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Abstract: The advent of molecular biology has paved way for an era of personalized medicine.
Though medical disciplines such as oncology and cardiology are advanced in their use of genomics,
implementation has been slower in other specialties, such as orthopaedics. Recent advances in
genomic technology have shed light on the underlying genetic basis of various pediatric orthopaedic
disorders. Prior understanding of the genetic makeup of a patient may help individualize care in
patients with conditions including idiopathic scoliosis, congenital talipes equinovarus and congenital
limb deformities. The fastpaced growth of information in orthogenomics often makes it challenging
for an orthopaedic surgeon to effectively use this information for patient care. Genetic
characterization of a patient will help indicate risk of progression of a condition, recurrence and/or
response to a treatment modality, and a collaborative approach between an orthopaedic surgeon and
a geneticist can help tailor patient care. The following review article summarizes current
understanding in molecular genomics of common pediatric orthopaedic disorders.
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1. Introduction

The twentieth and twenty first centuries have laid the ground work for the Genomics Age [1,2].
Perhaps the most defining moment was the discovery of the structural mechanism that supported the
DNA (deoxyribonucleic acid) theory of inheritance by Watson and Crick in 1953 where the
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following was stated, “It has not escaped our notice that the specific pairing we have postulated
immediately suggests a possible copying mechanism for the genetic material [3].” The
conceptualization of the polymerase chain reaction (PCR) by Karry Mullis led to whole libraries of
DNA fragments being constructed [4]. The Herculean task of sequencing the entire human genome
was conceived in 1990, and to date is one of the largest and most complex scientific collaborations
ever undertaken [5]. Knowledge of the human genome has impacted every area of the medical field.
Medical disciplines such as oncology and cardiology are advanced in their use of genomics but
implementation has been slower in other specialties such as orthopaedics.

Reviews published in the early 2000s focused on the discipline of orthogenomics [6-8]. Puzas
et al defined an orthopaedic genome as a constellation of thousands of genes that are directly
involved in the genesis and maintenance of the musculoskeletal system [7]. In their article they
foresaw the possibility of having a genetic score- like a credit score- that would predict the
susceptibility to a particular disease. Such ideas have not come to fruition yet.

The application of molecular biology to the clinical realm of pediatric orthopaedics has
previously focused on identifying underlying syndromes with a musculoskeletal component.
Obtaining a molecular etiology to confirm a diagnosis allows for implementation of appropriate
orthopaedic care guidelines and investigation into known non-orthopaedic associated medical
conditions that may be pertinent to know prior to a surgical intervention. With advances in genetic
technology, however, the medical implications of understanding the genetic make-up of a patient
may be greater. Orthopaedic oncology has been the main subspecialty within orthopaedics to utilize
molecular genetics for development of a personalized treatment plan. The discovery of various tumor
markers has led to better diagnostic, staging and prognostic outcomes [9]. This concept of
personalized treatment plans based on molecular genetics should have broader use within
orthopaedics. Traditionally, isolated musculoskeletal conditions may not warrant a genetic
investigation; however, recent research reveals there may be a role for genetics in pediatric
orthopaedics beyond identification of syndromes. The following review summarizes current trends in
molecular genomics of common pediatric orthopaedic disorders and alludes to the potential role of
genetics in apparently isolated pediatric orthopaedic conditions including scoliosis, talipes
equinovarus and congenital limb malformations.

2. Technique Update
Rapid advances have been made in genomic technologies since the days of banding techniques

to visualize genetic material [10,11]. Figures 1 and 2 outline the common terms used in genetics
along with current analytic techniques.
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*One of two or more versions of a gene
|f the two alleles are the same, homozygous; if different, heterozygous
*|t now alse refers to variation among non-coded DNA sequences

—— B ¥ola}

*The specific physical location of a gene or other DNA sequence on a chromosome, like a genetic street
address

*The plural of locus is "loci"

Polymorphism

*Polymorphism involves one of two or more variants of a particular DNA sequence

SNP

*Single nucleotide pelymorphisms (SNPs) are a variation of a single base pair at the same location among
different individuals

L
i

*A copy number variation {CNV) is when the number of copies of a particular gene varies from one
individual to the next (duplications/deletions)

Genotype

*An individual's collection of genes
|t can also refer to the two different alleles inherited for a particular gene

*The genotype is expressed when the information encoded in the genes’ DNA is used to make protein and
RNA molecules

Phenotype

*A phenotype is an individual's cbservable traits, such as height, eye color, and blood type

Haplotype

*A haplotype is a set of DNA variations, or pofymorphisms, that tend to be inherited together
|t can also refer to a combination of alleles or to a set of SNPs found on the same chromosome

Transcription Factor

*Regulatory proteins whose function is to activate (or more rarely, to inhibit) transcription of DNA by
binding to specific DNA sequences

