic surgeons. The group has invested time in developing
a new classification system in order to facilitate consistent phenotype delineation,
one that is sufficiently robust to inform phenotype—genotype correlation studies. The
system can use ontology applicable to both humans and animal models, and is pre-
sented diagrammatically in Figs. 5.8 and 5.9. It is essentially a descriptive system,
based on the radiology of the spine, and accommodates current knowledge of the
Mendelian forms of SCD as well as well-recognized syndromes where SDV is a
feature.

In this scheme, we recommend that terms SCD and STD are reserved for spe-
cific phenotypes (Table 5.2). Strictly, 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 prenatal and post-
natal life. In SCD or STD the thoracic cage must have a general appearance of
symmetry, which may still be evident despite a small difference in rib number on
each side. We propose at least 10 contiguous vertebral bodies should be affected
because, to date, in all known Mendelian cases of SCD, virtually all vertebrae show
evidence of abnormal segmentation and involvement is contiguous rather than mul-
tiregional. In SCD, there are usually points of fusion of the ribs along their length,
while in STD the ribs are fused posteriorly, and they fan out laterally without
points of fusion along their length (“crab-like” appearance). In early life, multiple
rounded hemivertebrae (“pebble beach sign,” Turnpenny et al. 2003) characterizes
SCD type 1 (DLL3 gene) and the vertebral pedicles are poorly visualized (Fig. 5.3).
In MESP2-associated SCD and STD, again in early life, by contrast the vertebral
pedicles are well formed and prominent (Fig. 5.6), for which we suggest the term
“tramline sign.” In cases where at least 10 vertebral segments are affected but non-
contiguously, we suggest this is designated a “multiregional” form of M-SDV rather
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than “generalized.” This group of phenotypes appears to be very diverse and further
delineation will only be possible with advances in our understanding of causation.

We aimed to produce a classification system for SDV that provides simple, uni-
form terminology and can be applied both to man and to animal models. The role
played by correlation of a detailed clinical examination with radiological findings
has been well described (Erol et al. 2004). The system is suitable for routine clinical
reporting (Fig. 5.8), and an extended version is suitable for gathering more detailed
data for research purposes (Fig. 5.9). Where appropriate, the new classification
incorporates existing terminology. For example, types of spinal abnormality have
been described according to the classification of Aburakawa et al. (1996) (Table 5.8).

In the new system, as far as clinical reporting is concerned, conditions fall into
one of seven basic categories (Fig. 5.8). This simplification allows for uniformity
between observers. For example, a case with limited thoracic spine involvement that
might previously have been diagnosed as Jarcho—Levin syndrome or SCD would
now be classified and reported as an “undefined regional (thoracic) M-SDV.” This
greatly reduces confusion that might be generated by indiscriminate use of the terms
JLS or SCD.

This system is simple because it is descriptive and has potential to be reliable. It
allows for a more precise characterization of the radiological phenotype by incor-
porating phenotypic patterns of the spine as a whole, besides formation errors of
individual vertebrae. We believe a consistent use of terminology using this sys-
tem will lead to improved diagnostic consensus and better stratification of patient
cohorts for testing of novel gene candidates and evaluation of natural history. It

Table 5.8 Classification of

vertebral segmentation Failure of formation

abnormalities (Aburukawa Type I .

et al. 1996, Takikawa et al. A. Double pedicle

2006) (modified North B. Semi-segmented

American classification). C. Incarcerated

Note that hemivertebrae are Type Il

seen in types B to Fand L D. Non-incarcerated, no lateral shift
E. Non-incarcerated, plus lateral shift
Type 111
F. Multiple
Type IV
G. Wedge
H. Butterfly

Failure of segmentation

1. Unilateral Bar

J. Complete block

K. Wedge (plus narrow disk)

Mixed

L. Unilateral bar plus hemivertebra
M. Unclassifiable
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can be readily modified as our understanding of distinctive phenotypes, genotype—
phenotype correlations, and natural histories evolves. It is a tool to aid more accurate
diagnosis and research. Clinical management of the individual patient is naturally
much more complex and involves much assessment and surveillance of growth,
respiratory function, and spinal curvature.

Concluding Remarks

Abnormal segmentation of the spine is an important “handle” in clinical dysmor-
phology. The number and range of conditions and syndromes that include this
malformation as a feature is very large, but so too is the range of phenotypes for
which no clear diagnosis exists. Molecular genetics has enabled the identification of
the cause of some phenotypes that follow Mendelian inheritance, usually through
studies undertaken on affected families suitable for DNA linkage analysis. The
insights and clues gained from animal studies and model systems have also been
crucial to identifying candidate genes and will continue to be so. It seems likely
that the monogenic causes of axial skeletal defects in man will, in due course, yield
their secrets. Somitogenesis genes have justifiably been the focus of huge attention
but many other genes and mechanisms have been implicated in normal axial skele-
tal development, and these need to be explored in cohorts of affected patients whose
clinical features are stratified systematically. It is likely that a large proportion of the
phenotypes seen in clinical practice, if not the majority, are not monogenic in cau-
sation but multifactorial. This large and diverse group, which collectively accounts
for the most difficult medical and surgical problems, is likely to present the greatest
challenge in the field of abnormal spinal segmentation.
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Chapter 6
Spondylothoracic Dysostosis in Puerto Rico

Alberto Santiago Cornier

Introduction

Puerto Rico is the smallest of the four Greater Antilles islands, which also includes
Cuba, Hispaniola, and Jamaica, localized in the Caribbean Sea. Puerto Rico was
discovered in 1493 by Christopher Columbus and became a Spanish territory until
the Spanish—American War of 1898, when it became a US territory. The particular
history of our country provides us with a specific social, cultural, and ethnic situ-
ation. We are the only Latin-American country whose people have US citizenship.
The two official languages of Puerto Rico are Spanish and English. The island popu-
lation is 3.9 million (U.S. Census Bureau 2000, http://www.census.gov) and taking
into consideration that the island is only 35 miles wide and 100 miles long, this
makes us a densely populated country with 1,115.8 people per square mile.

The ethnic background of the Puerto Rican population is almost entirely the prod-
uct of the mixture of Spaniards, Africans, and Taino Indians. There is also some
contribution to the population from other southern European countries. Although
there is no specific genetic isolation in Puerto Rico, there is high degree of consan-
guinity, particularly in the central mountain region of the island. Like the rest of
the Caribbean islands, Puerto Rico had limited economic resources and prominent
poverty until the 1960s, when an industrial revolution significantly improved the
lives of its citizens. This economic data is relevant since this is one of the reasons
people tend to marry within the same family or with neighbors in the same vil-
lage. When a mutation segregates within the genetic pool of such populations with
nonrandom mate selection, an increase in prevalence of such mutation may occur
rapidly, producing a high incidence of otherwise rare genetic disorders.

The human genome contains 3.1647 billion chemical nucleotide bases (A, C, T,
and G). Approximately 99.9% of these nucleotide sequences are the same in all
people. This leaves about 2 million nucleotides (0.1%) that are unique from person
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to person. These sequence differences account, in part, for why we look, think, and
behave differently, and some of these nucleotide variations are dramatically different
among the various population groups. Genetic admixture represents the measure
of the proportion of African, European, and Amerindian ancestral genetic makeup
of the individuals within a specific population and may prove useful to learn more
about its relation to disease. Genetic admixture is receiving greater attention because
of its implications for gene mapping, its implications to personalized medicine, and
its role in understanding health disparities.

The unique history and population characteristics of Puerto Rico, with genetic
admixture and geographic isolation, combine to provide an opportunity for
investigating the etiology of genetic congenital disorders such as vertebral abnor-
malities. The population of Puerto Rico experienced a genetic bottleneck soon after
Western contact when there may have been a severely limited founder population.
Subsequent episodic immigration of Europeans and Africans has resulted in a
current population of nearly 4 million. Mitochondrial analysis of maternal ancestry
points to a mixed population of 61.3% Amerindian (including Taino), 27%
sub-Saharan African, and 11.5% West Eurasian derivation (Martinez-Cruzado et al.
2005).

Spondylothoracic Dysostosis and Segmentation Defects
of the Vertebrae

Congenital segmentation defects of the vertebrae in humans are present in a wide
variety of rare but well-characterized disorders, as well as many diverse and poorly
understood phenotypic patterns (Turnpenny et al. 2007). In some cases, patients
with congenital scoliosis and chest wall abnormalities present a major medical
challenge. Jarcho and Levin (1938) described a Puerto Rican family whose two
children presented with a shortened trunk with abnormal segmentation throughout
the vertebral column and irregularly aligned ribs, with normal long bones and skull.
Since then, the authors’ names have frequently been used eponymously (and often
inappropriately) for almost any form of costovertebral malformation.

Spondylothoracic dysostosis (STD), described in detail below, has been well
characterized as an autosomal recessive syndrome with high prevalence in the
Puerto Rican population, and the name “Jarcho-Levin syndrome” has been used
to describe a variety of clinical phenotypes consisting of short-trunk dwarfism
associated with rib and vertebral anomalies. This admixture of phenotypes under
Jarcho-Levin syndrome has allowed some confusion in terms of phenotype, progno-
sis, and mortality. Recent publications have provided more insight into the clinical
and molecular diagnosis, prognosis, and management of patients with these phe-
notypes (reviewed in Chapter 5). Based on these findings, two groups of distinct
phenotypes have been determined. These are spondylothoracic dysostosis (STD)
and spondylocostal dysostosis (SCD). Both clinical entities are present in Puerto
Rican population but spondylothoracic dysostosis predominates, comprising 49%
of the STD cases reported in the medical literature (Cornier et al. 2004).
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Segmentation defects of the vertebrae (SDV) represent an important health issue
due to the resulting scoliosis/kyphosis with or without pain, limitation of movement,
and respiratory complications. A vertebral malformation may be an isolated finding
as well as a part of a conundrum of other morphological and clinical manifestations.

Spondylothoracic Dysostosis in the Puerto Rican population

Spondylothoracic dysostosis (MIM #277300) is a rare pleiotropic genetic disorder
with autosomal recessive inheritance first described by Jarcho and Levin (1938). The
term dysostosis refers to the intrinsic pathology of this disease that is strictly related
to the embryologic mesoderm that forms the vertebrae. Typical findings include seg-
mentation and formation defects throughout cervical, thoracic, and lumbar spine,
such as hemivertebrae, block vertebrae, and unsegmented bars, with fusion of all
the ribs at the costovertebral junction (Figs. 6.1 and 6.2). In addition to the mul-
tiple skeletal anomalies, short and rigid neck, short thorax, protuberant abdomen,
inguinal and umbilical hernias, urinary tract abnormalities, and disproportionate
dwarfism have been described. As mentioned before in this chapter, many names
has been used to describe the phenotype for several types of short-trunk dwarfism
characterized by multiple segmentation defects of the vertebral bodies and ribs,
including spondylocostal dysplasia (Rimoin et al. 1968), spondylocostal dysosto-
sis (Casamassima et al. 1981, Franceschini et al. 1974, Ayme and Preus 1986, Floor
et al. 1989), spondylothoracic dysplasia (Moseley and Bonforte 1969, Pochaczevsky
et al. 1971, Solomon et al. 1978, Herold et al. 1988), and costovertebral dysplasia
(Cantu et al. 1971).

We have been able to study spondylothoracic dysostosis both clinically and
molecularly. STD is a relatively common disorder in Puerto Rico, presenting a
unique opportunity to study the natural history and genetics of important medical

Fig. 6.1 AP X-ray view
demonstrating the
symmetrical and bilateral
fusion of the ribs at the
costovertebral junction
(posteriorly) fanning out
anterior-laterally
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Fig. 6.2 AP X-ray showing
the multiple vertebral

formations and segmentation
defects in patients with STD

issues such as segmentation defects of the vertebrae, scoliosis, thoracic insuf-
ficiency, diaphragm dynamics, and morbidity and mortality of this disease. We
have followed a series of 38 STD Puerto Rican patients, which has allowed us to
document radiological findings, pulmonary function measurements, the molecular
etiology, and the natural history of the disorder.

Clinical Features

We have been studying patients with STD of all ages including the natural progres-
sion of those whom we evaluated as newborns and are now in their adolescence.
Characterization of childhood, adolescence, and adulthood of these patients has
been possible due to the long-term clinical follow-up.

Clinical features of STD include protuberant occipital in the newborn period that
converted to a flat occiput with aging, giving the brachycephalic appearance to the
head. Posterior hairline insertion is low in all patients. Inner canthal, interpupillary,
and outer canthal distances are normal. The nasal bridge is prominent in 33% of
the patients. The philtrum is normal in length and shape and the palate is high in
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Fig. 6.3 A 12 year-old boy
with STD. Note the short
neck and anterior protrusion
of the thorax

75% of patients (Cornier et al. 2004). There are two prominent clinical features
that are present in all patients and constitute the STD stigmata: these are the short
and rigid nonfunctional neck. Neck length ranges between 1.0 cm in the newborn
period and 4.7 cm in adulthood (Figs. 6.3 and 6.4). The short stature is due to a
short-trunk dwarfism. Average height percentile in male patients with STD rep-
resents 1.27th of the expected for age and sex and 3.1th in females. Due to the
posterior bilateral fusion of the ribs at the costovertebral junction, the chest opens

Fig. 6.4 An 18-month-old
baby boy with STD. Short
neck and spine are noted
particularly when compared
to the extremities
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Fig. 6.5 AP (a) and PA (b) views of computer tomography scans of the whole spine with
three-dimensional reformation using Xvision EX Toshiba (Japan) 2 mm cuts. All ribs were sym-
metrically fused at the costovertebral junction, giving the appearance of a common origin for all
the ribs at the shortened thoracic spine. Photos courtesy of Dr. Norman Ramirez published in
J. Bone Joint Surg. Am. 2007. 89:2663-2675

toward the anterior aspect of the thorax giving them the fanning out or “crab-like”
appearance to the chest. Average chest circumference percentile measured at the
nipple level was 30.85th when compared with the same age and sex normal popula-
tion (Fig. 6.5a, b). Chest circumference diameter as well as spine length differences
among the patients who survived versus those who did not has briefly been described
(Cornier et al. 2008) and will be further discussed later on in this chapter when a
phenotype/genotype analysis of STD will be discussed.

There is no significant presence of heart anomalies in patients with STD. The
most common congenital heart anomaly is atrial septum defects in less than 5% of
cases (Cornier et al. 2004). These atrial septum defects were all closed by age 10
years. No intrinsic lung anomaly has been described in these patients except for the
hypoplastic lung syndrome at birth, secondary to the significant thoracic restriction
redounding in incapacity to achieve normal size. This is of particular importance
at birth since approximately 60% of babies with STD will present some type of
respiratory distress requiring medical intervention. As the patients grow older the
lungs tend to expand into the abdominal cavity (Fig. 6.6). Their abdominal exami-
nation is negative for enlargement of the organs (liver or spleen). The vast majority
of patients with STD will develop inguinal hernias. Approximately 90% of patients
do develop hernias of which up to 75% of them are bilateral in presentation. These
hernias are the product of an increase in the abdominal cavity pressure due to the
skeletal anomalies of the thorax and the physiological dynamics where the use of
the diaphragm muscle is excessive. Due to the extensive ribs fusion in the entire
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Fig. 6.6 PA view of
computer tomography scans
of the whole spine with
three-dimensional
reformation using Xvision
EX Toshiba (Japan) 2 mm
cuts. Note the close anatomic
relation of the scapulae and
the iliac crests. These
anatomic changes allow the
lungs to expand into the
abdominal cavity

posterior and sometimes lateral chest wall the intercostal muscles are incapaci-
tated to perform their function in the expansion of the chest. Approximately 15%
of STD patients do present with umbilical hernias as well. Interestingly, surgical
procedures to correct the hernias are well tolerated from respiratory and surgical
points of view even if it is corrected as early as 8 months of age. There is no asso-
ciated mortality reported in surgical procedures in these patients. Other congenital
anomalies reported occurring with STD include soft cleft palate (less than 1%),
talipes equinovarus (1.2%), unilateral glenoid agenesis (0.5%), and double urinary
collector system (1%).

Since one of the major objectives of this book is to put in context scoliosis in
relation to clinical and genetic perspectives, I would like to specifically comment
on the presentation of scoliosis on STD patients. Scoliosis is not of frequent pre-
sentation in STD. The reason is that these patients present bilateral and symmetrical
fusion of the ribs at the costovertebral junction. So forth there is little tethering
effect in the spine (Fig. 6.7). The growth of the spine is intimately related to chest
and lung development, with the most rapid growth occurring from birth to 5 years of
age and then again in puberty (Dimeglio 1993, 2005). The greatest challenge with
early onset scoliosis is that the available potential for spine and chest growth can
lead to severe spinal deformity predisposing these patients to poor quality of life
and thoracic insufficiency (Ramirez et al. 2009). Therefore patients with significant
vertebral segmentation disorders, where there is an unbalanced tethering effect on
the spine, may develop significant scoliosis. Patients with STD who present a con-
genital anomaly known as a bone bar may develop scoliosis. Approximately 20% of
patients with STD develop spine rotation anomalies causing the spine to be rotated
in its own axis and with minimal to mild development of scoliosis (Cornier et al.
2004). In contrast to STD, patients with spondylocostal dysostosis (SCD) frequently
present with early onset scoliosis due to the vertebral segmentation defects with
an asymmetrical tethering effect as a consequence of an asymmetrical ribs fusion.
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Fig. 6.7 AP view of
computer tomography scans
of the whole spine with
three-dimensional
reformation using Xvision
EX Toshiba (Japan) 2 mm
cuts. Note the significant
fusion of the entire posterior
chest wall and the vertebral
segmentation defects

Scoliosis in patients with SCD will progress and will need surgical intervention such
as the vertical expandable prosthetic titanium ribs.

Neurologically, patients with STD have no documented anomalies. The deep
tendon reflexes as well as muscle tone and strength are normal. Development of
neurocognitive functions is also generally normal. Patients may present mild delay
in some of their milestones such as seating, crawling, and walking, which are likely
to be secondary to the lack of neck motion and the disproportionate extremity to
spinal length. Adults with STD have achieved professional goals, including doctoral
and postdoctoral degrees.

Raising a Child with Spondylothoracic Dysostosis

I have always been fascinated by the nature of human beings and the capacity of
coping that many people with genetic disorders have. For this reason and taking
advantage of the fantastic research work done by Dr. Jose Acevedo Ramos in coping
mechanisms in patients with STD, I will share some of his findings in this chapter.

A descriptive, cross-sectional study was conducted to explore the mood and
coping strategies of Hispanic parents raising a child with spondylothoracic dysos-
tosis. The final number of subjects in the study was 100 and included 50 mothers
and 50 fathers; 37 were parents raising the same child. In addition to collecting
demographic data, two measures were used to interview participants after obtaining
informed consent: the Profile of Mood States (POMS), which identifies 65 mood
characteristics and 6 mood states, and the Coping Health Inventory for Parents
(CHIP), which lists coping strategies and identifies three coping patterns (Acevedo
2009).
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The POMS results showed that vigor/activity was the most prevalent mood state
and that carefree was the predominant mood characteristic. Interestingly, carefree is
a positive adjective. Other mood characteristics present in 20—70% of the samples
were relaxed, anxious, bushed, vigorous, shaky, exhausted, panicky, and blue. Two
out of these additional adjectives are positive (relaxed and vigorous). These three
selections seem to indicate a healthy or positive mood characteristic for many of the
respondents.

This result can be explained by understanding the role that religion has in the
people of Puerto Rico. Most of the people in Puerto Rico are Roman Catholic and
religion is a part of everyday life in the family. Members of the family normally
participate in religious events together. When events like a birth of a child affected
by a particular disorder occurs in a family, often a faith-based response is shared in
a family. Perhaps they view the genetic inheritance or subsequent illness as God’s
decision, and with this view there may be a need to accept the condition, be positive,
and adjust to the event, as God will not bring them something they are not able to
handle. Faith may make them feel that in some way they are special, selected by
God to take care of that special child. As religious parents, they may believe they
did not have any control on the birth of the child with the special needs. So being
religious and having STD could alone or combined with other mood states bring
parents “carefree” feeling. Feeling carefree is also supported by the low expression
of guilt; only 12% of these parents reported feeling guilty compared to parents in
other genetic disorders (Acevedo 2009).

Parents used over half of the possible coping strategies often. “Belief in God”
scored the highest in terms of most helpful strategies and was a strategy used by
100% of participants. Similarly, “Reading about the medical condition” received
the second highest score for helpfulness and was also used by 100% of partici-
pants. “Doing things with children” received the third highest score and was used
by 99% of participants. A “Closer relationship with spouse” was listed as a cop-
ing strategy by 92% of parents, but was in the middle of the “most helpful” scores.
“Investing myself in the children” was a strategy highly used by 98% of the parents
and also was in the middle of the “most helpful” (Acevedo 2009). The coping pattern
described as “Maintaining family integration, cooperation, and an optimistic defini-
tion of the situation” by the authors of CHIP was predominant among these parents.
The authors label this pattern coping pattern 1. Among the coping strategies within
this pattern, “Believing in God” received the most helpful averaged score (Acevedo
2009).

Perhaps depending on and strengthening family relationships is helpful in many
chronic childhood diseases and this finding may be useful to clinicians. Also, faith
may help parents in this sample to accept a child affected with a genetic disorder.
Providing supportive care to the family and extended family and recognizing the
role of religion in this cultural group may reinforce positive coping. When parents
do not have extended family, they may be at risk for impaired coping. Also, it may
be that having a child who needs technological support (such as wheelchairs or
suctioning) engenders different coping strategies. Nonetheless, there seems to be a
common theme in most of the previous and this current research that strategies in
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the family integration subscale are helpful when a child has either a chronic or a
genetic diagnosis (Acevedo 2009).

These findings may be the result of the unique sample; Puerto Rican parents in
this study were well educated, insured, and received care at a genetics clinic with
access to additional specialty services. These findings may also be the result of
parental and gender-specific roles within the traditional Hispanic culture: Women
manage the home and raise children while men are expected to protect the family
and be strong. Role expectations in a Hispanic or Latino community may contribute
to higher scores in negative mood, decreased positive coping, or both. Future study
is needed to better understand cultural influences on mood and coping in parents
and families (Acevedo 2009).

Isn’t this fascinating? Once more research shows that what we are and how we
react to it has a molecular and clinical component but more so these can be imprinted
with the social, ideological, cultural, and religious factors as well.

Prenatal Diagnosis

I would like to put particular interest in the fact that prenatal histories of pregnan-
cies with STD fetuses are remarkably uneventful. More than 80% of cases are not
diagnosed prenatally despite prenatal ultrasounds being performed. In our experi-
ence the majority of STDs diagnosed before birth are because of a sibling with the
condition or significant family history of affected individuals.

The diagnosis of a disorder that can present with significant neonatal compli-
cations including respiratory distress and failure and needs to be done as early in
pregnancy as possible so that the baby is born in an appropriate hospital facility
with a team of medical experts that are knowledgeable about this condition. Failure
to do so will result in increased morbidity and mortality. There is no explanation to
missing out a prenatal ultrasound of a fetus with STD. Early in the second trimester
of pregnancy the multiple segmentation and formation vertebral defects can easily
be identified by ultrasound. It is the understanding of this author that an appropriate
obstetrical care should include an ultrasound in each trimester of pregnancy.

No prenatal or pre-conceptual history of environmental teratogens or exposures
has been associated with these anomalies. No significant first- or second-degree con-
sanguinity has been documented; however, the areas that seem to have the higher
incidence of spondylothoracic dysostosis in Puerto Rico are the west and northwest
regions of the island. Further ahead in this chapter, we will discuss the molecular
aspects of STD in the Puerto Rican population, but it is necessary to mention here
that there is evidence of an initial founder effect that accounts for the most frequent
mutation, MESP2 E103X, that produces the classical STD phenotype in homozy-
gous individuals. However, more mutations have been identified in this population,
suggesting a potential positive-selection pressure or heterozygote advantage.

The identification of the gene responsible for STD in more than 90% of the
cases in Puerto Rican population made possible the provision of prenatal and
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preconception molecular diagnosis in this population. Prenatal molecular diagno-
sis is also available to other ethnic backgrounds; however, the percentages of STD
due to MESP2 gene mutation may vary for different ethnic backgrounds.

Molecular Analysis of MESP2 in Cases of Spondylothoracic
Dysostosis

As stated above, segmentation defects of the vertebrae in humans are present in a
wide variety of rare but well-characterized disorders, as well as many diverse and
poorly understood phenotypic patterns (Turnpenny et al. 2007, Chapter 5). Many of
these disorders, including spondylothoracic dysostosis, have been lumped together
under the diagnosis of “Jarcho-Levin syndrome,” and molecular studies are now
being used to produce a new classification scheme (Chapter 5). We will focus on the
molecular aspects of spondylothoracic dysostosis (STD) in this chapter.

Spondylothoracic dysostosis has been well characterized as an autosomal reces-
sive disorder with high prevalence in the Puerto Rican population, comprising 49%
of the STD cases reported in the medical literature (Cornier et al. 2004). The same
phenotype has also been described in other patient populations (Lavy et al. 1966,
Mosely and Bonforte 1969, Pochaczevsky et al. 1971, Gellis et al. 1976, Solomon
et al. 1978, Tolmie et al. 1987, Schulman et al. 1993, McCall et al. 1994). Patients
with STD exhibit a short stature due to multiple defects in vertebral segmenta-
tion and spine formation, an increased antero-posterior (AP) thoracic diameter, and,
radiologically, a characteristic “crab-like” appearance of the thoracic cage on AP
projection, which clearly differentiates it from SCD. The ribs are fused posteriorly
at the costovertebral junctions.

Sequencing analysis of the MESP2 gene demonstrated that mutations in this
gene are responsible for the majority of STD cases in the Puerto Rican population.
Classical DNA, polymerase chain reaction (PCR), and sequencing analysis were
performed in 14 patients with STD and their respective parents (Cornier et al. 2008).
A new homozygous nonsense mutation in the MESP2 gene was identified as the
most frequent cause of STD in the Puerto Rican population. This change consisted
of a single-base pair substitution mutation (c.307G > T) in the beta helix—loop-helix
(bHLH) domain of the MESP2 gene. The mutation resulted in the replacement of a
glutamic acid codon (GAG) at position 103 with a stop codon (TAG) and the cre-
ation of a novel Spel restriction enzyme site. The mutation, E103X (p.Glu103X),
occurs in exon 1 in the middle of the bHLH domain and is predicted to encode a
nonfunctional protein.

