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Preface

Pediatric orthopaedic practice typically centers around a diverse array of heritable
disorders. At one extreme end of the heritability spectrum are completely penetrant
Mendelian disorders such as brachydactyly, where unaffected parents never have
affected offspring. Described by Farabee in 1905, brachydactyly was the first pub-
lished description of autosomal dominant inheritance of a human malformation (1).
Even earlier, however, Galton described the concept of traits such as height that,
although often lacking a clear transmission pattern in families, are still heritable
to some degree (2). We of course now appreciate that there are significant genetic
underpinnings in many non-traumatic childhood orthopaedic disorders, such as
idiopathic scoliosis and talipes equinovarus (clubfoot), and that the care of such
complex diseases typically represents the majority of pediatric orthopaedic practice.
Finally, at the other extreme of the heritability spectrum is the startling discovery
that completely non-heritable malformations such as macrodactyly, paradoxically,
have genetic origins. Disease gene discovery for these disorders began, for all prac-
tical purposes, in the late 1980°s and has since moved ahead with dizzying speed,
driven in large part by technological advances. Such discoveries are enabling a new
biochemical understanding of disease processes and, more importantly, informing
the design of new treatments, as for example therapies that target the signaling path-
ways causing the troubling manifestations in neurofibromatosis (3).

The purpose of this volume is to update the pediatric orthopaedic community—
clinicians, surgeons, geneticists, and researchers—on recent genetic developments
relevant to the diverse presentations in these patients. We begin with an introduction
to “next-generation” technologies that are enabling rapid gene discovery. We also
present chapters describing post-gene discovery advancements for neurofibromato-
sis, various disorders of the joints, and basic bone development. Almost half of the
volume is devoted to the complex disorders scoliosis and clubfoot and describes
their classification, genetic contributions, and the exciting breakthrough in under-
standing genetic and environmental interactions. Finally we present the very recent
discoveries of the mutations causing somatic, non-heritable, and all too devastating
overgrowth malformations.

New insights into each of these areas are no doubt waiting in the wings, given the
pace of discovery today. Our goal in this volume is to provide pediatric clinicians,
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surgeons, geneticists, and researchers with a resource for understanding these
emerging new developments as a means to advance the care of affected children.
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Chapter 1
Overview of Next Generation, High-Throughput
Molecular Genetic Methods

Jonathan J. Rios

Abstract Recent advances in genome-wide technologies have revolutionized how
researchers identify disease-causing genes. Both microarray-based genotyping
analysis for copy number variations and high-throughput next-generation sequenc-
ing (NGS) for sequence variations have enabled a surge in the discovery of genes
associated with disease. Application of these technologies in large population stud-
ies has shown the extent of sequence and copy-number variations throughout the
genome and their contributions to human quantitative traits and diseases. This chap-
ter will highlight both technologies and will provide examples of how each has been
used to identify genes causing pediatric orthopaedic disorders.

Keywords Exome -+ Next-generation sequencing * Microarray *+ Genotyping °
Copy number variation

Introduction

Genomics is a term generally used to describe methods of studying genomes, or the
genetic makeup of an organism. The evolution of genome studies has largely been
driven by technology advancements, including whole-genome microarray-based
genotyping and high-throughput massively parallel next-generation sequencing.
Whole-genome microarrays are typically used in two ways. The first is for genotyp-
ing single nucleotide polymorphisms (SNPs) for genome-wide association studies
(GWAS). GWAS have identified a number of genetic associations with orthopaedic
diseases, a subject that will not be covered in this chapter. For more information the
reader is pointed to a recent review detailing GWAS for orthopaedic diseases [1].
The second application of microarray-based genotyping is the detection of copy
number variation (CNV) and regions of homozygosity (ROH). CNVs are gains and
losses of genetic material (genes) resulting in either too few (deletion) or too many
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(amplification) copies of the gene. CN'Vs impact a greater proportion of the genome
than do sequence mutations, and advances in microarray technologies are improving
the resolution of CNV detection. Regions of homozygosity describe chromosomal
segments that lack expected polymorphic variation and that may consequently har-
bor recessive disease mutations as described in this chapter.

More recently, methods for whole-genome sequencing are driving the discovery
of new genes associated with human conditions, including orthopaedic disorders.
The first completed genome sequences were of bacteria, fungus (yeast), inverte-
brate species (worm and fly) and a plant [2]. In 2001, the initial draft of the hu-
man genome was reported [3, 4] and subsequently improved upon to provide the
first human genome reference sequence [5]. However it was the introduction of
so-called massively parallel, next-generation sequencing (NGS) technologies that
improved the potential and scope of genomic research. The genome of Dr. James
Watson, co-discoverer of the structure of DNA, was the first to be sequenced using
high-throughput NGS [6]. The cost at that time (2008) to sequence one genome was
~USS$ 1 million, compared to genome sequencing using traditional Sanger sequenc-
ing (~US$ 100 million), and it was completed in a fraction of the time. Since 2008,
whole-exome sequencing (WES) has become a popular alternative to sequencing
the entire genome. The exome refers to the ~ 1 % of the genome that corresponds to
protein-coding genes. As described in this chapter, WES has been an exceptionally
successful strategy for identifying new genes causing human disorders.

Microarray-based genotyping and NGS techniques have the potential to
revolutionize our understanding of the biological causes of orthopaedic disease.
Ultimately, these genomic technologies will impact patient care by improving ge-
netic diagnoses and pioneering new research initiatives toward alternative treatment
paradigms. In this chapter, we will discuss each research method and how it has
been applied to studies of orthopaedic conditions.

Microarray-Based Genotyping and Analysis

The normal human karyotype (male, 46XY; female 46XX) consists of two copies
of each autosome (chromosome 1-22) and two sex-chromosomes; 2 copies of
the X chromosome in females and one copy each of the X and Y chromosomes in
males. Differences in genomic content can include entire chromosomes (monosomy,
trisomy, aneuploidy) or submicroscopic regions (1 kilobase to several megabases).
Early genome-wide CNV analyses of normal individuals showed copy number gains
(amplifications) and losses (deletions) can affect ~ 12 % of the human genome, rang-
ing from 9—-19% of individual chromosomes, and impact ~ 14 % of known disease-
causing genes annotated in the NCBI Online Mendelian Inheritance in Man (OMIM)
database [7]. The role of common and rare CNVs in human disease, particularly
neurodevelopmental disorders, has been reviewed elsewhere [8].

As noted, SNPs are single base mutations that occur throughout the genome.
Each genome contains millions of SNPs that serve as useful markers across the
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genome (Fig. 1.1a). A single microarray makes two independent measurements si-
multaneously at millions of SNP positions. The first is the SNP genotype, that is,
whether an individual is homozygous or heterozygous for each SNP, as shown by
the fluorescent color. The second measurement is the fluorescent intensity of the
signal. As described below, signal intensity and genotype are used to identify CNV's
and ROH, respectively.

Copy Number Variation

CNV microarrays contain millions of probes that use fluorescent detection methods
to determine the patient’s genotype at millions of SNPs throughout the genome
(Fig. 1.1a). Briefly, DNA is hybridized to the microarray and the genotype of each
SNP is detected using fluorescent probes. The signal intensity correlates with the
amount of DNA present in the sample. Therefore, regions of the genome with lower
than expected signal intensities are designated as deletions and regions with higher
than expected signal intensities are designated as amplifications. Individual probe
data can be visualized using log-ratio plots. Each SNP probe marker is plotted along
the chromosome to show the log-scaled ratio (logR) of the patient’s probe intensity
compared to the expected intensity (Fig. 1.1b). For a normal copy number (N=2),
the logR is equal to 0. The logR ratio increases and decreases in the presence of
amplifications and deletions, respectively. Multiple computational programs are
available to identify CNVs from the individual probe-level data, and CNVs may be
plotted alongside the human ideogram (Fig. 1.1c).

CNVs Associated with Orthopaedic Disorders

Charcot-Marie-Tooth (CMT) 1 is a class of hereditary demyelinating neuropathies
characterized by decreases in nerve conduction with secondary foot and ankle diffi-
culties caused by muscle weakness, hip dysplasia and spinal deformities, including
scoliosis, kyphoscoliosis and thoracic kyphosis [9]. CMT type 1A, often seen in
orthopaedic clinics, was one of the first diseases associated with a submicroscopic
duplication [10, 11]. Specifically, a 1.5 Megabase (Mb) duplication of chromosome
17p11.2 harboring the PMP22 gene is the primary cause of CMT1 and was reported
in majority of CMT]1 patients [12]. It is worth noting that the discovery of the
CMTI1A duplication inspired a new term, “genomic disorder”, to describe genetic
diseases arising not from simple sequence changes but from complex rearrange-
ments of the genome [13]. Today, molecular genetic clinical testing for the 17p11.2
duplication is widely available and provides a definitive diagnosis of CMT1A.
Recently, a genome-wide CNV study in individuals with idiopathic club-
foot identified a microduplication of the 7BX4 gene in multiple cases [14], and
together with copy number variation of the PITX/ gene [15], these CNVs implicate
the intricate processes of hindlimb development in idiopathic clubfoot [16]. The
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Fig. 1.2 Regions of homozygosity in consanguineous families. a Microarray SNP genotypes are
plotted along the chromosome using the B-allele frequency. The B-allele frequency is the mea-
sured intensity of the “B” allele divided by the total signal intensity of the SNP (either homozygous
AA & BB or heterozygous AB). Homozygous SNP B-allele frequencies are near 0 and 1, and
heterozygous SNPs are near 0.5. When plotted along the chromosome, large regions of homozy-
gosity can be easily identified (shown by green bar). b Regions of homozygosity occur frequently
in consanguineous families and result in a higher occurrence of rare recessive disorders. Children
from a first-cousin mating may present with increased incidence of a disorder (filled symbols) than
would be expected by chance.

developmental processes leading to proper bone formation, including proper mor-
phology of supporting structures (muscles, tendons), involve complex regulatory
mechanisms with precise spatio-temporal expression of a multitude of genes. The
effect of CNVs on gene expression has been well documented [17]. Therefore, it is
plausible that CNVs play a substantial role in conditions commonly ascertained in
orthopaedic clinics.

Homozygosity Mapping

SNP genotypes from microarray experiments can also be analyzed to identify re-
gions of homozygosity (ROH), that is, parts of the genome that are devoid of typical
genetic variation (Fig. 1.2a). ROH regions result when both copies of the chromo-
some are identical and every SNP in the region is homozygous. Rarely does the hu-
man genome contain long stretches of homozygosity; ROH up to ~3 Mb in length
occur naturally in the general population [18]. The primary cause of extended ROH
(>3 Mb) in a patient is consanguinity; generational inbreeding decreases the amount
of total variation in a person’s genome and increases the amount of homozygosity
in the genome (Fig. 1.2b). Because consanguineous parents share a common ances-
tor, regions of their genome are the same. Therefore, those same regions will be
identical in their children. All SNPs in those regions will be homozygous; thus, as
the parents are more closely related (or as generational inbreeding continues), ROH
regions expand further across the genome. The lack of genetic variation within a
consanguineous family or population leads to a higher occurrence of rare recessive
disease. Therefore, disease-gene mapping in consanguineous families focuses on

genotypes fluoresce the color of the respective allele, while heterozygous genotypes fluoresce yellow.
Millions of SNPs can be genotyped simultaneously on a single microarray. b Copy number is deter-
mined from the intensity of the fluorescent probes. Signal intensity is plotted as the logR ratio, which
is the log-scale of the sample’s intensity divided by the expected signal intensity. Higher logR denotes
copy number gains or amplifications, while drops in logR signal deletions (shown). ¢ Copy number
variations can be summarized and plotted for all chromosomes with the chromosome ideogram.
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identifying large ROH regions, and, probabilistically, disease-causing homozygous
mutations frequently occur in the largest ROH region. Homozygosity mapping is a
powerful method for identifying disease genes in consanguineous families/popula-
tions and is easily detected using commercial SNP microarrays.

Homozygosity Mapping in Orthopaedic Disorders

The gene causing autosomal recessive Horizontal Gaze Palsy with Progressive
Scoliosis (HGPPS) was identified using homozygosity mapping in consanguine-
ous families. Homozygosity mapping in two consanguineous families initially
narrowed the disease locus to chromosome 11q23-25, as it was the only region
homozygous in all affected individuals in both families and not homozygous in the
unaffected family members [19]. Subsequently, ten HGPPS consanguineous fami-
lies with homozygosity at the chromosome 11q23-25 region were studied to refine
the candidate gene region and identify the disease-causing gene [20]. Sequence
analysis identified rare homozygous mutations in the ROBO3 gene in all families.
All homozygous mutations identified in affected family members were not present
in control subjects; therefore, the likelihood of these mutations being homozygous
in the general population is very low. This study of HGPPS families highlights the
power of homozygosity mapping in consanguineous families with rare recessive
disease.

In another example, ROH mapping in consanguineous families was used to
identify homozygous mutations causing CMT type 4C (CMT4C) [21]. This study
identified a region on chromosome 5 that was homozygous in affected individu-
als from two consanguineous Turkish families. A candidate region was identified
as homozygous only in affected individuals and heterozygous in the unaffected
siblings, and mutation analysis identified seven different homozygous mutations in
the SH3TC?2 gene in nine consanguineous families with CMT4C.

Recessive diseases require mutations in both copies (alleles) of the gene. Thus,
mutations are inherited from both unaffected parents, and because consanguine-
ous parents share a common ancestor, both parents share the same disease-caus-
ing mutation. Recessive diseases are generally caused by sequence variants that
render the encoded protein non-functional, so called “loss-of-function” variants.
Loss-of-function changes may be frameshift, nonsense, or splice-site mutations that
change the amino acid sequence of the protein (frameshift), prematurely truncate
the protein (nonsense) or cause entire regions of the protein to be removed (splice-
site) (Fig. 1.3). Notably, because of their highly deleterious affects, these muta-
tions occur less frequently in the genome compared to other types of mutations
(e.g. synonymous mutations that do not change the protein sequence or missense
mutations that change only a single amino acid), have a lower population frequency
(are rare) and are more frequently associated with disease [22]. In the CMT4C study
for example, five of the seven (71 %) mutations were either frameshift mutations or
splice-site mutations [21]. Other mutations were missense mutations that changed
single amino acids in the protein, but the consequences of these mutations on pro-
tein function were not immediately obvious.
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Fig. 1.3 Schematic diagram showing the effect of mutations on RNA splicing and changes to the
resultant protein. a DNA consists of exons (colored sections) and introns (black bars). Exons are
transcribed into RNA and the introns are excluded. Finally, each exon is translated into the final
protein, with each exon corresponding to a specific region of the protein. The full protein is rep-
resented by all exons being transcribed and translated fully (represented by boxes). b Nonsense
mutations (red star) result in a truncated protein. All exons are fully transcribed; however, transla-
tion is prematurely halted and the protein is shortened. All protein sequence after the mutation is
lost. ¢ Frameshift mutations (red star) affect the translation of the protein. All protein sequence
prior to the mutation is normal (shown as boxes); however, the sequence after the frameshift
mutation is different and results in a protein with different sequence and length (shown by colored
bars). d Splice mutations (red star) occur at the beginning or end of introns and results in entire
exons being skipped during transcription. When an exon is skipped during transcription, the same
exon is not translated into the protein. Thus, the entire region of the protein is lost.

Next-Generation Sequencing

Next-generation sequencing, or NGS, has revolutionized genomics research by
providing a lower-cost and faster alternative to traditional sequencing methods, en-
abling high-throughput whole-genome and whole-exome sequencing. Because of
this new and efficient technology, the 1000 Genomes (1000G) Project set out to
catalogue normal sequence variation with at least a 1% frequency in many world-
wide populations [23]. The resulting 1000G database (http://browser.1000genomes.
org/index.html) is an important resource for the genetics community, as it provides
the ability to distinguish common benign variation from potentially disease-causing
variants. Thus, coupling NGS and public resources like 1000G provides researchers
with new opportunities for discovering genes associated with human disease. Be-
yond research applications, clinical opportunities for NGS are under investigation,
as described later in this chapter [24].

Whole-Exome Sequencing

The exome is defined as the protein-coding regions of the genome. The exome
corresponds to exons, the parts of genes that encode for RNA and/or protein, and
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represents about 1-2 % of the entire genome. Whole-exome sequencing (WES) uti-
lizes NGS technology and is an attractive alternative to whole-genome sequencing
(WGS); therefore, it is a widely used method to identify genetic causes of rare
disease [25]. The goal of WES is to identify disease-causing variants that change
the protein sequence (also called nonsynonymous variants) or that alter the function
of a RNA molecule. The first WES study to identify new disease-causing variants
identified nonsynonymous mutations in the MYH3 gene in four individuals with
dominant Freeman-Sheldon syndrome (FSS), also called distal arthrogryposis type
2A [26]. As detailed below, this study established proof of concept for the power of
WES to discover disease-causing variants with relatively few study subjects. This
rare-variant analysis strategy has since been used repeatedly to identify pathogenic
mutations for many rare human disorders [25, 27]. For a detailed discussion of
WES analysis and application to orthopaedic conditions, the readers are directed to
a recently published review [28].

Rare Variant Exome Analysis

In the era preceding WES, disease gene discovery depended on access to extended
families with multiple affected individuals, suitable for inheritance mapping. How-
ever, because WES examines virtually every gene simultaneously, it has the poten-
tial to identify disease-causing genes without the need for large family studies. In
this way, WES may identify a single disease-associated gene by studying multiple
unrelated individuals with the same rare phenotype. This type of analysis seeks to
identify a single, or at least only a small number, of candidate genes (of the ~20,000
in the genome) with rare or novel mutations shared among all affected individuals.
Rare mutations are typically defined as those mutations that occur in <1 % of the
general population, as determined from the 1000G database. Novel mutations are
those that are not identified in the 1000G database (or other databases) nor in other
control individuals. As a group, rare and novel nonsynonymous mutations occur
at evolutionarily conserved amino acids in the protein and, therefore, may be del-
eterious and alter the protein’s function. Thus, they are more frequently associated
with human disease [22, 29]. As well, a rare-variant analysis assumes that the same
gene is causing the disease in all affected individuals, although the mutation does
not need to be identical. Therefore, because the same gene is expected to harbor a
rare or novel variant in all affected individuals, the number of candidate genes will
decrease as more cases are sequenced. In the proof of concept study by Bamshad et
al., four unrelated cases with dominant FSS as well as § unrelated control samples
were sequenced [25]. Combining WES results from all four cases identified a single
gene, MYH3, with novel deleterious disease-causing mutations that were absent in
controls [26]. In a separate study, rare-variant analysis was applied to WES of four
cases with recessive Miller syndrome from three families (two of the cases were
siblings). Candidate genes were identified using a recessive model that required
two novel mutations. Ultimately, this study identified a single gene, DHODH, with
novel recessive mutations in all affected individuals [30].
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Fig. 1.4 Number of candidate genes by analysis and number of patients. The number of candidate
genes from whole-exome sequencing are shown for different numbers of patients. As the num-
ber of patients increases, the number of mutations shared by all patients decreases ( Y-axis). As
well, the number of candidate genes decreases as the analysis strategy includes only rare or novel
mutations (X-axis). Thus, studies of rare disorders in which multiple patients are sequenced may
identify a small number of candidate genes.

These early successes suggested that WES in small cohorts might be sufficient to
identify rare or novel nonsynonymous disease-causing mutations. This is critically
important for studies of rare orthopaedic disorders, where large numbers of unrelat-
ed affected cases are difficult to ascertain. The number of unrelated cases needed to
identify a small number of candidate genes is determined, in part, by the frequency
of the disease. If the disease is very rare, it is unlikely to be caused by common
mutations; therefore, it may be appropriate to apply a WES analysis that considers
only novel mutations. If the disease is modestly rare or uncommon, WES analysis
may consider a frequency cutoff that only considers novel mutations and mutations
with a <1% population frequency. The relationship between the number of result-
ing candidate genes, analysis strategy and number of cases is shown in Fig. 1.4. For
very rare disorders in which only novel variants are considered, sequencing more
than one affected individual has a dramatic effect on the number of candidate genes
(333 versus 33), and sequencing even more cases further decreases the number of
candidate genes, although to a lesser degree (33 versus 5).
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The power to identify a small number of candidate genes is greater for recessive
compared to dominant disorders because a recessive disorder requires mutations in
both copies of the gene. Multiple independent mutations in the same gene occurs
much less frequently in the population, and accordingly WES of fewer cases will
provide sufficient power to detect fewer candidate genes. This concept was demon-
strated using WGS in a single patient with recessive disease [31]. Of >600 genes
with novel nonsynonymous mutations, only 42 (~7%) genes had multiple muta-
tions, and only one of the 42 genes had two loss-of-function (nonsense) mutations.
This study presumably would have identified the same mutations with WES and
demonstrates the power of these technologies to identify recessive disease-causing
genes from a small number (or even a single) of affected individuals.

Family-Based Exome Analysis

Analysis of WES in families is an alternative strategy to sequencing unrelated
cases. For families with multiple affected relatives, this analysis method provides
multiple advantages compared to the rare-variant approach. First, the possibility of
genetic heterogeneity (disease caused by different genes in different individuals)
is removed. In the presence of high genetic heterogeneity, the rare-variant analysis
strategy has limited power to identify the disease-causing gene(s) in unrelated indi-
viduals, as was recently demonstrated in a WES study of Kabuki syndrome [32]. In
this study, no single gene harbored novel loss-of-function mutations in all ten cases
[32]. However, the gene MLL2 contained novel loss-of-function mutations in nine
of the ten cases. Ultimately, the study identified MLL2 mutations in 66 % of Kabuki
cases. Using a family-based approach, all affected relatives are expected to share
the same disease mutation, therefore, WES in families provides greater power to
overcome genetic heterogeneity.

Second, common diseases may be incompletely penetrant, where an individu-
al carries the disease-causing mutation without manifesting the disease (Fig. 1.5,
person III:3). Using the rare-variant strategy, incomplete penetrance may result in
the true disease-causing mutation being excluded due to its presence in a control
individual or at a very low frequency in the general population. Using a family-
based strategy, confounding due to incomplete penetrance in a control population
is removed because the analysis only considers related, affected individuals. Only
after identifying mutations inherited among all affected family members does the
analysis consider population frequency. As illustrated in the family pedigree in
Fig. 1.5, the number of rare or novel mutations shared by all affected members
in the family will be very small. This strategy removes the need for sequencing
unrelated control individuals. And as expected, larger families with more affected
individuals (who are distantly related) provides greater power to identify smaller
numbers of candidate genes (Fig. 1.5).

In one example of a family-based strategy, WES was used to identify mutations
causing dominant axonal CMT type 2 (CMT2) disease in a family with 23 affected
members in four generations [33]. In this study, only three distantly related affected
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Fig. 1.5 Family pedigree showing incompletely penetrant disease. The disease is inherited
throughout each generation (filled symbol); however, some family members (I1:2, I11.3) are desig-
nated as unaffected (open symbol) despite an affected parent and affected children. The mutation
is presumed to be inherited in these individuals and is described as incompletely penetrant since
these two individuals have no signs of disease.

family members were sequenced and WES identified > 170 novel mutations in each
patient. However after comparing results, only a single gene, DYNC/H1, harbored
novel nonsynonymous mutations in all affected cases. The mutation was subse-
quently shown to be inherited by all additional distantly related affected family
members.

Exome Analysis in Consanguineous Families

As discussed earlier, genetic analysis of consanguineous families is a powerful meth-
od to identify recessive disease mutations. Whether combined with homozygosity
mapping or not, WES has proven particularly useful in this regard. For example,
WES of a single affected individual was used to identify the SERPINFI gene in a
consanguineous family with recessive osteogenesis imperfecta [34]. In this study,
the authors identified ROH from WES, an analogous method to microarray-based
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genotype analysis. In parallel, WES identified >300 novel nonsynonymous muta-
tions, and after restricting their analysis to only homozygous novel variants, the
authors identified seventeen candidate genes. Only the SERPINFI gene, located
within a 2.99 Mb ROH region, harbored homozygous nonsense mutations. Interest-
ingly, two genes with homozygous missense mutations were located within a very
large ~30 Mb ROH region; however, SERPINF1 was confirmed by the identifica-
tion of homozygous loss-of-function mutations in additional consanguineous fami-
lies with osteogenesis imperfecta.

In another example, WES was used in a study of two consanguineous families
with multiple orthopaedic manifestations, including congenital joint dislocation,
chondrodysplasia, micrognathia and cleft palate [35]. After failing to identify mu-
tations in multiple candidate genes, the authors performed WES in all affected
cases with the hypothesis that the same gene was causal in both families. Se-
quencing three affected cases from the two families yielded on average ~5000
nonsynonymous mutations in each patient. Of these, an average of 136 variants
were novel, of which an average of fourteen were homozygous in each person.
Only one gene, IMPAD1, harbored novel homozygous nonsynonymous mutations
in all three individuals. While different homozygous mutations were identified
in the families, both occurred at highly conserved amino acids in the IMPADI
protein. Follow-up sequencing in a fourth consanguineous patient identified a ho-
mozygous splice-site mutation, suggesting the two missense mutations were also
loss-of-function and that loss of IMPADI protein is responsible for the skeletal
deformities of this disease.

Clinical Applications of Next-Generation Methods

The explosive success of NGS in disease-gene discovery has propelled efforts to use
whole-exome, and even whole-genome, sequencing in clinical practice. Several ef-
forts are underway to determine whether the technical hurdles of these methods can
be overcome in clinical settings. For example, optimizing the source of a patient’s
sample (DNA quality) and generating results in a reasonable amount of time to be
clinically actionable are clearly issues that require careful consideration. Current
NGS protocols generally require microgram-scale amounts of high-quality DNA
that may be challenging to obtain in certain scenarios, for example in sampling
fetal DNA for prenatal diagnostic sequencing. However in a recent study, WGS
was performed successfully using cell-free DNA from maternal plasma taken at
18.5 weeks gestation to generate fetal sequence [36]. A small percentage of cell-
free DNA in maternal plasma is fetal DNA; consequently the genome of the fetus
was deduced by sequencing DNA from the father, mother and mother’s plasma. In
a separate study, DNA from only ~20 cells was used to successfully sequence an
entire genome [37]. Continued technological development and improved sequenc-
ing accuracy will expand the repertoire of clinical applications of whole-genome
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sequencing. Indeed, whole-genome and whole-exome sequencing have been used
to provide genetic and clinical diagnoses, and in some cases informed clinical treat-
ment [31, 38—41].

Clinical microarray-based genotyping may improve diagnosis for orthopaedic
conditions; however, the full potential for clinical NGS methods, such as whole-
genome and whole-exome sequencing, in this arena is as yet unrealized. The
spectrum of recently described overgrowth syndromes is an excellent example of
how NGS methods uncovered the pathogenesis of a puzzling group of diseases,
including Proteus syndrome [42], Cloves syndrome [43], megalencephaly [44,
45], Klippel-Trenaunay syndrome [46] and macrodactyly [47]. These syndromes
are discussed in depth in Chap. 5; here, we highlight Type I macrodactyly. Type I
macrodactyly is a congenital localized overgrowth commonly affecting digits in the
hands and feet. Currently, these children undergo multiple surgeries to de-bulk the
overgrowth tissue. Ultimately, the affected digits often require amputation. Com-
paring WES from overgrowth and normal tissues identified somatic mutations in
the PIK3CA gene that activate the PI3K/AKT/MTOR cell signaling pathway to
promote cell growth [48]; mutations in the same gene were recently described for
other overgrowth syndromes (see Chap. 5). These tissue-specific somatic mutations
activate the pathway and promote cell growth/proliferation leading to localized
overgrowth. Because of the pathway’s involvement in multiple cancers, this path-
way has been well studied and is the target of several pharmaceuticals designed to
limit cell growth. Thus, macrodactyly and other localized overgrowth syndromes
are candidates for new, non-surgical treatments as a direct consequence of their
association with the PI3K/AKT/MTOR cell signaling pathway. As in this example,
NGS methods have great potential to rapidly advance our genetic understanding of
orthopaedic disorders. The next challenge in pediatric orthopaedic research is to
translate such genetic discoveries and improve patient care.
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Chapter 2
Neurofibromin in Skeletal Development

Mateusz Kolanczyk and David A. Stevenson

Abstract Skeletal complications are frequent in neurofibromatosis type 1 (NF1).
Various skeletal manifestations are observed including generalized osteopenia
(low bone mass), scoliosis, long bone bowing, pseudarthrosis, bone lytic lesions,
and sphenoid wing dysplasia. Historically, focal skeletal lesions in NF1 were sus-
pected to be caused by nearby localized tumors. However, genetic experiments have
brought an entirely new view of NF1 musculoskeletal pathology, illustrating the
power of gene discovery and genetic model systems. We now appreciate that neu-
rofibromin is required for normal musculoskeletal system development. We now
understand that NF1 bone dysplasia can be caused by loss of function mutations in
NF1, occurring in the mesenchymal lineage, rather than through tumor influence
as previously thought. This is not to say that the presence of tumors has no impact
on the bone. It is likely that tumors can impact bone tissue and further exacerbate
pathological processes. Here we review the current state of knowledge of neurofi-
bromin in bone and skeletal muscle. We outline mechanisms underlining NF1 mus-
culoskeletal dysplasias derived from both mouse disease models and observations
of human NF1 pathology. We also discuss pathways regulated downstream of NF'/
and their potential impact on the musculoskeleton.
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Introduction

Neurofibromatosis type 1 (NF1) is an autosomal dominant disease caused by loss
of function mutations in the NF/ gene that encodes neurofibromin, a GTPase-
activating protein. NF1 is a relatively common disorder (1/3000) and is typically
diagnosed clinically [1]. Individuals who have two out of the following seven cri-
teria meet clinical diagnostic criteria for NF1: (1.) Six or more café au lait macules
(1.5 cm or larger in postpubertal individuals; 0.5 cm or larger in prepubertal indi-
viduals); (2.) Two or more neurofibromas of any type or one or more plexiform neu-
rofibromas; (3.) Freckling in the axillary or inguinal region; (4.) Optic glioma; (5.)
Two or more Lisch nodules; (6.) A distinctive osseous lesion (e.g. sphenoid bone
dysplasia, pseudarthrosis); (7.) First-degree relative with neurofibromatosis type 1
[2]. NF1 can cause various degrees of morbidity. This is especially true in respect to
tumor load, which can vary significantly from patient to patient. Although there is
significant clinical variability there are relatively few genotype-phenotype correla-
tions [3, 4], and modifier genes are suspected to exist. However, it is likely that so-
matic second hit mutations or epigenetic factors also contribute to the high clinical
variability [5]. The main morbid symptoms of NF1 are related to an increased sus-
ceptibility towards neoplastic transformation (e.g. benign cutaneous neurofibromas,
plexiform neurofibromas, optic pathway tumors, and aggressive malignant periph-
eral nerve sheath tumors). Although primarily considered a neurocristopathy, that
is, a defect in neural crest development, multiple organ systems are affected in indi-
viduals with NF1, including the musculoskeleton. Here we describe the significant
musculoskeletal manifestations of NF1 and the underlying role of neurofibromin.

Bone Development

There are two types of bone development; endochondral and intramembranous os-
sification (Fig. 2.1). The development of the skeleton is initiated through the pro-
cess of patterning which is followed by subsequent organogenesis, commencing in
the growth of the skeletal elements [6]. Patterning determines spatial arrangement,
number and shape of the bone elements. During organogenesis, mesenchymal pre-
cursor cells differentiate into chondrocytes (cartilage cells) or osteoblasts (bone
cells). During desmal ossification, osteoblasts differentiate directly from mesen-
chymal cells. Desmal ossification takes place in the bones of skull, parts of the
facial skeleton and the collar bone. All other bones develop through the process of
endochondral ossification. Here, a cartilaginous system is first formed, which is
later replaced by bone. The growth of skeletal elements takes place in a specialized
area of long bones called the epiphyseal plate or growth plate. Cartilage differen-
tiation takes place within the growth plate where morphologically distinguished
zones are being formed: resting zone, proliferative zone, pre-hypertrophic zone
and hypertrophic zone. In the hypertrophic zone, chondrocytes undergo enlarge-
ment and eventually apoptosis. In this zone, blood vessels invade the growth plate
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Fig. 2.1 Bone development cartoon (reprinted from publication title: Transcriptional mechanisms
in osteoblast differentiation and bone formation. Trends in Genetics Volume 19, Issue 8, August
2003, Page 459, with permission from Elsevier) Intramembranous ossification and endochondral
ossification. a—d Craniofacial bones are formed directly from condensations of mesenchymal cells
without the formation of a cartilage intermediate, a process described as intramembranous ossifi-
cation. a In mice, formation of frontal bones starts at embryonic day 12.5 (E12.5) in mesenchymal
condensations on the lateral side of the head. b From the mesenchymal condensation, the cellular
mass with osteogenic activity spreads upward toward the top of the skull (arrows). Osteoblasts
differentiate from mesenchymal condensation and produce bone matrix at E14.5. ¢ At E15.5,
the ends of the cellular masses that originate on each side meet at the midline where a suture is
formed. d In the suture, cells in the mesenchymal condensations differentiate into osteoprogenitor
cells. Osteoprogenitor cells then differentiate into osteoblasts that produce bone-matrix molecules.
Osteoblasts differentiate into osteocytes, which become embedded within the bone matrix. e A
schematic frontal view of a mouse skull (E18.5) stained with alizarin red and alcian blue. Asterisks
indicate osteogenic fronts of frontal bones. f—j By contrast, long bones are formed by endochon-
dral ossification. f Development of endochondral bones starts with the formation of mesenchymal
condensations. g Cells in the mesenchymal condensations then give rise to chondrocytes whereas
cells at the periphery of the condensations form a perichondrium. h Centrally localized chon-
drocytes proliferate actively before exiting the cell cycle and differentiating into hypertrophic

e
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and osteoblasts initiate new bone formation in the primary spongiosa. Bone is
constantly remodeled through the action of osteoclasts, which are derived from the
hematopoetic lineage. In mouse bone the NfI gene is most strongly expressed in
the prehypertrophic and hypertrophic zone of the growth plate. It is also expressed
in osteoblasts and osteoclasts.

Bone Complications in NF1

Short Growth and Generalized Low Bone Mineral Density

The most frequent types of skeletal manifestations in NF1 are short stature and
generalized osteopenia or osteoporosis. In adults with NF1, 20-30 % exhibit height
below the 3rd centile [7, 8]. How NF/ haploinsufficiency causes short stature is
currently unknown. It is interesting that Nf7 heterozygous mice do not show short-
ening of skeletal elements or reduced bone volume. However, shortening of skeletal
elements was observed in conditional mouse mutants that are deficient for Nf7 in
the central nervous system (CNS), including the hypothalamus [9]. In these mice,
reduction in pituitary growth hormone synthesis presumably caused a decrease in
growth. Reduced growth was also observed in mice in which Nf7 was doubly inac-
tivated in cartilage [10, 11]. Thus, short stature in NF1 may be related to deficiency
in both endocrine and bone growth plate systems. Short stature itself likely does
not cause significant morbidity in NF1, and growth remains proportional. However,
functional and societal impact of short stature in NF1 has not been adequately in-
vestigated.

