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ABSTRACT OF THE DISSERTATION

The Identification and Characterization of Chondrodysplasias Resulting from Cartilage

Extracellular Matrix Abnormalities

by

Karthika Balasubramanian
Doctor of Philosophy in Molecular, Cell and Developmental Biology
University of California, Los Angeles, 2017

Professor Daniel H. Cohn, Chair

The chondrodysplasias are a group of genetic disorders resulting from profound defects
in cartilage development. Two mild chondrodysplasias, Multiple Epiphyseal Dysplasia (MED)
and Stickler Syndrome (STL), result from reduced synthesis and/or altered structure of cartilage
extracellular matrix (ECM) proteins, which provide a scaffold for the organization of the

chondrocytes in the endochondral growth plate.



Individuals affected with MED exhibit mild short stature, joint pain, and early-onset
osteoarthropathy. Dominantly inherited mutations in 5 genes, COMP, MATN3, COL9A1,
COL9A2, and COL9AS, and recessively inherited mutations in SLC26A2 result ina MED
phenotype, and the mutations in these genes account for the molecular basis of disease in 80-
85% of the cases. Using exome sequencing, | endeavored to identify the molecular basis of the
disease in cases with an unknown etiology. I identified two cases with a clinically distinct
recessively-inherited form of MED due to mutations in CANT1, a gene involved in ECM
biosynthesis. As this form of MED only accounts for a subset of the uncharacterized cases, there

is further locus heterogeneity among patients with this phenotype.

Type IX collagen, a heterotrimeric collagenous ECM protein comprised of three
procollagen chains, a1(IX), a2(IX), and a3(IX), is involved in the pathogenesis of both MED
and STL. STL is characterized by mild short stature, craniofacial defects, sensorineural hearing
loss, and myopia, and recessive loss-of-function mutations in all three human type IX
procollagen genes have been identified in STL. Previous studies have indicated that the loss of
al(IX) results in a functional knockout of type 1X collagen, but similar studies have not been
conducted for a2(IX) and a3(IX). Through the generation of a Col9a2 ”~ mouse, | determined
that the loss of a2(IX) also results in total loss of type IX collagen, and the resulting mouse

phenocopies STL.

Through the study of MED and type 1X collagen, | have gained a better understanding of

the mechanisms of pathogenesis in a subset of chondrodysplasias of the cartilage ECM.
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CHAPTER ONE

Introduction



The Skeletal Dysplasias
The skeletal dysplasias are a diverse group of inherited genetic diseases primarily

affecting the growth and development of the human skeleton. Currently, 436 clinically distinct
skeletal dysplasias have been recognized, and 364 of these diseases are associated with a mutated
gene[1]. The identification and examination of the functional consequences of the mutations that
result in the skeletal dysplasias has provided insight into the functions of the molecules and

mechanisms that are essential for the development of the human skeletal system.

The skeletal dysplasias can be classified into three main groups of disorders: the
osteodysplasias, the chondrodysplasias, and dysostoses. The osteodysplasias primarily involve
defects in the development and maintenance of bone, resulting in alterations in mineralization
that ultimately affect bone mineral density[2]. The chondrodysplasias result from defective
chondrocyte differentiation and proliferation, leading to abnormalities in skeletal patterning and
linear growth that result in short stature and skeletal deformities. Lastly, the dysostoses affect the

patterning, sizes and shapes of individual bones or a specific group/type of bones[3-5].

Collectively the occurrence of skeletal dysplasias is relatively common, with an incidence
of 1 in every 5,000 births, but at the level of individual diseases the frequency of each is low[4].
The severity of these disorders ranges from perinatal lethal diseases[6] to mild affectation in
adulthood[7], primarily resulting in delayed skeletal growth[8, 9]. Prenatal diagnosis of a
skeletal dysplasia can occur as early as 12 weeks of gestational age, when defects in skeletal
length, morphology, and ossification can be observed by ultrasonography[10, 11]. Typically, the
earlier in development defects in skeletogenesis are observed, the higher likelihood these defects
result from mutations in genes that are essential to skeletal patterning and development, and

ultimately result in a perinatal lethal skeletal dysplasia[11].



In order to accurately diagnose skeletal dysplasias, clinicians, radiologists, and
researchers use a combination of clinical and radiographic data to assess the age of onset and
severity of the phenotype[12]. This includes three key diagnostic tools: radiographs to assess the
skeletal defects, family history to assess the mode of inheritance, and clinical evaluation to
indentify additional non-skeletal features that may be diagnostic for particular diseases. A full
genetic skeletal survey provides detailed information including but not limited to bone age,
ossification defects, and unique radiographic features that lead to the identification of the
underlying disorder[12]. For example, the presence of a double-layered patella in a lateral knee
radiograph is a clinically distinct feature of recessive Multiple Epiphyseal Dysplasia,
distinguishing this phenotype from the autosomal dominant forms of the disease [13]. Next, a
study of the family history will aid in determining the mode of inheritance, which can be
autosomal or X-linked dominant or recessive [1]. Additional unusual inheritance patterns have
been observed including dominant mutations inherited by somatic and germline mosaicism and
recessive phenotypes with digenic inheritance[4, 5]. Lastly, secondary clinical phenotypes
arising from developmental defects in other organ systems such as the brain[14], heart[15],
kidney[16], liver[17], eye[18] and ear[19, 20] can aid in clinical diagnosis. For example, the type
Il collagenopathies can exhibit profound vision and hearing defects, which assist in
distinguishing the observed skeletal anomalies from other disorders with similar radiographic
features[21]. Combined, the unique clinical and radiographic features of each disorder illustrate
the genetic diversity among the skeletal dysplasias and the complex biochemical and molecular
mechanisms associated with skeletal development. As identification of the molecular basis of the

majority of these disorders has been accomplished, this information has also facilitated the use of



molecular testing as an important diagnostic tool for accurately diagnosing these disorders for

the benefit of patients.

Chondrodysplasias
The chondrodysplasias are a subset of about 200 of the skeletal dysplasias that have

primary effects on cartilage development. Defects in cartilage development result in abnormal
formation of the limbs, trunk and/or skull, often leading to disproportionate short stature[3]. The
genes associated with the chondrodysplasias encode proteins with a diverse array of functions
including but not limited to the formation of the cartilage extracellular matrix (ECM) by
structural proteins[18, 22-24], signaling by a variety of signaling receptors and their ligands[25],
and transcription factors involved in skeletal development[26-28], attesting to the complexity of
these disorders and their underlying causes. In some cases the genes are expressed in a wide
variety of tissues, but their defects lead to an especially profound effect on cartilage, as in the
case of the spectrum of chondrodysplasias resulting from reduced enzymatic function of the
sulfate transporter encoded by SLC26A2[29]. However, in about one third of the
chondrodysplasias, the defects are in genes that are selectively expressed in cartilage, including

the genes encoding the major extracellular matrix structural proteins.

Through transcriptome profiling studies of normal human, mouse and rat cartilage, a
subset of genes that are selectively expressed in the tissue have been identified, several of which
have been previously implicated in cartilage development or associated with a
chondrodysplasia[30-32]. These include many well-characterized genes such as the cartilage
collagens (types II, X1 and IX) and other ECM structural proteins including aggrecan and the
matrilins and a wide array of additional genes known or implicated as important for skeletal

development[30]. In the study by Funari et al. 2007, 161 genes were determined to be cartilage



selective based on significant expression in cartilage and low expression in non-cartilaginous
tissues, with 25 genes known to be associated with chondrodysplasias [30]. Many of the genes
also possessed novel, uncharacterized functions in cartilage, creating a list of potential loci for
chondrodysplasias with an unidentified molecular basis of disease. Because many of the
chondrodysplasias result from mutations in cartilage selective genes, the use of next generation
techniques, such as exome or genome sequencing, in combination with cartilage gene expression

studies, can assist in the identification of novel disease loci[21].

Endochondral Ossification
Study of the pathogenesis in the chondrodysplasias has demonstrated that the phenotypes

are due to defects in the mechanisms underlying the formation of cartilage and bone [3]. Most
elements of the axial skeleton, including the rib cage and vertebrae, and most of the appendicular
skeleton, including the upper and lower limbs and the pelvic girdle, all are formed via
endochondral ossification, the formation of bone via a cartilage template. By contrast, the skull
and portions of the mandible, lateral clavicles and pubis form via intramembranous ossification,
the direct differentiation of precursor mesenchymal cells into bone without a cartilage

intermediate[33].

During human fetal development, the skeletal elements arise from precursor
mesenchymal stem cells which cluster and condense to pattern the early skeleton[34]. For bones
that develop via endochondral ossification, the mesenchymal condensations undergo
chondrogenesis and become chondrocytes and then align along the axis of growth to form the
growth plates [34-36]. During endochondral bone formation, linear growth occurs by a tightly
regulated developmental process in which chondrocytes proliferate, expand in size, and mature

into terminally differentiated cells that secrete an extracellular matrix that becomes mineralized,



after which the cells undergo apoptosis[34]. The endochondral growth plate can be divided
according to the stages of chondrocyte differentiation. The zones, in order from least
differentiated to most differentiated, are the reserve, proliferative, pre-hypertrophic and
hypertrophic zones. Chondrocytes in each zone exhibit a characteristic size, morphology, and
organization. Once the chondrocytes undergo apoptosis, osteoblasts (bone forming cells) invade
the mineralized cartilage template and replace the cartilage matrix with a mineralized bone

matrix [33, 37, 38] (Figure 1.1).

The process of endochondral ossification is highly regulated by numerous transcription
factors and signaling molecules. The master transcriptional regulator of chondrogenesis, SOX9
(SRY-related high-mobility-group-box 9), determines the cell fate of chondrocytes and drives the
differentiation of mesenchymal stem cells into cartilage forming cells [38, 39]. SOX9 is
expressed in mesenchymal stem cells, reserve chondrocytes and proliferative chondrocytes [35,
39], and modulates the expression of many genes selectively expressed in cartilage. During
chondrogenesis, active SOX9 forms a homodimer and binds to paired heptameric consensus
sequences, which are specific to cartilage expressed genes [40]. Multiple SOX9 response
elements have been identified in the cartilage selective genes COL2A1, COL9A1, COL9A2,
COL11A2, and ACAN, and alterations to the consensus sequence and surrounding nucleotides in
the response elements result in reduced binding of SOX9 and decreased target gene
expression[41-43]. Additional studies have shown that SOX9 induces the temporal-dependent
expression of the cartilage specific transcription factors SOX5 and SOX6 during endochondral
ossification, further emphasizing the critical role of SOX9 in determining cartilage selectivity

and chondrocyte growth and differentiation[44].



One of the critical functions of growth plate chondrocytes is the ability to synthesize
structural proteins to create the cartilage ECM. The ECM functions as a scaffold for
chondrocytes in the growth plate and assists in maintaining the organization and polarity of the
columnar proliferative and hypertrophic chondrocytes along the longitudinal growth axis [45].
As observed in human chondrodysplasias or phenotypes in mouse models, perturbation of the
expression of the genes encoding ECM proteins, or alterations in their structures, can result in
abnormalities in chondrocyte proliferation and growth plate architecture [46, 47]. In some cases,
these alterations in protein synthesis lead to induction of the unfolded protein response, increased
cell stress and chondrocyte apoptosis, with reduced growth plate size [46, 48]. As the length of
the endochondral growth plate can correlate to the height of an individual, the resulting shorter
growth plates reflect the disproportionate short stature observed in many skeletal dysplasia

patients.

The Cartilage Extracellular Matrix
The ECM provides structure to the growth plate, as well as tensile strength and elasticity

to the tissue, all of which is mediated by the tight network of the fibrillar and extrafibrillar
matrix[47]. The fibrillar matrix is primarily composed of type Il collagen fibrils interspersed
with type XI collagen, which forms a scaffold for the developing chondrocytes in the growth
plate [45, 47, 48]. In contrast, the extrafibrillar matrix is comprised of a variety of sulfated
proteoglycans, with the chondroitin sulfate proteoglycan aggrecan as the major structural protein,
providing structural integrity and mechanostability to the cartilage[49]. Interactions between the
fibrillar and the extrafibrillar matrix are mediated by adaptor proteins such as the cartilage
oligomeric matrix protein, matrilin-3, and type 1X collagen[48] (Figure 1.2). Each of these
proteins exerts a unique function in the maintenance and homeostasis of the ECM, as determined

by the structures of these collagenous and non-collagenous proteins.
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The principal component of the fibrillar matrix, type Il collagen, and the minor
component, type XI collagen, together cooperate to form the scaffolding of the ECM. Both of
these collagens, known as the fibrillar collagens, form long, uninterrupted triple helixes to
perform this function [50]. Type II collagen exists as a homotrimer of the a1(II) procollagen
chain, while type XI is comprised of a heterotrimer of the al(XI), 02(XI), and a1(II) procollagen
chains[50]. These chains trimerize and the triple helical domain contains a conserved Gly-X-Y
amino acid motif, which is altered in many of the chondrodysplasias resulting from Glycine
mutations [18, 50]. Minor amounts of type IX collagen, which is a heterotrimer of al(IX),
a2(IX), and a3(IX)[51], serve a dual function in the matrix: molecules are covalently cross-
linked to the fibrillar collagen in an antiparallel orientation at conserved lysine residues to
regulate the diameter of collagen fibrils[52], and they also serve as bridging molecules between
the fibrillar and extrafibrillar matrix[53]. As a fibril-associated collagen with interrupted triple
helices (FACIT), type 1X collagen contains three collagenous domains (COL1-3) that are flanked
by four non-collagenous domains (NC1-4), each of which serves a unique function in the
ECMI53]. The NC1, NC2, COL1 and COL2 domains are involved in regulating the collagen
fibril diameter while the NC3 domain functions as a hinge, pointing the COL3 and NC4 domains
into the matrix, enabling the bridging/adaptor function [54]. Since all three selectively expressed
collagenous proteins share structural roles in the ECM, mutations in all of the genes encoding
these proteins can result in the chondrodysplasia Stickler Syndrome, which will be discussed
later in this chapter. The close interactions among all three collagen molecules in the ECM is
required for the development and maintenance of the matrix, and even mild alterations in the

amount or structures of these proteins can result in a skeletal dysplasia.



To create stability between the fibrillar and extrafibrillar cartilage matrix, noncollagenous
adaptor proteins such as cartilage oligomeric matrix protein (COMP) and the matrilin family of
proteins mediate interactions between the collagen fibrils and the proteoglycan (aggrecan)
matrix[48, 55]. Here the type IX collagen bridging function is most notable, as COMP and
matrilin-3 interact with the COL3 and NC4 domains pointing into the matrix[47]. While loss of
either COMP or MATNS3 do not result in a dysplasia in mice [56-58], structurally abnormal
proteins due to dominant negative mutations in both of these genes and the genes encoding the
three type IX procollagen chains can result in the mild disease Multiple Epiphyseal Dysplasia
(MED)[59]. MED, as detailed below, is one of the more common skeletal dysplasias, and the
study of MED patients has provided a deeper understanding of the cellular responses to abnormal
protein synthesis.

Multiple Epiphyseal Dysplasia

Multiple Epiphyseal Dysplasia (MED) is a chondrodysplasia that is characterized by mild
short stature, joint pain, and early-onset osteoarthropathy. Patients can also present with mild to
moderate brachydactyly and genu valgum (knock-knees) or genu varum (bow-legs) [59, 60].
Radiographic features include epiphyseal dysplasia at the hip or knee joints, delayed carpal
ossification in the hands, and in some cases mild platyspondyly and/or irregularly-shaped
vertebral bodies[59, 61] (Figure 1.3). Autosomal dominant mutations in COMP[62, 63],
MATN3[64], COL9A1[65],COL9A2[66], and COL9A3[67] account for the molecular basis of
disease in approximately 70-75% of the cases. All of these genes encode structural proteins of
the cartilage extracellular matrix that are selectively expressed in the tissue[47]. A clinically
distinct recessive form of the disease, which is caused by homozygosity or compound
heterozygosity for mutations in SLC26A2, the diastrophic dysplasia sulfate transporter, is

characterized by epiphyseal dysplasia at the hips, advanced carpal ossification, and a double-
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layered patella observed by x-ray and accounts for an additional 10-15% of MED cases [68]. The

molecular basis of disease remains unknown in approximately 15-20% of MED cases.

