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Chapter 5
Animal Models of Idiopathic Scoliosis

Zhaoyang Liu and Ryan Scott Gray

Introduction

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

Z.Liu - R. S. Gray (b<)

Department of Pediatrics, The University of Texas at Austin Dell Medical School,
Austin, TX, USA

e-mail: ryan.gray @austin.utexas.edu

© Springer International Publishing AG, part of Springer Nature 2018 107
K. Kusumi, S. L. Dunwoodie (eds.), The Genetics and Development of
Scoliosis, https://doi.org/10.1007/978-3-319-90149-7_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90149-7_5&domain=pdf
https://doi.org/10.1007/978-3-319-90149-7_5
mailto:ryan.gray@austin.utexas.edu

108 Z.Liuand R. S. Gray

Normal Spine Function Requires the Integration of Multiple
Musculoskeletal Tissues

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

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

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

Spine Form Follows Dysfunction

The development of the spine begins in utero but undergoes tremendous growth and
maturation during adolescence in humans. The same processes of spine develop-
ment, postnatal refinement, and maturation of the axial skeleton are recapitulated in
other vertebrate species including the mouse and zebrafish model systems. There
are three broad classifications of scoliosis in humans including congenital, neuro-
muscular/syndromic, and idiopathic. Congenital scoliosis (CS) is a developmental
disorder characterized by overt structural malformation/dysplasia of one or more
vertebral units, which can result in focal spine curvatures, present at birth [15].
Defects in somite segmentation or notochord development have been shown to be
primary causes of vertebral malformations and CS in animal models. For example,
the majority of mutations associated with human CS disrupt Notch signaling com-
ponents, many of which have been nicely modeled in the mouse [16, 17]. Whereas,
the induction of notochord defects via chemical inhibition of lysyl oxidases [18],
genetic disruptions of the extracellular matrix components of the notochord sheath
[19-21], or by disruptions of lysosomal-dependent vacuolation of the inner most
notochord cells [22] lead to vertebral malformations and scoliosis in the zebrafish
model. CS can also be modeled by gene-environment interactions in mouse, as was
shown by haploinsufficiency of known Notch signaling components in combination
with an environmental stressor, hypoxia, in utero [23]. This is particularly important
in light of several observations of increased incidence of IS within families of CS
patients [24]. Moreover, recent studies in zebrafish suggest that CS and IS may
share a common genetic basis [25, 26], where the pathology is altered by changes in
gene dosage of protein tyrosine kinase 7 (ptk7) [26] or ladybird homology domain
1b (Ibx1D) [25] during embryonic development. It will be important to determine
whether more subtle defects in somite segmentation or disruptions of notochord
development during embryonic development can predispose the onset of IS in
humans.

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

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

What Makes a Good Animal Model of Disease?

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

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

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

Animal Models

There are four distinct classes of animal models reporting some of the hallmarks of
IS: (i) pineal resection models, (ii) mechanical models, (iii) environment models,
and (iv) genetic models (Table 5.1). The pineal resection models have been recently,
extensively reviewed [11]; for this reason, we will not reassess these models here.
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Mechanical Models of 1S

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

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

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

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

Environmental Models

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

Genetic/Heritable Models of IS

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

Aquatic Models of IS

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

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

For these reasons, recent genome-wide association studies (GWAS) of human IS
cohorts have utilized the zebrafish model to test for functional roles of these risk
loci. For example, the human variant, rs6570507, located within an intron of the G
protein-coupled receptor 126 (GPR126) locus, is associated with human IS [87]. To
test a model of loss-of-function for gpr/26 in zebrafish, morpholinos were used to
knockdown gpri26 expression in embryonic zebrafish. This resulted in minor
defects of the ossification of the axial skeleton in early larval stages [87]; however,
no scoliosis was observed in adult mineralized spines in this fish. At first glance this
gprl26 morpholino-based model appears to have some mechanistic validity in the
spine; however, it is important to note that several missense and nonsense alleles of
gprl26 in zebrafish have been described to exhibit defects in myelination due to
defects in Schwann cell biology [88] and dysplasia of the cartilaginous semicircular
canal of the inner ear [8§9]; in contrast none of these gpr/26 mutants were reported
to display defects in bone mineralization or scoliosis. Perhaps the simplest interpre-
tation is that gpr/26 knockdown reagents are exhibiting non-specific effects on the
mineralization of the axial centra, having little to do with the true nature of gpr/26
function in zebrafish development.