Decreased bone mineral density (BMD) has been observed in as much as 50 %
of individuals with NF1 [12—19]. Generalized low bone mass and osteoporosis may
be more problematic in these patients, potentially increasing risk of fractures. While
literature suggests that children with NF1 have generally low BMD, the sizes of the
studied patient groups are small and the clinical consequences are not well known
[19]. In one study of 460 NF1 individuals there was a 5.2-fold increased risk of frac-
tures in individuals with NF1 above 41 years of age, a 3.4-fold increased fracture

chondrocytes. The sequential differentiation of chondrocytes establishes a unique cellular orga-
nization that constitutes the epiphyseal growth plate. At the distal end of the epiphyseal growth
plate, hypertrophic chondrocytes further mineralize their own cartilaginous matrix. In parallel to
this multistep differentiation pathway, cells from a thin layer of mesenchymal cells, called the
periosteum, that envelops the cartilage matrix and invades the zone of hypertrophic chondrocytes
in addition to blood vessels and osteoclasts. Whereas osteoclasts degrade the matrix of the zone of
hypertrophic chondrocytes, osteoblasts deposit a bone-specific matrix. (i) The partially degraded,
mineralized cartilage matrix forms a template for deposition of bone matrix by osteoblasts. Endo-
chondral bone contains an outer envelop of cortical bone (the bone collar) that surrounds the mar-
row cavity and growth plate. The cortical bone is contiguous with the perichondrium. j A mouse
humerus stained with alizarin red and alcian blue
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risk in NF1 children, and no increased fracture risk in the age group 1740 years
[20]. In another study of 256 children with NF1 ages 5-20 years, the NF1 individu-
als without a focal long bone dysplasia did not have a difference in the prevalence
of ever having a fracture compared to healthy controls [21]. Thus, it appears that
individuals with NF1 have an age-dependent increase of fracture risk. It appears
also that individuals with NF1 have generally low vitamin-D concentrations, which
could be one of the factors leading to decreased BMD [22, 23]. A small study of
bone biopsies from 14 NF1 individuals showed decreased trabecular bone volume
and osteoidosis, which coincided with increased osteoblasts and osteoclast number
[24]. These observations are similar to the findings in NflColl™~ mice in which
NfI was inactivated in the osteoblast lineage [25]. Inactivation of NfI in osteoblasts
causes increased collagen synthesis but inhibits bone mineralization, resulting in
the profound osteoidosis. Nf1Coll™ mice show osteoblast-mediated increase of
osteoclast number. More precisely the NfI7~ osteoblasts overproduce RANKL, the
receptor activator for nuclear factor kappa-B ligand that triggers osteoclastogenesis.
It has been shown that in the NfI deficient osteoblasts, activation of Ras triggers
downstream activators ERK1/2, RSK2, PKA as well as ATF4, accelerating collagen
synthesis and causing overproduction of RANKL [25]. Defective osteoblast differ-
entiation therefore appears to be one of the main causes of bone pathology in NF1.

FGF Signaling and c-Type Natriuretic Peptide

Recent research has established a link between short growth in Nf1Col2™~ mice and

increased signaling mediated by the fibroblast growth factor receptor (Fgfr) [26].
These mice lack neurofibromin (Nf7) in type II collagen-expressing cells and show
a number of phenotypes reminiscent of the ones observed in mice characterized by
FGFR gain-of-function mutations. In chondrocyte cultures in-vitro, Fgfr activation
by FGF2 pulse-stimulation triggered rapid ERK1/2 phosphorylation in wild type
(wt) and NfI-/- chondrocytes. However, return to the basal level of ERK activa-
tion was delayed in NfI-/- cells, suggesting that prolonged ERK signaling is one
factor in deficient chondrocyte growth. In separate experiments, NflCol2™~ mice
were treated with the NC-2 compound, which is a derivative of c-natriuretic peptide
(CNP) [26]. CNP is known to bind to the natriuretic peptide receptor B (N-PRB)
and stimulate cGMP synthesis, thus suppressing MAPK activation (Fig. 2.2) [27].
The subcutaneous injections of NC—2 compound at 300 mg/kg per day throughout
18 days from birth on resulted in almost complete rescue of the growth defect in
Nf1Col2 mice, suggesting CNP is a valid candidate compound for the treatment of
growth deficiency in NF1. Further studies of CNP in other NF1 mouse models will
be helpful to access its potential side effects and determine its suitability for the
treatment of other bone manifestations.
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Fig. 2.2 CNP—MAPK pathway (reprinted with modification from publication tite: Achondropla-
sia, The Lancet Vol. 370 July 14, 2007 page 163, with permission from Elsevier). Signalling path-
ways of FGFR3 most relevant to growth plate chondrocytes FGFR3 signals propagated through
STAT1, MAPK-ERK, MAPK-p38, and other pathways inhibit chondrocyte proliferation, post-
mitotic matrix synthesis, and terminal (hypertrophic) differentiation. The CNP-NPR-B pathway
and NF1 inhibit the MAPK pathways. (Reprinted from The Lancet, 370, Horton WA, Hall JG,
Hecht JT, Achondroplasia, pp. 162-172, 2007, with permission from Elsevier)

Long Bone Dysplasia

Apart from generalized bone disease, about 3—5 % of individuals with NF1 develop
a focal skeletal dysplasia of the long bones, predominantly the tibia (Fig. 2.3) [28].
It is currently unknown why the tibia is most often affected. The anterolateral bow-
ing typically is identified in infancy, or even prenatally, and is usually unilateral
[28]. This suggests that long bone dysplasia has a prenatal origin. Radiographically,
tibial bowing in NF1 prior to fracture usually appears as cortical thickening and
medullary canal narrowing at the apex of the convexity, typically near the junction
of the middle and distal thirds of the tibia (Fig. 2.3b) [29]. The bowed long bone
frequently sustains a fracture that is recalcitrant to union resulting in pseudarthrosis
(Fig. 2.3c). Mouse experiments suggest that dystrophic bone changes are caused by
complete NF'] loss-of-function in dividing and multipotent bone cells. Supporting
this hypothesis, somatic (i.e. genetic alteration occurring after conception) homo-
zygous inactivation of NF/ was demonstrated in the pseudarthrosis tissue of one
NF1 patient with tibial pseudarthrosis [30]. A mouse model that recapitulates most
features of NF1 tibial dysplasia is the NflPrx1~~ mouse (Fig. 2.4), in which NfI
was inactivated in the limb bud mesenchyme and head mesenchyme [10]. In these
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Fig. 2.3 Long bone dysplasia in neurofibromatosis type 1 (NF1). a Photograph of patient.
b Radiograph of individual with NF1 with tibial bowing showing characteristic cortical thickening
with medullary canal narrowing. ¢ Radiograph of pseudarthrosis after long standing fracture of the
tibia in an individual with NF1

mice, all cells of mesenchymal origin carry biallelic Nf7 inactivation, including
bone cells, cartilage, muscle, endothelium, fat and connective tissue cells. Although
the Nf1Prx1~~ mouse was generated initially as a model of long bone dysplasia, this
model has subsequently provided additional insights that relate to the broad spec-
trum of NF1 musculoskeletal findings. Some of the important observations from
this and other mouse models pertaining to developmental processes controlled by
NfI are described below; see also Table 2.1 for review of mouse models and bone
fracture related observations.

Growth Plate Disturbances

NfI deficiency in cartilage causes decreased chondrocyte proliferation and prema-
ture growth plate chondrocyte hypertrophy [10]. This is caused by decreased Indian
Hedgehog (Ihh) expression in the growth plate and concomitant increase of p21/
Wafl expression that leads to reduced cartilage proliferation and dwarfism of the
appendicular skeleton. Reduced Thh expression is a direct cause of premature hy-
pertrophy and short growth [10].

NfI deficient cartilage strongly expresses the Sox9 transcription factor, which is
localized to the nucleus and is responsible for retention of cartilaginous properties.
This persistent nuclear localization of Sox9 is observed in the NflPrx1~~ mice in
the cartilage anlagen, but also in areas where it should not be expressed (e.g. during
hip joint cavitation in joint cavity). Due to persistence of nuclear Sox9 expression,
the hip joint cavity retains a cartilaginous phenotype and undergoes fusion with
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Prx1cre x Rosa26-LacZ

E125

P16.5

control Nf1Prx1

Fig. 2.4 Gross morphology and skeleton in NfIPrx1~~ mice. a Whole mount detection of the Cre
recombinase activity in the cross of Rosa26-LacZ indicator mouse with Prx1-Cre mice. Note LacZ
activity in the limb buds and in the cranial region. b A side view of the control and NfIPrx17XE
mutant mouse. Note that NflPrx1™" mutant mice show a profound kyphosis (arrow heads), a
phenotype often presented by mice featuring muscle dystrophy. ¢, d Tibia bowing in the prenatal
and postnatal development in Nf1Prx1- T mice. Alcian blue and Alizarin red stained skeletal prepa-
rations of E16.5 and P7 mice in side and front view. Note a bowed tibial bone (arrows) visible in
the front view of the tibia both at E16.7 and P7 stage indicating a prenatal origin of the phenotype.
Note also shortening of the skeletal elements in the mutant mice. e, f Delayed mineralization and
increased cartilage formation in the Nfl1Prx17P¢ cranium. e Hematoxilin-Eosin/Alcian Blue stained
transverse sections of the P1 wt and NflPrx 178! calvaria. Right panel shows magnification of the
sagittal suture with enlarged cartilage area in the Nfl1Prx17# mouse calvaria (arrows). f Delayed
mineralization of the calvarial bones in the Nfl1Prx 1 XE mice visualized by uCT scan. The top view
and the profile view of the scull, with poorly mineralized, transparent areas in the hind cranium of
14 days old NfI1Prx17*E mouse
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the pelvis [10]. Similarly cartilage is ectopically formed in other regions e.g. in the
hind cranium (Fig. 2.4e). It has been proposed that the hip joint fusion phenotype is
likely at least partially due to reduced muscle force, which normally initiates joint
cavitation. However we note that cases of hip joint fusion have not been observed
in individuals with NF1.

Both NflPrx17~ and NflCol2”" mice show increased osteopontin (SPP1) ex-
pression in NfI deficient growth plate chondrocytes and osteoblasts [26]. The SPP1
gene encodes matrix bone sialoprotein (osteopontin), which is known to attract and
stimulate osteoclasts [31, 32]. Thus, not only RANKL expression but also osteo-
pontin expression explains increased numbers of osteoclasts observed in the pri-
mary spongiosa in NF'I deficient mice.

Disturbances in Muscle Mass

Similar to human NF1 tibial dysplasia cases, NflPrx1~~ mice show tibial bowing
even at prenatal stages, suggesting an early embryonic defect in bone and skeletal
musculature development. In postnatal stages, NflPrx1”~ mice show decreased
skeletal muscle mass in extremities and profound developmental muscle dyspla-
sia, characterized by a decrease of myotube number, increased of connective tissue
volume, and increased number of split muscle fibers. This is primarily caused by
a defect of late myoblast differentiation during embryogenesis (Fig. 2.5). While
muscle progenitor cell migration appears normal, myotube formation was inhibited
by NfI ablation, which was associated with increased Ras-MEK1-Erk1/2 signal-
ing and increased proliferation of connective tissue cells [33]. Shortening of the
muscles may contribute to tibial bowing, as muscle mass in the lower extremities is
unilaterally positioned and exerts force on the tibia which is similar to the force ex-
erted by the chord on a bow. Disproportionate growth of skeletal elements together
with shortening of the muscle mass helps explain the bowing phenotype.

Disturbances in Bone Structural and Material Properties

Bone structural properties are abnormal in NF1. Bone homeostasis is controlled by
an interplay of three main bone cell types: osteoblasts, osteocytes and osteoclasts.
Osteocytes are the cells that arise at the end stage of osteoblast differentiation and
are embedded deep in the mineralized bone matrix, communicating with one anoth-
er through a network of canaliculi. In both the NflPrx1~~ mouse and NF1 patient
cortical bone samples, where functional neurofibromin is confirmed or presumed
absent, osteocyte lacunae size is significantly increased (unpublished results—Dir.
Jirko Kuehnich). Given that osteocytes constitute =90 % of living cells in the corti-
cal bone, these enlarged osteocyte lacuna cause significant increase of bone mi-
croporosity that may contribute to structural weakening of the NF'/ deficient bone.
Also important is macroporosity due to bone demineralization in the proximity of
blood vessels. Adult NflPrx1™~ mice have several-fold increased cortical bone
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Fig. 2.5 Muscle development. (Adopted from Francis-West et al.; J. Anat. (2003)202, pp. 69-81).
The regulation of primary myogenesis in the developing limb. The muscle precursors of the limb
initially express the transcription factors Pax3 and LbxI together with the c-met tyrosine kinase
receptor for scatter factor. Within the limb field, commitment to myogenic differentiation is
marked by the expression of the myogenic regulatory genes (MRFs): Myf5 is detected first and
is soon followed by MyoD. MRF4 is then transiently expressed and this is followed by myogenin
expression. Subsequently, myoblasts terminally differentiate and express either slow or fast myo-
sin heavy chain (MyHC) isoforms, which determine the muscle fibre type. The MyHC-expressing
myoblasts fuse into multinucleate myotubes and assemble to form the muscle fibres. Loss of NF1
inhibits myoblast differentiation and myotue formation. (Reprinted from Journal of Anatomy,
Francis-West PH, Antoni L, Anakwe K, Regulation of myogenic differentiation in the developing
limb bud, p69-81, 2003, with permission from John Wiley and Sons)

macroporosity associated with the presence of large areas of demineralisation in
the proximity of blood vessels penetrating the bone cortex. In mice, ectopic blood
vessels were observed in the apex of the bone curve, which seem to predetermine
the potential fracture sites. The bone surrounding the blood vessels is likely the
primary site of the macroporotic bone structural destabilization in Nf1Prx1~~ mice
(our unpublished observation).

Bone material properties are also abnormal upon loss of neurofibromin. Changes
in bone material and bone structure likely play an important role in the etiology
of NF1 long bone bowing. NflPrx1~~ mice display softer bone as measured by
nanoindentation experiments and contain less calcium than wild-type littermates
[10]. In postnatal bones we detected lower bone mineral density and disorganized
collagen fiber orientation; consistent with the idea that a significant problem in NF1
is due to defective extracellular matrix (ECM) maturation secondary to osteoblast
dysfunction. Delayed osteoblast differentiation and the apparent inability to synthe-
size mature collagen, especially in the areas of high mechanical load (mid shaft) and
in proximity of blood vessels cause focal bone lesions within cortical bone (unpub-
lished results—Dr. Jirko Kuehnisch). A generalized problem is also observed in the
form of lower bone mineral content in adult NflPrx1~ mice. Based on currently
available data, the defects of organic matrix maturation and mineralization are im-
portant in the etiology of long bone bowing. Thus, multiple converging defects of
bone architecture as well as bone organic and mineral phase are responsible for the
impairment of bone strength in NF1.
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Disturbances in Blood Vessel Properties

Vascular anomalies have been reported in humans with NF1 (e.g. renal artery steno-
sis), and analysis of the blood from NF1 patients without vascular disease showed
increased concentrations of inflammatory cells and cytokines linked to vascular
inflammation [34]. Mouse models also support a role of neurofibromin in blood
vessel properties as they are altered in NfI deficient mice. NfI*'~ mice were shown
to have increased neointima formation (i.e. thickened layer) after vascular injury
[34]. This was associated with the vascular inflammation. It has also been shown
that heterozygous inactivation of NfI in bone marrow derived cells, known to be
involved in blood vessel homeostasis, is necessary and sufficient for neointima for-
mation after vascular injury [34]. Thus, bone marrow cells appear to be involved in
the inflammatory response in NfI deficient blood vessels, likely including vessels
within cortical bone.

NFI in Bone Regeneration

We now understand that neurofibromin is required for normal bone development as
well as bone regeneration, but with an important distinction. During development
and regeneration, loss of Nf7 has opposite effects in the early and late osteoblast
differentiation. Inactivation in early osteo-progenitor cells inhibits osteoblast differ-
entiation, triggers fibrous tissue formation (in context of fracture repair) and dimin-
ishes matrix mineralization. This is the case in NflPrx17" mice where inactivation
occurs in early limb bud mesenchyme and Nf1Col2™~ mice where inactivation takes
place in early osteochondro-progenitor cells. In contrast, NfI inactivation at the os-
teoblast stage (e.g. in Nfl1Coll”~ mice) leads to increased collagen synthesis and a
net increase of bone formation. Thus Nfl1Col1™~ mice exhibit both normal develop-
ment and normal bone regeneration; closed fractures result in normal cartilaginous
callus formation and formation of an enlarged, osteoid rich, bony callus [35]. How-
ever despite an enlarged callus, the bridging cortices are porous and overall fracture
repair is delayed, indicating that late Nf7 inactivation interferes with normal healing
processes. Moreover this model does not recapitulate features of tibal dysplasia-
associated pseudarthrosis, and the fractures eventually heal.

Two mouse models, Nflflox/- + Adeno-cre (this mouse model has one allele of
NF1 inactivated in germ line and the second alleles floxed, thus second allele can
be inactivated with the adenoviraly delivered Cre recombinase) [36] and Nf1Prx17~
[37], recapitulate pseudarthrosis of the tibia after a forced fracture when NfI is dou-
bly inactivated in the extremity prior to or during fracture. In the first mouse model,
Nflflox/- + Adeno-cre, double NfI inactivation is accomplished by local delivery of
the adenovirus carrying Cre recombinase gene [36]. Fracture healing in this model
was severely delayed, and fracture unions were achieved in less than 50 % of tested
mice. The fracture site was populated by a highly proliferative fibrous tissue. Ad-
ditionally, osteoclasts were recruited to the fracture site, and resided both on the
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bone and in the fibrous tissue. Importantly, this study has shown that early in-vitro
knockout of NfI leads to decreased osteoblast mineralization potential while late
osteoblast inactivation did not exert such effect.

The Nf1Prx1~~ mouse model also closely recapitulates both the developmental
processes leading to the long bone dysplasia and the subsequent fracture healing
deterioration and pseudarthrosis (development of a non-union after a fracture) [37].
We have shown that loss of NfI in the mesenchymal lineage induces canonical
MAPK hyperactivation and interferes with normal programs of osteo-chondro pro-
genitor cell proliferation and differentiation [10]. Experimental induction of closed
bone fractures in the femoral bone of NflPrx1~~ mice causes deterioration of the
regeneration process [37]. Major histological findings were: (a) diminished carti-
laginous callus formation; (b) increased periosteal bone formation in the fractured
Nf1Prx17" cortical bone; and (c) accumulation and persistence of the fibrous tissue
in the Nfl1Prx1~/~ fracture gap with the abundant incidence of smooth muscle actin
positive myofibroblasts and TRAP positive osteoclasts. NfI inactivation severely
inhibited cartilaginous callus formation while fibrous cells and myofibroblasts
populated the fracture site preventing normal healing. This was paralleled by an
acceleration of periosteal bone formation, which did not result in fracture bridging.
This ossification did not significantly contribute to the overall repair process, as it
occurred distant to the fracture gap. The osteoblast mediated matrix mineralization
in the fracture gap was defective, and the bone regeneration process did not reestab-
lish functional bone. Thus, among available mouse models, Nfl1Prx1~~ mice appear
to resemble most closely the tibial dysplasia and pseudarthrosis situation. Based on
this and other models it is suggested that the etiology of tibial dysplasia and pseud-
arthrosis involves double NF'/ inactivation and is driven by aberrant developmental
processes.

Treatment of Long Bone Dysplasia in Mouse Models—The
Attempts of Pharmacological Intervention

The pseudarthrosis of long bones associated with NF1 can cause significant mor-
bidity. Multiple unsuccessful surgeries trying to achieve union are frequent, and
ultimately can result in amputation [38]. Poor physical function is still common for
individuals with tibial dysplasia that have not developed pseudarthrosis, and those
with pseudarthrosis that achieve union after surgical attempts (unpublished obser-
vations). Various surgical approaches and combinations of surgical/pharmacologic
approaches have been attempted clinically to treat tibial pseudarthrosis. (Reviewed
in Stevenson et al. [39].) In brief, procedures include intramedullary rodding, exter-
nal fixation, vascularized fibula grafting, etc. Pharmacologic adjunctive approaches
have been attempted including bisphosphonates and bone morphogenetic proteins
(BMPs). However, whether these methods are truly beneficial is not at all clear, as
systematic randomized control trials are absent and data are based currently on an-
ecdotal case series. In some instances mouse models have been used to test various
pharmacologic agents for NF1 pseudarthrosis.
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Statins

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase, broad-
ly used for the reduction of serum cholesterol. As statins inhibit the initial enzyme
of the mevalonate pathway, they also reduce prenylation and farnesylation of sig-
naling molecules, such as Ras and Ras-related proteins [40—42]. Further research
has shown that statins induce a direct bone anabolic effect, which translates into
accelerated bone healing in rats and mice [43, 44]. Statin-induced bone formation is
associated with increased osteoblast differentiation as measured by alkaline phos-
phatase, bone morphogenic protein 2 (BMP-2) and osteocalcin expression [45]. In
addition, statins have been shown to inhibit bone resorption by interfering with
osteoclast function in a similar way as bisphosphonates [46]. The influence of high
dose Lovastatin (0.15 mg/mouse per day) on cortical bone regeneration was tested
in the Nf1Prx1”~ model [47]. Systemic Lovastatin accelerated medullar bone for-
mation and thus enhanced the process of cortical bone regeneration. Also, statins
reduced MAPK activation in calvarial bones of NflPrx1~~ mice [47]. Similarly,
local lovastatin delivery with microparticles also accelerated bone formation and re-
duced osteoidosis in Nfl1Coll™ mice [35]. Thus, delayed bone healing after injury
in Nf1Prx17~ and Nf1Col1~~ mice could be accelerated by high dose, systemically
delivered lovastatin and low dose locally delivered lovastatin, respectively. Another
study of lovastatin in the context of NfI deficiency found that low bone mineral
content in the vertebra of Nf1Col2”~ embryos could be partially reversed by admin-
istration of lovastatin microparticles intraperitonealy to the pregnant female mice
throughout the second half of pregnancy [11]. These data collectively indicate that
mevalonate pathway inhibition is a promising strategy of improving bone formation
in NF1. Further translational studies and particularly development of FDA approv-
able local statin delivery systems are needed to further explore feasibility of statins
as pharmacological substances suitable for NF1 pseudarthrosis treatment.

The TGF Beta Signaling and TBRI Kinase Inhibitor

Increased synthesis of TGF beta by the NfI deficient osteoblasts has been docu-
mented in one specific NfI knockout mouse model where one allele of Nfl is inac-
tivated in the entire organism and the second allele is inactivated in the osteoblast
lineage (Nf1flox/-;Col2.3Cre mice) [48]. This is supported in human studies where
increased TGFbeta concentrations were also found in the serum samples from NF1
patients. Interestingly, treatment of Nflflox/-;Col2.3Cre mice with the TPRI ki-
nase inhibitor, SD-208, rescued bone mass deficits and prevented tibial fracture
non-unions. The same inhibitor completely inhibited pSMAD?2 activation in pre-
osteoclasts in-vitro and dose dependently inhibited osteoclast differentiation and
dentin slice resorption in-vitro [48]. From these results, the authors postulated that
overproduction of TGF beta by osteoblasts is one of the mechanisms of osteoclast
activation and bone loss in Nf7 deficient mice. This hypothesis is an attractive one
and will require further investigation to assess therapeutic efficacy.
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Bisphosphonates and BMPs

Abnormalities in bone formation and resorption have been observed in Nf7 deficient
mice. One study addressed a possibility of combining bisphosphonates and bone mor-
phogenetic proteins for induction of bone formation and inhibition of bone resorption
[49]. In this study NfI*~ osteoblasts were shown to respond to BMP2 in vitro with
increased alkaline phosphatase expression and enhanced matrix mineralization. Bone
formation was tested in the heterotopic intramuscular BMP2 carboxymethylcellu-
lose carrier implantation model [49]. In this setup NfI™*(wildtype) mice consistently
showed less heterotopic bone than NfI*'~ controls when analyzed 3 and 6 months post
implantation. BMP-only treatment resulted in bone formation, which was strongly
counter-balanced by the resorption. When mice were dosed twice weekly with
0.02 mg/kg zolendronic acid (ZA) commencing three days postoperatively, ZA treat-
ment produced a striking increase in the radiographic BMD of BMP-2-induced het-
erotopic bone. ZA-treated mice showed a robust retention of trabecular bone, while
bone was almost completely lost in the saline treated mice. Thus, dual treatment with
BMPs and bisphosphonates appears to be a promising strategy for future clinical tests
in the treatment of tibial dysplasia and pseudarthrosis.

For additional information on the topic of tibial dysplasia and current therapeutic
guidance, we refer readers to our recent review [39].

Scoliosis

Scoliosis is a very frequent musculoskeletal manifestation of NF1 (Fig. 2.6). About
10-30% of NF1 individuals develop scoliosis, and it is estimated that 2% of all
childhood scoliosis cases are NF1 patients [28]. Scoliosis in NF1 is traditionally
described as “dystrophic” or “non-dystrophic”. The term dystrophic describes a
dysplastic type of scoliosis with a rapid course of progression [50].

Non-dystrophic scoliosis is more common in NF1, characterized by slow pro-
gression similar to idiopathic adolescent scoliosis. Although non-dystrophic scolio-
sis in NF1 is also poorly understood, it may arise secondary to muscle weakness,
specifically hypotonia and weakness of spinal musculature [51]. It is important to
note that defects in dorsal musculature cause a profound kyphosis in NflPrx17
mice (Fig. 2.2b) [33]. This phenotype is due to weakness of muscles that normally
keep the spine straight (e.g. m. latissimus dorsi). Chest wall deformities in NF1
may also be the result of an abnormal muscle phenotype, an idea that derives from
the observation that NfIPrx1~~ mice develop a profound chest wall deformation
(pectus carinatum) (data not shown) despite the fact that the chest wall bone and
cartilage are not affected by Nf7 inactivation in this model. Thus, we can postulate
arole of spinal and chest musculature in the etiology of this symptom in Nf1Prx17~
mice and in chest wall deformities in NF1 patients.

Dystrophic scoliosis is one of the most severe and morbid osseous manifestations
occurring in NF1 patients (Fig. 2.3b, c). Dystrophic scoliosis usually manifests in



2 Neurofibromin in Skeletal Development 33

Fig. 2.6 Scoliosis in neurofibromatosis type 1 (NF1). a Child with NF1 and scoliosis. b, ¢ Radio-
graphs of individuals with NF1 with dystrophic scoliosis

pre-adolescent NF1 children as a sharp angulated curve along a short segment of
the spine, usually 4—6 vertebrae. This kind of scoliosis is typically associated with
dysplastic vertebral elements. Durrani et. al. listed nine radiographic features asso-
ciated with dystrophic scoliosis (1.) rib penciling, (2.) vertebral rotation, (3.) poste-
rior vertebral scalloping, (4.) anterior vertebral wedging, (5.) lateral vertebral scal-
loping, (6.) vertebral wedging in either the sagittal or coronal plane, (7.) spindling
of the transverse process, (8.) widened interpedicular distance, and (9.) enlarged
intervertebral foramina. It has also been noted that in 70 % of dystrophic scoliosis
cases, nearby tumors could be detected via MRI [28, 52, 53]. The observations
that spinal neurofibromas associate with 70% of the cases of dystrophic scolio-
sis fostered belief that adjacent neurofibromas might cause bone lytic lesions and
dystrophic scoliosis. However, in 30 % cases there are no spinal neurofibromas in
proximity of dystrophic vertebrae, indicating that tumors are not necessary for dys-
trophic scoliosis to occur [52, 53]. The exact etiology of dystrophic scoliosis is not
well understood; however, the role of a local skeletal defect (similar to long bone
dysplasia) appears likely. Mouse experiments support this concept [11]. Analysis of
the Nf1Col2”~ mice suggest that dystrophic scoliosis in NF1 might result from a
bone cell-autonomous defect. The Nf1Col2”~ model closely recapitulates vertebral
skeletal deterioration observed in NF1 [26]. In Nfl1Col2™" mice, NfI was doubly
inactivated in all chondroprogenitor cells of the skeleton, including the vertebrae.
Importantly, spinal neurofibromas were not observed in NflCol2”~ mice. In these
mice, vertebral fusions were observed at the base of the tail and loss of alignment
of vertebral bodies was seen at one month of age. By 3 months of age, scoliosis and
kyphosis were observed and by 6 months of age mice developed vertebral fusions
and severe loss of BMD in the vertebral column. Indeed, changes in the vertebral
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column were so dramatic that parts of the vertebra (vertebral pedicles) quasi disap-
peared. These observations deliver a strong argument for the hypothesis that the
vertebral phenotype in mice and possibly vertebral dysplasia in NF1 patients is
bone-cell autonomous with a developmental origin.

Craniofacial Bone Lesions

The most frequent cranial defect in NF1 is sphenoid wing dysplasia (dysplasia of the
greater wing of the sphenoid bone in the skull), which has been estimated to occur
in =10% of NF1 patients [54]. Most cranial defects are associated with plexiform
neurofibromas, often with infiltration and decalcification of the bone adjacent to
the tumor [55, 56]. Therefore, it is currently thought that sphenoid wing is caused
by encroachment of nearby tumors. However it is also possible that neurofibromin
has a mesenchymal tissue-autonomous function in cranial bones and that loss of
this function is involved in the etiology of sphenoid wing dysplasia. Data from the
Nf1Prx1~~ mouse model support such a notion; inactivation of NfI in the cranial
mesenchyme (Nfl1Prx1~~ mice) causes delayed ossification of the flat bones of the
hind cranium (Fig. 2.4e, f). In these mice, flat bones of the hind cranium are formed
with delay and appear to be initially replaced by the cartilaginous anlagen. Thus,
Nf1Prx1~" mice show delays of cranial bone formation, an observation suggestive
of a possible mesenchymal cell autonomous role of NF1 in the cranial skeleton.

Muscle Phenotype

The muscle phenotype in individuals with NF1 is not well described but abnormal
motor proficiency [57, 58], decreased muscle area [59], and decreased grip strength
has been documented in NF1 [60] providing evidence that skeletal muscle is af-
fected in NF1. Mouse studies also suggest that neurofibromin impacts the regula-
tion of myoblast differentiation and various downstream pathways have been im-
plicated [33]. Increased STAT3 signaling was recently shown to characterize cancer
associated muscle cachexia [61], and STAT3 is downstream of Ras and potentially
contributes to the anti-myogenic phenotype in NF1 [62]. In addition to the dramatic
decreased in strength and muscle size in the Nf1Prx1~~ mice, there were significant
muscle abnormalities including lipid droplet apposition within the muscle fibers,
and increased adipose tissue between muscle fibers in this mouse model [33]. The c-
Jun/INK pathway is involved in the regulation of fatty acid metabolism [63], and it
can be expected that increased JNK signaling due to loss of NF'/ will induce glucose
oxidation and decrease cellular nonesterified fatty acid oxidation while promoting
conversion to phospholipids and triglycerides. Thus, NF!/ is likely involved in the
regulation of glucose and lipid homeostasis in skeletal muscles.
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A further in-depth review of the signaling pathways downstream of neurofi-
bromin and their involvement in skeletal muscle development (e.g. cAMP-PKA,
MEK1, STAT3, PI3K, mTOR) is beyond the scope of this chapter [64—67]. Howev-
er, NF1 mouse models in combination with the human NF1 phenotype provide sig-
nificant evidence that muscle is affected in NF1, and we suggest that the abnormal
muscle phenotype contributes significantly to the skeletal abnormalities in NF1.

Conclusions

As outlined in this chapter, loss of NF negatively affects both skeletal and muscle
tissue. We have reviewed current information about the mechanisms behind bony
and muscular manifestations in NF1. An important point from these studies is that
NF1 is not simply a neoplastic disorder, but also a developmental dysplasia. As
recently and most appropriately articulated by Prof. Vincent Riccardi [68], “NF1
is a disorder of dysplasia with importance in distinguishing features, consequences
and complications”, and it fully applies to the skeletal and muscle manifestations.
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Chapter 3
Molecular Genetics of Congenital Multiple
Large Joint Dislocation

Stephen P. Robertson

Abstract As the rate of discovery of loci mutated in monogenic disorders acceler-
ates there has been a rapid increase in the recognition and definition of syndromic
conditions characterised by dislocation of the large joints. Assigning a correct clini-
cal diagnosis with corroboration through molecular genetic testing is important
because disorders demonstrating both autosomal dominant and autosomal reces-
sive inheritance can be difficult to distinguish from one another in the neonatal
period. While the pathogenic mechanisms underlying most of these conditions
remains elusive, several conditions have been identified that relate to disturbances
of proteoglycan (PG) metabolism and a primary dysfunction of connective tissue
in the periarticular joint capsule. In contrast an understanding of the aetiology and
pathogenesis of the most common form of non-syndromic joint dislocation, devel-
opmental dysplasia of the hip, has remained stubbornly refractory to understanding
despite considerable clinical and epidemiological evidence to suggest that genetic
factors contribute to the susceptibility to this disorder.

Keywords Joint dislocation + Larsen syndrome * Proteoglycan synthesis + Ehlers
Danlos syndrome arthrochalasia type - Congenital multiple large joint dislocation

Definition of Large Joint Dislocation

Congenital joint dislocation is defined here as the disarticulation of a synovial
joint structure that is evident at birth. This chapter focuses on genetic condi-
tions that primarily present with dislocation of the large joints—the shoulder, el-
bow, hip and knee joints—although involvement of smaller joints can be a clini-
cal accompaniment. Many Mendelian conditions have been described in which
large joint dislocation is both an infrequent or variable clinical manifestation,
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and symptoms and signs in other organ systems primarily guide diagnosis. Some
conditions present with primary ligamentous laxity that can predispose to either
recurrent joint subluxation or frank dislocation, but presentation with congenital
disarticulation of joint structures is rare. For that reason this group of disorders
is not considered in detail here. Similarly, those disorders in which joint disloca-
tion is confined to one type of joint—e.g. the hips or radio-humeral joint, are not
described in detail.

A large and heterogeneous group of conditions exist which present with multiple
joint dislocations as a secondary consequence of neuromuscular disease. Although
systematic studies are lacking, as a group they numerically are likely to comprise
the commonest cause of congenital multiple large joint dislocation. Several excel-
lent reviews exist that describe the underlying basis for these disorders which is
frequently located in molecular abnormalities of the muscle sarcomere or neuro-
muscular synapse [1, 2]. Since the evaluation of these children is focused on the
primary neuromuscular cause, this large group of conditions are not considered in
detail here. In this chapter, the major Mendelian disorders characterised by large
joint dislocation are described together with what is understood about their molecu-
lar pathogenesis. Developmental dysplasia of the hip is briefly reviewed within the
final section alongside a broad discussion of the aetiopathogenesis of these condi-
tions as a group.

