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Abstract

Brachydactyly type A1 (BDAL1) is a rare autosomal dominant trait characterized
by the shortening of the middle phalanges of digits 2-5 and of the proximal phalange of
digit 1 in both hands and feet. Many of the brachymesophalangies including BDAL have
been associated with genetic perturbations along the BMP-SMAD signaling pathway.
The goal of this thesis is to identify the molecular pathways that are associated with the
BDAL phenotype through the genetic assessment of BDA1-affected families. We
identified four missense mutations that are clustered with other reported BDA1 mutations
in the central region of the N-terminal signaling peptide of IHH. We also identified a
missense mutation in GDF5 cosegregating with a semi-dominant form of BDAL. In two
families we reported two novel BDA1-associated sequence variants in BMPR1B, the gene
which codes for the receptor of GDF5. In 2002, we reported a BDAL1 trait linked to
chromosome 5p13.3 in a Canadian kindred (BDA1B; MIM %607004) but we did not
discover a BDA1-causal variant in any of the protein coding genes within the 2.8 Mb
critical region. To provide a higher sensitivity of detection, we performed a targeted
enrichment of the BDA1B locus followed by high-throughput sequencing. We report the
identification of a novel 9.5 Kb intergenic tandem duplication in two unrelated BDA1-
affected families. In-vitro and in-vivo reporter assays demonstrated the enhancer activity
of noncoding conserved sequence elements found within the duplicated interval. We also
show an upregulation of the neighboring genes, NPR3 and PDZD2, in the patients'
fibroblasts that suggests a gain-of-function through the duplication of cis-regulatory

elements on dose sensitive genes. By expanding the repertoire of BDAL-causing



mutations in IHH, GDF5, BMPR1B and at the BDA1B locus, we have begun to elucidate

a common genetic pathway underlying phalangeal formation and elongation.
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Chapter 1. Introduction

1.1 The brachydactylies

Congenital malformations of the hand and feet that result in the gross
morphological display of small, short or absent fingers and toes are collectively known as
the brachydactylies, a term rooted in the Greek words "brachy" meaning short and
"dactylos"” meaning digits. The brachydactylies represent a subclass of limb
malformations specifically affecting the long bones with growth plates exhibiting
pathologic signatures of hypoplasia, aplasia and dysplasia. The 2010 edition of the
Nosology and Classification of Genetic Skeletal Disorders (Warman et al., 2011)
categorizes the brachydactylies under the heading "dysotoses", a collection of disorders
which affect a group of bones or individual bones. This category includes the non-
isolated forms of brachydactylies with or without extraskeletal anomalies which
contribute towards clinical manifestations within a syndrome. Some separately classified
skeletal disorders such as acrocapitofemoral dysplasia (ACFD; MIM #60778) include
brachydactly as an observed feature. An earlier classification scheme presented by Bell
(1951) divided the brachydactylies into five classes types A-E (BDA-E), each
representing a distinctive pattern of hypoplasia targeting the middle phalanges (BDA),
the distal phalanges (BDB), a mix of proximal phalanges and metacarpals (BDC), the
distal phalange of the thumb (BDD), or the metacarpals (BDE) (Figure 1.1). In this
classification scheme, BDA was further subdivided into subtypes 1 (BDA1; MIM
#112500), 2 (BDA2; MIM #112600), and 3 (BDA3; MIM %112700). Later, Fitch

(1979) re-organized the classification and instead based it on the osteological
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Figure 1.1. The isolated brachydactylies. Adapted from Figure 1 of Stricker and
Mundlos (2011). The typical hand bone patterns that are associated with each
isolated brachydactyly are displayed above its associated molecular cause and mode
of inheritance. A hand bone template is shown at the bottom right for reference.
Digits 1 through 5 are commonly referred to as the thumb, index, middle, ring and
pinky respectively. Hypoplastic, aplastic, fused, duplicated, or deviated bones are
shaded in black. Modes of transmission are either autosomal recessive (AR),
autosomal dominant (AD) or both. Indeterminate molecular causes are identified as
not determined (n.d.). Syndactyly is denoted by gray shaded areas within the

interdigital space.



patterns at each digit. Under the new classification, BDA4 and BDA5 (MIM %112800),
which were initially documented as isolated brachymesophalangies by Temtamy and
McKausick (1978), were included into a broader group of BDAL1-like conditions. Since
then, the clinical reports of BDA6 (MIM 112910) (Osebold et al., 1985) and BDA7
(Meiselman et al., 1989) have further expanded the phenotypic spectrum of
brachydactyly type A.

The rare orphan disease network database, Orphanet (www.orpha.net) has
currently catalogued a total of 70 isolated and complex brachydactylies, of which only 25
have a known molecular cause. As of November 2014, the Online Mendelian Inheritance
in Man (OMIM,; http://www.ncbi.nlm.nih.gov/omim) has listed 306 entries of the query
term "brachydactyly"”, and the majority of them are associated with syndromes. Of the
306 entries, 189 have a known or suspected molecular cause. The molecular causes for
all of the isolated brachydactylies are presented in Figure 1.1 (reviewed in Temtamy and
Algan, 2008; Stricker and Mundlos, 2011).

With the exception of BDD (MIM #113200) and BDAS, the prevalence of the
various forms of brachydactyly is unknown and since few families have been reported in
the literature it is assumed to be very rare in the general population. BDD has a reported
prevalence of 0.4% to 4% (Temtamy and Algan, 2008). The prevalence of BDA3 is 3%
to 21% (Temtamy and McKausick, 1978), showing high prevalence in different ethnic
groups; 10.5 % in the Jirel population of Nepal (Williams et al., 2007) and 21% in
Japanese children (Sugiura Y, 1962). The majority of the isolated brachydactylies are

inherited in an autosomal dominant fashion with complete penetrance (Figure 1.1).
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1.2 Brachydactyly type Al

1.2.1 Clinical description

BDAL1 is primarily characterized by disproportionately short or "absent” middle
phalanges of digits 2-5 of the hands (Figure 1.2) and/or digits 2-5 of the feet. Unlike
Cushing’s proximal symphalangism (SYM1; MIM #185800) (1916), severe BDAL cases
such as those reported by Farabee (1903) and Drinkwater (1908) display distal
symphalangism where the distal and middle phalanges are fused together resembling
chess pawns on hand radiographs. As a result of the fusion event, the fingers and toes
appear to have only one interphalangeal joint instead of two. Henry Drinkwater (1908)
noticed that in some individuals the bones existed prior to the fusion event as evident by
his prospective radiographic assessment of BDAL affected children. He further described
the hands of many severely affected individuals as having one volar or palmar crease. He
also reported sweaty palms and thick and bulbous fingers, alluding to the possible
involvement of ectodermal dysplasia. A four generation family diagnosed with aplasia
cutis congenital and brachydactyly displayed ectodermal tissue abnormalities as seen in
the nails, teeth and sweat glands (Rodrigues, 2007). Although there are no reported nail
dysplasias associated with BDA1L, Byrnes et al. (2010, see Chapter 5) reported two BDA1
affected individuals with teeth anomalies. Prior to this report, the involvement of teeth
had only been described in patients diagnosed with BDC (MIM #113100) (Holder-
Espinasse et al., 2004).

Abnormalities of the epiphyses, the ball-like structures found at the ends of the

diaphysis or shaft of long bones, have been described in the hand bones of some BDA1



Figure 1.2. Hallmark features of brachydactyly type Al. Hand radiographs of
two related individuals displaying BDAL features of bilateral short middle phalanges
of digits 2-5 and a short proximal phalange of digit 1. (A) The patient’s hand
radiograph also displays cone-shaped epiphyses (white arrows) of the middle
phalanges in all digits. (B) The patient’s hand radiograph displays remarkable
shortening of the middle phalanges of digits 2 and 5 (*). Note. From “Clinical and
radiological assessment of a family with mild brachydactyly type Al: the usefulness
of metacarpophalangeal profiles” by Armour et al., J. Med. Genet. 2000, 37(4):292-6,
Figures 2 and 4. Reprinted with permission.



families. These individuals lack the proximal epiphysis of the middle phalanx which
contributes to the overall shortness of the digit, such as those described in the Farabee
and Drinkwater families. In one family with a mild form of BDAL, the hand radiographs
of two affected individuals displayed cone-shaped epiphyses in all of the middle
phalanges (Armour et al., 2000). The malformed proximal end of the middle phalange
creates a shallow concave structure for occupancy of the proximal phalange. The
presence of cone-shaped epiphyses is not exclusive to BDAL as it appears in other limb
malformations with digit abnormalities as classified by the Human Phenotype Ontology
project (www.human-phenotype-ontology.org).

There is considerable intra- and interfamilial clinical heterogeneity for BDAL.
Although the middle phalanges and first proximal phalanges are primarily affected in
BDAL cases, hypoplasia of the first (Yang et al., 2000; Giordano et al., 2003; Byrnes et
al., 2010, see Chapter 4), third (Yang et al., 2000; Giordano et al., 2003), and fifth
metacarpals (Armour et al., 2000) have also been observed in some affected individuals.
In these cases, the hands are broad as a result of an increase in the inter-metacarpal space.
Other accompanying features include radial/ulnar clinodactyly (Drinkwater, 1908;
Hoefnagel and Gerald, 1966; Sillence, 1978; Grange et al., 1998; Armour et al., 2000;
Yang et al., 2000) and shortened distal phalanges (Armour et al., 2000; Yang et al.,
2000). The severity of the shortening is variable such that in some mild BDA1 cases the
use of metacarpophalangeal pattern profiling (MCPP), an age-standardized measurement
of hand bone length (Poznanski et al., 1972; Dijkstra and Venema 1991, 1992), were
instrumental at defining intermediate BDAL cases (Armour et al., 2000). In some cases,

the middle phalanges of digits 2 and 5 are severely affected, resembling the affected bone
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pattern of BDA4 as described by Temtamy and McKusick (1978). In addition to the
variability observed in the hands, the hand phenotype is sometimes not mirrored in the
feet (Lodder et al., 2008). Thus, the intra- and interfamilial phenotype variability of
BDAZ1 cases suggests other genetic and/or environmental factors are involved. The
shortening of appendicular skeletal structures other than the hands or feet, such as the
humerus, has also been identified in some individuals (Lacombe et al., 2010). Short
stature has been reported in many of the published BDA1 families (Drinkwater, 1912 and
1915; Slavotinek and Donnai, 1998; Tsukahara et al., 1989; Armour et al., 2000). BDA1
has also been shown to be in association with non-skeletal clinical manifestations such as
nystagmus (Tsukahara et al., 1989; Slavotinek and Donnai, 1998), mental retardation
(Tsukahara et al., 1989; Grange et al., 1998; Slavotinek and Donnai, 1998), and scoliosis
(Sillence, 1978; Raff et al., 1998; Slavotinek and Donnai, 1998). The involvement of
various tissues suggests a much broader effect which might be caused by mutations in the

genes belonging to a common signaling pathway or developmental program.

1.2.2 Epidemiology

The prevalence of BDAL has not been determined but it has been described
throughout the literature as a rare autosomal dominant malformation with complete
penetrance. To date BDAL has been reported in families of diverse populations; namely
families and individuals of European, Chinese, Japanese, Middle Eastern, Mexican, and
Indian ethnicity (Temtamy and McKusick 1978; Laporte et al., 1979; Piussan et al., 1983;
Tsuakahara et al., 1989; Fukushima et al., 1995; Mastrobattista et al., 1995; Slavotinek et
al., 1998; Raff et al., 1998; Armour et al., 2000; Yang et al., 2000; Gao et al., 2001; den

Hollander et al., 2001; Giardono et al., 2003; Byrnes et al., 2009, see Chapter 3).



1.2.3 Historical perspective

BDA1 was the first reported autosomal dominant trait in humans (Farabee, 1903).
The use of hand morphology, specifically digit lengths, to look at human variation was
first reported in the late 1800s (Ecker, 1875; Baker, 1888). Reports describing familial
transmission of physical traits were not documented until the early 1900s, coinciding
with a revival in Mendel's laws of inheritance. In 1903 William Farabee, then a student
of William Castle at Harvard University, reported in his PhD dissertation entitled
“Heredity and Sexual Influences In Meristic Variation: A Study of Digital Malformations
in Man” a three generation family from Pennsylvania displaying short stature with a
striking hand and foot morphology of small and shortened digits. He reported the
bilateral shortness of both the middle phalanges of digits 2-5 and the proximal phalanges
of the thumbs. The shortening effect seen in the hand bones was also extended to the
bones of the feet where he observed a short proximal phalanx of the big toes and short
middle phalanges in all of the little toes. He noticed that the vertical transmission of this
peculiar phenotype was consistent with an inheritance pattern of an autosomal dominant
trait. His report was later regarded to be an important landmark in the field of human
genetics as the timing of his findings came at approximately 35 years after Mendel’s
seminal work on heritable traits through plant hybridization experiments in peas. Farabee
later described additional American families presenting with a similar phenotype
(Farabee, 1905), which Henry Drinkwater, then working at the University of Edinburgh,
termed Farabee-type brachydactyly (Drinkwater, 1908). A comprehensive evaluation of
Farabee-type brachydactyly in three separate English families by Henry Drinkwater

included a detailed quantitative assessment of various anthropometric measurements



including overall height, arm span and finger lengths (Drinkwater 1908, 1912, 1914).
Although these families were phenotypically similar, Drinkwater’s assessment of these
families revealed no obvious relatedness to each other or to Farabee’s original family.
Subsequently, Haws and McKusick (1963) assessed three surviving members of
Farabee's family and found additional limb bone anomalies which were not initially
reported, such as distal end sloping of the radius, shallow glenoid fossa and acetabulum,
elliptical humerus head and the absence of the ulnar styloid process. The suspected link
between Farabee and Drinkwater's families was confirmed nearly 95 years later when
McCready et al., (2002 and 2005) identified a common 5 cM haplotype on chromosome
2035 in their descendants which suggested a common founder. This haplotype covered a
genomic region which included the Indian hedgehog gene (IHH), reported but one year
earlier by Gao et al., (2001) to harbor BDA1-causing mutations. The subsequent
sequencing of IHH in the affected individuals revealed a G to A transition at cDNA
position 347 (¢c.347G>A) which is predicted to cause an aspartate to asparagine

substitution at peptide position 100 (p.Asp100Asn) (McCready et al., 2002).

1.2.4 Genetic heterogeneity

Given the rare incidence of its distinct morphological features in the human
population and its defined autosomal dominant inheritance pattern, BDA1 families are
ideal candidates for positional cloning studies to identify genes involved in bone
development. In this regard, several groups have identified some of the molecular
pathways underlying the BDAL1 phenotype by performing linkage analyses and candidate
gene sequencing on these families. In addition to the discovery of mutations in IHH as a

cause of BDAL, Byrnes et al. (2010, see Chapter 4) reported a second BDAL locus at



chromosome 20q11.22. The subsequent sequencing of the coding region for growth
differentiation factor 5 gene (GDF5) revealed a missense mutation p.Arg399Cys in three
affected patients. A third BDAL locus designated BDA1B (MIM %6007340) was found
to be linked to an 11 cM region at chromosome 5p13.3 in a single Canadian
multigenerational family (Armour et al., 2002). A fourth and unknown BDAL locus has

been suggested by Kirkpatrick et al., (2003).

1.2.4.1 Mutation spectrum of IHH and GDF5

The IHH gene, which is located at chromosome 2q35, is encoded by three exons,
transcribed into a 2074 bp transcript and translated into a 411 amino acid precursor
peptide. Like all Hh proteins, the 45 kD peptide undergoes auto-catalytic cleavage
producing two fragments, one a 20 kD lipid modified N-terminal signaling peptide and
the other a 25 kD C-terminal peptide. The Hh signaling peptide has a cholesterol
molecule that is covalently attached to its carboxyl end (Porter et al., 1996) and a
palmitate is covalently attached to the cysteine residue at the amide end of the signaling
peptide (Pepinsky et al., 1998).

Yang et al. (2000) reported linkage of the BDAL trait to an 8.1 cM region at
chromosome 2935 in two unrelated Chinese families. They subsequently identified
another Chinese family, sequenced IHH within this interval in three unrelated BDA1
individuals, and found three separate heterozygous missense variants positioned at the N-
terminal signaling peptide (Gao et al., 2001). The inheritance pattern of the BDA1 trait
in all three families was consistent with autosomal dominant transmission. The affected
individuals of Family 1, carrying a ¢.332G>A (p.Glu95Lys), displayed shortened distal

phalanges in addition to the classical BDA1 features as described by Fitch (1979) and by
10



Temtamy and McKusick (1979). The affected individuals of Family 2 displayed a more
severe phenotype, reminiscent of Farabee-type BDA1, as well as a C to A transversion at
cDNA position 349 (p.Asp100Glu). The affected individuals of Family 3 displayed
similar missing middle phalanges as seen in Family 2 but the height of their affected
members were noticeably shorter. The affected members of this family harbored a C to
A transversion at cDNA position 440 (p.Glul31Lys). Interestingly, a kindred of
Ashkenazi Jewish ethnicity was reported to harbor the same amino acid substitution in all
of the BDAL affected members (Byrnes et al., 2009; see Chapter 3). The similar chess-
pawn shaped middle phalanges associated with the same mutation in the Chinese and
Israeli families suggests the glutamine residue at amino acid position 131 maintains an
important biological function of IHH signaling in the development of distal
interphalangeal joints.