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

The zebrafish model was utilized to test this gain-of-function model for LBX/ in
the pathogenesis of IS. Zebrafish have three paralogues of LBX1, Ibxla, [bx1b, and
Ibx2, and a LBX1 antisense RNA 1 (LBX1-AS1; FLJ41350) gene closely linked to
the /bxla locus. Scoliosis or axis defects were not observed in either /bxIb™" or
[bx27~ mutants; however, neither lbx/a mutants nor compound mutants were
assayed. To test for a gain-of-function of these genes, the authors injected synthetic
RNAs of each of the three zebrafish LBX/-related genes, human LBX/, or LBX1-AS1
RNA finding that overexpression of all zebrafish and human paralogues induced
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embryonic defects including notochord bending and convergent and extension
defects of the axial mesoderm. The overexpression of Lbx RNAs induced decreased
expression of wnt5b in the presomitic mesoderm, which is necessary for convergent
and extension behaviors during zebrafish gastrulation [98]; however, experiments
did not yield viable adult fish for analysis of the spine.

Interestingly, CS-like defects and kinks and bends of the notochord and vertebral
malformations and scoliosis in mineralized adult spines were observed in transient
transgenic zebrafish engineered to express [bx/b under the control of a portion
Ibx1b regulatory region (Tg[Ibx1b:Ibx1b]), which faithfully recapitulates the endog-
enous embryonic expression pattern of lbx/b. As previously discussed, structural
defects of the notochord are well-established to contribute to vertebral malforma-
tions in zebrafish [20-22, 99, 100], which is very likely to be the antecedent of the
vertebral malformations in these FO Tg[lbx1b:IbxIb] transgenic zebrafish.
Interestingly, a few FO Tg[lbxI1b:IbxIb] transgenic animals displayed scoliosis
without vertebral malformations, more reminiscent of IS, presumably due to differ-
ences in the efficiency of integration or size of the clones expressing the transgene.
Alternately, the locus of integration may regulate the spatial and temporal expres-
sion of the transgene in turn regulating the onset and severity of the phenotype.

In general, somatic transgenes (FO s) are not generally considered a valid method
for genetic analysis in the zebrafish community, and thus any conclusions made via
this type of transient analysis are difficult to interpret. For instance, these defects
could be related to non-specific effects due to the overexpression of /bx/b, rather
than revealing a relevant function of /bx genes during zebrafish spine development.
Unfortunately, this approach produced no viable FI transgenic lines precluding
analysis of the mature spine in stable Tg[lbx1b:Ibx1b] transgenics. These data illus-
trate that expression of /bx/b must be tightly regulated during normal development
in zebrafish and that dysregulation of LBX] expression may highlight a common
genetic basis of CS and IS in humans.

Additional support for a genetic basis for CS and IS was described by loss-of-
function studies of the ptk7 gene in zebrafish [26], which showed that maternal-
zygotic ptk7 mutants (MZptk7) — where the eggs are lacking prk7 gene product — display
vertebral anomalies commonly associated with CS (e.g., hemivertebrae and verte-
bral fusions). Mechanistically, MZptk7 mutant embryos display defects in the pat-
terning of known somite segmentation pathway genes and defective Wnt signaling,
which is well known to be important during somitogenesis [101]. In contrast,
zygotic ptk7 (Zptk7) mutant zebrafish — where the egg contains maternally depos-
ited wild-type ptk7 gene products but has little or no functional zygotic transcrip-
tion of ptk7 — displayed defects more characteristic of IS. Importantly, a single rare
variant of PTK7 (P545A) isolated in a patient with IS was shown to generate defects
in Wnt signaling. The pathogenicity of this PTK7 coding variant has not been
directly tested in an animal model. Zptk7 mutant zebrafish display strong face valid-
ity with several hallmarks of IS observed in humans including postnatal-onset sco-
liosis and lack of vertebral dysplasia and in animals that display no apparent defects
in behavior or viability.
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Further analysis demonstrated that ptk7 expression in foxjla-postive cells or tis-
sues (Tg[foxjla::ptk7]) is sufficient for maintaining spine stability during larval
development [75]. Foxjl is a master transcriptional regulator of motile cilia [102],
and the motile ependymal cell cilia lining the ventricles are thought to help in the
establishment of normal function of the ventricular system by helping to facilitate
flow of the cerebral spinal fluid (CSF) in the brain. Importantly, a stable
Tglfoxjla::ptk7] transgene rescued the loss of ependymal cell cilia and normal CSF
flow in Zptk7 mutant zebrafish. Together these data implicate defects in ependymal
cell cilia and CSF flow in the pathogenesis of IS. Similar defects are typically asso-
ciated with hydrocephalus and postnatal lethality in mouse; it will be interesting to
see if milder defects in the ventricular system would affect spine stability. It will be
important to determine if defects in the ventricular system of the brain and spinal
cord might underlie the association of scoliosis that is secondary to many neurologi-
cal disorders such as Rett syndrome and cerebral palsy.