Transcription Regulatory gene

*DNA sequences that code for transcription factors

Homeodomain

*The part of the protein that attaches (binds) to specific regulatory regions of the target genes

meems  Candidate Gene
*Gene whose chromosomal location is associated with a particular disease or other phenotype

s Linkage
eLinkage is the close association of genes or other DNA sequences on the same chromosome

*The closer two genes are to each other on the chromosome, the greater the probability that they will be
inherited together

Figure 1. Current genetic nomenclature.
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Karyotype

*A photomicrograph of an individual's chromosomes arranged in a standard format showing
the number, size, and shape of each chromosome type

Linkage Analysis

*Analysis of a pedigree and the tracking of a gene through a family by following the
inheritance of a (closely associated) gene or trait and a DNA marker

FISH

sFluorescence in situ hybridization (FISH) is a technique for detecting and locating a specific
DNA sequence on a chromosome by using DNA probes that have a fluorescent molecule
attached to it

Microarray

*Used to study the expression of many genes at once.
|t involves placing thousands of gene sequences in known locations on a glass slide called a
gene chip

GWAS

*Genome-wide association study (GWAS) involves scanning the genomes from many
different people and looking for genetic markers that can be used to predict the presence
of a disease

Sequencing

eDetermining the order of the bases in a DNA or RNA molecule

PCR

*Polymerase chain reaction (PCR) is a technique used to amplify DNA sequences.

*Uses short DNA sequences called primers to select the portion of the genome to be
amplified

*The technigue can produce a billion copies of the target seguence in just a few hours

Sanger Sequencing

*A low-throughput method used to determine a portion of the nucleotide sequence of an
individual's genome

*This technique uses polymerase chain reaction (PCR) amplification of genetic regions of
interest followed by sequencing of PCR products

*DNA is synthesized so it is radioactively labeled and the reaction terminates specifically at
the position corresponding to a given base

Next Geneartion Sequencing

*High throughput technelogy that uses massive parallel sequencing (MPS) to read multiple
reactions simultaneously and generates a large amount of sequence data in parallel

Figure 2. Analytic techniques.

The first whole genome analytic technique, a karyotype, is a laboratory technique that produces
an image of an individual's chromosomes and can identify structural rearrangements or aberrations
down to a resolution of 5-10 million base pairs (megabase or Mb) [10]. Introduction of fluorescent
in situ hybridization (FISH) increased the resolution at which chromosomal rearrangements could be
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identified at submicroscopic levels [11]. This technique uses DNA probes that have a fluorescent
molecule attached, to detect and locate a specific DNA sequence on a chromosome. The next
landmark in the evolution of genetic technologies was the development of comparative genomic
hybridization (CGH) which was first introduced in 1992 to study chromosomal abnormalities
occurring in solid tumors and other malignancies [12]. Differentially labeled test DNA and normal
reference DNA are hybridized simultaneously to normal chromosome spreads and the hybridization
is detected with two different fluorochromes. This technique has been refined and array based CGH
was developed wherein the patient’s DNA is hybridized to a large number of well-characterized
probes immobilized on a slide. This remains a useful tool for identifying copy number variants
(CNVs) which are regions of chromosomal gain or loss with approximately 100-200 thousand bases
(kilobases or kb), that are too small to be detected by karyotype [12-14].

Single nucleotide polymorphism (SNPs) refers to variation of a single base pair. The most
current form of array based technology incorporates single nucleotide polymorphism (SNP) probes
and array CGH into one platform and provides comprehensive clinical testing for both copy number
variants CNVs and copy-neutral AOH (absence of heterozygosity) in an efficient manner [15].

If the entire genome was compared to a text book, chromosomal microarrays allow for the
detection of missing paragraphs but do not read through the text, letter by letter, assessing for any
spelling differences. In order to assess for these changes as small as a single base pair switch,
sequencing needs to be performed. The move from Sanger sequencing to next generation sequencing
(NGS) has permitted faster and more expansive testing at a lower cost [16]. Due to these benefits, the
use of NGS technology has increased dramatically in clinic practice. NGS technology allows for
whole exome sequencing and whole genome sequencing. Whole exome sequencing (WES) is the
detection of variants in the coding region of approximately 20,000 genes simultaneously and makes
up approximately 1% of the genome, whereas, whole genome sequencing captures the sequence of
the entire genetic code that resides in genes and the remaining 99% of non-coding DNA. WES is
available clinically and whole genome sequencing remains mainly in the research realm for
the moment.

3. Genomics of Major Pediatric Orthopaedic Conditions
3.1. Idiopathic scoliosis

Adolescent idiopathic scoliosis (AIS) is the most common pediatric spinal deformity. It is
defined as lateral curvature of the spine greater than 10° with a rotational component and presents in
children above 9 years of age [17]. This is differentiated from early onset scoliosis, which occurs at
an age less than 9 years and is further divided into infantile (0-3 years) and juvenile idiopathic
scoliosis (3-8 years). AIS has a prevalence of 2%-4% [18]. It has also been reported at a
significantly higher incidence of 15.8% in first degree relatives of AIS patients [19]. Studies
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have also shown monozygous twins to have a higher rate of concordance (73%) than dizygous twins
(36%) [20]. This higher incidence of AIS within families has led researchers to look for a
genetic influence.