An additional patient was heterozygous for the E103X mutation and a novel
L125V missense MESP2 mutation (Cornier et al. 2008). The L125V mutation
occurs in a conserved leucine residue in the bHLH domain and is predicted to be
deleterious by the Sorting Intolerant From Tolerant (SIFT) prediction program (Ng
and Henikoff 2001). Another patient (000408-05) was heterozygous for the E103X
mutation, but a second MESP2 mutation was not identified; neither was there any



120 A.S. Cornier

mutation in DLL3 or LFNG genes (Cornier et al. 2008). It is unclear how the E103X
mutation contributes to the STD phenotype in this particular patient. The father of
this patient was of Puerto Rican and Chinese ethnicity, which may explain the lack
of a second MESP2 gene mutation. Two variants of the MESP2 gene, A66G and
S174F, were identified in two parental carriers and were believed to be polymor-
phisms, as these variants were not transmitted to their affected offspring. Further
analysis of probands with STD has revealed other mutations such as a novel non-
sense mutation, E230X. This mutation (c.688G > T) results in the replacement of
glutamic acid at position 230 with a premature termination codon (p.Glu230X).
Heterozygous carriers of this mutation were unaffected.

To determine whether these mutations were responsible for the clinical manifes-
tations in STD, transcriptional activities of MESP2 variants were analyzed using
luciferase reporter assays, which allowed us to measure how a mutation may affect
the expression of not only the MESP2 protein itself but also other interacting genes
(Cornier et al. 2008). Previous studies in mouse revealed that Mesp2 synergizes
with Notch signaling to activate transcription from an Lfng reporter in cultured cells
(Morimoto et al. 2005). Cornier et al. (2008) confirmed that the human MESP2 also
retained similar activity as the mouse Lfng reporter, albeit weaker than the mouse
Mesp2. After examining three different MESP2 mutant constructs harboring two
mutations reported in this chapter, E1I03X and L125V, as well as the 4-bp duplica-
tion (500-503 dup) as reported previously (Whittock et al. 2004), the results indicate
that all three mutations lack transcriptional activities in this assay.

We compared the genotype of 10 patients with STD with their respective clinical
phenotypes and natural history. The two patients who died during early infancy
were homozygous for the E103X mutation, and less clinical measurements and
data were available. Axial skeletal dimensions were compared to normal standards
(Dimeglio and Bonnel 1990). Phenotypic data suggest that being heterozygous for
the E103X mutation produces a milder phenotype in terms of the thoracic measure-
ments although due to the small sample size, the differences were not statistically
significant (Cornier et al. 2008).

It has been shown that homozygosity for the MESP2 E103X mutation causes
STD and is a common gene mutation in Puerto Rican patients, highly suggestive of
a founder effect (Cornier et al. 2008). Furthermore, two additional mutations —
E230X and L125V — which are predicted to alter MESP2 function have been
described. The E230X mutation truncates the protein in the C-terminal domain, and
the L125V destroys a conserved leucine residue in the bHLH domain. This sug-
gests that multiple mutations in MESP2, including compound heterozygosity, can be
associated with STD phenotypes. Heterozygosity for the MESP2 E103X mutation
without, apparently, harboring another MESP2 mutation has also been described,
with no sequence change evident in either DLL3 or LFNG.

It is possible that a partial gene deletion or a mutation in the promoter or regu-
latory region may cause STD phenotype in patients not harboring mutation in the
coding regions of the gene. Alternatively, a patient with STD may carry a mutation
in an as-yet unidentified gene. Variations in phenotypes associated with mutations
in the same gene might be explained by the position and effect of the mutation in
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the function of the gene. The E103X and E230X mutations identified in patients
with STD are located within the first exon of the MESP2 gene, and the result-
ing mutant mRINA transcripts are predicted to be susceptible to nonsense-mediated
decay. Therefore, patients who are homozygous or compound heterozygous for
these mutations are likely to have a reduced or absent MESP2 protein.

MESP2 and Spondylocostal Dysostosis

A mutation in the MESP2 gene has also been identified in a small consanguineous
family with a milder form of spondylocostal dysostosis (SCD) (Whittock et al.
2004). The change consisted of a 4-bp duplication that traduces clinically in less
severe segmentation abnormalities and misaligned ribs. This genetic change occurs
after the bHLH domain and causes a frame shift that results in a premature stop
codon within the second and final exon of MESP2. Transcripts carrying this muta-
tion would not be subject to nonsense-mediated decay. In these patients, a truncated
protein containing an intact bHLH domain is predicted to retain some function.
This may account for the variable severity of phenotypes associated with different
MESP?2 mutations.

The phenotypic data suggest that homozygosity for the E103X mutation gives
rise to a more severe phenotype compared with compound heterozygosity involving
this mutation (according to thoracic measurements). Results from pulmonary func-
tion tests of patients heterozygous for E103X should show a less restrictive pattern
than in those who are homozygous. In this study, thoracic CT scans had not been
performed on the E103X homozygous patients who had died; thus, comparison with
homozygous E103X survivors was not possible.

Role of MESP2 in Somitogenesis

In the mouse embryo, segmentation is first observed in the PSM as a striped expres-
sion of the Mesp2 gene (Saga et al. 1997). At a defined PSM level, cells respond to
a periodic signal from the segmentation clock by activating the genes of the Mesp2
family in a segment-wide domain (Morimoto et al. 2005). These stripes of Mesp2
expression provide the blueprint on which the embryonic segments, the somites,
will form. Hence, disrupting this process results in severe anomalies of the reg-
ular arrangement of vertebrae as is observed in patients with congenital scoliosis.
Subsequently, genes of the Mesp2 family play a critical role in positioning the future
somite boundary and in defining the AP polarity of the forming somite (Morimoto
et al. 2005). This rostrocaudal subdivision of the somite is critical for the forma-
tion of vertebrae, which develop when the caudal half of one somite fuses with the
rostral half of the next somite during a process called resegmentation (reviewed in
Chapter 2). Our studies suggest that MESP2 mutations disrupt somitogenesis in
humans, resulting in STD and SCD (Figs. 6.8 and 6.9).
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Fig. 6.8 AP view of
computer tomography scans
of the whole spine with
three-dimensional
reformation using Xvision
EX Toshiba (Japan)

2 mm cuts

Fig. 6.9 Lateral view of
computer tomography scans
of the whole spine with
three-dimensional
reformation using Xvision
EX Toshiba (Japan) 2 mm
cuts. Bone fusions may
extend to the lateral aspects
of the thorax

Clinical Management of Patients with STD

Given the high incidence of a disorder that is otherwise rare elsewhere has provided
us the opportunity to study the natural history of spondylothoracic dysostosis and
to design medical strategies that improve the outcome of patients with this disorder.
We will divide this into three different stages according to age.
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Neonatal Period

e It is of extreme importance to identify these babies prenatally so that an expert
health-care team is ready for their birth. This team should include an obstetrician,
anesthesiologist, neonatologist, geneticist, nurses, dietician, genetic counselor,
and pediatrician.

e If the baby presents with respiratory difficulties, surfactant factor should be pro-
vided immediately as per the guidelines. Not all babies with STD will have
respiratory difficulties at birth; approximately 65% of them do have some type
of respiratory problem in the newborn period ranging from mild distress requir-
ing indirect oxygen supplementation to frank uncompensated respiratory acidosis
requiring mechanical ventilation.

e Elevated CO, levels may present in the newborn period (hypercapnea). Babies
with STD seem to tolerate hypercapnea relatively well. Patients with CO» levels
as high as 60-70 have improved their respiratory status with CPAP (constant
positive air pressure) avoiding intubations. Follow-up of these patients for over
10 years has shown no neurological or developmental impairment.

e If mechanical ventilation is unavoidable, ventilator pressure should remain as
low as possible to avoid hypoxia and correct respiratory acidosis. The ventilatory
problem of these patients is not due to alveoli gas exchange but rather to the
incapacity of mechanical expansion of the thorax and secondary lung hypoplasia
in some cases. Mechanical ventilation should be discontinued as soon as possible.

e Constant cardio-respiratory monitoring should always be pursued.

e Avoid bolus feeding. Bolus feeding will expand gastric cavity in these babies and
so the diaphragm will have more difficulty to be used. Respiration of patients with
STD depends solely on the work of the diaphragm muscle since the accessory
intercostal muscles are impeded from work due to the extensive rib fusion of the
thoracic cage. Slow nasogastric feedings should be considered instead at a rate
of approximately 0.75—1 ounce/h for 16-20 h with 20 calories per ounce baby
formula and a rest period of 4—6 h. This will provide 125-147 kcal/day to babies
that weigh between 2.72 and 3.18 kg at birth, which should be enough to meet the
babies’ needs in the newborn period. More concentrated formulas may be used
to optimize caloric intake.

e Be aggressive in the treatment of any infectious agent.

Infancy and Early Childhood

e Be aggressive in the treatment of upper respiratory tract ailments. This includes
antibiotic therapy as needed.

e Babies with STD should be preventively vaccinated against the RSV (respiratory
syncytial virus). This immunization should be performed year long (not only in
the RSV season) in the first 3-5 years of life.
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e Respiratory therapy with bronchodilators may be considered in the manage-
ment of upper respiratory tract infections with or without bronchoconstriction
(wheezing).

e Avoid mechanical ventilation unless strictly necessary. Patients in infancy and
childhood do seem to tolerate well-elevated levels of CO, without significant
clinical complications. Close and constant cardio-respiratory monitoring should
always be pursued.

e Physical and occupational therapies may be useful to provide support to the
development of these patients.

Late Childhood and Adulthood

e Be aggressive in the medical management of respiratory tract infections.

e Orthopedic follow-up should include the presence of scoliosis, spine malro-
tations, and bone bars. These may need to be addressed surgically if the
malformation is asymmetrical.

e Watch for osteoporosis. There are preliminary data that suggest that patients with
STD develop osteoporosis in their early forties. It is not clear if this finding is
secondary to any endocrine abnormality or to lack of strenuous physical activity
throughout life.
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Chapter 7

Progress in Understanding Genetic
Contributions in Syndromic and Non-Syndromic
Disorders Associated with Congenital,
Neuromuscular, and Idiopathic Scoliosis

Philip F. Giampietro

Introduction

Vertebral development occurs through a sequential and highly orchestrated series of
interconnected events involving fibroblast growth factor (FGF), WNT, Notch, and
transforming growth factor beta (TGF-f) receptor signaling pathways. Perturbations
in these pathways can result in the development of both congenital (curvature of
the spine due to an abnormality in vertebral formation) and idiopathic scoliosis
(spinal curvature associated with normal vertebral morphology and in the absence
of secondary causes such as Marfan syndrome, chromosome abnormality, or neu-
romuscular etiology). This chapter will focus on syndromic conditions that are
associated with scoliosis and how understanding these conditions may contribute
to identification of genes for idiopathic scoliosis. A large number of syndromes
are associated with idiopathic scoliosis, resulting in connective tissue alteration or
a neuromuscular basis for spinal curvature. Although various candidate loci have
been recognized, currently very few susceptibility genes for the development of
idiopathic scoliosis have been identified. It is probable that abnormalities in the
development and postnatal maintenance of the extracellular matrix may contribute
to pathogenesis of idiopathic scoliosis. Marfan and Stickler syndromes are both
associated with scoliosis and are caused by mutations in FBNI, COL2A1, COL11Al,
COLI11A2, and COL9AI. Despite the abundance of these genes in connective tis-
sue, there is currently no compelling evidence for association of these genes with
idiopathic scoliosis. The presence of both vertebral malformations and scoliosis
without vertebral malformations in Smith-Magenis syndrome suggests that the
RAII (retinoic acid-induced 1) gene may play a role in the development of both
congenital and idiopathic scoliosis. Additional relevant syndromes and animal mod-
els which represent the potential etiological mechanisms operative in scoliosis will
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be reviewed. Analysis of the current understanding of these conditions and mod-
els will be employed to promote insight into the genetically mediated, biochemical
and neurological susceptibilities contributing to idiopathic scoliosis. Approaches to
understand the etiology or etiologies for congenital scoliosis which is not associated
with an underlying syndrome will also be discussed.

Epidemiology of Segmentation Defects of Vertebrae (SDV)

Spine development is an intricate process orchestrated by complex interactions of
multiple signaling genes of the Wnt, Fgf, TGF-8, and Notch signaling pathways.
This chapter will focus on the genetic aspects related to the incidence of spo-
radic and familial SDV syndromes. Congenital vertebral malformations encompass
defects that might arise in segmentation, leading to segmentation defects of the
vertebrae (SDV), as well as later embryological disruptions in sclerotomal reseg-
mentation and fusion. Recent developments in the understanding of the genetic
etiology of syndromic and nonsyndromic vertebral malformation syndromes will
be discussed. In addition, potential genetic mechanisms underlying the etiology
of idiopathic scoliosis and the genetic inter-relationships between congenital and
idiopathic scoliosis will be examined.

SDV in humans represents a significant health problem that may cause kyphosis
and/or scoliosis, resulting in back and neck pain, disability, cosmetic disfigurement,
and functional distress. Although estimates indicate a prevalence of approximately
0.5-1/1000, the true incidence of vertebral malformations is unknown (Shands and
Eisberg 1955, Wynne-Davies 1975, McMaster and Ohtsuka 1982, McMaster and
Singh 1999).

Sporadically Occurring SDV Syndromes

Vertebral malformations may represent an isolated finding, occur in association
with other renal, cardiac, or spinal cord malformations, or occur as part of an
underlying chromosome abnormality or syndrome at an estimated frequency of
30-60% (Jaskwhich et al. 2000). Several commonly encountered or known syn-
dromes associated with SDV are described in detail below.

Some commonly occurring syndromes are as follows.

Alagille Syndrome

Alagille syndrome includes facial dysmorphology characterized by a broad fore-
head and deeply set eyes, bile duct abnormalities, pulmonic stenosis, and vertebral
malformations (Alagille et al. 1975). The principal features of Alagille syndrome
include bile duct paucity and abnormalities of the heart, eye, kidney, pancreas, skele-
ton, and facial dysmorphism (Alagille et al. 1975). Pulmonic stenosis is the most
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common cardiac abnormality (Emerick et al. 1999). Facial features may include a
broad forehead with deeply set eyes, moderate hypertelorism, a straight or saddle-
shaped nose with a broadened nasal tip and pointed chin (Kamath et al. 2002).
Ophthalmologic abnormalities commonly include anterior chamber defects such as
Axenfeld anomaly, Reiger anomaly, and retinal pigment changes and the persistence
of posterior embryotoxon (Hingorani et al. 1999). Butterfly vertebral anomalies
appearing as vertebral clefts are observed in 22.8% of affected individuals and
represent errors in somitogenesis.

Inheritance is autosomal dominant due to haploinsufficiency (Alagille et al.
1975). JAGI mutations have been identified in approximately 70% of patients with
Alagille syndrome(Colliton et al. 2001). Mutations in NOTCH2, a second gene,
have been observed in patients with Alagille syndrome with severe renal mani-
festations (McDaniell et al. 2006). These mutations include small and entire gene
deletions, nonsense, missense, truncating, and splicing mutations. As a ligand of
the Notch receptor, JAG! plays a central role in developmental regulation. Notch
undergoes proteolysis following ligand binding and releases a C-terminal fragment
that translocates to the nucleus, resulting in target gene transcription. The observa-
tion that double heterozygous mice for Jag/ null allele and a Notch2 hypomorphic
allele show phenotypic abnormalities consistent with Alagille syndrome supports
interaction between Jaggedl and Notch2 (Xue et al. 1999).

Klippel-Feil Anomaly

Klippel-Feil is defined by the presence of cervical vertebral fusion abnormali-
ties (Samartzis et al. 2006). First reported in 1894 (Hutchinson 1894), followed
by Klippel and Feil’s description of a French tailor with massive cervical fusion
who died of renal disease (Klippel and Feil 1912), Klippel-Feil anomaly, some-
times classified as a syndrome, is a disorder of the cervical spine characterized
by faulty segmentation of vertebrae in the cervical region of the spinal column.
While the majority of cases represent sporadic occurrences within a particular
family, autosomal dominant, autosomal recessive, and X-linked forms of Klippel—
Feil anomaly have been reported (Klippel and Feil 1912, Feil 1919, Hensinger
and MacEwen 1982, Clarke et al. 1998, Manaligod et al. 1999, Samartzis et al.
2006). Additional multi-organ system malformations, including neural tube defects,
thoracic cage abnormalities, pulmonary, cardiovascular, other skeletal anomalies,
genitourinary abnormalities, myopathy, neuropathy, and cognitive disorders, may
occur in association with Klippel-Feil anomaly (reviewed in Tracy et al. 2004).

A pericentric inversion inv(8)(q22.2q22.3) segregating in a four generation fam-
ily with affected members with Klippel-Feil anomaly (Clarke et al. 1995) has led
to the identification of mutations in GDF6, a member of the BMP family, in famil-
ial and sporadic cases of Klippel-Feil anomaly. In a three-generation family with
autosomal dominant Klippel-Feil anomaly, a missense mutation in ¢.746C > A
(p-A249E) was identified (Tassabehji et al. 2008). In addition, a recurrent muta-
tion in a highly conserved residue c.866T > C (p.L289P) of GDF6 was identified
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in 2 of 121 sporadic cases of Klippel-Feil anomaly (Tassabehji et al. 2008). The
sporadic cases included a female fetus with multiple vertebral segmentation abnor-
malities encompassing the entire spine, Arnold Chiari malformation, and rocker
bottom feet. Genetic heterogeneity for Klippel-Feil anomaly is supported by the
occurrence of GDF6 mutations in only 2 of 121 patients studied. The understanding
of disease transmission and clinical impact is enhanced by the availability of cases
representing both familial and sporadic occurrences.

There is evidence that mutations in the PAX/ gene contributes to the occur-
rence of Klippel-Feil anomaly (McGaughran et al. 2003). Pax! is expressed in the
sclerotome, which gives rise to the vertebrae and ribs. The identification of Pax/
mutations in the mouse undulated provides evidence that sclerotome condensation
is a PaxI-dependent process (Dietrich and Gruss 1995). Medial sclerotome con-
densation fails to occur at the lumbosacral level in the mouse mutant undulated,
thus preventing formation of intervertebral discs and vertebral bodies. Mutations
in PAX1 were identified in 3 of 63 patients diagnosed with Klippel-Feil anomaly.
One of these patients, and the asymptomatic mother of the patient revealed a
(CCC > GCC; 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 penetrance could be postulated if this
mutation promotes causation.

Hemifacial Microsomia (Oculo-Auriculo-Vertebral Spectrum)

The spectrum of oculo-auriculo-vertebral spectrum (OAVS) includes craniofacial
abnormalities, ear, ocular, cardiac, skeletal, and renal malformations (Rollnick et al.
1987). In most instances, hemifacial microsomia and Goldenhar syndrome represent
sporadic occurrences within a particular family, although autosomal dominant and
recessive inheritance has been reported (Burck 1983, Stoll et al. 1998). Presently,
no locus for OAVS has been identified and a vascular disruption hypothesis has
been proposed (Poswillo 1973). Evidence for an epigenetic cause for OAVS has
been identified in a patient with 46,XX,t(4:8)(p15.3;q24.1) with the breakpoint on
chromosome 4 close to the BAPXI gene (Fischer et al. 2006). BAPXI, a mem-
ber of the NK2 class of homeobox genes, is an early marker of chondrogenesis
and is expressed initially in the posterior foregut at E8.0 in the mouse embryo
(Tribioli et al. 1997, Yoshiura and Murray 1997). BapxI expression is restricted
to the sclerotomal region of the somite which gives rise to the axial skeleton. This
is followed by a further expression domain at stage E9.5 within the inferior por-
tion of the first branchial arch ultimately expanding into developing structures of
the craniofacial skeleton by E10.5. At E16.5 Bapx1 is expressed in the axial skele-
ton and in a discrete domain within the mandibular component (Meckel’s cartilage)
of the first branchial arch. Although no mutation in BAPX was identified following
DNA sequence analysis in 105 patients, strong allelic expression imbalance (Fischer
2006) was observed in fibroblast cultures of 5 of 12 patients and was absent in
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9 control fibroblast cultures. Treatment with the histone deacetylase inhibitor tri-
chostatin A resulted in reactivation of the downregulated allele, suggesting that
histone acetylation is important for development of the first and second branchial
arch derivatives. Additionally, the sAEI allele was found only in parents and their
relatives, suggesting that the SAEI allele predisposes to OAVS.

VACTERL Syndrome

VACTERL (defined by the presence of three or more of the following, Vertebral,
Anal atresia, Cardiac, TracheoEsophageal fistula, Renal, Limb anomalies) syndrome
(Botto et al. 1997) is a condition which usually represents a sporadic occurrence
within a given family.

Genetic etiologies have been considered for the VACTERL syndrome, which
almost always occurs sporadically. A patient with omphalocele and VACTERL-
related multiple congenital anomalies, including tracheoesophageal atresia, duo-
denal atresia, patent ductus arteriosus, right renal agenesis, and limb anomalies
of the right hand and fingers, was found to harbor a 3-nucleotide deletion in the
3’UTR region of the PITX2 gene, a member of the paired-type bicoid-related
homeobox-containing proteins (Katz et al. 2004). Evidence for respiratory chain
defects has been identified in two patients with VACTERL syndrome. The first
patient exhibited esophageal atresia, vertebral and rib anomalies, a radial ray defect,
liver dysfunction characterized by elevated lactate, and episodes of hypoglycemia
and was ultimately found to have complex IV respiratory chain deficiency (Thauvin-
Robinet et al. 2006). A 3243G point mutation was also identified in a second patient
with VACTERL syndrome. These observations provide evidence for contributions
of both patterning and antenatal respiratory chain defects to the development of
VACTERL syndrome, both consistent with sporadic occurrence.

A de novo 21-base pair heterozygous deletion (c.163_183del) resulting in
removal of seven alanines (AS55_A6ldel) from the polyalanine tract of the
HOXDI13 gene was identified in a 17-year-old female with clinical features of
VACTERL syndrome including imperforate anus, tetralogy of Fallot, hydronephro-
sis, and hydroureters resulting from bilateral vesicoureteric reflux (Garcia-Barcelo
et al. 2008). The patient also had fusion of the distal interphalangeal joints of
the fourth and fifth toes. Since HOXDI3 is a sonic hedgehog gene target during
gastrointestinal development and mutations in HOXD13 are associated with limb
abnormalities, HOXD13 is strong candidate gene for VACTERL syndrome.

Currarino Syndrome

The triad of sacral formation defect, hindgut malformation, and a presacral mass
consisting of an anterior meningocele, teratoma, rectal duplication, or a combination
of these is termed “Currarino syndrome” (Currarino et al. 1981). The first sacral
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vertebrae is intact (“sickle-cell sacrum’) with sacral agenesis below S2. Currarino
syndrome is caused by mutations in the HLXB9 gene (Ross et al. 1998, Belloni et al.
2000). This gene encodes a transcription factor, HB9 protein, which belongs to the
Mnx-class homebox genes (Ross et al. 1998) encoding proneuronal basic helix—
loop—helix (bHLH) proteins such as Ngn2, NeuroM, and LIM domain proteins such
as Isll, Lhx3, and Lhx4 (Lee and Pfaff 2003, Lee et al. 2004, Nakano et al. 2005).
It is noteworthy that 2 of 26 patients with HLXB9 mutations identified in one series
did not display sacral agenesis (Crétolle et al., 2008).

Because of the complexity of the development of the caudal end of the
embryo, sacral agenesis is rarely isolated (Pang 1993). Other syndromic associa-
tions of sacral agenesis include the OEIS complex (Omphalocele, cloacal Exstrophy,
Imperforate anus, and Spinal deformities), VACTERL syndrome (Harlow et al.
1995). Partial or total absence of the sacrum is associated with diabetic embry-
opathy (Blumel et al. 1959). In a series of 48 cases with caudal regression
syndrome, no mutations in HLXB9 were identified, suggesting that other genes
and/or environmental factors are involved in its pathogenesis (Merello et al.
2006).

Teratogens: A Significant Etiologic Factor in the Development
of SDV

The influence of various teratogens on the expression of genes associated with verte-
bral development has not been well studied. One possible model for the development
of SDV is multifactorial and may reflect underlying genetic alterations in maternal
and/or fetal genes associated with vertebral development. An understanding of the
possible environmental impact on vertebral development may help to provide more
complete genetic counseling for families.

The occurrence of SDV in humans has been reported in association with alcohol
(Tredwell et al. 1982), anticonvulsant medications including valproic acid (Band
et al. 2002) and dilantin (Hanold 1986), hyperthermia (Edwards 1986), and mater-
nal insulin-dependent diabetes mellitus (Ewart-Toland et al. 2000). The association
of spinal cord anomalies in humans and neural tube defects in mice with congenital
scoliosis, which will be described in this chapter, raises the possibility that sim-
ilar etiological mechanisms underlie development of these malformations in both
species. Folic acid use has been associated with the prevention of neural tube defects
(Lewis et al. 1998). Further studies are required to determine the impact of antenatal
folic acid use on development of SDV.

An association of vertebral malformations was reported in Sprague-Dawley rat
fetuses exposed to I(Kr)-blockers (class III antiarrhythmic agent) in utero (Skold
et al. 2001). The proposed teratogenic mechanism postulates that vertebral mal-
formation is mediated by a temporary induction of hypoxia and reoxygenation
injury via the induction of embryonic cardiac arrhythmia. Alteration of pattern-
ing gene expression in homeobox genes and sonic hedgehog has been observed in
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conjunction with maternal exposures to carbon monoxide (Farley et al. 2001) and
boric acid (Wéry et al. 2003).

Fumonisins, environmental toxins produced by molds Fusarium moniliforme
(F. verticillioides) F. proliferatum and other Fusarium species, have been asso-
ciated with decreased ossification of vertebral bodies in newborn rats whose
mothers were injected with purified fumonisins B1 (Lebepe-Mazur et al. 1995).
Severe vertebral anomalies have been observed in pregnant rats who were fed a
zinc-deficient diet from days 3-15 of gestation (Hickory et al. 1979). Absence
of thoracic and caudal vertebrae in mice has been associated with exposure to
chlorpyrifos, an organophosphate pesticide, during pregnancy (Tian et al. 2005).
Vertebral deformities and abnormal mechanical vertebral properties have been asso-
ciated with exposure of juvenile fourhorn sculpin, Myoxocephalus quadricornis
L. to tetrachloro-1,2-benzoquinone, a component in bleached kraft mill effluents
(Bengtsson et al. 1988).