In 2002, McCready et al. identified a heterozygous G to A transition at IHH
cDNA position 347 (p.Asp100Asn) in the descendants of the Farabee and Drinkwater
families after establishing a common haplotype defined by microsatellite markers
D2S2250 and D251323 at chr2g35. Byrnes et al., (2009, see Chapter 3) also identified a
common and shared Farabee-Drinkwater haplotype cosegregating with a BDAL trait in a
New Zealand family. Giordano et al. (2003) identified the same mutation in a three
generation family of Italian descent with moderate BDAL features of broad hands, short
middle phalanges and short stature. The report also took note of the absence of the
middle phalanges in digits 2 and 5 in some individuals. A large Chinese family carried
the same p.Asp100Asn mutation in all of the affected individuals but on a different

haplotype (Zhu et al., 2007). This would suggest the mutation at Asp100 arose more than

11



once in the population. Furthermore, cDNA position 347 appears to be a mutation
hotspot as it has occurred in 7 independent families (Zhu et al., 2007).

A heterozygous ¢.510C>T (p.Threl54l1le) was identified in all of the affected
members of a five generation Chinese kindred (Liu et al., 2006). The general phenotype
of the affected members included cube-shaped middle phalanges, normal proximal
phalanges of the thumb, and unaffected feet. The proband also exhibited distal
symphalangism of digit 5.

A BDAL affected individual from a Mexican family, originally described by
Mastrobattista et al. (1995), was assessed for mutations in IHH by Kirkpatrick et al.
(2005). They identified a heterozygous A to G transition at cDNA position 333, which
resulted in a predicted p.Glu95Gly substitution. Later, Lodder et al., (2008) identified a
3-bp deletion (c.332delGAG) in the affected members of a Dutch family. The 3-bp
deletion was predicted to cause an in-frame deletion of glutamine at codon 95 yet unlike
the missense mutations the authors commented that the deletion was predicted to remove
a loop at the outer edge where Patched-1 (PTCH1) was predicted to interact.

In 2009, Byrnes et al. (2009, see Chapter 3) reported a heterozygous c.432G>A
(p.Arg128GiIn) in the affected members of an American family of European descent. The
proband also displayed tarsal coalition, short arms and normal height in addition to
BDAL features. The same study also identified a heterozygous ¢.438C>A (p.Thr130Asn)
in the affected members of a family of East Indian descent. In this family the authors
also reported distal symphalangism, scoliosis and clubfoot.

A total of 9 BDAL mutations, affecting only 5 amino acid positions, reside within

a 60 amino acid region of the N-terminal signaling peptide of IHH. Of the 9,
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p.Aspl00Asn is the most common reported mutation associated with BDA1. The
identification of families with different ethnic backgrounds carrying missense mutations
at highly conserved codon positions Glu95 and Asp100 suggests that these two amino
acid positions are mutation hotspots. Based on the 3D crystal structure of its paralog
sonic hedgehog (SHH), several authors noted the clustering of BDA1 mutations in the
central region of the N-terminal fragment which corresponds to a groove thought to be
the binding site for its receptor PTCH1 (Gao et al., 2001; Lodder et al., 2008; Byrnes et
al., 2009, see Chapter 3). The clustering of BDA1-causing mutations in the groove
highlights the functional necessity of this domain in maintaining the integrity of proper
IHH signaling during bone development. Liu et al. (2006) also noted that unlike other
BDAL mutations, the p.Thr154lle substitution resided in a predicted beta-sheet instead of
an alpha-helix. Whether this mutation acts differently than the others remains to be seen.

Unlike the tendency of the BDA1 mutations to cluster in the central region of the
IHH signal peptide, homozygous mutations at its distal ends have been linked to ACFD
which is an autosomal recessive skeletal dysplasia first described in 2 consanguineous
European families displaying short limbs and brachydactyly (Mortier et al., 2003).
Striking radiographic findings were mostly observed in the tubular bones of the hands
and at the proximal part of the femur. These include cone-shaped epiphyses, premature
epiphyseal closure, and an egg-shaped femoral head with a shallow femoral neck.
Subsequently Hellemans et al. (2008) sequenced IHH in the affected members and
identified two independent homozygous mutations, ¢.186C>T (p.Pro46Leu) and a
€.618C>T (p.Vall90Ala). It is possible that these mutations impede the post-

translational lipid modifications or the autocatalytic cleavage of IHH. Hellemans et al.
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(2008) proposed that the ACFD mutations would lead to increased chondrocyte
differentiation as a result of decreased IHH signaling.

Copy number changes spanning and proximal to the IHH locus have been
identified in 4 families. Microduplications were identified in one family diagnosed with
syndactyly type 1 (SYN1) and two diagnosed with craniosynostosis and syndactyly. By
performing a high density array comparative hybridization (aCGH), Klopocki et al.
(2011) identified a heterozygous 59 kb duplication involving a region which includes the
entire coding sequence of IHH and the last three exons of nonhomologous end-joining 1
gene (NHEJ1) in family members diagnosed with cutaneous syndactyly with no
craniofacial abnormalities. They also identified a 48 kb and a 52 kb duplication
downstream of the coding sequence of IHH in two separate families diagnosed with
variable degrees of Philadelphia type craniosynostosis and cutaneous syndactyly. All
three duplications shared a 9.1 kb smallest region of overlap (SRO) within the fifth intron
of NHEJ1 which happened to overlap a breakpoint resulting from a balanced
translocation (2;7) (q26;p22) in a patient presenting with polymicogyria and syndactyly
(Cantagrel et al., 2007). Using a transgenic LacZ reporter assay, the authors
demonstrated specific enhancer activity for the 9.1 kb region in mouse tissues with
overlapping IHH and PTCH1 expression. Importantly, the X-gal stained compartments
displayed a similar tissue pattern to the malformed tissues observed in the two
aforementioned human conditions. The authors proposed that cis-regulatory sequences
act distally on IHH to drive its tissue specific expression. The duplications would then
act as a gain-of-function by augmenting IHH expression and activity. Similarly, a

potential limb specific regulatory element was identified at the distal end of a 900 kb
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tandem duplication found in the affected members of a Turkish family presenting with
acrocallosal syndrome (Yuksel-Apak et al., 2012).

Currently the COSMIC database (Bamford et al., 2004) lists 32 somatic mutations
in IHH which have been identified in lung adenocarcinomas, colon adenocarcinomas,
lung squamous cell carcinomas, and uterine corpus endometrioid carcinomas. Neither
BDA1 nor ACFD missense mutations overlap with somatic mutations.

Although the majority of BDA1-causal variants have been linked to IHH, a
missense mutation in GDF5 was identified in a French-Canadian consanguineous family
cosegregating a semi-autosomal dominant form of BDA1 (Byrnes et al., 2010; see
Chapter 4). In three severely affected siblings, the sequencing of the GDF5 gene
revealed a homozygous ¢.1195C>T (p.Arg399Cys). These individuals displayed very
short middle phalanges in digits 2-5 with no distal symphalangism. They also lacked the
shortening of the proximal phalange of digit 1 that is often seen in most families with
IHH mutations. Instead, they displayed a short metacarpal of digit 1, a feature usually
seen in individuals diagnosed with BDC. This would imply that GDF5 has an important
role in the growth of the first metacarpals. A mildly affected family member harbored
the same mutation but in a heterozygous state. Functional analysis of the mutation
revealed an active but less effective stimulant of chondrogenesis in chicken micromass
cultures. The authors suggested that the exchange of an arginine for a cysteine residue
would disrupt the neighboring conserved 7-cysteine motif which is normally required for
proper GDF5 dimerization.

Mutations within GDF5 are also associated with BDA2, BDC, fibular hypoplasia

and complex brachydactyly (MIM #228900), multiple synostoses syndrome 2 (SYNS2;
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MIM #610017), proximal symphalangism 2 (SYM2; MIM #615298), acromesomelic
dysplasia (Hunter-Thomson type; MIM #201250) and chondrodysplasia (Grebe type;
MIM #200700). The allelic variants associated with these skeletal malformations are

described in Table 1.1.

1.2.4.2 BDA1B locus at chromosome 5p13.3

The BDA1B locus at chromosome 5p13.3-p13.2 was identified by performing
linkage analysis in a large Canadian kindred (Armour et al., 2002). The BDAL trait
followed an autosomal dominant inheritance with a maximum two-point LOD score, a
statistical measure of the likelihood of genetic linkage between two alleles, of 6.91 at 6 =
0.00 for the microsatellite marker D5S477. The flanking recombinant microsatellite
markers D5S819 and D5S1986 defined an 11 cM haplotype which co-segregated with all
the affected members. The work published in the theses of Elizabeth McCready (2004)
and Allison Grimsey (2006) described the refinement of the critical region to a 2.8 Mb
region which contained 17 known and predicted protein coding genes and 10 small
noncoding RNAs (ncRNA) according to NCBI build 36. A traditional position cloning
strategy which involves the PCR-based sequencing of the exons for all of the protein
coding genes in the critical region did not yield a candidate BDA1-causal variant. Since
the mutation detection strategy has been largely focused on identifying a mutation in a
protein coding gene, only 6% of the critical region has been sequenced using the dye-
terminator Sanger method, leaving a vast territory of uncharacterized sequence.

The analyses of MCPPs taken from hand radiographs identified consistent
features of shortened middle and distal phalanges of digits 2-5, proximal phalanges of

digit 1, and metacarpals of digits 1-5, but especially of digit 5 (Armour et al., 2000). The
16



Table 1.1. Mutation spectrum of GDF5. Causal variants found in GDF5 for each
human condition are listed in sequential order along the transcript NM_000557.4.
Causal variants that result in a predicted amino acid substitution or deletion are
provided in parentheses with its residue position based on NP_000548.2. All three
brown highlighted sequence variants were identified on the same allele (Szczaluba et

al., 2005). Inheritance pattern is either autosomal dominant (AD) or autosomal

recessive (AR).

Condtion

Causal variant

Inheritance

Functional
consequence

BDA1
BDA1-SYNS2
SYNS2

BDA2

BDC

SYM1B

Grebe

Hunter-Thompson

DuPan

Osteoarthritis
susceptibility 5

(e}

c.1195C>T (p.R399C)
c.1240C>T (p.W414R)

c.1313G>T(p.R438L)
c.1424G>A (p.S475N)
c.1139G>A (p.R380Q)
€.1322T>C(p.L441P)
c.121delG
c.158insC
c.158delT
¢.206insG
c.493delC
c.517A>G (p.M173V)
c.612C>A (p.S204R)
c.759delG
¢.811ins23
c.901C>T (p.R301%)
c.1199G>A (p.C400Y)
c.1312C>T (p.R438C)
c.1461T>G(p.Y487)
¢.1493G=>C (p.C498S)
c.1632G>T (p.R438L)
c.1471G>A(p.E491K)
c.1118C>G (p.L373R)
¢.206insG
c.297insC
c.1114insGAGT
c.1144delG
c.1199G=>A (p.C400Y)
c.1285T>C (p.C429R)
¢.1330ins22

c.1133G>A (p.R378Q)
c.1306C>A (p.P436T)

1309delTTG (p.L437del)

c.1315T>A (p.5439T)

c.1319A>T (p.H440L)

c.1322T>C (p.L441P)
¢.-275C<T
c.-48C>A

AD
AD
AD

AD

AD

AD

AR

AR
AR

Cis AD
Cis AD
CisAD

Partial loss
Gain and loss
Gain
Loss

Haploinsufficiency
Loss

Gain

Loss

Loss

Loss

Decreased GDFS5
expression
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appearance of cone-shaped epiphyses was described in two affected children. Unlike the
severe form of BDA1, the affected individuals of this family did not display terminal
symphalangism and mildly affected individuals were only identified through the use of
MCPPs. There were no reports of learning disabilities, hypertension or nystagmus but

some individuals reported asthma and/or arthritis upon examination.

1.2.5 Genetic models of BDA1

Abnormalities of the digital bones can result from perturbations which affect
mesenchymal condensation, specification, patterning, segmentation, elongation and/or
growth. Genetic and functional studies in mice have established the biological role of Ihh
in skeletal development prior to the identification of human mutations in its gene. Karp
et al. (2000) and Kobayashi et al. (2002) have demonstrated its important role in
organizing the growth plate by disrupting the negative feedback loop of Ihh-Pthlh in
mice, particularly affecting the proliferation rate of resting chondrocytes and the
differentiation of prehypertrophic chondrocytes. IHH, a morphogen which acts locally at
the perichondrium and distally at the articular cartilage, essentially regulates the widening
and lengthening of the bone. IHH mutations which are associated with BDAL have been
postulated to decrease its signaling capacity by disrupting the Ca2* binding site essential
for its binding to its receptor Ptch1 and antagonist hedgehog interacting protein 1, Hhipl
(Gao et al., 2001, 2009; McLellan et al., 2008). Gao et al. (2009) created a knockin
mouse model of the IHH mutation p.Glu95Lys and demonstrated the reduced
commitment of distal chondroprogenitors entering the growth phase in the early cartilage
template or anlagen, resulting in a reduction in size of the mesenchymal condensations.

They further proposed the combined effects of reduced short range and increased long
18



range signaling capacities of the mutant protein would interfere with early
chondrogenesis at distal condensations. This early effect in phalangeal development
would most likely affect the middle and distal phalanges.

Another important molecule involved with phalangeal development is GDF5,
which is an extracellular signaling protein belonging to the bone morphogenetic protein
(BMP) family and the TGF-f3 superfamily of growth factors. Proteins belonging to this
class of ligands require binding to its cognate receptor in order to target gene activation
by nuclear translocation of canonical SMADs. Recently, Degenkolbe et al. (2013)
identified a missense mutation in a single family presenting with a combined
manifestation of BDAL and SYNS2. The group proposed the reduced interaction of
GDF5 with BMP type 1A receptor (BMPR1A) was selectively driven by the position of
BDAL1-causing mutations p.Trp414Arg and p.Arg399Cys in the protein relative to other
GDF5 mutations. Taken together, the identification of GDF5 as a novel player in
defining BDAL reinforces the involvement of the BMP-SMAD signaling pathway in
regulating the development and growth of the middle phalanges, as most of the
brachydactylies with mutations in the ligands and receptors of this pathway exhibit a
phenotypic overlap of shortened middle phalanges. At the molecular level, the BMP
signaling axis converges at the SMADs (Figure 1.3). The induction of Ihh appears to
involve upstream Bmp signaling as shown by its direct activation of the Ihh promoter
(Seki and Hata, 2004) and through the loss of Bmprla, which leads to decreased Ihh
expression (Yoon et al., 2006). Minina et al. (2002) reported the modulation of Ihh

expression through BMP signaling independent of the Ihh-Pthlh signaling axis, in
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Figure 1.3. BMP-SMAD signaling pathway. BMP signaling occurs through the
SMAD-dependent and SMAD-independent signaling pathways. BMP type-1 receptors
can form preformed complexes (PFC) with BMP type-2 receptors without ligand. This
formation primarily phosphorylates (denoted by P) the R-SMADs (SMAD1-5-8) and
forms a complex with SMAD4 which together enters the nucleus to regulate gene
expression (e.g. IHH). Ligand-mediated heterotetrameric complex formation primarily
signals through TAK1 and MAPK (e.g. p38) to regulate target gene expression.
SMADs 6 and 7 are inhibitors of both signaling cascades, where SMAD?7 primarily
represses TAK1/p38. BMPs such as GDF5 are inhibited by noggin (NOG). The
binding of GDF5 to the heterotetrameric complex results in the transphosphorylation
of BMPR1B at the GS motif by the constitutively active receptor kinase BMPR2, which
then triggers the phosphorylation of R-SMADs.

20



chondrocyte proliferation and in chondrocyte hypertrophic differentiation. These results
are consistent with parallel and distinct SMAD signaling pathways where receptor-
regulated SMADS 1-5-8 (R-SMADS) are the major contributors of chondrogenesis
(Retting et al., 2009). Thus far only two genes, IHH and GDFS5, have been implicated in
causing BDAL of which the majority of the cases have been attributed to mutations in

IHH.

1.3 The hedgehog signaling pathway

The hedgehog proteins (Hh) are evolutionary conserved morphogens that mediate
many developmental programs including skeletal patterning, identity and growth. Three
hedgehog genes, Shh, Ihh and Dhh are found in vertebrates, whereas only one homolog,
Shh, exists in Drosophila. The hedgehogs undergo cleavage and lipid modification
before they are secreted from the cell (reviewed in Gallet, 2011). The hedgehog
signaling pathway is conserved from flies to mice. The current model of hedgehog
signaling has been derived from its molecular interactions within the primary cilium, a
highly specialized cell surface extension which senses external stimuli (reviewed in
Huber and Cormier-Daire, 2012; Ryan and Chiang, 2012; Briscoe and Thérond, 2013).
Genetic perturbations within this cellular compartment have associations with skeletal
deficiencies and malformations, collectively known as the ciliopathies (Anderson et al.,
2012).