The theme of ependymal cell cilia and ventricular defects contributing to scolio-
sis in zebrafish is recapitulated by several other mutants which disrupt components
of primary or motile cilia, CSF flow, or generate primary ciliary dyskinesia in
zebrafish [75]. In particular, a temperature-sensitive allele (#m304) of the c21o0rf59
gene was used to define a temporal window of larval development (from 18 to
30 days’ postfertilization (dpf)) when its function is required to maintain normal
spine morphology. Presumably, these experiments also define a critical window
when the function of these motile cilia components and functional CSF flow is nec-
essary for spine homeostasis; however, the precise link between the ventricular sys-
tem and spine stability remains to be determined. Interestingly, this period of
development in zebrafish corresponds to well-documented periods of rapid growth
in zebrafish [26, 103] and may be analogous to periods of rapid growth during ado-
lescence in humans. These mutant zebrafish models of IS exhibit face validity and
provide novel models of defective CSF flow in zebrafish with which to investigate
how this process may regulate typical spine morphology.

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

Other genes predicted to encode proteins that are core components of the cilia
have been implicated in IS in zebrafish including the kinesin family member 6 (kif6)
gene, a microtubule motor protein, and the centriolar protein homolog poc5. In the
case of kif6, multiple non-complementing frameshift mutations generate late-onset
scoliosis without vertebral dysplasia [63], which provides a model of face validity
for IS. While no defects in ciliogenesis of either primary or motile cilia were
observed in kif6 mutant embryos up to 5dpf, the kif6 transcript was shown to be
expressed in the brain. It will be interesting to test whether kif6 has a role in the
ventricular system as was shown for prk7. While there are no associations reported
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as yet between K/F6 and IS in humans have been reported thus far, a recent report
suggests that a micro RNA, MIR4300HG, associated with progression of IS in
human may bind kif6 transcript, presumably to control its regulation [107].

Several familial cohorts containing IS are reported to be associated with rare
single nucleotide variants (SNVs) of the POCS5 gene [108]. Using morpholino anti-
sense oligonucleotides (MO), the authors observed that knockdown of zebrafish
pocS generated a curly-tailed phenotype with lethality after 3dpf phenotypes com-
monly associated with primary cilia dyskinesia in zebrafish [109—-112]. A poc5 MO
was used to “knockdown” endogenous poc5 expression, and human RNAs were
co-injected to examine the effects of candidate human POC5 SNVs during spine
development. Embryos expressing mutant POC5 RNAs were viable but were
observed to have mild to severe axial curvatures in larval fish and IS in the fully
mineralized adult skeleton, whereas embryos injected with WT human POC5 RNA
did not develop scoliosis, suggesting that the IS-associated SNVs of POCS5 are loss-
of-function alleles [108]. The frequency of these SNVs of POCS5 in these human
cohorts was 75% and 30% in each of the cohorts, suggesting that these variants of
POCS are not sufficient to generate pathology in humans, rather there are likely to
be additional disease-modifying mutations that co-segregate with effected individu-
als. It remains to be determined if the generation of endogenous “humanized” alleles
of poc5 would display similar defects as were observed by knockdown and overex-
pression of exogenous POCS variants. The generation of these alleles may provide
construct validity and would be a valuable resource for modifier screens to identify
IS loci in the zebrafish model.