The mechanisms underlying the pathogenesis of MED in both the dominant and recessive
forms are vastly different due to the fundamental natures of the proteins encoding the disease-
associated genes. In all of the dominant disease loci, the genes encode multimeric structural
proteins of the ECM that are selectively expressed in cartilage[47]. Because the patients are
heterozygous for their mutations, 50% of the synthesized monomers are abnormal, resulting in
proteins composed of a mixture of normal and mutant monomers in varying stoichiometries. In
the case of COMP, the mature protein is a homopentamer, and heterozygosity for a structural
mutation would predict that 31/32 pentamers will contain at least one abnormal chain. Each
COMP monomer contains 4 domains—an oligomerization domain at the amino terminal, EGF-
like repeats/type Il repeats, calmodulin-like repeats/type 111 repeats, and a globular C-terminal
domain[69, 70]. Identified mutations in COMP are missense or small in-frame deletions and
typically are found in the type Il repeats/calmodulin-like repeats or in the C-terminal domain,
which result in impaired binding to Ca2+ molecules and protein misfolding [71, 72]. Matrilin-3
monomers also have 4 domains—a signal peptide, a von Willebrand factor A domain, EGF-like
repeats, and an oligomerization domain[73]—and form homotrimers, homotetramers, or
heterotetramers with matrilin-1[74] with 7/8 mutant homotrimers, 15/16 mutant homotetramers,
and 3/4 mutant heterotetramers synthesized. All MED-associated mutations in MATNS3 cluster in
the von Willebrand factor A domain, resulting in misfolding of the alpha and beta sheets of the
protein [75, 76]. Lastly, as described earlier, type IX collagen is a heterotrimer composed of a
procollagen chain encoded by each of the type IX collagen genes and contains 3 collagenous

domains—COL1-3—which are flanked by four noncollagenous domains—NC1-4[54]. Disease
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producing mutations in the type IX procollagen genes are all splicing mutations that lead to exon
skipping and a 12 bp deletion targeting the COL3 domain, producing 50% mutant trimers [60,
66] (Figure 1.4). All of the dominant mutations exert their phenotypic effect through a dominant
negative mechanism, either leading to synthesis and intracellular retention of structurally
abnormal proteins within the rough endoplasmic reticulum (RER) or the secretion of mutant
proteins into the ECM [75-79]. In addition to disrupting the matrix, accumulation of abnormal
proteins within the RER can induce an unfolded protein response and lead to secondary

abnormalities, including apoptosis [80, 81].

In contrast to AD MED, in recessive MED the mutations result in reduced enzymatic
activity of the diastrophic dysplasia sulfate transporter encoded by SLC26A2. This enzyme
imports inorganic sulfate into the cells for posttranslational modification of ECM
proteoglycans[82] and in MED, the decreased enzymatic activity ultimately leads to decreased
sulfation of chondroitin sulfate proteoglycans, including ECM proteins[83, 84]. Because both the
dominant and recessive MED loci share a common function of maintaining the structural
integrity of the cartilage extracellular matrix (ECM), mutations in these genes result in a similar

radiographic phenotype, even though the underlying mechanisms are different.

Collectively, mutations in these six genes accounts for the molecular basis of disease in
80-85% of the cases. Linkage studies have excluded mutations in the known genes in cases with
an unknown molecular basis of disease, but novel loci have not yet been identified[85]. Using
the exome sequencing tool, | endeavored to identify mutations in novel loci that result in MED in
cases of unknown molecular basis. As the current loci are all involved in ECM biosynthesis, |

hypothesized that a novel locus might also share a similar function. Chapter 2 will highlight the
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results of this study and the identification of mutations in CANT1, a gene involved in

proteoglycan synthesis, that have been found in a clinically distinct recessive form of MED.

Stickler Syndrome
While the defects observed in AD MED result from structural abnormalities in proteins

of the ECM, Stickler syndrome (STL), which is an arthroopthalmopathy with involvement of the
skeletal, ocular, and auditory systems, results primarily from loss of function defects in ECM
proteins. Affected individuals present with mild short stature, myopia, vitreoretinal degeneration,
retinal detachment, midface hypoplasia, micrognathia, cleft palate, epiphyseal dysplasia, and
sensorineural hearing loss [86] (Figure 1.5). Similar to MED, there is extensive locus
heterogeneity in STL, with dominant mutations in COL2A1[87], COL11A1[88], and
COL11A2[89] and recessive mutations in COL9A1[19], COL9A2[20], and COL9A3[90] all
resulting in a similar clinical phenotype. Since type 1X collagen functions as a bridging molecule
with a role in the fibrillar matrix structure and as an adaptor protein, the observed defects in STL

may relate more closely to its structural role in the fibrillar matrix.

While significant locus heterogeneity exists in STL, the frequency at which the mutations
are observed is not equal among the various genes. About 80-90% of the cases arise from
mutations in COL2A1, 10-20% from defects in the type XI collagen genes, and only 6 cases have
been observed that result from type 1X collagen gene mutations [86]. The mutations in type 11
collagen are dominantly inherited and primarily result in premature termination codons leading
to haploinsufficiency, demonstrating that a 50% reduction in type 1l collagen produces a milder
phenotype than the dominant negative mutations observed in the other type Il
collagenopathies[18]. However, type Il collagen Stickler syndrome is still the most severe

phenotype on the STL spectrum[86]. COL11A1 STL results from missense, splicing, and small
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insertion/deletion mutations that produce structurally abnormal proteins[91]. The phenotype in
these patients resembles the COL2A1 Stickler phenotype, but the defects are milder [86].
COL11A2 mutations, which result from in-frame deletions and also lead to structurally abnormal
proteins [91], produce a clinically distinct phenotype as these patients lack ocular defects,
reflecting that the gene is not expressed in the vitreous of the eye [92]. Lastly, all of the type IX
collagen Stickler syndrome cases are recessive and result from homozygosity or compound
heterozygosity for nonsense mutations that result in a loss of type 1X collagen [19, 20, 90].
Although type IX collagen is not a major component of the ECM, it is likely that the frequency
of type 1X collagen Stickler is lower because the phenotype is recessive. In addition, there is a
very low carrier frequency of type IX collagen gene null alleles observed in public databases
such as the NCBI Exome Variant Server [93] and the Exome Aggregation Consortium [94]. This
may reflect purifying selection against null alleles for these genes, which may be an additional

reason so few cases have been observed [95].

Among the different forms of Stickler syndrome, the type IX collagen cases exhibit
profound vision and hearing defects, but the observed skeletal defects are relatively mild in
comparison to the type Il and type XI collagen Stickler phenotypes [90] (Table 1.1). Studies in
the Col9al " mouse have demonstrated that the loss of Col9al results in a functional knockout
of type IX collagen [96] and the mouse model phenocopies Stickler syndrome with abnormal
growth plate organization[97], early-onset osteoarthritis[98], and hearing loss[99]. It has been
assumed that a similar phenomenon occurs with 02(IX) and a3(IX), an inference supported by
the fact that loss of function mutations in COL9A2 or COL9A3 result in Stickler syndrome, but

no functional studies have been completed to determine the validity of this assumption[20, 90].
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Also relevant in this context, biochemical analysis of the stoichiometry of chain
composition required for type 1X collagen trimerization has demonstrated that o1(IX) is essential
to producing a functional protein, but the data are less clear for 02(IX) and o3(IX). In vitro
expression of various combinations of al(IX), a2(IX) and a3(IX) demonstrated that a1(IX) can
self-trimerize to produce intact collagen molecules, suggesting that absence of either of the other
two chains could still lead to synthesis of type IX collagen[100-102]. However, the results are
inconsistent for a2(IX) and a3(IX). In Jiilinoja et al. 2008, full-length a2(IX) and a3(IX) were
shown to be able to homotrimerize[101], but this finding was not replicated in the Pihlajaama et
al. 1999 study[100]. Peptides from a2(IX) containing just the NC1 and COL1 domain were
shown to homotrimerize[102], as were peptide fragments containing just the NC4-COL?2
domains[101] but this did not occur with a3(IX) peptides. In order to determine whether 02(IX)
is essential to the synthesis of functional type IX collagen, I constructed an in vivo knockout
mouse model for Col9a2 to assess the biochemical and phenotypic consequences of the loss of
this subunit. Chapter 3 discusses the results of this study and resolves the different findings in the
literature, demonstrating that a2(IX) is also essential to type IX collagen biosynthesis and

showing that the Col9a2 * mouse phenocopies Stickler syndrome.
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Figures

Figure 1.1: Endochondral Ossification. This figure is from Wuelling & Vortkamp 2010[37] a)
The mesenchymal stem cells (MSCs) condense to form the early skeletal elements b) MSCs
differentiate into chondrocytes, which form the endochondral growth plate. The reserve
chondrocytes (grey) form columnar proliferative cells (red), which terminally differentiate into
hypertrophic chondrocytes (blue). The cells are surrounded by the perichondrium (green) and the
future periosteum (orange). ¢) The hypertrophic chondrocytes are replaced by osteoblasts
(brown), and blood vessels have invaded the growth plate to vascularize the tissue. d) Secondary
ossification centers form distal to the growth plate, and skeletal growth ceases when the primary
and secondary ossification centers fuse together.

15



Collagen VI ——

Decorin/
Biglycan

«— Matrilin-3 —

7 I

Collagen 11 Collagen IX

Figure 1.2: Structure of the Cartilage Extracellular Matrix. This figure is from Budde et al.
2005 [103]. The fibrillar type 11 and type XI collagens form the scaffolding of the extracellular
matrix. Type 1X collagen fibrils are covalently crosslinked to the collagen fibrils, connecting the
fibrils to the adaptor proteins COMP pentamers and matrilin 1/3 tetramers. These adaptor
proteins connect the collagen fibrils to other fibrils and proteoglycans such as aggrecan in the
extrafibrillar matrix.
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Figure 1.3: Radiographic Phenotype of Autosomal Dominant and Autosomal Recessive
MED. A) Unaffected Adolescent films from an unaffected individual. A-1) AP Pelvis at age 9.
A-2) AP knee (Figure for A-2 is is modified from Boeyer and Ousley 2016 [104]). A-3) Hand at
age 12. A-4) Lateral spine at age 12. B) Autosomal dominant MED due to COMP mutations. B-
1) Female pelvis at age 15 with flattened, irregularly shaped capital femoral epiphyses. B-2)
Female knee at age 15 with flattened knee epiphyses. B-3) Female hand at age 15 with
brachydactyly. B-4) Male spine at age 13 with irregularly shaped vertebral bodies and
platyspondyly. C) Autosomal recessive MED due to mutations in SLC26A42 (Figures for C are
modified from Unger et al. 2008[59]). C-1) Pelvis with irregularly shaped capital femoral
epiphyses. C-2) Knee depicting clinically distinctive double-layered patella. C-3) Advanced
carpal ossification of the carpals.
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Figure 1.4: Mutations in Autosomal Dominant MED Loci A) COMP monomers contain four
domains and all of the MED mutations are missense changes or small in-frame
deletions/duplications clustered in the calmodulin-like repeats and the C-terminal domain,
resulting in misfolded, structurally abnormal proteins. B) Matrilin-3 monomers contain 4
domains, and all of the MED mutations are clustered in the von Willebrand factor A domain and
result in misfolded alpha and beta sheet domains. C) Type 1X collagen is a heterotrimeric protein
with 3 collagenous domains and 4 non-collagenous domains. All MED mutations are splicing
mutations that lead to in-frame deletions in the COL3 domain.
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Figure 1.5: Radiographs of Patients Affected with Stickler Syndrome. Radiographs from a
patient with a homozygous recessive mutation in COL9A3. A. AP hip showing mildly flat capital
femoral epiphyses (left arrow) with irregularly-shaped acetabulae (right arrow). B) AP knee
shows irregularly shaped proximal tibial epiphyses. C) No significant abnormalities observed in

the lateral spine.
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Table 1.1: Clinical Features of Patients with Stickler Syndrome

Table I. Clinical Finding in Autosomal Dominant and Recessive Stickler Syndrome

STL1 and STL2
(COL2A1 and STL3 COL9AT CoL9A2
Clinical findings COL11AT) (COL11A2) Arg295* Asp231GInfs*70 COL9A3Z GIn393Cysfs*25

Clinical findings in stickler syndrome

High myopia + - + + +

Vitreoretinal + - + + -

degeneration

Retinal detachment + - - * -

Cataracis + - - — -

Hearing loss + + + + +

Mid-face hypoplasia + + - + +

Cleft palate/Fierre Robin + + - - _

sequence

Anteverted nares + + - - -

Small chin + + - + -

Short stature +— +— + + _

Spondyloepiphyseal + + + 2 -

dysplasia

Early-onset + + ? 2 -

osteoarthritis

Other findings - - Genua - Internal tibial rotation, pes
valga planus, downslanted palpebral

fissures

“=" absent; *+", present; “?", not known.

This table is from Faletra et al. 2014[90].
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Abstract
Multiple Epiphyseal Dysplasia (MED) is a relatively mild skeletal dysplasia that is

characterized by mild short stature, joint pain, and early-onset osteoarthropathy. Dominant
mutations in COMP, MATN3, COL9A1, COL9A2, and COL9A3, and recessive mutations in
SLC26A2 account for the molecular basis of disease in about 80-85% of the cases. The molecular
basis of disease is unknown in about 15-20% of the cases. In this study, | used exome sequencing
to determine the molecular basis of disease in a cohort of 15 MED families, identifying
pathogenic mutations in 9 out of 15 cases. In addition, 18 additional families were analyzed by
candidate gene mutation screening, yielding 2 additional mutations. Pathogenic mutations were
identified in the known MED disease loci in six families: 3 previously observed mutations in
COMP, 1 previously observed and 1 novel mutation in MATN3, and 1 previously observed
mutation in COL9A2. Novel mutations were identified in other known skeletal dysplasia loci in 5
families: homozygosity for recessive mutations in CANT1 was found in two families, compound
heterozygosity for mutations in GNPTAB was found in one family, and heterozygosity for
autosomal dominant mutations in COL2A1 was found in two families. All of these cases had
radiographic similarity to more severe diseases associated with their respective loci, i.e.
Desbuquois dysplasia, mucolipidosis 111, and spondyloepiphyseal dysplasia congenita. However,
the phenotype associated with the recessive CANT1 mutation is clinically distinct from
Desbuquois dysplasia and more similar to MED, indicating that CANT1 can be considered as
another locus for recessive MED. Lastly, the causative mutation was not identified in the

remaining six cases, emphasizing further locus heterogeneity in MED.

Introduction
Multiple Epiphyseal Dysplasia (MED) is a mild chondrodysplasia that is characterized by

mild short stature, joint pain, and early-onset osteoarthropathy, frequently resulting in multiple
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joint replacements in the third or fourth decade of life[1]. Radiographic features include
epiphyseal dysplasia at the hips and knees, delayed carpal bone age and, in some cases, mild
platyspondyly and irregularly-shaped vertebral bodies[2]. Autosomal dominant mutations in
COMP[3, 4], MATN3[5], COL9A1[6],COL9A2[7], and COL9A3[8] account for the molecular
basis of disease in approximately 70-75% of the cases. All of these genes encode structural
proteins of the cartilage extracellular matrix that are selectively expressed in the tissue[9]. A
clinically distinct recessive form of the disease, which is caused by homozygosity or compound
heterozygosity for mutations in SLC26A2, is characterized by epiphyseal dysplasia at the hips,
advanced carpal ossification, and a double-layered patella observed by lateral x-ray of the knee
and accounts for an additional 10-15% of MED cases [10]. SLC26A2 encodes a sulfate
transporter that imports inorganic sulfate into the cell for posttranslational modification of
proteoglycans and is a widely expressed gene [11, 12]. The molecular basis of disease remains
unknown in approximately 15-20% of the cases.