Though AIS has been a subject of research for many years, the etiology remains elusive. The
past decade has seen a plethora of studies using genetic linkage analysis and candidate gene
association analysis to prove the genetic basis of AIS (Figure 3). While the former uses pedigree
analysis to track a gene through a family by following the inheritance of a (closely associated) gene
or trait, the latter involves the study of genes whose chromosomal locations are associated with a
particular disease or phenotype.

— Connective Tissue Structure * Variantsin FBN1/FBN2 are associated
with severity.

FBN1, FBN2

e Matrilinl gene polymorphisms are
MATN1 : linked with risk and severity.

* The TIMP2 gene is predicted to be a
TiMP2 disease modifying gene.

e  MMP3 may modulate curve
susceptibility indirectly through
synergistic actions with other genes.

MMP3

ELN, COLIA1,CLOL1A2,COL2A1,ACAN : o5z
e Thereis a lack of an association

between AlS and structural extracellular
LOX1,LOX2,LOX3,LOX4, LOX5, DPP9 matrix proteins.

Melatonin Signaling genes

MTNR1A
Adolescent Idiopathic Scoliosis
‘ * largerstudies are required to look at
MTNR185 MTNR1A, MTNR1B and TPH1 genes.
TPH1 |

Puberty/Growth/Metabolic pathways

. There is conflicting evidence of the role
e A of ESR1 and ESR2 in AlS susceptibility.
LEPR / . Pro- inflammatery cytokines iLI7RC
may predispose to AlS.
IGF1 e The LEPR gene acts through the Leptin
pathway and has been implicated in
IL17RC A,
L i Exome sequencing and
novel susceptibility genes *  [BX1and GPR126 have been under
- ) recent focus.
LBX1 HSPG2, POCS . Exome seguencing has been used to
GPR126 AKAP2 identify rare familial variants.

Figure 3. Candidate genes associated with adolescent idiopathic scoliosis.
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Several genes have been reported to be linked to its etiopathogenesis including: estrogen
receptors 1 and 2 (ESR1, ESR2) [21-23], melatonin receptor 1B (MTNR1B) [24], basonuclin 2
(BNC2) [25], fibrillin 1 and fibrillin 2 (FBN1, FBNZ2) [26], leptin receptor (LEPR) [27],
interleukin-17 RC (IL-17RC) [28], transforming growth factor beta-1 (TGFA1) [29], matrilinl
(MATRN1) [30-35] and tryptophan hydroxylasel(TPH1) [36]. With the increasing discovery of
candidate genes, Gorman et al carried out a comprehensive review to summarize genetic
associations/linkages with idiopathic scoliosis [37]. Unfortunately, the quality of the association
studies may be affected by many factors such as a small sample size, population stratification, racial
and ethnic differences, and false positive results [28]. It is now standard practice to replicate these
findings in a different population with a larger sample size to validate the results [38].

Genome wide association studies (GWAS) have circumvented the challenges posed by linkage
and candidate gene analysis because they measure association between common variations across the
entire human genome in the form of SNPs and are used to identify genetic associations with
phenotypes; however, they are still susceptible to sample size, variations in population characteristics
and statistical issues such as multiple hypothesis testing [39].

Recent research has been focused on delineating the role that LBX1 and GPR126 may play in
increasing the susceptibility to AIS [38].

LBX1 (ladybird late, Drosophila homolog of, 1/lady bird-like homeobox) is a homeobox gene
and may be implicated in the myogenic and neurogenic etiology of AIS. Its expression during
embryogenesis has been shown using mice models. The involvement of LBX1 in spinal cord
differentiation and patterning as well as somatosensory signal transduction makes it a strong
candidate gene for AIS [40]. A meta-analysis involving Japanese, Han Chinese and Caucasian
population confirmed that the SNP rs11190870 is a global AIS susceptibility SNP [41]. This SNP is
in a 80kb-LD block and contains 2 genes: LBX1 and FLJ41350. rs11190870 is located in the 3’
flanking region of LBX1. This was further validated by Grauers et al using candidate gene analysis
and exome sequencing in Scandinavian population [42]. Though scoliosis has not been seen in Lbx1
knockout mice, they have been shown to develop significant muscle loss and cardiac abnormalities
along with apoptosis of neurons arising in the dorsal spinal cord [43-46].

A haplotype refers to a combination of alleles or to a set of SNPs found on the same
chromosome. Based on their haplotype analysis Chettier et al [46] concluded that Asian and
European populations shared the ancestral haplotype, hap-6, which is associated with sharply
increased risk of AIS while a second haplotype, hap-2, seemed to have a protective effect.
Individuals carrying both haplotypes showed neither increased nor decreased risk of developing AlS,
suggesting that these two have opposing action on the LBX1 locus.