The hedgehogs mediate intracellular signaling through its binding to Ptchl
(Figure 1.4). Without ligand, Ptchl represses another transmembrane protein

Smoothened (Smo) which promotes the cleaving of the transactivator glioma-associated
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Figure 1.4. Vertebrate hedgehog signaling in the primary cilium. Adapted from
Figure 2 of Anderson et al. (2012). The primary cilium is comprised of an
intraflagellar transport (IFT) system that relies upon the central axoneme, a structure
composed of doublet microtubules, the centrosome and basal bodies (gray), for the
movement of cargo to and from the base of the cilium in a retrograde and anterograde
fashion, respectively. The hedgehog (Hh) signaling pathway utilizes the IFT and its
associated protein complexes to shuttle the main effector molecule glioma-associated
oncogene family zinc finger 3 (Gli3) from the tip of the cilium to the base. 1. In the
absence of Hh, its receptor Patched-1 (Ptchl) keeps Smoothened (Smo) in a
repressive state within cytoplasmic vesicles. The repressive state can also be
achieved through the competitive binding of Hh to the antagonist hedgehog
interacting protein, Hhip. Full-length Gli3 is found in association with suppressor of
Fused (Sufu) and kinesin family member 7 (Kif7) at the tip of the cilium. The
repression of Smo allows the Gli3-complex to migrate in a retrograde manner to the
base of the cilium where the ubiquitination of Gli3 directs it to the proteosome for
partial degradation into the repressive form Gli3-R. Gli3-R translocates to the
nucleus to repress target gene transcription. 2. In the presence of Hh binding to
Ptch1 and to its co-modulators brother of Cdo/cell adhesion associated, oncogene
regulated (Boc-Cdon) and growth arrest-specific 1 (Gasl), Ptchl is internalized and
(3) Smo which upon its release from the cytoplasmic vesicles is phosphorylated by G
protein-coupled receptor kinase 2 (Grk2). This event recruits B-arrestin and kinesin
family member 3A (Kif3a) to form an anterograde complex to transport Smo to the
cilium tip. 4. Smo relieves the repressive effects of Sufu on Gli3. Full-length and
activated form Gli3 (Gli3-A) translocates to the nucleus where it activates target gene
transcription. Anterograde movement is represented by a green dashed arrow.
Retrograde movement is represented by a blue dashed arrow. Internalization is
represented by a black dashed arrow.
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oncogene family zinc finger 3 (Gli3) into a repressive DNA binding factor. Upon
hedgehog binding, Ptchl triggers the release of Smo which results in the retention of full
length Gli3 which then activates downstream transcriptional targets. The modifiers of

hedgehog signaling include cell surface receptors Hhip, Boc, Cdon and Gas.

1.4 Embryonic limb development

Limb development in tetrapods involves highly coordinated and tightly regulated
processes of limb mesenchymal initiation, specification, patterning, proliferation, cell
death, and differentiation. These cellular processes will eventually form the proximal
single skeletal element (stylopod), the middle two skeletal elements (zeugopod), and the
distal skeletal elements (autopod) (Figure 1.5). The governing regulatory and signaling
networks for each process are dynamically intertwined both spatially and temporally.
These include the complex wiring of key transcriptional regulators Hox, Wnt, Bmp, Hh,
and fibroblast growth factor (Fgf) proteins in facilitating the proper development of the
limb (reviewed in Rabinowitz and Volkes, 2012). Mutations within the genes coding for
and in regulating these proteins lead to congenital human limb malformations (Warman
etal., 2011). Epigenetics also plays an important role in proper limb development and
the proteins involved including chromatin remodelers, such as HDACs. Missense
mutations in the histone deacetylase 8 gene (HDACS8) were found in a subset of patients
diagnosed with Cornelia de Lange syndrome 5 (CDLS5; MIM #300882) which includes
distal limb abnormalities (Deardorff et al., 2012). Moreover, the targeted deletion of

Atrx, an ATP-dependent DNA helicase belonging to the SWI/SNF family of chromatin
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Figure 1.5. Limb development. The apical ectodermal ridge (AER) and the zone of
polarizing activity (ZPA) are two major signaling structures in the limb bud (left
schematic). The AER consists of specialized cells which secrete fibroblast growth
factors Fgf4 and Fgf8. Signals from the lateral plate mesoderm, primarily Fgf10,
maintains the production of Fgf4 and Fgf8 in a positive feedback loop (green arrows).
The AER and ZPA are also regulated by a positive feedback loop (black arrows),
created primarily of Fgf8 and sonic hedgehog (Shh). Both signaling structures drive
the growth of mesenchymal cells in the progress zone (PZ). As the limb bud grows in
the proximal-distal axis (middle schematic), the formation of future bone elements
(bottom schematic) have been established in a linear order starting with the stylopod,
followed by the zeugopod, then autopod through the movement of the progress zone
in the distal direction (progress zone model). Digit growth and identity are driven by
the Shh morphogen gradient in a posterior to anterior direction (right schematic). Shh
and the activated form of Gli3 (Gli3A) are concentrated in the posterior region of the
limb bud. The repressive form of Gli3 (Gli3R) is concentrated in the anterior portion
of the limb bud.
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remodelers, in mouse limb mesenchymal cells display shortened phalanges at later
embryonic timepoints (Solomon et al., 2013). The extent and type of genetic
perturbations which affect the chromatin landscape during human limb development is
not fully understood.

The primary growth structure in limb development is the limb bud by which all
future appendicular skeletal elements are formed (Figure 1.5). Molecular signals create
spatial and temporal cues to direct its outgrowth in three spatial axis; namely, dorsal-
ventral, proximal-distal, and posterior-anterior. Mapping the molecular pathways and
inputs involved in limb bud outgrowth have largely been determined from "gain and loss
of function™ and embryological studies in chicken and mouse, specifically targeting and
manipulating the limb bud at various developmental stages (reviewed in Tickle, 2006;
Bénazet and Zeller, 2009; Dubok and Logan, 2011). Cell-fate mapping has identified the
early specification signals within the somites responsible for positioning the limb buds of
the embryo at the Hoxc5/Hoxc6 (future forelimb) and Hoxc9/Hoxc10 (future hindlimb)
boundaries. The induction of the limb bud is driven by a combination of canonical
Wnt/B-catenin signaling and T-box transcription factors such as Wnt2b and Thx5 for the
forelimb and Wnt2c and Thx4 for the hindlimb. Extracellular signals such as Fgf10 and
retinoic acid are also required for the initiation process (Sekine et al., 1999, Mic et al.,
2004) thus proving that early molecular signals both establish and prime the cells
destined to form the limb bud.

The limb bud consists of spatially and functionally distinct cellular compartments,
an inner mesenchymal cell mass originating from the lateral plate mesoderm, and an

outer ectodermal layer. The growth and patterning of the limb bud relies on at least two
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highly specified cellular regions; namely, the apical ectodermal ridge (AER) and the zone
of polarizing activity (ZPA). Both compartments depend on each other through a
positive signaling feedback loop consisting of Fgfs and morphogens such as Shh.
Experimental perturbations in either compartment result in limb malformations in both

mouse and chicken models.

1.4.1 Proximal-distal growth

The AER is positioned along the dorsal-ventral boundary of the ectodermal layer
of the limb bud and is the source of Fgfs, the primary driver of limb bud growth and
patterning (reviewed in Pownall and Isaacs 2010). In the mouse, the dorsal-ventral
boundary is shaped by two polarizing signals Enl and Wnt7a in the dorsal and ventral
ectoderm, respectively. As a result of the loss of En1 which allows for the dorsal
formation of ventral structures and the production of more than one AER in the limb bud,
Enl restricts the expression of Wnt7a to the ventral ectoderm (Loomis et al., 1998).

Limb bud growth in the proximal-distal direction is mainly driven at the AER by
two key fibroblast growth factors, Fgf4 and Fgf8. Fgf8 is associated throughout the AER
and Fgf4 is expressed in the posterior half. The removal of the AER leads to a severe
limb truncation which can be rescued by replacing the AER with Fgf soaked beads
(Niswander et al., 1993). The Fgfs originating from the AER maintains the
undifferentiated and proliferative state of the underlying limb mesenchyme. Although
Fgf8 expression is correlated with the physical appearance of the AER, the loss of Fgf8
and/or conditional loss of Fgf8:Fgf4 still results in the formation of a distinct AER (Sun

etal., 2002). However, AER formation is dependent upon FGF10 expression in the early
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limb mesenchyme of the ventral ectoderm, as Fgf10 null embryos fail to develop an AER
and have no Fgf8 expression (Ohuchi et al., 1997; Sekine et al., 1999).

Early seminal work performed by Saunders (1948) and Summerbell and Wolpert
(1973) in chicken embryos has demonstrated the necessity of the AER in properly
forming the wing in a proximal-distal axis. They discovered that manipulations of the
AER at different timepoints resulted in an ordered truncation of skeletal elements in a
proximodistal axis; specifically, early excision resulted in the loss of very proximal
skeletal elements such as the humerus while late excision resulted in the loss of more
distal skeletal elements. Furthermore, the AER drives the proliferation of the inner
mesenchymal cell mass through a positive feedback loop of Fgf8:Fgf10 signaling
(Ohuchi et al., 1997; Sekine et al., 1999) which is mediated through the fibroblast growth
factor receptor 2 (FgfR2). The conditional loss of FgfR2 after limb bud initiation results
in the formation of forelimbs without the distal skeletal elements (Lu et al., 2008), similar
to the early observation seen when the AER was excised at later timepoints. Taken
together these results support limb specification and patterning akin to the progress zone
model of limb growth which was initially proposed by Summerbell and Wolpert (1973).
As the limb grows outward, cells sequentially leave the mesenchymal progress zone,
differentiate and first give rise to the proximal then distal skeletal structures. Thus digit
formation under the progress zone model is specified at a relatively later developmental

stage.

1.4.2 Anterior-posterior growth

The AER also contributes to limb growth in the anterior-posterior axis through

interactions with the underlying posterior mesenchymal region of the limb bud which is
28



the zone of polarizing activity (ZPA). The AER and ZPA interact through signaling
networks such as the Fgf:Wnt:B-catenin pathways (reviewed in Rabinowitz and Volkes,
2012). The ZPA is a source Shh which forms a morphogen gradient of high expression
in the posterior with decreasing expression towards the anterior of the limb mesenchyme.
The regulation of Shh expression is mainly achieved by its transcriptional regulators Hox
and Hand2 (Capellini et al., 2006; Galli et al., 2010), which in turn are both regulated by
Gli3 (Litingtung et al., 2002; te Welscher et al., 2002). In the absence of Shh, Gli3 acts
as a repressor of Hand2, Gremlin and Hox genes in the anterior limb mesenchyme. In
contrast, the presence of Shh signal in the posterior compartment maintains the long
activated form of Gli3. Hox5 aids in restricting Shh expression to the posterior
compartment through its interaction with tumor repressor Plzf (Xu et al., 2013). The
restrictive expression of Shh in the posterior limb is also under the influence of Fgfs
through two ETS-box transcription factors; i.e., Etv4 and Etv5 (Mao et al., 2009, Zhang
et al., 2009). As such, restrictive and permissive positional information in the limb
mesenchyme allows for the patterning and the growth of the skeletal elements. Loss of
Shh function results in the absence of posterior skeletal elements (Chiang et al., 2001;
Kraus et al., 2001). Excising and re-transplanting the AER from a posterior to an anterior
location on the chicken limb bud will result in the mirror image of the distal bones
(Tickle et al., 1975) which suggests the developmental program for specifying the digits
are located in the posterior-distal section of the limb bud. Thus Shh is an important
specification factor for digit identity and limb mesenchymal proliferation through the
formation and maintenance of the ZPA. In line with the discovery of the Shh morphogen

gradient, several groups such as Tickle and Wolpert (2002) and Dudley et al. (2002)
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proposed the early specification model for limb growth and patterning; i.e. the French
Flag Model. The model suggests that limb mesenchymal cells are positioned and

specified based on their exposure to morphogen concentration gradients.

1.5 Endochondral ossification

The skeletal system develops through one of two processes, either by
intramembranous or endochondral ossification. Intramembranous ossification, a process
which does not require a cartilage template (anlagen) to form bone, results in the
formation of flat bones, such as the clavicles and the cranial bones of the skull, and
contributes to fracture healing. It requires the direct differentiation of clustered
mesenchymal cells within a fibrous connective tissue into osteoblasts which eventually
forms an ossification center within a newly secreted and encapsulated bone matrix
(reviewed in Franz-Odendaal et al., 2006). Long or tubular bones, such as those found in
the hands, develop through the process of endochondral ossification (Figure 1.6).
Through endochondral ossification, undifferentiated mesenchymal cells of the growing
limb condense to form a primary scaffold which serves as a cartilaginous template for the
future bone (reviewed in Mackie et al., 2011). At this stage, the essential transcriptional
regulator of chondrogenesis is the SRY-box gene Sox9, whose inactivation in mice
results in the absence of cartilaginous structures (Bi et al., 1999). This observation is
complemented by the discovery of SOX9 mutations in patients with campomelic
dysplasia (MIM #114290), a severe chondrodysplasia with sex reversal (Foster et al.,

1994; Kwok et al., 1995). At the core of the anlagen, chondroprogenitors eventually
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Figure 1.6. Bone development through endochondral ossification. Adapted from
Pearson Education, Inc; Anatomical and histological organization of endochondral
ossification; retrieved from http://www.slideshare.net/TheSlaps/dr-b-ch-
O5lectureresentation on September 20, 2014. 1. Mesenchymal cells condense and
differentiate into chondrocytes which secrete a cartilaginous matrix to form the
hyaline cartilage template of the future bone. Chondrocytes found within the center of
the template begin to enlarge (hypertrophy). 2. As the chondrocytes continue to
enlarge, osteoblasts found at the periphery of the cartilage begin to form the osteoid or
bone collar. Blood vessels (red) begin to penetrate through the bone collar which
allows osteoblasts and osteoclasts to enter into the diaphysis. Whereas the
perichondrium encases the cartilage adjacent to the bone collar, the epiphyses are lined
with articular cartilage. 3. The primary ossification center is established when the
hypertrophic chondrocytes undergo apoptosis and are replaced by the invading
osteoblasts which then secrete a calcified matrix to from trabecular bone. 4.
Secondary ossification centers are established at the epiphyses of the growing bone.
The growth plate becomes the only active region for bone growth. In adulthood, the
growth plate becomes fused with the metaphysis and growth has ceased. The
medullary cavity is highly vascularized and provides nutrients to and from the bone.
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differentiate into chondrocytes and begin to secrete an extracellular matrix primarily
consisting of collagen type 2 alpha 1 (Col2al) and aggrecan. The specification of the
core mesenchymal cells, destined to become chondroprogenitors, appears to be
influenced by several restrictive signals originating from the dorsal-ventral ectoderm
(Hurle and Garian, 1986; Witte et al., 2009). Repressive WNT signals are also present at
the interdigital space to contain chondrogenesis within the anlagen. Meanwhile, the cells
at the periphery differentiate to establish a protective sheath, known as the
perichondrium. The core and the periphery of the cartilage template contribute to the
longitudinal and radial growth. Bone morphogenetic proteins, notably Bmps 2, 4 and 7,
are positive regulators of patterning and condensation. They are mostly expressed in the
interdigital space and their receptors are located in the mesenchymal condensations.
Mutations which affect the members of the BMP family, their regulator Noggin and
receptors Bmprlb and Bmprla, interfere with chondrogenesis.

Chondrogenesis leads to the early formation of the primary ossification center of
the developing bone (Figure 1.6). The proliferating chondrocytes at the center of the
cartilage template eventually exit the cell cycle and differentiate into pre-hypertrophic
chondrocytes. As the cartilage template elongates, the pre-hypertrophic chondrocytes
enlarge and differentiate into hypertrophic chondrocytes. These terminally differentiated
chondrocytes begin to secrete calcified matrix which triggers the invasion of blood
vessels and osteoblasts from the perichondrium. The hypertrophic chondrocytes
eventually undergo apoptosis and the calcified matrix is replaced by trabecular bone,
giving rise to the diaphysis or shaft of the long bone. The chondrocytes at the distal ends

of the cartilage template still maintain a proliferative state which allows for the growth of
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the developing bone. Secondary ossification centers will eventually form at the distal
ends of the long bone. At this stage, the longitudinal growth of the bone is restricted to
the epiphyseal growth plate which is found between the primary and the secondary
ossification centers until it finally fuses with the underlying metaphysis and calcifies at

puberty.