Overview of the Types of Inheritance Patterns Associated with
SDVs and Methodologies Used to Identify Mutations in Vertebral
Malformation Syndrome Genes

Autosomal recessive inheritance patterns have been reported in spondylocostal
dysostosis (described further in Chapter 5) and spondylothoracic dysostosis (STD).
Most isolated SDVs and SDVs associated with syndromes represent a sporadic
occurrence within a particular family and little information has been obtained
regarding their underlying genetic mechanism. Traditional patterns of Mendelian
inheritance have been noted in some families with SDV. A large family was
identified with many members affected with Klippel-Feil syndrome-associated
anomalies displaying an autosomal dominant pattern of inheritance (Clarke et al.
1995). Cytogenetic analysis demonstrated the presence of a paracentric inversion
inv(8)(q22.2q23.3) segregating in those individuals with phenotypic manifesta-
tions of Klippel-Feil syndrome (Tassabehji et al. 2008). This information was
subsequently used to identify mutations in GDF6 in both sporadic and familial
cases of Klippel-Feil syndrome. Additional cytogenetic evidence for loci con-
tributing to the development of SDVs includes the observation of additional
chromosomal rearrangements, including de novo balanced reciprocal transloca-
tion — t(5;17)(q11.2;q23) (Fukushima et al. 1995), de novo pericentric inversion
inv(2)(p12q34) (Papagrigorakis et al. 2003), and translocation — t(5;8)(q35.1;p21.1)
(Goto et al. 2006). Traditional linkage methodologies utilizing single nucleotide
polymorphisms (SNP) or short tandem repeat polymorphisms (STRPs) may be uti-
lized if large families with SDVs are encountered and cytogenetic etiologies have
been eliminated.

Spine development occurs through a harmonic convergence of multiple path-
ways and several dozen genes. It is likely that mutations in genes in the FGF, WNT,
and NOTCH signaling pathways are present in many of the genes in these path-
ways and have been detected through DNA sequencing methodologies. Phenotypic
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and genetic heterogeneity represent challenges in elucidating the sequence variation
which potentially contributes to the pathogenesis of SDVs. The utilization of a can-
didate gene approach to identify mutations contributing to SDVs assumes that SDVs
have a similar genetic etiology in humans as compared to other species. However,
overlapping functions among genes in pathways which potentially contribute to ver-
tebral malformation are likely and would result in several possible genetic etiologies
for a particular vertebral malformation. It is also difficult to identify large cohorts of
patients to study who have the same or similar types of SDVs in order to rigorously
examine association of a mutation in a particular gene with a specific type of SDV.

Array-based comparative genomic hybridization (CGH) is a technique that was
developed in order to determine alterations in dosage distribution of small DNA
segments throughout the entire genome (Pinkel et al. 1998). There are many
human diseases which are associated with genes in which there are copy num-
ber changes including Charcot—-Marie-Tooth type 1A (PMP22), Smith—-Magenis
syndrome (RAII, PLPI), Pelizacus—Merzbacher syndrome (PLPI), spinal muscu-
lar atrophy (SMNI), and Rett syndrome (MECP2) (Cohen 2007). Examples of
such conditions which were rarely detected prior to the advent of CGH arrays
include Albright osteodystrophy-like syndrome due to del2q37 (Phelan et al. 1995)
and Phelan-McDermid syndrome due to microdeletion 22q11.3 (Phelan 2008).
Array-based CGH has also successfully identified a major gene, CHD7, which is
responsible for CHARGE syndrome, a multiple congenital anomaly (MCA) syn-
drome that is defined by Coloboma of the eye, Heart defects, Atresia of the choanae,
Retardation of growth and/or development, Genital and/or urinary abnormalities,
and Ear abnormalities (Vissers et al. 2004). Array-based CGH has the advantage of
being able to identify regions of microaneuploidy associated with vertebral mal-
formations across the entire genome, instead of limited exploration of only one
focused region. Because etiology of SDV is heterogeneous as documented by pre-
liminary CGH data presented herein and may involve multiple genetic defects, many
of which remain to be identified, this approach represents an excellent screening tool
for defining additional loci that may harbor genetic defects that underlie etiology of
these disorders, although it may lack power to identify a single candidate gene.

Traditional linkage analysis is not a viable approach to identify causative genes
since isolated SDV most often represents a sporadic occurrence within a particu-
lar family. Candidate gene analyses offer a reasonable alternative method of study.
Using mouse—human synteny analysis, 27 eligible loci, 21 of which cause vertebral
malformations in the mouse, have been identified (Giampietro et al. 1998, 2003).
In a phenotypically well-defined cohort of patients with SDV six candidate genes
extrapolated from murine models have been chosen for analysis (Ghebranious et al.
2006, Ghebranious et al. 2007, Ghebranious et al. 2008, Giampietro et al. 2005,
Giampietro et al. 2006). The vertebral malformations represented among this cohort
spanned the entire length of the spine and are described in greater detail in a prior
communication (Giampietro et al. 2005).

These genes were explored in a cohort of patients with isolated, sporadi-
cally occurring vertebral malformations: (1) PAXI, a patterning gene involved in
sclerotome formation and differentiation, (2) WNT3A, a major gene essential to seg-
mentation which regulates WNT signaling (Ghebranious et al., 2007), (3) DLL3,
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is a ligand of Notch which inhibits signaling (Ladi et al. J Cell Biol 2003), (4)
SLC35A3, which underlies complex vertebral malformation syndrome in cattle
(Thomsen et al., 2006), (5) T(brachyury) (also known as T), a transcription factor
essential to mesodermal development (Kispert and Herrmann 1994), and (6) TBX6
(Watabe-Rudolph et al. 2002). Potentially pathogenic DNA sequence variants and
corresponding phenotypic information are summarized in Table 7.1.

The ¢.1013C > T variant of the T gene, which encodes for the A338V amino
acid substitution, displays the most compelling evidence of pathogenicity because
of its statistically significant association with SDV (P = 9.87 x 107%), its pres-
ence in three unrelated individuals, its absence in a large reference population
and evolutionary conservation in a large reference population (Ghebranious et al.
2008). This variant lies within the second transactivation domain (Ghebranious et al.
2008). The vertebral malformation phenotypes differed among the patients and in
each family, and notably the phenotypically unaffected parent also harbored the
mutant allele (Ghebranious et al. 2008). The ¢.1013C > T variant has also been
reported in a patient with sacral agenesis and a clinically unaffected parent, pro-
viding further evidence for a function of 7 in vertebral morphogenesis (Papapetrou
et al. 1999).

Consistent with the expression of T throughout the notochord, 7 mutations in
mice affect not only the tail, but also more anterior vertebral segments (Searle 1966,
Park et al. 1989), spinal cord (Park et al. 1989, Bogani et al. 2004), genitourinary
system (Park et al. 1989, Lyon 1996), and heart (Chesley 1935, Abe et al. 2000).
While some investigators have reported an association between a C to T transition in
intron 7 of T and increased risk of neural tube defects (Morrison et al. 1996, Jensen
et al. 2004), this finding has not been uniformly reproduced (Shields et al. 2000,

Table 7.1 Potentially pathogenic DNA sequence variants associated with SDV. Reprinted with
permission: Giampietro et al. (2008). Molecular diagnosis of vertebral segmentation disorders in
humans. Expert Opin. Med. Diagn. 2, 1107-1121

Gene Phenotypic features DNA Amino acid Frequency
PAX1 T 11 wedge c.1229C>T Pro410Leu 1/170
Multiple thoracic and c.1238C>T Pro413Leu 6/2312
lumbar SDVs, VSD,
polydactyly
DLL3 T5-T6 block, VACTERL c.805G > A Gly269Arg 0/174
WNT3A Supernumerary c.400G > A Alal34Thr 3/890
hemivertebra between
T12 and L1
SLC35A3 None
TBX6 None
T Sacral agenesis c.1013C>T A338V 0/886
T Klippel-Feil
T Multiple cervical and
thoracic vertebral
malformations

SDV, segmental defects of vertebrae; VSD, ventricular septal defect.
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Richter et al. 2002, Speer et al. 2002). Mutant 7 phenotypes should be broadened to
include neural tube defects, as well as SDV. The lack of phenotypic expression in
the parents harboring the ¢.1013C > T mutation and the observation that most SDVs
represent a sporadic occurrence could be explained by a “multi-hit” kinetic hypoth-
esis for SDV (Knudson 1971). The second event could be environmentally mediated
or represent an epigenetic alteration. This hypothesis is supported by the observation
that homozygous mutations in Sp5, a novel mouse gene that codes for a Cys2His2
zinc finger DNA-binding protein of the Spl class, result in increased phenotypic
severity of T/—, whereas no Sp5-targeted homozygous mutant mice show no skeletal
abnormalities (Harrison et al. 2000). Decreased T function would enable phenotypic
expression of mutations in other genes active during somitogenesis, which would
normally be buffered by normal T protein.

Many genetic syndromes associated with idiopathic scoliosis result in connective
tissue alteration or a neuromuscular basis for spinal curvature. Although various
loci have been identified for idiopathic scoliosis, very few susceptibility genes for
the development of idiopathic scoliosis are presently known. It is probable that
abnormalities in the development and postnatal maintenance of the extracellular
matrix underlie development of idiopathic scoliosis. Below we examine several
representative syndromes associated with scoliosis which have a connective tis-
sue, neuromuscular, or mixed etiology. These syndromes may provide clues to its
pathogenesis.

Marfan syndrome, Ehlers—Danlos syndrome, spondylocarpotarsal syndrome, and
Stickler syndrome are disorders of connective tissue which are associated with sco-
liosis. Despite the identification of molecular defects in these conditions, mutations
in these genes have not been identified as playing a significant role in understanding
the pathogenesis of idiopathic scoliosis.

However, these conditions remain important to discuss since their elucidation
has led to a better understanding of the extracellular matrix, and can lead to appli-
cations essential for the understanding of idiopathic scoliosis. The potential role in
for fibronectin in congenital scoliosis will also be discussed.

Marfan Syndrome

Marfan syndrome is an autosomal dominant pleiotropic disorder of connective
tissue caused by fibrillin-1 mutations (Dietz et al. 1991). Aortic root dilatation,
which can lead to aortic dissection, ectopia lentis, and dural ectasia, represent
the major clinical findings observed in Marfan syndrome. Marfan syndrome has
an estimated incidence in the general population of 2-3/10,000 (Pyeritz and
McKusick 1979). Representing a single major diagnostic criteria, skeletal features
can collectively include increased height and arm span, anterior chest defor-
mity, joint laxity, pes planus, arachnodactyly, scoliosis, lordosis, dental crowding,
and hammer toes. Craniofacial features associated with Marfan syndrome include
malar hypoplasia, downslanting palpebral fissures, enophthalmos, and retrognathia
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(De Paepe et al. 1996). Spontaneous pneumothorax can be an initial presenting fea-
ture of Marfan syndrome. Striae atrophicae and inguinal hernia represent minor
features observed in individuals with Marfan syndrome. The prolonged survival
of patients with Marfan syndrome, attributable to improved cardiac treatment, has
revealed a number of non-cardiac health issues, including musculoskeletal concerns
that may affect quality of life (Shores et al. 1994).

A deficiency of fibrillin-1 is postulated to alter the sequestration of the large latent
TGF-B complex increasing its susceptibility for activation, thus contributing to the
disease pathogenesis (Neptune et al. 2003). Fibrillin-1, a large molecular weight
(350 kDa) glycoprotein, is an important component of the microfibrils which form
the elastic fibers (Fig. 7.1).

Linkage analysis of FBNI, elastin, and COLIA2 was performed in 11 families
including 96 individuals in which adolescent idiopathic scoliosis segregated as an
autosomal dominant condition (Miller et al. 1996). These loci were excluded as
candidates for adolescent idiopathic scoliosis and were in agreement with prior
data indicating that there was no deficiency in fibrillin incorporation in fibroblasts
obtained from scoliotic patients.

Fibrill
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Fig. 7.1 Fibrillin-1 is translated from an mRNA encoded by the FBNI gene on chromosome 15.
The protein is processed and secreted and then forms microfibrils in the matrix in association with
other extracellular molecules. Microfibrils may function alone or form the basis of elastic fibers
following deposition of elastin. Among molecules that are associated with fibrillin-1 is LTBP-1, a
binding protein for the latent form of TGF-B. TGF-f is expressed as a precursor, which is cleaved
to make the active form, but the two peptides remain associated and are then bound by a separate
protein, LTBP-1. This complex, known as a large latent complex (LLC) is bound to elements of
the extracellular matrix, including fibrillin-1 and other fibrils, and TGF-f is released in response
to environmental and molecular signals. Expression of only half the normal amount of wild-type
fibrillin-1 causes global impairment in the deposition of microfibrils. This could have dramatic
effects on tissue structure and function (reprinted with permission: Byers (2004). Determination of
the molecular basis of Marfan syndrome: a growth industry. J. Clin. Invest. 114:161-163)
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Ehlers-Danlos Syndrome

The Ehlers—Danlos syndromes are a group of hereditary connective tissue disorders
which are characterized by tissue fragility of the skin, ligaments, internal organs,
and blood vessels. The estimated prevalence is approximately 1 in 5000 (Steinmann
et al. 2002). Recent classification for Ehlers—Danlos syndrome has resulted in 10
clinical subtypes for it (Callewaert et al. 2008). Four subtypes in which scoliosis is
an important clinical feature are described in Table 7.2, which lists some commonly
encountered forms of Ehlers—Danlos syndrome for which scoliosis is a significant
component.

Table 7.2 Some commonly encountered forms of Ehlers—Danlos syndrome associated with
scoliosis

Biochemical
consequence of gene
Clinical subtype  Clinical manifestations Associated mutation  defect

Classic (AD) Skin hyperextensibility;  COL5A1, COL5A2 Type V collagen
wide, atrophic scar; (Malfait et al. functionally deficient.
easy bruising; 2006) Type V collagen
molluscoid co-assembles with
pseudotumors; type I collagen and
complications of joint regulates collagen
hypermobility fibril diameter
“Classic-like” Skin hyperextensibility; ~ Homozygous or Complete tenascin-X
(AR) easy bruising; joint compound deficiency.
hypermobility; heterozygous Tenascin-X is a large
complications of joint mutations in extracellular matrix
hypermobility TNX-B protein which is
(Schalkwijk et al. thought to play a role
2001) in collagen deposition
by dermal fibroblasts
Hypermobility Generalized joint TNX-B non ~50% normal tenascin
(AD) hypermobility; mild functional allele; synthesized;
skin involvement; missense mutation tenascin-X
multiple joint in TNX-B; structurally altered.
dislocations; chronic COLS5AI Type V procollagen
joint pain non-functional functionally deficient
allele (Zweers
et al. 2003)
Kyphoscoliotic Kyphoscoliosis at birth; ~ Homozygous or Deficiency of lysyl
(AR) scleral fragility and compound hydroxylase I which
rupture of globe; heterozygous is required for
atrophic scar; easy mutations in LH-1 hydroxylation of
bruising; Marfanoid (PLODI) specific lysine
habitus; arterial (Yeowell and residues to

rupture Walker 2000) hydroxylysines
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Given the important role the genes associated with these forms of Ehlers—Danlos
syndrome play in the synthesis and maintenance of connective tissue, it is reasonable
to postulate that they could contribute to the pathogenesis of idiopathic scoliosis.

Spondylocarpotarsal Syndrome

Spondylocarpotarsal syndrome is an autosomal recessive condition in which the
salient features include short stature, vertebral, carpal, and tarsal fusions (Steiner
et al. 2000, Honeywell et al. 2002). Nonsense mutations in filamin B (FLNB) have
been associated with spondylocarpotarsal syndrome (Krakow et al. 2004). In addi-
tion, FLNB mutations have been associated with Larsen syndrome, atelosteogenesis
I and 11, and boomerang dysplasia (Krakow et al. 2004, Bicknell et al., 2005).

In mice, filamin B was present at the fetal femur growth plate. In proliferating
chondrocytes, filamin B was concentrated at the cleavage region between divid-
ing chondrocytes. Filamin B is also localized to the cartilaginous condensations
of developing vertebrae. Filamins bind actin and stabilize the actin cytoskeleton,
link the actin network with cellular membranes and mediate interactions between
actin and transmembrane receptors (Stossel et al. 2001). They are dimerized struc-
tures which are associated at their carboxyl terminal region (Weihing 1985). The
description of a case of an affected mother and son in the absence of a FLNB
mutation provides evidence for an autosomal dominant form of this condition and
genetic heterogeneity of this condition (Isidor et al. 2008). Presently no association
between FLNB and idiopathic scoliosis has been shown, although given its presence
in vertebral bodies the potential for this cannot be excluded.

Stickler Syndrome

Stickler syndrome, or hereditary arthro-ophthalmopathy, is an autosomal dominant
connective tissue disorder which is associated with orofacial clefting, ocular, and
musculoskeletal pathology. The condition occurs with a frequency of approximately
1 in 10,000 (Herrmann et al. 1975). Pierre Robin sequence or cleft palate may be
present. Ocular findings include myopia which can progress to retinal detachment
(Liberfarb et al. 2003). Type 1 Stickler syndrome is characterized by a vestigial gel
remnant occupying the anterior vitreous cavity, which extends in a thin sheet over
the pars plana and anterior retina (Snead et al. 1996a). Type 2 Stickler syndrome
has abnormal vitreous architecture which is distributed throughout the posterior seg-
ment (Snead et al. 1996b). High frequency mixed and sensorineural hearing loss is
a feature of Stickler syndrome (Liberfarb et al. 2003). Scoliosis occurs with a fre-
quency of approximately 34% (Rose et al. 2001). Vertebral endplate abnormalities
include sclerosis, Schmorl’s nodes, platyspondyly, anterior spurring, Scheuermann-
like kyphosis, disc space narrowing, and anterior cystic changes. Stickler syndrome
type 1 is caused by mutations in COL2A 1 and type 2 by mutations in COLI1A1 and
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COL11A2. The fibrillar collagen mutations in COL2A1, COLI11A1, and COLI1A2
are thought to result in malformation and progressive weakening of intervertebral
disks and vertebral endplates. Abnormal chondrification or endochondral ossifica-
tion during development is hypothesized to result in vertebral anomalies, scoliosis,
and kyphosis (Francomano et al. 1987).

Fibronectin

Fibronectin is an extracellular matrix glycoprotein, which is expressed at the sites
of bone formation and is essential for osteoblast formation. Fibronectin polymer-
ization mediated by direct interactions with integrins is necessary for collagen
fibril assembly in the extracellular matrix (Kadler et al. 2008). Presently there is
no role for fibronectin associated with the development of scoliosis in humans.
Transgenic mice, in which fibronectin is deleted in the osteoblast lineage, exhibit
vertebral deformities resembling scoliosis including fusions, hemivertebrae, block
vertebrae and disorders of segmentation. Tail deformities ranged from involvement
of a single vertebra to all tail vertebrae. Fibronectin deficiency was associated with
decreased concentration of two extracellular matrix type proteins, including type 1
collagen and fibrillin-1 (Chen et al. 2008). In addition, decreased BMP signaling
was observed in osteoblasts. Fibronectin is localized at somite boundaries. Potential
roles for fibronectin in the development of scoliosis could include disruption of
extracellular matrix formation and alterations in axial skeletal patterning, resulting
in idiopathic and congenital scoliosis. Additional evidence in humans and animal
models is needed to further evaluate this hypothesis.

Prader-—Willi Syndrome

For the purpose of this review, Prader—Willi syndrome may be viewed as a
prototypic chromosomal syndrome where scoliosis is a significant component.
Prader—Willi syndrome, occurring with a frequency of 1 in 25,000 live births, is
characterized by neonatal hypotonia, failure to thrive, hyperphagia, morbid obesity,
short stature, learning, and behavior problems (Prader et al. 1956). Diagnostic cri-
teria for Prader—Willi syndrome have been established by Holm et al. (1993). In
approximately 75% of affected individuals, Prader—Willi syndrome is caused by
a small deletion in paternally derived chromosome 15q11-15q13. Approximately
20% of affected individuals with Prader—Willi syndrome have uniparental disomy
for chromosome 15 and less than 5% of affected individuals have an imprint-
ing defect in the imprinting center localized within 15q11—-ql3, also referred to
as the Prader—Willi/Angelman syndrome region since Prader—Willi syndrome and
Angelman syndrome share the same chromosome 15q11 region. The genetics of
Prader—Willi syndrome is complex and the reader may be referred to more detailed
reviews of the subject (Cassidy and Driscoll 2009).
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Scoliosis is observed with an estimated overall frequency of 43.4% in Prader—
Willi syndrome with a prevalence of 70% at skeletal maturity (Odent et al. 2008).
Twenty-four of the 63 scoliotic patients required bracing and 16 patients required
surgical treatment. The development of scoliosis in Prader—Willi syndrome appears
to have a multifactorial causation with risk factors including hypotonia of paraver-
tebral musculature, obesity, and growth hormone treatment. There are several genes
which are usually expressed on the paternally derived chromosome 15, which are
inactivated in patients with Prader—Willi syndrome. SNRPN (small nuclear ribonu-
cleoprotein N) is expressed predominately in the brain (Ozgelik et al. 1992). The
remaining genes in the Prader—Willi syndrome/Angelman syndrome region include
MKRN3, MAGEL2, and NECDIN. In addition, there are five repetitious snoRNA
genes (HBII-436, HBII-13, HBII-438, HBII-85, and HBII-52) and the antisense tran-
script to UBE3A, a gene associated with major phenotypic features in Angelman
syndrome. It is uncertain how these gene(s) may contribute to the pathogenesis of
scoliosis.

Neuromuscular and Neurogenic Etiologies

Scoliosis is a feature associated with muscular dystrophies (Do 2002). The genetic
etiologies are heterogeneous and reflect the metabolism and architecture of the
muscle unit. Candidate gene approaches have been utilized to identify genes
associated with muscle development which could potentially contribute to idio-
pathic scoliosis. One such example is SNTGI. This gene encodes y1-syntropin, a
dystrophin-associated protein occurring in muscle cells and in Purkinje neurons
in the cerebellum, and has been studied as a candidate gene in a family in which
a pericentric inversion involving chromosome 8 segregates with idiopathic scolio-
sis. A 6-bp deletion immediately adjacent to the 3’ exon 10 was observed in 5 of
7 affected individuals in this family and O of 480 control chromosomes. Despite
the discordant segregation of this mutation with affected family members, SNTG1
remains a candidate gene for idiopathic scoliosis (Bashiardes et al. 2004).

Using limb girdle muscular dystrophy 2A, an autosomal recessive disorder
caused by mutations in calpain 3 (CAPN3), a calcium-dependent cystein muscle-
specific protease, as a model, RNA expression profiling in muscle biopsies from
affected patients was compared to controls in order to identify genes with altered
expression (Sdenz et al. 2008). Genes associated with extracellular matrix develop-
ment including collagen type I and III and cell adhesion proteins such as fibronectin,
CD9, and CD44 were upregulated. This pattern of increased expression is due to
fibrotic infiltration of muscle cells. Several genes associated with muscle develop-
ment were upregulated. These include (1) myosin, heavy chain 3, skeletal muscle,
embryonic (MYH3), (2) myosin light chain 1 slow A (MLCI1SA), a transcriptional
regulator, which is expressed in slow-twitch skeletal muscle and non-muscle tis-
sue and promotes muscle cell proliferation, (3) insulin-like growth factor (IGF)-1,
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which has been implicated in gene expression control in cell differentiation, prolif-
eration, and degradation. IGF-1 also has anabolic effects on muscle cells mediated
by its receptor, a tyrosine kinase activated upon IGF-1 binding ultimately resulting
in increased protein synthesis (Baldwin and Haddad 2002, Marotta et al. 2007). The
upregulation of frizzled-related protein (FRZB) suggests altered B-catenin regula-
tion is altered at the level of the Wnt signaling pathway, resulting in alteration in
myogenesis. Although these expression alterations were observed in muscle cells, it
remains open to further investigation as to what, if any, effects these changes have
on spinal curvature in the patient with idiopathic scoliosis.

Smith—Magenis Syndrome

Scoliosis may occur in Smith—-Magenis syndrome due to alterations in vertebral
morphogenesis or other mechanisms that may alter spinal curvature.
Smith—Magenis syndrome is a contiguous gene disorder which results from an
interstitial deletion of chromosome 17p11.2 and is associated with a characteris-
tic facial appearance including brachycephaly, broadening of the jaw, tenting of
the lips, downturned mouth, and mid-facial hypoplasia (Fig. 7.2a). Additional fea-
tures include a high-pitched voice and pes planus or pes cavus (Greenberg et al.
1991, Greenberg et al. 1996). Children with Smith-Magenis syndrome exhibit
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Fig. 7.2 (a) Male child with Smith—-Magenis syndrome. Facial features include mild mid-facial
hypoplasia, deeply set, upslanting palpebral fissures, tenting of the upper lip. (b) Scoliosis
is evident on posterior view. Photographs courtesy of Ann C.M. Smith M.A. D.Sc. (hon),
NHGRI/NIH
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developmental delay/mental retardation and unique complex phenotypic behaviors
characterized by nail yanking and polyembolokoilamania or insertions of objects
into body orifices (Smith et al. 1998). Other behavioral problems include impul-
sivity, aggression, hyperactivity, distractibility, and sleep disturbances (Smith et al.
1998). It is noteworthy that scoliosis occurs with a frequency of approximately 60%
in patients with Smith—-Magenis syndrome (Greenberg et al. 1996). Some patients
with Smith—-Magenis syndrome display congenital scoliosis (Smith et al. 1986)
(Fig. 7.2b).

While 17p11.2 microdeletions account for the majority of cases with Smith—
Magenis syndrome, 5-10% of patients with Smith—-Magenis syndrome have muta-
tions in the RAII gene (Slager et al. 2003). Presently the role of RAII is unclear,
although it is thought to contribute to neuronal differentiation. The RAI1 protein is
thought to localize to the nucleus and stimulate transcription through the interaction
with other DNA-binding proteins (Slager et al. 2003).