G protein-coupled receptor 126 (GPR126) is another probable susceptible gene, which has been
under recent focus. Three SNPs in non-coding regions of GPR126 were found to be strongly
associated in the Chinese population [47]. In humans, GPR126 is highly expressed in cartilage. It
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also has a high expression in the proliferating cartilage of spine in mouse embryos, suggesting its
role in spine development [48].

Studies have also linked BNC2 to AIS susceptibility [25,41]. This is a highly conserved protein
and belongs to the group of C2H2 zinc finger proteins. In humans BNC2 has been found to be highly
expressed in the uterus and the spinal cord, followed by bone and cartilage [25]. BNC2
overexpression in zebra fish embryos has been found to produce axial body curvature associated with
abnormal somite formation. In vitro studies have shown that a genomic region containing one of the
significantly associated SNPs, rs10738445, has an enhancer activity, which is stronger in the disease
associated allele akin to the overexpression in zebrafish. The in vitro and in vivo experiments
strongly suggest that increased BNC2 expression predisposes to AlS.

Despite the contribution of the AIS GWASes, no causal variants have been linked to any of the
top gene candidates. The GWAS design focuses on common SNPs, most of which do not affect the
coding region of the gene. The design is limited in its ability to uncover rare, high impact genetic
variations that contribute to development of a disease phenotype [49]. CNVs comprise another type
of genetic variation that may play a role in etiologically complex disease like AIS. CNVs account for
13% of the human genome mostly representing variable sized repetitive elements and functionally
relevant ones may alter gene copy number, function and regulation leading to recognizable
phenotypes [50]. Results of a whole genome study showed that 6% of patients with AIS harbor a
clinically important CNV that represent possible risk factors for scoliosis [51].

Whole exome sequencing strategies may help provide a solution to pinpoint these rare variants
that segregate within families [49]. HSPG2 encodes for heparin sulfate proteoglycan 2, or perlecan,
which is a key component of basement membranes and is strongly associated with musculoskeletal
development, both in mouse and in humans [52-54]. The known co-localization of perlecan and
fibrillin 1 within paraspinal tissues make HSPG2 an excellent candidate gene for IS pathogenesis.
Exome sequencing on a multigenerational family with idiopathic scoliosis identified a rare variant in
HSPG2 (p.N786S, chromosome 1p36) [55]. Using exome sequencing, Buchan et al identified rare
variants in FBN1 and FBN2 (fibrillinl &2) as being associated with increased severity of AIS [26].
Of note, pathogenic variants in FBN1 and FBN2 are associated with recognizable genetic conditions,
Marfan and Beals syndromes respectively, both of which have severe scoliosis as a key clinical
feature [56,57]. Other novel variants have been identified in families with idiopathic scoliosis such as
those in POC5 [58] and AKAP2 [59]. Genetic linkage analysis combined with exome sequencing
was used to detect a rare missense variant (p.A446T), which results in alterations in the centriolar
protein gene POCS5 that cosegregated with disease in a family with multiple members with AIS.
Other POC5 amino acids alterations (p. A455P and p. A429V) were also identified in families with
AIS. Zebrafish models expressing any of the three Poc5 variants resulted in spine deformity
providing additional evidence for the role of variants in POCS5 in the pathology of AIS [58].

Another study in a Chinese family found a mutation in the AKAP2 gene (leading to amino acid
change p. E882A) to co-segregate with AIS phenotype [57]. The AKAP2 gene belongs to the
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A-kinase anchor protein (AKAP) family. To date, the available information on this gene and its
protein is limited. Animal studies have revealed that Akap2 contributes to the development of
cartilage explaining how they might contribute to this disorder.

The results of the Bracing in Adolescent Idiopathic Scoliosis Trial (BrAIST) indicate that
bracing fails in approximately 15% of patients with AIS [60]. One of the ultimate goals in studying
the genetic influence on scoliosis is to try to predict who is going to respond to treatment and who
will not so that further management strategies can be pursued. This would require additional studies
that focus on genetic variants of responders vs. non-responders since the above studies only focus on
predisposition to AlS.

Another problem in AIS is predicting which children who develop a mild curve will progress to
scoliosis that requires an intervention—a small percentage of the total. This is a significant issue
given that current guidelines recommend serial examinations including radiographs for all children
exhibiting a curve. This care is unnecessary for the majority of children who do not show
progression after several years of monitoring. A test that could discriminate between children with
non-progressive and progressive curves would not only reduce procedures for low risk children, but
could signal earlier intervention for children at high risk of progression which could be more
effective. Genetics may play an important role in defining the shape of the scoliosis curve as well as
the risk of curve progression [38]. In 2010, Ward et al [61] built an algorithm using 53 SNPs to
determine risk of spinal curve progression to >40° for Caucasian patients (ScoliScore,
Transgenomics). Initial data supported the discriminatory power of the test, but wider use identified
several limitations and there has been variable success with its use [62-64]. In 2016, Bohl et al [65]
found that ScoliScore predicted final curve better than all traditional methods suggesting that such an
approach may be clinically useful. Further research is required into the factors that affect the
outcome of brace treatment. Xu et al [66] were the first to report that polymorphisms in estrogen
receptor genes and in the TPH1 gene could significantly affect the final outcome of bracing. It is not
unreasonable to assume that prior knowledge of the presence of such genetic variations might change
the course of treatment in the future.