Previously, MED patients were classified into three categories: “Fairbanks” type,
“Ribbing” type, and “Unclassified”’[2]. This classification system was based on the severity of
the radiographic findings where the Fairbanks type represents more severe epiphyseal dysplasia
with abnormalities at all of the major joints including severe abnormalities of the hips; the
Ribbing type represents mild cases that typically only involve epiphyseal dysplasia at the hips;
and the unclassified group represents an intermediate severity phenotype within the MED
spectrum [2]. Among the dominant forms of the disease, it is challenging to determine the
genotype of patients based on the observed phenotype, as there is a great deal of clinical and
radiographic variability and there is no clinically distinct feature that reliably defines COMP vs

MATNS3 vs type IX collagen MED. Typically COMP MED is more severe and results in very
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small, irregular capital femoral epiphyses, flattened acetabulae, irregularly-shaped knee
epiphyses with metaphyseal widening, brachydactyly, mild platspondyly, and mildly rounded
vertebral bodies[2]. Type 1X collagen MED is typically milder than COMP MED with defects
primarily observed at the knee epiphyses[13]. An examination of patients with MATN3
mutations demonstrates significant phenotypic variability. There are reports of patients with
normal stature and very mild skeletal manifestations[14, 15], as well as cases presenting with
small, dysplastic capital femoral epiphyses, irregular knee epiphyses, and platyspondyly with
vertebral irregularities[16]. In addition to the variability in MATN3 MED, there are also atypical
cases of COMP MED that deviate from the aforementioned features, leading to radiographic
overlap among cases with mutations in other genes[16]. More recently, mutations in COL2A1
have been identified in patients with MED, indicating some difficulty in differentiating MED
from related disorders with similar radiographic features, such as mild forms of
spondyloepiphyseal dysplasia congenita (SEDC)[17].

All of the proteins encoded by the known MED associated genes are involved in
maintaining the structural integrity of the cartilage extracellular matrix (ECM). For the
autosomal dominant forms of the disease, the mutations exert their phenotypic effect through a
dominant negative mechanism, leading to intracellular retention of structurally abnormal proteins
within the rough endoplasmic reticulum (RER) [18-22]. In addition to disrupting the matrix,
accumulation of abnormal proteins within the RER can induce an unfolded protein response and
lead to secondary abnormalities, including chondrocyte apoptosis [23, 24]. The recessive
mutations in SLC26A2 result in reduced activity of the diastrophic dysplasia sulfate transporter,
which ultimately leads to decreased sulfation of chondroitin sulfate proteoglycans, including

ECM proteins[25, 26]. Considering that the molecular basis of disease is unknown in about 15%-
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20% of the cases, | hypothesized that novel mutations in one or more genes involved in cartilage
development and/or extracellular matrix biosynthesis might be the cause of MED. | used exome
sequencing and candidate gene analysis to explore this possibility and have identified novel
variants in CANT1, the gene encoding calcium-activated nucleotidase 1, that result in a form of
recessively inherited MED that is clinically distinct from the allelic Desbuquois dysplasia
phenotype. As the CANT1 enzyme is involved in the posttranslational modification of cartilage
proteoglycans, this supports the proposed hypothesis and provides insight into the mechanism of

pathogenesis in some cases with a previously unknown molecular basis of disease.

Materials and Methods
Patient Samples

All patient samples were obtained through the International Skeletal Dysplasia Registry
at the University of California, Los Angeles. Informed consent was provided by all subjects
under an approved Institutional Review Board (IRB) protocol.

DNA was obtained from whole blood, saliva, or cultured patient cells, which included
Epstein Barr Virus transformed lymphoblastoid cell lines, fibroblasts, and/or chondrocytes and
was isolated using a kit (Qiagen). All methods employed in this study were approved under a
UCLA Biosafety protocol.

Exome Sequencing

Exome sequencing included affected individuals and selected unaffected family members
from cases R95-334, R96-231, R74-111, R86-160, R92-280, R95-055, R97-290, R98-058, R89-
205, R91-025, R93-046, R98-132, R98-306, R07-462, and R12-062.

To facilitate exome sequencing, DNA quality was assessed by two independent methods:
agarose gel electrophoresis and the Agilent Bioanalyzer. All samples were separated by

electrophoresis on 1 % agarose gels, stained with ethidium bromide, and assessed for the level of
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DNA fragmentation. A broad, solid band indicated good DNA quality. Results were confirmed
by interrogating samples on an Agilent DNA 1000 chip, again requiring that the DNA was not
degraded. DNA samples that passed these two quality control measures were then quantified
using the Qubit Broad Range DNA assay and 2-3 pg was used for exome library preparation.

Some exome libraries were prepared and exome sequences determined at UCLA. DNA
was fragmented and sheared using the Covaris sonicator. Whole genome libraries were prepared
using the Illumina Truseq DNA library preparation kit. Post library preparation, library quality
was assessed using the Agilent DNA High Sensitivity Kit. Post quality assessment, libraries were
quantified using the Qubit high sensitivity DNA assay. Samples were then pooled and exome
capture was conducted using the Illumina Truseq Exome Enrichment kit. 100 bp paired-end
sequences were obtained on three lanes of a high throughput sequencer at the UCLA Broad Stem
Cell Sequencing Core. Additional exome libraries were prepared and sequences derived at the
University of Washington Center for Mendelian Genomics. Other libraries were prepared and
sequenced at the UCLA Clinical Microarray Core. All libraries were sequenced on the Illumina
platform.
Data Analysis

Upon completion of sequencing, data were returned as either gseq or fastq files. All
samples were aligned to the Human GRCh37 reference genome using the Burrows Wheelers
Aligner (BWA) MEM algorithm[27, 28] followed by the removal of duplicate reads using Picard
[29]. All further data processing was completed with the Genome Analysis Tool Kit
(GATK)[30]. All libraries had a depth of coverage of >20X for at least 90% of the targeted
bases. Bam files were then recalibrated and realigned around the insertions and deletions.

Variant calling was conducted using Unified Genotyper. Variant quality was then assessed using
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the Variant Quality Score Recalibration using a general linearized model for both SNPS and
indels.

Upon completion of data processing, the final VCF was submitted to the SeattleSeq
variant annotation server[31]. The returned annotation file was then converted to a SQL database
and merged with the VCF. All variants not targeting the exome and splice junction consensus
sequences were excluded. Initial screening for mutations in the known MED disease genes was
conducted. Cases negative for mutations in the known MED loci were then filtered for mutations
in all known skeletal dysplasia genes. Exclusion of the known MED genes and all skeletal
dysplasia loci was followed by filtering for novel loci. Sporadic cases were initially filtered for
novel de novo variants, recurrent cases for recessive variants, including homozygous and
compound heterozygous variants, and small families with multiple affected individuals for
heterozygous variants shared by the affected individuals. All candidate variants were confirmed
by Sanger sequencing.

Sanger Sequencing

All Sanger sequencing was completed using the Qiagen Hotstart Tag polymerase and
touchdown PCR. PCR primers were designed using Primer3 software[32, 33]. All primers were
designed to include the exon and 20 bp flanking the intron-exon splice junction. In the case of
exons producing PCR products larger than 700 bp, exons were amplified in 2 or more PCR
products with overlapping regions covering approximately 30-40bp in the middle of the exon.
Primers used can be found in Supplementary Tables 1 and 2.

For all trios, recurrent cases, and large families, DNA from both unaffected and affected
individuals was PCR amplified. All PCR products were separated by electrophoresis on 1%

agarose gels and stained with ethidium bromide to confirm completion and specificity of PCR.
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Samples were then submitted for sequencing to third-party vendors. Sanger confirmation of the
exome sequencing was verified by sequencing in both the forward and reverse directions. The
sequencing results were then analyzed using Sequencher 2.0. All sequences were aligned to the
GRCh37 reference sequences on the UC Santa Cruz Genome Browser[34].
Candidate Gene Mutation Screening

Candidate gene mutation screens of CANT1, PRICKLEL, and PTHZ2R (see below) were
carried out in an additional cohort of MED patients with an unknown molecular basis of disease.
Supplementary Table 2.3 summarizes all of the cases included in these mutation screens.
Supplementary Table 2.4 summarizes all of the primers used for PCR and Sanger sequencing.

All of the coding exons were amplified by PCR and sequenced in one or both directions.

Results
Mutations Identified in the Known MED Genes

Upon completion of exome sequencing, patients were first screened for mutations in the
known MED loci. | identified 3 families with COMP mutations, 2 families with MATN3
mutations, and 1 family with a COL9A2 mutation (Tables 1 & 2). All of the COMP mutations,
p.Asp317Asn in case R95-334A, p.Asn555Lys in case R98-306 and p.Thr585Met in case RO7-
462, which target the type 11 repeats (p.Asp317Asn) or the C-terminal domain (p.Asn555Lys
and p.Thr585Met) , were previously determined to be pathogenic in Kim et al., 2011[16],

Kennedy et al., 2005[35] and Briggs et al., 1998[36], respectively.

For the remaining families, the MATN3 mutation identified in family R97-290,
p.Alal73Asp, and the COL9A2 mutation identified in patient R98-132A, ¢.186C>T resulting in
the skipping of exon 3, have been previously described as pathogenic in Fresquet et al., 2008[21]

and Holden et al., 1999[37], respectively. Radiographs of patient R98-132A in Figure 2.1D
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illustrate that type 1X collagen mutations can and generally do confer a much milder phenotype
in comparison to the COMP and MATN3 MED mutations. This patient had irregularly ossified
epiphyses of the knees, but there were little to no radiographic abnormalities in the pelvis, hands
and the vertebrae. Lastly, a novel MATN3 mutation, p.lle109Lys, was identified in family R95-
055. This mutation targets the von Willebrand factor A domain and, as detailed below, | have

concluded that this mutation is pathogenic.

Incomplete Penetrance of MATN3 p.lle109Lys Mutation

Family R95-055 is a multi-generation family affected with autosomal dominant MED,
Fairbanks type, as depicted in Figure 2.2. An examination of the radiographs of patients R95-
055A (IV-7) (Figure 2.1C) and R95-055B (111-7), led to the MED Fairbanks diagnosis as these
patients presented with irregularly-shaped capital femoral epiphyses, short, small and flat
proximal tibial epiphyses, and mildly rounded and flat vertebral bodies. Exome sequencing was
carried out for patients R95-055A and R95-055J (111-1) and heterozygosity for the p.1le109Lys
variant in MATN3 was identified in both affected individuals. The remaining family members
were analyzed to determine the status for this allele (Table 2.3). The variant segregated with all
clinically affected individuals in the family. Three individuals who phenotyped as unaffected,
R95-055C (11-7), R95-055H (111-4) and R95-0551 (111-2), also carried the variant, consistent with
incomplete penetrance. This inference is supported by the observation that R95-055C is an
obligate carrier as she has an affected parent and affected offspring. Furthermore, while she did
not report joint pain, she was of short stature, similar to her clinically affected relatives who were
heterozygous for the variant. Patients R95-055H and R95-0551 inherited the variant from their
clinically affected parents and R95-055H is of short stature. Although patient R95-055E (111-7)

was self-diagnosed as affected, because his parents were clinically unaffected and negative for
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the variant, it is unlikely that this individual was affected. Finally, all of the apparently
incompletely penetrant individuals were female, raising the possibility that the sex of the affected
individuals may be a contributing factor to penetrance in MED. The data are thus most consistent

with the p.lle109Lys variant being a pathogenic mutation.

CANT1 Mutations Result in Recessive Multiple Epiphyseal Dysplasia

Among the individuals for whom mutations at the known MED loci were excluded,
filtering the exome sequences for variants in the known skeletal dysplasia disease loci identified
homozygosity for a variant, p.lle171Phe, in CANT1, the gene encoding calcium-activated
nucleotidase 1, in affected individuals in a family with recurrence of MED Fairbanks type.
Patient R92-280A presented with irregularly shaped capital femoral epiphyses and a short
femoral neck, which resembles the Swedish key-appearance of the proximal femur that is
characteristic of Desbuquois dysplasia (DBQD) patients with CANT1 mutations (Figure 2.3A).
Other notable defects included anterior wedging of the vertebral bodies, small epiphyses at the
knees with metaphyseal flare, and advanced carpal ossification in the hands, which is also
observed in DBQD patients. Patient R92-280B, sibling to patient R92-280A, also presented with
the aforementioned radiographic features as well as midface hypoplasia. However, neither of the
two affected siblings exhibited joint dislocations, scoliosis, coronal clefting, or any of the hand
anomalies (accessory ossification centers and/or delta phalanx) consistent with a diagnosis of
DBQD (Table 2.4). The observed radiographic phenotype is also distinct from the less severe
DBQD Kim variant as the metacarpal and phalangeal lengths were also unaffected. The observed
phenotype in family R92-280 thus represents a clinically distinct phenotype with the mildest

severity known on the CANT1 phenotypic spectrum.

39



Because of the identification of homozygosity for the variant, | tested whether there
might be one or more regions of homozygosity, consistent with a recessive mutation inherited
identically by descent, in the family. Homozygosity mapping identified two runs of
homozygosity, a 34.5 Mb block at chromosome 3g12.1 that contained 22 variants in the
homozygous state in 16 genes and a 22.1 Mb block at chromosome 17¢25.3 that contained 58
variants in the homozygous state in 47 genes, including the identified variant in CANT1. After
excluding all of the common variants (variants with high allele frequency), 4 variant-containing
genes, GPR128, MYH15, CASR, and PLXND1, remained in the chromosome 3 block, and 10
variant-containing genes, including CANT1, remained in the chromosome 17 block. As family
R92-280 is of Mexican ancestry, further filtering based on the Latino allele frequency in EXAC
eliminated the variants in 4 genes and, with the exception of CANT1 and RHOT1 in the
chromosome 17 block, the remaining variant-containing genes were either not expressed in
cartilage or expressed at a very low level (FPKM < 1.5). The variant in RHOT1 was a 2
nucleotide deletion in an intron near a splice site and is of unknown functional consequence,
while the CANT1 variant was predicted “possibly damaging” by PolyPhen[38] with a CADD[39]
score of 16.92. The CANT1 variant was novel and was absent in doSNP, the Exome Sequencing
Project (ESP)[40], and the Exome Aggregation Consortium (ExXAC)[41]. An examination of the
functional consequence of this variant demonstrated that it lies in the middle of the second
nucleotide conserved region and is adjacent to two mutations (p.Ser168Ala and p.Asp169Asn)
identified by a mutagenesis study targeting the Ca** binding site that resulted in 96-99%
diminished enzymatic activity[42]. Combining the molecular data with the “Swedish key”
radiographic feature, | concluded that the variant is pathogenic. Under this hypothesis, I then

identified and screened additional MED patients with the mild “Swedish key” proximal
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femur/short femoral neck radiographic phenotype by Sanger sequencing. | identified a second
patient (R01-152A) homozygous for a CANTL1 variant, p.Val226Met, a known pathogenic
mutation that was predominantly observed in the heterozygous state [43] (Figure 2.4 and Table
2.5). This patient also presented with degenerative arthrosis of the spine and the hand at 25 years
of age (Figure 2.3B). Although there was some mild radiographic overlap with Desbuquois
dysplasia with the “Swedish key” proximal femur and advanced carpal ossification in the hands,
the phenotype in both families is milder and clinically distinct from Desbuquois dysplasia,

demonstrating that recessive mutations in CANT1 can result in MED.

GNPTAB Mutations Identified in a Mild Case of Mucolipidosis |11

During the screen of known skeletal disease loci, | identified compound heterozygosity
for variants in GNPTAB, the gene encoding the alpha and beta subunit of the UDP-GIcNac
phosphotransferase, in case R12-062A. The identified variants were a paternally inherited
p.Asn593lle missense change that targets the luminal domain of the alpha subunit and a
maternally inherited p.Pro341CysfsX25 loss-of-function variant (Table 2.8). An examination of
the clinical data demonstrated that this patient presented with a MED-like radiographic
phenotype but with normal stature. Severe epiphyseal dysplasia was present at the hips with
superiorly-notched capital femoral epiphyses. Additionally, there was mild involvement of the
spine with mildly irregularly-shaped vertebral bodies and platyspondyly. Lastly, at the knee,
there were irregularities present at the metaphyses of the distal femurs (Figure 2.5 and Table
2.7). Combining the molecular data and the clinical data, this patient is likely affected with
mucolipidosis type 111 (ML 111). Based on this study, I concluded that during the early stages of

ML 111, the radiographic phenotype can resemble a mild case of MED.
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Novel Type Il Collagen Mutation Resulting in MED

In a sporadic case of autosomal dominant MED, (R89-205), | identified heterozygosity
for a p.Gly888Ser missense change in COL2A1 (Table 2.10). The radiographic phenotype of this
patient included bilateral avascular necrosis of the capital femoral epiphyses, small, irregularly
shaped knee epiphyses, mild rounding of the vertebral bodies and slightly small carpal bones,
consistent with the MED diagnosis and distinct from SEDC and related skeletal dysplasias that
are usually associated with such non-lethal COL2A1 mutations (Figure 2.6 and Table 2.9). Like
most COL2AL1 structural mutations, as this variant targets the Glycine of the G-X-Y repeat in the
triple helical domain, it is likely to be pathogenic. An additional case, R11-324A, was
heterozygous for a p.Gly945Ser missense change in COL2A1. A generalized epiphyseal
dysplasia with mild spinal abnormalities suggested a diagnosis closer to MED than SEDC.
Furthermore, pathogenic mutations in COL2A1 have been previously described in MED cases
reported in Jackson et al. 2012[17], providing further evidence that MED can result from

mutations in COL2A1.