In Rail*" targeted null allele mice, Rail expression was observed in branchial
arches, forelimb bud, and hindlimb bud (Bi et al.2005). SDVs, including failure
of closure of neural arches of C5 and C7, and absence of the spinal process in
T2 were observed. The transverse foramina in C4, C5, and C6 vertebrae were not
closed. In the brain of Rail*'~ targeted null allele mice, Rail was largely expressed
in the hippocampus and cerebellum (Bi et al. 2005). Retinoic acid plays an important
role in development of the spinal column. Opposing gradients of retinoic acid and
fibroblast growth factor (FGF) are necessary for somitogenesis (Moreno and Kitner
2004).

Individuals with Smith—Magenis syndrome have sleep disturbances starting as
early as infancy (Greenberg et al. 1996). This is thought to be due to an inverted
pattern of melatonin secretion resulting in abnormalities in the production, secre-
tion, distribution, and metabolism of melatonin (Potocki et al. 2000). Alterations in
melatonin signaling dysfunction have been hypothesized to contribute to the devel-
opment of idiopathic scoliosis (Moreau et al. 2004). This has been supported by
observations that pinealectomy in chicken and rats maintained in a bipedal mode
results in scoliosis (McCarrey et al. 1981, Muccielli et al. 1996, Wang et al. 1998,
Machida et al. 1999). However, circulating levels of melatonin in humans with
adolescent idiopathic scoliosis are within the normal range (Wang et al. 1998,
Bagnall et al 1999). In vivo assays of melatonin signaling performed on osteoblasts
obtained from adolescents with idiopathic scoliosis demonstrated the presence of
three groups characterized by varying degrees of impaired responsiveness to mela-
tonin (Moreau et al. 2004). This suggests that three distinct mutations could cause
adolescent idiopathic scoliosis. In subsequent studies, G inhibitory proteins asso-
ciated with melatonin cell surface receptors were hypofunctional due to increased
phosphorylation of serine residues Azeddine et al. 2007. Figure 7.3a—d illustrates
a hypothesis for altered melatonin signaling in the pathogenesis of adolescent idio-
pathic scoliosis. The association of sleep disturbances involving a neurohormonal
deficit or dysfunction reported in adolescent idiopathic scoliosis provides additional
evidence supporting a role for altered melatonin signal dysfunction in adolescent
idiopathic scoliosis.
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Fig. 7.3 Hypothesis concerning the role of cAMP, MT2, RACKI1, and PKCl[delta] in scoliotic
and non-scoliotic tissues is proposed here. Normal melatonin signaling pathway is summarized in
(a) whereas (b) illustrates a model showing complex interactions interfering with the transmission
of melatonin signal. In control cells, melatonin binds to its receptor and activates Gi alpha subunit
to inhibit adenylyl cyclase activity. In AIS patients, Gi proteins are inactivated through phospho-
rylation by PKC[delta] and/or other kinases. Second, PKC[delta] interaction with MT2 melatonin
receptor could lead to its phosphorylation and to desensitization of MT2 receptor. Melatonin sig-
naling occurs in different systems and tissues (c¢). The potential systemic defects resulting from a
melatonin signaling dysfunction in adolescent idiopathic scoliosis could be responsible for many
physiological defects. This proposed model of adolescent idiopathic scoliosis could explain the
multiplicity of disorders reported in AIS pathogenesis (d). In addition, sleep disturbances involving
a neurohormonal deficit or dysfunction have been often reported in adolescent idiopathic scolio-
sis and other neuromuscular disorders suggesting the involvement of melatonin (Reprinted with
permission: Azeddine et al. (2007). Molecular determinants of melatonin signaling dysfunction in
adolescent idiopathic scoliosis. Clin. Orthop. Relat. Res. 462:45-52)

These observations suggest that haploinsufficiency of RAII in humans can con-
tribute to the occurrence of congenital and idiopathic scoliosis through alteration
in vertebral morphogenesis in addition to alteration in spinal curvature later in
childhood. Thus, scoliosis may be central nervous system mediated.

Concluding Remarks

This chapter has focused on genetic etiologies for congenital, neuromuscular, and
idiopathic scoliosis. Emphasis was placed on a multifactorial causation for idio-
pathic scoliosis which involves interplay of developmental, neuromuscular, and
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connective tissue factors which could synergistically predispose to spinal curvature.
Proof of these hypotheses awaits results derived from further human and animal
studies.
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Chapter 8
Genetics and Functional Pathology of Idiopathic
Scoliosis

Nancy H. Miller

Introduction

Idiopathic scoliosis is a fixed structural lateral curve of the spine of >10° affect-
ing 2-3% of children making it the most common spinal abnormality in children.
Clinically, it is characterized by a subtle, pain-free onset of bony deformity in
otherwise normal individuals (see Fig. 8.1). Although the female-to-male ratio is
approximately 1:1 for minor curves, the proportion of females increases dramati-
cally as the curve magnitude increases for unknown reasons (Kane and Moe 1970).
The wide variation of presentation, the limited therapeutic options, and the inability
to detect individuals at risk for significant progression have led to the establishment
of high-cost screening programs in the United States. These programs have resulted
in high rates of subspecialty referrals and large numbers of radiographs for poten-
tial disease detection and analysis. With significant curve progression, spinal fusion
may be the recommended treatment option. The economic cost attributable to sco-
liosis within the United States has been estimated to be as high as $4 billion/year
and does not include the potential late morbidity in adulthood related to the long-
term effects of a spinal fusion done at a young age. For these reasons, the study of
idiopathic scoliosis has become a focus for further research in an effort to aid in the
development of more effective targeted therapeutic options.

Classification and Natural History

Idiopathic scoliosis is classically divided into its age of clinical presentation, that
is, infantile (0-3 years), juvenile (3—10 years), and adolescent (>10 years) (Kane
and Moe 1970, Weinstein 1994). Due to the ambiguity surrounding the prepuber-
tal stages of growth, this classification has been modified to “early onset” scoliosis
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Fig. 8.1 Clinical
presentation of an adolescent
female with idiopathic
scoliosis. Standing, one
notices the asymmetry of the
scapula and the prominence
of the right side of her back.
With forward bending, she is
noted to have a “rib hump”
due to trunk rotation

N.H. Miller

(presenting prior to the age of 5 years) and “later onset” scoliosis. Early onset scol-
iosis is frequently associated with underlying genetic or neurological disorders and
has a variable history. Later onset scoliosis or “adolescent” idiopathic scoliosis,
which is the subject of this discussion, occurs in the otherwise normal child with
no underlying conditions and whose unknown etiology has frustrated clinicians for

decades.
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Our knowledge regarding the natural history of IS stems primarily from clini-
cal studies of large population subgroups (Weinstein 1994, Bunnell 1988, Rogala
et al. 1978). Once diagnosed through radiographic analysis, treatment decisions are
based on clinical factors. Factors predicting curve progression include skeletal matu-
rity, age at diagnosis, menarcheal status, curve size, curve pattern, and position of
the curve apex (Weinstein 1994, Winter 1982). The more skeletally immature the
patient, the greater the probability of curve progression. The more severe the curve
at presentation, also, the higher the chance of curve progression. The most common
curve pattern is a right thoracic curvature. Curves with a thoracic apex have the high-
est prevalence of progression, ranging from 58 to 100% in the immature individual
(Lonstein and Carlson 1984, Weinstein and Ponseti 1983, Weinstein et al. 1981).

Once a diagnosis is made, the clinician utilizes the clinical prognostic fac-
tors to direct advice regarding conservative (nonoperative) or operative treatment
(Weinstein 1994, Bunnell 1988, Rogala et al. 1978, Lonstein and Carlson 1984,
Weinstein and Ponseti 1983, King et al. 1983, Kostuik 1990). Conservative treat-
ment of back bracing is directed to the immature child with a significant chance of
progression (Winter 1982, Lonstein and Carlson 1984, Winter et al. 1986). The goal
of bracing is to stop the curve from progression; ultimately, it does not eliminate
or improve the curvature. Back bracing (a thoracolumbar orthosis) imposes a sig-
nificant psychosocial burden on the developing child (Clayson et al. 1987, Noonan
et al. 1997). For severely progressive curves in both the immature and the mature
individuals, surgical intervention is an option. Technically, instrumentation is used
to achieve some curve correction, and then bone graft is placed to fuse the spine and
prevent further progression of the curve. This procedure carries with it significant
morbidity surrounding the surgical procedure itself, a loss of spinal mobility, and
a limited knowledge of the longevity and long-term morbidity in any one patient
(Winter 1982, King et al. 1983, Kostuik 1990, Szappanos et al. 1997). The clini-
cal dilemma involves identifying the young individuals at highest risk for disease
progression. A significant number of affected individuals undergo brace treatment
due to known risk factors related to curve progression; however, in many cases, the
treatment fails and surgical intervention is the only option to stop curve progression.

Overview of Genetic Analysis of Idiopathic Scoliosis

Although the specific cause of idiopathic scoliosis has not been determined, the
role of hereditary or genetic factors in the development of this condition is widely
accepted (Winter 1982, Beals 1973, Berquet 1966, Cowell et al. 1972, Dickson
1992, Harrington 1977, Willner 1994, Wynne-Davies 1968). Early clinical obser-
vations and population studies have documented a higher prevalence of scoliosis
among relatives of affected individuals than in the general population (Wynne-
Davies 1968, De George and Fisher 1967, Faber 1936, Garland 1934, Ma and Hu
1994, MacEwen and Shands 1967, Perricone and Paradiso 1987). The first for-
mal population studies published in the English language literature by Harrington
(1977), Wynne-Davies (1968), and Riseborough and Wynne-Davies (1973)
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document the increased incidence of scoliosis in families as compared with that in
the general population. Harrington studied women whose scoliotic curves exceeded
15° and found an incidence of 27% of scoliosis among their daughters (Harrington
1977). Population studies involving index patients and their families indicate
that 11% of first degree relatives are affected, as are 2.4 and 1.4% of second
and third degree relatives, respectively (Wynne-Davies 1968, Riseborough and
Wynne-Davies 1973). A recent study based on a unique population database from
Utah (GenDB) concluded that within their population, 97% of idiopathic scolio-
sis patients have familial origins (Ogilvie et al. 2006). At least one major gene
was determined with the suggestion of the presence of more than one gene within
different families.

Twin studies have consistently shown monozygous twins to maintain a high con-
cordance rate of approximately 73% for the condition. Dizygous twins may or may
not be concordant in the expression of the disease, having a concordance rate of
36% (De George and Fisher 1967, Carr 1990, Gaertner 1979, Senda et al. 1997,
Kesling and Reinker 1997, McKinley and Leatherman 1978, Murdoch 1959, Scott
and Bailey 1963). This value is consistently higher than that reported of a first degree
relative from more global population studies (Wynne-Davies 1968, Riseborough and
Wynne-Davies 1973). This may be related to the high rate of radiographic confirma-
tion of affectation status within twin studies as compared to that of large population
studies of families. Radiographic confirmation of disease potentially lowers the false
negative rate, as small scoliotic curves undetectable by clinical examination would
then be ascertained as positive.

Despite these convincing arguments regarding the familial nature of scoliosis,
the particular mode of heritability is unclear. Studies based on a wide variety of
populations have suggested an autosomal dominant mode of inheritance, X-linked,
or multifactorial inheritance pattern (Faber 1936, Garland 1934, Ballesteros et al.
1977, Bonaiti et al. 1976, Bell and Teebi 1995, Carr et al. 1992, Czeizel et al. 1978,
Funatsu 1980, Miller et al. 1996, Mongird-Nakonieczna and Kozlowski 1976).
The studies of Wynne-Davies and Riseborough of 2000 and 2869 individuals,
respectively, suggested either a dominant or a multifactorial mode of inheritance
(Wynne-Davies 1968, Riseborough and Wynne-Davies 1973). Cowell et al. (1972),
noting relatively few male-to-male transmission in the literature, reported on 17
families as consistent with an X-linked dominant inheritance pattern. Given this
controversy, Miller et al. investigated X-linkage as the mode of inheritance of
familial idiopathic scoliosis in a subset of a large population of families with sco-
liosis (Justice et al. 2003, Miller et al. 1998). Results suggest that a region on the
X (Xq23-26) chromosome may be linked to the expression of the disorder in a subset
of families where the condition is segregating in an X-linked dominant manner.

Segregation Analysis

An alternative statistical method directed to the clarification of a genetic model
and the penetrance of a familial disease is complex segregation analysis. This
methodology can confirm clinical observations that a genetic determination exists
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for a specific disorder and can potentially aid in the delineation of an inheritance
pattern. Aksenovich et al. (1988) used complex segregation analysis to study a pop-
ulation of 90 pedigrees with idiopathic scoliosis and their families (283 individuals).
While their results confirmed the clinical observation of a genetic determination of
this disorder in relationship to severe disease, milder forms of the disease were con-
sidered to be the result of heterogeneity. Axenovich et al. (1999) used complex
segregation analysis to study 101 families (788 individuals). The results supported
a genetic model; however, when the entire sample was considered, the best fitting
genetic model was equivocal. When the authors excluded 27 families with probands
with mild scoliosis (less than 25°), a Mendelian model with sex-dependant pene-
trance could not be rejected when compared with a general model, suggesting that
the disorder was due to a single autosomal dominant locus (p < 0.001).

Heterogeneity and Other Confounding Factors

The variable results of the above studies emphasize the critical importance of diag-
nostic criteria and methods of disease ascertainment, which, in turn, are critical
to the potential linkage of a specific disease state to genetic inheritability. Early
studies of scoliosis are complicated by the fact that study populations may have
included individuals with scoliosis associated with a primary disease condition, such
as Marfan syndrome, rickets, or osteogenesis imperfecta (Berquet 1966, Faber 1936,
Garland 1934, Shapiro et al. 1989). Later works frequently fail to detail the spe-
cific criteria for a positive affectation status, either clinically and/or radiographically.
Finally, confirmation of affectation status and an ability to obtain a curve measure-
ment through a spinal radiograph has not been critically adhered to in most reports
(Wynne-Davies 1968, De George and Fisher 1967, Riseborough and Wynne-Davies
1973, Robin and Cohen 1975, Czeizel et al. 1978, Levaia 1981). Radiographic anal-
ysis is the definitive methodology for documentation of the true idiopathic scoliosis
from one of alternative origins and for curve magnitude (Shands and Eisberg 1955).
Multiple topographic methods have been utilized to study back asymmetry; how-
ever, there is no definitive correlation with underlying bony structure (Armstrong
et al. 1982, Bunnell 1993). Careful history and clinical examination must eliminate
features of alternative disorder in order to maintain the true idiopathic nature of the
diagnosis (Shapiro et al. 1989, Levaia 1981, Boileau et al. 1993).

The above studies collectively attempt to indicate that scoliosis is a single gene
disorder that follows the simple patterns of Mendelian genetics. This is dependent
upon specific features characteristic to the study population. However, the simple
patterns of Mendelian inheritance are known to be susceptible to the genetic princi-
ples of penetrance and heterogeneity. Penetrance is the probability that an individual
carrying a gene will express the disorder. If penetrance is incomplete, a proportion
of the individuals with the gene will not have the disorder. Genetic heterogeneity
exists when there are different causes for the same disorder. Multiple genes with
varying inheritance patterns could potentially result in the same clinical phenotype
within or among families.
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Positional and Candidate Gene Approaches

Prior to the use of genome-wide linkage analysis, the candidate gene approach
was a classic approach directed to the identification of disease genes. Genes with
known protein products that appear to be relevant to the physiological basis of the
disease, such as connective tissue genes within the extracellular matrix, may be
tested individually within patients, families, and/or identified sample populations
(see Table 1).

Results of these studies have excluded genes for fibrillin 1 (FBNI) and 2 (FBN?2);
collagen type I (COLIAI) and Il (COL2A1); elastin (ELN); aggrecan (ACAN); and
heparin sulfotransferases (HS3ST3A1 and HS3ST3BI) as causes of AIS (Miller
et al. 1996, Marosy et al. 2006). Inoue et al. (2002a, b) studied polymorphisms
in the genes for the vitamin D receptor (MED4), the estrogen receptor (ESR1), and
cytochrome P450 family 17 (CYPI7A1) in relation to curve progression. The results
suggested that the Xbal site polymorphism in ESR] was associated with curve pro-
gression. However, these results were refuted by Tang et al. (2006), who did not
show an association between ESRI and adolescent idiopathic scoliosis. With the
association of scoliosis with multiple connective tissues disorders, 30 multiple extra-
cellular matrix genes have been reported to date, including the collagens, elastin,
fibrillin 15, and aggrecan with no distinctive positive findings at the gene level (Carr
1990, Miller et al. 1996, Marosy et al. 2006, Zorkol’tseva et al. 2002).

Candidate genes have also been identified by linkage analysis and positional
cloning efforts. Morcuende et al. (2003) focused on the human melatonin-1A recep-
tor as a potential candidate gene for familial idiopathic scoliosis. Melatonin-1A
receptor (hMel-1A) is located on chromosome 4q, a locus reported by Wise et al. to
be potentially significant. Secondarily, experimental pinealectomy in chickens with
resulting scoliosis has potentially related the melatonin pathway as a causative fac-
tor in the development of the condition (Machida et al. 1995, Bagnall et al. 1999).
Through screening of the coding region of the HMel-1A receptor gene in 47 fam-
ilies (177 individuals), results showed no evidence for linkage of this gene and its
variants to scoliosis in the study population (Morcuende et al. 2003).

Most recently, Moreau et al. (2004) have harvested osteoblasts from individuals
with idiopathic scoliosis. Through culture techniques, responsiveness of the cells to
reagents stimulatory to the melatonin pathway exhibits differences as compared to
that of individuals without scoliosis (Moreau et al. 2004, Letellier et al. 2008). The
potential relationship, significance, and clinical relevance of this finding are still
unknown.

Merola et al. (2003) reported a potential association of a polymorphism within
the aggrecan gene on chromosome 15q with idiopathic scoliosis. Marosy et al.
(2006) recognized a specific subgroup of patients (48 families) that showed sig-
nificant results from a genome-wide screen on chromosome 15q25-26 where this
gene lies. In an effort to replicate the report’s finding, the investigators conducted
a study to determine the potential association between the identified aggrecan gene
polymorphism and the familial scoliosis. Results showed no evidence of association
between the polymorphism and scoliosis or the degree of lateral curvature.
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A recent study by Gao et al. (2007) pursued studies on the chromodomain heli-
case DNA-binding protein 7 (CHD7) gene within a previously identified region on
chromosome 8 by their own laboratory. This is discussed further in the following
chapter.

Chromosomal Anomalies Associated with Idiopathic Scoliosis

Another strategy for the identification of disease genes is the use of an identified
chromosomal alteration in affected individuals. Based on a report of a potential co-
segregation of a balanced chromosomal rearrangement with scoliosis on a small
pedigree, Bashiardes et al. (2004) pursued this area for a potential causative gene.
They demonstrated that the g-arm break occurs in the gamma- 1-syntrophin (SNTG1)
gene. Syntrophins are proteins of the cytoplasmic membrane that are believed to
associate with dystrophin, the product responsible for Duchenne muscular dystro-
phy, making them a reasonable candidate for the potential development of scoliosis.
The authors went further to look at the gene in additional families. Despite the find-
ing of two genetic variants, the change in SNTGI did not co-segregate with the
disease in all affected individuals.

Genome-Wide Linkage Analysis

Advances in the mapping of the human genome and genetic technology now allow
screening of the entire genome of an individual with known genetic markers or
polymorphisms evenly spaced along the chromosomes. Genetic polymorphisms are
benign variations within the DNA structure that vary from individual to individ-
ual. Their potential physical proximity to a nucleotide sequence that is a functional
aspect of the genome allows localization of specific genomic area(s) and determi-
nation of their association with an expressed condition. This type of analysis can be
performed on individuals or study populations. The current literature now includes
multiple studies which have utilized statistical linkage analysis to identify specific
genetic loci related to the expression of familial idiopathic scoliosis (Justice et al.
2003, Alden et al. 2006, Chan et al. 2002, Miller et al. 2005, Salehi et al. 2002, Wise
et al. 2000). Each study has been constructed around a different set of variables with
the application of a variety of genetic statistical programs; therefore, despite their
differing results, they should not be construed as conflicting in nature.

Wise et al. (2000) reported a genome scan of families with more severe sco-
liosis segregating in an autosomal dominant pattern. One extended family (seven
affected individuals) showed suggestive evidence for linkage of the disease state
on chromosomes 6, 10, 12, and 18. When these areas were studied in four addi-
tional families, one family showed supportive evidence again for genetic linkage on
chromosome 10.

Two studies (Chan et al. 2002, Salehi et al. 2002) again illustrate the application
of statistical linkage analysis within two separate study populations. The first, by



N.H. Miller

160

$S9SE10°0 S09-10°¢ Pe0ISela-16sS61d AL salfrurey g/ /ogexury 900C 'T¢ 39 Uaply

$$C00°0 1L°C€90°11 €6CISLIA—E0cISLIA 11bL1-11dLT SoI[IueyZ()Z/A8eyury S00Z Te 10 9NN
$$2000°0 LSYS—1991 €6TeS9IA—1+9LS91d Z1bg-11bo1
$$S000°0 98°6e1-9¢°101 8¢81S6d-8¢6S6d reb6-eb6
$S1200°0 CLYOI-9Y'LL 1201S9d-1€01S9d 91bg
yS1T10°0 ryC—60'9 6£vCS9d-1veld dg

(€T ¥100°0 8L°LTI-88011 LY01SXA-+089SXd 1'9cbx—¢zbx saI[Iuey [ g/aSeyur| €00C 'Te 30 ddonsnf

(T°€) 10000 SY'LT-LEET ST6SLIA-66LSLIA T1IbLI-11dL1 Arurey 1/o3eury (U LEERUBILN
Tl 61000 00'8¥71-60°€I1 1S1STd-091Scd ¢'zebz—¢1be

«(8¥%) 100000 909ty 7€01S61d—1+68S61d ¢et1dol sarqIuey //a8eyury 00T 'Te 9 uey)
Z£200°0 VN VN bgr
2£610°0 VN VN bor 1esiq

2£¢00 VN VN bg SQI[IuIey g/a5eury 000C ‘T8 19 oSIM

SN VN «[ADI cebel SISBI 9(G/UONBIDOSSY 900C '[& 10 Sunag

100°0 VN 1484 szhg SOSBI T(¢/UONBIO0SSY 900C 'Te 10 N

SN VN 14sd 6tbg SISO () G/UONBIOOSS Y 900¢ '[& 10 Sue],

SN VN qIININ 1ebrt SOSBI ()Z/UONBIO0SSY 900T '8 10 NI

¥20°0 L6'0€796'0¢ INLYIN cedy SOLI} [ /UONEIS0SSY 900C '[e 32 OTeuejuoO

solfiure;}

SN VN (T1 uox9) 19DV Sl 8G/UONIBIOOSSE “OTeNUI] 900 ‘Te 10 Asorey

SN VN VIINLIN ceby sy / {/o3eur| €00¢ '[e 12 9puandIoN

SN VN (€D uox?d) 1DV Sl SOI[IWE) £€/UONBIO0SSY 00T 'Te 19 BA9S), [0 107

SN VN ZvI100 ‘INGd ‘N14 TebL T1bL 1 TEbsT sorruey [ 1/o8exur| 9661 T 19 _IIIA

[VZ10D
SN VN ‘TVIT0D ‘IVIT0D TebL t1gbL1 SQI[IUIE] f7/d5exur] 661 T 19 e
anpea-d saLepunog (s)ouad uordoy ordues jo odA£J, Apms
AepIpue) /yoeoxddy

s1so110os oryyedorpt Jo ASo1one oneuas ay) 0} PAJL[AI SAIPNIS JO MAIAI Y ['§ dAqBL



161

8 Genetics and Functional Pathology of Idiopathic Scoliosis

€€ pPIINq (/npaoson-owouad mmm//:dny) 931sqom 3jeiq SUDMIoA) dwouan) uewny DSO 2y woiy suonisod dejy

juedyrusis jou = SN ‘9[qeordde jou = yN
T 10308 YIMOIS oYI[-UI[nsu]
sisAeue oFexul] Jutod-a3uls woij SuNeuISLIO ‘paure)qo onfeA-d JUBdYIUSIS JSOIA

91098 PO & WO PAE[NO[ED ‘paureIqo dnjea-d JuedYIUSIs ISOIN ¢

sisA[eue oFeul] Jurodnnur woly SuNeUISHO paurelqo anfea-d Juedyrusis SO .
(101U 35Ld 1O [eI[IWEy) APNJS UONBIOOSSE 10 oFeyur] |

<(80'%)
10000°0 19b-8'+L 9081SL1d 19b-€°6zbL 1
(96
¥0000°0 81'9¢I=8IVI1 8181S6d-0c6S6d Treb-T 1¢b6 saIfIuey Gg/ageNury 800T Te 19 BjB2O
S00°0 Y6'19-SL'19 LAHD TIbg SOI[IUIE] CG/UOTILIOOSSE DT LUl LOOT 'Te 32 0BD
2£1000°0 €00I-LLCL 6LLSETA-008SETA zeber
<£1000°0 6L'0S-C6'SE 88LS€1d—S0ESEId eerber
ZEL100°0 9T6-LI'E L08SSA-LIySsd ¢1bg SOI[IWE] //UOIBIDOSSE “OFLqUI' 900¢ Te 19 Jo[IIAL
anfea-d saLepunog (s)ouag uoIgoy ordwres jo adAx, Apmis
JrepIpue)) / yoreorddy

(ponunuod) '8 9qeL,



162 N.H. Miller

Chan et al. (2002), involved seven multiplex families identified through a proband
with a minimum Cobb angle of 20°. The authors first screened a multiplex family
for potential linkage on chromosomes 6p, 10q, and 18q as reported by Wise et al.
(2000). Failure to confirm linkage led to a genome-wide scan of this family. Results
indicated a primary area on chromosome 19p13.3 and a secondary area on chro-
mosome 2q of potential importance. Six additional kindreds were tested, lending
further support to the initial finding. A second work by Salehi et al. (2002) investi-
gated a single three-generation Italian family of 17 individuals. Eleven individuals
were deemed affected, with radiographs exhibiting a spinal curvature of at least
10°. Analyses indicated an area on chromosome 17pll of potential importance.
The authors recognized candidate genes within this area because of their role in
extracellular matrix structure and integrity. Sequencing of two of the genes in two
affected individuals and a control subject failed to identify any pathogenic sequence
variations.