3.2.  Congenital limb malformations

Limb deficiency or the congenital absence or hypoplasia of long bones/digits vary greatly in
their anatomy and their etiology. Despite attempts to standardize descriptions of the malformations,
there is inconsistent use of terminology and classification which makes comparisons between studies
a daunting task [67]. The range of severity of limb deficiencies is extensive with certain phenotypes
being classically linked to a particular etiology. For instance, absence of thumb is strongly associated
with Fanconi anemia. Holt-Oram syndrome often presents with hypoplasia of radius and thumb of
one or both arms while Thrombocytopenia Absent Radius (TAR) syndrome has absence of the radius
with preservation of the thumb [68-71]. Significant improvements in genetic engineering and genetic
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manipulation have made it much easier to use model organisms to test the impact of variation in
genes yielding discoveries that further our knowledge of the genetics governing limb development.
Our current understanding of the molecular basis of human limb development is extrapolated from
experiments conducted on animal models. Vertebrate forelimbs and hindlimbs are morphologically
similar across species [72]. During the past three-decades molecular analysis of limb bud
development in amphibian, chicken and mouse embryos defined the essential functions of most
morpho-regulatory genes and pathways [73-75]. The limb bud develops along 3 axes:
proximal-distal, dorsal-ventral and radial-ulnar/anteroposterior. Each dimension is guided by
different group of specialized cells. These are the apical ectodermal ridge (AER) for proximal to
distal development, the progress zone (PZ) for dorsal ventral differentiation and the zone of
polarizing activity (ZPA) for radial-ulnar differentiation. Several gene families are involved in the
spatially and temporally coordinated growth and differentiation of the developing limb bud. The
gene products act as signals to activate other downstream genetic pathways. Most genes influence
the initiation and patterning of both upper and lower limbs but some genes are differentially
expressed in the forelimbs and hindlimbs [72].

Gene families which have been so far implicated in taking part in this intricate pathway are
FGF (fibroblast growth factor), SHH (sonic hedgehog), BMP (bone morphogenetic protein), WNT
(wingless-type MMTYV integration site) and transcription regulator genes like HOX (homeobox)
genes, T BOX genes, SALL (Sal like), b HLH (basic helix -loop-helix), LMX (Lim homeobox), DLX
(distal less homeobox) [73].

The proximal distal axis is determined by the FGF pathway. There are 22 known FGF genes
that have been identified based on sequence homology. Many of the developmental functions of Fgf
signaling seem to be conserved between mice and humans [76]. In Fgf10 deficient mice, limb bud is
initiated but neither the Apical Ectodermal Ridge (AER) nor the Zone of Polarising Acitvity (ZPA)
is formed resulting in complete truncation of forelimbs and hindlimbs [77]. Inactivation of Fgf8 in
early limb causes substantial reduction in limb bud size, a delay in Shh expression, misregulation of
Fgf4 expression and hypoplasia or aplasia of specific skeletal elements. Inactivation of both Fgf4 and
Fgf8 results in complete arrest of limb bud and limb agenesis [78,79]. In humans, mutations of genes
encoding FGF receptors have been identified in certain chondrodysplasias, including achondroplasia,
and in a few craniosynostoses associated with limb anomalies [77]. Heterozygosity for point
mutations in FGFR1 and FGFR2 results in broadening of the radial most digit (thumb),
brachydactyly and syndactyly associated with Pfeiffer syndrome. A similar phenotype is seen in
Apert syndrome which is caused by two predominant point mutations in FGFR2 [73].

The Hedgehog genes encode proteins which play a key role in the establishment of
anteroposterior polarity of limbs. Numerous molecules are involved in the SHH signaling pathway
and their anomalies are suspected to play a causal role in human limb malformation. The SHH
protein is covalently linked to cholesterol during its maturation process. Serum cholesterol drops in
Smith-Lemli Opitz syndrome may be explained by faulty maturation of SHH and subsequent
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development of an unusual Y-shaped syndactyly of the second and third toes, short proximally
placed thumb and post axial polydactyly seen in this syndrome [77].