1.6 Growth plate dynamics

The growth plate is organized into five histologically-defined compartments
(Figure 1.7). At the distal ends of the long bone are reservoirs of resting chondrocytes,
followed by a zone of proliferating chondrocytes, a compacted zone of pre-hypertrophic
chondrocytes, a zone of hypertrophic chondrocytes, and finally the region known as
spongy or trabecular bone. The key molecular markers that define these zones are
illustrated in Figure 1.7 and reviewed in Kronenberg (2003) and Mackie et al. (2011).

One of the key paracrine regulators of bone development is Ihh. It coordinates
chondrocyte differentiation and proliferation, as well as osteoblast differentiation. Ihh is
mainly expressed in prehypertrophic chondrocytes and acts distally at the resting
chondrocyte zone where its cognate receptor Ptchl is expressed. In the absence of Ihh,
Ptchl inhibits the G-protein coupled receptor Smoothened (Smo). When Ihh is bound to
Ptchl, Smo is de-repressed and activates downstream signaling events via the Gli family
of transcription factors which lead to increased Pthlh expression (St. Jacques et al., 1999).
Pthlh is expressed at the articular chondrocytes and diffuses across the growth plate to
promote the proliferation of chondrocytes and to inhibit the differentiation of the

prehypertrophic chondrocytes (Vortkamp et al., 1996; Kronenberg, 2003). As the bone
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Figure 1.7. Expression profile of the growth plate. A longitudinal view of the
growth plate showcasing several molecular markers that are primarily associated with
the four chondrocyte zones (resting, proliferating, prehypertrophic, hypertrophic). The
Ihh-Pthlh negative feedback loop which is a key component of bone growth is
illustrated in green at the bottom section of the diagram. lhh is produced in
prehypertrophic chondrocytes, secreted, and targeted to Ptch1-expressing cells in the
resting zone (green arrow). This elicits the secretion of Pthlh which binds to its
receptor Pthrl in the proliferating zone where it maintains the chondrogenic
proliferative state and represses the production of Ihh (red line). As the bone
lengthens through chondrocyte proliferation the Ihh signal weakens as the distance to
its receptor in the resting zone increases, causing the release of the negative feedback
loop on Ihh. The local expression of Ihh subsequently induces terminal
differentiation into hypertrophic chondroctyes which eventually contributes to the
formation of trabecular bone through apoptosis and osteoblast replacement.
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lengthens the effect of Ihh-Pthlh negative feedback loop on distal chondrocytes decreases
and triggers its differentiation into hypertrophic chondrocytes.

Not only do BMPs modulate the size of mesenchymal condensations, but they are
also important regulators of chondrocyte proliferation and differentiation within the
growth plate, specifically upregulating Ihh expression in prehypertrophic chondrocytes
(Minina et al., 2001). In promoting Ihh expression, they inhibit FGF signaling by
downregulating FgfR1 in mice (Yoon et al., 2006). Similarly, a shift in the balance from
differentiation to proliferation is achieved through the FGFs themselves. For example,
FGFs 1, 2, 17 and 19 are predominantly expressed in human fetal growth plates and, with
the exception of FGF-19, are capable of inhibiting chondrocyte proliferation via FGFR3
(Krejci et al., 2007). The essential role of FGFs in governing the size of the adult
skeleton was proposed by Lazarus et al. (2007) when they identified increased FGFR3
expression in older rat postnatal tibial growth plates.

The natriuretic peptide system also plays an important role in regulating bone
growth. Natriuretic peptide C (Nppc) and its preferential receptor natriuretic peptide
receptor 2 (Npr2) are expressed throughout the growth plate. Nppc promotes
chondrogenesis in mesenchymal condensations by stimulating the synthesis of
glycosaminoglycans (Woods et al., 2007). Moreover, Nppc null mice exhibit
achondroplasia which mimics the human condition of severe dwarfism due to impaired
endochondral ossification (Chushoo et al., 2001). The defect in mice can be reversed by
the targeted overexpression of Nppc in an activated FgfR3 mouse model of
achondroplasia (Yasoda et al., 2004). Inactivating mutations in NPR2 result in

acromesomelic dysplasia of Maroteaux type (AMDM; MIM #602875), an autosomal
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recessive skeletal dysplasia. Npr2 null mice showed impaired endochondral ossification
which resulted in severe reduction in vertebral and limb lengths (Tamura et al., 2004).
Hume et al. (2009) suggested that NPR2 missense mutations in patients with AMDM
behaved as null alleles resulting from the failure of the protein’s ability to travel across

the endoplasmic reticulum.

1.7 Human digit formation

Human skeletal maturity can be assessed by the stage of ossification of the
epiphyses of the hand bones (Gilsanz and Ratib, 2005). Each tubular bone of the hand
contains two ossification centers, one located at the diaphysis and the other the epiyhysis.
In the human embryo, all of the diaphyses of the tubular bones have calcified and only
the epiphyses remain cartilaginous. At birth, ossification centers first appear at the wrist
bones. The ossification centers at the epiphyses of the tubular bones generally appear in
a predictable pattern at 10 months to 4 years of age; first, the proximal phalanges; second,
the metacarpals; third, the middle phalanges and fourth, the distal phalanges. At the pre-
pubertal phase, epiphyseal fusion to the metaphysis is first observed at the distal
phalanges, then the metacarpals, followed by the proximal phalanges and finally the
middle phalanges. Whereas the metacarpals of digits 2-5 exhibit ossification at its distal
ends, ossification of the remaining tubular bones of the hands including the first
metacarpal occurs at the proximal ends. By 19 years of age all of the hand bones have

calcified and growth has ceased.
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1.8 Digit development and the current model for BDA1

The developmental programs (reviewed in Suzuki, 2013) which govern the
specification, patterning and identity of the digits are mainly driven by the co-linear
expression of the Hoxd10-Hoxd13 transcription factor gene cluster (Montavon et al.,
2008 and 2011) which regulates the expression of Shh in the ZPA. The Shh gradient
across the posterior-anterior plane is also involved in the early patterning and specificity
of the digits (Ahn and Joyner, 2004; Towers et al., 2008). However, reaction-diffusion
systems and Turing patterns, specifically looking at BMP-receptor dynamics, have been
seriously considered as an alternative model to morphogen gradients for digit pattern
formation (Badugu et al., 2012) because Turing patterns are not constrained to the
domain size problem encountered with the morphogen gradient model. In contrast, digit
elongation primarily depends on BMP-SMAD signaling at the digit crescent or phalanx
forming region (PFR) to drive chondrogenesis in phalangeal condensations located
behind this cellular compartment (Montero et al., 2008; Suzuki et al., 2008). Human
mutations in the protein components of the BMP-SMAD signaling pathway support its
role in phalangeal elongation as demonstrated by their association with the
brachydactylies. Transgenic mouse models for BDA1 and BDB1 (MIM #113000) have
further elucidated the roles of IHH and ROR2 in maintaining or forming the PFR by
acting upstream of BMP signaling (Witte et. al., 2010). Thus the current model of BDA1
centers on the BMP-SMAD signaling pathway, and genetic perturbations associated with

BDAZ1 result in reduced PFRs and mesenchymal condensations (Figure 1.8).
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Figure 1.8. Digit formation and elongation model. (A) The primary driver for
digit formation and elongation is the BMP-SMAD pathway at the phalanx forming
region (PFR). BMPs from the interdigital mesenchyme (IDM), FGFs from the apical
ectodermal ridge (AER), and IHH from prehypertrophic centers (green ovals)
maintain the PFR. GDF5, located at the interphalangeal joint mesenchyme (IPJ), and
IHH promote chondroprogenitor proliferation in the proximal and distal mesenchymal
condensations (PMC and DMC, respectively). (B) BDAL-causing mutations in either
IHH or GDF5 result in decreased proliferation in the PMC and DMC. Mutant IHH
reduces the size of the PFR thereby decreasing the commitment of cells at the DMC.
It further reduces the DMC size through its limited short range but enhanced long
range signaling effects on PTHLH. The increased dose of PTHLH strongly inhibits
IHH production. Green dashed arrows reflect positive but reduced effects.
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1.9 The current state-of-the-art detection of Mendelian traits

Traditional positional cloning strategies, which use linkage analyses on
multigenerational families, have elucidated many phenotype-genotype associations for
Mendelian-based disorders. The catalogue of mutations causing human disorders and
malformations in OMIM is a testament of the success of utilizing this approach. The
current state-of-the-art of identifying Mendelian traits now rely upon microarray for copy
number determination and the use of targeted genome enrichment of the whole exome,
partial exome, such as in a disease gene panel, or a chromosomal region that is linked to a
trait, coupled to a high-throughput sequencing (HTS) platform (reviewed in Carter,
2007; Lam et al., 2010; Metzker, 2010; Koboldt et al., 2012; Rabbani et al., 2012;
Boycott et al., 2013). These technologies have garnered much interest in studying both
Mendelian based disorders and in complex diseases because of the success in identifying
coding and noncoding variants without heavily relying upon large kindreds for linkage
analyses.

Although current technologies have improved upon the amount of sequence reads
generated, the bioinformatics tools needed to align and identify disease-causing variants
are still evolving. As the data culminated from sequenced personal genomes and exomes
increases, there is also a need to classify sequence variants as rare, private or
polymorphic and to annotate them with key genomic features in order to prioritize them
as candidate functional variants. Genetic studies which involve Mendelian-based
disorders can leverage the inheritance pattern, dominant or recessive, of a specific trait to
aid in the identification of a candidate sequence variant present in either a heterozygous

or homozygous state.
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Chapter 2. Project goals

2.1 Rationale

Skeletal development is a complex and highly regulated process which involves
the coordination of many regulatory networks in a spatiotemporal fashion. Congenital
limb malformations can result from a molecular defect in any of these networks. Genetic
manipulations in model organisms have revealed the conservation of various regulatory
networks across vertebrates and the key signaling pathways at various stages of limb
development, yet many human congenital limb malformations and joint disorders still
have an unknown molecular cause. The formation of the distal skeletal elements is of
interest to this thesis given the middle phalanges of the hands and/or feet are primarily
the affected tissue compartments seen in BDAL. The study of human variation offers an
opportunity to examine genotype-phenotype relationships and the study of Mendelian
inherited traits such as BDAL could lead to a better understanding of how specific tissue
compartments and continuous traits such as digit length are impacted by mutations within
a single gene. These insights could also highlight molecular pathways that are involved
with diseased states, such as osteoarthritis (OA), and the normal processes of bone

regeneration and healing.
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2.2 Hypotheses

Current evidence suggests a convergence of the IHH and BMP signaling
pathways in the pathology of brachymesophalangies. We hypothesize the association of
BDA1 with mutations residing in the genes that code for receptor or secreted signaling
proteins belonging to the BMP-SMAD pathway. Furthermore, we hypothesize that a

novel gene within the BDALB locus at chr5p13.3 is associated with this pathway.

2.3 Specific aims

1. To identify novel genes or novel mutations in either IHH or GDF5 in a collection of
21 unrelated BDA1-affected families.
2. To identify the causative gene for BDAL within the linked region at chromosome

5p13.3.
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Chapter 3. Examining the mutation
spectrum of /[HH in causing BDA1

3.1 Preface

The majority of BDA1 cases are associated with heterozygous missense mutations
in IHH. IHH is essential for proper skeletal development and specifically with regards to
its role in the pathology of BDA1, middle phalangeal formation and elongation. As
described in Chapter 1, the mutation spectrum of IHH encompasses two human
conditions, BDAL and ACFD to date. The location of the predicted amino acid
substitutions causing BDAL are clustered within a highly conserved 60 amino acid region
within the N-terminal signaling peptide of IHH. Chapter 3 is dedicated to a published
report on the discovery of 3 novel IHH mutations in a subset of our archived BDA1
families. The expanded repertoire of published IHH mutations observed in individuals
affected with BDA1 strengthens the role of IHH in digit development, specifically
targeting the middle phalanges. This chapter also illustrates the phenotypic variability
associated with BDAL mutations in IHH and presents the challenges in defining
genotype-phenotype relationships. The manuscript has been re-formatted for its
inclusion in this thesis with its figures and tables located after cited references. | have
contributed to this paper by providing intellectual input as well as the technical work to
sequence the three exons of IHH in Families 1, 2 and 3. | also provided the
bioinformatics analyses and interpretation of the sequence variants found with the

mutation screening of IHH for Figure 3.5. Consent forms are located in Appendix A.
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3.3 Manuscript Abstract

Mutations in the gene Indian Hedgehog (IHH) which cause brachydactyly A-1 (BDAL1)
have been restricted to a specific region of the N-terminal active fragment of Indian
Hedgehog involving codons 95, 100, 131 and 154. We describe two novel mutations in
codons 128 and 130, not previously implicated in BDAL. Furthermore, we identified an
independent mutation at codon 131 and we also describe a New Zealand family which
carries the “Farabee” founder mutation and haplotype. All of the identified BDA1
mutations occur in a restricted area of the N-terminal active fragment of IHH and are in
contrast to those mutations causing autosomal recessive acrocapitofemoral dysplasia
whose mutations are located at the distal N- and C-terminal regions of IHH-N and are
physically separated from the BDA1 causing mutations. With multiple independent
mutations in codons 95, 100 and now 131, this would implicate a discrete function to this
region of the protein. Finally, we present a clinical review of all reported and confirmed
cases of BDA1, highlighting features of the disorder which add to the spectrum of IHH

mutations.
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3.4 Introduction

Type Al brachydactyly (BDA1 MIM 112500) is characterized by shortness of all
middle phalanges of the hands and toes, occasional terminal symphalangism, shortness of
the proximal phalanges of the first digit, and short stature. While BDA1 can occur as an
isolated malformation -/, it has also been described as part of complex syndromes, with
some of the most commonly reported associated disorders being nystagmus 8°,
developmental delay, mental retardation 81°, and scoliosis 81112,

BDAZ1 has the distinction of being the first disorder to be described as an
autosomal dominant Mendelian trait in humans®3, Mutations in the Indian Hedgehog
gene (IHH) were initially identified in three Chinese BDA1 families!4, and a second locus
has been mapped to 5p13.3-p13.2 > (MIM 607004). Furthermore, both IHH and the
chromosome 5p13.3-p13.2 region were excluded in at least one other BDA1-affected
family, implicating at least one additional locus in the development of BDA1 6. In
addition to dominant mutations causing BDA1, recessive mutations in IHH cause
acrocapitofemoral dysplasia (ACFD; MIM 607778) ’. These patients presented with
short stature, BDAL, and cone-shaped epiphyses of the tubular bones of the hands and the
proximal end of the femur 1”. The cone-shaped epiphyses appeared early in childhood
and disappeared with premature fusion of the growth plate.

In the 1hh”- mouse, the loss of Ihh signaling results in a limb reduction phenotype
with a complete lack of osteoblast development in all bones that develop by
endochondral ossification 8, highlighting the role played by Ihh in cartilage

differentiation and bone formation. Furthermore, an inversion of the sonic hedgehog
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locus has been shown to yield a murine brachydactyly phenotype in heterozygotes via a
gain of function effect °.

In 1903, Farabee described a large family from Pennsylvania with BDA1 13 and a
few years later, three additional BDA1-affected families of English ancestry were
described by Drinkwater >*. Descendants of Farabee’s original family and two of the
Drinkwater families were found to share a common IHH mutation resulting in a
p.Aspl00Asn amino acid substitution. In addition, these families shared a common
haplotype flanking IHH, indicating that they share a common founder 2%,

The only reported BDA1-causing mutation not restricted to codons 95, 100 and
131 of IHH, is p.Thr154lle 2. All four of these codons are highly conserved (Figure
3.1). Multiple mutations in codons 95 and 100 indicate that these codons may be
mutational hot spots; moreover, their proximity to one another suggests that they may
reside in a region of IHH that is of particular importance responsible for the normal

functioning of the growth plate during bone development.

3.5 Materials and Methods

Four BDAL-affected families of diverse ethnic and regional backgrounds were
studied. In all cases, the disease was inherited as an autosomal dominant trait. Diagnosis
was based on physical examination, radiographic findings when available, and family
history. The study was approved by the Children’s Hospital of Eastern Ontario Ethics
Review Committee. After receiving informed consent, genomic DNA was extracted

from peripheral venous blood or saliva samples with a QlAamp DNA blood mini-kit
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(Qiagen, Valencia, California) or an Oragene DNA self-collection kit (DNA Genotek,

Ottawa, Ontario).

Sequence analysis

All three exons of IHH, including flanking splice sites and untranslated regions,
were amplified by PCR and sequenced using primers and conditions described previously
20, The single-exon gene NOGGIN was amplified and sequenced as described above. All

primers and optimized conditions are described in Supplementary Table S3.1.

Restriction enyme digestion

To detect the ¢.383G>A or the c.389C>A nucleotide change in the IHH gene,
exon 2 was amplified by PCR and subsequently digested, according to manufacturer’s
instructions, with Pstl or BstEIIl respectively. Products were loaded onto a 1.5% agarose
gel containing ethidium bromide, electrophoresed for 40 minutes at 100 V, and
photographed under UV light. This procedure was repeated with 200 control DNA

samples for both ¢.383G>A and ¢.389C>A.