Novel Variants Identified by Exome Sequencing

In the remaining 6 cases of this cohort, mutations in both the known MED disease loci
and the known skeletal dysplasia loci were excluded. This would indicate that mutations in one
or more novel loci exist that can result in MED. Filtering for novel de novo variants in cases with

unaffected parents yielded the following results.

In a recurrent case of MED Ribbing type (R74-111) with two affected siblings, the
patients presented with a very mild phenotype. R74-111A presented with irregular ossification of

the capital femoral epiphyses and mild platyspondyly. The affected sibling, R74-111B presented
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with malformed capital femoral epiphyses, subchondral sclerosis, degenerative arthrosis at age
28, Schmorl’s nodes at vertebrae L3, T5, T7, & T8, and levoscoliosis. In neither individual was
there radiographic evidence of involvement of the hands or the knees. DNA was not available

on R74-111A, so exome sequencing was carried out for R74-111B and the unaffected parents.

Filtering under a dominant mode of inheritance, | identified heterozygosity for two de
novo variants, p.Val291Phe in PTH2R and p.Pro152ProfsX44 in PRICKLEL. Both of these
variants are novel, highly conserved amino acid changes, and absent in doSNP, the Exome
Variant Server, and the EXAC database. PTH2R is expressed in the endochondral growth plate
and is involved in regulating chondrocyte proliferation[44, 45]. PRICKLEL is involved in
regulating planar cell polarity, and loss-of-function mutations in a murine model result in severe
chondrodysplasia[46]. Both of the genes are good candidates, but because of the lack of DNA for
R74-111A, | was unable to determine whether either or both variants were present in this patient.
Since MED was recurrent in the family, pathogenicity would have to be based on dominant
inheritance with parental germline mosaicism. Additionally, 16 MED cases with an unknown
molecular basis of disease were screened for mutations in both of these genes, and no causative
mutations were identified. As both of these genes are involved in chondrocyte growth and
cartilage development, it is challenging to determine if the variants identified in either gene is
causative for MED. Additional genetic and biochemical data will be required to establish if

either of these variants is pathogenic.

Discussion
Frequency of Mutations in Known MED Loci

In this study, | identified 3 dominant mutations in COMP, 2 in MATN3, and 1 in

COL9A2. As described in the most recent GeneReview Update on MED, Briggs et al.[47] stated
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that COMP mutations account for 50% of autosomal dominant MED mutations, MATN3
accounts for 20%, and the three type 1X collagen genes collectively account for 10% of the
cases, leaving about 20% of patients with a yet unidentified molecular basis of disease[47].
Although the numbers are small, the proportions in which | identified mutations in the known
loci thus correlate with what is observed in the literature.

Based on the results of this exome sequencing cohort, if | exclude the cases with
phenotypic overlap with other skeletal diseases, | only identified mutations in the known disease
loci in 50% of the cases. However, over half of the cases in the cohort were selected for exome
sequencing because they were previously determined to be negative for mutations in the known
loci by Sanger sequencing, therefore reducing the frequency of mutations at the known MED
loci. |identified candidate variants in one of the unknown families, but this still leaves five
families with an unknown molecular basis of disease. As the majority of these “unknown” cases
presented with the milder Ribbing type, it is possible that patients with this radiographic
phenotype are underdiagnosed and not generally included in MED research cohorts, resulting in
a similar predicament to what is observed with patients with type IX collagen MED, where it is
hypothesized that the observed 10% frequency of mutations in these genes is underestimated due
to underdiagnosis of the mild phenotype.

Incomplete Penetrance in MED due to a MATN3 Mutation

In family R95-055, | observed 3 individuals, all of whom were female, who carried a
familial pathogenic MATN3 mutation, but were clinically asymptomatic. Previous studies have
also shown variable penetrance among other patients with MATN3 mutations. Mortier et al. 2001
described a multi-generation family of MED with normal stature and radiographic features

indicating moderate involvement of the hip and knees. In addition to the absence of short
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stature, the female proband in this family was clinically asymptomatic[14]. In an additional study
described in Makitie et al. 2004, clinically asymptomatic patients (the female proband in family
2 and a male parent in family 6) with radiographic evidence of MED were identified in 2
families with MATN3 mutations[15]. The phenotype observed in family R95-055 provides
further evidence of variable penetrance in MED due to MATN3 mutations. The clinically affected
patients in the family had normal to mild short stature in conjunction with joint pain, primarily at
the hips and knees. Of the clinically asymptomatic individuals, radiographic data were only
available for one patient, R95-055C (l1-7). As this individual was 61 at the time of the skeletal
survey, it cannot be conclusively determined whether the observed degenerative changes are
simply age-related or due to her mutation status. The only evidence of possible affectation is her
height at 617, which is mildly short for females but could be considered normal within the family
as another unaffected individual negative for the mutation (111-4) was of the same height. Of the
remaining two clinically asymptomatic individuals, patient R95-055H was also of mild short
stature with an adult height of 617, which is consistent with R95-055C. | was unable to obtain
height data on the third individual, R95-055I, but it would be reasonable to consider mild short
stature as a defining feature of the clinically asymptomatic individuals. Since all of the patients
with putative incomplete penetrance in family R95-055 and 2 out of the 3 non-penetrant patients
described in the literature are females, it is possible that penetrance could vary due to sex-
specific factors.

Clinically Distinct MED Phenotype Due to Recessive Mutations in CANT1

| identified recessive mutations in CANTL in two recurrent cases of MED, Fairbanks
type. Recessive mutations in CANT1 are known to cause Desbuquois dysplasia (DBQD), which

is characterized by severe short stature, joint dislocations, scoliosis, advanced carpal and tarsal

45



ossification, accessory ossification centers in the hand, and a characteristic “Swedish key”
appearance of the proximal femur on radiographs [48]. The phenotypic spectrum comprises three
clinically distinct disorders, Type | DBQD, Type 1l DBQD, and the DBQD Kim Variant. Type |
and Type 1l DBQD are distinguished based on the presence or absence of the accessory
ossification centers distal to the second metacarpal or a delta phalanx[49] and the Kim variant is
clinically distinguished by short metacarpals and elongated phalanges[50]. While the patients in
our cohort presented with a mild “Swedish key” appearance of the proximal femurs, the hands
were radiographically normal, with no evidence of the short metacarpals and elongated
phalanges that are observed in the Kim variant. Thus the phenotype observed in MED due to
CANT1 mutations is clinically distinct from the DBQD Kim Variant and expands the phenotypic
spectrum associated with mutations in the gene.

Despite the clinical and radiographic differences, one of the two CANT1 MED mutations
identified, p.Val226Met in RO1-152A, was previously identified in patients with the Kim
variant[43] and is a founder mutation within the Korean and Japanese population[51]. This
mutation lies in the fourth nucleotide conserved region and Furuichi et al. 2011 demonstrated
that CANT1 nucleotidase activity is diminished to 20% of the wild-type enzyme activity[43]. As
this patient was not of Asian descent, it is likely that the same mutation has occurred
independently among the ancestors of the patient. The mutation identified in the second family,
p.lle171Phe in family R92-280, is novel and lies in the second nucleotide conserved region,
adjacent to the Ca®* binding site. Because the observed radiographic phenotype is similar in
families R92-280 and R01-152, the p.lle171Phe mutation might also result in diminished enzyme
activity similar to what is observed with the p.Val226Met mutation, and thus resulting in the

MED phenotype.
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From a mechanistic viewpoint, in the study by Nizon et al. 2012, CANT1 localizes to the Golgi
and is involved in the synthesis of glycosaminoglycans (GAG) and the posttranslational
modification of proteoglycans. This study demonstrated that missense mutations in DBQD
patients positive for CANT1 mutations have diminished GAG synthesis due to the inability of
CANT1 to metabolize UDP to UMP. The UMP is normally exchanged for UDP-sugars, which
are required for the synthesis and elongation of GAG chains [52]. Based on this function of
CANT]1, | have identified a novel MED locus that is indirectly involved in ECM biosynthesis as
many of the ECM proteins, specifically proteins like type IX collagen, have GAG
posttranslational modifications that may be altered by these mutations. It is not clear, however,
whether the phenotype results from a general effect on multiple posttranslationally modified
proteins or is due to defects in the mature form of one or a few proteins.

Radiographic Similarity of MED and Mucolipidosis Il During Early Adolescence

In a single case (R12-062) with a radiographic diagnosis of MED, | identified compound
heterozygosity for two novel mutations in GNPTAB, which suggested that this was actually a
case of mucolipidosis alpha/beta 111, a lysosomal storage disorder. Mutations in GNPTAB result
in a spectrum of phenotypes ranging from severe ML I, in which affected individuals do not
survive past early childhood, to the milder ML 111, in which patients live into adulthood[53].
There is a great deal of variability in clinical presentation among ML Il1 patients, and affected
individuals may possess any or all of the following findings: coarsening of facial features, joint
pain and/or stiffness, moderate to severe dysplasia of the hips and knees, mild generalized
platyspondyly, mildly short metacarpals, mildly smaller carpal bones, and mild dysostosis
multiplex[54, 55]. Elements of these clinical and radiographic features overlap with the MED

phenotype, making a diagnosis without molecular data a challenge, especially in milder cases.
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Recently, a mild case of ML 11l was hypothesized to be MED, and the mutations in GNPTAB
were identified by exome sequencing[56]. A very mild ML 11l phenotype may be due to the
effect of specific missense mutations on enzyme activity, as observed in the study by Velho et al.
2015 [57]. The clinical and radiographic overlap between MED and mild cases of ML 11l may be
especially evident during childhood and early adolescence, before the full effects of storage
become evident. As lysosomal storage diseases can be identified by elevated enzyme levels in
the blood and urine[53], a comprehensive screen that includes these tests could be used to

distinguish ML 111 from MED, even during the pediatric period.

Radiographic Overlap Between Mild Spondyloepiphyseal Dysplasia Congenita and MED

Two MED cases in the cohort, R89-205 and R11-324A, were heterozygous for missense
mutations in the type Il procollagen gene, a phenotype typically associated with the more severe
SED congenita (SEDC) phenotype[58]. R89-205 presented with MED Fairbanks type and R11-
324A presented with the MED Unclassified type, but there was little to no involvement of the
spine in both patients. In R89-205, mild rounding of the vertebral bodies was observed, and in
R11-324A there was neither significant platyspondyly nor other vertebral anomalies observed on
x-ray. There are several published reports of patients that were initially diagnosed with either
MED or Legg-Calve-Perthes Disease, but were subsequently reclassified as a mild SEDC based
on mutations in COL2A1 [17, 59, 60]. In Terhal et al. 2013, the p.Gly945Ser mutation also
identified in our case R11-324A was also observed in another patient with an MED-like
presentation of disease, but the defects in the spine were more pronounced in radiographs taken
during early adulthood. These studies, and our data, provide evidence that a temporal component
appears to be involved in the diagnosis of MED versus SEDC. The spinal abnormalities may not

be apparent at a young age, so these patients may be diagnosed with MED Fairbanks during
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childhood. As these individuals age, the defects in the spine may become more prominent, which
would be more consistent with a diagnosis of SEDC. Because of this clinical evolution, COL2A1
has been included on some gene panels that test for mutations in cases of autosomal dominant
MED (e.g. CTGT: http://ctgt.net/panel/multiple-epiphyseal-dysplasia-med-ngs-panel#related-

tests)[61].

Further Locus Heterogeneity in Cases Negative for Mutations MED and Skeletal Dysplasia Loci

Since the remaining six cases were negative for mutations in the MED loci and known
skeletal dysplasia loci, and I only identified candidate variants in one case, this implies further
locus heterogeneity in MED. Our analytical approach would have missed a molecular defect due
to an intronic splicing variant outside the targeted regions of the exome, which might be present
in a known MED locus or a novel locus. I also cannot rule out novel mechanisms that could
produce MED, including regulatory mutations or copy number variations, neither of which
would be detected by exome sequencing. Combining techniques such as RNA-sequencing to
detect altered gene expression levels and whole genome sequencing to ensure complete coverage
could aid in overcoming the shortcomings of capturing and sequencing just the exome. As these
cases are all very mild, it is also possible that they may not represent MED but rather another
skeletal dysplasia with a similar clinical phenotype such as Legg-Calve-Perthes, Beukes familial
hip dysplasia, or Meyer’s disease. | already observed this phenomenon in the patients with
GNPTAB and COL2A1 mutations. However, since a mutation in a known skeletal dysplasia
locus would have been detected by our method, the data suggest that a novel locus might be

involved in these cases. Ultimately, a study including more patients negative for mutations in the
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known MED loci could aid in the discovery of the molecular basis of disease in these patients
due to the increased chance of identifying patients with shared variants in a candidate gene.
Conclusion

In this study, | used exome sequencing to identify mutations in novel disease loci that
result in the mild MED skeletal dysplasia phenotype. In a cohort of 15 cases, exome sequencing
identified the causative mutations in 9 cases. Candidate sequencing of selected genes in an
additional 18 cases identified mutations in 2 patients. Dominant mutations were identified in the
known MED disease loci in 6 cases including a novel MATN3 variant which displayed
incomplete penetrance in a multi-generation family, further emphasizing the variable
expressivity of mutations in MATN3.

Novel causative mutations were identified in known skeletal dysplasia loci in the rest of
the positive cases. Homozygosity for a mutation in CANT1 was identified in two cases, revealing
a new type of recessive MED that is allelic with Desbuquois dysplasia. Two cases of MED due
to defects in type 11 collagen were found, illustrating the age-dependent changes in the spine that
can complicate distinguishing MED from SEDC. A similar age-dependent diagnostic issue was
revealed with the identification of GNPTAB mutations in a case of mucolipidosis Il1, which is
radiographically similar to MED during childhood. These examples address part of the reason
that about 15-20% of MED cases are unsolved.

In the remaining 6 negative cases, causative mutations were not identified, but candidate
variants in PTH2R and PRICKLEL were identified in one case. However, because the variants
were identified in a single case, it is not possible at this point to conclude that they are causative.
The negative cases further emphasize the locus heterogeneity in MED and account for the
remaining unexplained etiology observed in this highly genetically heterogeneous disorder. In

order to determine the molecular basis of disease in these cases, increasing the number of

50



samples being studied and modifying the protocol by using a technique such as whole genome

sequencing should improve the chances of identifying the causative mutations.
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Figures

Unaffected

MATNS3 COMP

COI.9A2

Figure 2.1: Radiographic Phenotype of MED Patients with Mutations in COMP, MATN3,
and COL9A42. A) Adolescent films from an unaffected individual. A-1. AP pelvis at age 9. A-2.
AP knee (Figure A-2 is modified from Boeyer and Ousley 2016 [62]). A-3. AP hand at age 12.
A-4. Lateral spine at age 12. B) Patient R95-334A at age 13, positive for COMP p.Asp317Asn
mutation B-1. Pelvis has small, irregularly-shaped capital femoral epiphyses with flat, under-
modeled acetabulum and abnormal metaphyses of the proximal femurs. B-2. Knee epiphyses are
flat and small B-3. Hand phenotype is severe with brachydactyly, irregularly-shaped carpal bones
with a 2-4 year delay in ossification, and poorly ossified distal phalanges. B-4. Vertebral bodies
are mildly anteriorly rounded. C) Patient R95-055A at age 8, positive for MATN3 p.1le109Lys
mutation. C-1. AP pelvis showing that capital femoral epiphyses are irregularly-shaped with
metaphyseal irregularities. Acetabular roof is relatively normal. C-2. AP knee showing that the
proximal tibial knee epiphyses are small, short, and flat with abnormal metaphyses. C-3. AP
hand is relatively normal with no brachydactyly but advanced carpal ossification was observed.
C-4. Lateral spine showing that vertebral bodies that are mildly rounded and a little flat, but
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otherwise normal. D) Patient R98-132A at age 10.5. D-1. AP pelvis with no significant
abnormalities observed. D-2. AP knee showing femoral and tibial epiphyses that are hypoplastic
with abnormal contouring. D-3. AP hand is relatively normal with no significant abnormalities.
D-4. Lateral spine is relatively normal with no significant abnormalities.
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12 13

14 15 16 17 18

Figure 2.2: Radiographic Features of Adults in
Family R95-055. A) Family R95-055 is a multi-
generation family affected with autosomal
dominant MED Fairbanks. The pedigree details
all affected individuals (filled symbols), including
incompletely penetrant family members (grey).
B) Case R95-055B (111-7) at age 32, who is
positive for the p.l1le109Lys mutation and
radiographically presents with premature
degenerative arthrosis of the hip joint. C) Case
R95-055C (11-7) at age 61, who is positive for the p.lle109Lys mutation but was clinically
asymptomatic. Degenerative changes are present, but it is challenging to determine if these are
age-related or due to her mutation status. D) Case R95-055D at age 30, who is positive for the
p.lle109Lys mutation but showed no signs of degenerative arthrosis.