BMPs belong to the transforming growth factor B (TGFp) superfamily. Their function which
occurs downstream of the SHH pathway is of paramount importance and they are key regulators in
determining the anteroposterior axis of limbs. Gremlinl (Grem1) is its extracellular antagonist and is
required to establish and propagate the SHH/GREM1/AER-FGF signaling pathway that takes place
between the mesenchyme and AER [80]. Limb Malformations in the form of hypodactyly and fusion
of the radius and ulna take place in Greml deficient mice [81]. In humans, mutations in the cis
regulatory regions GREM1 cause an autosomal recessive condition characterized by synostosis of
ulna and radius, hemimelia, syn and hypodactyly along with renal abnormalities [82]. Mutations of
genes encoding the BMP antagonist NOGGIN or GDF5 (Growth and differentiation factor) presents
with symphalangism, multiple synostosis and brachydactyly [83,84].

The WNT family members are involved in a signaling pathway that regulates many processes in
limb development. Variants in WNT7A, which controls patterning of the dorso-ventral and AP
axis [72,73] can cause Fuhrmann syndrome which clinically manifests as bowed femurs, aplasia or
hypoplasia of the fibula and ulna and syn/hypodactylies or Schinzel phocomelia syndrome which
comprises aplasia of the ulna and fibula along with phocomelia and ectrodactyly/hypodactyly [85].
Mutations in genes in the WNT signaling pathway have also been linked to tetra-amelia and Split
Hand Foot Malformation syndrome [73].

Transcriptional Regulator genes play a role in limb morphogenesis. There are 39 members in
the HOX gene family which are then grouped in 4 clusters. These genes are fundamental to the
positioning of the developing wings in the embryos of both vertebrates and invertebrates. Specific
HOX genes become upregulated by retinoic acid in areas where the limb buds will develop [72].
Mouse models lacking Hoxa and Hoxd gene clusters show severely truncated limb buds. In humans,
nonsense and missense variants of the coding regions of HOXD13 and HOXA13 results in
syndactylies and hand foot genital syndrome (HFGS). It presents with malformations of hand (short
first metacarpal, distal phalanx of the thumb and middle phalanx of the fifth finger, fusion of retarded
maturation of carpus), feet (short first metatarsal and distal phalanx of the great toe) and urogenital
anomalies [86,87].

The T Box genes play an important role in establishing the fore and hind limb bud
identities [72,88]. There are seven T box genes that are implicated in limb morphogenesis:
T,Tbx2,Thx3,Thx4,Thx5,Tbx15 and Thx18 [89]. T misexpression models in chick models have shown
phenotypic changes in skeletal pattern including anterior digit duplications, posterior transformation
of anterior digits and thickening of the tibial metatarsal. Similar experiments have also shown that
Tbx2 and Tbhx3 expression is required for patterning the posterior digits [90]. Thx3 deficient mice
display ulna and digit defects and hindlimbs are severely truncated. This resembles the Ulnar
mammary syndrome in humans resulting from mutations in TBX3 and manifesting with a range of
abnormalities of the ulnar ray of the upper limb (agenesis or duplication of the fifth finger) and lower

AIMS Medical Science Volume 4, Issue 2, 192-216.



203

limbs (hypoplasia of the fourth and fifth toes) along with apocrine and mammary gland
defects [91,92]. In a separate study, the role of Tbx3 as a determinant in axial positioning of the limb
was highlighted. When present as a transcriptional repressor in the forelimb it results in a rostral shift
in the position of the limb along the main body axis. By contrast, a transcriptional activator form of
Tbx3 shifts the limb to more caudal locations [93].

While Thx4 is expressed in hindlimb, Thx5 is expressed by the forelimb. Their significance is
highlighted in experiments where Thx4 absence in mouse embryos leads to complete absence of
hindlimbs. Delayed inactivation of this gene leads to pelvic anomalies, absence or severe reduction
of femur and dysplasias of anterior digits in hindlimbs. A corollary is seen in the pelvic finless
zebrafish model. These are a naturally occurring zebrafish strain in which the development of the
pelvic fins (the teleost equivalent of hindlimbs) fails. It has now been determined that
polymorphisms in Thx4 are responsible for the specific and complete absence of pelvic fins [94]. In
Tbx5 knockout mice there is complete failure of forelimb elements to form. In zebra fish the absence
of Thx5 leads to the loss of pectoral fins [95]. Mutations in Thx5 is implicated in Holt Oram
syndrome [88], where patients present with varied cardiac anomalies along with limb defects of
radial ray of the upper limbs (hypoplastic, absent or triphalangeal thumb, agenesis or hypoplasia of
the radius).

The SAL-LIKE Zinc Finger transcriptional repressor cluster of genes (SALL1, SALL3, SALL4)
are co-expressed in distal limb bud mesenchyme. Experimental studies indicate their participation in
various signaling pathways of limb development. Mutations in SALL1 have been identified in
Townes Brocks Syndrome in humans which is characterized by anal imperforation and
malformations of the ear, hands (preaxial polydactyly, triphalangeal thumb) and urogenital
tract [96,97]. Various mutations in SALL4 give rise to a condition called Duane Radial Ray
Syndrome. The different limb phenotypes include tri phalangeal thumbs, varying degree of pre-axial
polydactylies, reduction or absence of the radius or ulna, phocomelia and shoulder girdle defects [98].