Microsatellite markers

Seven markers from Marshfield’s sex-averaged genetic map were examined
(D2S2250, D2S433, D2S163, D2S1242, D2S424, D2S1323, and D2S126) along with
two single nucleotide polymorphisms (SNPs) located upstream of exon 1 (rs437512,
rs1960326) and 3 SNPs in exon 3 (rs3731881, rs394452, rs3099) of IHH. Genotyping

was performed as described previously 2,
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3.6 Results
Individuals from four families of diverse ethnic and regional backgrounds were
examined for mutations within IHH. While sporadic cases of BDAL have been reported,

all of the families presented here show an autosomal dominant pattern of inheritance.

Family 1

Four members of an American family with BDA1 segregating in at least four
generations were examined. The family’s ancestors are of German, Scottish and Irish
descent, with most of the migrants settling in the southern U.S. The family was
ascertained when an ultrasound revealed short limbs in a third-trimester fetus. The
family was referred to Stanford University Medical Center where the proband (individual
1-01 in Figure 3.2), the 43-year-old father of the fetus, was diagnosed with BDA1 on the
basis of clinical and radiographic evaluations (Figure 3.3). The middle phalanges were
very short, especially those in digits two and five. The proximal phalange of digit one
was also quite short. The proband had short arms, but normal stature at 5°10” (175 cm)
tall. Other phenotypic findings included limited dorsiflexion of the feet and tarsal
coalition. The proband’s father (individual 1-03 in Figure 3.2) and the father’s sibling
were also reportedly affected with BDAL. The father’s sibling had an affected child, who
in turn had three affected children. One of the children was reported to have a “problem
with the palate” that did not require repair. No further abnormalities were described in
the family.

The presence of tarsal coalition in the proband drew attention to the candidate
gene NOGGIN, but no polymorphisms or sequence variants were identified in the
proband’s DNA. However, sequencing of the IHH gene revealed a novel heterozygous
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¢.383G>A nucleotide change in the DNA of individuals 1-01 and 1-03 (Figure 3.4A).
Only the affected family members carried this nucleotide change, which results in a
p.Arg128GIn amino acid substitution. The ¢.383G>A nucleotide change, which creates a

Pstl restriction site, was not observed in any of the 400 control chromosomes evaluated.

Family 2

Three members of a family of Indian descent with BDAL segregating in at least
three generations were examined. The proband (individual 2-01 in figure 3.2) was
referred to the University of Hong Kong’s Queen Mary Hospital, where he was
diagnosed with BDAL based on clinical evaluations. Radiographs were not available.
The middle phalanges were described as being very short, and images of the proband’s
flexed hands revealed that the middle phalanges in digits two and five were likely
missing or fused to the terminal phalange as only one interdigital joint was visible. This
individual had a more severe form of BDAL associated with distal symphalangism,
scoliosis, and club foot. Interestingly, all of the proband’s blood relatives on his father’s
side were reported to have BDA1. DNA was obtained from the proband, his affected
brother, and an affected cousin (individuals 2-02 and 2-03 in Figure 3.2).

A novel heterozygous ¢.389C>A nucleotide change was identified in the DNA of
individual 2-01 (Figure 3.4B). To determine if this change co-segregated with affected
status in this family, the DNA of all three available family members was screened by
restriction digest with BstEIl. Analysis revealed that all affected individuals carried the
€.389C>A nucleotide change, which results in p.Thr130Asn amino acid substitution. The
¢.389C>A nucleotide change was not observed in any of the 400 control chromosomes

evaluated.
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Family 3

Three members of an Ashkenazi Jewish family residing in Israel with BDA1
reportedly segregating in at least four generations were examined. The family was
ascertained when the 34-year-old female proband (individual 3-01 in Figure 3.2) was
referred to the Tel Aviv Sourasky Medical Center in Tel Aviv, Israel for preimplantation
genetic diagnosis of BDAL prior to undergoing in vitro fertilization. The proband was
diagnosed with BDAL based on clinical and radiological findings (Figure 3.3). The
middle and distal phalanges were replaced with a single small chess-pawn shaped bone in
digits 2-5, and she had very short proximal and distal phalanges in digit one. Her mother
was also affected. No further abnormalities were described in this family. In IHH a
heterozygous ¢.391G>A nucleotide change was observed in the DNA of 3-01 (Figure
3.4C). Sequence analysis revealed that only the affected individuals carried the
nucleotide change, which results in a p.Glu131Lys amino acid substitution. As this
nucleotide change has been previously associated with BDA1 in a Chinese family 4, no

control individuals were screened for this change.

Family 4

Seven members of a New Zealand family with BDAL segregating as an autosomal
dominant, fully penetrant disorder in at least eight generations were examined. The
family’s ancestors originated from England, with branches of the family settling in both
Australia and New Zealand. The 35-year-old female proband (individual 4-01 in Figure
3.2) initially came to attention following a referral to the genetics clinic for evaluation of
her short fingers. Radiographic analysis revealed absent middle phalanges in digits 2-5 in

both the hands and feet, as well as shortened proximal phalanges in digit one (Figure 3.3).

50



There was a single interphalangeal joint in each digit, and the proband could not bend her
thumbs. Other clinical findings included syndactyly of the second and third toes, aching
back and knees, hallux vulga, and absent lateral incisors. Her height was 163cm, 25"-
50" percentile.

On examination at 59 years of age, the proband’s affected mother (individual 4-02
in Figure 3.4) presented with pain in the lower back, knees, toes and arches of feet. Other
clinical features observed in the extended family included lumbar lordosis, extra teeth,
and a shortened fifth metacarpal (Table 3.1). Within IHH a heterozygous ¢.298G>A
nucleotide change was present in the DNA of individuals 4-01 and 4-02. All six affected
family members were found to be carrying the ¢.298G>A change (Figure 3.4D), which
results in a p.Asp100Asn amino acid substitution. As this mutation has been previously
reported in the Farabee 2! and Drinkwater 2° pedigrees, no control individuals were
screened. Based on reports that the family’s ancestors were from England, a possible
association of the New Zealand kindred to the Drinkwater and Farabee families was
addressed by evaluating whether affected members carried the same ancestral haplotype.
Seven polymorphic markers and five SNPs spanning a 4.82 cM region flanking the IHH
gene were studied. When compared to the DNA of the Drinkwater and Farabee families,
a common shared haplotype was observed between markers D252250 and D2S1323 (data
not shown). Three synonymous exonic polymorphisms were detected in the sequence, all
of which were present in the NCBI single nucleotide polymorphism (SNP) database

(Build 129).
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3.7 Discussion

Indian hedgehog is best known for its role in mediating condensation, growth and
differentiation of long bone cartilage templates 2 and mutations in the gene are known to
cause the dominant and recessive disorders BDAL and ACFD, respectively. We have
investigated the possibility that mutations in IHH were responsible for BDA1L in four
families of diverse geographical and ethnic origins presenting with varying phenotypes.

We identified a novel heterozygous ¢.383G>A mutation in family 1. This
nucleotide change causes a novel p.Arg128Glu amino acid substitution. Individual 1-01
presented with a complex BDA1 phenotype that included short arms, tall stature, tarsal
coalition and limited dorsiflexion, none of which were seen in the other three families
described here. Tall stature with BDA1 has been previously described (Table 3.1) .
Mesomelic shortening of the limbs has also been described in a family with Osebold-
Remondini Syndrome, also referred to as brachydactyly type A6 (MIM 112910) 24,
Affected individuals in the family had small or absent middle phalanges, radial deviation
of index fingers, and abnormal carpal and tarsal bones. In addition to investigating IHH,
the candidate gene NOGGIN was excluded in this family. Heterozygous missense and
nonsense NOGGIN mutations have been found to cause multiple synostoses syndrome,
proximal symphalangism, and carpal-tarsal coalition syndrome, all of which present
clinically with symphalangisms and/or carpal-tarsal fusions 22, A phenotype of BDAL,
normal stature and short arms seen with a novel p.Arg128Glu mutation indicates that the
BDAL phenotype associated with IHH mutations may not be restricted to the middle

phalanx.
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We also identified a novel heterozygous ¢.389C>A mutation in family 2, a family
of Indian descent. This mutation co-segregated with the BDA1 phenotype in the family,
and causes a novel p.Thr130Asp amino acid substitution. However, the proband also
presented with distal symphalangism, scoliosis, and club foot. Interestingly, a
heterozygous ¢.391G>A mutation was identified in family 3, a family of Ashkenazi
Jewish descent residing in Israel. An identical nucleotide change has been previously
reported in a Miao Chinese kindred affected with BDA1 **. The nucleotide change
causes a p.Glul31Lys amino acid substitution in a residue which is highly conserved in
many hedgehog proteins (Figure 3.1). As these two families hail from different regional
and ethnic backgrounds, it seems unlikely that this mutation is the result of a common
ancestor. Rather, the variant likely occurred independently resulting in BDA1 in both
families, indicating that ¢.389C may represent a mutational hot spot in IHH. Affected
individuals in the Chinese family were reported to be missing the middle phalanges in
digits 2-5, and radiographs show the presence of the same chess pawn-shaped distal bone
observed in affected individuals in the Israeli family. This phenotype, which is common
to both families, suggests a particularly important role for Glu131 in IHH function
throughout skeletal development.

In 1933, Nissen reported a BDAL family that emigrated from England to
Australia around 1840 2°, with one branch subsequently migrating to New Zealand
around 1850. Members of this branch were examined and found to have characteristic
deformities similar to Drinkwater and Farabee’s families %. The proband’s aunt (family
4) was described at age 5 by Nissen, establishing that the remaining individuals examined

here are descendants of that family °. Interestingly, affected members of the family
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presented with remarkable phenotypic heterogeneity. All six affected members examined
were shorter in stature than their unaffected siblings. Radiographs were not available for
all members, but the degree of shortening of the middle phalanges and the presence or
absence of distal symphalangism presumably account for some of the phenotypic
heterogeneity observed in the family. Four of the six affected individuals examined had
2-3 syndactyly of the toes. Affected individuals 4-01 and 4-02 were missing lateral
incisors, while affected individual 4-03 was reported to have extra teeth. Supernumerary
teeth and dental anomalies have been previously described in conjunction with
brachydactyly types B and E, angel-shaped phalangoepiphyseal dysplasia (ASPED), and
autosomal recessive and dominant Robinow syndromes 3223, but have not been associated
with BDAL1 to date. Interestingly, sonic hedgehog and its downstream targets Ptc and
Gli1 have been clearly implicated in both murine and fish tooth development 3435,
however no role for IHH has been delineated. Family 4 was found to carry the historic
€.298G>A (p.Asp100Asn) mutation, as well as the haplotype flanking the IHH gene
common to the two Drinkwater families and the Farabee family, indicating that these
families share a common founder 22!, This founder mutation is speculated to have
originated at least twelve generations ago. To date, three other BDAL-affected families
of Italian, American and Chinese descent have been found to share this same IHH
mutation 213837 While it remains possible that the families of Italian and American
descent may have originated from this same common founder, the Chinese mutation was
found to be flanked by a different haplotype /. Another mutation affecting the same
codon, ¢.300C>A, has also been associated with BDA1 in another Chinese family 4.

This nucleotide change caused a p.Asp100GIlu amino acid substitution. The existence of
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at least three independent mutations in this codon suggests that p.Asp100 may also
represent a mutational hot spot.

With the exception of p.delE95 7, all of the BDA1-causing IHH mutations are
missense and are limited to a 59 amino acid region of the N-terminal active fragment
(IHH-N) spanning codons 95 to 154. Including the two novel mutations described here,
p.Arg128Glu and p.Thr130Asp, the three dimensional structure of IHH-N reveals that all
of the BDA1-causing IHH mutations are restricted to the central region of IHH-N (Figure
3.5). In addition, the limited number of codons involved in the disease, borne out by
multiple independent mutations in codons 95, 100 and now 131, suggests a discrete
function for this region of the protein. This is in contrast to the IHH mutations known to
cause autosomal recessive acrocapitofemoral dysplasia, which are located at the distal N-
and C-terminal regions of IHH-N and are physically separated from the BDA1-causing
IHH mutations (Figure 3.5). A phenotype of BDAL, average stature and short arms seen
with a novel p.Arg128Glu mutation indicates that the phenotype of BDA1 may not be
restricted to the middle phalanx. In a review of the published cases of BDA1 with IHH
mutations (see Table 3.1), shortening of the middle phalanges of the hands was the
mildest phenotype. In one family, the feet were reported to be normal, however lower
limb x-rays were not provided in the paper ?2. The involvement of the phalanges and
metacarpals (metatarsals) is quite variable even within the same family. Shortening of
the first metacarpal, which is typically a distinguishing feature of brachydactyly type C,
is a rare, but reported finding 3. Generalized musculoskeletal complaints including
arthritis were often reported as well as the more specific findings of clubfoot and

scoliosis. The family described by Raff et al., has not had a mutation reported to date,
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but the x-rays and clinical photos of the hands clearly demonstrate BDAL 2. Their
family has associated abnormal menisci and scoliosis that was well documented. The
identification of the causative gene in this family may provide insight to the phenotypic
variability in some of the other families. In the extended Dutch family with ACFD '/, the
carrier parents were noted to have phalangeal shortening when formally measured. The
pattern would be consistent with a mild BDAL1. Although short stature has been used in
the definition of BDAL, in reviewing the reported cases, this is clearly not always the
case. Farabee had noted the short stature in his initial paper, however in later
generations, the height of affected family members is unremarkable in comparison to

their unaffected relatives.
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3.10 Manuscript Figures, Tables and Legends

PAGL(137C>T)
30 40 50 60 70 80

Homo sapiens 28-85 CGPGRVVGSRRRPPRK-LVPLAYKQFSPNVPEKTLGASGRYEGKIARSSERFKELTPNY
Mus musculus CGPGRVVGSRRRPPRK-LVPLAYKQFSPNVPEKTLGASGRYEGKIARSSERFKELTPNY
Gallus gallus CGPGRVVGSRRRPPRK-LIPLAYKQFSPNVPEKTLGASGRYEGKIARNSERFKELTPNY
Xenopus laevis CGPGRVVGRRRR-PTK-LSPLSYKQFSEPNVPEKTLGASGRYEGKISRNSERFKELTENY
Danio rerio CGPGRGYGKRRT-PRK-LTPLAYKQFSPNVAEKTLGASGRYEGKVTPSSERFKELTPNY
Homo sapiens SHH CGPGRGFGKRRH- PKK-LTPLAYKQFIPNVAEKTLGASGRYEGKISRNSERFKELTPNY
Homo sapiens DHH CGPGRGPVGRRRYARKQLVELLYKQFVPGVPERTLGASGPAEGRVARGSERFRDLVENY

delE95(283 285delGAG) .
E9SK(283G>A)  DI00E(300C>A) RIZBQEEIGAY | o OPAT
E95G(284A>G)  DI0ON(298G>A)* ljla IK(391G>A)

90 100 110 120 130 140

Homo sapiens 86-144 NPDIIFKDEENTGADRLMTQRCKDRLNSLAISVMNQWPGVKLRVTEGWDEDGHHSEESL
Mus musculus NPDIIFKDEENTGADRLMTQRCKDRLNSLAISVMNQWPGVKLRVTEGWDEDGHHSEESL
Gallus gallus NPDIIFKDEENTGADRLMTQRCKDRLNSLAISVMNQWPGVKLRVTEGWDEDGHHSEESL
Xenopus laevis NPDIIFKDEEITGADRLMTQRCKDRLNSLAISVMNQWPGVKLRVTEGWDEDGHHFEESL
Danio rerio NPDIIFKDEENTGADRMMTQRCKDKLNSLAISVMNLWPGVRLRVTEGWDEDGLHSEESL
Homo sapiens SHH NPDIIFKDEENTGADRLMTQRCKDKLNALAISVMNQWPGVKLRVTEGWDEDGHHSEESL
Homo sapiens DHH NPDIIFKDEENSGADRLMTERCKERVNALATAVMNMWPGVRLRVTEGWDEDGHHAQDSL
VI90A(569T>C)
T1541(461C>T)
150 160 170 180 190 200
Homo sapiens 145-202 HYEGRAVDITTSDRDRNKYGLLARLAVEAGFDWVYYESKAHVHCSVKSEHSAAAKTGG
Mus musculus HYEGRAVDITTSDRDRNKYGLLARLAVEAGFDWVYYESKAHVHCSVKSEHSAAAKTGG
Gallus gallus HYEGRAVDITTSDRDRNKYGMLARLAVEAGFDWVYYESKAHIHCSVKSEHSAAAKTGG
Xenopus laevis HYEGRAVDITTSDRDRNKYGMLARLAVEAGFDWVYYESKAHIHCSVKSEHSAARKTGG
Danio rerio HYEGRAVDITTSDRDRNKYRMLARLAVEAGFDWVYYESKGHVHCSVKSEHSVAAKTGG
Homo sapiens SHH HYEGRAVDITTSDRDRSKYGMLARLAVEAGFDWVYYESKAHTHCSVKAENSVAAKSGG
Homo sapiens DHH HYEGRALDITTSDRDRNKYGLLARLAVEAGFDWVYYESRNHVHVSVKADNSLAVRAGG

Figure 3.1. Alignment of the amino acid sequence of IHH with those of other
species, as well as with human SHH and DHH. The amino acid sequence of human
IHH was aligned with those of mouse Ihh, chicken Ihh, African clawed frog (banded
hedgehog) and zebrafish (echidna hedgehog). The alignment has been anchored to the
Homo sapien IHH amino acid sequence and the amino acid numbers are listed above.
These were further aligned with the amino acid sequences of human SHH and DHH.
Residues associated with disease are indicated by an arrow and by the wild type amino
acids in red. Heterozygous mutations p.D100N, p.R128Q, p.T130N and p.E131K are
associated with BDAL1 in this study (denoted by an asterisk). Other BDA1-causing
heterozygous mutations p.E95K, p.D100E, and p.E131K were described by Gao et al
(2001); p.D100ON was described by McCready et al (2002), Giordano et al (2003), and
McCready et al (2005); p.E95G was described by Kirkpatrick et al (2003); p.T1541
was described by Liu et al (2006); and p.delE95 was described by Lodder et al (2008).
Homozygous mutations P46L and p.V190A were described by Hellemans et al (2003)
and are associated with ACFD.
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Figure 3.2. Pedigrees of four families with BDAL. Brachydactyly type Al is
transmitted as an autosomal dominant trait in all families. Probands are denoted by
arrows. Numbers represent the sample number assigned to the DNA of individuals
who participated in this study. Those members of family four above the dashed line

represent members previously described by Nissen (1933).