Mendelian Disorders of Congenital Large Joint Dislocation

There are no accurate prevalence figures for any of the monogenic conditions
discussed in this chapter, but most disorders are likely to be present at rates less
frequent than 1:100,000 in most populations. Some disorders with autosomal
recessive inheritance patterns may exhibit founder effects in some communi-
ties although, again, precise estimates of these allele frequencies are not avail-
able. Although many Mendelian conditions can exhibit congenital large joint
dislocation as a presenting feature, a relatively small number have this sign as
a primary and reproducible presenting feature. The latter conditions are the fo-
cus of the discussion below with the emphasis placed on clinical and molecular
insights into the pathogenesis of joint dysfunction. The list of Mendelian disor-
ders that present primarily with congenital large joint dislocation is presented in
Table 3.1. Currently new, predominantly recessive phenotypes are being defined
at the molecular genetic level and it is likely that this list will grow substantially
in the near future.
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Table 3.1 Mendelian disorders presenting with congenital dislocation of the large joints

Gene OMIM number
Autosomal dominant
Larsen syndrome FLNB 150250
Ehlers Danlos syndromes, arthrochalasia type COLIAI, COLIA2 | 130060
Spondyloepimetaphyseal dysplasia with joint KIF22 603546
laxity- type 2
Autosomal recessive
Spondyloepimetaphyseal dysplasia with joint B3GALT6 271640
laxity type 1
Multiple joint dislocations—CHST3 type CHST3 143095
Multiple joint dislocations—B3GAT3 type B3GAT3 245600
Chondrodysplasia with joint dislocation- GPAPP | IMPAD1 614078
type
Desbuquois dysplasia type 1 CANTI 251450
Desbuquois dysplasia type 2 Unknown 251450
Multiple Joint Dislocations—Reunion Island type | Unknown 245600

Autosomal Dominant Disorders
Larsen syndrome (OMIM 150250)

Larsen syndrome is characterized by a variable combination of congenital disloca-
tions of the large joints (elbows, hips, knees, occasionally shoulders), scoliosis, cleft
palate, conductive deafness and cervical kyphosis, which can be associated with
cervical spinal cord damage [3]. It exhibits complete penetrance with significantly
variable expressivity. The vast majority of individuals in Larsen syndrome (as de-
fined by a phenotype shown to be caused by a mutation in FLNB) have dislocations
or subluxations of the large joints (80% hip, 80% knee, and 65% elbow) with
subluxation of the shoulders being the mildest manifestation (Fig. 3.1a). Clubfoot is
also present in 75 %. Larsen syndrome is allelic to three other disorders of defective
osteogenesis—atelosteogenesis types I and III and Boomerang dysplasia —making
up the so-called Larsen syndrome-atelosteogenesis “LS-AO” spectrum disorders.
The latter two disorders in the spectrum are invariably lethal in the perinatal period
[4]. Despite this link, stature is only mildly affected in Larsen syndrome with the
height of the majority of individuals with the condition lying between the 1st and
10th centile. Radiographically evident spinal abnormalities are present in the major-
ity with some degree of cervical spinal dysplasia noted in 50 %. Typically this takes
the form of subluxation or fusion of the bodies of C2-C4, associated with posterior
vertebral arch dysraphism. Individuals with Larsen syndrome and cervical spine
dysplasia are at significant risk of cervical cord myelopathy and secondary tetrapa-
resis. Other clinical findings include cleft palate and conductive deafness. Although
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Fig. 3.1 Radiographs of individuals multiple large joint dislocation syndromes. a Larsen syn-
drome showing disarticulation of the knee and elbow joints, but, with the exception of distal tap-
ing of the humerus, little disturbance to the morphogenesis of the bony structures of the skeleton.
b Radiographs of the knee joints of an adult individual with CHST3 deficiency show significant
erosion and destruction of the joint spaces as a consequence of the epiphyseal dysplasia seen
in this condition in the context of chronic joint dislocation. ¢ Desbuquois dysplasia demonstrat-
ing shortening of the long bones, metaphyseal widening and dislocation of the radial head and
advanced bone age. An accessory ossification center is evident proximal to the proximal phalanx
of the second digit (arrowed)

laryngotracheomalacia has been reported in association with Larsen syndrome, few
individuals with confirmed Larsen syndrome are severely affected. Survival into
adulthood is the norm, and cognitive functioning is unaffected. Clinical variability
can result from the presence of somatic mosaicism for a causative mutation in a
mildly affected parent with the associated mutation in the germline leading to a
more severe phenotype in the offspring.

Although the primary clinical presenting feature in Larsen syndrome is disloca-
tion of the large joints there are no consistent primary epiphyseal or metaphyseal
anomalies present. In some individuals with a clinical diagnosis of Larsen syn-
drome a tapering distal humerus can be observed, reminiscent of that seen in the al-
lelic disorder atelosteogenesis I1I. The most characteristic radiological signs are the
appearance of supernumerary carpal ossification centres evident from early child-
hood onwards. A bipartite calcaneal ossification centre is similarly seen but is a less
specific diagnostic sign.

Larsen syndrome is caused by missense mutations or small in-frame deletions in
the gene encoding the actin binding protein, filamin B [3, 4]. The level of expres-
sion of protein is unaffected by these mutations and the phenotypic dissimilarity
between LS and the allelic loss of function recessive disorder, spondylocarpotarsal
syndrome, has led to the conclusion that mutations leading to LS lead to disease
through a gain of function mechanism. All three filamin paralogs (filamin A, B and
C) encode a highly homologous tertiary structure with an N-terminal actin binding
domain composed of two calponin homology domains, CH1 and CH2 followed by a
chain of 24 filamin repeats, each which adopt an immunoglobulin-like barrel struc-
ture consisting of seven folded B-strands. The chain of filamin repeats is interrupted
by two “hinge” regions between repeats 15 and 16 and repeats 23 and 24. Filamin
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B adopts a dimeric structure in vivo and in vitro, this interaction being mediated by
the anti-parallel apposition of repeat 24 from each monomer.

Mutations leading to Larsen syndrome are clustered within exons encoding the
actin binding domain or in the region of the gene specifying domains flanking the
flexible hinge region of the filamin B protein. To date over 40 mutations have been
described with some mutations being highly recurrent as de novo events in unre-
lated individuals (Table 3.2). For pathogenic substitutions occurring in the actin
binding domain of the protein, a gain of function of mechanism has been proposed
manifested biochemically by enhanced avidity for the binding partner actin [5].
A similar but more pronounced biochemical property is conferred by mutations

Table 3.2 Mutations

. - Mutation Protein Protein

in FLNB leading to Larsen domain

syndrome
c.362A>T p.Tyr121Phe CH2
c.482T > G p-Phel61Cys CH2
c.488A>C pGInl163Pro CH2
c.500A > G p-Aspl67Gly CH2
c.501C>A p-Aspl67Glu CH2
¢.508G > C p-Alal70Pro CH2
c.520C > A p-Leul74Met. CH2
c.572C>T p.Prol91Leu CH2
c.590A>T p-Asnl971le CH2
c.622T>C p-Trp208Arg CH2
c.661A>T p.1le221Phe CH2
c.679G > A p-Glu227Lys CH2
c.685T>C p-Ser229Pro CH2
¢.700C > G p-Leu234Val CH2
c.719C>T p-Ala240Val CH2
c.4292T > G p-Leul431Arg Repeat 13
c.4550C > A p-Alal517Asp Repeat 14
c.4580T > A p-Leul527His Repeat 14
c.4580T > C p-Leul527Pro Repeat 14
c.4621G>C p.Alal541Pro Repeat 14
c.4625T > C p.1le1542Thr Repeat 14
c.4711 4713del p-1571delAsn Repeat 14
c.4725 4736del12 p-1576_1579del Repeat 14
c.4756G > A p-Gly1586Arg Repeat 14
c.4769T > C p-1le1590Thr Repeat 14
c4775T>A p-Vall1592Asp Repeat 14
c4781A>C p-Tyr1594Ser Repeat 14
c4795A>T p-Ile1599Phe Repeat 14
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Table 3.2 (continued) Mutation Protein Protein

domain
c.4805C > A p.Ser1602Tyr Repeat 14
c.4808C>T p.Pro1603Leu Repeat 14
c.4936G > A p-Gly1646Ser Repeat 15
¢.5023 5025delTTC | p.1675delPhe Repeat 15
c.5047A>T p-Thr1683Ser Repeat 15
c.5071G>T p-Glyl1691Cys Repeat 15
c.5071G > A p-Gly1691Ser Repeat 15
c.5072G > A p-Gly1691Asp Repeat 15
¢.5095C > G p.-Prol699Ala Repeat 15
c.5706C > A p-Ser1902Arg Repeat 17
c.5705C > A p-Ser19021le Repeat 17

that lead to atelosteogenesis types I and III and Boomerang dysplasia, suggesting
that the defect in osteogenesis evident in these disorders might have its subclinical
equivalent in individuals with Larsen syndrome. No clear explanation for how the
substitutions that cluster around the hinge region confer the phenotype has been
offered but these mutations have been shown to lead to a redistribution of filamin
protein from a cortical to a perinuclear position [6].

LS and its allelic disorders, atelosteogenesis types 1 and 3 and Boomerang dys-
plasia, share significant phenotypic similarities to the filaminopathies cause by mu-
tations in the paralogous gene FLNA, although notably joint dislocations are not a
feature of this group of disorders [7]. Although the differing expression of FLNB
and FLNA over the growth plate may explain some of the differences in the chon-
drodysplasia seen in the FLNA-linked otopalatodigital syndrome spectrum disor-
ders and the LS-AO spectrum [4], the role of FLNB in the formation and integrity
of the joint capsule, possibly underlying the multiple congenital joint dislocations
observed in these conditions, has not been investigated. Within the growth plate of
individuals with AO1 there has been the frequent observation of multinucleate giant
cells in the context of a relatively cell sparse structure. This suggests that FLNB ex-
erts some role in cell proliferation or division, and indeed FLNB has been observed
lining the cell cleavage furrow of dividing chondrocytes in normal human growth
plate [4].

The Ehlers Danlos Syndrome (EDS) Arthrochalasia Type

The group of conditions broadly subsumed under the term Ehlers Danlos syndromes
phenotypically manifest with connective tissue dysfunction leading to fragile, thin
or wrinkled skin, joint hypermobility and occasionally fragility of other organ sys-
tems such as the vasculature. In the Villefranche classification of EDS [8], six main
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descriptive types were substituted for earlier types numbered with Roman numer-
als. One form in particular, the arthrochalasia type (formally termed EDS VII) is
characterised by hip dislocation. This disorder is caused by a genetically determined
resistance to enzymatic procollagen maturation. Milder forms of EDS (EDS hy-
permobility type) and familial joint instability syndrome are more associated with
pronounced joint laxity and congenital joint dislocation is uncommon.

EDS, arthrochalasia type, is distinguished clinically from the other types of EDS
by the frequency of congenital hip dislocation, extreme joint laxity with recurrent
joint subluxations but minimal skin involvement [9, 10]. Dislocation of the knees
and other large joints can occasionally be observed [11], the fingers can exhibit
swan neck deformities and contractures and inguinal herniae have recurrently been
observed. Radiographic manifestations can include calvarial wormian bones and
recurrent fractures. EDS, arthrochalasia type, is caused by either monoallelic muta-
tions in COLIAI and COL1A2 [12—15] where they lead to the exclusion of exon
6 which encodes procollagen N-proteinase cleavage site of each respective gene
transcript [9]. Interestingly, biallelic mutations in the gene encoding the procollagen
protease convertase itself, ADAMTS2, cause EDS dermatospraxis type, which is
characterised by a severe skin phenotype and joint hypermobility, but only rarely
congenital joint dislocation. The presumptive pathogenesis of this disorder presum-
ably relates to the role that collagen 1 plays in the integrity of the articular joint
capsule of the large synovial joints.

Spondyloepimetaphyseal Dysplasia with Joint Laxity-2

The principal clinical characteristics of SEMDIJL2 (previously termed SEMD-JL-
leptodactylic type or SEMD-JL-Hall type) include generalized ligamentous laxity
(especially evident at the knees), short stature, maxillary retrusion and mild spinal
deformities [16]. Dislocations can occur at all the large joints but the knees are the
most commonly and severely affected joint. Laryngotracheomalacia in infancy and
childhood has been reported in a sizable minority of cases [17, 18] and occasion-
ally necessitating tracheostomy placement [19]. Marked intrafamilial phenotypic
variability has been observed. Features that are noticeably absent in described cases
to date that might aid in differential diagnosis, particularly from Larsen syndrome,
include cleft palate, deafness and congenital kyphoscoliosis. Key radiographic
findings include small, flattened, irregular and fragmented epiphyses and widened,
irregular metaphyses with striations. The dorsal vertebral bodies show posterior
decrease in height, vertebral endplate irregularity, and progressive caudal narrow-
ing of the interpedicular distances. The metacarpals are gracile with long slender
phalanges and the distal phalangeal tufts are prominent. The carpal bones are small
and irregular and progressively erode over adolescence and into adulthood. There is
a global epiphyseal delay in ossification, especially evident in the phalanges [20].
The disorder evolves into an epiphyseal dysplasia with the precocious development
of osteoarthritis.
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SEMD-JL2 is caused by heterozygosity for mutations in K/F22 which encodes
KIF22, akinesin motor domain-containing protein that has homology to proteins that
mediate intracellular transport along microtubular structures [20, 21]. Mutations are
exclusively missense, are recurrent and all mutations reported to date occur in exon
4 which encodes highly conserved residues which are adjacent to an ATP binding
site within the motor domain of the protein. Notably KIF22 binds to chromosomes
and appears to have functions relating to chromosomal segregation during certain
phases of mitosis [22, 23]. It is perhaps notable that a cell cycle related function is
implicated in the pathogenesis of a joint dislocation disorder, just as some observa-
tions relating to the pathogenesis of some of the LS-AO spectrum syndromes also
indicate a disturbance in cell division.

Autosomal Recessive Disorders
Spondyloepimetaphyseal Dysplasia with Joint Laxity Type 1

Originally described in South African families of Afrikaans descent [24], Spondy-
loepimetaphyseal dysplasia with joint laxity type 1 (SEMDIJLI; previously termed
SEMDIJL-Beighton type) is characterized by the cardinal skeletal findings of ver-
tebral abnormalities and ligamentous laxity. This disorder evolves a progressive
severe kyphoscoliosis, often resulting in severe respiratory compromise. Large joint
manifestations include dislocation of the radial head and dislocated hips. Clubfeet
are commonly observed and a subset of patients can also present with bone fragil-
ity [25]. Joint hypermobility is particularly evident in the hands and a dysmorphic
facial profile has been proposed (an oval face, with maxillary flattening, prominent
eyes and a long philtrum). Cleft palate is commonly observed [24, 26-28]. Accom-
panying features included skin fragility, delayed wound healing, joint hyperlaxity
and contractures and intellectual disability. The progressive kyphoscoliosis associ-
ated with this disorder is especially refractory to external bracing and internal fixa-
tion is often indicated. Progression can often not only result in cardiorespiratory
compromise but also spinal cord compression. Death within the first two decades of
life is common although survival into the fourth decade has been reported [29]. The
radiological phenotype of this condition consists of the severe scoliosis, ‘bat-like’
splaying of the ilia, dysplastic acetabulae and brachydactyly. In some individuals
expanded metaphyses can be present [30, 31].

Bilallelic mutations in B3GALT6 cause SEMDIJL1. B3GALT6 encodes a gly-
cosyltransferase (B3GALNTO6) that is central for the initiation of both chondroitin
sulfate and heparin sulfate biosynthesis (Fig. 3.2). These glycosaminoglycans are
central components of articular and other forms of cartilage. Their synthesis pro-
gresses by the iterative transfer of monosaccharide residues to the lengthening side
chains, a process mediated by glycosyl transferases [32]. B3GALNT6 catalyses a
priming step in the initial phases of this process, sponsoring the addition of the sec-
ond galactose unit to the common linker peptide. Functional studies of B3GALT6
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Fig. 3.2 Diagram of proteoglycan synthesis with the locations of defects leading to congenital
large joint dislocation phenotypes. Glycosaminoglycan side chains are added to core proteins
through the hydroxyl group of serine residues. A common tetra-saccharide linker region is syn-
thesised first with the sequential addition of a xylose residue followed by two galactose residues
and finally a glucuronate residue. Defects in the enzymes adding the second galactose residue and
the final glucuronic acid residue to the common linker region lead to SEMD-JL typel and mul-
tiple joint dislocations—B3GAT3 type respectively. Defective generation of nucleoside modified
monosaccharide substrates prior to their addition to GAG sidechains, are causative of Desbuquois
dysplasia and multiple joint dislocations GPAPP type. Defects in the sulfation of secreted chon-
droitin sulfate glycosaminoglycans is a hallmark of multiple joint dislocations-CHST3 type

proteins with mutations shown to cause SEMDJL1 showed a loss of function due
to either cellular mislocalisation or deficient catalytic activity. Patient fibroblasts
exhibit substantially diminished priming of glycosaminoglycan synthesis together
with impaired glycanation of the small chondroitin/dermatan sulfate PG decorin.
Dermal electron microscopy show abnormalities in collagen fibril organization
which may contribute to the ligamentous laxity, cutaneous manifestations, joint hy-
permobility, osteopenia and bone fragility.

Mutations in B3GALT6 also cause a progeroid type of Ehlers-Danlos syndrome
(EDSP2; OMIM 615349), which shares phenotypic similarities with SEMDIJL1 al-
though, notably large joint hypermobility rather than frank congenital joint dislo-
cation is a feature of this latter condition [33]. EDSP exhibits locus heterogeneity
with some individuals having mutations in B4GALT7, which encodes galactosyl-
transferase 1. Mutations underlying SEMDIJL1 and EDSP2 both seem to confer
loss of enzymatic function and so the explanation of the phenotypic differences
resulting from these two allelic disorders is yet to be explained. In a cohort from
Asia [33] a disorder with features overlapping SEMDJLI1 and the progeroid form
of Ehlers-Danlos syndrome (EDSP2) was described indicating a broader than sus-
pected spectrum of phenotypic severity. Adding further to the broad expressivity of
conditions associated with biallelic loss of function mutations at this locus, Mal-
fait et al. described another severe spondyloepimetaphyseal dysplasia with bone
fragility, multiple early-onset fractures, and severe kyphoscoliosis [25].
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Autosomal Recessive Multiple Joint Dislocations—CHST3 Type

This spondyloepiphyseal dysplasia (SED) is one of the more common autosomal
recessive joint dislocation syndromes. Initially described by Cortina et al. [34] and
in two large Omani kindreds [35] and labelled alternatively by the names humero-
spinal dysostosis and spondyloepiphyseal dysplasia, Omani type, respectively, the
clinical features of this condition include near to normal length at birth, short stature
(adult height of 110-139 cm) rhizomelic shortening of the upper limbs, childhood
onset severe progressive kyphoscoliosis, and an epiphyseal dysplasia that results in
arthritic changes with joint dislocations, genu valgum, cubitus valgus, mild and ir-
regular brachydactyly, and camptodactyly. Congenital dislocation of the knees and/
or hips is common, as is clubfoot. A dysplasia of the upper cervical spine can result
in clinical instability and require stabilisation [36]. Supernumerary carpal and tarsal
bones can be observed [36, 37]. Microdontia is an association, intelligence is typi-
cally normal [38] but significant valvular heart disease can evolve in this condition
[39] (Fig. 3.1b).

Typically during childhood, the dislocations improve, both spontaneously and
with surgical treatment, and features of spondyloepiphyseal dysplasia (SED) be-
come apparent, leading to arthritis of the hips and spine with intervertebral disc
degeneration, rigid kyphoscoliosis, and trunk shortening by late childhood [38].
The radiologic presentation is one of spondyloepiphyseal dysplasia with minimal
metaphyseal involvement. In infancy the vertebral bodies only exhibit endplate ir-
regularity but this progresses with intervertebral space narrowing, intervertebral fu-
sion and the evolution of a kyphoscoliosis. The epiphyses are small and a significant
osteoarthropathy usually develops involving both small and large joints.

Biallelic mutations in CHST3 cause SED-CHST3 type [37, 38, 40, 41]. The bio-
chemical deficit is a specific defect in sulfation of chondroitin sulfate side chains
(Fig. 3.2).

Multiple Joint Dislocations—B3GAT3 Type

Baasanjav et al. [42] defined this condition by linking the autosomal recessive co-
inheritance of multiple large joint dislocations with significant and severe congeni-
tal heart defects [42]. Heart defects included bicuspid aortic valve with dilation
of the aortic root, mitral valve prolapse, and ventricular septal defect. The mor-
phogenic defects in cardiac valvular structures seen in this condition may relate
to the significant dependence that these structures have upon PG synthesis. The
joint dislocations were limited to dislocations and contractures of the elbow joints
as well as talipes equinovarus and/or metatarsus varus in addition to small joint
hypermobility. One individual had dislocation of the shoulder and proximal radio-
ulnar joints. The sibs reported by Strisciuglio et al. [43] may have had the same
disorder. This condition is caused by biallelic mutations in B3GAT3 gene. This gene
encodes glucuronosyltransferase I, an enzyme that mediates a critical step in PG
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linker synthesis—the addition of the final glucuronic acid residue to the terminal
part of the common linker region (Fig. 3.2) . Accordingly skin fibroblasts from in-
dividuals with this condition demonstrate diminished levels of all types of O-linked
glycanated PGs: dermatan sulfate, chondroitin sulfate and heparin sulfate.

Desbugquois Dysplasia

This well-recognised chondrodysplasia has also emerged as a deficiency in PG syn-
thesis, but instead of the lesion being in either the sulfation of GAGs or in linker
synthesis, this condition is caused by defective metabolism of monosaccharides
within the Golgi compartment of the cell. Desbuquois dysplasia (DBQD) is char-
acterized by prenatal and postnatal growth retardation (stature less than —5 SD),
joint laxity leading to dislocations particularly at the hips and knees but also the
small joints of the hand, short extremities, and progressive scoliosis. A distinctive
facial gestalt has been recognised with a round flat face, prominent eyes, micro-
gnathia, and long upper lip with flat philtrum being features. Glaucoma can be an
accompaniment as can renal anomalies such as ureteropelvic dilatation, horseshoe
kidney, and renal cysts [44—46]. Radiological examination holds the key to diag-
nosis—short long bones with metaphyseal widening, a ‘Swedish key’ appearance
of the proximal femur and coronal clefting of the vertebrae in early infancy are
key diagnostic signs. The carpal and tarsal bone age is advanced. Hand anomalies
are a useful diagnostic sign and are the primary clinical discriminator between the
two subtypes of this disorder. The presence (type 1) or absence (type 2) of hand
anomalies including an extra ossification center proximal to the second proximal
phalanx (termed a delta phalanx), bifid distal phalanx on the thumb, and dislocation
of the interphalangeal joints define these two subgroupings [45] (Fig. 3.1c). This
dichotomy is not absolute however and a hypomorphic phenotype, allelic to DD
type 1 has also been described in eastern Asian populations [47—49].

Homozygosity or compound heterozygosity for mutations in CANT cause Des-
buquois dysplasia type 1 [50]. CANTI encodes for calcium activated nucleotidase
1, an enzyme that acts to hydrolyse nucleotide di- and triphosphates. CANT1 shows
highest activity towards UDP, GDP, and UTP, all of which are important in the en-
zymatic modification of monosaccharides in the Golgi prior to their incorporation
into PG side chains. It is likely that all mutations leading to this phenotype confer a
loss of function since missense mutations identified in individuals with this disorder
cluster in and around the catalytic site of the enzyme substituting highly conserved
residues. Truncating mutations in CANT! are possibly correlated with early mor-
bidity due to respiratory insufficiency. Accordingly PG production has been shown
to be reduced in fibroblasts obtained from individuals with DD [51]. Growth plate
cartilage shows dilated cisterns of rough endoplasmic reticulum in reserve zone
chondrocytes in individuals with DD.
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Chondrodysplasia with Joint Dislocations, GPAPP Type

This condition has been defined by a single report of four individuals with short
stature, a chondrodysplasia with brachydactyly, congenital joint dislocations, mi-
crognathia, cleft palate, and facial dysmorphism [52]. This condition is caused by
biallelic mutations in /IMPAD1 which encodes a Golgi resident nucleotide phospha-
tase, Golgi 3’ phosphoadenosine 5’ phosphate 3’ phosphatase (GPAPP). Although
experimental data are lacking to point to a likely pathogenic mechanism leading to
this condition, the defect in nucleoside di- and tri- phosphate recycling could lead to
a similar limitation in PG biosynthesis as that seen in Desbuquois dysplasia.

Multiple Congenital Joint Dislocations with Short
Stature—Reunion Island Type

A distinctive autosomal recessive multiple large joint dislocation syndrome has
been described amongst the residents of the Indian ocean island, La Reunion [53].
The disorder has strong similarities to those conditions caused by other recessive
disorders of PG biosynthesis with the phenotype being characterised by short stat-
ure (<-4SDS), dysmorphic facies, bilateral dislocations of the elbows, hips, and
knees, clubfeet, and short stature, as well as cardiovascular defects. Radiographs
demonstrate osteoporosis in the setting of early bone maturation with multiple os-
sification centers, and metaphyseal enlargement with diaphyseal bowing.

Developmental Dysplasia of the Hips

Developmental dysplasia of the hip (DDH) is an abnormality of the seating of the
femoral head in the acetabulum. Its severity ranges from mild instability of the
femoral head with slight capsular laxity, through moderate lateral displacement of
the femoral head, without loss of contact of the head with the acetabulum, up to
complete dislocation of the femoral head from the acetabulum. It is one of the most
common skeletal congenital anomalies, approximating an incidence of 1:1000 in
populations with Western European ancestry, although there is a great discrepancy
in the frequency of DDH according to geographic and ethnic differences.

A number of lines of evidence point to a genetic predisposition unpinning DDH.
In general, DDH is more frequent in whites than in blacks and Chinese [54]. Clas-
sical studies estimated sib recurrance rates in the region of 5% [55]. DDH also
demonstrates a female preponderance [54]. Much of the thinking underpinning the
pathogenesis of the disorder relates to factors that impact upon the laxity of joint
capsule on one hand and the degree of acetabular dysplasia on the other [56-58]. A
number of apparently monogenic forms of DDH have been described, all of which
have yet to have a molecular basis defined, that may illuminate some of these con-
tributory genetic factors [59-62]. Having acknowledged that Mendelian disorders
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have much to contribute in terms of understanding the pathogenesis of diseases with
multifactorial and complex genetic architecture such as DDH, it is notable that no
well powered genome wide association study has been performed to identify some
associated loci contributing to the susceptibility to the development of the disorder.
The reasons for this lack are unclear but once performed, an informative study is
likely to synergise strongly with insights gained in recent years on the aetiopatho-
genesis of Mendelian syndromes characterised by congenital large joint dislocation.

Overview of the Aetiopathogenesis of Large Joint Dislocation

New insights into the developmental biology of joint formation has been obtained
from the study of genetic joint dislocation syndromes. While the pathogenesis of
some conditions is perhaps self-evident—e.g. the protein collagen 1, the genes for
which are mutated in EDS arthrochalasia type, is an integral component of the sy-
novial joint capsule—other molecular players such as filamin B and KIF22, mediate
enigmatic roles. An unanticipated but consistent theme from the study of Mendelian
disorders featuring large joint dislocation is that defects in PG synthesis interfere
with joint development. Although PGs are known to be important components of
cartilage architecture, the mechanism by which they contribute to the morphogen-
esis of joint structures is less evident. Recent work has shown that deficiency of the
chondroitin sulfate PG versican reduces the interzone space of developing synovial
joints in the chick [63] and leads to dislocated small joint structures in the mouse
[64]. The expression of this PG is developmentally regulated in early joint morpho-
genesis and interacts with other molecular factors such as CD44 and hyaluronan
which are well established key regulators of the genesis of different joint structures.
While it would be premature to implicate this particular PG as the key unitary fac-
tor in the pathogenesis of these disorders, it is clear that further research should be
redirected to focus on PGs as developmental regulators in joint morphogenesis.
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Chapter 4
DMP-1 in Postnatal Bone Development

Shuxian Lin and Jerry Jian Q. Feng

Abstract Dentin matrix protein 1 (DMP1) was cloned from a rat dentin cDNA
library 30 years ago. Initially, this non-collagenous matrix protein was thought to
be dentin specific and attracted little interest in most scientific disciplines, except
for the dental research area. In the last three decades, great progress has been made
in the following four areas: (1) Gene expression studies show that DMP1 is widely
expressed in both non-mineralized tissues (such as brain, kidney, salivary gland,
and cancer tissues) and all mineralized tissues; it is highly expressed in osteocytes;
(2) Protein chemistry studies confirm that full-length DMP1 is a precursor that
is cleaved into two distinct forms: the C-terminal and N-terminal fragments; (3)
Functional studies revealed that DMP1 is essential to the maturation of osteocytes
and mineralization via local and systemic mechanisms; and (4) Genetic research
identified DMP1 mutations in humans, leading to the discovery of a novel dis-
ease: autosomal recessive hypophosphatemic rickets. Importantly, the regulation of
phosphate homeostasis by DMP1 through FGF23, a potent hormone that is released
from bone and targeted in the kidneys, contributes to a new concept that connects
bone with kidney and recognizes the osteocyte as an endocrine cell.

Keywords Dentin matrix protein 1 + Osteocyte + Bone + Phosphate homeostasis *
Hypophosphatemic rickets

Introduction

The extracellular matrix (ECM) serves many functions including providing sup-
port, regulating intercellular communication, along with sequestering a wide range
of cellular growth factors and acts as a local depot for them, etc. The ECM of bone
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and dentin contains a large amount of minerals and numerous non-collagenous pro-
teins (NCPs). One of the categories of NCPs is termed the “Small Integrin-Binding
Ligand, N-linked Glycoprotein (SIBLINGs) family” based on the similarities of the
intron/exon properties, conserved protein biochemical properties (such as unstruc-
tured and acidic), and specific peptide motifs (e.g., phosphorylation and integrin-
binding arginine-glycin-aspartic acid (RGD). There are five members in this SIB-
LINGs family: dentin matrix protein 1 (DMP1), bone sialoprotein (BSP), osteopon-
tin (OPN), enamelin, matrix extracellular phosphoglycoprotein (MEPE), and dentin
sialophosphoprotein (DSPP)[1]. DMP1 was originally identified by cDNA cloning
from the rat dentin matrix [2] and was initially believed to be dentin-specific but
was later observed in bone matrices at a much higher level [3, 4]. Studies suggested
that DMP1 begins its expression at E15.5 and resides mainly in osteoblasts during
embryonic development. However, DMP1 is predominantly expressed in the osteo-
cytes during postnatal development [4, 5].

The Dmp1 gene is mapped to the long (q) arm of chromosome 4 at position 21
(4921) in humans and to 5921 in mice. Dmp1 is encoded by 6 exons with 80 % of its
coding information in exon 6. There are two promoter control domains: a proximal
one located between the —2.4 kb and the +4 kb region, and a distal one between the
—2.4 and —9.6 kb region. The proximal domain controls the early stages of DMP1
expression, and the distal domain controls the later stages [6]. AP —1, JunB, Runx2,
Msx 1/2, Tet/Lef, C/EBP, and YY —1 are essential transcription factors for bone and
tooth tissue-specific regulation. The potential response elements for these transcrip-
tion factors have been identified in the mouse DmpI promoters [7].

DMP1 protein contains an unusually large number of acidic domains that are
rich in Ser, Glu, and Asp; many of the Ser are in the consensus motif for potential
phosphorylation via casein kinases I and II. Data obtained from protein chemistry
studies on DMP1 isolated from rat bones showed that a full-length DMP1 molecule
contains an average of 53 phosphate groups. This number indicates a potentially
high calcium ion-binding capacity, a property considered necessary for a protein
to participate in mineralization [8]. Studies suggested that the full-length DMP1
protein is likely a precursor that will be processed into 37-kDa N-terminal and 57-
kDa C-terminal fragments (Fig. 4.1a). Extensive sequencing of tryptic peptides de-
rived from DMP1 fragments and compared with the cDNA-deduced sequence has
confirmed that rat DMP1 is proteolytically cleaved at four bonds: Phe!”3-Asp!”,
Ser'3-Asp'8!, Ser?'7-Asp?'®, and GIn?2!-Asp???, among which Ser!®0-Asp'®! is the
key cleavage site [8]. One group of candidate enzyme(s) responsible for DMP1 pro-
cessing is bone morphogenetic protein 1 (BMP— 1)/tolloid-like metalloproteinase
[9], which is widely expressed in mesenchymal-derived tissues (including bone and
cartilage) and has also been shown to cleave other protein precursors such as col-
lagens [10]. Phosphate analysis indicated that DMP1 is highly phosphorylated: its
C-terminal fragment contains 41 phosphate groups with a RGD tripeptide located
in its central region, while the N-terminal fragment possesses only 12 phosphate
groups. The C-terminal is currently considered to be the key functional domain,
based on both in vitro and in vivo studies [11, 12] (Fig. 4.1a).
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Fig. 4.1 Schematic structure of DMP1 protein, gene and ARHR mutrations. a Schematic structure
of the human DMP1 gene and ARHR mutations. DMP1 is composed of six exons. Because of
the recessive nature of this disease, there are only 7 variable mutations reported in the literature
(see text for details). b Schematic structure of Full-length DMP1 protein:DMP1 signal peptide,
MKTVILLVFLWGLSCAL, 37-kDa N-terminal fragment, a main cleavage site at peptide bond
Ser196-Asp197, and the 57-kDa C-terminal fragment

Dmp1 Mutation/Deletion Leads to Autosomal Recessive
Hypophosphatemia

DMP1 is mainly expressed in mineralized tissues and plays an important role dur-
ing osteogenesis [13], although some in vivo animal studies showed that DMP1
may also have potential functions in non-mineralized tissues such as in brain [14],
kidney [15] and salivary tissues [16]. For example, DMP1 is thought to actively
promote and control the mineralization of collagen fibers and crystal growth within
osteoids and predentin when these tissues are converted to mature bone and dentin
[13]. In addition, DMP1 regulates and supports the maturation of osteoblasts to os-
teocytes and pre-odontoblasts to odontoblasts [17]. Importantly, DMP! mutations
in humans or deletion in mice lead to autosomal recessive hypophosphatemic rick-
ets (ARHR)/osteomalacia [18]. It is noteworthy that, unlike other genetic disease
cases in which human mutations are identified first and then animal studies such as
gene knockouts are performed, it is the Dmp! null mouse research results [19, 20]
that triggered searches for DMPI mutations in humans.