56



“PILJ SIY) I0J BIRP [BIIUII B JO 9dUasqe sajedipul --,

AL/ATI pardagreun arewra g -- -- - 0550-s6d
AL/ Paid2jJeu() TeIN «69 - - 9-11 dS50-S6d
SAT/RII PRIV [EIN «99 - SWAIQO1g U3 01-1I N¢ES0-¢6d
2lL/RII paio2fyeu] S[euag 579 SL/89 Ured 23u3/Ipoys ! NES0-S6d
SAT/AIT PRIV e = $S/0T-8T yuswade[dayy diy TereleNig ‘ured dif T 15S0-S6d
SAT/2[I [SEIREAY arewa g - - Juswade]day drH [erajeqig I-1I 36S0-56d
SKT/A11 PadAIVv e\ -- -- - [-111 [550-S6¥
SKT/211 padajel]  JRWA] -- -- JUON 111 1SS0-S6¥
SAT/AIT Pa1dapreun rewa g 19 -- QUON =111 HSS0-S6d
=1I/RIL Pa13213euU() °TEIN «lL - - Al DES0-56d
AL/ PaldjJeu() e g «59 Sy uted oed Iemo] 8-1I1 A550-56d
AL/ PRV N «99 - - L-TIT HSS0-S6d
SAT/RIL PEIREIY W] 09 L WN3[eA NUIS “Uled 2UN/SSAWYSLL dIf  OI-1II asso-s64
SAT/AII paio2ffeuq) Sfewe g «19 uted oegq LI DE50-564
SATRII P2V AN «£9 Adouegu] ured dIf [erole[ig TT-11I g550-564
SAT/AIL PRV TeIN - € ured dif LAl V&s0-56d
odfjouan  smyeig (eOIUN)  XO§  JUYSIH INPY  swoldwkg Jo 28y sarmnjea, [eaur) QaI8Ipad  IoquInN-Y

GG0-G6M Al1Ure JO SNYeIS UOMEINIA PUB [B31UND €°Z 9|qeL

57



Figure 2.3: Radiographs of Patients with CANT1 Mutations. A) Radiographs of patient R92-
280A at age 8. A-1. AP pelvis shows flat capital femoral epiphyses with flat acetabulae (left
arrow) and mild Swedish key appearance of the proximal femur, as indicated by the right arrow.
A-2. Lateral lumbar spine showing platyspondyly and anterior wedging of the vertebral bodies,
as indicated by the arrow. A-3. AP hand shows no structural abnormality, but carpal age is
advanced by 2 years. A-4. AP knee showing small epiphyses with metaphyseal flare. B)
Radiographs of patient R01-152A at age 25. B-1. AP right upper leg film shows epiphyseal
dysplasia of the capital femoral epiphysis (right arrow) and a mild Swedish key, as indicated by
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the left arrow. B-2. Lateral spine shows degenerative arthrosis (arrow). B-3 AP hand showing
degenerative arthrosis. B-4. AP knee revealing epiphyseal dysplasia.
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Figure 2.4: MED Families with CANT1 Mutations. A) Family 1, R92-280, with recurrence of
MED Fairbanks. Sanger sequencing confirmed that the two unaffected parents (R92-280C and
R92-280D) are carriers of variant p.lle171Phe and the affected probands (R92-280A and R92-
280B) are homozygous for the variant. B) Family 2, R01-152, with recurrence of MED
Fairbanks. Individual 11-2 (R01-152A) was screened for CANT1 variants and the p.Val226Met
variant was identified in the patient and absent in the control sequence.
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Figure 2.5: Radiographic Features of Mild Mucolipidosis 11 with MED-like Presentation.
Radiographs of case R12-062 at age 9. The patient presented with MED with normal stature but
is likely affected with mucolipidosis I11. A. AP pelvis showing severe epiphyseal dysplasia with
flat, superiorly notched capital femoral epiphyses. B. AP knee showing mild metaphyseal
abnormalities at the distal femur. C. AP hand appears relatively normal. D. Lateral spine
revealing some platyspondyly and mildly irregularly shaped vertebral bodies.
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Figure 2.6: Radiographs of Patients with COL2A1 Mutations. A) Radiographs of patient
R89-205 at ages 5.5-6. A-1. AP pelvis showing small capital femoral epiphyses with bilateral
avascular necrosis as indicated by the arrow on the right. A-2. AP knee showing small,
irregularly shaped knee epiphyses as indicated by the arrow. A-3. AP hand showing slightly
small carpal bones consistent with delayed ossification. A-4. Lateral spine showing slightly
rounded vertebral bodies. B) Radiographs of patient R11-324 at ages 3-4. B-1. AP hip with
virtually absent ossification of the capital femoral epiphyses. B-2. AP knee showing hypoplastic
epiphyses. B-3. AP hand showing hypoplastic distal epiphyses of the radius and ulna and delayed
carpal ossification. B-4. Lateral spine with vertebral body ossification appropriate for age.
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Supplementary Tables

Supplementary Table 2.1: Primers for Known MED Disease Genes

Gene Exon | Forward Primer Reverse Primer

COMP 9 5> ACACTGACCTAGACGGCTTCC 3° 5> TTTTTAGTAGAGGAGGGGTTTCAC 3’
COMP 14 5’ CGGGCCCTGACTTTAGCC 3’ 5’ TCATTGTCTGCACGATCTCC 3’
COMP 16 5’ GGCAGGTTTGGGTTCTGG 3° 5" GGGGCTCTAAGGGCTGTAAA 3’
COL9A2 | 3&4 | 5 TAGGGGACCTGGACAGAAGA 3 5" GATCAGTGAAGATGCCAGAGC 3’
MATN3 2 5" GATGTTGGGGTCAGGAGATG 3’ 5> ATCTTGAGGGACGCCATGT 3’

Supplementary Table 2.2: Primers for MED Candidate Genes

Gene Exon | Forward Primer Reverse Primer

CANT1 3 5> ATCGCAGTTATCGCAGACCT 3’ 5> TACCATGTGCCTGTGTTTGC 3’

COL2A1 40 | 5 AGCTGCATCTTCGAAAACCTC 3’ 5 GGCATCCCAGAACACCCC 3’

GNPTAB 9 5> GGCAGAAGGAAAGGACAAAG 3’ 5> GGGAAGGCAATGAAGAGCTA 3’
GNPTAB 13 5> CACAAGGACGACATGCAAAT 3’ 5 CGTAACCCTTCTGGGCTGTA 3’
PRICKLE1 5 5> GGAAAGCCTGAGAATCCTGTC 3’ 5" TGCACACAGAACAAAATCCAG 3’

PTH2R 8 5’ TCATGTCTATTTTTATCTCTGAACAGC 3’ 5> TCATGTCTATTTTTATCTCTGAACAGC 3’

Supplementary Table 2.3: MED Patients Included in Candidate Mutation Screens

Patient ID Genes Tested

R81-123A PTH2R, PRICKLE1, CANT1
R83-023 PTH2R, PRICKLE1
R97-116 PTH2R, PRICKLE1
R90-222A PTH2R, PRICKLE1
R90-222B PTH2R, PRICKLE1
R90-222C PTH2R, PRICKLE1
R97-214A PTH2R, PRICKLE1
R97-214C PTH2R, PRICKLE1
R86-008A PTH2R, PRICKLE1
R97-015A PTH2R, PRICKLE1
R97-108 PTH2R, PRICKLE1
R94-307A PTH2R, PRICKLE1
R95-111A PTH2R, PRICKLE1
R96-056A PTH2R, PRICKLE1
R96-056B PTH2R, PRICKLE1
R02-373 PTH2R, PRICKLE1
R93-062 PTH2R, PRICKLE1
R00-151A PTH2R, PRICKLE1
R96-282A PTH2R, PRICKLE1
RO1-096A PTH2R, PRICKLE1
R01-096D PTH2R, PRICKLE1
R94-131 CANT1
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Supplementary Table 2.4: Primers Used in Candidate Gene Mutation Screens

Gene Exon | Forward Primer Reverse Primer
CANT1 3-1 | 5 CTGGAAAAGTCAGCCTCCAG 3’ 5" CATGGTCTTTGTCCCATTCC 3°
CANT1 3-2 | 5> ATCGCAGTTATCGCAGACCT 3’ 5 TACCATGTGCCTGTGTTTGC 3°
CANT1 4 5" AGTCAGGTGCGGGGTCTAA 3’ 5 AAACGGTTTTGGAGGCAAAT 3’
CANT1 5 5 AGCCCCTTGCCTGCTACT 3° 5" CCAGGCACAGTTCCAAAAAG 3’
PRICKLEL 2 5" ATAAAAGCTCTGGGTCGGGG 3° 5 AGGACTGAGGAGGGTGGTAT 3’
PRICKLEL 3 5 GGCTCAGCTGGTCTTCTCAT 3’ 5" GGAAAGCTGTATTCTCTGGCC 3’
PRICKLEL 4 5 GTGACACAGGCGAGCTAAAC 3° 5" TTCTGGAGGCTTTCAGGACC 3’
PRICKLEL 5 5 GGAAAGCCTGAGAATCCTGTC 3 5" TGCACACAGAACAAAATCCAG 3°
PRICKLEL 6 5" TCAGCACTGTCAATTTATGCTCT 3’ 5° ACGTCACAGAACACAACTACT 3’
PRICKLEL 7-1 | 5’ TGTCACCCACACAGCTCC 3’ 5 ATCAGCCCATTCTTCAGGGT 3’
PRICKLEL 7-2 | 5 CCGGTCAGCAGATCAGTGTA 3’ 5" CCTCAAATGATCTGCCCACC 3°
PRICKLEL 8-1 | 5 ACATGTTGGCTTTCCCTATGG 3’ 5" GGATCTCCCGGGCACTTTTA 3’
PRICKLEL 8-2 | 5 TGACATTGAAATCCGGCAGC 3° 5 CATTTACATGGGCAAAGAAAGCA 3’
PTH2R 1 5" GAAGACAAGACCAACCTCGC 3’ 5" CTCCACTAATTGCCTGCCAG 3’
PTH2R 2 5" ACCTTACACATTGATGGATTTTGAA 3’ 5" CATGGAAATGTGGATTGACTGAT 3’
PTH2R 3-4 | 5 TTITTGCTACAGACAATGACCTAAAA 3’ | 5 TTATGATCCTTGTGTCGTGGAA 3’
PTH2R 5 5 GGGGCACAAATGAACTTGGT 3° 5 TGCATTTGAGGAAAACATTTGGA 3’
PTH2R 6 5" CAGATTTTGGAATTTGTGTGGAGT 3’ 5 TGAAAGGACAGAATTGAGGGAGA 3’
PTH2R 7 5 TGTTTTGGCCTCTCAACAGT 3° 5" TCCTCTCAAGAATCTGGCCT 3
PTH2R 8 5" TCATGTCTATTTTTATCTCTGAACAGC 3’ 5 CCTTGTGGCATCCCTAAAAA 3’
PTH2R 9 5" CACTGGCTTGGGTGTTTTAAGA 3’ 5 GTCCCAGACTCTCCCAATAGA 3°
PTH2R 10 | 5 GGTTCCCCTGTTCACATTTATGA 3’ 5 GAATTGCTTGAACCCGGGAG 3
PTH2R 11 5" GGAGGTCGACACTGCAGTAA 3’ 5 TATTGACCTTTCTGCACCCC 3°
PTH2R 12 5" GCTGACACCAAGGAAAGACG 3’ 5" GCTTCCTTCTCCTCACCCAT 3’
PTH2R 13 5" AGATAAAGTCCCTGGCACGT 3° 5 GTCGTTAGTATTTACAGGAGCCA 3
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CHAPTER THREE

The Alpha-2 Chain of Type IX Collagen is Essential for Trimerization
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Abstract
Type IX collagen is a heterotrimeric structural protein of the cartilage extracellular matrix

(ECM) that is composed of three procollagen chains, a1(IX), a2(IX) and a3(IX), which are
encoded by the genes COL9A1, COL9A2, and COL9A3, respectively. Dominant splice site
mutations in each of these genes result in the mild chondrodysplasia Multiple Epiphyseal
Dysplasia (MED), and recessive loss-of-function mutations in these genes result in Stickler
Syndrome (STL), a mild skeletal dysplasia with craniofacial, ocular, and auditory abnormalities.
Biochemical studies in the Col9al ” mouse demonstrated that the loss of a1(IX) results in a
functional knockout of type IX collagen and is therefore required for trimerization in vivo.
Previous in vitro biochemical studies assessing the trimerization of recombinant type 1X collagen
have also shown that the a1(IX) chain is essential to trimerization, but it is unclear whether this
is the case for the 02(IX) and a3(IX) chains. To answer this question for the a2(1X) chain, |
generated a Col9a2 "~ mouse. | found that the absence of 02(IX) also produced a functional
knockout of type 1X collagen. Additional phenotypic characterization of the knockout mice
demonstrated that the loss of type 1X collagen results in mild short stature, craniofacial defects,
short-limbs, and hearing loss. These phenotypes overlap with the clinical features of STL,
confirming that the mechanism of COL9A2 STL is the result of the loss of type IX collagen.
Additional analysis of the growth plate demonstrated altered growth plate architecture with
disorganized proliferation of growth plate chondrocytes. Unexpectedly, ultrastructural analysis
identified endoplasmic reticulum distension in reserve and proliferating chondrocytes, suggesting

that an unfolded protein response may contribute to the observed phenotype.
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Introduction
Type IX collagen is a heterotrimeric structural protein of the cartilage extracellular matrix

(ECM) that is comprised of three procollagen chains, a1(IX), 02(IX) and a3(IX), which are
encoded by the genes COL9A1, COL9A2, and COL9A3, respectively[1]. As a bridging molecule,
type 1X collagen maintains the long-term integrity of hyaline cartilage through two distinct
functions: regulating the diameter of the heterotypic cartilage collagen fibril, which is composed
of type Il and type IX collagens, and mediating interactions between the fibrillar and
extrafibrillar matrix[2-4].

Type IX collagen is a FACIT (Fibril-Associated Collagens with Interrupted Triple
Helices) collagen, with a protein structure of three collagenous domains (COL 1-3) flanked by
four non-collagenous domains (NC1-4)[3, 5, 6]. Each domain serves a specific function in ECM
maintenance. The COL1 and COL2 domains are responsible for crosslinking with collagen
fibrils at conserved lysine residues to maintain the diameter of collagen fibrils[2, 7-9]. The NC3
domain functions as a hinge for the protein, allowing for interactions between the COL3 and
NC4 type IX collagen domains and non-collagenous ECM proteins, including the proteoglycans
COMP and Matrilin-3 [3, 10-12]. The remaining domains, NC1, COL1, and NC2, have integral
roles in directing type IX collagen trimerization [13-16].