Family 1 Family 3 Family 4

Figure 3.3. Hand radiographs of affected members of families 1, 3 and 4.

62



A B C D
TGCRGGT TGAMCGA ACCRAGG CCRACC

, W M

Heterozygous Heterozygous Heterozygous Heterozygous
c.383G>A c.389C>A c.391G>A c.298G>A
p.Arg128GIn  p.Thr130Asn  p.Glu131Lys p.Asp100Asn

Figure 3.4. Mutations in IHH. (A) Family 1, ¢.383G>A; (B) Family 2, c.389C>A;
(C) Family 3 ¢.391G>A; (D) Family 4, c.298G>A.

Figure 3.5. Three-dimensional reconstruction of the N-terminal active fragment
of Indian hedgehog defining the positions of the amino acids whose mutation have
been implicated in Brachydactyly type Al or Acrocapitofemoral dysplasia
pathogenesis. To compare the locations of the Indian Hedgehog mutations, the crystal
structure of the amino-terminal domain of mouse Shh (1VVHH.pdb) was used due to
the its high similarity to IHH. The equivalent positions were utilized. Numbers
indicate the amino acid positions. Shown: ACFD mutations (blue); BDAL mutations at
codon 100 (red), codons 95, 131 and 154 (green), and codons 128, 130 (orange).
Amino-terminus (N) and carboxy-terminus (C) are indicated. The ribbons represent
alpha-helices. The three representations are shown from a perspective where the N-
and C-termini are: (A) closest to the viewer; (B) at the top of the molecule and; (C)
furthest away from the viewer, projecting into the page. All of the BDA1 mutations
appear to cluster in the central portion of IHH-N.
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Table 3.1. Summary of mutations and clinical presentation in families with
brachydactyly A-1. Allelic variants reported as of June 2009.

Mutation Ethnic origin Diagnosis Associated unique or rare findings Reference:
seen in some but not all family members
¢.283G>A Chingcsc BDA1* Secvere shortening of distal phalanges (Gao ctal. 2001/Yang ct al.
p-E95K 2000 — family 1
¢.284A>G Mexican BDAI nil Kirkpatrick et al. 2003
p .E95G
c.298G>A British BDA1 Initial reports suggested short stature, McCready et al. 2002/2005
p-DIOON not seen in later generations (Farabee/Drinkwater family)
Non-specific knee and hip problems
New Zealand BDA1 Non-specific musculoskeletal issues of | This paper Family 4
lower limbs and back (related to above)
Chincse BDAI Short first metacarpal Zhu ct al. 2007
Italian BDA1 Short stature (not in all) Giordano et al. 2003
c.300C=A Chinese BDAI1 All affected of shorter stature Gao et al. 2001 — family 3
p-.DI100OE
¢.383G>A American BDAI Tarsal coalition This paper Family 1
p-R128Q Short arms with normal height
¢.389C=A Indian BDAI Scoliosis and club foot This paper Family 2
p. TI30D
c.391G>A Chinese BDAl Gao et al. 2001/ Yang et al.
p. E131K Ashkenazi Jewish | BDAI 2000 family 2
This paper Family 3
c.461C>T Chinese BDAl Normal feet Liu et al. 2006
p. T1541
7 American BDAI Discoid meniscus, scoliosis, Raffetal. 1998
degencrative arthritis of knees
c.137C>T Belgian ACFD® Hands resembling BDA1 Hellemans et al. 2003/
p. P46L Hand x-ray of carrier parent showing no | Mortier et al. 2003
obvious differences, but metacarpal- Family |
phalangeal profile not done
c.569T=>C Dutch ACFD More generalized Brachydactyly (all Hellemans et al. 2003/
p. VIS0A tubular bones involved) Mortier et al. 2003

Family 2

" BDALI - Brachdactyly type Al - defined as hypoplasia of middle phalanges of hands and feet with short proximal phalange of the
first digit, The spectrum can include symphalangism of distal and middle phalanges and shotrtening of various metacarpals and

metatarsals (typically 2-5)
® ACFD - Acrocapitofemoral Dysplasia — defined as short stature with Brachydactyly, narrow thorax, relative macrocephaly, cone
shaped epiphyses, egg-shaped femoral head with short femoral neck
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3.11 Manuscript Supplementary Information

Supplementary Table S3.1. Oligonucleotide primer sequences and amplification
conditions for the genes Indian Hedgehog and Noggin.

Primer . Primgr Final N PCR
IHH Exon Name Primer Sequence Annealing [MgCl2]  Additive Product
Temperature (mM) Size
Upstream IHHsnpl12-F  CGCACAGGGAGGAAAGG 60 1.5 237 bp
ofexon1l [IHHsnpl1l2-R GCAGGAGTGTCGGCATC
1 IHHX1F TGCCCATCAGCCCACCAG 62 1.5 Betaine 470 bp
IHHX1R GAGCGTGCCAGCCAGTCG (40 cycles)
2 IHHX2F CGGCTGATTTCGCTCTG 63 1.5 394 bp
IHHX2R GGCGGGCTCTTCACCTT
3 IHHX3.1F AAGGGAGGGTCGTTGTG 65 1.5 494 bp
IHHX3.1R TTGTGAGCGGGGCGTAG
3 IHHX3.2F TGCTCTTTACGGCTGACAATC 64 1.5 531 bp
IHHX3.2R CAGAGGAGATGGCAGGAG
3 IHHXx3.3F TGGGGCGTCTCCTGCTA 58 1.5 491 bp
IHHx3.3R GCATCGGGTCCAGCCAGA
3 IHHX3.10F GTATGGGTTCAAGCCTGCAT 50 1.5 569bp
IHHx3.10R GCCACGTGTGTAGAGACAGC  (Touchdown)
Noggin Bifina _ Prime_r Final N PCR
Exon Name Primer Sequence Annealing [MgClz]  Additive Pro_duct
Temperature (mM) Size
5UTR, Nog F2 ACCTCATCGAACACCCAGAC 60 1.5 572bp
Exon 1 Nog R1.2e CCGAGTTCTAGCACGAGCA
Exon 1, Nog CDSF  GCCAACTTGTGTGCCTTTCT 55 1.5 6% 999 bp
DMSO
3'UTR Nog CDSR GAGCGTGCCAGCCAGTCG
Nog R1* AGCCCTCGGAGAACTCTAGC
Nog F2* ACCTCATCGAACACCCAGAC
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Chapter 4. Examining the genetic
contribution of GDF5 in BDA1

4.1 Preface

The involvement of the IHH gene in causing BDA1 was first established by Gao
et al (2001). Since then many others including our lab have associated IHH mutations
with families diagnosed with BDA1. In this chapter, | describe our published report of a
novel gene, GDF?5, as a cause of BDAL in a single consanguineous family. The
identification of GDF5 as another gene involved in BDA1 connects two signaling
pathways, the IHH-PTHLH and the BMP-SMAD pathways. The manuscript has been re-
formatted for its inclusion in this thesis with its figures and tables located after cited
references. | have contributed to this publication through co-authorship, intellectual
input, the sequencing of GDF5 in our BDAL cohort and in controls, the bioinformatics

analyses and its interpretation. Consent forms are located in Appendix A.
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4.3 Manuscript Abstract

Brachydactyly A1 (BDAL) is an autosomal dominant disorder characterized by shortness
of all middle phalanges of the hands and toes, shortness of the proximal phalanges of the
first digit, and short stature. Missense mutations in the Indian Hedgehog (IHH) gene are
known to cause BDA1, and a second locus has been mapped to chromosome 5p. In a
consanguineous French Canadian kindred with BDA1, both IHH and the 5p locus were
excluded. Microsatellites flanking GDF5 on chromosome 20q were found to cosegregate
with the disease. Sequencing of the GDF5 coding region revealed that a mildly affected
individual in the family was heterozygous and that all of the severely affected individuals
were homozygous for a novel missense ¢.1195C>T mutation that predicts a p.Arg399Cys
substitution at a highly conserved amino acid. Functional analysis demonstrated that
while the p.Arg399Cys mutant is able to stimulate chondrogenesis, it is much less
effective than wild-type GDF5. This data confirms genetic heterogeneity in BDA1L,
demonstrates that mutations upstream of IHH can result in BDAL and shows that BDA1

can result from semi-dominant mutations in GDFb5.
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4.4 Introduction

Brachydactyly type A1 (BDAL; OMIM 112500) was the first disorder described in
terms of autosomal dominant inheritance in man [Farabee, 1903] and is characterized by
shortness of all middle phalanges of the hands and feet. While all of the small tubular
bones tend to be reduced in size, there is a disproportionate and significant shortness of
the middle phalanges and the proximal first phalanges. The 2nd and 5th middle
phalanges tend to be the most severely affected, while the 4th and 5th are the most likely
of the metacarpals and metatarsals to be involved [Armour, et al., 2000]. To date, BDA1
has been described as a fully penetrant, autosomal dominant condition. Mutations have
been identified in the gene Indian hedgehog (IHH) [Byrnes, et al., 2009; Gao, et al.,
2001; Giordano, et al., 2003; Kirkpatrick, et al., 2003; Liu, et al., 2006; McCready, et al.,
2005; McCready, et al., 2002; Stattin, et al., 2009; Zhu, et al., 2007], whose protein
product is critical for growth and differentiation of long bone cartilage templates
[Vortkamp, et al., 1996]. However mutations in IHH account for approximately 40% of
the cases of BDAL. A second locus for BDA1 was reported at chromosome 5p13.3-13.2
(designated BDA1B; OMIM 607004) in a large Canadian family [Armour, et al., 2002].
Furthermore, an inversion of the Sonic hedgehog (Shh) locus has yielded a murine BDAL
phenotype in heterozygous Short digits (Dsh/+) mice [Niedermaier, et al., 2005].

Brachydactyly type A2 (BDA2; OMIM 112600) is characterized by the shortening
of the middle phalange in digit 2 and to a variable degree clinodactyly of the fifth finger.
Recently, it has been shown that mutations in growth/differentiation factor 5 (GDF5) and
its receptor, bone morphogenetic receptor 1B (BMPR1B), both cause autosomal dominant

BDA2 [Kjaer, et al., 2006; Lehmann, et al., 2003]. Brachydactyly type C (BDC; OMIM
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113100) is similar to brachydactyly types Al and A2 in that they each involve
malformation of various middle phalanges, however in BDC, the fourth finger is spared;
the primary characteristics observed are shortening of the middle phalanges in digits 2, 3,
and 5, and of the first metacarpal. Mutations in GDF5 have been shown to cause both
autosomal dominant and semi-dominant BDC [Polinkovsky, et al., 1997; Schwabe, et al.,

2004].

4.5 Materials and Methods

DNA collection and extraction
Genomic DNA was extracted from peripheral venous blood or saliva samples using
the QlAamp DNA blood mini-kit and the Oragene DNA self-collection kit (Qiagen,

Mississauga, Ontario; DNA Genotek, Ottawa, Ontario).

Sequencing

The primer sequences and conditions for the screening of IHH can be found
elsewhere [McCready, et al., 2002]. Exons of the GDF5 gene were amplified by PCR
using oligonucleotide primers described in Table 4.1. The PCR products were treated
with EXoSAP-IT™ (USB, Cleveland, Ohio) and were sequenced in both directions with
primers from Table 1 and the BigDye™ v3.1 terminator cycle sequencing kit (Applied

Biosystems, Foster City, California).

Genome screening
An autosomal 25 cM genome-wide scan was initiated using 208 primer sets from

the MapPairs™ polymorphic microsatellite marker set (Research Genetics, Huntsville,
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Alabama). Nine additional markers from Marshfield’s sex-averaged genetic map were
examined (D20S471, D20S912, D20S486, D20S601, D20S106, D20S914, D20S870,
D20S865, and D20S834). Each locus was amplified in 10 pl volumes with 100 ng of
genomic DNA, 1.5 mM MgClz, 10 mM Tris-HCI (pH 8.3), 0.2 mM dNTP, 0.12 uM
M13-tailed forward primer, 0.12 uM reverse primer, 0.12 pM IRD-700 labeled M13
primer (LI-COR, Lincoln, NE), and 1 Unit Tag enzyme. Products were separated on 8%
acrylamide gels using the LI-COR DNA sequencer model 4000 (LI-COR, Lincoln,

Nebraska) and analyzed with LI-COR’s Saga Generation 2 software.

Linkage analysis

Linkage analysis was performed using the MLINK program of the LINKAGE
package (version 4.0). Due to the consanguineous nature of the family, lod scores were
calculated using an autosomal recessive model with a penetrance of 100%, disease allele
frequency of 0.000001, and equal recombination frequencies between males and females

was assumed. At that time, individual VI-1 was thought to be unaffected.

Allele specific oligohybridization

ASOH was performed as previously described [Scoggan, et al., 2001] using y-32P -
radiolabeled oligonucleotides specific for the mutant and wild-type alleles. Blots were
probed with mutant probe (5’-CTTAAGGCTTGCTGCAGT- 3”) at 54°C, or wild type

probe (5’-CTTAAGGCTCGCTGCAGT- 3’) at 56°C.

Site directed mutagenesis
To generate a form of GDF5 incorporating the p.Arg399Cys mutation, the cDNA

clone BC032495 was obtained from The Center for Applied Genomics, Toronto, Canada.
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Mutagenesis was performed with the QuikChange Il Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, California) using the primer R399C-F (5° —
GCAAGAACCTTAAGGCTTGCTGCAGTCGGAAGGC- 3’) for GDF5 according to

the manufacturer’s suggested protocol.

Cells and transfection

Murine C3H10T1/2 mesenchymal stem cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 2 mM GlutaMAX, 10% fetal bovine serum, 50 U/ml
Penicillin and 50 pug/ml Streptomycin. One day prior to transfection, cells were seeded at
a density of 5000 cells/well in 96-well plates in growth medium without antibiotics.
They were transiently transfected with 0.2 ug of pCMV-sport6 expression vector for the
human full-length wild-type and mutant GDF5 cDNA (NM_000557.2) and 0.5 ul of

Lipofectamine reagent according to the manufacturer’s protocol (Invitrogen).

Alkaline phosphatase and Sox 5/6/9 reporter assay

Alkaline phosphatase (ALP) activity of transfected C3H10T1/2 cells was measured
5 days after transfection with wild-type GDF5 or GDF5PA™3%CYs a5 recommended [Guo,
et al., 2010]. These experiments were repeated three additional times on different days.

Wild-type and mutant expression plasmids were also transfected into primary limb
mesenchymal cells harvested from CD-1 embryonic age (E) 11.5 mouse limb buds.
Primary limb mesenchymal cultures from CD-1 embryonic age (E) 11.5 mouse limb buds
were established as previously described [Weston, et al., 2000]. Briefly, cells were
harvested from dispase-treated E11.5 whole limb buds, strained through a 40 um cell

strainer (Becton-Dickinson, Franklin Lakes, New Jersey) and resuspended at a density of
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2.0 X 107 cells/ml. Expression plasmids containing genes encoding GDF5 or variants
thereof were co-transfected along with a SOX5/6/9-responsive Col2-Luc reporter gene at
Day 0 of culture as described previously [Hoffman, et al., 2006]. Analysis of firefly and
renilla luciferase activity was carried out on extracts collected on Day 2 of culture. All
luciferase assays were performed in triplicate and repeated using three distinct
preparations of primary cells. Student’s t-test was used to compare the effects of wild-

type GDF5 and GDF5 PA™939CYs oy the SOX5/6/9 reporter.