Autosomal Recessive Hypophosphatemia

Rickets is the softening of bones in children because of a deficiency or impaired
metabolism of vitamin D, phosphorus, or calcium. This disease not only interrupts
child development but also can potentially lead to fractures and disturbance of nor-
mal ossification. Rickets due to nutrition deficiency is more common in children in
developing countries. The adult equivalent of rickets is known as “osteomalacia”, a
disease characterized by inadequate or delayed mineralization of osteoids in mature
cortical and spongy bones. Hypophosphatemic rickets/osteomalacia is a group of
disorders characterized by hypophosphatemia, which mainly results from disorders
of renal phosphate wasting (Unlike the situation with calcium, there is no rickets
due to phosphorus deficiency, since one’s daily diet is rich in this element). There
are several inherited gene mutations responsible for deficiencies in reabsorption
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in the renal tubule, which results in hypophosphatemia. For example, mutations
in the PHEX gene (encoding phosphate regulating gene with homologies to endo-
peptidases on the X chromosome) lead to x-linked dominant hypophosphatemic
(XLH) rickets [21], FGF23 (encoding fibroblast growth factor 23) mutations result
in autosomal dominant hypophosphatemic rickets (ADHR) [22], and homozygous
inactivating mutations in DMP1 cause autosomal recessive hypophosphatemic rick-
ets (ARHR)/osteomalacia [18, 23 ,25]. Comparisons of patients having XLH, the
most common hypophosphatemic rickets, there are fewer than ten cases of kindred
ARHR have been identified worldwide due to the autosomal recessive nature of
the DMPI mutations [18, 23—-26]. Molecular genetic analysis of these cases re-
vealed the following changes: (1) the deletion of nucleotides 1484-1490 in exon 6
(1484—-1490del) resulting in a frameshift that replaced the 18 conserved C-terminal
residues with 33 unrelated residues, or another deletion in the same exon leading to
a frameshift replacing 335 conserved amino acids with 53 unrelated ones; (2) a mu-
tation in the start codon (1A—G) causing a methionine to valine change (M1V); (3)
a homozygous 1-bp deletion in exon 6 (362delC) led to the placement of a prema-
ture stop codon after 120 unrelated amino acids; (4) a biallelic nucleotide substitu-
tion at nucleotide 98 in exon 3 (98G—A) introduced a premature termination codon
(PTC) at codon 33, which replaced the wild type tryptophan residue (W33X); and
(5) a mutation at the splice acceptor junction of exon 6 (IVS5—1G—A) or intron 2
(55—1G—@) is predicted to alter pre-mRNA splicing, which results in a shift in the
open-reading frame if the final message is stable (Fig. 4.1b).

Considering the reported cases, the primary clinical symptoms of ARHR include:
lower limb deformities (bowed legs or knock-knees), waddling gait, short stature
or stunted growth, tooth abscesses or early loss of teeth, bone and muscle pain, bio-
chemical abnormalities (hypophosphatemia with normal levels of serum calcium
and parathyroid hormone). More severely afflicted patients may also suffer from
nerve deafness, facial and dental abnormalities, learning disabilities, joint pain, and
contracture and immobilization of the spine. Patients diagnosed with ARHR display
symptoms in their early childhood that are likely to have a wide spectrum of sever-
ity, depending on the site and size of the mutations and the severity and chronicity
of the associated phosphate depletion [27] (see Table 4.1).

As with the human patients, Dmp [ null mice do not have apparent abnormalities
during prenatal bone development, but severely impaired after birth presented as
a chondrodysplasia-like phenotype that characterized by short and widened long
bones with flared and irregular metaphyses, and malformed ossification centers with
delayed development during postnatal growth [20]. In accordance with human pa-
tients, Dmp1 null animals display significantly lower serum phosphorus level than
the wild type controls, which is due to the increased urinary phosphate excretion. In
addition to human patients, Dmp1 null mice also significantly increase their serum
PTH level [12, 17, 18]. Bone histological studies demonstrated that the Dmp I null
mice displayed severe osteomalacia, which show as a significant reduction in bone
mineralization together with increased osteoid and more porous cortical bone, com-
pared to wild type littermates. Under higher-magnification back-scattered scanning
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Table 4.1 Characteristics of ARHP patients and mice models

Aspects Characteristic features
Clinical Figure Short stature or growth retardation
Posture Waddling gait, immobilization of the spine, kyphosis
Craniofacial Facial abnormalities, tooth abscesses or early loss
Limb Genu varum or knock-knees
Symptom Bone and muscle pain, joint pain, contracture, enthe-
sopathy, nerve deafness, learning disabilities
Skeletal Craniofacial Enlarged dental pulp chambers and thin dentin, thick
calvarium and skull base, skeletal malocclusion
Spine Disappearance of intervertebral disks and disk space,
ossification of the longitudinal ligament
Joint Loss of articular cartilage, narrowed joint space,
osteophytes
Limb Short, broad, bowing, ossification of tendon attachments,
pathological bone fractures
Chest Rachitic rosaries, narrow chest with wide clavicles
Biochemistries | Increase FGF23, ALP
Decrease Pi, TmP/GFR
Normal Ca

electron microscopic (SEM) images, the minerals, which are normally found to be
evenly distributed around the osteocyte lacunae, were either absent or sparsely lo-
cated in regions surrounding the Dmp 1 null osteocytes. Scanning transmission elec-
tron microscopic images indicated a much lower content of mineral, calcium, and
phosphorus in the Dmp 1 null mineralized matrix (Fig. 4.2a, b, ¢) [12, 17, 18]. These
observations suggested that genetic removal of Dmp! (in mice) and loss-function
of DMPI mutation (in human ARHR kindreds) concurrently lead to independently
altered skeletal mineralization and disturbed phosphate homeostasis.

Osteocyte Maturational Defects in Dmp1 Null Mice

An early transfection study of MC3T3-E1 cells that expressed excessive DMP1,
displayed accelerated differentiation of osteoblasts and an earlier onset of mineral-
ization, suggesting that DMP1 plays an important role during osteoblast differentia-
tion, as well as osteocyte maturation and function [28]. It was later reported that pa-
tients with DMPI mutations or mice with Dmp1 deletion did not display any gross
abnormalities during the embryonic period or at birth [29]. However, they generally
appeared to have the ARHP phenotype during their early postnatal development
stage when DMP1 is highly produced by osteocytes and secreted into the mineral
matrix. Further analysis indicated that Dmp! deletion leads to defects primarily in
osteocytes [12, 17, 18], cells that account for more than 95 % of bone cells.
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Fig. 4.2 Defective osteocytes
are responsible for abnor-
mal bone formation in the
Dmp1 knockout (KO) mice
(right panels). a Backscat-
tered scanning electron
microscopic (BSEM) images
revealed the expanded and
poorly organized growth
plate (GP) in the Dmp1 KO
femur, and severe defects in
mineralization as reflected
by discontinuous mineral
content in the cortical bone
region; b The Goldner stain
showed sharp increases in
osteoid areas (red) but greatly
reduced mature bone (green)
in the KO bone; and ¢ BSEM
images revealed that the min-
eral was evenly distributed
surrounding the osteocyte
lacunae in the control bone
(left, white); however, the
mineral content was either
missing, or sparsely located
in regions surrounding the
Dmpl1 KO osteocytes
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Gene Expression Levels

Fig. 4.3 Roles of DMPI in control of osteocyte maturation. The gene expression levels are high
during differentiation of osteoblasts from preosteoblasts, whereas the gene expression levels are
gradually reduced during osteocyte maturation from osteoid osteocyte-early osteocyte and then
mature osteocytes. DMP1 is one of key players during this process. The loss of Dmp! in mice or
DMPI mutations in humans will disrupt normal osteoblast to osteocyte maturation. As a result,
these immature osteoblast-like osteocytes express high levels of many osteoblast markers (RunX2,
OSX, Col I, ALP, BSP, and OCN) and early osteocyte markers such as E11 in bone matrices

The osteocytes reside in lacunae within the mineralized bone matrix and send
their dendritic processes (ranging from 40 to 100 per cell) through tiny tunnels
called “canaliculi” to form the osteocyte lacunocanalicular network [30]. As the
osteocytes mature, numerous cellular projections form and elongate. Next, their
cell volume and ultrastructure, such as the endoplasmic reticulum and the Golgi ap-
paratus, are reduced, and a well-organized lacunocanalicular system is built up [30].
Compared to the well-established smooth inner wall of the lacunae and canaliculi,
Dmp1 null osteocytes display bulky and coarse microstructural features, as well as
abnormally enlarged and round-shaped osteocytes accompanied by a reduction in
dendrite numbers [12, 17, 18]. A number of studies have consistently suggested the
key pathological cause responsible for the ARHP phenotype in DmpI null mice is
the maturational and functional defects of the osteocytes [12, 17, 18].

There is general agreement that dramatic decreases in protein expression and
metabolic activity occur during the maturation of osteoblasts into osteocytes [31].
However, the analysis of Dmp/ null mice showed sharp increases of osteoblas-
tic marker expression levels, such as runt-related transcription factor 2 (RunX2),
osterix (OSX), Col I, alkaline phosphatase (ALP), bone sialoprotein (BSP), and
osteocalcin (OCN). In addition, the early osteocyte marker E11/gp38 is widely and
increasingly expressed throughout the whole cortical bone layer in the Dmp/ null
mice. In contrast, sclerostin (SOST), mainly expressed in mature osteocytes, is
greatly reduced. These studies indicated that osteocyte differentiation is likely regu-
lated by DMP1 [12, 18, 19]. In addition, there is strong evidence showing that the
osteocytes, the terminal differentiated cells, regain the ability to divide and prolifer-
ate in the Dmp1 mice [11, 12, 17, 18, 20] (see Fig. 4.3 for the working hypothesis).
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Dmp1 Regulates Osteocyte Biology and Bone Development

As previously mentioned, DMP1 is essential for osteogenesis by regulating the
maturational process of osteoblasts to osteocytes and bone mineralization during
postnatal development. As a key regulator, DMP1 performs several functions in
osteocyte biology and bone development as described below.

DMP1 Directly Promotes Hydroxyapatite Formation In Vitro

The initial finding linking DMP1 with mineralization was based on the close as-
sociation of the DMP1 expression and the in vitro “bone nodule” formation in pri-
mary rat calvarial cell cultures [4]. Soon after, He and colleagues reported that the
specific acidic clusters in DMP1 molecules can provide the molecular design neces-
sary for controlling the formation of oriented calcium phosphate crystals, and that
the self-assembly of acidic clusters into a beta-sheet template of DMP1 is likely
required for the role of DMP1 in biomineral induction [32]. Gajjeraman et al. also
showed that both full-length recombinant DMP1 and native DMP1 C-terminal frag-
ments isolated from rat bone accelerated the nucleation of hydroxyapatite in the
presence of type I collagen, whereas the N-terminal domain of DMP1 (amino acid
residues 1-334) inhibited hydroxyapatite nucleation [33]. Further analysis of these
three DMP1 fragments within the mineralized tissues [N-terminal, C-terminal, and
a chondroitin-sulfate-linked N-terminal fragment (DMP1-PG)] implies that both
the C-terminal and N-terminal fragments are promoters of hydroxyapatite forma-
tion and growth, while DMP1-PG is an inhibitor [34]. These findings appear contro-
versial although they indicate that distinct forms of DMP1 may work collectively to
control the mineralization process in a different manner. However, the direct role of
DMP1 in mineralization described above is mainly based on in vitro culture studies
with little in vivo evidence.

DMP1 Signaling

DMP1 Signals via Cell Surface Integrin

In vitro studies have shown that DMP1 promotes cell attachment through its RGD
motif'in a cell- and tissue-specific manner, suggesting a possible role for this protein
in specific cell types to activate signaling pathways. This speculation is strength-
ened by the observation that exogenous DMP1 added to the exposed dental pulp
may act as a morphogen trigger and/or promoter of the differentiation of undifferen-
tiated ectomesenchymal cells in the pulp toward the odontoblast lineage. A further
in vitro analysis demonstrated that either the full-length DMP1 or the 57-kDa frag-
ment can activate phosphorylated extracellular signal-regulated kinase (p-ERK),
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Fig. 4.4 Proposed Models
for DMP1 control genes criti-
cal for osteogenesis. DMP1
either acts as an extracellular
matrix (ECM) protein that
binds to integrin avb3/CD
—44 via its RGD domain

and activates the MAPK

signaling pathway (a), or as a D M P 1 v
co-transcriptional factor (TF) . @ M AP K e
that targets the nucleus (b). B,

The end results are that the %, 0

genes critical for mineraliza- TF “ v

tion are activated _z g enes

As an ECM protein

with the effect of the 57-kDa fragment lasting longer than that of the full-length pro-
tein [35]. More recently, two separate studies confirmed that matrix DMP1 has the
ability to activate the mitogen activated protein kinase (MAPK) pathways via inter-
action with cell surface avf33 integrin. This interaction stimulates the activation of
its downstream effectors, namely as extracellular signal-related kinases (ERK1/2)
and Jun N-terminal kinases (JNK1/2). These kinases later lead to the nuclear phos-
phorylation of c-Jun and ATF2, which shown as transcriptional factors that involved
in regulating osteoblastic gene expression. [36, 37] (Fig. 4.4a).

DMP1 Works as a Transcriptional Factor

As mentioned above, DMP1 is generally considered to be an extracellular matrix
protein, but recently studies suggest there is a bi-functional role for DMP1 that it
may also works as a transcriptional factor. /n vitro studies showed the expression
of DMP1 in the nuclei of several cell lines: MC3T3-E1, C3H10T1/2, and 1711A11
[38, 39]. These studies suggest that DMP1 could function in the nucleus, possibly
as a transcriptional factor. Moreover, Narayanan et al. reported a functional nuclear
localization signal (NLS) peptide at the carboxyl terminal of DMP1 and proposed
that this signal peptide could bring DMP1 into the nucleus [38]. They then found
a specific domain in the N-terminal of DMP1 that interacted with the glucose-reg-
ulated protein —78 (GRP —78) receptor leading to the internalization and nuclear
localization of full-length DMP1 [40]. Recently, Siyam et al. reported finding two
DMP1 subpopulations in non-synchronized cells: one in the nucleus and one in the
cytoplasm [39]. Nevertheless, this transcriptional factor theory is mainly supported
by in vitro cell line studies with little in vivo evidence. Importantly, Lu and col-
leagues reported that the 57 kDa C-terminal fragment of DMP1 is sufficient to fully
rescue the rachitic abnormalities found in the Dmp! null mice, suggesting that the
putative N-terminal signal sequence is dispensable [12]. Thus, more in vivo studies
are required to support this transcriptional factor theory (Fig. 4.4b).
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Pathophysiologic Regulation

Recent findings showed that osteocytes embedded in the mineralized bone matrix
are far more important than previously described in the literature. These studies im-
ply that osteocytes are multifunctional cells that connect to themselves, to cells on
the bone surface and to the vasculature, and they play a key regulatory role in bone
and mineral homeostasis under normal and pathological conditions during postnatal
development [31]. As a crucial protein mainly produced by osteocytes, DMP1 is re-
sponsible for the pathophysiologic development of the heritable disorders of rickets
and osteomalacia by impacting the regulatory effect of osteocytes [27].

Regulating the Axis of FGF23-Renal Phosphorus Reabsorption-Serum
Phosphorus Level

Prior studies demonstrated that serum FGF23, which is released from bone, targets
the kidneys and decreases the expression of the sodium/phosphate cotransporters:
NaPi-Ila and NaPi-Ilc. These co-transporters are required for renal phosphate re-
absorption, and a decrease in co-transporter expression will lead to an increase of
the urinary excretion of phosphate and a decrease of serum phosphate levels [41].
Additionally, FGF23 also down-regulates the production of 1-a hydroxylase, re-
sulting in a decreased conversion of 25(OH)D to the active vitamin D metabolite,
1,25(0OH),D. This reduced production leads to a decreased expression of NaPi-IIb,
a third sodium/phosphate co-transporter, and therefore affects phosphate absorption
in the intestine [42]. It is generally agreed that the defect in functional axis of the
FGF23 renal and intestinal phosphorus reabsorption is the key systematic patho-
logical mechanism responsible for the development of inherited hypophosphatemic
rickets/osteomalacia. Studies of Dmp! null mice and DMP] mutations in patients
showed that FGF23 is significantly up-regulated in osteocytes, which is released
into circulation through the connection between osteocytes and vessels, leading to
an increase of FGF23 in serum and in subsequent hypophosphatemia [18]. Spe-
cifically, in situ hybridization (measuring mRNA levels) or immunohistochemistry
(measuring protein levels), revealed that the FGF23 level in control osteocytes was
much lower than that in osteoblasts, indicating differential regulatory mechanisms
for FGF23 in bone cells of healthy versus disease conditions. The discovery of
elevated level of FGF23 in the Dmp 1 null osteocytes indicates that bone is an endo-
crine organ regulating phosphate homeostasis [43] (Fig. 4.5).

Canonical Wnt/b-Catenin Pathway
In addition to controlling FGF23 levels, DMP1 may regulate hypophosphatemic

rachitic/osteomalacic disorder via the canonical Wnt/B-catenin signaling pathway.
In normal bone development, the canonical Wnt/B-catenin pathway is required for
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Fig. 4.5 Working hypothesis on mineralization defects in ARHR. In ARHR, the abnormal renal
phosphate wasting and bone mineralization occur as a consequence of a DMP1 mutation that
limits the production of the DMP1 protein. These phenotypic characteristics result from the same
abnormal biomolecular events due to the deficient Dmp1 KO mice, in which the ectopic expressed
FGF23 from osteocytes targets the kidneys and leads to P waste. In addition, the immature osteo-
cytes fail to produce enough DKK1 and SOST, resulting in increased activity of B-catenin. Both
low Pi in circulates and high B-catenin in local cells are responsible for bone mineralization defect

osteogenesis and bone remodeling via regulation of early osteoblast lincage [44].
However, recent studies have indicated that a high level of B-catenin may cause
bone defects in rickets [45]. This pathological change is likely due to a dramatic
decrease in the expression levels of SOST (a potent inhibitor of the Wnt/B-catenin
pathway[46]) in the DmpI-KO osteocytes. In addition, the expression level of
DKK1, another antagonist of the Wnt signaling pathway [47], is low in Dmp! null
mice. As a result, the canonical Wnt/B-catenin signaling is abnormally up-regulated
in Dmpl null mice. A pilot study by Lin et al. showed that normalization of the
[-catenin level by overexpressing DKK1 significantly improved the osteomalacia
phenotype of Dmp 1 null mice (Lin et al. unpublished) (Fig. 4.5).

Summary

DMP1 was cloned 20 years ago [2]. Since then, research has significantly advanced
our understanding of this molecule, including gene regulation, biochemical charac-
terization, cell/tissue localization and function, as well as identification of DMP1
mutations in ARHR patients. It is now clear that the full-length DMP1 is not biolog-
ically active and is cleaved into the 37 kDa N-terminal and the 57 kDa C-terminal
fragments. The latter is the key functional form of DMP1. There is strong evidence
that DMP1, highly expressed in dentin and bone, is critical for mineralization, al-
though the direct role of DMP1 on the formation of hydroxyapatite is largely based
on the in vitro non-cell model with little in vivo evidence. The development of
different forms of Dmp1 transgenic mouse models such as conventional and condi-
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tional null mice, the full-length and the C-terminal forms of over-expressed Dmp1
mice, and the Dmp1 point mutation models have started to reveal the in vivo func-
tions of DMP1 in bone and teeth during development [12, 29, 35, 48]. Because
DMP1 controls the maturation of both odontoblasts and osteoblasts, defects in this
process result in sharp changes in dentin morphologies (such as dentin tubules)
and bone (especially the osteocyte-canalicular system). Finally, the observation of
abnormal FGF23 production in Dmp1 null osteocytes led directly to the discovery
of DMP1 mutations in human patients with hypophosphatemia. Altogether, the ac-
cumulated data from different laboratories strongly support the notion that DMP1 is
a key player in the control of osteocyte and bone biology.
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Chapter 5
The Genetic Architecture of Idiopathic Scoliosis

Carol A. Wise

Abstract Idiopathic scoliosis (IS) is the most common pediatric spinal deformity,
affecting 2-3 % of school age children worldwide. This disease is typically clas-
sified by age at onset, with the great majority occurring around the time of the
adolescent growth spurt, so-called AIS. AIS can progress rapidly, threatening pain,
deformity, and pulmonary dysfunction. Heritability of AIS is high, with genetic
factors likely explaining over 80 % of disease risk. Population studies have consis-
tently found that AIS is best explained by a polygenic inheritance model, in which
many genetic risk factors combine to cause the disease. Population studies have
associated AIS with candidate genes, including the LBX7 homeobox transcription
factor, and the G protein-coupled receptor GPR126. AIS candidate genes thus far
identified function in muscle and nerve specification in early development, suggest-
ing neuromuscular disease origins, but their role in later human development and
growth of the axial spine is an unexplored area of developmental biology. Animal
models that can address these issues will become a valuable resource for the AIS
research community. Likewise continued gene discovery efforts, aided by next-gen-
eration genomic platforms, are a priority for the field and will provide the tools for
biological investigations of AIS pathogenesis.

Keywords Idiopathic scoliosis < Genetics + Next-generation genomics
Neuromuscular system * Zebrafish modeling

Introduction

Art and literature dating back to the beginnings of modern history have depicted the
human struggle with scoliosis. The word itself is derived from the Greek “skolio-
sis” or “crooked”, attributed to Galen in first century Greece [1]. Today scoliosis
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is clinically defined as a rotational deformity of the spine with lateral deviation
of the spine from the vertical of at least 10°. This measurement is known as the
“Cobb angle” and is taken from standing spinal radiographs (Fig. 5.1). Although
scoliosis is a common deformity in many congenital disorders, about 80 % of the
time it appears to be an isolated, or “idiopathic” problem in an otherwise healthy
child. Thus, a diagnosis of idiopathic scoliosis is reached only after excluding the
various common causes of scoliosis. The differential diagnosis of idiopathic sco-
liosis includes developmental neurologic conditions, such as spinal cord anomalies
(tethered cord, syringomyelia) or spina bifida; other heritable neuromuscular dis-
orders that may involve scoliosis, such as neurofibromatosis, Charcot-Marie-Tooth
syndrome, the muscular dystrophies, and spinal muscular atrophy; and disorders of
connective tissue, such as Ehlers-Danlos or Marfan syndrome. Many of these disor-
ders may be quickly excluded by clinical examination, supported by imaging and/
or genetic testing. Structural scoliosis caused by leg length discrepancy or vertebral
segmentation anomalies may be excluded by physical examination and radiography
[2, 3]. A diagnosis of “idiopathic” scoliosis is typically described by age at onset.
Traditionally, idiopathic scoliosis is described as “infantile” (0-3 years of age), “ju-
venile” (JIS; 4-8 years of age), or “adolescent” (AIS; 10 years and older). Many
prefer a simpler classification of “late onset” (6 years of age or older) and “early
onset” (up to 6 years of age), as it is more descriptive of the natural history of early

Fig. 5.1 Patient with idiopathic scoliosis. Curvature of the spine to the right with should imbal-
ance is evident in the picture on the /efi. Standing postero-anterior spinal radiograph reveals severe
thoracic curvature measuring >70° by the Cobb angle method
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Fig. 5.2 Scoliosis populations. Pie chart depicts type of scoliosis (idiopathic shown in blue and
brown, congenital shown in green) and proportion of each. The estimated numbers of scoliosis
patients are given for the United States, with worldwide estimates in parentheses

spinal growth. However the two systems have led to some semantic confusion [4].
Here we use the traditional terminology and focus on AIS, by far the most common
form of idiopathic scoliosis.

Adolescent idiopathic scoliosis is coincident with the pre-pubertal growth spurt
and affects ~2 % of the pediatric population, or about 29 million children world-
wide (Fig. 5.2). Most AIS patients have non-progressive curves; that is to say, the
deformity will not worsen appreciably. About 0.4 % of these children however will
require active treatment to control progression, usually by bracing or surgery [3]. If
left untreated, the natural history of progressive AIS is possible chest wall compro-
mise with concomitant lung restriction, pain, deformity, and possible spinal osteoar-
thritis [ 1, 3]. Risk factors for progression in an affected child are well-documented.
Female patients, and skeletally immature patients who present with large curves
have a greater risk of progression, but additional predictive markers are highly
sought [3]. Certain curve patterns, e.g. in the thoracic region, are also more likely
to progress in severity and therefore must be monitored carefully. The potential for
rapid, progressive deformity is significant enough that many professional health or-
ganizations recommend school screening programs, although their efficacy remains
controversial [5]. The child who has AIS and is at risk of progression typically will
be treated by bracing, with the goal of slowing or halting progression of the defor-
mity. Although there is some evidence that bracing can be effective [3, 6], some
deformities will continue to worsen, warranting surgery. Today surgery typically in-
volves fixation with instrumentation and spinal fusion [2]. Although outcomes and
safety in AIS treatment have benefited from recent advances in surgical and bracing
techniques, the methods conceptually have remained the same for decades [3, 6].

As described in this chapter, although AIS is genetically heterogeneous, it bears
several distinct features. For one, the location of spinal deformity in AIS patients
(unlike infantile IS or syndromic scoliosis) usually involves vertebrae in the tho-
racic region [7]. In fact curve patterns in AIS appear to mirror spinal growth at this
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particular developmental stage in humans, which is known to be at its most rapid,
particularly in the thoracic region [8]. Remarkably, greater than 90% of thoracic
curves are right-sided [2]. Girls are much more likely to have progressive defor-
mity, leading some to the notion that AIS is a “female disease”. It is important
to emphasize, however, that males comprise ~12—17% of progressive cases [9].
Perhaps the most notorious of these was King Richard III of England, described
by his acquaintance Thomas More as having “....croke backed, his left shoulder
much higher than his right....”, a description borne out as scoliosis by his recently
unearthed skeleton [10].

Less invasive interventions to halt or prevent scoliotic deformity altogether are
clearly desirable. However until recently, etiologic understanding of the disease
has lagged despite decades of clinical research. The reasons for this center on the
complexity of the problem: the architecture of the spine itself (is AIS a problem of
muscle, nerve, bone, or connective tissues?), the complex genetic underpinnings of
AIS as described below, and lack of genetically-defined animal models that faith-
fully recapitulate the AIS phenotype. Recent advances in genomic technologies are
fortunately proving to be powerful tools for deconstructing the causes of AIS in
human patients. As outlined in this chapter, recent genetic discoveries have yielded
new insights into AIS disease mechanisms. Here we describe the genetic underpin-
nings of AIS, and the progress in understanding AIS pathogenesis derived from
gene discovery research. We also discuss emerging genetic investigations of AIS in
humans and animal models, and the prospects for future molecular interventions.

Epidemiology and Inheritance—How Common and
“Genetic” is AIS?

The prevalence of AIS is similar across all the major ancestral groups (summarized
in Table 5.1), although some early studies found otherwise, likely reflecting differ-
ences in disease definition or diagnostic screening methods (e.g. physical examina-
tion versus radiography) [11-17]. Intra- and inter-observer error of 5° is generally
accepted for measuring the Cobb angle, hence small curves are more likely to be
false positives. If the standard scoliosis definition (>10 degree Cobb angle method
from standing lateral radiographs) is applied, most studies report prevalence of AIS
in the range of 2-3 % of school age children. Consequently AIS does not generally
cluster within any particular geographic region, nor is it evident that any population
or ethnic group has been spared from AIS. Indeed, there is increasing evidence for
genetic risk factors shared between ancestral groups as described later in this chapter.

Genetic influences in AIS have been postulated for almost a century (reviewed
in 7) [18]. Twin studies have consistently shown higher concordance in monozy-
gotes compared to dizygotes, pointing to heritable factors [19, 20]. (Lack of full
concordance in identical (monozygotic) twins reminds us of complex issues that are
still poorly understood for genetic disorders, including reduced penetrance and pos-
sible environmental effects.) AIS sibling risk and heritability estimates also support



75

5 The Genetic Architecture of Idiopathic Scoliosis

SA®I X 1SOUD WOIJ PIINSLIIA ¢

(% TT-/+5°L8)

[12] QAISS0031/01u03A10d paxXII 07< sarfrue,J SO[RUWIQJ 9SAUIY)) euryy)
(%96)

[€2]| oarssaoar/otuadAjod paxip 0r< sal|Iue, yen vsn

[czd [eLI01RINAN SOIIWe,] | (SINIOTUI}D SNOLIRA) UOISOY vsn

[s1] %Ll 01< ¥1-6 903310
%ST0 ‘skog

(1] %LL'T SHID SI< [ooyos Y31y Torunf ueder

[91] %8'C 01< 7101 pue[Sug
%¢6°0 :sKog

[e1] %7T'€ SO 01< udpams

%0'C 01

[z1] %St S y1-Cl epeue)
%61 MM

(11l % 1°C Dpeld W01 < r1< aym oelg vsn

(se2139p) 9[3ue
Q0UIJY (Aiqeay) aoueiLIayu] 0uUd[eARId | Q0D WNWITUTIA (s1eak) dnoig o3y suoneindog | Anuno) ()

s1s01]00s oryjedorpr 10§ sjewnSa A)[Iqeitoy pue doudesdrd paysiqnd 'S dqeL



76 C. A. Wise

significant genetic contributions. One study of AIS compared 415 Chinese index
patients and found a sibling recurrence risk of 17.7% and estimated a heritability
of 87.5% [21]. It is interesting to note that these results closely mirror an original
recurrence risk estimate from a study of Caucasian cases 50 years prior [22]. A sepa-
rate study of 100 U.S. Intermountain West probands with severe scoliosis (defined
as requiring surgical correction) found an even higher recurrence risk of 33% in
first-degree female relatives. The latter study also suggested that the location of the
scoliotic deformity on the spine may be more heritable than its pattern or severity
[23]. At the population level, AIS inheritance is consistent with several to many
mutations contributing greater than 80 % of disease risk [21-23]. However Mende-
lian (single gene) inheritance patterns including autosomal dominant, recessive, and
X-linked dominant also have been described in AIS families [18, 24]. Accordingly
both family- and population-based methods have been used in AIS gene discovery
as described later in this chapter. Considering a multi- or poly-genic inheritance
model, the preponderance of progressive AIS in females suggests that genetic load-
ing may be greatest in affected males. In other words, males may require more risk
mutations, or mutations with greater effect sizes, before they manifest disease. This
phenomenon is known as the Carter effect [25], and recent data support this model
in AIS inheritance [26]. It is also interesting to speculate that sexual dimorphism in
AIS may be a function of gender-specific gene regulation, as has been described for
other diseases such as liver cancer [27].

As with other complex disorders, there is considerable uncertainty in predicting
individual genetic risk of developing AIS. For families with history of presumed
AIS, care must be given to ensure that there is no underlying syndrome or known
Mendelian disorder. Otherwise it is appropriate to advise patients with familial AIS
that their recurrence risk is increased, but that quantifying the absolute risk is dif-
ficult [28].

AIS: A Disease of Bone, Muscle, or Nerve?

Neuropathologic mechanisms have long been proposed for AIS due to the asso-
ciation of scoliosis with neurologic/neuromuscular diseases. In laboratory animals,
experimental models of scoliosis have been produced by surgically-created small
brain lesions. One of the better-described methods involves removal of the pineal
gland from chickens, fish, or bipedal rats, reportedly yielding scoliosis that resem-
bles AIS [29-31]. Several investigations of AIS patients have suggested co-existing
deficits in oculo-vestibular (visual/hearing) and proprioceptive function [32-36].
How primary alterations in the nervous system can effect spinal curvature is not
altogether obvious, but presumably involves crosstalk with muscle/bone/connective
tissue. Indeed we now understand that sensory innervation may affect bone homeo-
stasis; for example, nerve-specific knockout of the axon guidance gene Sema3A
produces low bone mass phenotypes in animal models [37]. It is interesting that
several studies have found decreased bone mass in girls with AIS [38, 39]. One
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study found that osteopenia of the femoral neck was a prognostic indicator of curve
progression, with an odds ratio of 2.3 [40]. Whether such a mechanism of nerve/
bone crosstalk functions in skeletal growth and AIS will be important to consider
in future hypothesis-driven studies. Other morphologic studies of AIS spinal struc-
tures have revealed some disarrangement of fibers of the ligamentum flavum in
AIS patients compared to controls [41]; a separate study found decreased glycos-
aminoglycan content in the intervertebral discs of AIS patients [42]. Histochemi-
cal analyses of paraspinous muscles surrounding the scoliotic curve have shown
relative hypertrophy and increased electromyographic signaling of type I fibers on
the convexity of the curve in AIS patients. This was explained as most likely a com-
pensatory response to curve progression [42, 43].

Identifying AIS Genes in Humans—Mapping Susceptibility
Loci

AIS research in humans, consistent with most disease gene discovery efforts, has
benefited from hypothesis-free, genome-wide methods that map the location of ge-
netic risk factors in the genome relative to fixed markers [44]. One such method,
linkage mapping, relies on identifying chromosomal loci that co-segregate with dis-
ease in families. Another method, association mapping, identifies polymorphic loci
shared or transmitted more frequently to AIS cases (i.e. populations) compared to
controls. Here we describe the results of both family-and population-based studies
of AIS.

Family-Based Studies As noted, both family- and population-based methods have
identified genomic regions harboring putative AIS disease mutations. Table 5.2 lists
five familial risk loci as given in the Online Mendelian Inheritance in Man (OMIM).
Three loci, OS1, OS2, and OS5 (OMIM numbers 181800, 607354, and 612239)
were mapped to chromosomes 19p13.3, 17pl11, and 17q25-qter by linkage map-
ping in single East Asian (Han Chinese), European (Italian), and European (Brit-
ish) families [45-47]. Two additional loci IS3 (OMIM 608765), and 1S4 (OMIM
612238) were each identified in family-based studies using independent cohorts
and methods. IS3 was originally mapped to chromosome 8q12 by linkage mapping
in a cohort of 52 families analyzed by model-free methods [48]. In similar fashion,
IS4 was mapped to 9q31-q34 in a family with dominantly inherited AIS; more-
over a suggestive linkage to this region was previously reported in a study of 202
affected sibling pair families [47, 49]. Consequently IS4 locus is potentially the first
and only independently replicated AIS linkage. These studies underscore that AIS
is genetically heterogeneous even between families. Indeed, one study suggested
genetic heterogeneity even within a single family [50] (Table 5.2). One candidate
gene, CHD7 encoding the chromodomain /Aelicase DNA binding protein 7 tran-
scription factor, has been proposed from linkage studies. Loss-of-function CHD7
mutations are well described in the CHARGE syndrome of multiple developmental
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anomalies that can include scoliosis [51, 52]. Tests of association produced signifi-
cant results for common single nucleotide polymorphisms (SNPs) within a CHD7
intron, but how this gene region might be causal is unclear [48].

Population-Based Studies ~ Genome-wide association studies (GWAS) typically
involve genotyping a high density of common SNPs (>350,000) that span the
genome. Subsequent statistical comparisons of genotyped SNP allele frequencies
between cases and controls may yield associated haplotypes that tag common disease
loci. GWAS are proving effective for mapping common susceptibility loci in large
cohorts of sporadic AIS. The Catalog of Published Genome-Wide Association Stud-
ies (http://www.genome.gov/gwastudies/) currently lists two studies (Table 5.2). The
first GWAS of AIS utilized 419 families of various ethnicities, in a trio design that
is robust to the effects of population substructure. This mostly non-Hispanic white
cohort yielded strongest signals near the CHL/ gene encoding close homolog of L1,
a cell adhesion protein involved in axon guidance [53]. The second study of 1033
East Asian (Japanese) cases and 1473 matched controls yielded strongest signals
on chromosome 10q24.1 near the LBX! gene. LBXI encodes the Ladybird homeo-
box 1 protein involved in muscle and nerve specification [54]. This association was
subsequently replicated in independent East Asian cohorts, and a larger combined
analysis from multiple ethnic groups (i.e. mostly East Asian and non-Hispanic white)
has provided further evidence for this susceptibility locus (Table 5.2). Thus, LBX1 is
the first identified major AIS susceptibility locus. More recently, an expanded East
Asian study yielded significant association with SNPs in the GPRI26 gene encod-
ing G-protein coupled receptor 126. This association was replicated in both East
Asian and non-Hispanic white cohorts but is still untested in other ethnic groups. It
is interesting that SNPs in GPR126 also have been associated with sitting height in
humans [55]. Thus population studies have implicated several genes in multiple eth-
nic groups, although further study is clearly needed in under-represented minorities.