Both dominant and recessive mutations in the type IX procollagen genes are associated
with mild skeletal dysplasias. Dominant splice site mutations in COL9A1[17], COL9A2[18], and
COL9A3[19] that result in exon skipping leading to in-frame deletions within the COL3 domain
result in Multiple Epiphyseal Dysplasia (MED)[20, 21]. MED is characterized by mild short
stature, joint pain, and early onset osteoarthropathy[22], and the mutations likely exert their
effect in part by disruption of interactions between type IX collagen and other matrix proteins via

the secretion of mutant protein into the matrix [21]. Recessive loss-of-function mutations in any
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of the three type IX procollagen genes result in Stickler syndrome (STL) [23-25], which is
characterized by mild short stature, craniofacial defects, myopia, and sensorineural hearing
loss[26]. Based on studies in the mouse, for the a1(IX) chain the STL phenotype is due to a
functional knockout of type IX collagen[23]. Additional case-control studies have also identified
associations with the COL9A2 GIn326Trp and COL9A3 Argl03Trp missense substitutions and
Intervertebral Disc Disease (IVDD), with these alleles contributing to the development and
severity of IVDD by an as yet unknown mechanism [27-30].

Previously, several studies have been conducted to determine the stoichiometry of
al(IX), 02(IX), and a3(IX) that is required for type IX collagen trimerization. In vitro expression
of various combinations of a1(IX), a2(IX) and a3(IX) demonstrated that a1(IX) can self-
trimerize to produce intact collagen molecules, suggesting that absence of either of the other two
chains could still lead to synthesis of type IX collagen trimers[13, 15, 31]. However, the results
have been inconsistent for 02(IX) and a3(IX). In Jdilinoja et al. 2008, full-length a2(IX) and
a3(IX) were shown to be able to homotrimerize[15], but this finding was not replicated in the
Pihlajaama et al. 1999 study[31]. In Labourdette et al. 1993, peptides from 02(IX) containing
just the NC1 and COL1 domain were shown to homotrimerize [13], as were peptide fragments
containing just the NC4-COL2 domains in Jaélinoja et al. 2008[15] but this did not occur with
a3(IX) peptides. This suggests that a1(IX) is essential to producing a functional protein, but this
may not be true for 02(IX) and a3(IX). The a1(IX) biochemical data were consistent with in
vivo biochemical studies of the Col9al * mouse, demonstrating that the loss of a1(IX) results in
a functional knockout of type IX collagen[32]. The loss of type 1X collagen resulted in
dysregulated chondrocyte proliferation and differentiation in the endochondral growth plate,

leading to shortened and thickened long bones[33]. These mice also exhibited impaired auditory
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function [34, 35] and early-onset osteoarthritis of the knee joints and intervertebral discs [36,
37]. Collectively, these traits demonstrated that the Col9al " mouse phenocopies STL, and this
phenotype resulted from the total loss of type 1X collagen[32].

While it has been established that a1(IX) is essential to trimerization, it has been assumed
that a similar phenomenon occurs with a2(I1X) and a3(IX), an inference supported by the fact
that loss of function mutations in COL9A2 or COL9A3 each result in STL in single cases, but no
in vivo biochemical studies have been completed to determine the validity of this assumption[24,
25]. To determine whether a2(IX) is essential to the synthesis of functional type IX collagen, |
constructed an in vivo knockout mouse model for Col9a2 to assess the biochemical and
phenotypic consequences of the loss of this subunit. This study resolves the different findings in
the literature, demonstrating that 02(IX) is also essential to type IX collagen biosynthesis and

showing that the Col9a2 * mouse has a phenotype similar to Stickler syndrome.

Materials and Methods
Generation of Transgenic Mice

Transgenic mice were obtained from MRC Harwell through the International Mouse
Phenotyping Consortium[38-40]. The targeting construct for this allele was a knockout first
conditional ready allele with the ability to revert back to wild-type or to be used as a conditional
knockout allele. This allele is labeled as tmla (Figure 3.1A). The transgenic line was generated
on a C57BI/6NTac background. Mice heterozygous for the Col9a2 null allele were crossed to the
CMV-Cre line to create a global floxed allele lacking the neo selection cassette. This allele is
labeled as tm1b (Figure 3.1B). The tm1b mice were then bred to homozygosity and used for the

subsequent experiments.
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Mouse Genotyping

Biopsies were collected from either the ear or tail of postnatal mice and DNA was
isolated using the KAPA Mouse Genotyping Kit (KK7352). Genotypes for the Col9a2 tmla and
tm1b null alleles were obtained using the following primers: Tmla Allele- Col9a2-5arm-WTF-
5’"GGTACTCAGTGAACTGGGAGCTA 3’; Col9a2-Crit-WTR-5’
CTGGGGACCATACCTTCCTC 3’; Smut-R1- S GAACTTCGGAATAGGAACTTCG 3’; and
Tmlb Allele- LacZ-F-5 CCAGTTGGTCTGGTGTCA3’; Crit-WTF-
S’TATATGTGCTTGTCAGTCTGGATG 3’; 3arm-WTR-
S’CACCACAGACCATGAGAACACCC 3’
Radiography of Mouse Skeletons

Radiographs of mice were captured postmortem using the Faxitron laboratory x-ray
machine. Post-euthanasia, whole-body anterior, posterior, and lateral x-rays were obtained
without magnification.
Mouse Growth Measurements

Starting at postnatal day 7, mice were measured on a weekly basis every seven days until
postnatal day 168 (wild-type males: n=3, wild-type females: n=3, heterozygous males: n=5,
heterozygous females: n=8, knockout males: n=3, and knockout females: n=3). For mice with
partial measurements starting at p7 through p70-p112, growth data was imputed to p168 based
on the recorded growth rate (wild-type males: n=3, wild-type females: n=6, heterozygous males:
n=5, heterozygous females: n=3, knockout males: n=2, and knockout females: n=2). All data
were combined per genotype for growth rate analysis. Measurements of body weight (g) were

obtained with a scale. Measurements of trunk length (mm) and tail length (mm) were obtained
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using a digital caliper. Trunk length was defined as the length from the snout to the base of the
tail. Tail length was defined as the length from the base to the tip of the tail.
Statistical Analysis of Mouse Growth Measurements

Statistical analysis of the mouse growth measurements was done in collaboration with the
UCLA Department of Medicine Statistics Core. Linear mixed models were used to analyze
mouse weight, trunk length, and tail length data. Random mouse effects were used to cluster
repeated measurements on the same mouse, and a three-way interaction between genotype (wild-
type, heterozygous, and knockout), sex (male and female), and log transformed postnatal time
(days) was included to estimate differential growth curves in strata defined by sex and genotype.
Differences in growth rates were evaluated using model contrasts of wild-type versus
heterozygote and wild-type versus knockout in males and females independently. Growth rates
were defined as the change in weight, trunk length, or tail length associated with a doubling of
postnatal time in a particular sex by genotype strata. Model results were summarized in terms of
estimates and standard errors of differences in growth rates, and p-values derived from testing
for equal growth rates. P-values less than 0.05 were considered statistically significant. All
analyses were performed using SAS v .9.4 (SAS Institute Inc., Cary NC).
Tissue Isolation for Biochemistry

Cartilage was isolated from the knee joints and the rib cages of p6-p8 mice. Knee
cartilage was dissected from the distal femur and the proximal tibia and sternal and rib cartilage
was dissected from the rib cage. Tissue was snap frozen in liquid nitrogen and stored at —80°C
for use in later experiments.

RNA Isolation and cDNA Synthesis for gRT-PCR
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RNA was isolated from the knee joint cartilage of p6-p8 mice. Frozen tissue was
homogenized in liquid nitrogen using a metal/titanium mortar and pestle, and RNA was isolated
using TriZol. cDNA was synthesized using the Invitrogen Superscript 111 Reverse Transcriptase
Super Mix kit. Random hexamers were used to initiate reverse transcription. Gene expression
was then quantitated using the Roche FastStart Universal SYBR Green Master Mix with ROX
reference dye on a Stratagene MX3000 thermalcycler. Relative expression was quantified
through a comparison of the expression of the target genes to the expression of Gapdh using the
delta-delta CT method to quantify the relative expression based on genotype. Primer sequences
are as follows: Col9alF- S’GTATCCGCAACTCTTAAGCGTC 3’, Col9alR-
5’TGCAGCCTTCTCAATTTGGAAC 3’, Col9a2F- 5>CATTCCTGGCATCGTGGGAG 3,
Col9a2R- 5>GGCCACGACCCATTTCTCCT 3, Col9a3F-
5’TGACAGAGGGGACAAGGGAG 3, and Col9a3R- 5’ GAGCACCATCTCGACCATCTTT
3.

Preparation of Mouse Collagen Samples for Protein Biochemistry

Preparation of mouse collagen samples was done in collaboration with the laboratory of
Dr. David Eyre at the University of Washington. Mouse cartilage from the rib cages of p6-p8
mice was processed in modification of the previously described protocol in Eyre, et al 2004[7].
Briefly, tissue was minced and collagen fibrils were extracted in 4M guanidine HCL, 0.05M
Tris, pH 7.4, containing protease inhibitors (2mM EDTA, 5mM benzamidine, 2 mM
phenylmethylsulfonyl fluoride, and 5 mM phenanthroline) at 4°C for 48 hours. Tissue pellets
were washed with water and resuspended in 3% acetic acid followed by an overnight pepsin
digestion at 4°C. Solubilized type IX collagen was precipitated with 2.2 M NaCl and prepared for

western blotting.
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Western Blotting

Western blotting was done in collaboration with the laboratory of Dr. David Eyre at the
University of Washington as previously described in Ichimura et al. 2000[41]. Briefly, pepsin-
digested fragments were resolved on a 12.5% SDS-PAGE with DTT or on a 7.5% SDS-PAGE
without DTT and transferred to a PVDF membrane. Type IX collagen fragments were detected
using an antibody raised against bovine type IX collagen and recognizes epitopes in all three
mouse type 1X collagen chains. No cross-reactivity with other collagen chains has been
observed.
Whole-Mount Skeletal Staining

Whole-mount skeletal staining of newborn (p1 mice) and was conducted as previously
described in Rigueur, et al 2014[42]. Briefly, newborn mice were euthanized and immersed in
water heated to 55°C-60°C for 30-40s to soften the tissue. Following the removal of skin, organs,
and adipose tissue, skeletons were fixed overnight in 95% ethanol. Tissue was further fixed
overnight in acetone. Cartilage was stained with 0.03% Alcian blue (w/v) 80% Ethanol and 20%
glacial acetic acid, followed by two 70% ethanol washes to destain the surrounding soft tissue
and overnight incubation in 95% ethanol to fix the stain. Tissues were then pre-cleared for 1 hour
in 1% potassium hydroxide and mineralized bone was stained with 0.005% Alizarin red (w/v)
1% potassium hydroxide overnight at 4°C. Tissue was further cleared using a 50:50 glycerol: 1%
potassium hydroxide solution. All incubations were conducted at room temperature unless
otherwise specified. Stained skeletons were imaged under a Leica dissecting microscope using

bright-field microscopy and images were stitched using Adobe Photoshop.

Limb Segment Measurements
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Individual limb segments (femur, tibia, humerus, and ulna) were dissected from the
newborn skeletal preparations and imaged at 4.0X magnification on the Leica dissecting
microscope. The mineralized diaphysis of each limb segment, as defined by the Alizarin red
stain, was measured using a 1 mm pinwheel reticle (Swift Microscope World, Carlsbad, CA,
USA) in Adobe Photoshop.

Tissue Processing for Immunohistochemistry

Tissue for immunohistochemistry was isolated from the hind limbs of newborn, p42, p90,
and p180 mice. The intact femur and tibia, joined at the knee, was isolated from all right hind
limbs. The left knee joint, including the distal femur and the proximal tibia, were isolated from
all left hind limbs. Tissue was fixed in 10% buffered formalin overnight at 4°C, followed by
decalcification in Immunocal for 3 days at 4°C. Tissues were then dehydrated in varying
concentrations of ethanol and cleared using 100% xylene. Samples were then paraffin-embedded
in a vacuum oven.

Growth Plate Histology

7 um sagittal sections of intact newborn (p0-p1) mouse hind limbs, including the femur
and tibia, were prepared using a Leica microtome. Hematoxylin and Eosin stains were used to
determine growth plate morphology and chondrocyte organization. Stained sections were imaged
on a Zeiss upright microscope at 20X magnification using bright-field microscopy.
Histomorphometric measurements of the growth plate were conducted using the Zeis AxioVision

v.4.9.1 software.

Assessment of Osteoarthritis Joint Pathology
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Osteoarthritis-like degenerative changes were assessed in the cartilage of the knee joint. 7
MM sagittal sections of the knee joint from p42, p90, and p180 mice were obtained, and 25-30
sections, one every 70 pum, was stained with safranin-O/Fast-Green FCF to determine the
integrity of the articular cartilage. Stained sections were imaged on a Zeiss upright microscope at
20X magnification using bright-field microscopy.
Auditory Brainstem Response Testing

Auditory brainstem response testing was done in collaboration with the laboratory of Dr.
Rick Friedman at the University of Southern California as previously described in Myint, et al.,
2016[43]. Briefly, all ABRs were performed in a sound proof chamber where auditory stimuli
were delivered to anesthetized mice using an Intelligent Hearing Systems speaker that was
inserted into the right ear canal. Stainless steel electrodes were placed subcutaneously at the
vertex of the head and the right mastoid with a ground electrode at the base of the tail. Tone pips
were delivered to the right ear at frequencies of 4, 8, 12, 16, 24, and 32 kHz and were delivered
below threshold and increased in 5 dB increments up to 100 dB SPL. Hearing thresholds were
determined by visual inspection of ABR waveforms and defined as the minimum intensity at
which a wave 1 complex could be distinguished.
Preparation of Tissue for Transmission Electron Microscopy (EM)

Immediately post-euthanasia, cartilage from the right knee joint was dissected from the
distal femur and proximal tibia and chopped into discs 1 mm thick. Tissue was fixed in 1.5%
glutaraldehyde/1.5% paraformaldehyde/10% PBS overnight at 4°C. Tissue was processed and

embedded for EM at the UCLA Brain Research Institute Microscopy Core.
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Statistical Analysis
All data, with the exception of the mouse growth measurements, was analyzed using a

student’s t-test. Data with a p-value < 0.05 was considered significant.

Results
Col9a2 is Ablated in Knockout Mice

To test whether the Col9a2 targeting construct truly ablated the gene, | used quantitative
real-time PCR (qRT-PCR) to assess the levels of Col9a2 expression in wild-type, heterozygous,
and homozygous mutant mice. Expression levels correlated with the mouse genotypes.
Heterozygous mice produce Col9a2 mRNA transcripts at levels approximately 50% reduced as
compared with wild-type mice, and transcripts were at undetectable levels in the homozygous
knockouts, confirming that Col9a2 was ablated (Figure 3.2).

An examination of the mRNA expression of the remaining type IX procollagen genes,
Col9al and Col9a3, by gRT-PCR indicated that both transcripts were expressed in the wild-type,
heterozygous, and knockout mice. Expression levels of both of these genes were not significantly
different in the heterozygous and knockout mice, indicating that the absence of Col9a2 did not
alter the gene expression of Col9al and Col9a3.