4.6 Results

4.6.1 Clinical characterization

We studied 8 members of a family with BDA1 segregating as a semi-dominant
syndrome. The classification of BDAL was described by Temtamy and McKusick
[Temtamy and McKausick, 1978] and we included metacarpophalangeal profiles (MCPP)
[Garn, et al., 1972; Poznanski, et al., 1972], which has proven to be useful in identifying
mildly affected individuals [Armour, et al., 2000]. The proband of this family came to
attention after her daughter was referred to the Genetics Clinic for an unrelated condition.
The proband was born to reportedly unaffected French-Canadian parents who were
second cousins (Figure 4.1A). The family history revealed that a brother and sister had
similar findings, and that there were two unaffected sisters. Another brother, who passed
away at an early age, may have had brachydactyly. Among her siblings, the proband was
the only affected individual to have children. Photographs and radiographs of the hands
and feet of the proband and her son were obtained for detailed examination (Figure 4.1B

to 4.1C). Bone lengths were measured in the phalanges and metacarpals, and metacarpal
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phalangeal profiles were performed as previously described [Armour, et al., 2000].
Metacarpophalangeal profiles (MCPP) [Garn, et al., 1972; Poznanski, et al., 1972] of the
proband and her son were completed by the physician using the ANTRO computer
program [Hosenfeld, et al., 1991]. The radiographs and MCPP of the proband
demonstrated significantly shortened middle phalanges of digits 2-5 along with the first
distal phalanx, all of which are below —2.0 SD (Figures 4.2A and 4.2B). A very short
first metacarpal was observed, giving the appearance of a proximally placed thumb
(Figure 4.1B). The third to fifth metacarpals showed less marked shortening and the feet
were likewise affected. The ulnar styloid process was truncated. Additionally, the two
affected sisters who were both 5 feet tall (5™ centile) were treated for clubfeet as children
and their X-rays did not demonstrate fibula hypoplasia. Their affected brother was 5 feet
6 inches (10" centile). All affected siblings are shorter than their unaffected sisters.

There are no other health concerns in the family.

4.6.2 Exclusion and linkage analysis

The family members described were found not to have mutations in IHH. We also
excluded SHH and the BDA1B locus as candidates using linkage analysis (data not
shown), indicating further genetic heterogeneity of the disorder. Subsequently, a
genome-wide linkage screen was performed to identify the disease locus in the family.
The study was approved by the Children’s Hospital of Eastern Ontario Ethics Review
Committee, and informed consent was obtained for all participants. A locus for BDA1
was mapped to a 2.1-centimorgan region between markers D20S486 and D20S834 in our
family (Table 4.2). The highest maximum lod score obtained for the entire genome

screen was found at marker D20S870 (Zmax = 2.15 at 8 = 0.00). The linked genetic
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interval contains the GDF5 gene (Figure 4.3) which drew immediate interest as it has a

known role in limb development.

4.6.3 Evaluation of GDF5

Exons of the GDF5 gene were amplified by PCR and sequenced using the
BigDye™ v3.1 terminator cycle sequencing kit (Applied Biosystems, Foster City,
California) and sequencing of GDF5 revealed a homozygous ¢.1195C>T transition in the
proband (reviewed but not shown), resulting in an arginine to cysteine amino acid
substitution (p.Arg399Cys). Nucleotide numbering reflects the cDNA numbering with
+1 corresponding to the A of the ATG translation initiation codon in the reference
sequence NM_000557.2. Sequence analysis confirmed that this homozygous nucleotide
change was present exclusively in the affected siblings (V-1, V-5 and V-6). The 2
unaffected siblings (V-2 and V-3) did not carry a mutated allele, however the proband’s
son (VI-1) was found to be heterozygous for the ¢.1195C>T mutation. VI-1 was noted to
be of average height and his hands and feet appeared unremarkable; at the time of the
linkage study, he was thought to be unaffected. Subsequently, radiographic results were
consistent with a diagnosis of BDA1 as his hands revealed subtle but significant changes;
his MCPP revealed that the middle phalanges of the second to fifth digits were short and
below -2 S.D. when controlled for age and sex. His first metacarpal was also short
(Figure 4.2).

Allele-specific oligonucleotide hybridization (ASOH) was performed on all family
members and 200 control individuals to confirm genotypes and eliminate the possibility
that the change was a rare polymorphism. The GDF5 ¢.1195C>T nucleotide change was

not detected in 400 control chromosomes.
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4.6.4 Expression of wild-type and mutant GDF5

Wild-type GDF5 and GDF5 PA399SY ynder the control of a CMV promoter was
transfected into C3H10T1/2 cells and alkaline phosphatase (ALP) activity was measured.
A significant increase of ALP activity in the wild-type GDF5 transfected cells was found
at day 5 which is consistent with findings from a recent study [Gao, et al., 2009] and is in
contrast with results of cells transfected with an empty control vector or mutant GDF5
PArg399CYs (n< 0.05, see Figure 4.4A).

We also used a more sensitive functional assay employing a SOX5/6/9-responsive
reporter construct [Weston, et al., 2002] to evaluate BMP signaling as was done to
examine the effects of GDF6 mutations [Asai-Coakwell, et al., 2009]. Relative to the
transfected vector only, wild-type GDF5 was significantly better at inducing SOX5/6/9
activity than the p.Arg399Cys mutant construct (p=0.01) (Figure 4B). In general, the
p.Arg399Cys mutation is able to stimulate chondrogenesis as measured by an increase in

SOX5/6/9 activity; however, it is significantly less effective than wild-type GDF5.

4.7 Discussion

GDF5 is a member of the bone morphogenetic protein (BMP) and transforming
growth factor B (TGF-B) families. All BMP family members contain an Arg-X-X-Arg
cleavage site and a 6-7-cysteine motif, both of which are critical for the proper folding,
dimerization, and subsequent cleavage of the mature molecule [Chang, et al., 1994;
Massague and Wotton, 2000; Storm, et al., 1994; Thomas, et al., 1997]. All but one of
the highly conserved cysteines are involved in the formation of intra-chain disulfide

bonds, while the other cysteine forms a disulfide bond with another monomer, forming a
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homo- or hetero-dimer [Massague, 1990]. Subsequent cleavage of the prodomains by
subtilisin-like proteases forms the mature, active dimer [Schreuder, et al., 2005]. GDF5
is expressed predominantly at sites of cartilage differentiation and future joint space in
the developing limbs [Chang, et al., 1994; Storm, et al., 1994; Thomas, et al., 1997].
Overexpression of GDF5 in the developing chick wing led to an increase in length and
width of skeletal elements, as well as fused joints [Francis-West, et al., 1999]. Moreover,
in vitro micromass cultures have shown that GDF5 increases chondrogenesis in a dose-
dependent manner [Francis-West, et al., 1999]. This gene-dose sensitivity may account
for the varying severity of diseases caused by mutations in GDF5 in humans and mice.
GDF5 was first identified because of its association with the brachypodism (bp) mouse,
as 3 strains with functionally null GDF5 mutants display a phenotype of shortened limbs,
metacarpals, metatarsals, and absent middle phalanges [Storm, et al., 1994].

Several human mutations in GDF5 have since been associated with numerous
skeletal disorders characterized by abnormal limb development. Of particular interest are
the heterozygous mutations in GDF5 which have been found to cause Brachydactyly
types-A2 (BDA2) and -C (BDC) [Kjaer, et al., 2006; Lehmann, et al., 2007; Polinkovsky,
et al., 1997; Schwabe, et al., 2004]. BDA1, BDA2 and BDC while clinically distinct,
have been referred to as being part of a “molecular disease family” because of their
common deregulation of the BMP pathway [Mundlos, 2009]. Additionally, mutations in
GDF5 are also responsible for angel-shaped phalangeal dysplasia (ASPED), multiple
synostoses syndrome (SYNS1 and SYNS2), proximal symphalangism (SYM1) and
congenital vertical talus (CVT) [Akarsu, 1999; Dawson, et al., 2006; Dobbs, et al., 2005;

Holder-Espinasse, et al., 2004; Seemann, et al., 2005]. Furthermore homozygous and
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compound heterozygous mutations in GDF5 have been found to cause BDC, as well as
more severe chondrodysplasias such as Hunter-Thompson type, Grebe type, and Du Pan
syndrome [Faiyaz-Ul-Haque, et al., 2002; Schwabe, et al., 2004; Stelzer, et al., 2003;
Thomas, et al., 1997; Thomas, et al., 1996].

The mutation presented here is predicted to cause an arginine to cysteine amino acid
substitution at position 399 in the active region of GDF5 and this residue is conserved
across species and among other GDF family members (Figure 4.3D). Moreover, the
p.Arg399Cys amino acid change adds an eighth cysteine to the mature active region of
the GDF5 monomer. There have been other reports of altered GDF5 activity with the
addition or removal of a critical cysteine residue. A p.Arg438Cys mutation was shown to
hinder monomer dimerization and secretion of the mature GDF5 protein in vitro
[Dawson, et al., 2006; Everman, et al., 2002]. Although the precise effect of this
additional cysteine is not known, the mutant protein is thought to lead to functional
haploinsufficiency in heterozygotes, causing BDC, clinodactyly, or congenital vertical
talus phenotypes [Dobbs, et al., 2005; Everman, et al., 2002]. In a consanguineous
family with a p.Cys400Tyr substitution in GDF5, homozygotes have chondrodysplasia
Grebe type, while heterozygote carriers have brachydactyly phenotypes [Thomas, et al.,
1997]. Also, a heterozygous p.Cys498Ser substitution was found to cause BDC in one
family [Everman, et al., 2002]. For both p.Cys substitutions, in vitro data showed that the
mutant monomers were present in cell extracts, but neither mutant is secreted as a mature,
active dimer [Everman, et al., 2002; Thomas, et al., 1997]. Furthermore, the

p.Cys400Tyr mutant can have a dominant-negative effect on other TGF-f family
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members, inhibiting the secretion of wild-type GDF5, BMP-2, BMP-3 and activin
[Thomas, et al., 1997].

We hypothesize that the presence of this additional cysteine in the active region of
GDF5 may affect the formation of the intra- or inter-chain disulfide bonds, inhibiting
proper dimerization and cleavage of GDF5 precursor proteins. This could interfere with
signaling by preventing the formation and secretion of mature, active GDF5 dimers.
Furthermore, based on the evidence that mutant GDF5 can heterodimerize with other
TGF- B family members, the mutant GDF5 may further impede chondrogenesis by
sequestering other TGF-B family members to form non-functional heterodimers.

Forty percent of BDAL patients have mutations in IHH and display a phenotype of
short middle phalanges in digits 2-5 and a short proximal phalange in digit 1. However,
one case has been described where the proximal phalange of digit 1 is spared [Liu, et al.,
2006]. Terminal symphalangism, in which a rudimentary middle phalange is fused to the
distal phalange, has been described in many cases of BDAL [Gao, et al., 2001; Giordano,
etal., 1997; Liu, et al., 2006; McCready, et al., 2005; McCready, et al., 2002; Yang, et
al., 2000]. Individuals linked to the BDALB critical region displayed a similar phenotype,
though in a milder form [Armour, et al., 2000]. Metacarpophalangeal profiles revealed
shortening of all phalanges and metacarpals in affected individuals, especially the middle
phalanges. Similarly, BDA2-affected individuals homozygous for the ¢.1195C>T
(p.Arg399Cys) mutation display a phenotype of very short middle phalanges in digit 2-5
with no terminal symphalangism. They also lacked the shortening of the first proximal
phalange typically seen in the majority families with IHH mutations. In addition, they

had a very short first metacarpal, giving the appearance of a proximally placed thumb
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which has also been described in some patients with IHH mutations [Gao, et al., 2001].
This latter feature is commonly observed in BDC, suggesting that GDF5 plays an
important role in development of the first metacarpal. Common features described in the
GDF5 homozygous individuals are short stature with no disproportion of the axial versus
appendicular skeleton and a truncated ulnar styloid process, both of which have been
described in some families with IHH mutations [Gao, et al., 2001; Giordano, et al., 2003,
Temtamy and McKusick, 1978]. Interestingly, two affected individuals in our family had
club feet, the occurrence of which may be coincidental; alternatively, this phenotype may
be due to incomplete expressivity as seen with mutations in GDF5 causing BDC
[Savarirayan, et al., 2003]. The MCPP of the one heterozygous GDF5 individual
examined clinically displayed the same general pattern as homozygous individuals, but
with a lesser degree of shortening of the middle phalanges and first metacarpal.
Mutations in IHH, GDF5, and the 5p13.3-p13.2 critical region can cause the same
general BDA1 phenotype, with additional associated features depending on the causative
gene in each family.

Extensive phenotypic heterogeneity, in which mutations in the same gene yield a
range of phenotypes, has been observed in families with GDF5 mutations [Wolf, 1997].
The specific feature shared by families with GDF5 mutations reported to date is
malformations of the appendicular skeleton, with the distal skeletal elements generally
most severely affected. The brachydactylies, chondrodysplasias, and ASPED are all
likely the result of haploinsufficiency, null, or dominant-negative mutations leading to
impaired bone formation [Polinkovsky, et al., 1997; Thomas, et al., 1997; Thomas, et al.,

1996]. In contrast, the synostoses and joint fusion phenotypes are thought to arise from
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gain of function mutations, which somehow increase GDF5 signaling and prevent the
formation of certain joints [Dawson, et al., 2006; Seemann, et al., 2005].

This consanguineous French Canadian family represents the first case of true BDA1
reported to be caused by mutations in GDF5. Severely affected individuals had very
short middle phalanges in digits 2-5, the hallmark feature of BDAL. Although the middle
phalanges are affected in all cases, this BDA1 phenotype differs from other GDF5
families described with BDC, in which the fourth middle phalange is spared, and GDF5
families described with BDAZ2, in which only middle phalanges of digits 2, and
sometimes 5, are affected [Dobbs, et al., 2005; Everman, et al., 2002; Galjaard, et al.,
2001; Holder-Espinasse, et al., 2004; Kjaer, et al., 2006; Polinkovsky, et al., 1997;
Savarirayan, et al., 2003; Seemann, et al., 2005; Szczaluba, et al., 2005].

A comparison of the homozygote and heterozygote phenotypes provides
information regarding the nature of the abnormal course of embryonic development,
resulting in the complete syndrome [Beighton, 1997]. The three severely affected
siblings of this BDAL family embody only the second report of a homozygous GDF5
mutation causing a brachydactyly phenotype; heterozygous mutation carriers have a very
mild phenotype [Schwabe, et al., 2004]. Due to the existence of a mild phenotype in
heterozygous carriers in both families, the disease transmission was described as semi-
dominant.

Reporter assays indicate that IHH is up-regulated in embryonic cells upon treatment
with BMPs [Seki and Hata, 2004] including GDF5 [Storm and Kingsley, 1996]. The

BDAL phenotype resulting from a GDF5 mutation would be consistent with the reduced
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induction of IHH and is consistent with the view that reduced IHH signaling at the digit
tip results in shortened cartilage elements [Gao, et al., 2009].