Chromosomal Breakpoint Mapping Many chromosomal alterations with pheno-
types that include scoliosis have been reported, although most do not appear to re-
capitulate idiopathic forms, i.e., without obvious vertebral anomalies or co-existing
diagnoses. One family segregating a pericentric inversion of chromosome 8 with
idiopathic scoliosis has been reported [56]. Using methods of chromosomal break-
point mapping, Bashiardes et al. found that one end of this inversion disrupted the
8q11.2 gene encoding gamma-1-syntrophin (SNTGI), while the other end of the
inversion occurred in a gene-free region of 8p23. Subsequent analysis of the SNTG/
gene in 152 additional AIS patients revealed an apparent mutation in DNA samples
from three unrelated patients. These changes were not detected in screens of 480
healthy control individuals. These results suggested that rare mutations in SN7G/
could occur in a small percentage of idiopathic scoliosis patients and left open the
possibility that other nearby genes could be important in AIS. While chromosomal
breakpoint mapping is still a powerful method for pinpointing disease genes, the
majority of AIS cases are cytogenetically normal and not amenable to study by this
method.
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Candidate Genes and AIS Etiology

What have genetic mapping and association studies revealed about AIS biology? It
is important to emphasize that, at this stage, candidate genes have been implicated
because of their proximity to associated SNPs, rather than by any direct demonstra-
tions of causality. Nevertheless, AIS candidate genes (Table 5.2) underscore poten-
tially important disease pathways as illustrated in Fig. 5.3.

LBX1 LBXI is the vertebrate ortholog of Ladybird Late (Ibl) homeobox gene origi-
nally discovered in the fruitfly Drosophila melanogaster [57, 58]. In the fly, Ibl
participates in segmentation and cell specification of heart and muscle precursors.
Targeted inactivation in the mouse has shown that this gene is necessary for lateral
migration of muscle precursors into the limbs [59]. Further, loss of LBX! causes
loss of dorsal association neurons, cells of the dorsal spinal cord that relay somato-
sensory information, and disruption of dorsal horn innervation by nociceptive affer-
ent neurons along with an increase in dorsal commissural neurons [60, 61].

GPR126 GPRI1261is a member of the adhesion G protein-coupled receptor (GPCR)
family that functions in cell adhesion and migration [62]. In zebrafish, gpr126 is
required for Schwann cell myelination, an effect that could be overcome by elevat-
ing cAMP levels with forskolin. Originally characterized as an orphan receptor,
these data suggested that GPR126 signals through G proteins [63]. GPR126 studies
in other vertebrates reveal a potential role in both bone and nerve development.
Mouse Gpr126~ null mutants fail to grow, and also have severe neurologic deficits,
displaying hypomyelinating peripheral neuropathy [64, 65]. In humans common
variants in this gene are also associated with overall height and trunk length as
noted, implying that a GPR126 signaling pathway somehow regulates appropriate
truncal growth in three dimensions.

Other Genes Neurologic mechanisms are also suggested by the CHLI gene that
was highlighted in the first AIS GWAS [53]. CHL1 encodes an immunoglobulin-
class neural cell adhesion protein that participates in commissural axon guidance,
i.e. axon crossing at the midline of the corticospinal tract. Deficiencies in com-
missural axon guidance mechanisms are known to cause scoliosis, as evidenced
by the Mendelian disorder horizontal gaze palsy with progressive scoliosis
(HGPPS, MIM #607313). This disease is caused by recessively inherited muta-
tions in the ROBO3 gene encoding a transmembrane receptor controlling axon
guidance in the same functional and molecular class as CHL1 [60]. Remarkably,
HGPPS patients exhibit only severe scoliosis and absent horizontal eye move-
ment clinically. Imaging studies in these patients confirm that motor and sensory
axonal projections do not properly cross within the corticospinal tract of the hind-
brain, consistent with their clinical presentation secondary to lesions in ROBO3-
mediated axon guidance.
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Fig. 5.3 AIS candidate genes and functions. A transverse section of developing spinal cord in
mouse E12.5 is depicted. LBXI and CHLI are expressed in roof plate (shaded yellow) and floor
plate (shaded magenta) of developing spinal cord, respectively. GPR126 is expressed in the myelin
sheath surrounding axons

Quantitative Analyses: Do Genetic Factors Influence
Disease Course?

Genetic factors exert quantitative effects on various complex traits, such as plasma
levels of HDL cholesterol, or blood pressure [66, 67]. Quantitative effects are cen-
tral issues in AIS as well, i.e. what is the risk of severe scoliosis, and how fast
will it progress, in a given patient? Genetic risk factors are hypothesized, but iden-
tifying them first requires objective, standardized outcome measures. “Severity”
is typically measured as the Cobb angle of the major curve, but what constitutes
“mild”, “moderate”, or “severe” deformity? This measure varies between first di-
agnosis and skeletal maturity, so time is also a co-variate to consider. Severity at
the time of surgical intervention is necessarily a surrogate final endpoint in many
patients. Happily, statistical models are developed that can consider AIS curve mea-
surement/surgical intervention endpoints. The rate of AIS curve progression is more
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easily measured as increase in Cobb angle over time. Survival analysis methods
with longitudinal data may facilitate the identification of input variables predicts
differing times to “severe” curvature [68]. In these methods, input variables may
include, for example, SNP genotypes, gender, ethnicity, and initial measures of age,
curve magnitude, curve pattern, Risser sign, with outcome variable being curve
magnitude at a later time point. In this way it may be possible to identify combina-
tions of genotypes and phenotypes that classify progressive AIS. In fact a genetic
test predicting the likelihood of curve non-progression in idiopathic scoliosis is
commercially available [69]. At present the true efficacy of this test, and its applica-
bility to general AIS populations are unknown.

AIS Genetics: Ongoing and Future Research

As noted, genetic discoveries to date are estimated to explain about 1% of the trait
variance for AIS. In other words, the great majority of genetic risk responsible for
AIS awaits discovery. It is clear that genomic methods will continue to bear new
insights into AIS etiology. As noted, more AIS genes/disease mutations and epigen-
etic factors await discovery and exploration. Systems for modeling the disease in
animals are needed, not only to understand the physiologic origins of disease but
also as a vehicle for therapeutic testing.

Genomic Studies Current work such as GWAS has focused on copy-neutral changes
in the DNA sequences that correlate with disease. The contribution of copy number
variation (CNV), defined as contiguous losses or gains of DNA sequence, would
seem worthy of exploration, given that a number of Mendelian disorders such as
Charcot-Marie-Tooth disease, Smith-Magenis syndrome, spinal muscular atrophy,
Di George syndrome etc. are associated with scoliosis and CNV [70-72]. Methods
to detect CNV include array comparative genomic hybridization (CGH) and quanti-
tative analysis of chip-based SNP genotyping; the latter is often discovered initially
from the SNP microarrays used in GWAS [73, 74].

Additional GWAS with sufficient power to detect new AIS risk loci are clearly
warranted, but the design of such studies is a challenge. Several tactics may help
in this regard: (1) performing screens of much larger cohorts, on the orders of ten
of thousands of cases, (2) utilizing more informative genotyping platforms, and (3)
reducing genetic heterogeneity in the screened cohorts. The first goal, studies of
larger cohorts, is largely an effort to overcome the “signal-to-noise” problem posed
by genetic heterogeneity. Research consortia that can combine large datasets pro-
ductively are key. The first such group, the International Consortium for Scoliosis
Genetics (ICSG), formed in 2012 for this purpose and subsequently produced the
first AIS large scale genetic meta-analysis, a study of the chromosome 10 LBX/
locus in multiple cohorts (manuscript submitted). Ongoing consortium efforts also
will include genome-wide meta-analysis of existing datasets and organizational
efforts to support the creation of much larger cohorts, on the order of >10,000
patients. We can anticipate that large consortium-driven cohorts will also enable
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studies of under-represented ethnic/ancestral groups. Fortunately, genotyping plat-
forms continue to improve in both chemistry and in density and content of markers
[75]. The ultimate genotyping platform, whole genome sequencing, is not feasible
for most studies due to costs and the extensive analyses and data storage that this
would involve. An alternative “hybrid” approach has been developed that involves
inferring genotypes from lower-coverage, whole-genome sequencing [76]. This
method is proving superior to standard GWAS of common variants for providing
information for less common variants that may confer larger effects on disease [77,
78]. Well-powered genetic studies in richly phenotyped cohorts should yield better
AIS classification schemes. Consequently prospective, detailed, and standardized
phenotyping of existing cohorts is a key goal in the AIS research community rep-
resented by ICSG.

As described in this chapter, most AIS genetic research has centered on discov-
ery of common risk factors. Rare variants, that is, mutations that are individually
rare in patient populations, may collectively contribute significantly to the overall
disease burden but will have been missed by traditional GWAS or even modifica-
tions as described above [79-81]. Such mutations are predicted to be important
in AIS as well. Extended families with AIS are certain to prove useful in this en-
deavor, but appropriate validation in additional cohorts will be warranted [50, 82].
It is worth noting that rare variants may contribute considerable risk to individual
patients and may prove to be valuable in disease prediction [83].

Epigenetics Another contribution to the genetic architecture of AIS in fact may be
epigenetic, that is, alterations to the genome that do not involve changes in the DNA
sequence itself. Two mechanisms, DNA methylation and histone modifications, are
primarily associated with epigenetic consequences. Variations in either phenomena
are expected to alter gene expression and may consequently confer specific pheno-
types. For example, DNA methylation patterns are known to vary between males
and females, leading to sex-specific imprinting of impacted genes. Two relevant
diseases caused by effects on imprinting are Angelmann/Prader Willi and maternal
uniparental disomy chromosome 14, both of which can involve progressive scolio-
sis [84]. As these disorders may be caused by alterations in sex-specific methyla-
tion, it is reasonable to speculate that other epigenetic changes could figure in AIS.

Disease Modeling in Animals The path from gene discovery to molecular interven-
tion is unpredictable. However it is intriguing to consider the possibilities suggested
by extant data, for example, for the AIS candidate gene GPRI26. Although it is
important to remember that the nature of GPRI26 association with AIS is unclear
at present (i.e. how does it provoke disease?), nevertheless the prospect of a small
molecule intervention such as forskolin is evocative. Zebrafish in fact may prove
quite useful to AIS studies. Zebrafish are also amenable to large scale forward and
reverse genetic screens, and targeted mutagenesis; it also has a short reproductive
cycle (2-3 days), and spinal structures that are visualized fairly easily. Indeed recent
gene targeting studies have yielded zebrafish strains that appear to recapitulate idio-
pathic scoliosis [85] (Fig. 5.4). It is worth noting that ease of drug screening through
the gills is proving useful in zebrafish models of other disorders such as Duchenne’s
muscular dystrophy [86]. Thus forward and reverse genetics, that is, from zebrafish
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Fig. 5.4 Animal models of “idiopathic” scoliosis. A wild type 24 h zebrafish embryo (a) is
elongated compared to 24 h embryos in with mild (b) and severe (¢) Ptk7 overexpression. A ptk7
mutant strain is shown in an adult fish (d) (see reference [75]). A normal control mouse (e) is
shown alongside a conditional mutant of the SHP2 gene (f) (see reference [77])

screens to humans and vice versa, may prove quite powerful in the next few years
of AIS gene discovery and analysis. Likewise conditional mouse mutants may also
recapitulate idiopathic scoliosis, for example as described for a Shp-2 (encoding src
homology protein 2) knockout [87].
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Summary

Adolescent idiopathic scoliosis, or AIS, is one of the most common diagnoses in
pediatric orthopaedic practice. Despite centuries of treatment and decades of study,
underlying AIS pathogenesis is poorly understood due largely to lack of naturally-
occurring, genetically-defined model systems. Consequently, and because of its
significant heritability, genetic studies of AIS in human populations have been the
most fruitful approach to the question of disease etiologies. Recent GWAS have
yielded associations implicating candidate genes that suggest neuromuscular dis-
case origins. Next-generation genomic technologies are enabling the creation of
defined conditional AIS mutations in animal model systems that will facilitate hy-
pothesis testing. These discoveries and tools set the stage for exciting new insights
into AIS pathogenesis and for the prospect of pharmaceutical interventions.
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Chapter 6
Insights into the Genetics of Clubfoot

Katelyn S. Weymouth, Susan H. Blanton and Jacqueline T. Hecht

Abstract Clubfoot, a common complex birth defect, affects 135,000 newborns
each year worldwide. While tremendous strides have been made in treatment with
the Ponsetti nonsurgical method, the post-treatment foot generally remains small
with hypoplastic calf musculature. Even though clubfoot has been studied for
more than 100 years, only a few contributing factors have been identified. Prena-
tal tobacco smoke exposure is the only consistently associated environmental fac-
tor and confers an increased risk in a dose dependent manner. Moreover, maternal
smoking and a family history of clubfoot increases the risk 20-fold confirming that
genetic factors play a role. Genetic studies have shown that variation in 7BX4 and
PITX]I cause syndromic forms of clubfoot; however, there is no evidence that varia-
tion in these genes contribute to nonsyndromic clubfoot. Recent work suggests that
variants in the regulatory regions of muscle-specific genes play a role by subtly
affecting gene expression and it is hypothesized that variation in the expression of
multiple genes is necessary for clubfoot development. This mechanism is consistent
with the multifactorial model first proposed for clubfoot over 50 years ago. Con-
firmation of this work should enable identification of unique gene risk signatures
that will aid in genetic counseling. Next generation approaches should speed gene
identification in clubfoot.
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Fig. 6.1 Dorsal and plantar views of clubfoot

Introduction

Idiopathic congenital talipes equinovarus or isolated clubfoot is one of the most
common, congenital musculoskeletal anomalies. It is characterized by forefoot ad-
ductus, hindfoot varus and ankle equinus, which presents as rigid inward turning of
the foot towards the midline of the body resembling a persistently contracted foot
(Fig. 6.1) [1]. Calf muscle hypoplasia is present at birth and remains even after cor-
rective treatment.

Treatment

The two most common nonsurgical approaches in current use are the Ponseti and
Montpellier (French or functional) methods, which both promote the progressive
stretching of the muscles and tendons to avoid the use of the surgical soft tissue
release procedure [2, 3]. Treatment by both methods ideally begins within the first
few weeks after birth. The Ponseti method involves serial manipulation, casting and
bracing, along with clipping of the Achilles tendon (when necessary) to obtain a
corrected foot [3—5]. In contrast, the Montpellier method involves daily manipula-
tions of the clubfoot and uses adhesive taping to maintain the correction achieved
with stretching [5]. The Montpellier method requires more parental participation
but allows more flexibility in the foot, whereas the Ponseti method is less time con-
suming but more restrictive with foot movement because of the casting and brac-
ing. However, while these conservative treatments have improved outcomes, they
do not always produce a plantar grade foot and surgery is then needed. Because of
the advances with these nonsurgical treatments, untreated clubfoot is rarely seen in
developed countries.
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Table 6.1 Birth rates of Population Incidence/1000 live births

clubfoot : -
Australia: Aboriginal [22] 3.49
Australia: Cauasians [22] 1.11
Belgium [21] 1.6
Denmark [20] 1.2
Hawaii [19] 6.8
India [18] 0.9
Japan [17] 0.87
Malawi [16] 2
Papua New Guinea [15] 2.7
Sweden [14] 1.4
Uganda [13] 1.2
US [12] 1.29

Epidemiology

Twenty to twenty-five percent of clubfoot cases are associated with a syndrome such
as Distal Arthrogryposis (DA), congenital myotonic dystrophy, myelomeningocele,
amniotic band sequence, Trisomy 18 and Chromosome 22ql1 deletion [6—9]. The
remaining 75-80% of cases are isolated, having no other visible malformations.
The birth prevalence of isolated clubfoot ranges from 1/700—1000 but varies by eth-
nicity from a high of 6.8/1000 in Hawaii to a low of 0.87/1000 in Japan (Table 6.1)
[10—24]. Bilateral involvement is found in half of all cases, while in the unilateral
cases, the right foot is affected more often than the left [22, 25]. Interestingly, males
are affected twice as frequently as females [25, 26]. Clubfoot is a complex birth
defect in which both genetic and environmental factors, presumably in combination
as well as separately, contribute to the etiology [27].

The Role of Environmental Factors in Clubfoot

Many environmental factors have been suggested to contribute to clubfoot but few
have been consistently identified. Seasonal variation has been observed in some
studies with higher birth prevalence in winter (December—March), while other stud-
ies have found no correlation [12, 28—31]. Similarly, sulfonamides and abortifac-
tent agents have been inconsistently identified [32, 33]. While maternal folic acid
supplementation decreases the birth prevalence of neural tube defects, only a small
reduction in isolated clubfoot has been found on a population basis [24, 34]. There
is little evidence to suggest that folic acid deficiency contributes to clubfoot.
Maternal smoking is the only environmental factor consistently associated with
clubfoot [10, 35—39]. Mothers who smoke during pregnancy have an increased risk
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of having a child with clubfoot and this risk increases in a dose-dependent pattern
(Relative Risk: 1.3-2.2) [37-39]. Maternal smoking during pregnancy and a posi-
tive family history of clubfoot increased the risk of clubfoot [10, 38].

Genetic Epidemiology of Clubfoot

Evidence for a genetic etiology for clubfoot comes from studies showing (1) aggre-
gation of clubfoot in families, (2) increased risk with number of affected siblings,
(3) heritability for clubfoot of 72 %, and (4) higher concordance in monozygotic
than dizygotic twins (32.5 vs. 2.9%) [15, 40—42]. Segregation analyses from dif-
ferent populations support a multifactorial/oligogenic model in which variation in
multiple genes influenced by environmental factors play a causal role [17, 24, 41,
43-46]. It is now well accepted that genetic variation contributes to clubfoot, how-
ever the mechanism(s) remain to be defined. The generally accepted model is that
of multifactorial inheritance with a threshold effect [47].

Genes and Environment: Tobacco Metabolism
and Clubfoot

Cigarette smoke consists of more than 4000 chemical compounds that are me-
tabolized through the xenobiotic metabolism [48]. The identification of maternal
smoking as a risk factor suggests that variants in genes involved in xenobiotic me-
tabolism may contribute to clubfoot. Biotransformation through this pathway can
detoxify a compound or it can create a more toxic/reactive intermediate metabolite
that can create adducts. Adducts can bind DNA or proteins altering transcription and
replication that could affect normal development [49]. N-acetyltransferase (NAT)
genes are obvious candidate genes because they acetylate toxins including free
radicals found in cigarette smoke. Variants in NAT/ and NAT2 were genotyped in a
clubfoot dataset composed of both multiplex families (family history of clubfoot)
and simplex (no family history) trios [50]. More slow acetylators were found in
cases suggesting a potential link between clubfoot risk and slow acetylation [50].
Given the importance of this pathway, eight xenobiotic metabolizing
genes, including NAT1 and NAT2 were interrogated in a subsequent study [51].
rs1048943/CYPI1AI was significantly associated with nonHispanic white (NHW)
multiplex families (p=0.009) [51]. It was hypothesized that the presence of varia-
tion in multiple genes in this pathway would increase the risk over variation in a
single gene. Indeed, the allelic combination comprised of rs105740/EPHX1 and
rs1799929/NAT2 was found to be associated with clubfoot (»p=0.007). In addi-
tion, evidence for maternal and fetal genotypic effects were found for two SNPs in
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Fig. 6.2 Methods used to identify clubfoot genes and identified genes

CYPI1A42. Asignificant maternal genotypic effect was found forrs11854147/CYP1A2
with a relative risk of 1.24 (95% CI: 1.04-1.44, p=0.03) and a significant fetal ge-
notypic effect for rs2470890/CYP1A2 with a relative risk of 1.33 (95% CI: 1.13—
1.54, p=0.01) [51]. These findings suggest that xenobiotic metabolism genes are
unlikely to play a major role in clubfoot; however, perturbation of this pathway may
play a contributory role.

Other Approaches to Gene Identification in Clubfoot

Given that there is a genetic component to clubfoot, studies have focused on identi-
fying the clubfoot genes mainly using genome scans and candidate gene approach-
es. In brief, genome-wide scans utilize polymorphic markers such as SNPs and
copy number variants (CNVs) spanning the genome to identify linked and/or as-
sociated variants/regions with the phenotype of interest. In contrast, the candidate
gene approach uses prior knowledge to identify genes for consideration. In addition
to genes in the xenobiotic pathway, genetic investigations of clubfoot have included
analysis of genes that (1) play a biological role in hindlimb development, (2) cause
a clubfoot phenotype when altered in an animal model and/or (3) are deleted, dupli-
cated or mutated in a syndrome that has multiple malformations including clubfoot
(Fig. 6.2). The following sections discuss the potential clubfoot genes and variants
that have been identified.
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Hindlimb Development

Hindlimb morphogenesis is a multifaceted process involving cell proliferation,
migration, patterning and programmed cell death, all of which are regulated by
numerous factors such as growth and transcription factors and signaling molecules
[52—57]. Hindlimb development begins between the fourth and fifth week of ges-
tation with swelling along the lateral plate mesoderm. By the middle of the fifth
week, the limb bud becomes pronounced and it is the regulation of three major axes:
proximal-distal (PD, from knee to digits), anterior-posterior (AP, from the big toe
to the little toe) and dorsal-ventral (DV, from the top of the foot to the bottom of
the foot) that transforms the limb bud into a mature limb. Chondrification begins by
the end of the sixth week; osteogenesis begins in the seventh week and is present in
all the long bones by the twelfth week. Myoblasts aggregate and form large muscle
masses in each limb bud differentiating into dorsal and ventral components as the
long bone forms. As development progresses through week 6 and 7, programmed
cell death occurs removing the interdigital webbing and freeing the individual toes
[52]. During the final stages of limb development in weeks 8-11, the foot begins
to rotate from an inward apposing position to a plantar position [58]. This complex
process is regulated by a large number of genes which when perturbed could con-
tribute to a clubfoot.

PITX1

Evidence for a role of PITX1, paired-like homeodomain 1, has recently been report-
ed [59]. PITX1, a bicoid-related homeodomain transcription factor, was first identi-
fied in a genome-wide linkage study (5¢31: LOD: 3.31) in a five-generation club-
foot family with nine affected individuals [59]. A single missense mutation (E310K)
in PITX] segregated with the clubfoot and was not present in 500 controls [59].
The mutation is located in a highly conserved homeodomain and reduces wild-type
PITX1 activity in a dose-dependent manner suggesting a dominant-negative effect
on transcription [59]. Although this was the first evidence for a hindlimb-specific
gene variant in clubfoot, members of this family had other lower-limb malforma-
tions including patellar hypoplasia, oblique talus, preaxial polydactyly suggesting
that the mutation causes a syndromic form of clubfoot. This is further supported by
the identification of PITX1 deletions in three other individuals with isolated lower-
limb malformations including polydactyly [60].

Another study provides additional evidence for a role of PITX1 in isolated club-
foot. A copy number analysis of 40 familial clubfoot probands identified a 241 kb
microdeletion involving PITXI in one individual [61]. The authors suggested
PITX1 haploinsufficiency as a cause for isolated clubfoot and cited support based
on decreased PITX1 activity from the E310K/PITX1 mutation [59, 62]. Additional
supporting evidence for a role of PITX1 haploinsufficiency comes from the Pitx/
haploinsufficient mouse; approximately 8.9 % of these mice have a clubfoot-like
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phenotype [61]. This is the first animal model to closely mimic human clubfoot.
However, the Pitx/ haploinsufficient mouse does differ from the human clubfoot in
a number of ways: (1) females are affected more often than males, the opposite of
the human condition, (2) there is peroneal artery hypoplasia, and (3) the tibial and
fibular bone volumes are reduced. Nevertheless, the role of PITX] in isolated club-
foot remains intriguing. Other families may provide more etiologic and phenotypic
information.

TBX4

T-box transcription factor 4, TBX4, a direct transcriptional target of PITX1 has been
implicated in clubfoot [63]. Like PITXI, TBX4 is also specifically expressed in the
hindlimb and involved in limb muscle and tendon patterning [64, 65]. One study
screened 66 familial clubfoot probands for genomic copy-number variants and
found a 17q23.1¢23.2 microduplication in three probands. The microduplication
segregated in the families but showed reduced penetrance. Individuals with the mi-
croduplication also had mild short stature, developmental hip dysplasia and subtle
skeletal abnormalities such as short wide feet. While the authors suggest that the
17923.1923.2 microduplication is a common cause for familial isolated clubfoot,
only a few families were identified. A second study identified only one multiplex
family out of 605 clubfoot families with a small 350 kb 17q23.1q23.2 microdupli-
cation [66]. This microduplication segregated with the clubfeet and the short, wide
feet, once again supporting variable expressivity with this microduplication [66].
Therefore, the role of 7BX4 in the etiology of isolated clubfoot remains to be elu-
cidated but appears to cause a syndromic form of clubfoot. Even more intriguing is
the possible interactive role of genetic variants in the TBX4-PITXI pathway, which
should be thoroughly interrogated.

Muscle Contraction Genes

Clubfoot can occur as part of a number of Mendelian syndromes, which suggests
that variation in the genes underlying these disorders could have an etiologic role
in the isolated form. This is the paradigm that led to the identification of genetic
variation in /RF6 and nonsyndromic cleft lip and palate [67]. The Distal Arthro-
gryposis (DA) syndromes, for example, are characterized by congenital joint con-
tractures and many include clubfoot [68]. Currently, there are nine different types
of DA and clubfoot occurs in four. Mutations in muscle contraction genes, MYH3,
TNNT3, TNNI2, TPM2, MYBPCI and TPMS, cause DA1, DA2A, DA2B and DA7
[68]. One study sequenced the exons of MYH3, TNNT3 and TPM?2 in 20 clubfoot
probands from multiplex clubfoot families [69]. While rare exonic variants were
identified, none segregated in all affecteds in each family. The authors suggested
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that these genes do not contribute to clubfoot, however the regulatory regions were
not sequenced [69]. Similarly, sequencing of the exons, splice sites and predicted
promoters of embryonic and perinatal myosin genes, MYH2, 3, 7 and & did not find
any associations [70].

A more recent study interrogated fifteen muscle contraction genes in 224 fami-
lies with a family history of clubfoot and 357 families with no family history and
included upstream and downstream genomic regions in order to capture variation
in the regulatory regions [71]. Several positive associations were found in the sin-
gle SNP, haplotype and gene-gene interaction analyses for both the nonHispanic
white (NHW) and Hispanic groups. Interestingly, the most significant associations
involved SNPs located in potential regulatory regions, in 7PM1 and TPM?2 [71].
A follow-up study addressed the functional implications of these variants [72].
The TPM2 SNPs, rs2025126 and rs2145925, altered nuclear protein binding and
changed promoter activity in C2C12 mouse muscle cells. Interestingly, while the
rs4075583/TPM1 alternative allele showed an alteration in nuclear protein binding
it did not affect promoter activity. However, when rs4075583 was analyzed in the
context of a ~1.7 kb eight SNP haplotype, varying degrees of promoter activity
were observed depending on allelic combination. Promoter activity was decreased
when rs4075583 alternate allele was present in the haplotype [72]. These results
suggest the importance of transcriptional regulation in muscle contraction genes as
a mechanism for clubfoot.

Homeobox A and D Genes

In order to identify chromosomal regions/genes that contribute to human malfor-
mations, Brewer et al. combined clinical reports to identify chromosomal abnor-
malities, deletions and duplications, in syndromic clubfoot [8, 9]. For clubfoot,
this included six large chromosomal deletion regions (2q31-33, 3q23-24, 4p16-14,
7p22, 13q33-34 and 18q22-23) and two duplication regions (6q21-27 and 10p15-
11) [8, 9]. Interrogation of the 2q31-33 deletion region identified associations with
variations in CASPS, CASP10 and CFLAR [73, 74]. These genes are involved in the
mitochondrial-mediated apoptotic pathway which is consistent with the key role
that apoptosis plays in limb and muscle development. In a follow-up study, interro-
gation of five additional mitochondrial-mediated apoptotic genes (CASPY, CASP3,
APAF1, BCL2 and BID) identified suggestive associations between variation in
each gene and clubfoot [75].

Also present in the 2q31-33 deletion region is the Homeobox gene cluster D
(HOXD). Genes in the HOXD cluster direct limb and muscle patterning during
development. This cluster is functionally redundant with the Homeobox A gene
cluster (HOXA) located on chromosome 7p15; this region was not identified in the
report of Brewer et al. [76—78]. Mutations in both HOXA and HOXD have been
associated with syndromes that involve limb abnormalities but not clubfoot [79,
80]. The HOXA genes are also known to regulate the synchronized development of
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muscles, tendons and cartilages [78]. Interrogation of these genes in the clubfoot
nonHispanic and Hispanic multiplex and simplex families identified associations
with SNPs in both gene clusters [74]. One SNP, rs3801776, located in the basal pro-
moter of HOXA9, gave the strongest association with clubfoot in both discovery and
validation clubfoot groups (p=0.004 and p=0.03, respectively) [74]. The ancestral
allele of rs3801776 created a nuclear protein binding site that increased promoter
activity [72]. These results suggest that perturbation in genes involved in limb and
muscle patterning and development play a role in clubfoot. Again, the association
was with regulatory SNPs suggesting that gene expression plays an important role
in clubfoot.

Summary

Clubfoot is a well-recognized birth anomaly for which etiologic insights are only
now being identified. Genome-wide linkage studies are only successful if there are
sufficient numbers of large families to overcome any heterogeneity issues. While
multiplex clubfoot families do exist, and it has been suggested that clubfoot fits
a single major gene model [46, 81, 82], most families have only 2 or 3 affected
individuals. Moreover, extensive heterogeneity would be expected given the com-
plexity of hindlimb development. As a result, most linkage studies of clubfoot have
not been successful [81, 83]. Evidence for involvement of PITX] and TBX4, both
hindlimb-specific genes, have been found in only a few clubfoot families/cases and
not confirmed in association studies, suggesting that variation in these genes is not
involved in the majority of cases of clubfoot [27, 66]. Genome-wide associations
studies are most successful when the disease in question is due to common variation
and the dataset is sufficiently large. Lack of a large dataset can be circumvented to
some extent by focusing on candidate genes. This approach has led to the identi-
fication of associations between clubfoot and variation in several genes, including
HOXA9 and the muscle contraction genes TPM1 and TPM2. While potential mech-
anisms have been described for clubfoot for these genes, independent verification is
still needed. Given the paucity of large families or the lack of large datasets, club-
foot genetic studies should benefit from next-generation approaches, such as whole
exome and genome sequencing. Families can be examined individually and in con-
cert with other families to identify genes and pathways, which appear to underlie
the development of clubfoot. Results of these studies will then require verification
in animal models and functional studies. The challenge is great but the payoff is also
large as it will provide insight into biological mechanisms causing clubfoot, and in
some cases families may benefit from personalized recurrence risk information.
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Chapter 7
Classification and Etiologic Dissection
of Vertebral Segmentation Anomalies

Peter D. Turnpenny

Abstract Congenital segmentation defects of the vertebrae (SDV) often give rise
to early onset or congenital scoliosis (CS) and cover a multitude of diverse radio-
logical and developmental phenotypes with various formation and segmentation
anomalies. Single or multiple vertebrae may be affected and any spinal region
involved. Anomalies of rib formation and alignment are commonly associated, and
other organ systems may be involved as part of an underlying syndrome. In general,
our understanding of the causation of this hugely diverse group of malformation
conditions is poor but progress has been made through studying relatively rare fam-
ilies demonstrating mendelian inheritance. This group is dominated by the family
of conditions known as the ‘spondylocostal dysostoses’ (SCD), where segmentation
anomalies occur throughout the vertebral column. Four Notch signaling pathway
genes are now linked to autosomal recessive (AR) SCD, types 1-4, and one to
autosomal dominant (AD) SCD—type 5. SCDI is caused by mutated delta-like
3 (DLL3) at chromosome 19q13.1; SCD2, and the severe spondylothoracic dys-
ostosis (STD), is due to mutated mesoderm posterior 2 (MESP2) at 15q26; SCD3
is due to mutated LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase
(LFNG) at 7p22; and SCD4 is due to mutated hairy and enhancer of split 7 (HES?7)
gene at 17p13.2. SCDS5, following autosomal dominant (AD) inheritance, is due to
mutated T-box 6 (TBX6) at 16p11.2. Klippel-Feil syndrome (KFS), characterised by
fusion of the cervical vertebrae, also embraces much diversity. KFS1 and KFS3 are
AD forms and due to mutated GDF6 (8p22.1) and GDF3 (12p13.3) respectively.
KFS2 is AR and due to mutated MEOXI (17q21). Vertebral segmentation anomalies
are a variable feature of a wide variety of rare syndromes but for a high propor-
tion of the diverse radiological and developmentally aberrant phenotypes seen in
clinical practice the underlying cause is unknown. Further progress will depend on
identifying causative genes in familial cases of CS/SDV, or cohorts of subjects with
similar phenotypes, using next generation DNA sequencing. Several classifications
for SDV, CS and KFS have been proposed and they are described.

P. D. Turnpenny (<)

Clinical Genetics, Royal Devon & Exeter Hospital, Gladstone Road,
Exeter EX1 2ED, UK

e-mail: peter.turnpenny@nhs.net

© Springer Science+Business Media New York 2015 105
C. A. Wise, J. J. Rios (eds.), Molecular Genetics of Pediatric Orthopaedic Disorders,
DOI 10.1007/978-1-4939-2169-0_7



106 P. D. Turnpenny

Keywords Segmentation defects of the vertebrae (SDV) - Spondylocostal
dysostosis * Spondylothoracic dysostosis * Jarcho-Levin syndrome - Klippel-Feil
syndrome - Notch signaling pathway *+ Somitogenesis

Introduction

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

Table 7.1 lists rare syndromes that may include CS and/or SDV, along with the
genetic basis, if known (possible associations also listed [6, 7]). Most are rare and,
where the genetic basis of these rare syndromes with segmentation anomalies is
known, the mechanisms leading to abnormal vertebral formation are usually not elu-
cidated. The most commonly encountered diagnostic groups in clinical practice are
OAV/Goldenhar spectrum, VATER or VACTERL ( Vertebral, Anal, Cardiac, Tracheo-
Esophageal, Renal and Limb) association, MURCS (Mullerian duct, Renal aplasia,
Cervicothoracic Somite dysplasia) association, and Maternal Diabetes syndrome. The
pathogenesis of these broad clinical groups is also poorly understood. Any case series
presenting to the spinal surgeon and/or paediatrician/geneticist will demonstrate enor-
mous radiological and structural heterogeneity, and a syndromic or genetic diagnosis
will be at best vague (including the OAV/VACTERL/MURCS associations) and at
worst completely elusive. Table 7.1 highlights that young (and not so young) patients
presenting with CS/SDV should be examined and investigated very thoroughly for
additional anomalies and a syndrome diagnosis considered. Referral to a clinical ge-
neticist should therefore be part of the patient care pathway.