Loss of a2(IX) Results in a Total Protein Knockout of Type IX Collagen

To assess the trimerization of type IX collagen in the absence of the a2(1X) chain, 1
isolated protein from sternal and rib cartilage of p6-p8 wild-type, heterozygous and knockout
mice. Protein extractions post pepsin-digestion were separated on a 12.5% SDS-PAGE under
reducing conditions and 7.5% SDS-PAGE under non-reducing conditions and probed with an
anti-type IX collagen antibody that detects all three procollagen chains. | detected type IX
collagen in both the wild-type and heterozygotes, but no type IX collagen was detectable in the

knockouts, consistent with dependence of type IX collagen assembly on presence of the a2(IX)
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chain (Figure 3.3). The type IX collagen protein levels were diminished in the heterozygous
mice, consistent with the expected effects of haploinsufficiency for the a2(IX) chain.
Col9a2 " Mice Exhibit Mild Short Stature

To determine the phenotype of the Col9a2 ”~ mice, | examined the external appearance of
adult mice and radiographs of the skeleton in comparison to the wild-type littermates at 6 weeks
of age. Mice homozygous for the Col9a2 null allele presented with a skeletal phenotype
primarily consisting of mild short stature with shortened limbs and mild midface hypoplasia
(Figure 3.4A). The phenotype was observed in both males and females, with the midface
hypoplasia more pronounced in the male mice. Both the trunk and tail lengths of male and
female mice were shorter than their wild-type littermates, a finding also observed in the
radiographs (Figure 3.4B). No overt phenotypic differences were observed in the heterozygous
adult littermates.

| next assessed whether the knockout mice possessed any developmental growth delays
by measuring the body weight, trunk length, and tail length of the wild-type, heterozygous and
knockout male and female mice on a weekly basis for 24 weeks, starting at p7. Analysis of the
growth rate using all three parameters demonstrated that the Col9a2 ™ mice grew at a
significantly reduced rate (Figure 3.5 and Table 3.1). Interestingly, a mild growth delay in the
trunk and tail length was also observed in the female heterozygous mice, which grew at a
significantly slower rate than the wild-type females, suggesting that heterozygous mice with
haploinsufficiency for Col9a2 exhibit a mild phenotype of growth delay in a sex-dependent

manner which resolves by adulthood.
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Absence of Type IX Collagen Results in Short-Limb Phenotype

To determine whether the loss of type IX collagen affects endochondral ossification and
skeletal development, I used whole-mount skeletal staining of newborn (p1) mice to assess the
phenotype. Similar to the findings generated by growth measurements and radiographic analyses,
comparison of the wild-type, heterozygous, and knockout mice demonstrated that knockouts
were smaller than their wild-type littermates. The heterozygous mice also exhibited mild short
stature, but this difference in stature was resolved by adulthood, as indicated previously (Figure
3.6). A comparison of the lengths of the upper and lower extremities, including the humerus,
ulna, femur and tibia, indicated that all limb segments were shorter in the knockout mice at p1.
Quantitative analysis of the mineralized diaphysis length of all limb segments confirmed that all
of the limb segments were significantly shorter in the knockouts, with the most significant length
difference observed at the tibia (p<0.001). No significant differences in the limb segment length
was observed between the wild-type and heterozygous mice. Thus as a consequence of the loss
of type IX collagen, the Col9a2 *" mice exhibited mild short stature and shortened limbs.

| also examined the endochondral growth plates of the knockout mice to determine
whether there were observable defects in chondrocyte proliferation, growth plate length and
morphology. Hematoxylin and Eosin staining of the proximal tibia in newborn mice (pl)
indicated that the growth plates of the knockout mice were significantly wider than the wild-type
mice across all growth plate zones with a large hypocellular region in the center of the
proliferative zone (Figure 3.7). This was also observed in growth plates of the distal femur (data
not included). Significant widening of the growth plates was not observed in the heterozygous
mice. A closer examination of the chondrocytes in the reserve, proliferative, and hypertrophic

zones indicated that with the exception of the widened growth plate no defects were observed in
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the reserve zone, but chondrocyte column formation was lost in the proliferative zone. Cells were
irregularly shaped and proliferating in all directions, resulting in disorganized growth plate
architecture. Hypertrophic chondrocytes continued to differentiate irrespective of polarity of the
growth plate, likely contributing to the mild short stature and limb segment shortening observed
in the skeletal preparations.
Absence of a2(IX) Results in an Alterations in Chondrocyte Morphology and ER
Distention

To assess the cellular phenotype in the knockout mice, I used transmission electron
microscopy to examine the cellular morphology, collagen content and endoplasmic reticulum
(ER) of growth plate cartilage in newborn mice (p1). As ER stress can be a consequence of the
synthesis of mutant ECM proteins in chondrodysplasias such as MED, | hypothesized that a
similar phenomenon may be occurring in the knockout chondrocytes [44, 45]. First, an
examination of the growth plate chondrocytes in the reserve and proliferative zone highlighted
irregularities in the chondrocyte morphology in the proliferative zone (Figure 3.8A-F). The cells
were rounded and shaped like a semi-circle instead of the flattened ellipse that was observed in
both the wild-type and heterozygous cells. A consistent cellular phenotype of ER distention was
also detected in the knockout chondrocytes in both the reserve and proliferative zones, while an
examination of the wild-type cartilage depicted normal ER (arrows in Figure 3.8). However,
mild ER distention was observed in the cartilage of heterozygous animals. At higher
magnifications, the collagen content of the extracellular matrix also appeared thinner and less
dense (Figure 3.8G-1) in the knockout relative to the wild-type and heterozygous mice. While |
observed the altered chondrocyte morphology and ER distention in the knockout chondrocytes,

additional tests are required to determine if the observed phenotype is due to ER stress.
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Col9a2 -/- Exhibit Impaired Auditory Function

Because Col9a2 is also expressed in the cochlea of the ear and patients affected with STL
exhibit hearing loss, I also tested the auditory function of Col9a2 knockout mice to identify any
hearing-related defects. | used auditory brainstem response (ABR) testing at 6 weeks of age to
determine the baseline decibels at which tone pips at frequencies ranging from 4-32 KHz could
be detected. Our data show the null mice detected tone pips at thresholds 30-40 decibels higher
than both the wild-type and heterozygous mice, indicating that the auditory function of the null
mice is significantly compromised (p<0.001) (Figure 3.9). The heterozygous mice did not exhibit
any auditory impairment in comparison to the wild-type littermates. Due to the loss of type 1X
collagen, the knockout mice exhibit severe hearing loss.
Early Onset Joint Degeneration Observed in Col9a2 * Mice

Since type 1X collagen is integral to the long-term maintenance of articular cartilage, as
demonstrated by the development of early-onset osteroarthritis in the Col9al * mouse[36, 46]
and type IX collagen is present in the weight-bearing articular cartilage of the knee joint[47], |
sought to determine the effect of the loss of type IX collagen on the cartilage in the knee joint. |
collected the knee joints from 6 month old wild-type and knockout mice and stained serial
sagittal sections every 70 p with safranin-o and examined the tibial plateau for osteoarthritic-
related joint degeneration. | observed a decrease in the intensity of the safranin-o stain in the
knockouts, indicating a decrease in proteoglycan content. The articular cartilage of the distal
femur and proximal tibia was also thinner with a reduced cellular density in comparison to the
the wild-type littermates (Figure 3.10). | also compared male and female mice and observed
more severe degenerative changes in the male mice. Combined, | determined that the loss of type

IX collagen leads to the development of early-onset joint degeneration.
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Discussion
In this study, | used the in vivo genetic model of the Col9a2 knockout mouse to test

whether the a2(IX) chain is dispensable for the trimerization of type IX collagen. Previous in
vitro trimerization studies yielded inconsistent results suggesting that the 02(IX) chain might not
be required to produce functional type 1X collagen[31]. Although a single case of Stickler
syndrome resulting from a homozygous loss-of-function mutation in COL9A2 indicated that loss
of the gene product has a similar phenotype as compared with loss of the COL9AL gene product,
biochemical data to prove this were lacking [24]. Biochemical assessment of type 1X collagen in
the Col9a2 " mouse demonstrated that the loss of a2(IX) results in a functional knockout of the
entire type IX collagen trimer. Based on these data, | can say with certainty that 02(IX) is
essential to protein trimerization, resolving the inconsistent results observed in the in vitro
biochemical experiments. As the loss of al(IX) also resulted in a total protein knockout in the
Col9al ” mouse[32] and recessive loss of function mutations for COL9A3 also results in Stickler
syndrome in humans [25], it seems more likely than not that the loss of a3(IX) will also result in

a functional knockout of type IX collagen.

While | determined that a2(IX) is essential to trimerization, | also sought to understand
the consequences on al(IX) and a3(IX) in the absence of a2(IX). Using a combination of qRT-
PCR and TEM, | attempted to resolve this question. Using gRT-PCR, | assessed the transcript
levels of both of these chains, and observed no significant difference in the mRNA levels of
Col9al and Col9a3 in both the heterozygous and homozygous transgenic mice, similar to the
observed mRNA levels of Col9a2 and Col9a3 in the Col9al * mouse [32]. This suggests that
gene-regulation does not occur at the RNA level, and the unincorporated procollagen chains are
likely regulated at the protein level. Using TEM, | observed in the knockout mice severely

enlarged and distended rough endoplasmic reticulum in the reserve and proliferative zones, data
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suggesting the possibility of an unfolded protein response (UPR). The cells also appeared
unhealthy with abnormal-appearing nuclei. While 1 did not conduct proliferation assays in the
newborn growth plate, such experiments were conducted in the Col9al ” mouse in the study by
Dreier et al. 2008 [33]. These experiments demonstrated that knockout growth plate
chondrocytes exhibited a significant decrease in proliferation, based on a proliferative cell
nuclear antigen (PCNA) stain, in both the reserve and the proliferative zones[33]. As the
outcome of a functional knockout of type IX collagen is the same in both the Col9al and the
Col9a2 null mice, | hypothesize a similar decrease in cell proliferation would be observed in the
Col9a2 " mouse. Based on this evidence, it is likely that the a1(IX) and 03(IX) chains in the ER
trigger a UPR, which may be the underlying mechanism that results in the large hypocellular
region that is observed in both the Col9al ” and the Col9a2 * growth plate chondrocytes[33].
To be certain that this is the underlying mechanism, further ultrastructural analysis of growth
plate cartilage using a type IX collagen antibody stain may aid in determining the identity of the

proteins resulting in the ER dystrophy.

In our effort to ascertain the functional consequence of the loss of type IX collagen, I
determined that the Col9a2 null mouse phenocopies the human disease STL. Patients affected
with this arthroopthalmopathy clinically present with mild craniofacial defects, mild short
stature, sensorineural hearing loss, and myopia[26]. All of the known type 1X collagen
mutations are homozygous recessive loss-of-function mutations [23-25, 48]. Since the Col9a2 -
mouse also exhibited mild short stature, mild midface hypoplasia, and impaired auditory
function, I can now conclude that the phenotype observed in the COL9A2 STL patients is due to

a total loss of the type 1X collagen trimer.
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As previously mentioned, since STL patients with type 1X collagen mutations present
with severe myopia and vitreoretinal degeneration[23-25, 48] and because Col9a2 is expressed
in the vitreous of the eye[49], | endeavored to also assess whether these mice inherited any
vision abnormalities due to the defect in type 1X collagen biosynthesis. However, | was unable to
characterize this phenotype due to homozygosity for the Rd8 mutation at the Crb1 locus, which
is known to confer congenic eye defects in inbred mouse strains, specifically C57BI/6N mice,
and can confound the results of any detected ocular phenotype[50]. As a part of the International
Mouse Phenotyping Consortium (IMPC) pipeline, the eye morphology of the Col9a2 " mice was
assessed by optical coherence tomography (OCT)/fundus imaging, and no gross abnormalities
were detected [51, 52]. This is surprising considering that the COL9A2 STL family exhibited
significant myopia, vitreoretinal degeneration, and retinal detachment[24]. It is possible, as in the
case of myopia, that the eye phenotype may not be detectable by this method, so | cannot rule out
the possibility that the Col9a2 ” mice have a mild eye phenotype. Once the Rd8 mutation has
been bred out of this mouse, | will be able to determine if these mice exhibit any ocular

abnormalities.

During our investigation of the skeletal phenotype in the Col9a2 ™, I also observed a
mild phenotype in the heterozygous mice. Newborn males and females were shorter than their
wild-type littermates, and adult female mice exhibited mild growth delays. A close examination
of the type IX collagen STL cases identified several carriers of the loss-of-function mutations
that presented with mild short stature and a mild skeletal phenotype [23, 48]. Both VVan Camp et
al. 2006 and Nikopoulos et al. 2011 suggested that haploinsufficiency for type 1X collagen likely
produces this mild skeletal phenotype, and our study supports this hypothesis [23, 48]. While

there were no significant differences in the mRNA transcript levels of Col9al and Col9a3 in the
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heterozygous animals, | did observe a mild decrease in the total amount of type 1X collagen,
consistent with haploinsufficiency. | also observed some mildly distended RER in some
chondrocytes of the heterozygous growth plate cartilage, which may contribute to the possible

mild STL carrier phenotype.

Conclusion
In this study, | used the in vivo genetic model of the Col9a2 ”~ mouse to resolve the

ambiguity regarding the necessity of the a2(IX) chain of type IX collagen during protein
trimerization. Biochemical analysis of type IX collagen in wild-type, heterozygous, and
knockout mice demonstrated that the loss of a2(IX) resulted in a total protein knockout of type
IX collagen, a phenomenon that was also observed in the Col9al * mouse. While there was no
significant reduction in the transcript level of Col9al and Col9a3, I did not detect any other type
IX collagen products by Western blotting, leaving some doubt about the fate of the remaining
type I1X procollagen chains. To address this question, | used ultrastructural analysis of growth
plate cartilage to examine the cellular morphology of the chondrocytes, and observed severely
distended endoplasmic reticulum, suggesting that the unincorporated chains accumulate and may
trigger an unfolded protein response. Based on this evidence, it is likely that the a1(IX) and
a3(IX) chains are regulated at the protein level, but further analysis is required to determine the

exact mechanism.

In addition to assessing the biochemistry of trimerization, I also conducted phenotypic
characterization experiments to determine the effects of the loss of type 1X collagen on the
development of the skeleton. I discovered that the knockout mice grew at a significantly reduced
rate; they exhibited mild short stature, mid-face hypoplasia, and shorter limbs; and the auditory

function was significantly diminished. Human patients with STL also exhibit these clinical
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features and severe ocular defects including myopia, vitreoretinal degeneration, and retinal
detachment. Based on the overlapping skeletal and auditory phenotype observed in the Col9a2 ™
mouse and the human family affected with STL due to a homozygous null mutation in COL9A2,

| have demonstrated that this knockout mouse phenocopies recessive STL.

Among the type IX collagen STL cases, 2 families have been identified with
COL9A1 mutations, 1 family with a COL9A2, and 1 family with a COL9A3 mutation. Including
the data from this study, there is now functional evidence that the resulting phenotype in
COL9A1 and COL9A2 STL is due to a functional knockout of type 1X collagen, as demonstrated
by the Col9al ” and the Col9a2 ”~ mice. While a knockout mouse of Col9a3 has not been
studied, it is likely that the phenotypic consequence will be the same. However, further studies

are required to determine whether this will be the case.
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Figures

A Col9a2-tmla
1 4 FRT loxP FRT loxP 5 16 joup 17 19 20 32

En2 SA lacZ H hbactP

B Col9a2-tm1b
1 4 FRT loxp 17 19 20 32

En2 SA

Figure 3.1: Col9a2 Targeting Construct. A. Col9a2 tmla allele knockout first conditional
ready allele in transgenic mice generated at MRC Harwell. The targeting construct, flanked by
FRT sites, is inserted after exon 4. Insertion of splice acceptor (En2 SA) and internal ribosomal
entry site (IRES) lead to a poly adenylation signal (pA) to terminate transcription. Flanked by
Cre-loxP sites, a neo selection cassette follows. B. Post Cre-recombinase, the neo selection
cassette is removed, producing the tm1b allele that was used in all experiments.
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Expression of Type IX Pro-Collagen Genes in
Newborn Knee Cartilage
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Figure 3.2: Expression of Type IX Pro-Collagen Genes in p6-p8 Epiphyseal Knee Cartilage.
Using epiphyseal cartilage from newborn mice and gRT-PCR, the gene expression levels of
Col9al, Col9a2, and Col9a3 were assessed. Data are representative of two experiments with n=5
biological replicates and n=3 technical replicates per biological replicate. No significant
difference was observed in the expression levels of Col9al and Col9a3.
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Figure 3.3: Type IX Collagen Immunoblot of p6-p8 Rib Cartilage. Immunoblot of pepsin-
digested fragments of type 1X collagen from rib and sternal cartilage of p6-p8 mice. Wild-type
(lanes 1, 4, 7 and 10), heterozygous (lanes 2, 5, 8 and 11), and knockout (lanes 3, 6, 9 and 12)
samples were separated by 12.5% SDS-PAGE with DTT (A) and 7.5% SDS-PAGE without DTT
(B) and detected with an antibody against bovine type IX collagen. Bovine type 1X collagen was
used as a positive control in lane 13.
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Figure 3.4: Phenotype of Adult Col9a2 -/- Mice. External appearance (A) and radiographs (B)
of wild-type and knockout male and female mice at 6 weeks of age. Knockout mice exhibited
shorter trunk and tail lengths and shorter limbs.
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Figure 3.5: Growth Differences in Wild-Type, Heterozygous and Knockout Mice with
respect to Body Weight, Trunk Length, and Tail Length. Estimated growth rates of the body
weight (A-B), trunk lengths (C-D), and tail lengths (E-F) of male and female mice were
computed using weekly measurements starting at p7 and ending at p168. Differences in growth
rates between wild-type and heterozygotes and wild-type and knockouts was calculated (see
Table 3.1).