Miller et al. (2005) reported on a genomic screen of a large sample of families
(202 families, 1198 individuals). Families were determined through a proband of at
least a 10° lateral curvature. The large sample population was stratified according
to potential mode of inheritance, autosomal dominant versus X-linked dominant in
nature. Within the sample group deemed to represent an autosomal dominant mode
of heritability, analyses resulted in five primary (chromosomes 6p, 6q, 9, 16, and
17) and eight secondary (chromosomes 1, 3, 5, 7, 8, 11, 12, 19) potential areas of
significance. Fine-mapping efforts have both corroborated and refined many of these
areas. The authors have continued to stratify the large population based on clinical
criteria such as left thoracic curves, kyphoscoliosis,, and curve severity. This has
resulted in the identification of areas on chromosomes 5 and 13 as related to the
expression of kyphoscoliosis (Justice et al. 2003, Miller et al. 2006). In a subset
of families with more severe curves (>40°), an area on chromosome 19 has proven
significant (Alden et al. 2006).

Summary

In conclusion, familial idiopathic scoliosis is a complex orthopedic disorder with
multiple potential genes involved in its expression. The search for the underlying
genetic mechanisms is heavily influenced by clinical and genetic heterogeneity.
Successful associations of specific families and subgroups with specific genetic loci
are an important step in the identification of the gene(s) related to this disorder. A
better understanding of the genetic influences on this condition and resulting clinical
variability will potentially improve the ability to assign a more specific prognosis
and to develop more selective treatment regimens. This knowledge will also afford
us deeper insight into the genetic influences related to skeletal development and
spinal stability.
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Chapter 9
Current Understanding of Genetic Factors
in Idiopathic Scoliosis

Carol A. Wise and Swarkar Sharma

Introduction

Scoliosis

“Scoliosis” is derived from the Greek word meaning “crooked” and was used for
the first time by Galen (AD 131-201) to describe an “S-shaped” or “C-shaped”
spinal deformity (Fig. 9.1). Although defined as a lateral curvature as visualized by
plane radiography, the deformity is actually three-dimensional and involves changes
in the frontal, sagittal, and transverse planes of the spinal column. Patients treated
for scoliosis generally belong to one of the three categories. In so-called congenital
scoliosis, the structural curvature of the spine is clearly secondary to radiographi-
cally visible vertebral malformations and is typically obvious at an early age. Other
patients may have scoliosis as part of other pathological conditions. For example,
patients with neurologic or neuromuscular diseases such as Duchenne muscular
dystrophy, spinal muscular atrophy, neurofibromatosis, or Charcot—-Marie—Tooth
disease may develop scoliosis possibly due to secondary weakness of the paraverte-
bral muscles (Wise et al. 2008). Patients with other syndromes such as Prader—Willi
(Yamada et al. 2007) or CHARGE (Doyle and Blake 2005) may develop an
adolescent-onset scoliosis for reasons that are not as yet understood. However, the
great majority (>80%) of scoliosis patients are otherwise healthy with no obvious
coexisting diagnoses or structural alterations of the spinal column. This third class
of patients is considered “idiopathic.” Idiopathic scoliosis, which we will refer to as
“IS,” is the subject of the remainder of this chapter.

Idiopathic Scoliosis

IS is the most frequently treated form of scoliosis as noted, and also represents
the most common spinal deformity in children. Clinically it is often described by
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its age of onset as “infantile” (0-3 years), “juvenile” (3-9 years), or “adolescent”
(10-18 years) (James 1954). However, if considered in broad developmental terms
the onset of IS is highly correlated with periods of rapid vertical growth at two
stages, infancy and preadolescence/adolescence. The later form of IS occurring with
the adolescent “growth spurt” accounts for the majority of cases. Although estimates
vary, adolescent IS generally affects 2-3% of school age children and is apparent in
all ethnic population groups (see more on this below) (Herring 2002). Thus IS is a
global health-care problem mostly affecting adolescent children and adults.

Presentation, Disease Course, and Treatment

IS can be a rapidly progressive disease, and therefore early detection is warranted.
This has prompted many communities to institute screening programs in the schools
for children approaching adolescence (Richards and Vitale 2008). Initial indica-
tors are typically shoulder asymmetry and/or a noticeable “rib hump” on physical
examination (Fig. 9.2). A diagnosis of IS requires further evaluation, including
postero-anterior radiographs to quantify the degree of spinal curvature, and to
exclude coexisting diagnoses. Although the spinal deformity in IS is actually three-
dimensional as noted, it is typically quantified in two dimensions using the “Cobb
angle method.” The Cobb angle is a measure of the lateral deviation of the spine
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Fig. 9.2 IS in an adolescent female. Shoulder imbalance and rib hump are noted on physical
examination in the left and middle panels. A standing postero-anterior radiograph reveals a right
thoracic curve of the spinal column measuring 60° by the Cobb angle method and with no visible
vertebral anomalies

from the vertical, where positive diagnosis of scoliosis is defined as deviation of
more than 10° (Fig. 9.2). Disease progression is then defined as an increase in the
Cobb angle measurement over time, and it is largely this measure together with
other clinical markers that triggers treatment decisions as outlined below.

Although disfiguring, the majority of IS cases are stable (i.e., nonprogressive)
and do not require intervention. However, these two outcomes are difficult if not
impossible to distinguish in an initial examination. Identifying better predictive
markers for this purpose is a major goal of IS research. Certain developmental and
clinical markers are somewhat reliable in this regard and are typically monitored in
present-day practice (Herring 2002). The most obvious of these is gender. For rea-
sons that are not clear, girls are at least five times more likely to have progressive
curves as compared to boys (Karol et al. 1993). Other risk factors are initial curve
pattern, apical vertebral rotation, age at onset, and severity of curvature in relation
to remaining growth. Typical measures to determine remaining growth in the child
first presenting with IS include menarchal status in girls and bone age. Bone age
is usually estimated from ossification of the iliac apophysis and/or tri-radiate car-
tilages of the pelvis that are visualized from the same radiograph used to measure
the Cobb angle deformity (Herring 2002). Certain curve patterns, e.g., in the tho-
racic region, are also somewhat predictive of progression [reviewed in (Wise et al.
2008)]. Thus, although the various clinical markers may be suggestive of progres-
sive (and serious) disease, none are sufficient to exclude the possibility, and most
affected children are frequently monitored by radiographs and physical examina-
tion to detect progressive deformity. In the meantime, it is well-established that risk
of curve progression falls off substantially after the child has reached peak growth
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velocity. Hence growth measurements are typically collected at each clinic visit
and compared to historical peak growth-velocity data to determine if this important
developmental milestone has been reached (Herring 2002). If curve progression is
minimal or controlled through the high-risk period preceding this, e.g., by bracing,
then surgery may be avoided. However, surgery is necessary for curves that con-
tinue to progress (generally to a threshold of ~50 Cobb angle) before the high-risk
period is over (Herring 2002). If progressive scoliosis is neglected it can cause sig-
nificant spinal deformity and alterations of the thoracic cage that ultimately evoke
cardiopulmonary compromise (Pehrsson et al. 1991). Otherwise the natural history
of untreated IS involves disfigurement, increased back pain, and spinal osteoarthritis
(Herring 2002).

What Is Expected from This Chapter?

Despite many clinical investigations of IS, etiological understanding remains poor
(reviewed in Lowe et al. 2000). As discussed quantitatively in this chapter, the
genetic underpinnings in IS are significant and were established by literature from
the past 70 years. Here we describe IS as a complex genetic disease and compare it
to other common diseases in terms of genetic risk. We review recent linkage and
association studies that likely explain only a small fraction of this genetic risk.
Candidate susceptibility and modifier genes are also discussed in the context of
these recent discoveries. Given the success of genome-wide approaches in identify-
ing genetic loci underlying common diseases such as inflammatory bowel disease,
psoriasis, age-related macular degeneration, type 2 diabetes, and coronary heart dis-
ease (Ogura et al. 2001, Helms et al. 2003, Edwards et al. 2005, Haines et al. 2005,
Helms et al. 2005, Klein et al. 2005, Duerr et al. 2006, Grant et al. 2006, Nair et al.
2006, McPherson et al. 2007), we outline similar strategies for large-scale stud-
ies of IS to identify other common risk factors. IS may in fact provide interesting
advantages in such studies, given that phenotyping involves standardized objective
measures, and onset in childhood enables collection of entire families that can pro-
vide information on linkage, association, and inheritance. Identification of genetic
associations in IS is likely to be rapid, but the functional relevance of these find-
ings may emerge more slowly. We address this and the “elephant in the room” of
scoliosis research, the need for a better understanding of normal adolescent spinal
development. Model organisms are likely to be critically important to this challenge.
Finally, we discuss the clinical implications of genetic findings in IS.

Population Studies

Familial and Twin Studies

Familial forms of IS were described as early as 1922 (Staub 1922) and have been
well-documented in the literature since then (Garland 1934, Filho and Thompson
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1971, Cowell et al. 1972, Riseborough and Wynne-Davies 1973, Robin and Cohen
1975, Wynne-Davies 1975, Bell and Teebi 1995). Reports of twin studies have also
supported the genetic basis of IS (Horton 2002). Twin study designs compare the
clinical similarity of monozygotic (MZ), or identical, twins who share 100% of
their genes, to that of dizygotic (DZ,) or fraternal, twins who share only 50% of
their genes. By studying and estimating concordance rates in many twin sets, the
genetic effects of disease can be better understood. Most of the twin studies for
IS consistently revealed higher concordances in monozygotic (MZ) compared to
dizygotic twins. A meta-analysis of these clinical twin studies revealed 73% MZ
concordances compared to 36% DZ concordances (Kesling and Reinker 1997).
Interestingly, in this series when curve measurements were compared between
monozygous twins, the correlation coefficient was significantly greater than the
same correlation measurement between dizygous twins (P < 0.0002). No correla-
tion with curve pattern was found, suggesting the importance of genetic factors in
controlling susceptibility and disease course, but not necessarily disease pattern.
A more recent report utilizing the Danish Twin Registry found 25% proband-wise
concordance in monozygotic twins (6 of 44 concordant) compared to 0% concor-
dance (0 of 91) in dizygotic twins, with an overall prevalence of approximately 1%
(Andersen et al. 2007). The lower concordances in both groups as compared with
prior results may be explained by differences in methodology, i.e., ascertainment in
clinics vs. registry and screening by examination vs. questionnaire. Nevertheless,
the overall trend obtained for all studies suggests strong genetic effects in IS. A sec-
ond important feature of IS revealed by these studies was that monozygotic twins
shared disease less than 100% of the time, reflecting the complexity of disease and
suggesting the involvement of as yet unknown environmental or stochastic factors
in disease susceptibility.

Sibling Risk Studies

Familial risk values may be used to estimate and compare the genetic effects across
diseases. About one quarter of IS patients report a positive family history of dis-
ease (Wynne-Davies 1968). Prior sibling risk studies of IS have reported 19 and
11.5% of siblings affected for >10°, >20° curves, respectively, compared to pop-
ulation frequencies of <2% (Riseborough and Wynne-Davies 1973, Rogala et al.
1978, Lonstein 1994). The ratio of affected siblings: population frequency is called
the “sibling risk ratio (\g),” a value that may be compared to roughly estimate the
strength of genetic contributions between different diseases. A recent study (Wise
et al. 2008) estimated IS Ay = 8 when disease was defined as >10° curves, and
increasing to A = 23 for disease defined as >20° curves. These values indicate
reasonably strong cumulative genetic effects that are comparable to those for other
well-described complex genetic diseases such as rheumatoid arthritis (RA) (Ay =
2-17), Crohn’s disease (CD) (As = 10), type 1 diabetes (T1D) (hs = 15), or psoriasis
(hs = 4-11.5) (Wise et al. 2008).
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Inheritance of IS Susceptibility

Is there an inheritance model that explains IS? An autosomal dominant pattern has
been suggested (Staub 1922, Garland 1934, Filho and Thompson 1971, Cowell
et al. 1972, Riseborough and Wynne-Davies 1973, Robin and Cohen 1975, Wynne-
Davies 1975, Bell and Teebi 1995) from evaluation of single families or small family
collections. X-linked dominant inheritance has been a prevailing theory to explain
apparent lack of male—male transmission (Cowell et al. 1972), although this was
disputed after re-evaluation of X-ray data from original study subjects (Riseborough
and Wynne-Davies 1973, Horton 2002). Various studies have found that IS disease
risk is much greater in first-degree relatives of a proband than for more distant
relatives. In one example, a comprehensive population study (Riseborough and
Wynne-Davies 1973) reported overall risk to first-degree relatives of 11% compared
to 2.4% and 1.4% in second-degree and third-degree relatives. A “multifactorial”
inheritance model has been suggested to explain this, where several to many genes
may interact with as yet unknown environmental factors. Regarding the latter, it is
interesting that some but not all studies have found advanced maternal age for moth-
ers of probands with IS (De George and Fisher 1967, Filho and Thompson 1971,
Riseborough and Wynne-Davies 1973, Wynne-Davies 1975). The general consen-
sus gathered from all of this is that, while families with dominant inheritance may
exist, IS is generally a “complex” genetic disease that is not easily explained by
existing models and most often appears to be sporadic. Insights derived from stud-
ies of other so-called complex diseases could help us understand such situations.
For example, de novo copy number variation was recently described in ~10% of
sporadic cases of autism spectrum disorders, also described as complex genetic dis-
ease of childhood (Sebat et al. 2007). Future genomic analysis of IS, as discussed in
detail below, may provide insight into this issue.

Ethnic Patterns

As noted, IS is observed in all major ethnic groups. Many studies have exam-
ined ethnic prevalences, and we have attempted to summarize relevant findings in
Table 9.1. These results should be interpreted with caution, as variations may reflect
different screening methodologies. However, we note with interest that, while most
studies have found 1-3% of school age children affected if the usual definition of
IS was applied (greater than 10° Cobb angle measurement), a much lower preva-
lence of IS (0.03%) was found in a Bantu-speaking population of African school
children as compared to 2.5% of their Caucasian counterparts (Segil 1974). While
most modern populations of the world are descendants of humans who migrated
“out of Africa” much earlier (Jobling et al. 2004, Mellars 2006, Jacobs et al.
2008), Bantu-speaking populations are mainly restricted to Africa and only recently
expanded (Quintana-Murci et al. 2008). Such observations might hint at common
genetic variation predisposing to IS across world populations that arose secondary
to selective processes early in Africa (Barreiro et al. 2008).
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Molecular Genetics

Cytogenetic Studies

Most genetic diseases are explained by relatively subtle, submicroscopic DNA
changes (Botstein and Risch 2003). However, rare cases with chromosomal alter-
ations visible by karyotype analysis can effectively pinpoint causative genes. For
example, rearrangements of chromosome 17 helped to more precisely localize the
NFI gene responsible for neurofibromatosis (Ledbetter et al. 1989), and alterations
of chromosome 15 pinpointed an imprinted region important in Prader—Willi and
Angelman syndromes [reviewed in (Bittel and Butler 2005)]. Many chromoso-
mal alterations with phenotypes that include scoliosis have been reported, although
most do not appear to recapitulate idiopathic forms, i.e., without obvious vertebral
anomalies or coexisting diagnoses [see for example, (Kulkarni et al. 2008)]. One
family with IS and segregating a pericentric inversion of chromosome 8§ has been
reported (Szappanos et al. 1997). Using methods of chromosomal breakpoint map-
ping, Bashiardes et al. (Bashiardes et al. 2004) found that one end of this inversion
disrupted the 8q11.2 gene encoding gamma-1-syntrophin (SN7G/), while the other
end of the inversion occurred in a gene-free region of 8p23. Subsequent analysis
of the SNTG1 gene in 152 additional IS patients revealed an apparent mutation in
DNA samples from 3 unrelated patients. These changes were not detected in screens
of 480 healthy control individuals. These results suggested that rare mutations in
SNTG1 could occur in a small percentage of patients, but also left open the possi-
bility that other nearby genes encoded on chromosome 8 could be important in IS.

Linkage Analyses

Statistical methods may be used to “link” polymorphic biologic markers with dis-
ease. Linkage studies may be conducted in a hypothesis-driven fashion centering
on selected candidate molecules. Specifically, markers in candidate molecules are
assayed, and the probability of linkage with disease is calculated. With regard to
IS, early linkage studies were driven by the hypothesis that variation in molecu-
lar structures comprising the spine could be responsible for disease susceptibility.
Polymorphisms in the collagen-encoding genes COLIAI, COLIA2, the fibrillin
1-encoding gene FBNI, and the elastin-encoding gene ELN were tested (i.e., “geno-
typed”) in family collections, but the results did not reveal evidence of linkage (Carr
et al. 1992, Miller et al. 1996). The subsequent availability of DNA sequence poly-
morphisms across the entire human genome has enabled more global searches for
IS-linked genes, without the need to formulate prior hypotheses regarding disease
etiology. The first such genome-wide linkage scan was performed in a single fam-
ily segregating IS in three generations (Wise et al. 2000). Subsequent genome-wide
scans of IS families and family collections have been reported (Chan et al. 2002,
Salehi et al. 2002, Justice et al. 2003, Miller et al. 2005, Alden et al. 2006). These
have produced evidence of linkage to several regions with designations in Mendelian
Inheritance in Man (MIM), an official registry of genetic disease loci (Table 9.2).
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Additionally, genome-wide scans in a collection of 202 families produced vary-
ing results dependent on the stratification of the data. Without prior stratification
by inheritance model or disease severity, suggestive results were reported for
regions of chromosomes 1 and 6. However, with stratification other regions became
more significant. The authors concluded that regions of chromosomes 6, 9, 16,
and 17 are primary regions of interest warranting further analysis (Miller et al.
2005). A recent study (Ocaka et al. 2008) of families of British descent repli-
cated and refined the chromosome 9-linked locus (IS4) and also identified a novel
linked locus at chromosome 17q25.3-qtel (IS5). Thus linkage analysis suggests
9q31.2-34.2-encoded genes as promising candidates for further investigation in IS
susceptibility.

Genetic Etiology of IS

Models Involving Neurologic Tissues

Idiopathic scoliosis is seemingly a musculoskeletal deformity, yet a neurological
pathogenesis is the prevailing opinion to explain disease susceptibility (Herring
2002). This concept is derived from many independent observations. As noted, sco-
liotic deformity is often seen in association with neurologic/neuromuscular disease
as noted. There is also a well-documented association between apparently isolated
scoliosis and spinal cord anomaly such as a syrinx, a fluid-filled cavity in the spinal
cord (or brainstem). Whether scoliosis is secondary to the anomaly of neurologic
tissues, or whether both are secondary to some other lesion is unclear (Herring
2002). Another intriguing model suggests a central balancing dysfunction, impli-
cating deficits in oculo-vestibular (visual/hearing) and proprioceptive function. This
has been the subject of several investigations. As an example, one study measured
otolith vestibulo-ocular response in IS. The otolith is a structure in the vestibular
labyrinth of the inner ear that is sensitive to gravity and linear acceleration. The
results showed significant left-right asymmetry in horizontal eye movements in IS
patients compared to matched healthy control children; moreover the average of
horizontal, but not vertical, eye movements was significantly different (greater) in
IS patients than in controls. This supported a hypothesis of altered oculo-vestibular
control mechanisms in IS, but did not necessarily distinguish cause from effect.
However, the observation of scoliosis induced by otolith lesion in guinea pigs argues
that the spinal deformity is a secondary effect [reviewed in (Lonstein 1994, Lowe
et al. 2000, Wiener-Vacher and Mazda 1998, Rousie et al. 1999, Guo et al. 2006,
Mallau et al. 2007)]. Horizontal gaze and scoliosis are also conspicuously associ-
ated in the rare “extreme” autosomal recessive disease horizontal gaze palsy with
progressive scoliosis (HGPPS, MIM #607313). This disease is caused by homozy-
gous loss-of-function mutations in the ROBO3 gene encoding a transmembrane
receptor controlling axon guidance. Brain imaging in HGPPS patients has con-
firmed that uncrossed motor and sensory axonal projections are present in the
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hindbrain. Remarkably, the only obvious clinical findings on physical examination
of HGPPS patients are absent horizontal eye movements and severe progressive
scoliosis (Jen et al. 2004). Again, it is tempting to speculate that scoliosis in
these patients is somehow secondary to the profound axonal abnormalities of the
hindbrain.

Other brain lesions have been associated with scoliosis. Short-wave electrolysis
creating microscopic lesions in the pons or periaqueductal gray matter have pro-
duced experimental scoliosis in rats and rabbits with low efficiency (Lowe et al.
2000). Interestingly, removal of the pineal gland from chickens, fish, and bipedal
rats produces scoliosis that resembles IS (Machida et al. 1993, Machida et al. 1997,
Machida et al. 1999, Bagnall et al. 2001, Fjelldal et al. 2004). This effect is not seen
in quadrupeds and suggests that bipedalism/upright posture provokes the deformity.
How the brain and/or spinal cord could “talk” to the spinal column and produce
scoliosis, is unknown. In the case of HGPPS patients, the authors hypothesized
secondary abrogation of muscle tone and locomotion to explain the associated sco-
liosis (Jen et al. 2004). An effect on melatonin-mediated biochemical pathways
has been invoked to explain the scoliosis produced in pinealectomized animals
but remains unproven (Moreau et al. 2004). Limited genetic association stud-
ies of common variants in genes encoding the melatonin receptors (MTNRIA
and MTNRIB) have not proven conclusive (Qiu et al. 2007, Qiu et al. 2008).
Collectively, there is a persistent association between neurologic alteration and
scoliosis that may apply to some cases of IS, but more comprehensive genetic, bio-
chemical, and physiologic studies are required to clarify this relationship (Herring
2002).

Follow-up studies of chromosomal regions linked to IS (Table 9.2) have iden-
tified one candidate gene in the IS3 region of chromosome 8p encoding the
chromodomain helicase DNA-binding protein 7 (CHD7) protein. Specifically, alle-
les of multiple single nucleotide polymorphisms (SNPs) spanning a portion of the
CHD7 gene were significantly linked and associated with disease in a cohort of
53 white American families of European descent. Presumably a variant in this
region of the gene, or one of the SNP alleles themselves, provokes disease by
altering CHD7 protein in some way. While the cellular function of CHD7 is not
clear, its structural similarity to other chromodomain helicases suggests a possible
role in gene transcription (Lalani et al. 2006). Loss-of-function coding mutations
in CHD7 are also known to cause the CHARGE syndrome of multiple develop-
mental anomalies that can include scoliosis, suggesting etiologic overlap between
CHARGE and IS. In this regard, it is also interesting that otolith deficiency has
been noted in CHARGE patients (Delahaye et al. 2007). Milder variants leading
to a relative reduction of CHD7 protein has been proposed to explain its asso-
ciation with IS susceptibility (Gao et al. 2007). In the mouse, embryonic tissues
expressing Chd7 mRNA include the developing organs involved in the CHARGE
syndrome, primarily brain, structure of the ear, eyes, heart, and kidney (Bosman
et al. 2005, Lalani et al. 2006). Expression in spinal cord was also observed at
the E11 stage during murine development (Kim et al. 2008). Less is known about
postnatal CHD7 expression patterns, and indeed interpreting these findings is
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hampered by the current deficiency in our understanding of postnatal spinal
developmental programmes.

Models Involving Other Spinal Tissues

Whether IS could result from primary lesions of other soft tissues comprising the
spinal column, specifically spinal ligaments or paraspinous muscles, is unknown.
Immunohistochemical analysis of the ligamentum flavum revealed some disarrange-
ment of fibers in IS patients compared to controls (Miller et al. 1994), yet other
histochemical and ultrastructural studies of cartilage, bone, and growth plate in IS
patients have been inconclusive (Rogala et al. 1978). Some studies have shown
decreased glycosaminoglycan content in the intervertebral discs of IS patients
[reviewed in (Lowe et al. 2000)]. Paraspinous muscles on either “side” of the sco-
liotic curve in IS patients have shown comparative differences in hypertrophy and
electromyographic signaling of type I fibers. Specifically, by these measures the
muscles at the convexity of the curve display relative activation, a phenomenon that
was explained as a compensatory response to curve progression (Lonstein 1994,
Lowe et al. 2000). Many studies, mostly in Asian cohorts, have reported gener-
alized osteopenia in IS patients (Cheng et al. 1999, Lee et al. 2005, Cheng et al.
2006). One study found that osteopenia of the femoral neck was a prognostic indi-
cator of curve progression, with an odds ratio of 2.3 (Hung et al. 2005). Recently,
a case—control association study (197 cases and 172 controls and replication in 222
cases and 288 controls) found that a polymorphism within the promoter region of
the matrilin-1 gene (MATNT) is associated with IS susceptibility in a Chinese pop-
ulation (Chen et al. 2008). This gene encodes a member of von Willebrand factor
A domain-containing protein family and is involved in the formation of filamen-
tous networks in the extracellular matrices of various tissues (Deak et al. 1997).
Further studies are required to determine whether genetic variation in the structural
components of the spine itself influences susceptibility and/or disease progression
in IS.

Discovering New Genetic Factors in Idiopathic Scoliosis

As described in this chapter, the genetic factors underlying IS are largely undiscov-
ered at present. Emerging methods to efficiently re-sequence candidate regions or
entire genomes to identify causative disease genetic variations are anticipated in the
near future (Schuster 2008, Wold and Myers 2008). In the meantime, microchip-
based methods are now enabling efficient genotyping on the order of one million
polymorphisms in the genome of a single individual. Large-scale genotyping in IS
populations is currently in progress and should afford considerably more power and
efficiency to detect disease-associated variants than other genetic methods previ-
ously applied to IS gene discovery (Risch 2000, Carlson et al. 2004). Here we
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discuss application of new technologies to discovering IS risk alleles affecting
susceptibility as well as disease course.