Split-hand foot malformation syndrome (SHFM), also known as ectrodactyly, is a congenital
limb defect. Its clinical presentation varies significantly and includes hypoplasia of a single phalanx,
aplasia of one or more central digits (classical cleft also known as lobster -claw anomaly) and aplasia
of both central and preaxial rays of the autopod amongst others. To date, seven chromosomal loci
associated with isolated SHFM have been described, i.e., SHFML1 to 6 and SHFM/SHFLD. Most of
the known SHFM loci are associated with chromosomal rearrangements that involve small deletions
or duplications of the human genome [99]. Genome Wide Linkage analysis for Split Hand Foot
Malformation syndrome with long bone deficiency (SHFD) has identified two novel susceptibility
loci on chromosome 1g42.2-g43 and 6gl14.1 in a large Arab family [100]. Further genetic
heterogeneity for ectrodactyly has been suggested with the presence of an additional SHFM locus in
chromosome region 8921.11-q22.3 [101].

Research into the underlying molecular concepts of errors in this complicated network that
leads to limb development funds our knowledge about various limb malformations and may lead to
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targeted interventional strategies in the future. It is interesting to note that often the same gene is
implicated in an isolated limb deformity as well as a syndromic limb deformity. While an isolated
limb deformity may have straight forward management, it should prompt a consultation with a
geneticist in order to rule out a syndrome that could lead to other treatment recommendations, but
also to provide counseling to the family about recurrence, which is of relevance even in isolated
limb defects.

4. Congenital Talipes Equinovarus

Congenital talipes equinovarus (CTEV), also called isolated clubfoot is one of the most
common orthopaedic birth defects and is clinically characterized by forefoot adduction, hind foot
varus, midfoot cavus and hind foot equines [102]. CTEV occurs in 1 per 700/1000 live births in the
United States but the birth prevalence differs substantially among different racial and ethnic
groups [103-105]. Severe calf muscle hypoplasia is often present and persists even after corrective
treatment [106,107].

Both environmental and genetic factors are speculated to play a role in the etiology of CTEV
(Figure 4). Environmental influences including maternal smoking [108] , maternal diabetes [109] as
well as early amniocentesis have been positively correlated to CTEV. With smoking being strongly
linked with CTEV, studies were conducted to elucidate the role of genetic variations in smoking
metabolism. The chemicals constituting cigarette smoke are metabolized by xenobiotic metabolism
and most of these compounds can freely cross the placenta [110]. Fetal concentrations of nicotine
have been found to be generally 15% higher than maternal levels [111]. Hect et al examined
N-Acetyltransferase genes, NAT1 and NAT2, which are responsible for metabolism of tobacco
byproducts [112], and they reported slow acetylation to be a risk factor for CTEV. In a later study,
Sommer et al concluded that xenobiotic genes are unlikely to play a major role in clubfoot, but
perturbation of this pathway may play a contributory role [113].
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Figure 4. Etiologic factors in congenital talipes equinovarus.

Although environmental risk factors likely have a strong influence in CTEV, the higher
concordance of CTEV among monozygotic twins (33%) as compared to dizygotic twins (3%) lends
impetus to the underlying genetic basis of the pathology, although to a lesser degree than that seen in
AIS [114]. This has been substantiated in studies also reporting a higher prevalence among first
degree relatives of affected individuals [115,116].

Various genes are thought to play a contributory role in the etiology of CTEV. PITX1 is one
such gene. PITX1, paired like homeodomainl, is a transcription factor. A missense variant in PITX1
leads to syndromic clubfoot [117]. Another study provided evidence that PITX1 haploinsufficiency
(where only one copy of the gene is functional) may be linked to isolated clubfoot, and closely
mimics the lower limb deformity in humans [118].

The T box family genes have also been an area of interest as a potential etiologic cause. Both
TBX3 and TBX4 have been shown to be susceptible genes for clubfoot. The TBX3 protein is a
transcriptional repressor and mutations are known to affect limb development [119]. TBX4 shares a
similar structure with TBX3. It is expressed in the hindlimb and is involved in limb muscle and
tendon patterning [120]. The opinion on the role of TBX4 in CTEV is controversial. Alvarado et al
concluded that microdeletions/microduplications found in the TBX4 gene are associated with
clubfoot [121]. However another study which looked into the role of possible correlation between the
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TBX4 gene and CTEV reported minimal evidence indicating an association between the two [122].
The contribution of genetic variants in the PITX1 and TBX4 need to be thoroughly investigated to
determine a causal role in the etiology of CTEV.