100



Table 3.1: Estimated Difference in the Growth Rate Traits for Wild-type, Heterozygous,
and Knockout Mice

Contrast Weight Trunk Length Tail Length
Estimated p-value Estimated p-value Estimated p-value
Difference Difference Difference
(SE) (SE) (SE)
Male WT (n=5) vs Het (n=12) 0.14 (0.21) 0.501 0.03 (0.55) 0.950 0.67 (0.67) 0.315
Male WT (n=5) vs KO (n=4) 0.95 (0.26) <0.001 0.98 (0.65) 0.134 2.73 (0.79) <0.001
Female WT (n=8) vs Het (n=9) 0.17 (0.19) 0.376 1.41 (0.49) 0.004 2.06 (0.60) <0.001
Female WT (n=8) vs KO (n=5) 0.49 (0.22) 0.031 1.43 (0.57) 0.013 2.60 (0.70) <0.001
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Figure 3.6. Newborn Col9a2 -/- Mice Exhibit Shorter Limbs. Whole-mount skeletal staining
of the newborn mice (pl) indicated that the heterozygous and knockout mice were smaller than
their wild-type littermates (A). Limb segments, including the tibia (B), femur (C), ulna (D) and
humerus (F) were also shorter. Quantification of the diaphysis length of the limb segments in
wild-type (n=16), heterozygous (n=20) and knockout (n=14) mice indicated that the limb
segments in the knockout mice were significantly shorter. *=p<0.05 and ***=p<0.001.
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Figure 3.7. Altered Growth Plate Architecture Observed in Knockout Mice. H&E staining
of the newborn (pl) proximal tibial growth plates in the wild-type (A), heterozygous (B), and
knockout (C) mice. Magnified images of the reserve (D-F), proliferative (G-I) and hypertrophic
(J-L) zones highlight altered chondrocyte morphology and polarity in the knockout growth plate.
Histomorphometric analysis of the growth plate with p0-p1 wild-type (n=3), heterozygous (n=6)
and knockout (n=3) mice demonstrate that the growth plate was significantly wider in the
knockout mice. Scale bars are representative of 100 um. *=p<0.05 and **=p<0.01.
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Figure 3.8. Altered Chondrocyte Morphology and ER Distention Observed in Newborn
Growth Plate Cartilage. Ultrastructural analysis of newborn (p1) growth plate cartilage from
the proximal tibia of wild-type, heterozygous and knockout mice. An examination of the reserve
chondrocytes (A-C) and the proliferative chondrocytes (D-F) identified dilated endoplasmic
reticulum in the knockout and heterozygotes (see arrows) in comparison to the normal ER in the
wild-type (see arrows). Thinning of reserve zone collagen (G-I) was also observed in the
knockout in comparison to the wild-type. Scale bars equal 1 pm.
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Figure 3.9: Col9a2 -/- Mice Exhibit Severe Hearing Loss. ABR testing of wild-type,
heterozygous and knockout mice at 6 weeks of age indicate that the auditory function was
severely compromised and the mice exhibited hearing loss. ***=p<0.001.
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Figure 3.10. Osteoarthritic Degenerative Changes Observed in Col9a2 -/- Mice. Knee Joints
from 6 month old wild-type male (A) and female (C) and knockout male (B) and female (C)
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mice (n=6 per group) were assessed for osteoarthritic changes using safranin-o. A decreased
proteoglycan content was observed in the knockouts, with some thinning of the articular
cartilage. Scale bars represent 100 pm.
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Future Directions
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Locus Heterogeneity in Multiple Epiphyseal Dysplasia
In this study, | used exome sequencing (15 cases) in tandem with Sanger sequencing (18

cases) to identify the molecular basis of disease in a cohort of 33 patients diagnosed with
Multiple Epiphyseal Dysplasia (MED). Based on my data analysis, | identified the following

mutations:

e 6 dominant mutations in the known MED disease loci—3 COMP, 2 MATN3, and 1
COL9A2.

e Heterozygosity for pathogenic mutations in COL2AL in 2 cases.

e Compound heterozygosity for pathogenic mutations in GNPTAB in one case.

e Homozygosity for pathogenic mutations in CANT1 in two cases of a recessive form of

MED clinically distinct from Desbuquois Dysplasia (DBQD).

Based on the exome sequencing, the pathogenic mutations were identified in 9 cases and
excluded in 6 cases, suggesting that further locus heterogeneity exists. | identified candidate
variants in PTH2R and PRICKLEL in one case, but no pathogenic variants were identified among

the cases analyzed by Sanger sequencing of candidate genes.

While overall I identified the molecular basis of disease in 11 cases, the causative
mutation(s) still remains unknown in the remaining cases. As previously mentioned, one of the
pitfalls of exome sequencing is the uneven depth of coverage which can arise during exome
capture. To aid in the identification of the pathogenic mutations in the remaining cases, whole-
genome sequencing could be used in future sequencing studies to avoid this potential technical
issue. For the cases only studied by Sanger sequencing of candidate genes, exome sequencing

could be used in an attempt to identify the causative variants. By increasing the sample number
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and improving the sequencing methodology, | may be able to identify the molecular basis of

disease in additional patients in the MED cohort.

Of the mutations that I identified, the most notable finding was the identification of the
novel mutations in CANTL1. As discussed in Chapter 2, CANTL1 is the locus for DBQD, and
recessive mutations result in DBQD type I, type |1, and the Kim variant. Functional analysis of
mutations that result in DBQD phenotypes have indicated that the severe type I and 11 DBQD
typically result from loss-of-function mutations, either via nonsense mutations or missense
mutations that result in loss of enzymatic activity[1, 2]. All reported cases of the milder Kim
variant indicate that this phenotype results from the inheritance of one loss-of-function mutation
and the p.Val226Met mutation, which prior to this study has only been identified in individuals
of Japanese and Korean ethnicity [2, 3]. Homozygosity for the p.Val226Met mutation was
observed in one family, but insufficient radiographic data were available for a full comparison of
the phenotype in this family to the phenotype observed in the case | studied[4]. Examination of
the enzymatic activity of the p.Val226Met mutation indicated that this mutation results in
CANT1 activity that is 20% of that of the wild-type protein[2]. As the observed phenotype in the
MED patients in our study is the mildest phenotype on the CANT1 spectrum, | hypothesized that
the level would be between 20 and 50% of wild type and endeavored to determine the level of
enzymatic activity resulting from the p.1le109Lys substitution in MED case R92-280. Using
Epstein Barr Virus transformed lymphoblastoid cell lines for both affected individuals in family
R92-280, positive control cells of DBQD patients with CANT1 mutations, and unaffected
negative control cells, | attempted to assay the enzymatic activity of CANT1. However, due to

the low expression of CANT1 in the lymphocyte cells, | was unable to detect CANT1 activity in
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the cells. Additional studies using the in vitro system described in Furuichi et al., 2011 could be

used to determine how the p.lle109Lys mutation affects CANT1.

Additional studies of CANT1 using primary cultures of DBQD patient fibroblasts have
shown that CANT1 is involved in the posttranslational modification of proteoglycans (PGs),
specifically in the synthesis of glycosaminoglycan (GAG) side chains [5]. Subsequent
sequencing studies in DBQD patients negative for mutations in CANT1 identified a second locus
for DBQD, XYLTL1, the gene encoding xylosyltransferase 1, which catalyzes the chain initiation
for posttranslational GAG synthesis [6]. Analysis of the GAG content in the DBQD patients
positive for XYLT1 mutations determined that the proteoglycans primarily affected by the loss of
xylosyltransferase activity were chondroitin sulfate proteoglycans (CSPGs), and not heparin
sulfate proteoglycans (HSPGs) [6]. As these studies have not been conducted in patients with
CANT1 mutations, further examination of the proteoglycan and GAG content in cases with
CANT1 mutations, including MED cases, could aid in understanding the underlying mechanism
that results in the spectrum of CANT1 phenotypes. | attempted to assay the GAG levels in cells
from affected individuals in family R92-280, but | encountered the similar issue of low gene
expression of CANT1 in lymphocytes that hindered the enzymatic activity assay. Using a
xyloside treatment to initiate GAG synthesis, as observed in both Nizon et al. 2012 [5] and Bui et
al. 2014 [6], could assist in overcoming the low expression in non-cartilaginous tissues. | might
then be able to assay the GAG levels and determine the PG content for CSPGs and HSPGs using
chondroitinase and heparanase treatments, providing additional insight into the pathophysiology

of disease in MED due to CANT1 mutations.
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Col9a2 and Type IX Collagen Trimerizaton
In Chapter 3, | assessed the biochemical role of a2(IX) in the trimerization of type IX

collagen using the in vivo model of the Col9a2 knockout mouse. Based on my analysis, |

determined the following:

e The a2(IX) procollagen chain is essential to the trimerization of type IX collagen, and
absence of this subunit results in a functional knockout.

¢ In mice, the loss of type 1X collagen results in mild short stature, short limbs, mild
craniofacial defects, hearing loss, and early-onset joint degeneration, a phenotype that
resembles Stickler syndrome (STL).

e The loss of type IX collagen alters growth plate architecture and chondrocyte
morphology. Chondrocytes were irregularly shaped, displayed a loss of polarity, and

exhibited endoplasmic reticulum (ER) distention.

| was able to assess the skeletal and auditory phenotypes in the Col9a2 knockout mice,
but further analysis is required to fully comprehend the pathophysiology of disease. Using
transmission electron microscopy (TEM), I identified severe ER distention, suggesting the
possibility that the unincorporated procollagen chains are triggering ER stress and an unfolded
protein response (UPR). This phenomenon has been observed with other structural proteins of
the cartilage ECM, such as COMP, matrilin-3, type Il collagen and type X collagen, providing
precedent for this potential cellular response [7-10]. However, | have not conducted assays to
determine whether a UPR was activated. To determine if one consequence of the loss of type IX
collagen is UPR, assays could detect the levels of UPR markers from the three main signaling
pathways, the PERK, ATF6, and IRE1 pathways [9]. If there are elevated levels of key UPR

markers, such as the chaperone proteins BiP and Grp94, or pro-apoptotic marker CHOP, either
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via mRNA, protein, or both, I can conclude that the observed growth plate phenotype is due in

part from ER stress[9].
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CHAPTER FIVE

Conclusions
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Through the study of the chondrodysplasias, | have gained a basic understanding of the
structure and function of the cartilage extracellular matrix, but the knowledge in this area is still
limited. Continued identification and characterization of the mutations that result in these
inherited disorders will help improve the understanding of complex developmental processes,
such as ECM biosynthesis, that are involved in skeletal growth.

Exome Sequencing in Multiple Epiphyseal Dysplasia

With the discovery and widespread use of next generation sequencing, | was able to
address many questions about my cohort of MED patients by conducting exome sequencing: 1)
Avre these patients positive for a mutation in a known locus? 2) Is the diagnosis based on the
radiographic data accurate? 3) Is a novel locus responsible for the molecular basis of disease?
Even with a small sequencing cohort of 15 families, | was able to successfully resolve these
questions in the majority of the cases.

As described in Chapter 2, | identified mutations in the known MED loci in 6 cases.
Among those 6 cases, 3 of these cases had been previously screened for mutations in the known
MED loci, while 3 cases had not. While Sanger sequencing is a very powerful and cost-efficient
tool for screening a small number of genes with a few exons, in cases like MED where there is
significant locus heterogeneity and the genes are large, as in the case of COMP with 19 exons
and the type IX collagen genes with 35+ exons, this tool is not ideal[1]. Also, with some difficult
PCR reactions, it is challenging to obtain good quality sequencing reads to accurately determine
the mutation status of cases. However, using exome sequencing, | was able to overcome the
limitations of Sanger sequencing by screening the unknown cases and identifying 2 COMP
mutations and 1 COL9A2 mutation, and in the hypothesized “negative” cases, I identified 1
COMP and 2 MATN3 mutations, which were likely missed due to sequencing issues. In cases

such as these, exome sequencing proved to be a valuable tool.
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In addition to the mutations identified in the known MED loci, exome sequencing also
identified 3 apparent MED cases with mutations in known skeletal dysplasia loci—COL2A1,
GNPTAB, and CANT1. In the case of COL2A1 and GNPTAB, the identified mutations
demonstrated that during childhood there is radiographic similarity of MED to related but
generally more severe skeletal dysplasias, and how temporal-dependent radiographic
manifestations of disease can present an impediment in making accurate diagnoses. In both of
these cases, the radiographic images were obtained during early adolescence prior to complete
development of the disease, and the phenotype appeared to be MED. Through the use of exome
sequencing, | was able to accurately identify the causative mutations, and in the case of the
GNPTAB mutations, the MLIII diagnosis. There is some debate on whether COL2A1 is a locus
for MED, so the identification of mutations in the gene could be viewed as unsurprising but
provides further evidence justifying screening COL2A1 in MED cases[2]. The study also
illustrated how identifying the mutation, in this case through exome sequencing, can assist
families by determining the correct inheritance pattern, as the MLIII case was hypothesized to be
sporadic and dominant, while the data proved it was actually recessive. Because of these
benefits, clinical exome sequencing is becoming more prominent as a tool for molecular
diagnostics[1].

Finally, one of the most promising benefits of exome sequencing is the ability to identify
rare novel loci in small families[3]. In the case of the novel CANT1 mutation, | was able to use
exome sequencing to identify the pathogenic mutation, even though | was limited to a single
case. Combining exome sequencing with other genetic tools such as homozygosity mapping in
recessive cases or filtering for de novo changes in dominant disorders has and will continue to

aid in determining the molecular basis of disease in rare cases.
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Just like any novel tool, exome sequencing is not without limitations. | was unable to
identify the molecular basis of disease in 6 cases, and this was due in part to some of the
limitations of exome sequencing. Since exome sequencing targets only the coding regions, my
approach would have missed a molecular defect due to an intronic splicing variant outside the
targeted regions of the exome, which might be present in a known MED locus or a novel locus. |
also cannot rule out novel mechanisms that could produce MED, including regulatory mutations
or copy number variations, neither of which would be detected by exome sequencing.
Combining techniques such as RNA-sequencing to detect altered gene expression levels and
whole genome sequencing to ensure complete coverage could aid in overcoming the

shortcomings of capturing and sequencing just the exome[4].

Type IX Collagen in Humans and Mice
In Chapter 3, | focused on resolving the ambiguity revolving around type IX collagen

trimerization and whether the 02(IX) chain was required for this biological process. Because in
vitro biochemical data suggested that a2(1X) was dispensable and the in vivo human data from
the STL family were limited, represented by a single case of COL9A2 STL, there was an
opportunity to resolve the question using a mouse model. Analysis of the mouse Col9a2

knockout mouse established that a2(IX) is essential for trimerization.

One of the major challenges of studying a mild disease, such as STL or MED, is the
inability to obtain patient specimens. Because the phenotype is very mild, invasive procedures
such as cartilage or even a skin biopsy are not routinely performed. Also, since many of the
associated genes are highly and/or selectively expressed in cartilage, studies in cell types other
than chondrocytes do not accurately mimic the mechanism of disease pathogenesis. In cases such

as these, mouse models prove invaluable since we are able to study and analyze the
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pathophysiology of disease using an in vivo model. Using this rationale, my study of the Col9a2 -
" mouse enabled us to determine the mechanism of disease in COL9A2 STL, which will make a
contribution to the literature on this topic. For this reason, mouse models will continue to aid in

research on rare diseases and their mechanisms.

Through my study of MED and type IX collagen, | was able to successfully determine the
molecular basis of disease in 11 unresolved cases of MED using a combination of exome and
Sanger sequencing. With the identification of the clinically distinct CANT1 recessive MED, |
have expanded the number of known loci for the disease. Using the Col9a2 -/- mouse | was able
to determine that the alpha-2 chain of type IX collagen is required for trimerization, and the
mechanism of disease in COL9A2 STL is the result of a functional knockout of type IX collagen.
A continued use of next-generation sequencing tools and mouse genetics will aid in the study of

chondrodysplasias of the cartilage ECM.
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