Discovering Genetic Risk Factors for IS Susceptibility

The strong genetic effects measured for IS portend success in association stud-
ies, given sufficiently large, well-characterized study cohorts as addressed below.
Disease-associated DNA polymorphisms may be found by virtue of altered fre-
quency in populations of IS affected cases as compared to a similar population of
healthy control individuals. An alternative design is family-based and compares the
frequencies of transmitted vs. untransmitted alleles from parents to affected off-
spring. The major benefit of this approach as compared to a case—control design
is that parents are ideal population controls for their children, thereby remov-
ing the potential problem of bias due to population substructure (Chanock et al.
2007). Ascertaining two parents as controls is more costly but otherwise feasi-
ble for childhood-onset disease, making family-based designs attractive for genetic
studies of IS. Both case—control designs and family-based designs should prove
useful in genome-wide and follow-up targeted association studies of IS. The first
issue to tackle in this regard is power and the ability to detect true associations.
Power in genetic studies is in part a function of the risk posed by the disease allele,
or other nearby proxy alleles. Although the genetic contribution of any undiscov-
ered variant is at the moment unknown, the cumulative genetic effects measured
for IS are encouraging, particularly as compared to the well-studied complex dis-
eases described at the beginning of this chapter. Indeed, the IS cohort studied for
CHD?7 association, albeit small, displayed genotype relative risks greater than two
for several associated variants (Gao et al. 2007). Power is also a function of the
assayed polymorphism in a given population, and the frequency of disease in that
population (Gordon and Finch 2005). The relatively high overall frequency of IS
(2-3%) in most populations supports the possibility that common genetic vari-
ants could increase disease risk. Nevertheless, genetic heterogeneity that will dilute
positive signals is inevitable. One solution to overcoming this issue is to increase
sample size. Power estimates suggest that studying at least 2,000 cases will pro-
vide sufficient power to detect disease alleles contributing a range of relative risks
(Wise et al. 2008). Various stratification schemes also may be useful for increasing
genetic homogeneity (and thereby increasing selected genetic signals). For example,
datasets may be stratified by gender, age at onset, or curve severity in the proband.
Regarding gender, male onset is typically later than female onset, coinciding with
the male adolescent growth spurt, and disease progression continues much later in
development, through Risser stage 5 of bone growth (Karol et al. 1993). Regarding
severity, other linkage studies of IS have found differences when data were stratified
by curve severity (Miller et al. 2005, Alden et al. 2006). Also, increasing estimates
of As were observed for curves greater than 20°, suggesting greater genetic effect
for more progressive disease.
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Genomic regions underlying rare disorders involving scoliosis may be important
in “idiopathic” forms of the disease, as noted with the CHD7 gene associated with
both the CHARGE syndrome and IS (Gao et al. 2007). It is interesting that several of
these “candidate” disorders involve known genomic imbalances (i.e., large deletions
or duplications). For example, scoliosis is well-described as part of the pheno-
type in relatively rare duplication/deletion syndromes such as Charcot—Marie—Tooth
disease (Sturtz et al. 1997), Prader—Willi syndrome (Holm and Laurnen 1981),
Smith—Magenis syndrome (Greenberg et al. 1996), spinal muscular atrophy (Sucato
2007) and Di George syndrome (Bassett et al. 2005). It is interesting that com-
monly occurring, smaller copy number variations (CNVs) have been observed
within the genomic regions involved in these diseases (Table 9.3). Thus it is impor-
tant to consider CNVs, whether rare or common, as possible genetic variations that
could contribute to risk of IS. Methods to detect CNV include array comparative
genomic hybridization (CGH) and quantitative analysis of chip-based SNP geno-
typing (Pinkel and Albertson 2005, Colella et al. 2007). An important consideration
here is the possibility that de novo CNVs may cause disease analogous to autism
spectrum disorders as described earlier in this chapter. For any associated CNV it
will be interesting to also consider the possibility that dosage (i.e., absolute copy
number) may correlate with some aspect of disease, such as severity or onset, as has
been observed, for example, with the CMT-associated 17p duplication (Sturtz et al.
1997).

Discovering Risk Factors for Disease Course

As discussed earlier in this chapter, genetic factors may be highly relevant to curve
progression in IS. A central issue for clinicians is predicting whether patients with
a certain initial curvature will progress and require intervention, or whether they
will not progress significantly, so that no intervention is required. Several statisti-
cal methodologies enable use of phenotype and genotype data to investigate such
questions. For example, survival analysis methods (Hosmer et al. 2008) with longi-
tudinal data may be used to test whether some combination of input variables would
predict outcome for different patients (e.g., those with a progressive form of disease
as compared with those without). In these methods, input variables may include,
for example, SNP genotypes, gender, ethnicity, and initial measures of age, curve
magnitude, curve pattern, Risser sign. A logical outcome variable is curve mag-
nitude at skeletal maturity. Also, recently developed mixture modeling techniques
(Nagin 1999, Nagin and Tremblay 2001) ask whether a sample of patients’ disease
progression trajectories may be decomposed into homogeneous subgroups of tra-
jectories (e.g., patients with rapid progression in curvature as compared with those
with slow progression in curvature), and what input variables classify patients into
the different subgroups. In this way it may be possible to identify combinations of
genotypes and phenotypes that classify and predict IS outcomes.
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Table 9.3 List of IS associated syndromes, chromosomal locations, and copy number variations

Chromosomal
location of Studies showing
Disease genomic CNV in or in vicinity
phenotype imbalances Type of variation References of these regions
Charcot-Marie— 11p15.4 Deletion Senderek et al.  Iafrate et al. (2004)
Tooth disease (2003)
type 4B2
Charcot-Marie— 17p12 Duplication Lupski (1998) de Vries et al.
Tooth disease (2005); Sharp
type 1A et al. (2005);
McCarroll et al.
(2006)
Prader—Willi/ 15q11-13 Deletion/ Ledbetter et al.  Iafrate et al. (2004);
Angelman uniparental (1982); de Vries et al.
syndrome disomy Williams et al. (2005); Conrad
(1989) et al. (2006);
McCarroll et al.
(2006)
Smith—-Magenis  17p11.2 Deletion Juyal et al. Tuzun et al. (2005)
syndrome (1996); Lupski
(1998)
Spinal muscular  5q13.2 Deletion Campbell etal.  Iafrate et al. (2004);
atrophy (1997) Sebat et al.
(2004); de Vries
et al. (2005);
Sharp et al. (2005)
DiGeorge 22ql1.2 Deletion Carlson et al. Sharp et al. (2005);
syndrome (1997); Conrad et al.
Edelmann (2006); McCarroll
et al. (1999) et al. (2006)
CHARGE 8ql2.1 Deletion Vissers et al. Tafrate et al. (2004)
Syndrome (2004); OMIM
Russell Silver 7pl1.2 and Uniparental Reviewed in Iafrate et al. (2004)
Syndrome 11p15.5 disomy; Abu-Amero
imprinting; et al. (2008)

epimutation

Understanding Discovered IS Genes in the Context of Adolescent
Spinal Development

Spinal development during embryogenesis has been well-studied at cellular and
molecular levels (Jessell 2000, Ulloa and Briscoe 2007, Dessaud et al. 2008),
but this is lacking at later stages. Normal postnatal development of the human
spine involves four general features: (1) proper osseous development to provide a
mechanical axis for the appendicular skeleton and subsequent muscular devel-
opment; (2) appropriate characteristic curves in the osseous spinal columns to



9 Current Understanding of Genetic Factors in Idiopathic Scoliosis 183

support bipedal gait; (3) continuous symmetric growth (both vertical and axial);
and (4) proper protection of neural elements (Labrom 2007). However, our under-
standing of the genetic mechanisms and molecular pathways associated with these
features remains poor. Studies of mouse, zebrafish, and chicken may be useful
in this regard, particularly the former two as they are more easily manipulated
genetically. Regarding the latter, Taylor (1971) produced a highly inbred line of
chickens that developed scoliosis in an apparently dominant fashion (Rucker et al.
1986). Unfortunately, this strain no longer exists (personal communication). More
recently, zebrafish have been used to effectively study early skeletal development
that may be extrapolated to humans. The short generation time, the large num-
ber of offspring and the early transparency of the embryos make these organisms
ideal to study spinal development with genetic approaches [(Beattie et al. 2007)
review]. Regarding the mouse, we note that heterozygous loss-of-function muta-
tions in CHD7 and its homolog CHD?2 both produce apparent spinal deformity in
the mouse [K. Steel, E. Bosman, unpublished communication, and (Kulkarni et al.
2008)]. These results may encourage researchers to utilize common zebrafish or
mouse laboratory strains for future genetic studies of discovered IS genes. Again,
however, we expect that these efforts will be aided considerably as the develop-
mental biology of postnatal periods, particularly the adolescent period in humans,
becomes better understood.

Clinical Implications

In the near term, we expect that genomic studies will discover common factors
affecting susceptibility to IS. These discoveries will evoke new questions that can
formulate testable hypotheses regarding the etiology of IS. For example, how much
do genetic factors increase risk of disease? Are genetic factors important modifiers
of disease, i.e., do they affect outcome and response to treatment? Are there differ-
ent genetic risks in different ethnic groups? How is the difference in male versus
female risk explained? How do IS genes contribute to normal spinal development?
What cell types are relevant in the disease process? Answering these questions
will provide fascinating insights into important developmental periods of child-
hood and will enhance the prospect for alternative, less invasive therapies for spinal
deformity.
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Chapter 10

Conclusion: Trends and Predictions for Genetic
and Developmental Biological Research

on Scoliosis

Kenro Kusumi

Introduction

It has been 5 years since the gold-standard, “finished” sequence has been released
as part of the Human Genome Project (International Human Genome Sequencing
Consortium 2004). The bioinformatic analysis yielded the surprising results that
there may be only 20,000-25,000 protein-coding genes in the human genome, which
is comparable to the number of genes in many “less complex” model systems.
Concurrent genome sequencing efforts have been carried out for an ever-increasing
number of model organisms used in scoliosis studies, including but not limited to the
mouse, chick, zebrafish, and frog Xenopus tropicalis. Developmental genetic stud-
ies in these organisms have greatly expanded our understanding of the mechanisms
regulating spinal development. The disruptions of these processes give us clues to
the etiology of human spinal curves. Despite the advances in our understanding of
somitogenesis and the earliest steps in spinal development, which are detailed fur-
ther in Chapter 1, many questions remain about later developmental steps, as is clear
from Chapter 2.

In this volume, the following topics on the current state of the genetics and
development of scoliosis have been described:

1. Developmental genetics of somitogenesis and early spinal patterning (Chapters
1 and 3): Our current understanding of the genetic regulation of somitogenesis
and the earliest steps in spinal development has derived from studies of ani-
mal models. These model systems will also allow us to better understand the
environmental factors that may contribute to congenital scoliosis. The identifica-
tion of genes involved in spinal development will help in the validation of gene
candidates for ongoing human genetic efforts.

K. Kusumi (X))

School of Life Sciences, Arizona State University, Tempe, AZ 85287, USA; Department of Basic
Medical Sciences, The University of Arizona College of Medicine—Phoenix in Partnership with
Arizona State University, Phoenix, AZ 85004, USA

e-mail: kenro.kusumi @asu.edu

K. Kusumi, S.L. Dunwoodie (eds.), The Genetics and Development of Scoliosis, 191
DOI 10.1007/978-1-4419-1406-4_10, © Springer Science+Business Media, LLC 2010



192 K. Kusumi

2. Functional anatomy and later development of the spine (Chapter 2): While somi-
togenesis lays down the initial pattern of the spine, subsequent developmental
events shape the formation of the vertebrae, axial muscle groups, tendons, and
ligaments that are relevant for scoliosis. Genetic studies have identified reg-
ulatory pathways involved in the differentiation of paraxial mesodermal cells
into embryonic muscle. Functional anatomical studies of normal and scoliotic
patients have identified the key muscle groups that are required for spinal sta-
bility and flexion. However, the genetic regulation of later spinal development
remains poorly understood.

3. Classification of scoliosis for genetic studies (Chapters 4-7): Scoliosis and
related spinal curves are features of numerous syndromic and non-syndromic dis-
orders. Major categories include congenital and neuromuscular scoliosis as well
as idiopathic scoliosis, which is the most commonly observed type. Collaborative
groups of clinical geneticists, orthopedic surgeons, and genetics researchers
are working to devise new classifications for scoliosis and related spinal curve
disorders that reflect molecular and cellular mechanisms of disease.

4. Human genetic analysis of congenital and idiopathic scoliosis: Identification
of segmental defects of the vertebrae (SDV) in pedigrees and linkage analy-
sis studies have identified four genes (DLL3, MESP2, LFNG, and HES7) that
are associated with congenital spinal deformities (Chapter 5). These genes have
also been shown to play key roles in the genetic regulation of somitogenesis in
animal models (Chapter 1). However, most cases of congenital and idiopathic
scoliosis appear to display complex patterns of inheritance, and progress will
depend on the assembly of study populations and execution of genome-wide
association (GWA) studies and high-throughput resequencing efforts (Chapters 8
and 9). These efforts have identified the first locus associated with idiopathic sco-
liosis (CHD?7), with the promise of many more genes identified in the upcoming
years.

5. Translational medicine (Chapters 4-9): The ultimate goal of this research is to
apply genetic and developmental knowledge to improve therapeutic intervention
for all forms of scoliosis, and for idiopathic scoliosis, the early genetic diagnos-
tic identification of the subpopulation prone to progression toward severe spinal
curves.

The chapters in this volume make clear that we are at the cusp of a period of rapid
progress in scoliosis research. What are the factors that are shaping future directions
in scoliosis research? In this chapter, we will highlight the following technologies
and research initiatives that will significantly impact on this field:

Technological advances and decreased cost of high-throughput sequencing
Establishment of research consortia focused on scoliosis

Building large-scale patient databases useful for scoliosis research

Future use of animal and cell culture models for scoliosis research

Utility of systems biology and bioinformatic approaches for scoliosis research

AR e
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1. Technological Advances and Decreased Cost of
High-Throughput Sequencing: The $1,000 Personal Genome

While Sanger technology-based approaches have been used to carry out whole
genome shotgun sequencing efforts for the human and most animal models, next
generation technologies hold great promise of reducing the cost and the time nec-
essary for genome sequencing. Currently available technologies include the Roche
454, which uses a bead-based emulsion PCR for amplification and pyrosequencing
(light producing reaction) technology, and the Illumina/Solexa system. The through-
put is estimated to be approximately 1-1.5 gigabase-pair (Gbp) per day (reviewed
in Turner et al. 2009). Other technologies include the Applied Biosystems SOLiD
and Helicos tSMS systems, which have a slightly higher throughput of approx-
imately 2 Gbp/day. These technologies generate relatively short sequence reads,
which increase the bioinformatic challenge of sequence assembly (see below).

Beyond the current available systems, the next wave of sequencing technologies
includes the use of nanopore technologies where the DNA is translocated through
a membrane pore with detection of each nucleotide (Turner et al. 2009). The goal
of these technological efforts is to produce the $1,000 genome, which would bring
whole genome sequencing on par with costs of genotyping using microarray tech-
nologies. The availability of whole genome sequence for scoliosis cases raises both
possibilities and challenges. With all available sequence polymorphisms, associa-
tion studies could be carried out with a substantially larger group of genes than even
the 100K SNP chips. However, the bioinformatic challenge of processing whole
genome sequences of thousands of patients in a database requires substantial infras-
tructure, both storage capacity and trained personnel. It is possible that given the
infrastructural requirements for such efforts, there will be consolidation of centers
carrying out whole genome sequencing and analysis as a “service,” akin to current
sequencing or primer synthesis technologies. As will be discussed below, it is clear
that as the cost decreases and the capacity of sequencing/genotyping technologies
increases, the challenge is to screen larger patient databases.

2. Establishment of Research Consortia Focused on Scoliosis:
Economies of Scale for the Next Decade

Since scoliosis is a diverse group of disorders, genetic studies have been hampered
by the lack of a large patient database. However, efforts are underway to establish
patient databases as described below.

Combining the resources of individual investigators or institutions is one clear
approach to developing economies of scale for genetic research. One example of
this approach is the International Consortium for Vertebral Anomalies and Scoliosis
(ICVAS, http://www.icvas.org), which was founded in 2006 by clinicians and
researchers committed to identifying the genetic and developmental mechanisms
underlying scoliosis. ICVAS, as with many consortia, seeks to build a DNA database
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together with relevant clinical data from a diverse group of patients with spinal cur-
vatures and vertebral anomalies. This database would allow investigators to carry
out genome-wide association studies on a larger group of patients than would be
available to individual investigative teams. The major challenges facing consortia
such as ICVAS are to (1) obtain funding for establishment of a patient database and
continued operations and (2) develop the collaborative culture and interactions to
expand and take advantage of these economies of scale. Large patient databases for
research on idiopathic scoliosis have also been described by Nancy Hadley Miller
(Chapter 8) and by Carol Wise (Chapter 9) in this volume. Ongoing efforts described
by both of these groups promise to identify additional loci that increase the risk of
developing idiopathic scoliosis and its severity.

3. Building Large-Scale Patient Databases Useful for Scoliosis
Research

The alternative to developing large patient databases focused on categories of dis-
ease (e.g., scoliosis and related spinal curves) is to develop the infrastructure to
recruit patients with any disorder in a hospital or even national health provider
system.

The most striking example of an effort to recruit all individuals in the national
health-care system is being carried out by the deCode company to identify loci
important for common genetic diseases. DeCode is based in the small country of
Iceland, which has a population of approximately 320,000 that derives from an
initial founder population (Price et al., 2009; http://www.decode.com). This pop-
ulation is subject to many of the same common diseases, such as diabetes, obesity,
cancer, and cardiovascular disorders that afflict the population of the rest of the
developed world. These disorders are also complex and involve the interactions
between genetic background and environmental and life history factors. Disorders
such as idiopathic scoliosis could also potentially be investigated in this population.
Genetic mapping efforts have already been highly successful in identifying alleles
that contribute to risk for major diseases. Even in 2009 alone, publications from or in
collaboration with deCode have described loci that contribute risk for asthma, kid-
ney stones, low bone mineral density, myocardial infarction, obesity, osteoarthritis,
schizophrenia, and thyroid cancer (Evangelou et al. 2009, Gudbjartsson et al. 2009,
Gudmundsson et al. 2009, Lindgren et al. 2009, Rujescu et al. 2009, Thorleifsson
et al. 2009). Key to this success is the ability to integrate genotypic and medical
records data from the Icelandic population, combined with patient databases from
around the world.

The United States is a diverse nation with almost 1,000 times the population
of Iceland and currently lacks a single electronic medical records and health-
care finance structure. Thus, large-scale efforts at patient recruitment have taken
place at the level of the hospital. One example of large-scale recruitment efforts
within the United States has been at the Center for Applied Genomics at The
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Children’s Hospital of Philadelphia (CHOP, http://www.chop.edu). As with the
deCode database efforts, patients with a diversity of disease, including diabetes,
obesity, asthma, childhood cancers, and ADHD, are being recruited. This CHOP
center plans to carry out high-throughput genotyping on samples from over 100,000
children in 3 years. One clear distinction from the deCode database is that this is pre-
dominantly a pediatric population, which may be particularly suitable for congenital
disorders.

Both types of large-scale patient recruitment efforts hold great potential for
scoliosis research. While the number of cases of rare disorders such as spondylo-
costal dysostosis may be small in any of these databases, these more comprehensive
screens are more likely to identify larger populations of related complex disorders
such as congenital scoliosis.

4. Future Use of Animal and Cell Culture Models for Scoliosis
Research

Animal models are essential for scoliosis research, particularly in understanding
the mechanisms leading to disease. Examples of the use of animal and cell culture
models include the following:

e Validation of gene candidates identified in human genome-wide association
studies,

e Identification of new genes that might play a role in relevant developmental
processes, such as axial muscle development and innervation,

e Studies of gene—environment interactions focusing on environmental agents that
contribute to scoliotic curves,

e Functional anatomical studies of the earliest steps in the development of spinal
curvatures,

e Tests of potential therapies for scoliosis.

Animal models that display scoliosis or spinal curvatures can be generated
by genetic or environmental disruptions. In the mouse, genetic models can arise
spontaneously or result from phenotypes observed from gene targeting or trans-
genic efforts. Congenital defects of the spine are most readily visible in the tail,
which makes up almost half of the vertebrae in an animal model such as the
mouse. Progressive idiopathic scoliosis or kyphosis may be less readily detected,
either from spontaneous or targeted mutations. To date, large-scale efforts to gen-
erate genetic models of scoliosis have not been carried out, but mutants have
been isolated in the zebrafish and mouse from more general screens. Examples
include an international phenotype-driven screen for novel developmental defects in
mice generated by the powerful chemical mutagen N-ethyl-N-nitrosourea (Collins
et al. 2007). Targeted mutation technology in the mouse has been useful in
studies of somitogenesis that have advanced our understanding of congenital
forms of scoliosis (Chapter 1). However, targeted mutations are of limited value
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currently for idiopathic scoliosis since we are only just beginning to understand the
developmental origins, with only a single major locus identified to date (CHD?,
Chapter 8).

In the zebrafish, the use of morpholino technology to generate “morphants”
allows for the phenotypic effect of the loss of gene function to be evaluated.
Somitogenesis has been studied in the zebrafish using morphants (reviewed in
Wardle and Papaioannou 2008), which complement the array of mutations that have
been generated for this model system. In addition to the zebrafish, other teleost
models have proven useful for scoliosis research. Idiopathic scoliosis has also been
analyzed in the guppy by genetic analysis seeking to identify genes regulating
severity of spinal curves (Gorman et al. 2007).

Advances in high-throughput analysis of the transcriptome through microarray
technology and of the proteome have been used to study developmental disorders.
These approaches have been used to identify cycling genes in mouse somitogene-
sis (Dequéant et al. 2006), to identify somitogenesis genes disrupted in DIl null
embryos (Machka et al. 2005), Hes7 null embryos (Niwa et al. 2007), DII3 and
Notchl null embryos (Loomes et al. 2007, Sewell et al. 2009), and to identify oscil-
latory expression genes in human and mouse cell culture models (William et al.
2007). Human cell culture models are essential since the affected tissues cannot be
sampled from human embryos. For idiopathic scoliosis, transcriptome and proteome
analysis is hindered by our lack of understanding of the earliest mechanisms lead-
ing to spinal curvatures. If we are not certain what tissues and time points to focus
on, high-throughput analysis of RNA or protein levels would likely only identify
downstream effects of the original gene expression changes leading to scoliosis.

5. Utility of Systems Biology and Bioinformatic Approaches to
Scoliosis Research

Bioinformatics will play an essential role in future scoliosis research.
Bioinformatics will be essential to organize the radiographic images, clinical genetic
and orthopedic medical records, pedigrees, outcomes data, genotypes, and genome
sequence and also to allow for efficient searches of this data. Bioinformatics will
also be required for developing the analytical tools to screen through this data for
scoliosis research. While many “off-the-shelf” technologies can be applied, particu-
larly for database efforts, the questions that are asked in scoliosis are unique. Curve
progression is an essential question in the natural history of idiopathic scoliosis, and
the outcomes data of surgical interventions are also relevant.

Systems biology, which combines bioinformatics, engineering, and biological
approaches, will also play a role in basic research studies in animal models of scolio-
sis. One example of the applications of systems biology to scoliosis research is in our
efforts to understand somitogenesis. When the genetic regulatory system of somi-
togenesis exceeds a small number of interactions, intuitive guesses alone are not
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sufficient to deduce regulatory pathways and generate clear hypotheses about somi-
togenesis. The identification of increasing numbers of Notch, Wnt, FGF, and other
pathways with oscillatory gene expression clearly exceeds the capacity of human
intuition. In such a situation, mathematical models can be created with compo-
nent equations describing interactions of individual molecules in the system. These
systems biological models are playing an increasing role in our understanding of
somitogenesis. Most models have been based on delayed negative feedback loops
of Hes genes, regulated by half-life of this transcription factor (Hirata et al. 2004,
Lewis 2003, Monk 2003). The goal of these systems biological models is to be
able to make predictions about relevant questions, e.g., how will a particular allele’s
decreased gene function disrupt somitogenesis, and then test this model through in
vitro experiments. This will allow for the model to be refined through rounds of
predictions and testing.