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

Mouse Models

There are several mutant mouse strains that model aspects of IS, with the majority
of these being the result of defects in the development or homeostasis of connective
tissues and cartilages (Table 5.1). Using the inducible Col2alCreERt2 deleter strain,
postnatal conditional loss of the protein tyrosine phosphatase, non-receptor-type 11
gene (also known as Shp2) in chondrocytes (Col2al+ lineages) during juvenile
development (4 weeks of age) generates a late-onset scoliosis in about 40% of the
SHP2-conditional mutant mice by the age of 12 weeks [114]. The spine curvature in
this conditional mutant mouse was very severe, noticeable without X-ray, atypical
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lordosis in the upper thoracic spine and kyphosis of the lower thoracic to lumbar
spine as well as rotation of individual vertebraec. SHP2 is a positive regulator of
RAS-MAPK signaling, which is essential for connective tissue growth [115], and
this conditional mouse model of Shp2 suggests this signaling is required for homeo-
stasis of the intervertebral disc. Indeed, histological analysis revealed variable
thickness and a disruption of typically aligned columnar chondrocytes in the verte-
bral growth plate in these conditional mutant mice. Interestingly, when Shp2 was
removed from Col2al-expressing lineages later in development (8 weeks of age),
no spinal deformity or scoliosis was observed up to 16 weeks of age. The analysis
of this conditional SAp2 mutant mouse reveal a prospective window of susceptibility
for pathogenesis of scoliosis due to defects of the disc and that homeostasis of car-
tilage tissues can be a major driver of spine stability.

Additional associations between cartilage homeostasis and spine integrity are
underscored cartilage-specific deletion of SOX9 in postnatal mice, using an induc-
ible aggrecan enhancer-driven CRE deleter strain (Agc/-CreERT?2) [116]. SOXO9 is
an essential transcription factor for the differentiation of the chondrocyte lineages
during embryonic development [117]. In order to circumvent the embryonic require-
ment for SOX9, recombination of a floxed Sox9 allele was induced at 6 weeks of
age, and by 4 months the mice displayed severe kyphosis of the thoracic spine. This
postnatal loss of Sox9 also resulted in compression and degeneration of the IVDs,
depletion of sulfated proteoglycan and aggrecan content in IVD cartilage, and pre-
cocious growth plate closure, and the mutant mice were observed to have defects in
overall growth, although the size of individual vertebrae in adult mice was not
affected. Global RNA transcriptome sequencing (RNA-seq) analysis revealed that
depletion of SOX9 in aggrecan-expressing lineages of the IVD remarkably reduced
the expression of several genes encoding extracellular matrix proteins, as well as
some enzymes responsible for their posttranslational modification. Furthermore,
several cytokines, cell-surface receptors, and ion channels were dysregulated, con-
firming that SOX9 also has a critical role in coordinating the homeostasis of the
IVD postnatally and which is likely to contribute to loss of spine stability. Similar
testing at 8 weeks was not reported in this model so it is unclear if spine stability is
resistant to a loss of Sox9 expression at later time points as was observed for Shp2.

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



124 Z.Liuand R. S. Gray

these data illustrate that both Gdf5 and Gdf6 are candidate risk loci for the patho-
genesis and progression of IS.

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

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

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

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

Perhaps the most relevant model of IS has been observed as a conditional loss-
of-function of Gpri26 specifically deleting in osteochondroprogenitor cells (using
the Collagen Type II Cre (Col2Cre) deleter strain) [62]. It was observed that embry-
onic loss of Gpri26 in osteochondroprogenitor cells resulted in postnatal-onset of
spine curvature without vertebral dysplasia in ~50% of the Gpri26 conditional
knockout mice by the age of postnatal day 20 and with increased incidence (>85%)
by 4 months of age. Because this Col2Cre; Gprl26 mutant mouse model has many
hallmarks of IS including lack of other vertebral dysplasia and postnatal-onset of
the pathology (Fig. 5.1), and because the GPRI26 locus is associated with human
IS [87], we suggest it should be viewed as a model of IS with construct validity.

GPRI126 has been shown to be required in multiple tissues including during
endocardium development [134], in Schwan cells for the myelination of peripheral
axons [88, 135], and for inner ear development [89]. The exact cellular etiology of
the Col2Cre;Gprl26 mutant mouse has not been established; however, it is clear
that osteochondroprogenitor cells give rise to the bone, cartilages and connective
tissues, the IVD, and to many of the tendons and ligaments of the spine. Further
work using more refined conditional mouse genetics is needed to address which of
these tissues is critical for the pathogenesis of IS in this model.