Although CS is frequently associated with SDV this is not always so and CS
may occur in the absence of segmentation anomalies, though abnormalities of
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Table 7.1 Some syndromes and disorders that include segmentation defects of the vertebrae
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Syndromes/disorders OMIM Gene

Acrofacial dysostosis? 263750

Alagille syndrome 118450 JAGI, NOTCH?2

Anhalt® 601344

Atelosteogenesis 111 108721 FLNB

Campomelic dysplasia 211970 SOX9

Casamassima-Morton-Nance® | 271520

Caudal regression® 182940

Cerebro-facio-thoracic 213980

dysplasia®

CHARGE syndrome 214800 CHD7

‘Chromosomal’

Currarino 176450 HLXBY

Atelosteogenesis, type I (de | 256050 SLC2642

la Chapelle syndrome)

DiGeorge/deletion 22q11.2/ 188400

velocardiofacial syndrome

Dysspondylochondromatosis®

Femoral hypoplasia-unusual | 134780

facies®

Fibrodysplasia ossificans 135100 ACVRI

progressiva

Fryns-Moerman?®

Goldenhar/OAV Spectrum?® 164210

Holmes-Schimke?

Incontinentia pigmenti 308310 IKBKG

Kabuki syndrome 147920 MLL?2

McKusick-Kaufman 236700 MKKS

syndrome

KBG syndrome 148050 ANKRDI11

Klippel-Feil?* 148900 GDF6, GDF3, MEOX1
PAXI®

Larsen syndrome 150250 FLNB

Lower mesodermal agenesis®

Maternal diabetes mellitus®

MURCS association® 601076

Multiple pterygium syndrome | 265000 CHRNG

OEIS syndrome® 258040

Phaver® 261575

RAPADILINO syndrome 266280 RECQL4

(RECQL4-related disorders)
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Table 7.1 (continued)
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Syndromes/disorders OMIM Gene
Robinow (ROR2-related 180700 ROR2
disorders)

Rolland-Desbuquois® 224400

Rokitansky sequence® 277000 WNT4°
Silverman-Handmaker type 224410 HSPG?2
of dyssegmental dysplasia

(DDSH)

Simpson-Golabi-Behmel 312870 GPC3
syndrome

Sirenomelia® 182940

Spondylocarpotarsal 272460 FLNB
synostosis

Thakker-Donnai® 227255

Toriello®

Urioste®

VATER/VACTERL? 192350

Verloove-Vanhorick? 215850

Wildervanck® 314600

Zimmer® 301090

2 Underlying cause not known
b Possible associations reported: PAXI [6]; WNT4 [7]

vertebral formation may be present. In cases of this kind a diagnosis of one of the
skeletal dysplasias should be considered, though a precise radiological diagno-
sis may require follow-up skeletal surveys as the child grows. A clinical genetics
opinion with a view to genetic testing may be very helpful and examples include:
congenital contractural arachnodactyly (aka Beals syndrome), which is autoso-
mal dominant and due to mutations in FBN2; chondrodysplasia punctata, Conradi-
Hiinermann type (aka Happle syndrome), which is X-linked and due to mutations
in the EBP gene; diastrophic dysplasia, which is autosomal recessive and due to
mutations in the sulphate transporter gene SLC26A42 (aka DTDST); and spondylo-
metaphyseal dysplasia, Kozlowski type, which is autosomal dominant and due to

mutations in TRPV4.

Spondylocostal Dysostosis, Somitogenesis, and the Notch

Signaling Pathway

The main progress in understanding the genetic basis of SDV has come through the
study of somitogenesis in animal models, mainly mouse but also chick. Animals
with specific gene knockouts are generated and multiple gene expression assays
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undertaken to help elucidate the developmental pathways. Somitogenesis is the se-
quential process whereby paired blocks of paraxial mesoderm are patterned and
laid down on either side of the midline from the presomitic mesoderm (PSM) to
form somites, a process that takes place between days 20-32 of human embryonic
development, proceeding in a rostro-caudal direction. In mouse, a pair of somites is
formed every 1-3 h, whilst in humans the process is estimated to take 6—12 h based
on cell culture models and analysis of staged anatomical collections [8, 9]. Somites
ultimately give rise to four substructures—sclerotome, which forms the axial skel-
eton and ribs; dermotome, which forms the dermis; myotome, which forms the
axial musculature and syndetome, which forms the tendons [10, 11]. Somitogenesis
begins shortly after gastrulation and continues until the pre-programmed number of
somite blocks is formed. In man 31 blocks of paired tissue are formed but the num-
ber is species-specific. The establishment of somite boundaries takes place as a re-
sult of very finely tuned molecular processes determined by activation and negative
feedback interactions between components of the Notch, Wnt and FGF signaling
pathways [12, 13] (Fig. 7.1). In the rostral third of the PSM formation of segmental
boundaries is subject to levels of the factor FGF8, which is produced in the caudal
region of the embryo [14] and which probably maintains cells in an immature state
until levels fall below a threshold, allowing boundary formation. Somites already
harbour specification toward their eventual vertebral identity, a process regulated
by the Hox family of transcription factors [15], which also display oscillatory ex-
pression in the mouse during somitogenesis [16].

The Wnt signalling pathway also displays oscillatory expression in a different
temporal phase from Notch pathway genes, and plays a key role in the segmentation
clock [17-19]. The mediators of the determination front and the segmentation clock
(Notch, FGF, Wnt) are required for forming the somite boundary and specify rostro-
caudal patterning of presumptive somites, for which Mesp? is crucial [20]. Mesp?2 is
expressed caudal to the somite which is forming and this domain is set where Notch
signalling is active, FGF signalling is absent, and the transcription factor 7bx6 is
expressed. Precise periodicity in the establishment of somite blocks is mediated by
several so-called ‘cycling’, or ‘oscillatory’, genes, two of which, LFNG and HES?7,
are implicated in human SCD.

Somites themselves, having formed, are subsequently partitioned into rostral
and caudal compartments, with vertebrae formed from the caudal compartment of
one somite and the adjacent rostral compartment of the next, a phenomenon that is
known as ‘resegmentation’ [21-24]. An understanding of the molecular biology of
somitogenesis in animal models, in combination with finding patients and families
with specific forms, or patterns, of segmentation anomalies, has led to the most
definitive progress in understanding the causes of rare mendelian forms of SDV.
Ongoing research is identifying more cycling genes and pathways involved in the
regulation of somitogenesis.
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Fig. 7.1 The putative relationships between the Notch, Wnt and FGF pathways in somitogenesis.
(Adapted from Gibb et al. [13] ©Elsevier)
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Varied Use of Clinical Terminology

Spondylocostal Dysostosis

In clinical practice the use of terms for vertebral segmentation abnormalities has
been inconsistent and confusing. ‘Spondylocostal dysostosis’ (SCD) continues to be
applied to a wide variety of radiological phenotypes where abnormal segmentation is
evident together with rib involvement. For this review I use our preferred definition
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Table 7.2 Proposed definitions for the terms spondylocostal dysostosis (SCD) and spondylotho-
racic dysostosis (STD) (ICVAS)

Features Spondylocostal Dysostosis (SCD) | Spondylothoracic Dysostosis
(STD)
General No major asymmetry to chest Chest shape symmetrical, with

shape

ribs fanning out in a ‘crab-like’
appearance

Mild, non-progressive scoliosis

Mild, non-progressive scoliosis,
or no scoliosis

Multiple SDV (MSDV) >10 con-
tiguous segments

Generalised SDV (GSDV)

Absence of a bar

Regularly aligned ribs, fused
posteriorly at the costovertebral
origins, but no points of intercos-
tal fusion

Mal-aligned ribs with intercostal
points of fusion

Specific, descriptive

‘Pebble beach’ appearance of
vertebrae in early childhood radio-
graphs (Fig. 7.3)

‘Tramline’ appearance of promi-
nent vertebral pedicles in early
childhood radiographs, not seen
in SCD (Fig. 7.6)

‘Sickle cell’ appearance of verte-
brae on transverse imaging [49]

Table 7.3 Genes causing generalised SDV, i.e. ‘spondylocostal dysostosis’ according to the defi-
nition proposed in Table 7.2

SCD Gene symbol Chromosomal locus | Protein name

SCD type 1 DLL3 19q13 Delta-like protein 3

SCD type 2 and STD | MESP2 15q26.1 Mesoderm posterior
protein 2

SCD type 3 LFNG Tp22 Beta-1,3-N-acetylglu-
cosaminyltransferase
lunatic fringe

SCD type 4 HES7 17p13.2 Transcription factor
HES-7

SCD type 5 TBX6 16p11.2 T-box6 protein

as given in Table 7.2. This restricts use of the term to generalised SDV, which de-
fines the mendelian forms of SCD thus far identified, as summarised in Table 7.3.
This is usually a short trunk, short stature condition with multiple/generalised SDV
accompanied by rib fusions and/or mal-alignment. A mild, non-progressive kypho-
scoliosis is present, usually without additional organ abnormalities. Five Notch sig-
nalling pathway genes are now linked to this group, four demonstrating autosomal
recessive (AR) inheritance and one autosomal dominant (AD), as described below.
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A number of attempts have been made to classify SDV. The scheme proposed
by Mortier et al. [25] combines phenotype and inheritance pattern (Table 7.4). The
scheme proposed by Takikawa et al. [26] allows a very broad definition of SCD
(Table 7.5), and both these schemes identify Jarcho-Levin Syndrome (JLS) with
a ‘crab-like’ chest. McMaster and Singh’s [27] surgical approach to classification
(1999) distinguishes between formation and segmentation errors (Table 7.6). As
with McMaster’s scheme, Aburakawa’s [28] classification scheme for vertebral
abnormalities (1996), which includes vertebral morphology (Table 7.7), does not
attempt to identify phenotypic patterns of malformation based on assessment of
the spine as a whole. The use of a limited number of terms in these classification
schemes neither reflects the great diversity of radiological SDV phenotypes seen in
clinical practice nor incorporates knowledge from molecular genetics. Furthermore,
the diversity of SDV is not captured within the classification of osteochondrodys-
plasias [29, 30]. A new scheme for classification and reporting from the Internation-
al Consortium for Vertebral Anomalies and Scoliosis (ICVAS) is described later.

Klippel-Feil Syndrome

The term Klippel-Feil anomaly or syndromes (KFS) has a more specific applica-
tion, even though the phenotypes within the general category are diverse. KFS re-
fers to vertebral fusion or segmentation errors involving the cervical region and
has been the subject of several classifications (Table 7.8) [31, 32]. Clarke et al.
[33] (Table 7.9) proposed a further, detailed classification combining modes of
inheritance. To these clinical classifications must now be added a classification
based on the recently discovered gene associations with rare forms of KFS [34-36]
(Table 7.10). The PaxI gene has been shown to be active during sclerotome forma-
tion and differentiation and mutations were identified in the mouse undulated, sug-
gesting that sclerotome condensation is a Pax/-dependent process [37]. Two studies
on patient cohorts with KFS were subsequently undertaken [6, 38] but despite some
gene variants being identified in a small number the same variants were either de-
tected in an asymptomatic parent or did not occur in a conserved region of the gene.
Overall, the role of P4X1 in KFS remains to be elucidated.

The Genetics and Clinical Description of SCD Sub-types

SCD1

Autozygosity mapping was used to identify a locus for AR SCD at chromosome
19q13.1 in a large Arab—Israeli kindred first reported in 1991 [39, 40]. The region is
syntenic with murine chromosome 7 harbouring the D//3 gene, which is truncated in
the pudgy mouse [41]. DI/3-null mice show disruption of the cyclical somitogenesis
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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 7.5 Classification/definition of SDV according to Takikawa et al. [26]

Nomenclature

Definition

Jarcho-Levin syndrome

Symmetrical crab-like chest

Spondylocostal dysostosis

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

Table 7.6 Classification (surgical/anatomical) of vertebral segmentation abnormalities causing
congenital kyphosis/kyphoscoliosis, according to McMaster and Singh [27]

Type

Anatomical deformity

Anomalies

I

Anterior failure of vertebral body
formation

Posterolateral quadrant vertebrae

Single vertebra

Two adjacent vertebrae

Posterior hemivertebrae

Single vertebra

Two adjacent vertebrae

Butterfly (sagittal cleft) vertebrae

Anterior or anterolateral wedged
vertebrae

Single vertebra

Two adjacent vertebrae

11

Anterior failure of vertebral body
segmentation

Anterior unsegmented bar

Anterolateral unsegmented bar

III

Mixed

Anterolateral unsegmented bar

contralateral posterolateral quadrant

vertebrae

I\%

Unclassifiable
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Table 7.7 Aburakawa Classification of vertebral segmentation abnormalities [26, 28] (modified
North American classification). Note that hemivertebrae are seen in Types B to F, and L

Failure of formation

Type I

A. Double pedicle

B. Semi segmented

C. Incarcerated

Type 11

D. Non incarcerated, no lateral shift

E. Non incarcerated, plus lateral shift

Type 11

F. Multiple

Type IV

G. Wedge

H. Butterfly

Failure of segmentation

1. Unilateral Bar

J. Complete block

K. Wedge (plus narrow disc)

Mixed

L. Unilateral bar plus hemivertebra

M. Unclassifiable

Table 7.8 Classification of Klippel-Feil anomaly, referring to segmentation defects or fusion of
the cervical vertebrae, according to Feil [31] and Thomsen et al. [32]

Type Site Anomaly
I Cervical and upper thoracic Massive fusion with synostosis
1I Cervical One or two interspaces only, hemiverte-
brae, occipito-atlantoid fusion
1 Cervical and lower thoracic or Fusion
lumbar

clock within the PSM [42]. Human DLL3 was therefore the obvious candidate for
SCDI in 3 separate families where affected individuals were homozygous for muta-
tions [43]. The organization of human DLL3 is almost identical to mouse DI/3, except-
ing the terminal exon, which corresponds to a fusion of mouse exons 9 and 10, result-
ing in a human protein of 32 additional amino acids. There is variability in the size of
the mouse and human introns. The gene is sequentially ordered with a signal sequence
(SS), the delta-serrate-lag (DSL) domain, 6 highly conserved epidermal growth factor
(EGF) repeats, and a transmembrane ™ region (Fig. 7.2). More than 30 DLL3 muta-
tions have now been identified and most of these published [44, 45]. Approximately
75 % of positive cases have protein truncation nonsense mutations (the rest being mis-
sense) and parental consanguinity is seen in the same proportion of cases.



7 Classification and Etiologic Dissection of Vertebral Segmentation Anomalies 115

Table 7.9 Classification of Klippel-Feil anomaly according to Clarke et al. [33]. (Adapted from
original publication)

Class | Vertebral fusions Inheritance Possible anomalies
KF1 Only class with C1 Recessive Very short neck; heart; uro-
fusions genital; craniofacial; hearing;
C1 fusion not dominant limb; digital; ocular defects
Variable expression of Variable expression
other fusions
KF2 C2-3 fusion dominant Dominant Craniofacial; hearing; oto-
C2-3 most rostral fusion laryngeal; skeletal and limb
Cervical, thoracic and defects
lumbar fusion variable Variable expression
within a family
KF3 Isolated cervical fusions | Recessive or reduced Craniofacial
Variable position penetrance Facial dysmorphology
Any cervical fusion Variable expression
except C1
KF4 Fusion of cervical verte- | Possible X-linked Hearing and ocular anoma-
brae, data limited Predominantly females | lies—abducens palsy with
retraction bulbi
aka Wildervanck syndrome

Table 7.10 Genes associated with Klippelp-Feil syndrome (KFS) [34-36]

KFS Gene symbol Chromosomal | Encodes Inheritance
locus
KFS1 GDF6 8q22.1 A member of the bone AD
[aka cartilage-derived morphogenetic protein
morphogenetic protein 2 family
(CDMP2)]
KFS2 | MEOXI 17q921.31 Homeodomain-contain- | AR
ing protein
KFS3 GDF3 12p13.1 A member of the bone AD
morphogenetic protein
family

There is a general consistency in the abnormal form and shape of the vertebrae
in the different regions, from cervical to lumbar. The radiological appearances in
childhood are of vertebrae that are circular or ovoid on A-P projection, and they
have smooth outlines. To this appearance the term ‘pebble beach sign’ has been
applied [45] (Fig. 7.3). Stature is affected to a variable degree, with some affected
subjects achieving a final adult height that is only about 15 cm less than their pre-
dicted height on the basis of arm span measurements (assuming arm length is unaf-
fected). Final adult stature is more severely affected in some cases and in the large
family reported by Turnpenny et al. [39], a range of severity was evident. We know
of two patients with slightly milder phenotypes due to missense mutations C309R
and G404C, both with less dramatic vertebral segmentation abnormalities, even
though the whole spine was involved (unpublished data). The milder phenotype
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Fig. 7.2 The organization of the DLL3 gene. DSL delta-serrate-lag domain, EGF epidermal
growth factor domain(s), SS starter sequence, 7M transmembrane domain

Fig. 7.3 The radiological
phenotype of SCD1 due to
mutated DLL3. This shows
segmentation abnormali-

ties throughout the vertebral
column and the variable
ovoid appearance of multiple
vertebrae—the ‘pebble beach’
sign. The ribs are mal-aligned
with points of fusion along
their length. (Reproduced
from Turnpenny et al. [46])

may be due to the position of these residues within the EGF domains. It seems likely
that some missense mutations, though not all, may give rise to milder phenotypes.
There is no clear, consistent evidence for organ abnormalities beyond the spine in
subjects with SCD1. Learning difficulties or intellectual disability is not a feature,
and although affected individuals have mild scoliotic curves from an early stage,
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these appear to remain stable throughout life in the majority of cases and spinal
surgery is usually not required.

SCD2

A genome-wide scanning was used to identify linkage to 15921.3—-15q26.1 in a
consanguineous family with two affected children who neither had DLL3 mutations
nor demonstrated linkage to 19q13.1. This region harbors the somitogenesis gene
MESP2, and sequencing identified a 4-bp (AGGC) duplication, frameshift muta-
tion for which the affected subjects were homozygous and the parents heterozygous
[47]. The mutation was not found in 68 normal ethnically matched control chromo-
somes. MESP?2 encodes a basic helix-loop-helix (bPHLH) transcription factor, a pro-
tein of 397 amino acids. Human MESP?2 protein shares 58.1 % identity with mouse
Mesp2. Human MESP2 amino terminus contains a bHLH region encompassing 51
amino acids, which is divided into an 11-residue basic domain, a 13-residue helix I
domain, an 11-residue loop domain, and a 16-residue helix II domain. The loop re-
gion is conserved between mouse and human MesP/ and MesP2. In addition, both
MesP1 and MesP2 contain a unique CPXCP motif immediately carboxy-terminal
to the bHLH domain. The amino- and carboxy-terminal domains are separated in
human MESP2 by a GQ repeat region, which is also present in human MESPI
(2 repeats), but have expanded in human MESP2 (13 repeats). Mouse Mesp! and
Mesp2 do not contain any GQ repeats but they do contain a couple of QX repeats
in the same region (Fig. 7.4). In cases designated SCD2 the mutations identified
do not appear to give rise to nonsense mediated decay of the derivative protein, in
contrast to the effect of mutations in STD (see below), the more severe phenotype
due to mutated MESP2.

Only one family with SCD due to a mutation in MESP2, demonstrating AR in-
heritance, has been published [47] and, therefore, the phenotype is based on mini-
mal data. However, a second affected family with the same mutation and a very
similar radiological phenotype was presented at an international meeting in 2005
(Bonafé et al.). Subsequent haplotype analysis failed to show evidence for a com-
mon ancestry for the two families (unpublished data), so the particular 4-bp duplica-
tion mutation is recurrent. A further case was found to be a compound heterozygote
for MESP?2 mutations (Fig. 7.5). The radiological phenotype is similar to, but dis-
tinguishable from, that of SCD1, and the ribs are more normally aligned. Segmenta-
tion defects appear more severe in the thoracic vertebrae compared to the lumbar
vertebrae, which are relatively spared. Stature is affected to a small degree and no
additional organ abnormalities have been reported.

STD—Spondylothoracic Dysostosis

Mutated MESP?2 is also the cause of STD [48], a severe form of SDV with marked
shortening of the spine, reduced thoracic volume, and in some cases life-threatening
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Fig. 7.4 Comparison of Mesoderm posterior 2: a MESP2 and b MESPI (adjacent to MESP2 at
15926 in man). Both sequences clearly contain a basic helix—loop—helix (hHLH) domain. The
length of the loop region is conserved between MESPI and MESP2. In addition, MESP!] and
MESP?2 contain a unique CPXCP motif immediately C-terminal to the bHLH domain. MESP]
and MESP?2 also share a C-terminal region that is likely to adopt a similar fold. MESP2 sequences
contain a unique region at the C-terminus. The GQ repeats, which are located between the CPXCP
motif and the shared C-terminal domain, are also found in human MESPI (only two repeats) but
have expanded in human MESP?2 (13 repeats). Although lacking GQ repeats, the mouse sequences
have two QX repeats in the same region: mouse MESPI QSQS; mouse MESP2 QAQM. ¢ Human
MESP?2 frameshift mutant

respiratory insufficiency. The mutations are of the type that give rise to nonsense-
mediated decay (unpublished data).

There are two very useful radiological features that help distinguish SCD type 1
from STD (and to some extent SCD2). Firstly, in SCD points of fusion of the ribs
along their length are usually apparent, whereas in STD the ribs are fused posterior-
Iy and fan out laterally (‘crab-like’ appearance) without points of fusion along their
length. Secondly, in fetal life and early childhood multiple rounded hemivertebrae
characterizes SCD1 (DLL3 gene)—the ‘pebble beach sign’ [45]—and the vertebral
pedicles are poorly visualised because they are not yet ossified. By contrast, in
MESP2-associated SCD and STD, the vertebral pedicles are visible radiologically
in fetal life and early childhood. Indeed, they are often neatly arranged and aligned,
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Fig. 7.5 The radiological
phenotype of SCD2 due to
mutated MESP2. This shows
segmentation abnormalities
throughout the vertebral col-
umn with the thoracic region
most severely disrupted.
(Reproduced from Turnpenny
et al. [46])

bordering multiple hemivertebrae between (Fig. 7.6). This is sometimes referred
to as the ‘tramline sign’. STD has been well delineated and described by Cornier
et al. [49]. Most reported cases are Puerto Rican but, although rare, it has been seen
globally.

SCD3

A candidate gene approach was used to identify LFNG as the genetic cause of SCD
in an individual in whom no mutation could be found in DLL3 or MESP2 [50]
(Fig. 7.7). LFNG—Lunatic fringe—encodes a glycosyltransferase (fucose-specific 3
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Fig. 7.6 The radiological
phenotype of STD due to
mutated MESP2. This shows
marked shortening of the
spine, generalised segmenta-
tion defects, a ‘crab-like’
fanning out of the ribs from
their posterior costovertebral
origins, and well aligned
ribs. The vertebral pedicles
are ossified at this early
stage of like (in contrast to
SCD1), sometimes called the
‘tramline’ sign. (Reproduced
courtesy of eLS)

1,3 N-acetylglucosamine) that post-translationally modifies the Notch family of cell
surface receptors, a key step in the regulation of this signaling pathway [51], and is
one of the ‘cycling’ genes whose wave of expression in the PSM, in a caudal-rostral
direction, is crucial to the establishment of the next somite boundary. LFNG was
sequenced as its expression is severely disregulated in mouse embryos that lack
DII3 [52, 53] (the phenotypes of DI//3 and Lfng null mutant mice are very similar),
and is associated with the Notch signalling pathway (like DLL3 and MESP2). In the
affected case a missense mutation (c.564C—A) was detected that resulted in the
substitution of leucine for phenylalanine (F188L). The proband’s consanguineous
parents, of Lebanese Arab origin, were normal and heterozygous for the mutant al-
lele. Functional assays showed that F188L did not localize to the Golgi apparatus as
the wild-type LFNG protein, and that F188L lacked transferase activity.

In this, so far unique, case of SCD3 the segmentation disruption was severe com-
pared to SCD1 and SCD2, giving rise to marked truncal shortening and apparently
normal limb length—arm span 186.5 cm and adult height 155 cm, lower segment
92.5 cm. Multiple vertebral ossification centres in the thoracic spine, with very
angular shapes were apparent. The affected case also demonstrated a minor form of
distal arthrogryposis in the upper limbs, and it is not known whether this was part
of the condition or secondary to peripheral nerve entrapment.
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Fig. 7.7 The radiological
phenotype of SCD3 due to
mutated LFNG. This shows
severe shortening of the
thoracic spine in particular.
(Reproduced from Sparrow
et al. [49] ©Elsevier)

SCD4

In humans the first identified case of SCD due to a mutation in HES7 was found to
be homozygous for a C>T nucleotide transition in exon 2, resulting in an arginine
to tryptophan amino acid substitution [54]. Subsequently a family demonstrating
compound heterozygosity for HES7 mutations was identified [55]. HES7 encodes
a bHLH-Orange domain transcriptional repressor protein that is both a direct tar-
get of the Notch signalling pathway, and part of a negative feedback mechanism
required to attenuate Notch signalling [56]. Like LFNG, HES?7 is a cycling gene; it
is expressed in the PSM in an oscillatory pattern [57], which is achieved by an auto-
regulatory loop. Once translated, Hes proteins act on their own promoters to repress
transcription and, due to the short half-life of Hes proteins, autorepression is re-
lieved, which allows a new wave of transcription and translation every 90—120 min
in the mouse. Hes7-null mice display severe multiple SDV phenotypes [58].
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Fig. 7.8 The radiological
phenotype of SCD4 due to
mutated HES7. This shows
segmentation abnormali-

ties throughout the vertebral
column and the appearance
resembles that of SCD2/STD.
(Reproduced with permis-
sion from Sparrow et al. [54]
©0xford University Press)

To date, the pattern of SDV in SCD4 lies somewhere between SCD1 and mild
STD, with ribs appearing to show fusion posteriorly and fanning out in a crab-like
fashion (Fig. 7.8). The first reported patient was homozygous for a HES7 muta-
tion and also had a lumbar myelomeningocele neural tube defect [54], whilst there
were no associated malformations in the second reported family [55], where SCD
occurred only in subjects who were compound heterozygotes for HES7 mutations.
The findings in a large extended, inbred kindred is [59], in which some affected
individuals have midline developmental defects besides generalised SDV.

SCD5—Autosomal Dominant

Only one genetic cause of AD SCD has thus far been identified, namely mutat-
ed TBX6 [60], in a three-generation Macedonian family previously shown not
have a mutation in DLL3, MESP2, LFNG and HES7 [61]. Exome capture and
next-generation sequencing were used to identify a stop loss mutation in 7BX6 that
segregated with the phenotype in two generations, and the family demonstrated a
generalised pattern of SDV without any additional malformations (Fig. 7.9).

The TBX6, or T-box6, gene encodes a putative DNA-binding protein expressed
in somite precursor cells, indicating that it is implicated in the specification of the
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Fig. 7.9 The radiological
phenotype of SCDS5 due to
mutated 7BX6. This shows
segmentation abnormalities
throughout the vertebral col-
umn in an adult. The pattern
is similar to that seen in an
adult with SCD1. (Repro-
duced courtesy of eLS, 2014)

paraxial mesoderm. Studies in mouse demonstrate that the Tbx6 protein is directly
bound to the Mesp?2 gene, mediates Notch signalling, and subsequent Mesp?2 tran-
scription in the PSM [62]. Functional studies in this reported family [60] demon-
strated a deleterious effect on the transcriptional activation activity of the TBX6
protein, probably secondary to haploinsufficiency.
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A New Classification and Radiological Reporting System
for SDV

Currently, the use of nomenclature to describe CS/SDV is inconsistent and confus-
ing, even though some authors have recognized the existence of different entities
and applied a rational distinction in the use of terms [63, 64]. Unfortunately this
applies to the eponym Jarcho-Levin syndrome (JLS), which is used so widely that
it no longer serves any useful specific purpose. Its use is therefore discouraged.
Klippel-Feil anomaly or syndrome, is long established and more specific in ap-
plication (see above), and therefore retains some usefulness. It is suggested that
the terms SCD and STD be reserved for specific phenotypes (Tables 7.2 and 7.3).
Strictly speaking, these are dysostoses, not dysplasias, because they are due to er-
rors of segmentation or formation early in morphogenesis, rather than an ongoing
abnormality of chondro-osseous tissues during pre- and postnatal life.

Experience indicates that the widely used terms Jarcho-Levin syndrome (JLS)
[65-70], costovertebral syndrome [71-73], spondylocostal dysostosis (SCD, or
SCDO according to OMIM nomenclature) [74, 75], and spondylothoracic dysplasia
(STD) [76-78] are used interchangeably and indiscriminately [26, 79, 80]. In 1938
Jarcho and Levin [81] reported two siblings with short trunks, multiple SDV (M-
SDV), and abnormally aligned ribs with points of fusion. Since then JLS has been
widely and indiscriminately applied. Furthermore, in recent years many authors
have equated JLS with the distinctive phenotype of a severely shortened spine and
a ‘crab-like’ appearance of the ribs for which the preferred term today is STD [48,
49], first suggested by Moseley and Bonforte [76]. Berdon et al. [82] have clarified
the historical record. The incidence of STD is relatively high in Puerto Ricans com-
pared to elsewhere because of a founder effect MESP2 mutation [49]. The ethnicity
of the siblings reported by Jarcho and Levin [81] was ‘colored’, they did not mani-
fest the distinctive crab-like appearance, and their phenotype was closer to either
SCD2 or SCD4, as previously described. A further example illustrating inconsis-
tency is the rare eponymous entity with marked diversity in the few reported cases,
namely Casamassima-Morton-Nance (CMN) syndrome [83]. This combines SDV
with urogenital anomalies, apparently following autosomal recessive inheritance.
However, subsequent reports [84, 85] demonstrated a different SDV phenotype
from the cases of Casamassima et al. [83] and consistency across all three reports,
based on the SDV phenotype, is lacking.

The newly proposed classification and reporting system for SDV conditions is
illustrated in Fig. 7.10 and was developed by a working group of the International
Consortium for Vertebral Anomalies and Scoliosis (ICVAS). The goal was to pro-
duce a classification system for SDV that provides simple, uniform terminology,
and can be applied both to man and animal models. The system takes account of
these conditions being either syndromic or non-syndromic. The numerous examples
of syndromes and associations are outlined in Table 7.1. Non-syndromic condi-
tions include most cases of mendelian SCD and STD (as defined in this paper),
whereby the malformation is usually restricted to the spine. There are many ex-
amples with single, or multiple, SDV with limited regional involvement, associated
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Figure 7. ICVAS clinical classification algorithm.
SDV: Segmentation Defect(s) of the Vertebrae; M: Multiple; S: Single; R: Regional;
G: Generalised; U: Undefined

Diagnostic
Groups
—

Additional
Reporting
C

b
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|

. {
A

Fig. 7.10 The classification algorithm for SDV proposed by ICVAS, the International Consor-
tium for Vertebral Anomalies and Scoliosis. By this scheme any patient can be placed within one
of seven basic categories, with provision for further description of the specific findings in any
individual

kyphoscoliosis, and cases classified as KFS (without other associations). As a gen-
eralisation, these conditions are caused by defective genetic determination of somi-
togenesis, and/or non-intrinsic disruption of normal segmentation and/or formation
of vertebrae. In the proposed scheme (Fig. 7.10) conditions essentially fall into one
of seven categories. This simplification allows for uniformity between observers.
For example, a case with limited thoracic spine involvement that might previously
have been diagnosed as JLS or SCD, would now be classified and reported as an
‘undefined regional (thoracic) M-SDV’. In any particular case, once placed within
one of the seven categories, further detailed descriptions of the position and effects
of the segmentation anomalies can be added. Where appropriate, therefore, the IC-
VAS scheme incorporates existing terminology. This greatly reduces confusion that
might be generated by indiscriminate use of the terms JLS or SCD. In cases where
at least ten vertebral segments are affected but non-contiguously, we suggest this be
designated a ‘multi-regional’ form of M-SDV rather than ‘generalized’. This group
of phenotypes appears to be diverse, and further delineation will only be possible
with advances in our understanding of causation.

The usefulness of correlating a detailed clinical examination with radiological
findings has been well described previously [3]. The system has been piloted [86]
and allows for a more precise characterization of the radiological phenotype com-
pared to the indiscriminate use of a small number of terms, including eponyms. Fur-
thermore, the system incorporates assessment of radiographic patterns of the spine
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as a whole, in addition to malformations of individual vertebrae. A consistent use of
terminology using this system will lead to improved diagnostic consensus and bet-
ter stratification of patient cohorts for testing of novel gene candidates and evalu-
ation of natural history. Adoption of the ICVAS classification system in clinical
practice is recommended, although it is recognised that patient management often
depends on additional assessments, e.g. respiratory function, in cases with restricted
lung capacity and/or associated kyphoscoliosis, as well as monitoring changes over
time. It is also recognised that the system will evolve over time as the identification
of new genes brings clarity to the causation of different conditions, and groups of
conditions, with CS and SDV. Indeed, this is already the case with new gene discov-
eries for both SCD (type 5) and KFS.
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Chapter 8
Genetic and Environmental Interaction
in Malformation of the Vertebral Column

Sally L. Dunwoodie and Duncan B. Sparrow

Abstract Congenital vertebral defects occur with an incidence of 0.5—1 per 1000
live births, and can arise from incorrect formation of the vertebral precursors dur-
ing early embryogenesis (dysostoses), or from ongoing abnormalities of bone and/
or cartilage formation during pre- and postnatal life (dysplasias). Much progress
has been made over the last 13 years into understanding the genetic etiologies of
many cases of congenital vertebral defects. In particular, many vertebral dysostoses
are caused by mutation of components of the Notch signaling pathway; whereas
vertebral dysplasias may be caused by mutations in components of other signaling
pathways. In addition to genetic causes, for the past 200 years experimental and epi-
demiological evidence has been accumulating that perturbation of the environment
of the developing embryo can also result in vertebral defects. Of course neither
genetic nor environmental factors are likely to act in isolation, and the interaction of
these factors is likely to affect the penetrance and expressivity of vertebral defects.
Recently we have uncovered the first mechanistic insights into how the interaction
of genetic and environmental factors can increase the incidence and severity of
congenital vertebral defects.

Keywords Spondylocostal dysostosis + Spondylothoracic dysostosis + Congenital
scoliosis * Somitogenesis « Klippel-Feil syndrome * Notch signaling pathway * FGF
signaling pathway * Sclerotome
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DLL3 Delta-like 3 (Drosophila)

MESP2 Mesoderm posterior 2 homolog (mouse)

LFNG  LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase
HES7 Hairy and enhancer of split 7 (Drosophila)

TBX6  T-box 6

MEOX1 Mesenchyme homeobox 1

GDF3  Growth differentiation factor 3

GDF6  Growth differentiation factor 6

GXE Gene-environment interaction
E Embryonic day
PSM Presomitic mesoderm

The vertebral column is an essential component of the skeleton, providing both
structural support and protection for the spinal cord. In humans, congenital verte-
bral defects occur with an incidence of 0.5—1 per 1000 live births [1]. These can
arise from incorrect formation of the vertebral precursors during early embryogen-
esis (dysostoses), or from ongoing abnormalities of bone and/or cartilage formation
during pre- and postnatal life (dysplasias). These can present with a large variety of
forms, with variation in not only the phenotype and number of affected vertebrae
but also the locations of affected vertebrae within the spinal column. Vertebral de-
fects can occur in isolation (non-syndromic), or in combination with malformation
of other organs (syndromic). Unsurprisingly there is also a large degree of variation
in the clinical terms used to describe individual cases. To overcome these difficul-
ties, a standardized nomenclature has been developed by the International Consor-
tium for Vertebral Anomalies and Scoliosis (ICVAS; www.icvas.org; [41, 61]. This
system first divides cases into those with “Multiple” or “Single” affected regions/
vertebrae. “Multiple” cases are divided into “Regional” (cervical, dorsal lumbar or
sacral) or “Generalized” (> 10 contiguous malformed vertebrae; Fig. 8.1a). In addi-
tion, some severe cases may be classified as “Multi-regional” if they have multiple
but non-contiguous affected vertebrae. “Single” cases are milder, and include cases
of congenital scoliosis (Fig. 8.1b).