Apoptosis has also been hypothesized to play a significant part in the pathogenesis of CTEV.
Apoptosis is the process of programmed cell death where the cell nucleus actively induces its own
death. Cysteine dependent aspartate directed proteases (Caspases) belong to the family of cysteine
proteases that play an essential role in apoptosis [123]. In 2005, Heck et al reported that a major
allele variant in CASP10 is associated with CTEV in simplex white and Hispanic trios [124]. Studies
examining the role of mitochondrial apoptotic genes looked into SNPs in each of the genes (CASP3,
CASP8, CASP9, CASP10, BID, BCL2 and APAF1) and provided evidence implying correlation with
CTEV [125]. It is plausible that apoptosis in the placenta may indirectly result in CTEV. Any
imbalance in the process of apoptosis leads to placental dysfunction thereby hindering the supply of
nutrients and oxygen to the fetus [126]. This results in fetal blood redistribution leading to decreased
amniotic fluid volume, restricting the growth and movement of the fetus [127,128]. All the above has
been postulated to affect the development and position of the lower limbs [129].

Many researchers have been successful in inducing clubfoot in mice models using ATRA (all
trans- retinoic acid) [102]. The causative role of apoptosis is further strengthened by the significantly
higher expression of the pro-apoptotic genes like BAX and caspase 3 at both the mRNA and protein
level observed in the ATRA exposed animals. They concluded that their findings not only indicated
an association between placental apoptosis and congenital clubfoot, but also reveal that anti apoptotic
therapy may reverse the progress of apoptosis in the placenta and recover the function of placenta,
which may have some curative effect on CTEV as an adjuvant therapy.

The role of HOX genes in musculoskeletal development during embryogenesis has been
mentioned earlier [130,131]. Mutations in both HOXA and HOXD have not directly been associated
with clubfoot [132,133]. Although the role of HOX genes is controversial and they may not have a
direct effect on development of clubfoot, their interaction with other genes is necessary to disrupt the
developmental process.

CTEV has been seen in a number of Mendelian syndromes leading to muscle disorders.
Variations in genes underlying these disorders could also have an etiologic role in isolated clubfoot
having an effect on muscle contraction and hypoplasia [108]. Weymouth et al studied the association
of muscle contractile genes (TNNC2 and TPM1) associated with CTEV [134]. TNNC2 encodes for
the Troponin C subunit and is required for initiating muscle contraction in fast twitching skeletal
fibers [135]. TPM1 is a member of the tropomyosin family of highly conserved, widely distributed
actin binding proteins involved in the contractile system of both striated and smooth muscle cells.
Muscle contraction is a highly regulated process and involves TPML1 in the quick easily fatigued fast
twitch fibers and TPM2 in the slow, long contracting slow-twitch fibers [136]. In their study,
Weymouth et al hypothesized that variation in expression of TPM1 and TPM2 could alter muscle
contraction related to changes in binding of regulatory proteins. They found two SNPs in TPM2 had
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functional activity that significantly differed depending on which variant was present. Decreased
TPM2 protein could allow for continuous actin myosin interaction leading to persistent muscle
contraction resulting in a contracted foot. On the other hand, increased expression of the promoter
activity of TPM2 could lead to actin inhibition limiting muscle contraction and foot movement
thereby potentially causing muscle wasting and resulting in muscle hypoplasia. An imbalance in this
delicate process may result in CTEV [137].

To date, several genes have been identified but none have solely explained the occurrence of
CTEV. Next generation sequencing and study of genetic variants may shed light on the factors
involved in CTEV pathogenesis. It is desirable to understand these pathways leading to birth defects
like CTEV as they can help with diagnosis and counseling, and integration of genomic risk
assessment alongside other clinical investigation may help personalize CTEV treatment [138].

5. Conclusion

We stand at the brink of an era of personalized medicine. It is easy to foresee a future where
clinical decisions and treatments will be based on prior knowledge of the genomic data of a patient.
Although WES is available clinically, it is still important to send this test in conjunction with a
geneticist. In some cases, WES may not be a substitute for targeted sequencing of suspected genes or
gene panels that have been optimized for a particular condition [139]. Moreover, careful
interpretation of results by someone familiar with variant classification is imperative [140]. The
American College of Medical Genetics and Genomics has recommended reporting back specific
variants in clinically actionable genes. The list, which initially contained a set of 56 genes
representing 24 disorders, continues to be updated [141]. The field of molecular biology is rapidly
advancing and it is the responsibility of the orthopaedic surgeon to stay abreast of the latest
innovations and discoveries in this field. The crossover between the two specialties has been a slow
but a steady one and a collaborative approach between an orthopaedic surgeon and geneticist can
help tailor patient care. Advances in molecular orthopaedics are expected to provide a treating
surgeon with greater diagnostic and treatment options which may be individualized to each patient.
Genetic characterization of a patient will help indicate the risk of progression of a condition,
recurrence and/or response to a treatment modality, recurrence risk for the family and will be
instrumental in management decisions. The near future holds promise for the orthopaedic surgeon to
expand his/her practice to incorporate preventive strategies for various conditions based on the
genetic makeup of the patient.
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