That said histological analysis of the IVDs did not reveal any overt changes in
the patterning or differentiation of the IVD tissues a P1 or P20 in Col2Cre; Gpri26
mutant mice, with the exception of some incidence of acellular clefts at the midline
of the annulus fibrosis and growth plate at both P1 and P20. This suggests that
Gprl26 may have arole in the normal closure of the midline axial synchondroses of
the vertebral bodies during the transition from notochord to IVD. Moreover, mild
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Fig. 5.1 Col2Cre;Gprl126 mutant mice display late-onset scoliosis without vertebral dysplasia.
Longitudinal X-ray imaging of (dorsal view) of an individual Cre(-) control (A-A’) and
Col2Cre;Gpr126 mutant (B-B’) mutant mice. The mice of both genotypes are phenotypically nor-
mal without overt vertebral dysplasia at postnatal day 10 (P10); however, by P40 the
Col2Cre;Gpri26 mice display right thoracic spine curvature (red arrows) that are not observed in
Cre (-) control mice

increases in cell death visualized by increased TUNEL-positive cells of the verte-
bral growth plate and IVD were also observed, suggesting a minor role of Gprl26
in cell survival in these tissues. In contrast, no significant changes in the trabecular
bone of the vertebrae or defects in the development or mineralization of the long
bones was observed in Col2Cre;GprI126 mutant mice, suggesting that Gpr126 func-
tions in chondrocytes or other connective tissues and not in the bone to maintain the
homeostasis of the spine. However, the use of well-characterized lineage-specific
CRE transgenic mouse strains will be necessary to support this model. Additionally,
further studies should also seek to address if the scoliosis observed in conditional
mouse mutants of Gpri26 is the result of embryonic defects or if its function is
required during periods of rapid spine growth.

Interestingly, a significant fraction of these Gpr/26 conditional mutant mice also
exhibited dorsal-ward deflections of the sternum, reminiscent of rib cage defects
clinically termed pectus excavatum (PE) in humans. PE is a common musculoskel-
etal disorder of the anterior chest wall which has high concomitant incidence with
IS in humans [46, 47, 136]. The authors found that loss of Gpri26 led to upregu-
lated expression of a matrix modifying gene Galactose-3-O-sulfatransferase
(Gal3st4), a gene implicated in human PE [137]. Taken together, these data suggest
that Gprl26 may act as a common genetic cause for the pathogenesis of both IS and
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PE, possibly via a misregulation of extracellular matrix gene expression, which was
also observed in the inner ear cartilages of gpr/26 mutant zebrafish [89].

Distinct Elements of the Mammalian Spine

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

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

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

Considerations of Analysis of Spinal Curvatures in Mouse
and Zebrafish

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

Our personal experience with zebrafish models of IS has not uncovered this sus-
ceptibility to positioning affects. Indeed, mutant zebrafish with scoliosis are
uniquely identified in swimming fish; however, we have observed some mutant
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Fig. 5.3 Positioning of mice is critical for accurate determination of spine curvatures. Two wild-
type C57BL/6J(JAX) mice at P40 imaged live under isoflurane anesthesia (A and B panels). In
some cases, mice that imaged without proper care for placement will show an obvious spine cur-
vature (red arrows) (A, B). However, after manipulation and lengthning of the spine and alignment
of the shoulders and hips by gentle traction with the thumb and fingers you can balance the mouse
on its ribcage, which allow for imageing of normal spine alignment (A’, B”).

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

Conclusions

While no single animal model can replicate the pathophysiology of the human spine
clearly, animal models including teleost and mouse can be useful in studying the
molecular genetics and mechanics of spine development and disease. While genetic
studies in human IS are certain to become more powerful ways of advancing its
molecular genetics, we argue that validation of these findings in animal models is
critical to ensuring actionable biomedical research whether in the model or in
human-derived in vitro culture models. Moreover, the discovery of the cellular
pathogenesis of IS in these animals is important for advancing approval for studies
of resected tissue from human IS and nonpathogenic patient sources.
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Moving forward, it is worthwhile to consider the caveats of each model and start
to hold future study of IS models to a higher standard, for instance: (i) in particular
for zebrafish, we suggest that analysis must be done in a relatively mature spine, in
contrast making conclusions of relevance to IS based on kinking body plans in
embryonic zebrafish; (ii) in particular for mouse, care should be taken to ensure
accurate alignment of the spine prior to analysis of the spine curvature by X-ray as
false positives are easily observed; (iii) we suggest levels of validity that might help
to address the distinctive hallmarks of human IS for individual models; (iv) where
possible we suggest that analysis of IS models should be done using reproducible
stable transgenic or heritable genetic animals or highly reproducible mechanically
induced models.
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