The Developmental Origins of Vertebral Defects

The axial skeleton develops from precursor tissues called somites. These are blocks
of mesodermal tissue that develop along the axis of the embryo in a regular repeated
process of segmentation from an unsegmented precursor tissue, the presomitic me-
soderm (PSM, summarized in Fig. 8.2). Vertebral defects can arise either from a dis-
ruption of the segmentation process, or from a failure of the correct differentiation
of the somite. Somite formation or somitogenesis occurs via a complex interplay of
FGF, WNT, Notch and retinoic acid signal transduction pathways [42]. Failure of
this process in both humans and mice can result in a variety of phenotypes including
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Fig. 8.1 Radiographs showing (a) a case of SCDO with severe vertebral segmentation anoma-
lies throughout the vertebral column (adapted from [51] with permission from Oxford University
Press); and (b) a case of congenital scoliosis with a few vertebral and rib anomalies and marked
scoliosis. Arrows indicate malformed vertebrae and arrowheads indicate missing ribs. (Adapted
from [54] with permission from Elsevier)

vertebral fusion, hemi-vertebrae, and proximal fusions or bifurcations of the ribs.
These can be considered as “dysostoses”. Mature somites consist of two cellular
compartments [11]. Firstly, cells derived from the sclerotome form the vertebrae
and ribs, with a subgroup of cells within this domain going on to form the tendons
(syndetome). Secondly, the dermomyotome consists of two populations of cells:
cells from the dermotome form the dermis of the trunk, and cells from the myotome
form the axial musculature. Rib and vertebral defects can also arise from a failure of
sclerotome differentiation. However the phenotypes generated by such disruption
are subtly different to those generated by segmentation defects. For example, the
vertebral spinal processes fail to fuse medially, instead fusing in a rostral-caudal di-
rection, and rib fusions and bifurcations generally occur distally [32, 48, 67]. These
can be considered as “dysplasias”.

Autosomal Recessively Inherited Severe Non-Syndromic
Multiple Contiguous Vertebral Defects

Over the past 13 years it has become apparent that congenital vertebral defects
can arise from simple genetic deficiencies, from maternal or embryonic exposure
to environmental teratogens, or a combination of both factors. These etiological
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Fig. 8.2 Somitogenesis in mouse. a Schematic representation of somite formation and rostral-
caudal patterning in mouse. A dorsal view of a midgestation mouse embryo showing the produc-
tion of presomitic mesoderm from the tail bud, resulting in elongation of the embryonic axis. FGF
and Wnt signaling gradients emanate from the tail bud, while a retinoic acid signaling gradient
derives from the somites. These opposing gradients set the position of the determination front:
cells rostral to this front become competent to form somites. Notchl signaling oscillates (circle
with arrow) between on and off states in PSM cells, giving the impression that a wave of activ-
ity sweeps rostrally. This wave stalls in the region of the next forming somite, forming a sharp
band of cells undergoing signaling (S-/). Rostral-caudal polarity is established in presumptive
somites (S-/1, S-I) and a boundary forms (between S0 and S-I), defining the formation of a nascent
epithelial somite. Rostral-caudal polarity is maintained as somites mature and differentiate along
their dorsoventral axis to form dermomyotome and sclerotome. b Cross-sectional view of a newly
formed epithelial somite. ¢ Cross-sectional view of a mature somite after dorsoventral compart-
mentalization and differentiation. The dermomyotome has largely differentiated into the dermis
and the myotome. The sclerotome has expanded and moved ventrally to surround the neural tube
and notochord. SI and SII, segmented somites; SO, next somite to form; S-I and S-II, prospective
somites; nt neural tube; da dorsal aorta. (Figure and legend reproduced from [54] with kind per-
mission from Springer Science and Business Media)

insights have come from a combination of human molecular genetics and animal
studies. The most significant advances in identifying the genetic etiologies of hu-
man congenital vertebral malformations have resulted from studying familial cases
with clear autosomal recessive inheritance patterns (Table 8.1). This is in a large
part due to genetic mapping and candidate gene sequencing of consanguineous
cases. In such cases, the causative mutation has been inherited by both parents from
a recent common ancestor, and is therefore relatively easy to identify. In addition,
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Table 8.1 Summary of human vertebral malformation syndromes with known etiology

Disease name Inheritance OMIM Gene References
SCDO1 AR 277300 DLL3 [6,7, 49,60, 61]
SCDO2/STD AR 608681 MESP2 [14, 66]
SCDO3 AR 609813 LFNG [50]
SCDO4 AR 613686 HES7 [51,52,55]
SCDO5 AD 122600 TBX6 [56]
KFS2 AR 214300 MEOX]I [38]
KFS1 AD 118100 GDF6 [3,57]
KFS3 AD 613702 GDF3 [68]
Congenital scoliosis AD Na MESP2 [54]

HES7

many of details of the underlying genetic pathways and molecular mechanisms of
vertebral formation have now been uncovered using a variety of animal model sys-
tems. These studies have identified a large number of candidate genes for causing
vertebral defects (reviewed in [53]), and this has accelerated the discovery of the
genetic bases of many human cases of vertebral defects. One particular disorder,
spondylocostal dysostosis (SCDO), has been intensely investigated. Cases of SCDO
have abnormal segmentation of nearly all vertebrae with associated abnormal ribs.
However, even though the vertebral defects are severe, the rightward and leftward
curves tend to cancel each other out resulting in a mild degree of non-progressive
scoliosis without a major asymmetry of the thorax. The phenotype can result in
compromised respiratory function in neonates due to the reduced capacity of the
thorax, respiratory complications in children, and an increased incidence of inguinal
hernia in males. However, despite the dramatic vertebral phenotype, SCDO cases
rarely have any neurological affects. Below we outline the genetically-defined sub-
classes of SCDO.

SCDO1 (OMIM 277300)

Although severe non-syndromic multiple contiguous vertebral defects had been de-
scribed in the literature as early as 1938 [30], it was not until the end of the twentieth
century that the first insights into their genetic etiology were made, arising from
the combined efforts of three groups. Turnpenny and colleagues approached the
problem by using the then relatively new method of homozygosity mapping [34]
on three large consanguineous families to map the SCDO critical region in these
families to a 7.8 cM region of chromosome 19 [7, 59]. Simultaneously, Kusumi
and colleagues were investigating a recessive mouse mutant pudgy that had come
from an X-ray mutagenesis screen at the Oak Ridge National Laboratory prior to
1961. This mouse line had a rib and vertebral phenotype very similar to that seen in
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human cases of SCDO, and a combination of classical genetic mapping and BAC
transgenic rescue methods narrowed the pudgy critical region to a 159 kb region
containing eight genes [33]. One of these was DII3 encoding the delta-/ike 3 pro-
tein, a gene that had been shown by Dunwoodie and colleagues the previous year
to be expressed in the vertebral precursor tissues [ 18]. Sequence analysis of D//3 in
the mutant mice revealed a frameshift mutation that was not present in the parental
mouse strain. Kusumi and Turnpenny then collaborated to demonstrate that in hu-
mans DLL3 lay in the SCDO critical region on chromosome 19, and that each of the
three families used for homozygosity mapping had different deleterious mutations
in DLL3 [7]. This discovery was quickly translated to clinical practice, and routine
sequencing of DLL3 in SCDO cases by clinical services is now standard in many
countries internationally. Around 70 % of SCDO cases have homozygous mutations
in DLL3, and up to 40 distinct mutations have been identified [62], making this the
most important gene causing SCDO.

SCDO2 (OMIM 608681)

Investigation of a small consanguineous family, also with an autosomal recessive
inheritance pattern, resulted in the discovery of the second SCDO-associated gene
[66]. The proband had extensive vertebral defects throughout the spine, however
the phenotype was distinct from that of SCDOI in that the ribs were well aligned.
Homozygosity mapping of two affected siblings, their parents and an unaffected
sibling detected a 36.6 Mb region on chromosome 15. This region contained more
than 50 genes, including an excellent candidate MESP2 encoding mesoderm pos-
terior 2 homolog protein. Mouse embryos homozygous for a targeted null allele of
Mesp2 show very similar vertebral and rib malformations to homozygous pudgy
mice [44]. Sequence analysis of MESP?2 in the family detected a 4 bp insertion that
segregated with disease. This mutation causes a frameshift and premature trunca-
tion of the MESP2 protein, however it is not predicted to cause nonsense-mediated
decay of the transcript. MESP2 is a transcription factor required for formation of
the vertebral precursors (somites). When tested in an in vitro transcription activa-
tion assay, the mutant MESP2 protein was significantly less active than the wildtype
protein [55]. Taken together, these data provide good evidence that mutation of
MESP? is causative of the vertebral phenotype in this family.

Interestingly, mutation of MESP2 causes another human congenital vertebral
segmentation abnormality, spondylothoracic dysostosis (STD), that is phenotypi-
cally distinct from SCDO [4]. Typically in STD, the thoracic spine and the ribs are
most affected, with the latter being fused posteriorly creating a fan-like or “crab”
configuration. This results in a severe reduction of respiratory function, and 75 % of
cases die in infancy. In addition, many cases have fusion of all cervical vertebrae,
as well as that of C1 to the skull, preventing the head from being turned. STD is
particularly prevalent in Puerto Rico, most likely due to a founder effect. Cornier
and colleagues [14] used a candidate gene sequencing approach to determine the ge-
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netic cause of STD. They sequenced five genes (DLL3; LFNG; MESP2; HES7; and
PSENI) in a large cohort of patients with congenital vertebral defects. In patients
with STD they identified three mutations in MESP2 predicted to either produce
non-functional proteins and/or to be susceptible to nonsense-mediated RNA decay
(NMD). An in vitro transcription assay was used to confirm the deleterious nature
of these mutations.

Despite being caused by mutation of the same gene, SCDO2 and STD clearly
have different phenotypes. This is especially apparent in the ribcage. It has been
suggested that these phenotypic differences might be the result of different types of
MESP2 mutation (P. Turnpenny, personal communication). It is also apparent that
there are clear phenotypic differences between SCDO1 and SCDO2 in humans.
Likewise, comparisons of Mesp2 and DII3 homozygous null mouse embryos show
differences at the molecular level in somite patterning. Mesp2 null embryos lack
specification of the rostral half of the mature somite [44], whereas D//3 null em-
bryos express markers of both rostral and caudal somite identity, but lack the correct
spatial separation of the two [19]. The rostal and caudal compartment of the mature
somite give rise to different parts of the mature vertebra, this may explain the phe-
notypic differences seen in human cases of SCDO1 and SCDO2.

SCDO3 (OMIM 609813)

A third SCDO causative gene was identified in a consanguineous case of SCDO
with a severely disorganized spine including malformations throughout the cervi-
cal, thoracic and lumbar spine [50]. There were no mutations detected in DLL3
or MESP2, and so a candidate gene sequencing approach was used to identify the
causative mutation. LFNG, encoding the LENG O-fucosylpeptide 3-beta-N-acetyl-
glucosaminyltransferase protein, was chosen for sequencing because mouse em-
bryos carrying homozygous null mutations of Lfng have a similar vertebral and
rib phenotype to that of DI/I3 and Mesp2 homozygous null mutants [20, 69]. A ho-
mozygous single nucleotide change predicted to cause a non-synonymous F188L
amino acid change was present in the affected individual, and both parents were
heterozygous carriers for the variant. The functional consequences of this sequence
alteration were tested in a series of in vitro assays, showing that the variant was
likely to be highly deleterious to protein function. To our knowledge only one other
mutation in LFNG has been discovered (Bonafe, unpublished data), and therefore
mutation of LFNG is likely to be the least common cause of SCDO.

SCDO4 (OMIM 613686)

Advances in molecular genetic techniques have greatly facilitated homozygosity
mapping of disease loci in offspring of consanguineous unions. First SNP arrays,
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and now whole-exome sequencing, have allowed much more rapid identification
of new loci causing genetic diseases. We investigated a single affected individual
with consanguineous parents who had multiple and contiguous vertebral segmen-
tation defects mainly involving the thoracic spine and ribs, but also affecting the
cervical and lumbar regions. The patient also had Chiari II malformation, lumbo-
sacral myelomeningocele, ectopic stenotic anus and talipes. We used SNP array
technology to map a single large “homozygous-by-descent” region unique to the
affected individual [51]. This region of 10.1 Mb contained 201 genes, of which two
(HES7 and DVL?2) were possible candidates on the basis of the skeletal phenotype
of homozygous null mouse embryos for these genes [5]. Sequence analysis revealed
a homozygous non-synonymous change in the proband at a highly evolutionarily
conserved residue in the DNA-binding domain of HES7 encoding hairy and en-
hancer of split 7. The functional consequences of this nucleotide variation were
tested in two in vitro assays, showing that this significantly reduced the transcrip-
tional repression activity of the protein.

Three more deleterious mutations in HES7 have now been reported [51, 52, 55].
Closer analysis of the phenotypes of all ten reported cases suggests that there are
two additional phenotypes associated with homozygous deleterious mutations in
HES?7 that have not been reported in any SCDO cases involving mutation of DLL3,
MESP2 or LFNG [56]. Firstly, three of the ten cases had neural tube defects includ-
ing myelomeningocele, spina bifida occulta and/or Chiari type II malformation.
Secondly, four of the ten cases had dextrocardia with situs inversus. Neural tube
malformations have been reported in patients with SCDO with no reported mo-
lecular diagnosis [8, 13, 23, 46] and three of these patients were also reported as
having laterality defects [8, 13, 23, 46]. Thus is it possible that these are also cases
involving HES7 mutation.

Autosomal Dominantly Inherited Severe Non-Syndromic
Multiple Contiguous Vertebral Defects

Autosomal dominantly inherited SCDO cases are much more rare than the autoso-
mal recessive forms, possibly representing less than 10 % of total cases [39]. To date
the genetic lesion for an autosomal dominant form of SCDO has only been identi-
fied in a single family [56] (Table 8.1).

SCDO5 (OMIM 122600)

We investigated a family with affected individuals in three consecutive genera-
tions. All individuals had multiple generalized contiguous vertebral malformations
throughout the spine, including hemivertebra and fused vertebral blocks, however
the ribs were relatively unaffected [24]. Sequence analysis of DLL3, MESP2, LFNG
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and HES7 was negative. We used whole-exome sequencing of three affected and
two unaffected individuals to identify the causative mutation in the cases [56]. After
filtering, six potentially disease-causative variants remained, one of which was in
TBX6. Studies in mouse have shown that this transcription factor is an important el-
ement of the somitogenesis machinery, and mouse embryos homozygous for null or
hypomorphic alleles of 7bx6 have SCDO-like phenotypes [9, 64, 65]. The mutation
was confirmed by Sanger sequencing to segregate with the vertebral phenotype,
and an in vitro functional assay revealed a statistically significant impairment of the
transcriptional activation activity of Tbx6 protein.

Although it appears clear that 7BX6 is haploinsufficient in this family, and re-
sults in a severe vertebral phenotype, it is puzzling that 7hx6 haploinsufficiency
does not produce a SCDO-like phenotype in mouse. This may be due to unknown
genetic modifier genes, but can only be resolved when more human cases of 7BX6
mutation are reported.

Multiple Regional Vertebral Defects

The next most severe class of vertebral defects comprises those cases restricted
to one or more regions of the spine. The most common of these is Klippel-Feil
syndrome (KFS), which is a general term used to refer to vertebral defects that are
mostly limited to the cervical region [58]. Cases present with a short neck with lim-
ited movement due to fusions of the neck vertebrae, which can vary considerably in
their number and location. Additionally, other skeletal defects are sometimes asso-
ciated with KFS including Sprengel’s deformity (one scapula higher than the other)
and presence of omo-vertebral bones (a bony connection from the scapula to a cer-
vical vertebra). A significant proportion of KFS cases have two other phenotypes:
deafness and a low posterior hairline. In familial cases, both autosomal dominant
and autosomal recessive inheritance patterns have been described (Table 8.1).

Autosomal Recessive KFS2 (OMIM 214300)

A large consanguineous family with five affected individuals was investigated. The
index case had a short immobile neck with C2-C3 fusion, Sprengel’s deformity and
a low posterior hairline. In this family a single 16.1 Mb region containing 477 genes
was identified by homozygosity mapping following SNP array genotyping, and was
confirmed by classical linkage analysis [38]. Candidate gene sequencing revealed
a single base deletion in the MEOX1I gene that segregated completely with disease.
This deletion was predicted to cause a frameshift and introduce a premature termi-
nation codon. MEOXI was also sequenced in an unrelated consanguineous family
with two affected individuals. Both cases had a short neck with severely limited mo-
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bility due to cervical vertebral fusion, a low posterior hairline, scoliosis due to de-
formity of the thoracic spine between T2 and T11 and the presence of omo-vertebral
bones. In addition they had craniofacial defects including micrognathia, cleft palate
(in one case only) and congenital ptosis. A different single base change in MEOX]
was detected that was also predicted to cause a premature termination codon. Both
premature stop codons were demonstrated to trigger NMD in affected individuals.
MEOQOX]I is an excellent candidate for being the causative gene in these cases, be-
cause targeted deletion of Meox! causes similar skeletal phenotypes in mouse [48].
Mouse embryos lacking Meox! have entirely remodeled cranio-cervical joints such
that the skull rests on the axis, rather than the atlas, and the spine is often partially
fused to the skull. In addition they have variably penetrant vertebral defects, par-
ticularly in the lumbar and sacral regions, as well as occasional rib defects. How-
ever, unlike the other mouse models of vertebral malformation mentioned above,
mutation of Meox !/ appears to have no effect on somitogenesis. Expression patterns
and levels of segmentation genes such as Mesp2, Lfng, DIl1, DII3 and EphA4 are
normal in the presomitic mesoderm [36, 48]. Instead these mutants have reduced
cellular proliferation in the caudal somitic compartment of the most rostral somites.
Therefore the vertebral and rib fusions are likely to be a result of impaired scleroto-
mal formation and differentiation. This may be a consequence of downregulation of
the Meox1 direct target genes 7hx 18, Uncx and Bapx1 [48]. Interestingly, the reduc-
tion in somitic cell proliferation is reduced as development proceeds, and by E12.5
proliferation has returned to normal. This may explain why the cervical vertebrae
are the most affected in Meox! mutants in both mice and humans. In conclusion,
it would appear that, in contrast to SCDO/STD, KFS is a dysplasia with ongoing
abnormalities of bone and/or cartilage formation during pre- and postnatal life.

Autosomal Dominant KFS1 (OMIM 118100)

The first insights into the etiology of autosomal dominant KFS came from studies
of a large four-generation family. All affected individuals had C2-3 vertebral fu-
sions, with a variable rate of more caudal vertebral fusions. In addition, affected
individuals had restricted limb joint flexibility, moderate hearing impairment and
severe vocal impairment. Cytogenetic analysis revealed an inversion on the long
arm of chromosome 8 that segregated completely with affected status [12]. The
breakpoints were either side of the GDF6 locus, and the proximal breakpoint was
suggested as lying in a GDF6 regulatory region [40, 57].

Growth/differentiation factor 6 (GDF6) is a member of bone morphogenetic
protein (BMP) family sub-class of the transforming growth factor B (TGF-) super-
family of secreted growth factors that have important roles in embryonic develop-
ment. Candidate gene sequencing of GDF6 in an unrelated family and two “sporad-
ic” cases of KFS revealed heterozygous non-synonymous coding variants in GDF6.
In a second study, GDF6 was selected as a candidate gene for causing eye and/
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or vertebral defects on the basis of human linkage mapping of human syndromes
including either vertebral or eye phenotypes [3]. GDF6 was sequenced in a very
large cohort of cases, and seven potentially deleterious heterozygous base changes
identified. Four of these were associated with solely ocular phenotypes, two with
skeletal phenotypes, and the last with either phenotype. Lastly a third study found
more heterozygous non-synonymous coding variants in human cases of mostly ocu-
lar, but also vertebral defects [16].

The association of GDF6 with ocular defects is well supported by studies in
mouse, Xenopus laevis and fish. Gdf6 heterozygous null mouse embryos have vari-
able and asymmetric ocular defects [3]; in the X-ray-induced mouse mutant to-
tal cataract with microphthalmia (Tcm), the genetic defect has been mapped to a
1.3 Mb region on mouse chromosome 4 containing six genes including Gdf6 [63];
Xenopus laevis morpholino knockdown results in eye and neural defects [26, 57];
and in zebrafish, homozygous null gdf6a mutants and morpholino knockdown of
gdfa results in ocular defects [3, 16]. By contrast, the association of mutation of
GDF6 with vertebral defects is less clear. In the mouse embryo, Gdf6 is expressed
in the developing skeletal condensations of a subset of joints, namely elbow, carpal
joints, ankle, a restricted portion of the knee, and the vertebral joints. However,
Gdf6 homozygous null embryos do not have vertebral defects [45]. Instead they
have fusions between specific bones in the wrists and ankles, consistent with Gdf6
having a role in early joint specification or segmentation. They also have disrupted
formation and growth of cartilage and ligament structures, including the coronal
sutures between bones in the skull, and the cartilage of the middle ear. This suggests
that Gdf6 also is required for cartilage development and proliferation. Furthermore,
Gdf6 heterozygous null mouse embryos do not have vertebral defects (although
only two embryos were analysed, [3]. In Xenopus laevis and zebrafish, skeletal de-
fects, defined as bent axes, have only been observed in morpholino knockdown ex-
periments but not in naturally-occurring mutants, suggesting that these phenotypes
could be the result of morpholino toxicity or off-target effects. Finally, many of the
heterozygous missense variants associated in these studies with human skeletal de-
fects are present within the general population with a significantly higher frequency
than KFS itself (Exome variant server; EVS; evs.gs.washington.edu). These reser-
vations highlight the general difficulty of conclusively proving the causative nature
of observed heterozygous sequence changes in cases of autosomal dominantly in-
herited phenotypes.

Autosomal Dominant KFS3 (OMIM 613702)

The Lehman group extended their analysis of human cases of developmental ocular
defects including microphthalmia (reduced ocular size), anophthalmia (absent eyes)
and colobomata (ocular fissure closure defects) [68]. They investigated a three-
generation family with variable ocular and vertebral defects including cervical ver-
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tebral fusions, mild lumbar and thoracic scoliosis, and rudimentary 12th ribs. They
selected Growth/differentiation factor 3 (GDF3), a member of the same group of
secreted growth factors as GDF6, as a candidate gene for sequence analysis. Af-
fected individuals were all heterozygous for a non-synonymous coding variant in
this gene. Interestingly, members of an unrelated family carrying the same mutation
had ocular but not vertebral defects. Three other potentially deleterious coding vari-
ants in GDF3 were found in cases with ocular defects, however none of these had
apparent vertebral defects. As with KFS1, the functional evidence supporting the
conclusion that mutation of GDF3 causes the vertebral defects is weak. Knockdown
of the zebrafish homologue of GDF3 (dvrl) does result in eye and axial skeletal de-
fects. However, in two independent mouse lines, although about one third of Gdf3
homozygous null embryos die at or prior to gastrulation, the remaining two-thirds
are born [2, 10, 47]. These mice are physically indistinguishable from wild type
littermates, with no vertebral or eye defects reported. The only reported phenotype
for these mice is a resistance to developing obesity when fed on a high fat diet [47].
Finally, the GDF3 variant present in the family with vertebral defects is relatively
common on EVS (R266C; present in 22/12984 exomes). Therefore it remains to be
conclusively established whether these heterozygous variants in GDF3 are causal
for eye or vertebral defects in humans.

Single Vertebral Defects

Only one or two malformed vertebrae present at birth can result in a sideways curve
in the spine termed congenital scoliosis. This scoliosis is usually non-progressive,
and as such is distinct from progressive forms of scoliosis that may arise as a result
of neuro-muscular problems [21, 37]. Congenital scoliosis arises from a failure of
segmentation or formation of the vertebral prescursors during weeks 3—6 of gesta-
tion. There is some evidence for a simple genetic cause of congenital scoliosis, with
a few cases reported to carry heterozygous potentially deleterious coding variants
in DLL3, MESP2 and HES7 [7, 35, 54]. In the case of MESP2 and HES?7, in vitro
studies demonstrated that the MESP2 and HES7 variant proteins were functionally
impaired. It remains to be seen what proportion of individuals carrying deleterious
mutations in Notch pathway genes actually have congenital scoliosis. It appears that
it is extremely rare for individuals heterozygous for deleterious mutations in the
most commonly mutated gene in SCDO, DLL3, to have overt congenital scoliosis
(P.D. Turnpenny personal communication). Likewise a survey of 100 Chinese cases
of congenital scoliosis revealed no sequence alterations in MESP2, HES7 or DUSP6
[43]. However it is likely that, with the advent of whole-exome sequencing technol-
ogy, the genetic basis of a higher proportion of congenital scoliosis cases will be
elucidated in the near future.
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Fig. 8.3 Pedigrees of two families with congenital scoliosis that carry deleterious mutations in
MESP?2 (a) and HES7 (b). Probands indicated by arrows, presence of congenital scoliosis phe-
notype indicated by gray shading, and mutant alleles indicated by black shading. Individuals that
were not genotyped are indicated by gray boxes. (Figure adapted from [54] with permission from
Elsevier)

Environmental Influences on the Etiology
of Vertebral Defects

In addition to a genetic etiology, perturbation of the environment of the develop-
ing embryo can cause specific defects, including vertebral. For example, there
is ample epidemiological evidence that environmental factors such as maternal
smoking or diabetes increases the risk of congenital malformations [15, 25].
However, since somite formation in humans occurs between weeks 3-5, it is dif-
ficult to prove that vertebral defects present at birth are the result of teratogenic
environmental exposure at a time when the mother may have been unaware of her
pregnancy. Therefore, analysis of the majority of environmental risk factors con-
tributing to vertebral defects has been limited to animal model systems. Indeed,
such animal experimentation was first reported almost 200 years ago [22]. These
experiments have provided evidence for such diverse agents as retinoic acid,
valproic acid, maternal diabetes, embryonic hypoxia, carbon monoxide, arsenic,
ethanol, hyperthermia, maternal zinc-deficient diet, organophosphate pesticides,
inhibition of nitric oxide production and boric acid to act as potential environ-
mental teratogens [1, 27]. Of course neither genetic nor environmental factors are
likely to act in isolation, and the interaction of these factors (gene-environment
interaction, “GXE”) is likely to affect the penetrance (the proportion of mutation
carriers that have defects) and expressivity (the precise phenotype of mutation
carriers) of vertebral defects. This hypothesis is supported by twin studies. For
example, in the majority of reported cases of monozygotic twins with congenital
scoliosis, only one twin is affected [31]. Where both twins are affected, the loca-
tion and severity of the vertebral defects are different. Our study of congenital
scoliosis provides the first experimental evidence supporting this hypothesis [54].
We investigated two families with multiple individuals showing mild vertebral
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defects with variable penetrance (Fig. 8.3). Candidate gene sequencing revealed
that these families carried deleterious alleles of MESP2 and HES7, respectively.
In both families, all affected individuals were heterozygous for the mutant al-
lele, conversely not all heterozygotes showed vertebral defects. We also investi-
gated the skeletal phenotypes of mouse lines carrying null alleles for Mesp2 and
Hes7. Approximately 50 % of the Hes7 heterozygous E14.5 mouse embryos, and
10 % of the Mesp2 heterozygous embryos had vertebral defects. Thus in both hu-
mans and mice, individuals heterozygous for deleterious mutations in the Notch
pathway genes MESP2 and HES7 have congenital scoliosis with low penetrance
(Fig. 8.4a). We hypothesized that the penetrance and expressivity of congenital
scoliosis was affected by an environmental factor, and selected acute gestational
embryonic hypoxia as a potential environmental factor. Studies beginning in the
early nineteenth century have shown that reducing the oxygen levels available to
the vertebrate embryo can induce gross structural abnormalities, including ver-
tebral defects very similar to those seen in Hes7 heterozygous mice [22, 29].
This is relevant to human pregnancy, since intrauterine hypoxia can be caused
by many environmental factors [28]. We demonstrated that maternal exposure to
extreme hypoxia (5.5 % oxygen) for 8 h at the time when the vertebral precursor
tissues (somites) are forming (E 9.5) induces severe vertebral defects in approxi-
mately 90% of embryos (analysed at E14.5 when vertebral formation can first
be assessed easily). However, when mothers were exposed to mild hypoxia (8 %
oxygen) for 8 h at E9.5, only about 15% of embryos showed vertebral defects at
E14.5, and these were very mild (Fig. 8.4b). We next combined our genetic and
environmental models to demonstrate that mouse embryos heterozygous for null
mutants in the Notch signaling pathway genes Mesp2, Hes7, DIl and Notchl
(but not D//3) showed increased penetrance and severity of vertebral defects
when exposed in utero exposure to mild hypoxia compared to the effects of ei-
ther genetic or environmental factor alone (Fig. 8.4c). Lastly we investigated the
underlying molecular mechanism by which embryonic hypoxia causes vertebral
defects. Here we discovered that hypoxia appeared to interrupt FGF signaling
in the PSM. This resulted in a loss of the cyclical activation of Notch signaling
required for somite formation, and consequently a loss of somite segmentation
(Fig. 8.4d, e).

Concluding Remarks

In the last 13 years researchers have made significant progress into understanding
the genetic factors underlying human congenital vertebral defects, with causative
mutations in at least eight genes having been identified to date (Table 8.1). These
advances have been aided to a large extent by parallel studies of knockout mouse
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Fig. 8.4 a Heterozygous mutations in Notch pathway genes Hes7 and Mesp2 can cause mild
vertebral defects in humans and mice. b /n utero exposure of mouse embryos to moderate levels of
hypoxia can induce mild vertebral defects. ¢ A combination of heterozygous mutation of Hes7 or
Mesp2 and in utero exposure of mouse embryos to moderate hypoxia causes vertebral defects with
increased penetrance and severity. d In normoxic conditions FGF signaling is present in a gradi-
ent in the PSM, and cyclical activation of Notch signaling occurs. Correct somite segmentation
requires the cyclical activation of Notch signaling. e Hypoxia reduces the overall levels of FGF
signaling in the PSM, and cyclical activation of Notch signaling ceases. This results in abnormal
somite segmentation. (Figure reproduced from [54] with permission from Elsevier)

models. Such models have been crucial in dissecting the genetic and signaling
pathways required for the formation and patterning of the vertebral precursor tis-
sues (somites) in the developing embryo. This knowledge has identified a number
of candidate genes for vertebral defects in humans, which have been investigated
by classical and modern genetic means. Interestingly, the majority of disease-
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/ l target genes ] l target genes active

repressed Mesp2, Ling, Hes7, Tbx6

Fig. 8.5 Notch signaling in mammalian somitogenesis. The Notchl receptor is synthesized as
a single polypeptide: (a) specific EGF-like repeats are modified by O-fucosylation in the endo-
plasmic reticulum (E£R) by protein O-fucosyltransferase 1 (Pofutl). As Notchl passes through
the Golgi, (b) N-glycosylation occurs on O-fucose by Lunatic fringe (Lfng) and (¢) Notchl is
S1-cleavaged by a Furin-like convertase. The ligand DII3 is localized to the cis-Golgi and acts as a
negative regulator of Notch signaling. The Notchl heterodimer consisting of N-terminal extracel-
lular truncation (7MIC) and C-terminal transmembrane and intracellular domain (ECN) traffics
to the cell surface. The DSL ligand DI/, ubiquitylated (Ub) by Mindbomb 1 (Mib1), is on the
surface of the signal-sending cell. DI/] binds Notchl ECN in trans, and this activates S2-cleavage
by the ADAM protease TACE (d). (E) DIII and Notchl ECN are released and endocytosed into
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causing genes in humans discovered to date are Notch-associated: DLL3 is an
inhibitory ligand; LFNG glycosylates the Notch receptor; and the LFNG, MESP2,
HES7 and TBX6 genes are direct transcriptional targets of the activated pathway
(Fig. 8.5). Furthermore, the HES7 protein also inhibits Notch signaling, creating
a negative feedback loop. It remains to be seen if this reflects the central impor-
tance of this signaling pathway in somitogenesis, or is the result of ascertainment
bias. Advances in technology have dramatically increased the rate of discoveries.
However the advent of whole exome sequencing (with affordable whole genome
sequencing on the horizon) has created a new problem: the identification of many
potentially damaging heterozygous gene and regulatory variants in each indi-
vidual, only one or two of which are likely to be the cause of the vertebral defects.
This will necessitate sequencing of multiple affected and unaffected members
of each family, and will further increase the importance of functional studies
in animal models and in vitro systems to verify the pathogenicity of variants.
Our recent findings regarding environmental influences on vertebral formation
add another level of complexity, and in the long term may provide the basis for
therapeutic intervention to minimize the severity and/or penetrance of vertebral
defects in families with a clear genetic basis. These are exciting times for clinical
genetics and important times for individuals with congenital malformation and
their families.

the signal-sending cell. (f) The membrane anchored Notchl extracellular truncation (EX7) may
undergo ubiquitylation (Ub) facilitating endocytosis. (g) Notch! EXT undergoes S3-cleavage in
the transmembrane domain. This is mediated by the gamma- secretase complex and it releases
Notchl ICD. (h) Notchl ICD enters the nucleus and binds the DNA-binding protein CSL/Rbpj,
and this triggers the release of corepressor (CoR) proteins and histone deacetylases, and facilities
the binding of Mastermind and coactivators (CoA) such as histone acetylases, which facilitate
transcription of target genes such as Lfng, Mesp2, Hes7 and Thx6. Notch signalling components
and targets mutated in human cases of vertebral malformation are indicated in green lettering.
(Figure and legend adapted from [17] with permission from Elsevier)



148 S. L. Dunwoodie and D. B. Sparrow

References

1. Alexander PG, Tuan RS. Role of environmental factors in axial skeletal dysmorphogenesis.
Birth Defects Res C Embryo Today. 2010;90:118-32.

2. Andersson O, Bertolino P, Ibanez CF. Distinct and cooperative roles of mammalian Vgl ho-
mologs GDF1 and GDF3 during early embryonic development. Dev Biol. 2007;311:500—-11.

3. Asai-Coakwell M, French CR, Ye M, Garcha K, Bigot K, Perera AG, et al. Incomplete pen-
etrance and phenotypic variability characterize Gdf6-attributable oculo-skeletal phenotypes.
Hum Mol Genet. 2009;18:1110-21.

4. Berdon WE, Lampl BS, Cornier AS, Ramirez N, Turnpenny PD, Vitale MG, et al. Clinical
and radiological distinction between spondylothoracic dysostosis (Lavy-Moseley syndrome)
and spondylocostal dysostosis (Jarcho-Levin syndrome). Pediatr Radiol. 2011;41:384-8.