Summary

Developmental and genetic studies of the spine, genetic linkage to vertebral anoma-
lies, and family-based association studies have led to advances in understanding the
genetic causes of idiopathic and congenital scoliosis. Chapters in this volume have
been prepared by research leaders who have been working to identify the genetic
and developmental causes of idiopathic and congenital scoliosis. Technological
advances in high-throughput sequencing, genotyping, bioinformatics, and medi-
cal imaging continue to push forward the limit of possible advances in scoliosis
research. Combined with changes in the scale of human genetics research, we antic-
ipate that the next decade could see an exponential increase in the number of genes
associated with congenital and idiopathic scoliosis, and a greater understanding of
the developmental mechanisms underlying “idiopathic” scoliosis.
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“Early onset” scoliosis, 115, 153-154
Ectopic expression, 23, 25, 31
EGF, see Epidermal growth factor (EGF)
domains
Ehlers—Danlos syndrome, 73-74, 74t, 136,
138-139
clinical subtypes associated with scoliosis,
138t
hereditary connective tissue disorders, 138
Embryogenesis, 182
Embryonic cardiac arrhythmia, 132
Embryonic muscles, 38, 192
Embryonic origins of spine, 22-23
intersomitic boundary, establishing, 23
in chick embryos, 23
paraxial mesoderm, two rods of, 22
spinal musculature and tendons, 22
rostral/caudal polarity of somites, 25-26
caudal-specific genes, 26
cell adhesion-dependent mechanism, 26
paraxis-null embryos, 26
resegmentation of sclerotome, 25
rostral- and caudal-specific gene
expression, loss of, 25
segmental patterning of peripheral
nerves, 25
spatial identity, determination, 25
transcriptional repressor, ripply2, 26
rostral to caudal direction, segmentation
undergoes, 22
somite epithelialization, 23-25
cadherin superfamily/cell adhesion
molecules, 25
Cdhl1, combination of, 25
Cdh2, inactivation of, 25
cytoskeletal remodeling, 25
intersomitic boundary formation, 24
schematic of mouse somite formation,
24f
Snail/2, 24
somitocoel, 24
transcription factors paraxis/Pax3, 24
Wht signaling, 25
somites
vertebral column/associated
musculature, 22
EMT, see Epithelial-to-mesenchymal transition
(EMT)
Endochondral ossification process, 31, 140
Environmental factors, causing axial skeletal
dysmorphogenesis, 58—65
arsenic, 63-64

Index

arsenate vs. arsenite, 63

birth defects, 63-64

cell processes, disruption, 63

citric acid cycle/electron transport, 64
effects of arsenite, 63

hypoxic or hyperglycemic environment,

inefficiency electron transport, 63
metal pollutant, 63
neural tube defects, 63
ontogeny, carcinogenic transformation
in, 64
in vitro models, 63
carbon monoxide (CO), 59-60
anecdotal accounts, congenital
malformations, 59-60
characteristic features, 60
chemical hypoxic agent, 59
exposures during early organogenesis,
60
induced dysmorphogenesis, 60
maternal smoking, 60
NO signaling, 60
teratogen in humans, 59
diabetes, 60-61
ATP production, 61
caudal agenesis/dysgenesis syndrome,
61
caudal regression syndrome, 60
diabetic embryopathy, 61
“diabetic environments” or
hyperglycemia, 61
“free” energy source, 61
hyperglycemia or ketosis, 61
malformations, 60
maternal diabetes, 60
poor glycemic control, 61
ethanol, 64—-65
anterior neural tube and cranial neural
crest, 64—65
ethanol-induced birth defects, 64
FAS, manifestations and features, 64
misalignment or segmentation
defect, 65
neural crest cells, 64
hyperthermia, 62-63
cell cycle-dependent mechanism, 62
in chick embryos, 62
embryo, response of, 62
exposure of human fetus to high
temperatures, 62
heat shock teratogenesis, in animal
models, 62
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HSP, induction of, 63
Notch/Delta signaling system, 63
teratological doses, 63
hypoxia, 58-59
congenital vertebral anomalies, 58—-59
diabetic embryopathy, 59
early organogenesis, 59
maternal stress, 59
mitochondrial respiration, 59

oxygenation and cellular responses, 59

ROS-induced cell stress/cell death, 59
vascularization, 59
vertebral/skeletal defects, 59
methanol, 65
cellular responses, 65
skeletal malformations, 65
retinoic acids (RA), 62
analog of vitamin A, 62
in animal models, 62
cell death, 62
homeotic transformations, 62
in humans, 62
metabolic-transforming enzymes, 62
patterning of somites, 62
somitogenesis clock/HOX gene
expression, 62
valproic acid (VPA), 58
anti-epileptic drug, 58
axial skeletal defects, 58
folic acid administration, 58
patterning genes, 58
ROS production, increased, 58
skeletal abnormalities, 58
somitogenesis, 58
spina bifida, 58
vertebral defects, 58
Epidermal growth factor (EGF) domains, 90
Epithelial-to-mesenchymal transition (EMT),
30-32, 34
Erector spinae
longitudinal muscles, 36
iliocostalis, 36
longissimus, 36
spinalis, 36
unilateral contraction, 36
Ethnic patterns, 172

F

Facial dysmorphology, 87t, 128

FAS, see Fetal alcohol syndrome (FAS)

Fetal alcohol syndrome (FAS), 64

FGF, see Fibroblast growth factor (FGF)
signaling
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Fgfrl, see Fibroblast growth factor receptor 1
(Fgfrl) gene
Fibrillar collagen mutations, 140
Fibrillin-1, 136-137, 137f, 140
Fibroblast growth factor (FGF) signaling, 8,
127, 143
mouse, FGF pathway in, 7
Dusp4/Snail/Snai2, 8
Notch pathway cyclic genes, 7
Spry2, 8
and Whnt signaling/determination front,
10-11
beta-catenin gain-of-function mutants,
11
caudal-to-rostral gradient, 11
Fgf3, Fgf4, and Fgfi8 gradients, 11
FGF gradient, 10
Fgf8 mRNA gradient, 11
FGFS8 protein gradient, 10
gradient of beta-catenin, 11
loss-of-function mutants, 10
rate of somitogenesis, 11
rostral-caudal PSM gradient, 10
treatment of chick embryos/mouse
mutants, 11
Wht targets, oscillations of, 11
Fibroblast growth factor receptor 1 (Fgfrl)
gene, 8§, 10-11
Fibronectin, 10, 136, 140
deficiency, 140
extracellular matrix glycoprotein, 140
polymerization, 140
potential role, 140
Fluorescent PCR, 94
Folic acid, 58, 61, 132
Frameshift mutation, 94
Frizzled-related protein (FRZB), 142
FRZB, see Frizzled-related protein (FRZB)
Fucose-specific 1,3
N-—acetylglucosaminyltransferase,
95
Fumonisins, 133

G
GAG, see Glutamic acid codon (GAG)
Gamma-1-syntrophin (SNTGI) gene, 159, 175
Gastrulation, 2-3, 22, 51t, 52, 56, 61
Genetic disorder, 109, 111, 116-117
Genetic etiology of IS, 177-179

linkages for IS, 176t

models involving neurologic tissues,

177-179
brain lesions, 178
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Genetic etiology of IS (cont.)
CHARGE syndrome, 178
CHD7 protein, 178
gene transcription, 178
horizontal gaze palsy, 177
loss-of-function mutations, 177-178
melatonin receptors, 178
musculoskeletal deformity, 177
neurologic/neuromuscular disease, 177
otolith vestibulo-ocular response, 177
secondary abrogation of muscle
tone, 178
short-wave electrolysis, 178
syrinx, 177
models involving spinal tissues, 179
MATNI, 179
osteopenia, 179
paraspinous muscles, 179
spinal ligaments or paraspinous
muscles, 179
Genetic factors in idiopathic scoliosis,
167-183
adolescent spinal development, IS genes in
context of, 182—-183
embryogenesis, 182
mouse/zebrafish/chicken, studies
of, 183
postnatal development, features,
182-183
genetic etiology of IS, 177-179
linkages for IS, 176t
models involving neurologic tissues,
177-179
models involving spinal tissues, 177
See also Genetic etiology of IS
genetic factors, 179-182
IS gene discovery, 179
microchip based methods, 179
idiopathic scoliosis, 167-168
spinal curvature in scoliosis, 168f
See also Individual
IS susceptibility, genetic risk factors for,
180181
molecular genetics
cytogenetic studies, 175
linkage analyses, 175-176
See also Molecular genetics
population studies, 170-174
ethnic patterns, 172
familial and twin studies, 170-171
inheritance of IS susceptibility, 172
prevalence of scoliosis in ethnic groups,
173t-174t

Index

sibling risk studies, 171
See also Population studies for IS
presentation/disease course/treatment,
168-170
bone age, 169
bracing, 170
“Cobb angle method,” 168
curve patterns, 169
degree of spinal curvature, 168
disease progression, 169
growth measurements, 170
risk factors, 169
shoulder imbalance and rib hump, 169f
risk factors for disease course, 181-182
curve magnitude, 181
mixture modeling techniques, 181
survival analysis methods, 181
syndromes/chromosomal
locations/CNV, 182t
scoliosis, 167
Genetic polymorphisms, 159
Genetics/functional pathology of idiopathic
scoliosis, 153-162
chromosomal anomalies, 159
gamma- |-syntrophin (SNTGI) gene,
159
syntrophins, 159
classification and natural history, 153—-155
age, clinical presentation, 153
conservative treatment of back bracing,
155
“early onset” scoliosis, 153—154
factors predicting curve progression,
155
instrumentation, 155
“later onset” scoliosis, 154
“rib hump” due to trunk rotation,
adolescent female, 154f
genetic analysis, 155-156
autosomal dominant mode of
inheritance, 156
clinical observations/population studies,
155-156
dizygous twins, 156
hereditary or genetic factors, 155
twin studies, 156
Utah (GenDB), unique population
database, 156
X-linked or multifactorial inheritance
pattern, 156
genome-wide linkage analysis, 159-162
autosomal dominant vs. X-linked
dominant, 162
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fine-mapping efforts, 162
genetic etiology of idiopathic scoliosis,
160t-161t
genetic polymorphisms, 159
genetic statistical programs, 159
genome scan of families, 159
kyphoscoliosis, expression of, 162
multiplex family, 162
heterogeneity and confounding factors, 157
multiple topographic methods, 157
penetrance/heterogeneity, genetic
principles of, 157
primary disease condition, 157
radiographic analysis, 157
positional and candidate gene approaches,
158-159
AIS, excluded genes and causes of, 158
candidate genes, 158
CHD?7 gene, 159
connective tissue genes, 158
culture techniques, 158
genome-wide screen on chromosome,
158
Melatonin-1A receptor (hMel-1A), 158
multiple connective tissues disorders,
158
osteoblasts, 158
pinealectomy in chickens, 158
polymorphisms in genes, 158
segregation analysis, 156-157
complex segregation analysis, 156
heterogeneity, 157
Mendelian model, 157
Genetic statistical programs, 159
Genetic syndromes, 48t—49t, 136
Gene transcription, 129, 178
Genome scan of families, 159
Genome-wide association (GWA) studies,
192-195
Genome-wide linkage scan, 175
Glutamic acid codon (GAG), 119
Glycosyltransferase, 4, 95-96
Goldenhar syndrome, 49t, 130
3243G point mutation, 131
“Growth spurt,” adolescent, 168, 180
GWA, see Genome-wide association (GWA)
studies

H

Hairy and enhancer of split (HES), 97-99
HATSs, see Histone acetyltransferases (HATS)
HDAC:S, see Histone deacetylases (HDACs)
Heat shock proteins (HSP), 59, 63
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Helicos tSMS systems, 193
Hemifacial microsomia (OAVS), 130-131
BAPX]1 gene expression, 130
Goldenhar syndrome, 130
hemifacial microsomia, 130
sAEI allele, 131
Hensen’s node/notochord, 53f, 61
Hereditary arthro-ophthalmopathy, see Stickler
syndrome
HES?7, see Hairy and enhancer of split (HES)
Heterogeneity, 88, 92, 157, 180
Heterozygous deletion, 131
Histone acetyltransferases (HATs), 37
Histone deacetylases (HDACs), 37
Horizontal gaze palsy, 177
Hox gene family, 38
HSP, see Heat shock proteins (HSP)
Human Genome Project, 191
Hyaline cartilage, 27
Hydrophobicity plots, 94
Hyperglycemia or ketosis, 61
Hyperthermia, 48t, 56, 62-63, 132
Hypoplasia, 56, 60, 82t, 96, 123, 136, 142
Hypoplastic lung syndrome, 114

1
ICVAS, see International Consortium for
Vertebral Anomalies and Scoliosis
(ICVAS)
Idiopathic/neuromuscular/congenital forms of
scoliosis, comparative study, 73-78
adolescent idiopathic scoliosis, 76
brace treatment vs. no brace treatment, 76
causes of scoliosis, 73
children, congenital scoliosis in, 77
Cobb angle (o) measurement
on standard anterior—posterior view
spinal radiograph, 75f
congenital scoliosis, 73
cosmesis, 77
curve magnitude (Cobb method), 75
degree of curve progression, 76
degree of scoliosis on radiographs, 76
gene mutation, 73
Ehlers—Danlos, 73
Marfan syndrome, 73
osteogenesis imperfecta, 73
skeletal deformity, 73
idiopathic scoliosis
adolescent, juvenile, and infantile
forms, 74
multiple rib abnormalities, 76
neurologic conditions
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Idiopathic/neuromuscular/congenital (cont.)
cerebral palsy, 73
Duchenne muscular dystrophy, 73
paralysis, 73
neuromuscular etiology, 7677
nonidiopathic causes, 75
painful conditions, 74
patient, medical evaluation of, 74
posterior chest wall prominence, 74
“postural” causes, 73
primary spinal deformity, 73
pulmonary function test, 76
rotational deformity, 75
skeletal maturity, idiopathic scoliosis
after, 77
spinal radiographs, 75
syndromes and neuromuscular conditions,
74t
syndromic scoliosis pain, 77
treatment
in children, 77
non-fusion surgery, 78
observation/bracing/surgery, 77
vertebral abnormalities
bone scan or MRI test, 76
infection, or bony destruction, 76
spondylolisthesis, 76
spondylolysis, 76
vertebral development
failure of formation or failure of
segmentation, 77
Idiopathic scoliosis (IS), 36, 74-78, 81,
127-144, 153-162, 167-168,
169-183, 192-197
adolescent “growth spurt,” 168
age of onset, 168
rapid vertical growth, 168
spinal curvature in scoliosis, 168f
spinal deformity in children, 167
susceptibility, genetic risk factors for,
180-181
“candidate” disorders, 181
case—control designs/family-based
designs, 180
CNVs, 181
DiGeorge syndrome, 181
disease allele/proxy alleles, 180
disease-associated DNA
polymorphisms, 180
duplication/deletion syndromes, 181
Prader—Willi syndrome, 181
risk factors, 180
Smith—-Magenis syndrome, 181

Index

spinal muscular atrophy, 181
transmitted vs. untransmitted alleles,
180
IGF-1, see Insulin-like growth factor (IGF)-1
Tliocostalis, 35f, 36
Illumina/Solexa system, 193
Immunofluoresence, 97
Infant mortality, 55, 85, 99
Inheritance patterns, types of, 133—136
autosomal recessive inheritance patterns,
133
CGH technique, 134
CHD7, CGH major gene
CHARGE syndrome, 134
MCA syndrome, 134
chromosomal rearrangements
de novo pericentric inversion, 133
reciprocal translocation, 133
translocation, 133
disorders of connective tissue, 136
DNA sequence variants associated with
SDV, 135t
genetic syndromes, 136
human diseases, copy number changes
in, 134
Charcot—Marie-Tooth type 1A
(PMP22), 134
Pelizaeus—Merzbacher syndrome
(PLPI), 134
Rett syndrome (MECP2), 134
Smith—-Magenis syndrome (RAI,
PLPI), 134
spinal muscular atrophy (SMN1), 134
mouse-human synteny analysis, 134
“multi-hit” kinetic hypothesis, 136
patterns of Mendelian inheritance, 133
spine development, 133
STRPs/SNP, 133
T in vertebral morphogenesis, 135
vertebral malformations, 134—135
Insertion mutation, 92
Insulin-dependent mother, 88
Insulin-like growth factor (IGF)-1, 141-142,
160t
International Consortium for Vertebral
Anomalies and Scoliosis (ICVAS),
100, 101f=102f, 124, 193-194
Intervertebral foramina, 27
IS, see Idiopathic scoliosis (IS)

J
Jarcho-Levin syndrome (JLS), 49t, 83-85, 86t,
99, 103, 110, 119
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JLS, see Jarcho-Levin syndrome (JLS)
Juvenile fourhorn sculpin, 133

K
KFA, see Klippel-Feil anomaly (KFA)
Klippel-Feil anomaly (KFA), 84-85, 87t,
129-130
cervical vertebral fusion abnormalities, 129
medial sclerotome condensation, 129
missense/recurrent mutation, 129-130
multi-organ system malformations, 129
multiple vertebral segmentation
abnormalities, 130
mutations in GDF6, 129
mutations in PAX/, 130
Pax1-dependent process, 130

L

“Later onset” scoliosis, 154

Lefl, see Lymphoid enhancer binding factor 1

(LefT)

Lfng, see Lunatic fringe (Lfng)

Ligament, broad anterior longitudinal, 29
anterior herniation of nucleus pulposus, 29
hyperextension of spine, 29
whiplash (hyperextension) injuries, 29

Limb abnormalities, 49t, 88, 131

Longissimus, 35-36

Loss-of-function mutations, 10, 177-178, 183

Lumbar lordosis (swayback deformity), 21

Lunatic fringe (Lfng), 4-8, 23, 82t, 90, 92,

95-97, 120, 192
Lymphoid enhancer binding factor 1 (Lef1), 8

M
MADS-box transcription factors, 37
Magnetic resonance imaging (MRI) test, 36,
76, 95
Marfan syndrome, 73, 74t, 77, 127, 136-137,
157
aortic root dilatation, 136
autosomal dominant pleiotropic disorder,
136
craniofacial features, 136
fibrillin-1, 137, 137f
skeletal features, 136
spontaneous pneumothorax, 137
Maternal diabetes syndrome, 60, 82t, 88, 89f
Maternal/fetal genes, 132
Maternal insulin-dependent diabetes mellitus,
132
Maternal smoking, 60
MATNI, see Matrilin-1 gene (MATNI)
Matrilin-1 gene (MATNI), 160t, 179
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MCA, see Multiple congenital anomaly
(MCA) syndrome
Medial sclerotome condensation, 130
MEF2, see Myocyte enhancer factor-2 (MEF2)
family
Melatonin-1A receptor (hMel-1A), 158
Melatonin receptors, 144f, 178
Melatonin signaling dysfunction, 143, 144f
Mendelian Inheritance in Man (MIM), 111,
176t, 177
Mendelian model, 157
Mesenchymal to epithelial transition (MET),
23-25, 31f
Mesoderm posterior 2 (MESP2), 10, 93-95,
99-100
in cases of STD, molecular analysis,
119-121
autosomal recessive disorder, 119
bHLH domain, 119
early infancy deaths, 120
E230X and L125V mutations, 120
homozygous nonsense mutation, 119
JLS, STD in diagnosis of, 119
mouse Lfng reporter, 120
MSDV and spine formation, 119
novel nonsense mutation, E230X, 120
novel Spe I restriction enzyme site, 119
partial gene deletion or mutation, 120
premature termination codon, 120
sequencing analysis of genes, 119
SIFT prediction program, 119
single-base pair substitution mutation,
119
stop codon (TAG), 119
well-characterized disorders, 119
classical DNA, 119
polymerase chain reaction (PCR), 119
and SCD, 121
nonsense-mediated decay, 121
pulmonary function tests, 121
segmentation abnormalities and
misaligned ribs, 121
sequencing analysis, 119
in somitogenesis, role of, 121-122
AP polarity of somite, 121
AP view of computer tomography scans
of whole spine, 122f
lateral view of computer tomography
scans of whole spine, 122f
resegmentation, 121
MESP2, see Mesoderm posterior 2 (MESP2)
MET, see Mesenchymal to epithelial transition
(MET)
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Microchip based methods, 179
Microdeletions, 143
MIM, see Mendelian Inheritance in Man
(MIM)
Missense/recurrent mutation, 92, 129-130
Mitochondrial respiration, 59
Mixture modeling techniques, 181
MLCISA, see Myosin light chain 1 slow A
(MLCI1SA)
Molecular genetics
cytogenetic studies, 175
alterations of chromosome 15, 175
chromosomal breakpoint mapping, 175
neurofibromatosis, 175
Prader—Willi and Angelman syndromes,
175
rearrangements of chromosome 17, 175
vertebral anomalies or coexisting
diagnoses, 175
linkage analyses, 175-176
DNA sequence polymorphisms, 175
genome-wide linkage scan, 175
MIM, 176
polymorphisms, 175
9q31.2-34.2-encoded genes, promising
candidates, 177
Monozygotic (MZ) or identical twins, 171
Mouse—human synteny analysis, 134
MPC, see Myogenic progenitor cell (MPC)
population
MRI, see Magnetic resonance imaging (MRI)
test
MSDV and spine formation, 119
“crab-like” appearance of thoracic
cage, 119
increased antero-posterior (AP) thoracic
diameter, 119
Msel restriction enzyme site, 96
“Multifactorial” inheritance model, 156, 172
Multifidus muscle, 36
“Multi-hit” kinetic hypothesis, 136
Multi-organ system malformations, 129
Multiple congenital anomaly (MCA)
syndrome, 89, 134
Multiple hemivertebrae, 50f, 95
Multiple inbreeding, 91
Multiple rib abnormalities, 76
Multiple segmentation defects
costovertebral dysplasia, 111
spondylocostal dysostosis, 111
spondylocostal dysplasia, 111
spondylothoracic dysplasia, 111
Multiplex family, 162

Index

Murine somitogenesis, 95
Muscle-specific transcription, 37
Musculoskeletal deformity, 177
Mutation screening, 95
Myc, see Myelocytomatosis oncogene (Myc)
Myelocytomatosis oncogene (Myc), 5, 7
MYH3, see Myosin, heavy chain 3, (MYH3)
Myocyte enhancer factor-2 (MEF2) family, 37
and myogenic factors, 37

HATs/HDACs, 37
Myodl, see Myogenic differentiation (Myod1)
Myogenic differentiation (MyodI), 10, 37
Myogenic progenitor cell (MPC)

population, 37
Myogenic program, 37
Myopia, 139
Myosin, heavy chain 3, (MYH3), 141
Myosin light chain | slow A (MLCISA), 141
Myotome (skeletal muscle), 2, 23, 31f, 33f,
37-38

N
Naked cuticle 1 homolog (Nkd1), 5t, 8
National Center for Health Statistics, 14
N-cadherin (Cdh2), 25
Neural tube defect (NTD), 58, 88, 99
Neurofibromatosis, 74t, 167, 175
Neurohormonal deficit or dysfunction, 143,
144f
Neurologic/neuromuscular disease, 167, 177
Neuromuscular and neurogenic etiologies,
141-142
candidate gene approaches, 141
CAPN3, mutations in, 141
extracellular matrix development, genes
for, 141
FRZB, 142
limb girdle muscular dystrophy 2A, 141
muscle development, associated genes
IGF-1/MLCISA/MYH3, 141
Neuromuscular scoliosis, 7677, 192
Neurulation, 52, 60
Newborn period (hypercapnea), 112-113, 123
Nitric oxide (NO) signaling, 60
Nkdl, see Naked cuticle 1 homolog (Nkd1)
NO, see Nitric oxide (NO) signaling
Nomenclature, problem of, 83-87
Casamassima—Morton—-Nance syndrome,
84
classification
and definition of SDV according to
Takikawa, 86t
for SDV, according to McMaster, 86t
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for and of SDV according to Mortier,
86t
costovertebral dysplasia, 84
“crab-like” fashion, 85
definitions for terms SCD/STD, 84t
dysostosis/dysplasia, 83
infant mortality, 85
KFA
classification according to
Feil/Thomsen, 87t

classification adapted from Clarke, 87t

multiple SDV, 84
SCD phenotype, gross asymmetry of
thoracic cage in, 85f
spondylothoracic dysostosis/dysplasia
(STD), 84
thoracic vertebrae, 85
typical STD phenotype, 85
Nonfunctional neck, short and rigid, 113
Non-fusion surgery techniques, 78
Nonsense mutations in filamin B (FLNBt),
82t, 139
atelosteogenesis I and III, 139
boomerang dysplasia, 139
Larsen syndrome, 139
in mice, 139
Notch/Delta signaling system, 63
Notch-ICD, see Notch intracellular domain
(Notch-ICD)
Notch intracellular domain (Notch-ICD), 6
Notch pathway genes, 4-7, 95
binding sites for bHLH proteins, 6
CSL/Rbpj binding site, 6
cycling genes, 6
cycling inhibition of Notch signaling by
Lfng, 6
glycosyltransferase (Lfng), 4-6
helix—loop-helix effectors, 6
HES protein family, 6
immunoglobulin kappa J region, 6
mammalian suppressor of hairless, 6
mouse embryo, segmentation clock in, 7
negative feedback loop, 6
noncycling genes, 6
time-delay mathematical model, 7
transcriptional repressors
(Hes7/Hes1/Hey2), 6
vertebral anomalies, 6
Notch-regulated ankyrin repeat protein
(Nrarp), 41, 5t, 8
Notch signaling pathway genes/SCD, 89-90
affected organ systems, 89
determination of laterality, 89
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hematopoiesis, 89
vascular and central nervous
systems, 89
heterozygous and homozygous gene
knock-outs
in animal models, 89
in man, 89
pathogenic mutations, 89
Notch/Wnt/FGF pathway genes, interactions,
8-9
Axin2 expression, 9
cycling expression of
Axin2 and Spry2, 9
Dusp4, 8-9
Fgfrl gene, deletion, 9
Lfng cycling expression, 9
Nrarp, 8
pattern of cycling expression, 8
somitogenesis, 9
Nrarp, see Notch-regulated ankyrin repeat
protein (Nrarp)
NTD, see Neural tube defect (NTD)
Nucleus pulposus, 29, 34

(0]

OAVS, see Oculo-Auriculo-Vertebral Spectrum
(OAVS)

Oculo-auriculo-vertebral spectrum (OAVS),
82t, 130-131

OEIS, see Omphalocele, cloacal Exstrophy,
Imperforate anus, and Spinal
deformities (OEIS) complex

Omphalocele, cloacal Exstrophy, Imperforate
anus, and Spinal deformities (OEIS)
complex, 82t, 132

Ontogeny, carcinogenic transformation in, 64

Ophthalmologic abnormalities, 129

Organogenesis, 52, 59-60, 62

Osteoblasts, 140, 143, 158

Osteogenesis imperfecta, 73, 74t, 157

Osteopenia, 179

P
Paralysis, 73, 74t
Paraspinous muscles, 179
Paraxial mesoderm
formation, 2-3
caudal regression syndrome or caudal
agenesis, 3
gastrulation, 2
mouse model system, 3
PSM/VER, 3
tailbud formation, 3
segmentation
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Paraxial mesoderm (cont.)
5 lumbar/5 sacral/8-10 coccygeal
somites, 22
4 occipital/8 cervical/12 thoracic, 22
Paraxis-deficient embryos, 32
Partial gene deletion or mutation, 120
Pathogenic mutations, 89
Patterns of Mendelian inheritance, 133, 157
PCR, see Polymerase chain reaction (PCR)
“Pebble beach sign,” 91, 91f, 100
Pelizaeus—Merzbacher syndrome
(PLP1), 134
Peptide-O-fucosyltransferase 1 (Pofutl),
6,25
Pharmaceutical teratogens, 55
Phenylalanine residue, 96
Pierre Robin sequence or cleft palate, 139
Pinealectomy, 143, 158
Pleiotropic genetic disorder, 111
Pofutl, see Peptide-O-fucosyltransferase 1
(Pofutl)
Polycomb genes, 30, 34
Polymerase chain reaction (PCR), 94, 119, 193
Polymerization, 140
Polymorphisms, 94, 120, 133, 158-159, 175,
176t, 178-180, 193
POMS, see Profile of Mood States (POMS)
Population studies for IS, 170-174
ethnic patterns, 172
Bantu-speaking populations, 172
school age children, 172
screening methods, 172
familial and twin studies, 170-171
Danish Twin Registry, 171
dizygotic (DZ) or fraternal twins, 171
monozygotic (MZ) or identical twins,
171
inheritance of IS susceptibility, 172
“complex” genetic disease, 172
copy number variation, 172
lack of male—male transmission, 172
“multifactorial” inheritance model, 172
risk factors, 172
X-linked dominant inheritance, 172
prevalence of scoliosis in ethnic groups,
173t-174t
sibling risk studies, 171
RA/CD/T1D/psoriasis, A for, 171
“sibling risk ratio (hs)”, 171
Prader—Willi syndrome, 140-141, 181
Angelman syndrome region, 140-141
antisense transcript gene, 141
snoRNA genes, 141