S. Bessho'Y, Sakata R, Komatsu S, Shiota K, Yamada S, Kageyama R. Dynamic expression and
essential functions of Hes7 in somite segmentation. Genes Dev. 2001;15:2642—-7.

6. Bonafe L, Giunta C, Gassner M, Steinmann B, Superti-Furga A. A cluster of autosomal reces-
sive spondylocostal dysostosis caused by three newly identified DLL3 mutations segregating
in a small village. Clin Genet. 2003;64:28-35.

7. Bulman MP, Kusumi K, Frayling TM, McKeown C, Garrett C, Lander ES, et al. Mutations in
the human delta homologue, DLL3, cause axial skeletal defects in spondylocostal dysostosis.
Nat Genet. 2000;24:438-41.

8. Cetinkaya M, Ozkan H, Koksal N, Yazici Z, Yalcinkaya U. Spondylocostal dysostosis associ-
ated with diaphragmatic hernia and neural tube defects. Clin Dysmorphol. 2008;17:151-4.

9. Chapman DL, Papaioannou VE. Three neural tubes in mouse embryos with mutations in the
T-box gene Tbx6. Nature. 1998;391:695-7.

10. Chen C, Ware SM, Sato A, Houston-Hawkins DE, Habas R, Matzuk MM, et al. The Vgl-
related protein Gdf3 acts in a Nodal signaling pathway in the pre-gastrulation mouse embryo.
Development 2006;133:319-29.

11. Christ B, Huang R, Scaal M. Amniote somite derivatives. Dev Dyn. 2007;236:2382-96.

12. Clarke RA, Singh S, McKenzie H, Kearsley JH, Yip MY. Familial Klippel-Feil syndrome and
paracentric inversion inv(8)(q22.2g23.3). Am J Hum Genet. 1995;57:1364-70.

13. Cogulu O, Gunduz C, Karaca E, Onay H, Superti-Furga A, Ozkinay F. Duane anomaly, me-
ningomyelocele, dextroposition of heart and localized vertebrocostal alterations with associ-
ated anomalies in a girl. Genet Couns. 2007;18:77-83.

14. Cornier AS, Stachling-Hampton K, Delventhal KM, Saga Y, Caubet JF, Sasaki N, et al. Muta-
tions in the MESP2 gene cause spondylothoracic dysostosis/Jarcho-Levin syndrome. Am J
Hum Genet. 2008;82:1334-41.

15. Correa A, Gilboa SM, Besser LM, Botto LD, Moore CA, Hobbs CA, et al. Diabetes mellitus
and birth defects. Am J Obstet Gynecol. 2008;199:237 e1-9.

16. den Hollander Al, Biyanwila J, Kovach P, Bardakjian T, Traboulsi EI, Ragge NK, et al. Ge-
netic defects of GDF6 in the zebrafish out of sight mutant and in human eye developmental
anomalies. BMC Genet. 2010;11:102.

17. Dunwoodie SL. The role of Notch in patterning the human vertebral column. Curr Opin
Genet Dev. 2009;19;329-37.

18. Dunwoodie SL, Henrique D, Harrison SM, Beddington RS. Mouse DII3: a novel divergent
Delta gene which may complement the function of other Delta homologues during early pat-
tern formation in the mouse embryo. Development. 1997;124:3065-76.

19. Dunwoodie SL, Clements M, Sparrow DB, Sa X, Conlon RA, Beddington RS. Axial skeletal
defects caused by mutation in the spondylocostal dysplasia/pudgy gene D113 are associated
with disruption of the segmentation clock within the presomitic mesoderm. Development.
2002;129:1795-806.

20. Evrard YA, Lun'Y, Aulehla A, Gan L, Johnson RL. Lunatic fringe is an essential mediator of
somite segmentation and patterning. Nature. 1998;394:377-81.



8 Genetic and Environmental Interaction in Malformation of the Vertebral Column 149

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

Ferrari A, Ferrara C, Balugani M, Sassi S. Severe scoliosis in neurodevelopmental disabili-
ties: clinical signs and therapeutic proposals. Eur J Phys Rehabil Med. 2010;46:563—80.
Geoffroy Saint Hilaire E. Diffelrents eltats de pesanteur des oeufs au commencement et a la
fin de I’incubation. J Complement des Sci Medicales. 1820;7:271.

Giacoia GP, Say B. Spondylocostal dysplasia and neural tube defects. J Med Genet.
1991;28:51-3.

Gucev ZS, Tasic V, Pop-Jordanova N, Sparrow DB, Dunwoodie SL, Ellard S, et al. Au-
tosomal dominant spondylocostal dysostosis in three generations of a Macedonian fam-
ily: negative mutation analysis of DLL3, MESP2, HES7, and LFNG. Am J Med Genet A.
2010;152A;1378-82.

Hackshaw A, Rodeck C, Boniface S. Maternal smoking in pregnancy and birth defects: a
systematic review based on 173 687 malformed cases and 11.7 million controls. Hum Reprod
Update. 2011;17:589-604.

Hanel ML, Hensey C. Eye and neural defects associated with loss of GDF6. BMC Dev Biol.
2006;6:43.

Hesemann J, Lauer E, Ziska S, Noonan K, Nemeth B, Scott-Schwoerer J, et al. Analysis of
maternal risk factors associated with congenital vertebral malformations. Spine (Phila Pa
1976).2013;38:E293-8.

Hutter D, Kingdom J, Jaeggi E. Causes and mechanisms of intrauterine hypoxia and its im-
pact on the fetal cardiovascular system: a review. Int J Pediatr. 2010;2010:401323.

Ingalls TH, Curley FJ, Prindle RA. Experimental production of congenital anomalies; timing
and degree of anoxia as factors causing fetal deaths and congenital anomalies in the mouse.
N Engl J Med. 1952;247:758-68.

Jarcho S, Levin PM. Hereditary malformation of the vertebral bodies. Bull Johns Hopkins
Hosp. 1938;62:216-26.

Kaspiris A, Grivas TB, Weiss HR. Congenital scoliosis in monozygotic twins: case report and
review of possible factors contributing to its development. Scoliosis. 2008;3:17.

Kraut N, Snider L, Chen CM, Tapscott SJ, Groudine M. Requirement of the mouse [-mfa
gene for placental development and skeletal patterning. EMBO J. 1998;17;6276-88.
Kusumi K, Sun ES, Kerrebrock AW, Bronson RT, Chi DC, Bulotsky MS, et al. The mouse
pudgy mutation disrupts Delta homologue DII3 and initiation of early somite boundaries. Nat
Genet. 1998;19:274-8.

Lander ES, Botstein D. Homozygosity mapping: a way to map human recessive traits with
the DNA of inbred children. Science. 1987;236:1567-70.

Maisenbacher MK, Han JS, O’Brien M L, Tracy MR, Erol B, Schaffer AA, et al. Molecular
analysis of congenital scoliosis: a candidate gene approach. Hum Genet. 2005;116:416-9.
Mankoo BS, Skuntz S, Harrigan I, Grigorieva E, Candia A, Wright CV, et al. The concerted
action of Meox homeobox genes is required upstream of genetic pathways essential for the
formation, patterning and differentiation of somites. Development. 2003;130:4655-64.
Marks DS, Qaimkhani SA. The natural history of congenital scoliosis and kyphosis. Spine
(Phila Pa 1976). 2009;34:1751-5.

Mohamed JY, Faqeih E, Alsiddiky A, Alshammari MJ, Ibrahim NA, Alkuraya FS. Mutations
in MEOX1, encoding mesenchyme homeobox 1, cause Klippel-Feil anomaly. Am J Hum
Genet. 2013;92:157-61.

Mortier GR, Lachman RS, Bocian M, Rimoin DL. Multiple vertebral segmentation defects:
analysis of 26 new patients and review of the literature. Am J Med Genet. 1996;61:310-9.
Mortlock DP, Guenther C, Kingsley DM. A general approach for identifying distant regula-
tory elements applied to the Gdf6 gene. Genome Res. 2003;13:2069-81.

Offiah A, Alman B, Cornier AS, Giampietro PF, Tassy O, Wade A, et al. Pilot assessment of
a radiologic classification system for segmentation defects of the vertebrae. Am J Med Genet
A.2010;152A:1357-71.

Pourquie O. Vertebrate segmentation: from cyclic gene networks to scoliosis. Cell.
2011;145:650-63.



150

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l1.

S. L. Dunwoodie and D. B. Sparrow

Qiu XS, Zhou S, Jiang H, Ji ML, Ding Q, Lv F, et al. Mutation analysis of MESP2, HES7
and DUSP6 gene exons in patients with congenital scoliosis. Stud Health Technol Inform.
2012;176:52-5.

Saga Y, Hata N, Koseki H, Taketo MM. Mesp2: a novel mouse gene expressed in the preseg-
mented mesoderm and essential for segmentation initiation. Genes Dev. 1997;11:1827-39.
Settle SH, Jr, Rountree RB, Sinha A, Thacker A, Higgins K, Kingsley DM. Multiple joint
and skeletal patterning defects caused by single and double mutations in the mouse Gdf6 and
GdfS genes. Dev Biol. 2003;254:116-30.

Sharma AK, Phadke SR. Another case of spondylocostal dysplasia and severe anomalies: a
diagnostic and counseling dilemma. Am J Med Genet. 1994;50:383—4.

Shen JJ, Huang L, Li L, Jorgez C, Matzuk MM, Brown CW. Deficiency of growth differen-
tiation factor 3 protects against diet-induced obesity by selectively acting on white adipose.
Mol Endocrinol. 2009;23;113-23.

Skuntz S, Mankoo B, Nguyen MT, Hustert E, Nakayama A, Tournier-Lasserve E, et al. Lack
of the mesodermal homeodomain protein MEOX1 disrupts sclerotome polarity and leads to
a remodeling of the cranio-cervical joints of the axial skeleton. Dev Biol. 2009;332:383-95.
Sparrow DB, Clements M, Withington SL, Scott AN, Novotny J, Sillence D, et al. Diverse
requirements for Notch signalling in mammals. Int J Dev Biol. 2002;46:365-74.

Sparrow DB, Chapman G, Wouters MA, Whittock NV, Ellard S, Fatkin D, et al. Mutation
of the LUNATIC FRINGE gene in humans causes spondylocostal dysostosis with a severe
vertebral phenotype. Am J Hum Genet. 2006;78:28-37.

Sparrow DB, Guillen-Navarro E, Fatkin D, Dunwoodie SL. Mutation of hairy-and-enhancer-
of-split-7 in humans causes spondylocostal dysostosis. Hum Mol Genet. 2008;17:3761-6.
Sparrow DB, Sillence D, Wouters MA, Turnpenny PD, Dunwoodie SL. Two novel missense
mutations in hairy-and-enhancer-of-split-7 in a family with spondylocostal dysostosis. Eur J
Hum Genet. 2010;18:674-9.

Sparrow DB, Chapman G, Dunwoodie SL. The mouse notches up another success: under-
standing the causes of human vertebral malformation. Mamm Genome. 2011;22:362-76.
Sparrow DB, Chapman G, Smith AJ, Mattar MZ, Major JA, O'Reilly VC, et al. A mechanism
for gene-environment interaction in the etiology of congenital scoliosis. Cell. 2012;149:295—
306.

Sparrow DB, Faqeih EA, Sallout B, Alswaid A, Ababneh F, Al-Sayed M, et al. Mutation of
HES7 in a large extended family with spondylocostal dysostosis and dextrocardia with situs
inversus. Am J Med Genet A. 2013a;161A:2244-9.

Sparrow DB, Mclnerney-Leo A, Gucev ZS, Gardiner B, Marshall M, Leo PJ, et al. Autoso-
mal dominant spondylocostal dysostosis is caused by mutation in TBX6. Hum Mol Genet.
2013b;22:1625-31.

Tassabehji M, Fang ZM, Hilton EN, McGaughran J, Zhao Z, de Bock CE, et al. Mutations
in GDF6 are associated with vertebral segmentation defects in Klippel-Feil syndrome. Hum
Mutat. 2008;29:1017-27.

Tracy MR, Dormans JP, Kusumi K. Klippel-Feil syndrome: clinical features and current un-
derstanding of etiology. Clin Orthop Relat Res. 2004;424:183-90.

Turnpenny PD, Bulman MP, Frayling TM, Abu-Nasra TK, Garrett C, Hattersley AT, et al. A
gene for autosomal recessive spondylocostal dysostosis maps to 19q13.1-q13.3. Am J Hum
Genet. 1999;65:175-82.

Turnpenny PD, Whittock N, Duncan J, Dunwoodie S, Kusumi K, Ellard S. Novel mutations
in DLL3, a somitogenesis gene encoding a ligand for the Notch signalling pathway, cause a
consistent pattern of abnormal vertebral segmentation in spondylocostal dysostosis. J] Med
Genet. 2003;40:333-9.

Turnpenny PD, Alman B, Cornier AS, Giampietro PF, Offiah A, Tassy O, et al. Abnormal
vertebral segmentation and the notch signaling pathway in man. Dev Dyn. 2007;236:1456—
74.



8 Genetic and Environmental Interaction in Malformation of the Vertebral Column 151

62.

63.

64.

65.

66.

67.

68.

69.

Turnpenny PD, Young E, Scoliosis IICfVAa. Spondylocostal dysostosis, autosomal reces-
sive. In: Pagon RA, Bird T, Dolan CR, et al., editors. Gene reviews. (2010/03/20 (ed.)).
Seattle: University of Washington; 1993-2014.

Wang KS, Zahn LE, Favor J, Huang KM, Stambolian D. Genetic and phenotypic analysis of
Tem, a mutation affecting early eye development. Mamm Genome. 2005;16:332—43.
Watabe-Rudolph M, Schlautmann N, Papaioannou VE, Gossler A. The mouse rib-vertebrae
mutation is a hypomorphic Tbx6 allele. Mech Dev. 2002;119:251-6.

White PH, Farkas DR, McFadden EE, Chapman DL. Defective somite patterning in mouse
embryos with reduced levels of Tbx6. Development. 2003;130:1681-90.

Whittock NV, Sparrow DB, Wouters MA, Sillence D, Ellard S, Dunwoodie SL, et al. Mutated
MESP?2 causes spondylocostal dysostosis in humans. Am J Hum Genet. 2004;74:1249-54.
Winnier GE, Hargett L, Hogan BL. The winged helix transcription factor MFHI1 is required
for proliferation and patterning of paraxial mesoderm in the mouse embryo. Genes Dev.
1997;11:926-40.

Ye M, Berry-Wynne KM, Asai-Coakwell M, Sundaresan P, Footz T, French CR, et al. Muta-
tion of the bone morphogenetic protein GDF3 causes ocular and skeletal anomalies. Hum
Mol Genet. 2010;19:287-98.

Zhang N, Gridley T. Defects in somite formation in lunatic fringe-deficient mice. Nature.
1998;394:374-17.



Chapter 9
Somatic Mutations in Overgrowth Syndromes

Jonathan J. Rios and Marybeth Ezaki

Abstract Human overgrowth syndromes are varied in their presentation and sever-
ity among patients. The etiology of these syndromes has long been associated with
genetic phenomena associated with increased paternal or maternal age. Next gen-
eration genomic methods have expedited discovery of non-heritable mutations
that cause overgrowth syndromes. Many of these somatic, tissue-specific muta-
tions activate cancer-associated cell signaling pathways, leading to aberrant cell
growth. Interestingly, although the different disorders have widely varied presenta-
tions—heretofore considered distinct syndromes—the genetic etiologies converge
on similar mechanisms, which raises questions as to the proper classification and
nomenclature of the different diagnoses. This chapter reviews multiple overgrowth
syndromes and provides an in-depth explanation of the genetic mechanisms causing
their varied presentations.

Keywords Somatic - Mosaic - Overgrowth - De novo - PIK3CA

Introduction

We humans have always been intensely interested in variations in morphology of
our species. Symmetry in form and size of the human body informs most of our
daily lives from the sizes of our shoes to the manner in which we most readily ac-
cess computer keyboards. While we celebrate the successes of athletes and beauty
queens who have overcome the challenges of being born with less than fully formed
limbs, we are less likely to embrace the beauty or accomplishments of a person who
has an overgrowth of a limb. There is something frightening about uncontrolled
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growth. Overgrowth conditions have long been recognized and considered mysteri-
ous, concerning both causation and treatment options.

Accounts imparting the mysticism of overgrowth syndromes can be observed
throughout Western culture. The New York Academy of Medicine’s “Foundations:
The Monstrous in Antiquity and the Middle Ages” reviews the ancient fascination
with human malformation [1]. Natural and supernatural explanations for rare con-
ditions have been debated for centuries. The birth of such “monsters” was propa-
gandized as a harbinger of evil and imminent destruction of a conflicting belief
system. During recent centuries these individuals were often relegated to circuses
and freak shows. The 1932 film Freaks, directed and produced by Tod Browning,
is a voyeuristic peek into the lives of carnival performers [2]. While it was intended
to be a horror show, the depiction of the mundane, back-stage life of these differ-
ently formed people elicited sympathy and transformed the “normal” people into
the monsters for exploiting the “freaks.” Another review of society’s perspective of
human variation is illustrated in LeRoi’s Mutants, a sensitive discussion of attitudes
toward, and their effects on, involved individuals [3]. These perspectives prove that
society has only a limited understanding of how and why these conditions arise.

As scientists, our curiosity about these natural occurrences, combined with a
propensity for natural (rather than supernatural) explanations, has fueled our search
for the scientific understanding of human anomalies. Clues into the causes of a
number of conditions have been recognized, but only recently has the convergence
of disciplines given us the key to fully understand, and potentially treat, certain
human diseases. In this chapter, we focus specifically on newly-elucidated genetic
mechanisms causing orthopedic-related overgrowth syndromes.

The Basics of Human Genetics

The human genome is diploid in nature, meaning every cell has two copies of the
genome. Each copy of an individual’s genome is inherited from his or her parents,
one copy from the mother and one copy from the father. Thus, mutations in genes
are passed from parent to child. The same is true for cells undergoing normal cell
division; the genome of a cell is replicated and split evenly so the daughter cell re-
ceives the same genetic information as its parent cell. However, for many reasons,
both genetic and environmental, this is an imperfect process. The human genome is
dynamic and is therefore capable of spontaneously developing mutations.

De novo mutations are mutations in a person’s genome that are not inherited from
either parent; they occur for the first time in the individual’s genome due to intrinsic
(errors in DNA replication) or extrinsic (environmental influences, such as smoking)
factors. In part, the consequence of pathogenic de novo mutations depends on the
timing at which the mutation occurs (Fig. 9.1). De novo mutations may arise in the
sperm or egg cells prior to fertilization or they may occur any time after birth. They
may be present in every cell in a child or the child may be mosaic, where some cells
carry the mutation while other cells do not. Additionally, de novo mutations may be
benign with no effect on human health or survival, while others may cause disease.
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Fig. 9.1 Timing and Genetic Consequence of de novo Mutations. De novo mutation may occur at
any time during embryonic development, ranging from prior to fertilization to after birth. Muta-
tions occurring prior to fertilization result in parental gonadal mosaicism; every cell in the devel-
oping embryo will contain the mutation (shown with red color). Mutations occurring during early
embryonic development will result in somatic mosaicism in the developing embryo. The timing of
the de novo mutation will, in part, dictate the extent to which the mutation occurs in the embryo/
child. Examples for each are shown below

Timing of De Novo Mutations

As noted, de novo mutations may occur randomly and their timing affects devel-
opment in the child (Fig. 9.1). In general, every cell in a person’s body carries
the identical genetic content. However, the term genetic mosaicism describes the
accumulation of de novo mutations resulting in different cells carrying a slightly
different genetic content (ie. one cell carries de novo mutations while other cells do
not) [4]. Gonadal mosaicism occurs when the germ cells (sperm and egg cells) con-
tain de novo mutations prior to fertilization. When a sperm cell contains a de novo
mutation, it is genetically different from all other cells, a phenomenon commonly
associated with advanced paternal age. If this sperm cell fertilizes an egg, every cell
of the offspring will contain that same mutation. These mutations are easily identi-
fied during genetic analysis, as they are present in blood samples from the child but
not from either parent.

If de novo mutations occur after fertilization, either during embryonic develop-
ment or after birth, the child will be mosaic (also called somatic mosaicism). In this
scenario, the child (not the parent) is mosaic. As cells divide, cells with the de novo
mutation give rise to mutated cells, while the other cells are normal. Ultimately, the
proportion of mutant cells in the child is determined, in part, by the timing of the
original mutational event. Events during early embryonic development will yield
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Fig. 9.2 Achondroplasia.
Lower limb length is 15 in
(37.6 cm) in this 8 year-old
child. Note the abnormal joint
shape and growth plates
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more cells in the patient that carry the mutation, while mutations that occur later
in development or even after birth will result in fewer mutant cells that may be
localized to a particular tissue, organ, or structure. For example, cancers arise from
somatic mutations occurring after birth and are often localized to a particular tissue
or organ [5, 6]. Genetic analyses that compare DNA from ‘affected’ and ‘normal’
tissues are required to identify these somatic mosaic de novo mutations.

De Novo Mutations in Orthopaedic Disorders

Mutations associated with paternal age effects are thought to arise due to replica-
tion errors during spermatogenesis. During this process, male germ cells continu-
ously divide, and as the number of DNA replications increases, so does the risk of
error and de novo mutation. Achondroplasia is one of several hallmark disorders
described as having a paternal age effect; Wilhelm Weinberg in 1912 first described
an increased incidence of achondroplasia among ‘last-born’ children. As observed
in 1912, and again later by Lionel Penrose in 1955, the incidence of achondropla-
sia increases with paternal age but in an accelerated, non-linear rate [7]. Achon-
droplasia (Fig. 9.2) is a form of disproportionate short-limb dwarfism caused by
an abnormal three-dimensional configuration of the receptor for fibroblast growth
factor 3 (FGFR3) [8—10]. Achondroplasia is caused most frequently by a sponta-
neous missense mutation (G380R) in the protein’s transmembrane domain that is
subsequently transmitted in an autosomal dominant pattern [8—10]. In addition to
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Fig. 9.3 Child with apert syndrome. Children with apert syndrome have abnormal development of
the face (a), skull (b) and hands (c)

achondroplasia, other skeletal syndromes associated with advanced paternal age
include craniofacial and skeletal dysplasias such as Apert syndrome (Fig. 9.3),
Crouzon syndrome, Pfeiffer syndrome, and thanatophoric dwarfism [7]. All of these
syndromes result from dominant missense mutations in FGFR genes [11]. Unlike
advanced maternal age, known to be associated with chromosomal changes such as
copy number variations or aneuploidy (trisomy 21 causing Down’s Syndrome) [12],
advanced paternal age is associated with sequence mutations [13].

It is worth noting that not all sporadic disorders are associated with age effects.
Krakow et al. hypothesized that mutations in the TRPV4 gene, which is known to
cause autosomal dominant brachyolmia (ADB), may also cause spondylometaphy-
seal dysplasia Kozlowski type (SMDK) [14]; both disorders present with abnormal
vertebral body development. After sequencing the gene in five sporadic patients,
they identified a missense mutation (R594H) in four patients; this mutation was
confirmed to be de novo in two patients. The final sporadic patient had a differ-
ent de novo mutation (A7168S). In another example, gene sequencing of sporadic
patients with fibrodysplasia ossificans progressiva (FOP) (Fig. 9.4) identified a de
novo missense mutation (R206H) in the ACVRI gene in a young patient [15]. The
ACVRI gene was initially identified using genome-wide linkage analysis in mul-
tiple families with dominant inherited FOP [16]. In this study, the authors identified
the R206H mutation inherited among all patients in seven families as well as in 32
patients with sporadic FOP.

Mosaic Mutations

As noted, mutations that occur after fertilization, during early embryonic devel-
opment, yield a pattern of somatic mosaicism. Thus, some cells in a patient may
carry the mutation while other cells do not. Therefore, the disease is not systemic,
but only occurs among the “affected” cells of the patient. The extent of the disease
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Fig. 9.4 Fibrodysplasia
Ossificans Progressiva.
Lateral skull and neck show-
ing complete fusion of the
posterior elements of the
spine as well as characteristic
soft tissue ossification in the
anterior neck

is determined, in part, by the fraction of mutated cells expressing the mutant pro-
tein; consequently, the extent of mosaicism is expected to lead to great variability
between patients. Mosaic mutations are best diagnosed using DNA from biopsies of
affected tissue, and mosaic mutations are known to cause several disorders treated
in orthopaedic clinics.

McCune Albright syndrome presents as a clinical association of fibrous dyspla-
sia, precocious puberty and café-au-lait spots. It is caused by a somatic mutation
in a critical enzyme that decreases GTPase activity and results in over production
of cAMP. In turn, this increases proliferation of the involved cells, especially bone
marrow stroma. Malignant degeneration has been reported but is not considered a
high risk for this disease. This condition would be lethal if it were systemic (inher-
ited) but is maintained as a disease because of its somatic mosaicism [17, 18].

Recently, the genetic cause of Ollier disease and Maffucci syndrome was iden-
tified. Both conditions are sporadic and present with multiple cartilaginous tumors
during childhood; the skeletal severity depends on the extent and location of tumor
formation (Fig. 9.5). When the enchondromatosis is associated with deep vascular
lesions the condition is called Maffucci syndrome. Ollier’s and Maffucci’s diseas-
es are known to be asymmetric in presentation and at times present with hemimelic
involvement. Neither of these is transmitted genetically in a Mendelian fashion but
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Fig. 9.5 Ollier Disease.
Radiograph of the hand of a
patient with Ollier disease

both are known to involve dysregulation of normal enchondral ossification, which
may result in malignant degeneration (Fig. 9.6). Maffucci recognized that some
of his patients went on to develop cancers in the enchondromatous lesions that
had been slowly growing since childhood [19]. As well, the extent of the affected
bones varies between patients; ranging from single to several affected bones [20].
Based on their prior association with cartilaginous tumors, two isocitrate dehydro-
genase genes (IDH1 and IDH?2) were sequenced in multiple lesions from many
patients [21]. Nearly all the lesions harbored mutations in one of the two genes.
Additionally, identical mutations were identified among multiple tumors from the
same patient, suggesting the mutations were mosaic in the patient. The somatic
mosaicism of mutations in these genes explains the wide phenotypic spectrum of
the disease [21].

Similar to Ollier and Maffucci’s syndrome, Proteus syndrome is another very
rare sporadic disorder. Patients present with overgrowth affecting multiple body
regions and various orthopaedic abnormalities. Zhou et al. wrote in 2001 that they
suspected a mutation in the PTEN pathway to explain Proteus syndrome (PTEN
negatively regulates the PI3K/AKT/MTOR pathway described below) [22]. They
had identified genomic mutations in this pathway for other overgrowth and hamar-
toma syndromes such as Cowden and Bannayan-Riley-Ruvalcaba syndrome, which
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Fig. 9.6 Maffuci syndrome. Malignant degeneration of an enchondromatous/angioma in
the a proximal tibia and b hands in an 8 year-old with Maffucci syndrome. Histology showed
angiosarcoma

are hereditary [22]. SOLAMON (segmental overgrowth, lipomatosis, arteriovenous
malformation and epidermal nevus) syndrome, another overgrowth condition, is
also known to be associated with mutations in the PTEN pathway [23]. Whole-
exome sequencing (WES) was performed using DNA extracted from “affected”
overgrowth lesions from multiple patients and compared to DNA from blood (con-
sidered “normal”). This comparative analysis identified a somatic mutation in the
AKTI gene that was specific to overgrowth tissue. Furthermore, AK71 mutations
were identified in multiple patients [24].

The mosaic AKT] mutation in Proteus syndrome results in a gain-of-function
effect, similar to the de novo mutations in the FGFR proteins associated with pa-
ternal age effects (described above). The Proteus mutation results in dysregulated
activation of the AKT1 protein and upregulation of the PI3K/AKT/MTOR pathway.
This pathway is well characterized for its involvement in various cancers and is
associated with other overgrowth syndromes such as CLOVES (congenital, /ipma-
tous overgrowth, vascular malformations, epidermal nevi and skeletal anomalies),
fibroadipose hyperplasia and hemimegalencephaly [25-27].

Not all mosaic disease-causing mutations result in a gain-of-function effect.
Neurofibromatosis type 1 (NF1) is caused by loss-of-function mutations that disrupt
the NFI gene. Neurofibromin, the protein encoded by the NFI gene, is a negative
regulator of cell signaling; thus, loss of neurofibromin causes an increase in cell sig-
naling. NF1 is a relatively common disorder caused either by de novo mutations in
sporadic cases or inherited from affected parents. However, NF1 is also caused by
mosaic mutations, which result in a distinct “segmental” NF1 phenotype. In one pa-
tient with segmental NF 1, extensive freckling and café-au-lait spots were localized
to one side of the patient’s body with distinct borders. Only one copy of the NF/
gene was present in a skin biopsy of one of the café-au-lait spots, but the normal
two copies of the gene were present in samples from blood cells and a skin biopsy
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Fig. 9.7 Neurofibromatosis
plexiform neurofibroma.
Upper arm of a Neurofi-
bromatosis patient with
plexiform neurofibroma
underlying skin changes

from an unaffected area of the same patient [28]. Thus, this patient was mosaic for
the mutation, which manifested as a distinctly different (segmented) phenotypic
presentation, compared to other NF1 patients with sporadic or inherited NF1. NF1
is also associated with both limb overgrowth and tumor formation (Fig. 9.7). Malig-
nant degeneration is a known risk of this disease. The phenotypic variability in this
disease spectrum has been attributed to the extent of DNA mutation [29]; the clini-
cal spectrum of NF1 includes lesions in multiple organ systems. Central nervous
system involvement, intracranial lesions, congenital pseudarthroses of long bones
and limb overgrowth make surveillance for malignant degeneration worrisome.

Somatic Mutations

Unlike mosaic mutations that may be widely distributed throughout the body, so-
matic de novo mutations generally present as single-site focal disorders rather than
as multi-site disorders, such as Proteus syndrome. Recently, the genetic causes of
several overgrowth syndromes have been elucidated using WES [24-27, 30, 31].
As with mosaic disorders, conclusive genetic analyses of somatic disorders re-
quire DNA tests of affected tissues. Interestingly, these studies revealed gain-of-
function mutations in the same cancer-associated cell-signaling pathway as Proteus
syndrome.

Although not an orthopaedic condition, a recent study of hemimegalencephaly
nicely illustrated the power of WES to identify somatic de novo mutations [26]. Pa-
tients with hemimegalencephaly present with overgrowth of a single cerebral hemi-
sphere; treatment involves surgical removal of diseased tissue. In this study, WES
of affected brain tissue was compared to WES of blood DNA. Somatic de novo
mutations were identified in multiple patients; all mutations were in genes involved
in the PI3K/AKT/MTOR pathway, the same as with Proteus syndrome. As with
mosaic mutation disorders, which require a biopsy of affected tissue, the number of
“diseased” cells present in the biopsy determines the ability of genetic analyses, e.g.
WES, to identify the disease-causing mutation. Ideally, the biopsy should contain
a majority of, if not entirely comprising, diseased tissue such that the proportion of
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Fig. 9.8 Isolated macrodac-
tyly. Image of the hand of a
patient with localized Type

1 Macrodactyly. Overgrowth
involves the thumb, index
and middle fingers

affected cells is very high. In this study, multiple anatomic sites were tested within
the patients. Biopsies of different sites of the affected brain tissue showed the wide
variability in the fraction of cells of the biopsy carrying the mutation [26].
Isolated, or Type I, macrodactyly is a localized overgrowth of a finger, toe or a
multiple digit distribution of a limb. Part of the pathologic anatomy is an enlarged
peripheral nerve, and the manifestations are described as “nerve territory oriented.”
The median nerve is most often involved, with gross findings including circumfer-
ential enlargement as well as elongation of the nerve (Fig. 9.8). Histologic findings
are consistent with fibrofatty infiltration between the axonal bundles, thickening
of the perineurial layers, and extensive adipose proliferation around and within the
nerve. Special stains indicate that all tissues express abnormal markers for nerve
proliferation [34, 35]. Because of the isolated nature of the overgrowth, WES was
used to identify somatic de novo mutations present in the affected nerve tissue that
were not present in WES from blood DNA [30]. The exome sequence of a single
patient identified a de novo somatic mutation in the PIK3CA (PI3K) gene. Known
gain-of-function activating mutations were subsequently identified in PIK3CA in
additional patients with Type 1 macrodactyly. Additionally, analysis of cultured
cells from the nerve of one macrodactyly patient confirmed, as in other localized
overgrowth syndromes, the PI3K/AKT/MTOR pathway was activated [30].

Summary

Whole-genome molecular genomics is a new science. It has been a very short jour-
ney from Gregor Mendel’s experiments with peas, to the discovery of chromosomes
in 1959, to the present-day ability to literally unravel and read the base pair se-
quences that encode all of life. Two decades ago, genetic testing meant assessing
chromosomes and, perhaps, counseling for risk of conditions known to have Men-
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Fig. 9.9 Vascular over-
growth. Enlarged upper arm
and hand in a child with
vascular component to the
overgrowth

delian transmission patterns. Now, powerful advances in DNA analysis allow side-
by-side genome-wide sequencing of DNA or RNA from affected and unaffected
tissues. However, reading base pairs is only the beginning of genetic literacy as it
applies to our patients. The majority of the human genome does not contain genes,
and the function of these regions (e.g. gene regulation) are only now beginning to be
understood [32]. Corresponding to each gene is a protein that plays a role in a cas-
cade of cellular activity. Consequently, biology is non-linear and each transcribed
substance likely fits into a tight cycle that is simultaneously regulating and being
regulated.

Growth is modulated through pathways that control cell cycle and proliferation.
Advances in tumor genetics opened the door to discovering mutations in conditions
with abnormal growth of a tissue. Comparing overgrowth syndromes to tumors
was an intuitive next step in the search for causality. In 1891, Humphry presciently
compared macrodactyly to a tumour, noting that the cause was likely local and
dependent upon:

an excess, a want of due restraint, of that developmental force by which the several organs
and structures acquire and maintain their proper dimensions and relations to one another,
and by which their relative growth at different periods of life and under different circum-
stances is determined. [33]

An important concept is that the precise timing, tissue affected, and location within
the body at which a mutation occurs can explain the pleomorphism of overgrowth
syndromes. A somatic mutation that occurs in a perineural location during the em-
bryogenesis of a finger or toe will appear very different from one that occurs in
pluripotential mesoderm at the onset of limb differentiation.

Genome sequencing of affected and constitutional DNA can identify even the
most subtle differences in DNA base pairs. The resultant change in the protein can
alter downstream function. If this occurs in a critical pathway, especially one that
regulates cell proliferation, dysregulation of normal growth can result.

Overlap between the vascular malformations (Fig. 9.9) and an overgrowth syn-
drome makes the eponymous nomenclature of the past confusing. Clarification will
likely be made on a genetic basis, but both the involved tissues/limbs and the extent
of overgrowth will determine treatment [34]. The PI3K/AKT/MTOR pathway is
commonly shared with many of these overgrowth conditions. Finally, it is worth
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noting that the elucidation of molecular pathways involved gives hope that targeted
medical treatments—as with rapamycin, for example—may effectively decelerate
overgrowth, if not completely control it.
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