Index

occurrence and causes, 140
prototypic chromosomal syndrome, 140
risk factors, 141
SNRPN, 141
Premature termination codon, 120
Prenatal ultrasounds, 118
Presenilin 1 (Psenl), 6, 25-26
Presomitic mesoderm (PSM), 1, 2f, 3—12, 4f,
12f, 23-24, 24f, 26, 95, 121
segmental prepatterning in, 3—4
c-hairyl mRNA expression, 4
“clock and wavefront” escapement
model, 3
cycling gene expression, 4f
epithelial somites, 3
process of somite formation, 3
rostral-caudal compartmentalization, 3
“segmentation clock,” 4
somitogenesis, 3
unsegmented paraxial mesoderm, 3
Primary spinal deformity, 73
Profile of Mood States (POMS), 116-117
Prototypic chromosomal syndrome, 140
Psenl, see Presenilin 1 (Psenl)
PSM, see Presomitic mesoderm (PSM)
Pudgy, radiation-damaged mouse, 90-91
Puerto Rico, STD in, 109-124
clinical features, 112-116
atrial septum defects, 114
bilateral and symmetrical fusion of
ribs, 115
bone bar, congenital anomaly, 115
chest circumference diameter, 114
childhood/adolescence/adulthood,
characterization of, 112
computer tomography scans of whole
spine, 114f, 115f
congenital anomalies, 115
fanning out or “crab-like” appearance
(chest), 114
growth of spine, 115
hypoplastic lung syndrome, 114
inguinal hernias, 114
neurocognitive functions, 116
nonfunctional neck, short and rigid, 113
protuberant occipital in new born, 112
respiratory distress, 114
short neck and anterior protrusion of
thorax, 113f
short neck and spine, 113f
short-trunk dwarfism, 113
spine rotation anomalies, 115
umbilical hernias, 115
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vertebral segmentation disorders, 115
vertical expandable prosthetic titanium
ribs, 116
clinical management of patients
infancy and early childhood, 123-124
late childhood and adulthood, 124
neonatal period, 123
MESP2
in cases of STD, molecular analysis,
119-121
and SCD, 121
in somitogenesis, role of, 121-122
people, 111-112
bilateral fusion of ribs at costovertebral
junction, 111f
clinical findings, 111
dysostosis, 111
multiple vertebral formations/
segmentation defects, 111, 112f
pleiotropic genetic disorder, 111
prenatal diagnosis, 118-119
multiple segmentation/formation
vertebral defects, 118
neonatal complications, 118
prenatal ultrasounds, 118
raising a child with, 116-118
CHIP, 116
chronic childhood diseases, 117
coping mechanisms, 116
coping strategies, used by parents, 117
genetic disorder, 117
Hispanic or Latino community, negative
mood, 117
POMS, 116
and SDV, 110-111
autosomal recessive syndrome, 110
congenital scoliosis/chest wall
abnormalities, 110
costovertebral malformation, 110
Puerto Rican family, 110
(scoliosis/kyphosis) SDV, 111
short-trunk dwarfism, 110
STD/SCD, 110
Pulmonary function tests, 76, 121
Pyrosequencing technology, 193

R

Racl, see RAS-related C3 botulinum substrate
1 (Racl)

RAII, see Retinoic acid-induced 1 (RAI]) gene

RARE-LacZ, see RA response element
(RARE)-LacZ reporter experiments

RA response element (RARE)-LacZ reporter
experiments, 12
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RAS-related C3 botulinum substrate 1 (Racl),
10, 25
Reciprocal translocation, 133
Recreational teratogens, 55
Relatives, first/second/third-degree, 156, 172
Resegmentation process, 2, 25, 32, 33f, 34, 51,
81,121, 128
Respiratory distress, 114, 118
Respiratory syncytial virus (RSV), 123
Retinoic acid/determination front, 11-13
Fgf8/Raldh2, RA downregulates expression
of, 12
opposing gradients of FGF/RA, 12
to position determination zone, 12f
RA gradient, 11-12
RARE-LacZ reporter experiments in
mouse, 12
spinal curvatures, 13
symmetry of somitogenesis, 13
unilateral vertebral malformations, 13
Retinoic acid-induced 1 (RAI1) gene, 127, 134,
143-144
Rett syndrome (MECP2), 134
Robinow syndrome, 81
Rocker bottom feet, 48t, 130
Rotational deformity, 75
RSV, see Respiratory syncytial virus (RSV)

S
Sacral vertebrae, 28
Sacrum, 27-29, 36, 88, 132
SCD, see Spondylocostal dysostosis (SCD)
Scleraxis, 38-39
Sclerotome, 2, 22, 25, 31f, 32-34, 38, 51, 53t,
130, 134
resegmentation, 32
vertebrae and ribs, 22
Scoliosis, 21, 167
congenital scoliosis, 167
“IS,”, 167
meant as “crooked,” 167
neurologic or neuromuscular diseases
Charcot—Marie—Tooth disease, 167
Duchenne muscular dystrophy, 167
neurofibromatosis, 167
spinal muscular atrophy, 167
Prader—Willi or CHARGE syndromes, 167
on radiographs, degree of, 74, 76
“S-shaped” or “C-shaped” spinal deformity,
167
Scoliotic curves, 36, 85, 90, 91f, 156, 195
Screening methods, 172
SDV, see Segmentation defects of vertebrae
(SDV)
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Secondary lung hypoplasia, 123
Segmentation abnormalities and misaligned
ribs, 83, 86t, 121, 130
“Segmentation clock,” 4, 6-9, 90, 95, 121
Segmentation defects of vertebrae (SDV),
81-84, 86-90, 93, 95, 97, 100-103,
101t-102t, 128, 132-136, 143, 192
epidemiology of, 128
congenital vertebral malformations, 128
kyphosis/scoliosis, 128
syndromic/nonsyndromic vertebral
malformation syndromes, 128
generalized SDV, 84t, 93, 95
ICVAS classification of
algorithm for research, 102f
algorithm, SDV, 101f
JLS or SCD, 103
Mendelian cases of SCD, 100
multiple rounded hemivertebrae, 100
multiple SDV, 84, 84t, 95, 103
phenotype—genotype correlation studies,
100
syndromes, sporadically occurring,
128-132
types of spinal abnormality, 103
“undefined regional (thoracic) M-SDV,”
103
vertebral pedicles, 100
vertebral segmentation abnormalities, 103t
Segmentation process, 3—4, 6-9, 22-23, 32,
50, 60, 65, 81-104, 110-112, 115,
118-121, 128-130, 134, 140
Semispinalis, 35f, 36,
Shh, see Sonic hedgehog (Shh)
Shock absorbers/enhance spinal flexibility, 28
Short tandem repeat polymorphisms
(STRPs), 133
Short-trunk dwarfism, 110-111, 113
Short-wave electrolysis, 178
“Sibling risk ratio ()", 171
“Sickle-cell sacrum,” 132
SIFT, see Sorting Intolerant From Tolerant
(SIFT) prediction program
Single nucleotide polymorphisms (SNP), 96,
133, 178, 181, 193
Skeletal deformity, 73, 176
Small nuclear ribonucleoprotein N (SNRPN),
141
Smith—Magenis syndrome, 127, 134, 142-145,
180181, 182t
characteristic facial appearance, 142
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mild mid-facial hypoplasia/upslanting
palpebral fissures/tenting of upper
lip, 142
in children, 142-143
contiguous gene disorder, 142
G inhibitory proteins, 143
hypothesis for altered melatonin signaling
in pathogenesis, 144f
melatonin signaling dysfunction, 143
microdeletions, 143
mutations in RAIl gene, 143
retinoic acid, 143
neurohormonal deficit or dysfunction,
143
pinealectomy in chicken and rats, 143
RAII in humans, haploinsufficiency
of, 144
risk factors, 143
sleep disturbances, 143
Snail, see Snail homolog 1 (Snail)
Snai2, see Snail homolog 2 (Snai2)
Snail homolog 1 (Snail), 8, 24
Snail homolog 2 (Snai2), 8, 24
SNP, see Single nucleotide polymorphisms
(SNP)
SNRPN, see Small nuclear ribonucleoprotein
N (SNRPN)
Somites, 1, 3,9, 12-13, 21-26, 31-32, 37, 52,
62, 81,97, 121
formation, 23
axial skeletal dysmorphogenesis, 23
axial skeleton, 23
vertebral column/associated musculature,
22
dermomyotome (dermis/skeletal muscle
progenitor cells), 22
myotome (skeletal muscle), 22
sclerotome (vertebrae and ribs), 22
syndetome (tendons), 22
Somitocoel, 24, 31f, 31, 34
Somitogenesis in humans, comparison with, 3,
13-14, 52
carbon monoxide, 13—-14
Carnegie collection, 13
cycling period in human, mechanisms, 13
estimated periodicity of cycling
genes, 13
mammalian somitogenesis, cycling/
oscillatory genes in, 5t
molecular analysis of cycling genes, 13
spondylocostal dysostosis/
spondylothoracic dysplasia, 14
teratogenic factors
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carbon monoxide exposure, 13
hypoxia, 13
vertebral birth defects, 13
Sonic hedgehog (Shh), 30, 37, 57, 131-132
Sorting Intolerant From Tolerant (SIFT)
prediction program, 119
Spel restriction enzyme site, 119
Spina bifida occulta/diastematomyelia, 88
Spinal cord compression, 91
Spinal curvatures, 13, 21, 22f, 29, 36, 73-74,
76, 78, 102t, 103, 127, 136, 142,
144, 155, 158, 162, 167, 168f, 169,
181, 194-196
degree of, 168
Spinalis, 35f, 36
Spinal muscles, anatomy/development of,
34-35
development, 36-37
bHLH transcription factor family, 37
CaMK, 37
canonical f-catenin pathway, 38
dermomyotome, MPC migration
from, 37
embryonic muscles, 38
Gli transcription factors, mutations
in, 38
Hox gene family, 38
MADS-box transcription factors, 37
Mef-2 and myogenic factors, 37
mononucleated myocytes, 37
MPC population, 37
MyoD and myf-5, acetylation of, 37
myogenic program, 37
Shh, combination of, 37
flexors, 34
functional anatomy, 35-36
development of curvature, 36
erector spinae, longitudinal muscles
in, 36
interspinales, 36
intertransversarii, 36
levatores costarum, 36
multifidus muscle, 36
scoliotic curves, 36
splenius capitis/cervicis, 35
suboccipital triangle, muscles of, 36
transversospinalis muscles, 36
lateral flexion by scalenes, 35
“spinal muscles,” 35
tendon development, 38-39
ETS transcription factor, 38—-39
muscles of back, 35f
scleraxis, 38
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Sox5/Sox6, compound mouse mutation
in, 39
syndetome, 38
Spinal muscular atrophy (SMN1), 74t, 134,
167, 181, 182t
Spinal patterning, genetic regulation of somite
and, 1-14
FGF signaling, 8
See also Fibroblast growth factor (FGF)
signaling
interactions between Notch/Wnt/FGF
pathway genes, 8-9
cyclic expression of Axin2 and
Spry2,9
cyclic expression of Hes7, 9
cycling expression of
Dusp4, 8-9
cycling expression of Spry2, 8
Fgfrl gene, deletion, 9
Lfng cycling expression, 9
Nkd1/Nrarp, 8
somitogenesis, 8-9
Notch pathway genes, 4—7
binding sites for bHLH proteins, 6
CSL/Rbpj binding site, 6
cycling genes, 6
cycling inhibition of Notch signaling by
Lfng, 6
DIli1/DII3, 6
glycosyltransferase (Lfng), 4-6
helix—loop-helix effectors, 6
HES protein family, 6
immunoglobulin kappa J region, 6
mammalian suppressor of hairless, 6
mouse embryo, segmentation clock
in, 7
negative feedback loop, 6
noncycling genes, 6
Notch-ICD, 6
time-delay mathematical model, 7
transcriptional repressors
(Hes7/Hes1/Hey2), 6
vertebral anomalies, 6
paraxial mesoderm formation, 2-3
caudal regression syndrome or caudal
agenesis, 3
gastrulation, 2
mouse model system, 2-3
PSM/VER, 3
tailbud formation, 3
PSM, segmental prepatterning in, 3—4
c-hairyl mRNA expression, 4
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Spinal patterning (cont.)

“clock and wavefront” escapement
model, 3
cycling gene expression in PSM, 4f
epithelial somites, 3
process of somite formation, 3
rostral-caudal compartmentalization, 3
“segmentation clock,” 4
somitogenesis, 3
unsegmented paraxial mesoderm, 3
regions of developmental activity during
somitogenesis, 2f
retinoic acid/determination front, 11-13
FgfS8/Raldh2, RA downregulates
expression of, 12
opposing gradients of FGF/RA, 12
RA gradient, 11-12
RARE-LacZ reporter experiments in
mouse, 12
spinal curvatures, 13
symmetry of somitogenesis, 13
unilateral vertebral malformations, 13
signaling/determination front, FGF/Wnt,
10-11
beta-catenin gain-of-function mutants,
11
caudal-to-rostral gradient, 11
Fgf3, Fgf4, and Fgfi8 gradients, 11
FGFS8 protein gradient, 10
gradient of beta-catenin, 11
loss-of-function mutants, 10
rate of somitogenesis, 11
rostral-caudal PSM gradient, 10
treatment of chick embryos/mouse
mutants, 11
‘Whnt targets, oscillations of, 11
somitogenesis in humans, comparison with,
13-14
See also Somitogenesis in humans,
comparison with
wavefront or determination front,
prepatterning, 9-10
See also Wavefront or determination
front, prepatterning
‘Wnt pathway genes, 7-8
See also Wnt pathway genes

Spinal radiographs, 75
Spine, development/functional anatomy of,

21-39
abnormal curvatures
lumbar lordosis (swayback deformity),
21
scoliosis, 21
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thoracic kyphosis (hunchback
deformity), 21
anatomy/development of spinal muscles,
34-35
development of spinal muscles, 36-37
functional anatomy of spinal muscles,
35-36
tendon development, 38-39
curvatures, four, 21
embryonic origins, 22-23
intersomitic boundary, establishing, 23
rostral/caudal polarity of somites,
25-26
somite epithelialization, 23-25
functions, 21
vertebrae/IV discs, anatomy and
development of, 26
development of vertebrae, 30
formation of IV discs, 34
functional anatomy, 27-30
remodeling sclerotome into vertebrae,
32
rostral/caudal patterning, 32-34
vertebral column, illustrating spinal
curvatures, 22f

Spine rotation anomalies, 115
Splenius capitis/cervicis, 35
Spondylocarpotarsal syndrome, 136, 139
autosomal recessive condition, 139
nonsense mutations in FLNB, 139
atelosteogenesis I and III, 139
boomerang dysplasia, 139
Larsen syndrome, 139
Spondylocostal dysostosis (SCD), 82t, 83-84,
86t, 89-99, 110-111, 115-116, 119,
121,133,195
DLL3,90-92
abdominal situs inversus, 91
central nervous system defects, 91
cross-species biological homology, 92
defects in neuroventricles, 91
distal arthrogryposis, 91
DSL/EGF/TM domains, 90
human mutations, haplotype studies, 92
insertion mutation, DNA replication, 92
missense mutation, 92
molecular “segmentation clock,” 90
multiple inbreeding, 91
mutations, 92
Notch signaling, negative regulator
of, 90
pathological mutations, 90
“pebble beach sign,” 90-91
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pudgy, radiation-damaged mouse, 90
SCD type 1, 90
somite boundary formation, 90
spinal cord compression, 91
HES7,97-99
Affymetrix GeneChip® Human
Mapping, 97-98
Chiari II malformation, 97
comparisons of transcriptional
repression, 98
corepressors, 98
DNA-binding transcription factors, 97
DNA sequencing, 97
HES (and HEY) proteins, 97
myelomeningocele, prenatal diagnosis
of, 97
orange domain, 97
protein of bHLH superfamily, 97
transcriptional repression, comparisons
of, 98
LFNG, 95-97
consanguineous parents, 95
“cycling” genes, 95
F187L mutations in mouse, 97
fucose-specific f 1,3
N—acetylglucosaminyltransferase,
95
glycosyltransferase, 95
homozygous missense mutation, 96
hypoplasia, 96
immunofluoresence, 97
inactive form of LENG (D202A), 97
multiple hemivertebrae/rib
anomalies, 95
mutation screening, 95
novel Msel restriction enzyme site, 96
phenylalanine residue, 96
proband’s parents, 96
protein binding, 96
spinal MRI, 95
MESP2, 93-95
bHLH region, 94
duplication mutation (500-503dup), 94
fluorescent PCR, 94
frameshift mutation, 94
genome-wide homozygosity
mapping, 93
human MESP2, 94
hydrophobicity plots, 94
mouse MesP2 QAQM, 94
mouse MesP1 QSQS, 94
murine somitogenesis, 95
paraxis, 94
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polymorphism in GQ region, 94
presenilinl-independent DI113-Notch
signaling, 95
15q markers/fine mapping, 93
radiological phenotype
type 1 due to mutated DLL3, 91f
type 4 due to mutated HES7, 98f
type 3 due to mutated LFNG, 96f
type 2 due to mutated MESP2, 93f
Spondylolisthesis, 76
Spondylothoracic dysostosis (STD), 82t,
83-84, 86t, 95, 99-100, 109-124,
133
MESP2, 99-100
antero-posterior X-ray, 99
clinical aspects/radiological
findings, 99
infant mortality, 99
Puerto Rican Indians, 99
“spondylothoracic dysosto-
sis/dysplasia,” 99
“tramline sign,” 99
radiological phenotype
due to mutated MESP2, 99f
Spontaneous pneumothorax, 137
Sprague-Dawley rat fetuses, 132
Sprouty homolog 2 (Spry2), 5t, 8
Spry2, see Sprouty homolog 2 (Spry2)
“S-shaped” or “C-shaped” spinal deformity,
167
Stickler syndrome, 127, 136, 139-140
abnormal chondrification or endochondral
ossification, 140
fibrillar collagen mutations, 140
hereditary arthro-ophthalmopathy, 139
myopia, 139
Pierre Robin sequence or cleft
palate, 139
type 1/type 2 Stickler syndromes, 139
vertebral endplate abnormalities, 139
STRPs, see Short tandem repeat
polymorphisms (STRPs)
Survival analysis methods, 181
Syndetome (tendons), 2, 22-23, 31f, 33f, 38
Syndromic/nonsyndromic vertebral
malformation syndromes, 128
Syndromic scoliosis pain, 77
Syntrophins, 159
Syrinx, 95, 177

T
Tailbud formation, 3
TALE gene families, 34
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Teratogenesis, agents/conditions associated
with axial skeletal, 55-56
agricultural teratogens, 55
industrial and environmental teratogens, 55
infectious diseases, 56
metabolic conditions, 56
pharmaceutical teratogens, 55
recreational teratogens, 55
Teratogens, etiologic factor in SDV,
132-133
anticonvulsant medications, 132
hyperthermia, 132
maternal insulin-dependent diabetes
mellitus, 132
valproic acid and dilantin, 132
chlorpyrifos, 133
embryonic cardiac arrhythmia, 132
folic acid, 132
fumonisins, 133
juvenile fourhorn sculpin, 133
maternal/fetal genes, 132
Sprague-Dawley rat fetuses, 132
vertebral anomalies, 133
Teratology, 49, 52
experimental axial skeletal, 52
dose-response effect, 52
environmental agent, role of, 52
morphological processes, 52
scoliosis, etiology of, 52
“thalidomide experience,” 52
TGF-B, see Transforming growth factor
beta (TGF-f) receptor signaling
pathways
TGF-beta type II receptor (Tgfbr2), 34
Thoracic kyphosis (hunchback deformity),
21
Thoracic vertebrae, 28, 85, 90, 99
TM, see Transmembrane domain (TM)
“Tramline sign,” 99-100
Transcriptional repressor, ripply2, 6, 24, 26, 34
Transforming growth factor beta (TGF-f)
receptor signaling pathways, 5t,
34,127
Translocation, 88, 133
Transmembrane domain (TM), 90
Transversospinalis muscles, 35
multifidus, 36
rotatores muscles, 36
semispinalis, 36
Twin studies, 156, 170-171

U
Umbilical hernias, 111, 115
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A%

VACTERL, see Vertebral defects, Anal
atresia, Cardiac defects,
Tracheo-Esophageal fistula,
Radial defects and Renal
anomalies, non-radial Limb defects
(VACTERL)

Valproic acid, 55, 58, 132

Vascular and central nervous systems, 89

Vascularization, 59

VATER, see Vertebral defects, Anal atresia,
Tracheo-Esophageal fistula, Radial
defects, and Renal anomalies
(VATER)

VATER association, non-genetically linked
conditions, 56-57, 57f

AMDC, 56
features of associations within, 57t
variants in diabetic mothers, 57
“causative” factors, 57
cranio-caudal levels, 56
mechanisms of patterning or
morphogenesis, 57
notochord mutants
brachyury (7) or SHH, 57
post-implantation development
polytopic defects, 57
primary developmental field, 56
secondary developmental fields, 57
VACTERL/VATER spectrum, 56
vertebral defects, 56

VATER spectrum, 56-57

Ventral ectodermal ridge (VER), 3

VER, see Ventral ectodermal ridge (VER)

Vertebrae/IV discs, anatomy and development
of, 26

body/vertebral (or neural) arch, two parts
of, 26
development of vertebrae, 30-31
axial skeleton, 30
chondrogenesis, 31
compound mutations, 32
cranial skeleton, 30
ectopic expression, 31
Meox1/Meox2 compound null
mutations, 30
Misx1 and Msx2 transcription, 31
Pax1 and Pax9 transcription, 30
process of endochondral ossification,
30
sclerotome to vertebrae, transition, 30
SHH/BMP inhibitor/noggin, 30
features of typical human vertebra, 26f
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formation of IV discs, 34 Vertebral anomalies, 3, 6, 48—49t, 56, 58, 60,
annuli fibrosi, 34 63, 86t, 95, 100, 110, 129, 133, 140,
arthrotome, 34 175, 193-194
GDF-5 and BMP-2, 34 Vertebral defects, Anal atresia, Cardiac
nucleus pulposus, 34 defects, Tracheo-Esophageal
Tgfbr2, 34 fistula, Radial defects and Renal

functional anatomy, 27-30 anomalies, non-radial Limb defects
atlanto-axial joints, 28 (VACTERL), 49t, 56, 57t, 83t, 88,

atlanto-occipital joints, 28 101f, 131-132

broad anterior longitudinal ligament, 29 syndrome, 13_1 .
C1 and C2 vertebrae, 28 3243G pOlnt mutation, 131
; heterozygous deletion, 131

HOXD13 gene, 131
Vertebral defects, Anal atresia, Tracheo-
Esophageal fistula, Radial defects,
and Renal anomalies (VATER), 56,
57t, 61, 83, 88
Vertebral dysmorphogenesis in human
congenital scoliosis, 50
characteristic features, 50
clinical classification, 50
congenital scoliosis, 50

caudal epidural/coccyx, 28

cervical facet joints/spine, 28
costovertebral joints, 28

hyaline cartilage, 27

intervertebral foramina, 27

1V discs, 27-30

ligaments of spine, 29f

lumbar vertebrae, 28

muscle and ligament attachment, 27
posterior longitudinal ligament, 29

robust spinal ligaments, stabilized forms, 50f
by, 29 Vertebral endplate abnormalities, 139
sacrum, 27, 28 Vertebral pedicles, 32, 84t, 98t, 99-100
schematic of somite differentiation, 31f  yarebral segmentation (abnormal)/SCD,
secondary cartilaginous joints or 81-104
symphyses, 28 axial skeletal defects, diversity of
spinous processes, 27 phenotypes manifesting, 87-89
superior/inferior articular processes, 27 nomenclature, problem of, 83-87
thoracic vertebral body, 28 notch signaling pathway genes/SCD, 89-90
transverse processes, 27 SCD, 90-92
vertebral arch, 27 DLL3,90-92
remodeling sclerotome into vertebrae, 32 HES7,97-99
chick embryos, fate mapping in, 32 LFNG, 95-97
multiple vertebral segmentation MESP2, 93-95
defects, 32 SDV, classification of, 100-103
paraxis-deficient embryos, 32 STD, 99-100
sclerotomal cells, migration, 32 syndromes, segmentation defects of
sclerotome resegmentation, 32 vertebrae, 82t—83t
rostral/caudal patterning, 32-34 See also Individual
homeotic transformations, 33-34 Vertical expandable prosthetic titanium
Hoxa3/Hoxd3 double mutant ribs, 116
embryos, 33
Hox genes in Drosophila, 32 w
Hox transcription factor family, 32 Wavefront or determination front,
paralogous Hox group in mice, 32 prepatterning, 8-9
polycomb genes, 34 determination front, 9
TALE gene families, 34 heat-shock experiments, 9
vertebral generation through sclerotome Mesp2 expression, 10
resegmentation, 33f paraxis functions, 10
structure of intervertebral disc, 27f Cdc42/Racl, 10

vertebral canal, 26 PSM, determination front in, 9
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‘Wavefront or determination front (cont.)
bHLH transcription factor paraxis, 10
integrins or cadherins, 10
laminin and fibronectin, 10
snail genes, down regulation of, 10

Whnt pathway genes, 1, 7-8

canonical Wnt signaling, 7
beta-catenin, mutations in, 7
oscillatory expression of inhibitors

(Dkkl1/Dactl), 7

genes cluster in groups, 7

negative feedback inhibitors, 6
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trans-acting transcription factor 5
(Sp5), 7

LRP binding factor, 8

segmental defects, 6-7

somite phenotype, absence of, 7

somitogenesis, Wnt signaling in, 7
Axin2, negative feedback inhibitor, 7
microarray based screens for genes, 7

X
X-linked dominant inheritance, 156, 172
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