In summary, we present clinical, radiological, and molecular data on a
consanguineous family with BDAL and demonstrate that a mutation in GDFS5 is the cause
of this disorder. In vitro studies demonstrate that mutant GDF5 was not able to induce
chondrogenesis to the same extent as its wild-type counterpart. We hypothesize that this
mutation, which is predicted to disrupt the highly-conserved 7-cysteine motif critical for
the dimerization and maturation of GDF5, led to the development of the phenotype in this
family. A more severe phenotype observed in homozygous individuals suggests that the

mutation affects BDA1 development in a dose-dependent manner.
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4.11 Manuscript Figures, Tables and Legends
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Figure 4.1. (A) Pedigree of the consanguineous family with BDA1, which is
transmitted as a semi-dominant trait. Affected individuals are indicated by filled
symbols. Squares — males; Circles — females; Arrowhead indicates the proband.
Numbered individuals indicate those who participated in this study, with the exception
of V-4. M/M indicates those who were homozygous for the p.Arg399Cys mutation,
WT/M indicates those who are heterozygous and homozygous wild type (WT/WT) are
also indicated. VI-2 did not participate in the genetic analysis at the request of the
family. (B) Photographs of the right hand V-1, V-5 and V-6 indicate a proximally-
placed thumb and short middle phalanges, while VI-1 has short middle phalanges. (C)
X-rays of the right hand of individual V-6, show a very small first metacarpal and very
small middle phalanges in digits 2-5, leading to the appearance of short fingers and a
proximally-placed thumb, while that of VI-1, who was 9 years old at the time, has
small middle phalanges. The X-ray of VI-1 is consistent with appropriate bone age.
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Figure 4.2. Metacarpophalangeal profiles (MCPP) of individuals (A) V-6 and (B)
VI-1. The horizontal dashed line indicates -2 standard deviations. The bone lengths
are depicted on the graph measured in standard deviations from normal age and sex
matched controls in the sequence of distal phalanges (order digits 5-1), middle
phalanges (order digits 5-2), proximal phalange (order digits 5-1), and metacarpals
(order digits 5-1). The MCPP of individual V-6 shows an extremely short first
metacarpal and middle phalanges and first metacarpal. Individual VI-1 shows the

same general pattern as V-6 but is a much less severe case.
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Figure 4.3. (A) Schematic representation of the microsatellite markers bounding
the region of potential linkage to BDA1 located on chromosome 20q11, including
genes within the candidate region (B). The structure of the candidate gene GDF5, and
a partial amino acid sequence alignment, are also shown (C & D). Upward arrows
indicate the position of conserved cysteine residues. The amino acid sequence of the
mutant p.Arg399Cys mutation (denoted by an asterisk and box) was aligned with

GDF3

KRPSKNLKA
KRPSKNLKA
KRPSKENLKA
KRPSKNLKA
KRPTENPKA
KRPSKNLKP
KRPNENSKA
KRHGKKSRE
RGHGRRGRS

CEREALHYNFKDMOGWDEIW T TAPLEYEAFHCEGL CE
CEHREALHVNFRIMGWDDWITAPLEYEAFHCEGLCE
CSREALHVNFKDMGWRDW L LIAPLEYEAFHCEGLCE
CEREALHYNEK DMGWDEW T TARPLEYEAFHCEGLCE
CSREALHYNFKDMGWDDWITAPLEYEAFHCEGLCE
CSRKALHVNFKDMGWDDWI TAPLEYEAYHCLGLCE
CSKKPLMVNEKDMEWDEWI TAPLEYEAYHCEGLCE
CSKRPLAVNFKE L GWDDWITAPLEYEAYHCEGYCD
CSRKPLHVDFKELGWDDWITAPLEYEAYHCEGLCD
F Y A A

human wild-type GDF5 and with those of other species, as well as with human GDF6
and GDF7. The p.Arg399Cys mutation, which is conserved across species, is

associated with BDAL in this study.
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Figure 4.4. Analysis of the human GDF5 gene upon osteogenic differentiation in
C3H10T1/2 cells. (A) The alkaline phosphatase activity in transfected C3H10T1/2
cells is represented by Optical Density at 405 nm (ODags). The data are the means of
four individual values + SE. The T-Test (Paired Two Sample for Means) is used for
the significance of difference between the means of the empty vector, WT and mutant
GDFS5 vectors. p < 0.05. (B) Induction of Sox5/6/9 activity by wildtype and mutant
GDF5. Relative to the transfected vector only (control), wild-type GDF5 was
significantly better at inducing SOX5/6/9 activity than the p.Arg399Cys mutant
construct (p=0.01).
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Table 4.1. Sequence of primers and conditions used to amplify and sequence the

GDF5 gene.
GDF5 Primer Primer Sequence Primer Final PCR
Exon Name Annealing [MgCl2]  Product
Temperature (mM) Size

5 UTR GDF5x1F1 CGCCATTCTTCCTTCTTGG 60 15 391 bp
GDF5x1R1 AGAAAGTGAGGAGTTTGGGG

Exon 1 GDF5x1F2 TGCTGCCGCTGTTCTCTTTG 65 15 425 bp
GDF5x1R2 TGTCCTTTTGGGGTCACAGTCC

Exon 1 GDF5x1F3 CCAAACAAGGCAGGCTACAG 65 15 403 bp
GDF5x1R3 ATGCACACAGTGTCTCCCAC

Exon 2 GDF5x2F1b  TGGTGAGGTTGCAGGGAATG 68 2.0 382 bp
GDF5x2R1b  TCCAGATGTCGAACACCTCC

Exon 2 GDF5x2F2 TGGGAGGTGTTCGACATCTG 68 15 414 bp
GDF5x2R2 GTGGAAAGCCTCGTACTCAAG

Exon 2 GDF5x2F3 GGAAGGCACTGCATGTCAAC 62 15 406 bp
GDF5x2R3 TGTGTAGATGCTCCTGCCAC

Exon 2 GDF5x2F4 TCCTGCACTCCTGGAATCAC 60 15 421 bp
GDF5x2R4 CTCTTCTCTCCCACTCTTGC

Exon 2 GDF5x2F6 AAGAAGCCCTCGGACACG 58 1.5 700 bp
GDF5x2R6 GGATGCTGATGGGACTCAG

3'UTR GDF5x2F5 CTCCTCAAATCACATTTGTGC 58 15 388 bp
GDF5x2R5 TTTGGAAGGAACAGGAATGC

Table 4.2. Two-point lod scores surrounding the region of chromosome 20. At the

time of linkage analysis, individual VI:1 was not thought to be affected.

Marker Map position 0.00 0.01 0.05 0.10 0.20 0.30 0.40
D20S482 13.21 -0 -359 -166 -095 -0.39 -0.15 -0.03
D20S851 24.70 -0 236 -1.05 -056 -0.19 -0.06 -0.02
D20S604 32.94 - -0.48 0.10 0.25 0.26 0.16 0.06
D20S470 39.25 -0 -2.07 -0.79 -0.34 -0.03 0.02 0.01
D20s471 42.28 - -1.72 -0.48 -0.08 0.13 0.11 0.04
D20S912 46.71 -0 155 -0.32 0.08 0.26 0.21 0.08
D20S486 49.22 -0 -0.25 0.27 0.36 0.28 0.15 0.05
D20S601 50.81 206 201 1.82 1.59 1.11 0.64 0.22
D20S106 50.81 1.48 144 1.28 1.08 0.71 0.38 0.13
D20S914 50.81 026 025 0.20 0.15 0.08 0.03 0.01
D20S870 50.81 215 210 191 1.66 1.17 0.68 0.24
D20S865 50.81 163 159 141 1.19 0.78 0.43 0.14
D20S834 51.36 - -1.89 -0.65 -0.23 0.01 0.05 0.03
D20S478 54.09 - -1.82 -058 -0.17 0.06 0.07 0.04
D20s481 62.32 - -1.76 -0.52 -0.12 0.09 0.09 0.05
D20S480 79.91 - -0.68 -0.11 0.03 0.07 0.04 0.01
D20S171 95.70 -3.12 -1.13 -049 -025 -0.08 -0.03 -0.01
Theoretical - 215 210 1.91 1.66 1.17 0.68 0.28
Maximum?

1 The theoretical maximum lod score attainable.
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Chapter 5. Examining the genetic
contribution of BMPR1B in BDA1

5.1 Preface

The work presented in this chapter has been accepted for publication and is in
press for the European Journal of Human Genetics (2015). | have contributed to this
work through primary authorship, artwork, intellectual input, experimental design,
bioinformatics analyses and its interpretation, and the sequencing of GDF5 in both

families. Consent forms are located in Appendix A.
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5.3 Manuscript Abstract

Brachydactyly type A1 (BDAL, MIM #112500) is an autosomal dominant
brachymesophalangy, primarily characterized by hypoplasia/aplasia of the middle
phalanges of digits 2-5. There is considerable overlap in the affected bone patterns of the
brachymesophalangies. Human and mouse genetic perturbations in the BMP-SMAD
signaling pathway have been associated with many brachymesophalangies, including
BDAZ1, as mutations in IHH and GDF5 have been previously identified in BDA1 cases.
GDF5 interacts directly as the preferred ligand for the BMP type 1 receptor BMPR1B
and are important for both chondrogenesis and digit formation. We report pathogenic
variants in BMPR1B which are associated with complex BDA1. A ¢.975A>C
(p.Lys325Asn) was identified in the first patient displaying absent middle phalanges and
shortened distal phalanges of the toes in addition to the shortening of middle phalanges in
digits 2, 3 and 5 of the hands. The second patient displayed a combination of
brachydactyly and arachnodactyly. The sequencing of BMPR1B in this individual
revealed a novel c.447-1G>A at a canonical acceptor splice site of exon 8 which is
predicted to create a novel acceptor site, thus leading to a frameshift. Both mutations are
most likely to act in a dominant negative fashion, similar to the effects observed in
BMPR1B mutations that cause BDA2. These findings demonstrate that BMPR1B is
another gene involved with the pathogenesis of BDAL and illustrates the continuum of

phenotypes between BDA1 and BDA2.
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5.4 Introduction

The brachydactylies constitute a collection of human digit phenotypes
characterized by varying patterns of bone hypoplasia and malformed interphalangeal
joints which leads to shortened or absent tubular bones in the hands and/or feet. Genetic
studies in humans and mice have revealed that most brachydactylies are attributed to
perturbations in the bone morphogenetic protein (BMP) signaling pathway, specifically
targeting the ligands, their antagonists and cognate receptors at the cell surface (Stricker
and Mundlos, 2011).

Although the brachydactylies are isolated traits, there is considerable overlap in
the pattern of the affected bones. For example, Ploger et al. (2008) described a BDA2
(MIM #112600) family where some of its affected members displayed shortened middle
phalanges of digit 2, a classic BDA2 feature, along with various degrees of shortening of
the middle phalanges of digits 3 and 4. Seemann et al. (2005) described another variation
where in some patients the shortening of the middle phalange of digit 2, and to a lesser
extent digit 5, resembled Temtamy-type BDA4 (MIM %112800) (Temtamy and
McKausick, 1978). The phenotypic overlap is suggestive of a common genetic pathway in
phalangeal and metacarpal bone development. The work performed by described in
Chapter 4, Byrnes et al., (2010) and Degenkolbe et al. (2012) illustrated this point
through the discovery of missense mutations in the growth differentiation factor 5 gene
(GDF5) in patients diagnosed with BDAL, an autosomal dominant brachymesophalangy
usually associated with mutations clustered in the central region of the N-terminal
signaling fragment of Indian hedgehog (IHH) (see Chapter 3 and Byrnes et al., 2009).

Dominant mutations in GDF5 were previously associated with four human conditions;
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I.e., angel-shaped phalango-epiphysea dysplasia (ASPED; MIM 105835) (Gutierrez-
Amavizca et al., 2012; Holder-Espinasse et al., 2004), BDA2 (Seemann et al., 2005;
Kjaer et al., 2006; Ploger et al., 2008), BDC (MIM #113100) (Polinkovsky et al., 1997,
Thomas et al., 1997; Everman et al., 2002; Schwabe et al., 2004; Savarirayan et al. 2003),
multiple synostosis (SYNS2; MIM #610017) (Dawson et al., 2006; Degenkolbe et al.,
2013) and symphalangism proximal 1B (SYM1B; MIM #185800) (Seemann et al., 2005;
Wang et al., 2006; Yang et al., 2008), whereas severe chondrodysplasias of the Hunter-
Thomson (MIM #201250) (Thomas et al., 1996), Grebe (MIM #200700) (Thomas et al.,
1997; Faiyaz-Ul-Haque et al., 2002; Al-Yahyaee et al., 2003), and Du Pan (MIM
#228900) (Faiyaz-Ul-Haque et al., 2002) types were attributed to homozygous loss-of-
function mutations.

The GDFs, like the bone morphogenetic proteins (BMPs), belong to the TGF-3
superfamily of secretory signaling molecules which have diverse biological functions
such as embryonic development and patterning, tissue homeostasis, immune response,
reproduction and skeletal formation (reviewed in Massague, 2012). GDF5 is a well
established osteo- and chondroinductive cytokine which preferentially binds with higher
affinity to BMP receptor type-1B (BMPR1B) than to receptor type-1A (BMPR1A)
(Kotzsch et al., 2009; Mueller and Nickel, 2012). These transmembrane serine-threonine
kinase receptors belong to the TGF- receptor superfamily. The mammalian BMP
receptors are subclassified into 7 BMP type-1 receptors and 5 BMP type-2 receptors.
BMPR1A and BMPR1B closely resemble the amino acid composition of the activin
receptor class 1 (ACVR1/ALK2), the gene responsible for fibrodysplasia ossificans

progressive (Shore et al., 2006; Lin et al., 2006; Nakajima et al., 2007; Furuya et al.,
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2008; Bocciardi et al., 2009; Kaplan et al., 2009; Petrie et al., 2009; Barnett et al., 2011).
Phylogenetic analyses of the BMP type-1 receptor family suggest that both BMPR1B and
BMPR1A co-evolved and are derived from the drosophila thickveins receptor (TKV)
(Schmierer and Hill, 2007), a receptor essential for visceral mesoderm patterning
(Affolter et al., 1994).

Bmprla null mice are not viable, but mice carrying the inactivated Bmprla allele
in chondrocytes exhibited hypoplasia of the long bones (Yoon et al., 2005). The skeletal
defects of Bmprlb null mice were restricted to the phalanges which displayed
brachydactyly (Baur et al., 2000; Yi et al., 2000; Yoon et al., 2005), similar to the GDF5
null mutant brachypodism mouse (Storm et al., 1994). Yoon et al. (2005) demonstrated
the functional redundancy of Bmprla and Bmprlb in chondrogenic differentiation by
comparing the skeletal phenotypes in Bmpr1a®<®, Bmprib™, and Bmpr1a®<®; Bmprib™
mice. The latter resulted in the absence of skeletal elements normally formed through
endochondral ossification. Bmprlb is the major transducer of BMP signals in early limb
mesenchymal condensations (Zou et al., 1997). Upon ligand binding, heterotetrameric
formation of BMP type-1 and BMP type-2 receptors occurs at the cell surface. This
event triggers the intracellular transphosphorylation of the BMP type-1 receptor which
results in the phosphorylation of intracellular receptor-regulated SMADS (R-SMADYS)
causing it to translocate to the nucleus where it regulates transcriptional targets (Nohe et
al., 2004, Schmierer and Hill, 2007). Dominant mutations in the BMPR1B gene are
associated with BDA2, BDC-SYML1 (Lehmann et al., 2003 and 2006), and idiopathic

pulmonary arterial hypertension (IPAH) (Chida et al., 2012) whereas homozygous loss-
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of-function mutations cause acromesomelic chondrodysplasia (Demirhan et al., 2005 and
Graul-Neumann et al., 2014).

We have a collection of BDA1 probands that do not carry any mutations in either
GDF5 or IHH and have been excluded for linkage to the BDA1 locus at chromosome
5p13.3 (BDA1B; MIM %607004). Since GDF5 interacts directly with BMPR1B, we
tested whether a subset of the probands in our cohort had mutations in the BMPR1B gene.
We report the identification of two novel mutations in BMPR1B which are associated

with BDAL.

5.5 Materials and Methods

Ethics approval
This study was approved by the research ethics boards of the Ottawa Hospital and
the Children's Hospital of Eastern Ontario. Genetic testing required voluntary informed

consent by the patient or his/her legal guardians.

Clinical assessment

A collection of genomic DNA (gDNA) from individuals presenting with BDA1
features and who were previously found not to have BDA1-causing mutations in IHH and
GDF5 were assessed for BDA1-causing mutations in the candidate gene BMPR1B.
When possible, molecular and clinical assessments of additional family members were

performed.
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Metacarpophalangeal pattern profile (MCPP)

MCPPs were performed on standardized hand radiographs by SN. The length of
each hand bone, excluding the wrist bones, were measured using the software ANTRO
(Hosenfeld et al., 1991) and adjusted for age and sex as described in Armour et al.,
(2000). Tubular hand bones with a SD < -2 were classified as being disproportionately

short, whereas those with a SD > +2 indicated disproportionately long bones.

Molecular analyses

Genomic DNA was extracted and column purified from whole blood using QIA
Blood Mini Kit (Qiagen) as per manufacturer protocol. Whole blood was obtained by
venipuncture into EDTA vacutainers (Becton-Dickenson). Purified genomic DNA from
each patient was amplified with primer pairs specific to each exon of BMPR1B. Each
primer pair was designed by ExonPrimer (www.ihg.gsf.de/ihg/ExonPrimer.html) to flank
at least 50 bases from each intron-exon boundary as listed in Supplementary Table S5.1.
Amplification with each primer pair was performed in a 50 pl reaction as follows: 50 ng
template, 10 uM forward and reverse primer, 10 mM dNTPs (Roche), 2.0 mM MgCl.
(Sigma-Aldrich), 10X PCR buffer (100 mM Trizma®-HCI pH 8.3, 500 mM KCI; Sigma-
Adrich) and 1U rTag (Sigma-Aldrich). Cycling conditions were set at 95°C 5 min initial
denaturation, followed by 30 cycles of 95°C 45 s denaturation, 55°C 30 s annealing, 72°C
30 s extension, and a final extension at 72°C for 10 min. All PCR samples were analyzed
on a 2% agarose gel and stained with 5 mg/ml EtBr. PCR samples were either treated
with ExoSap-It (USB) or isolated and purified with QIAquick Gel Extraction Kit
(Qiagen). A 2 ul aliquot sample was prepared for BigDyeV3.1 terminator sequencing on

an AB 3730xI genetic analyzer (Life Technologies) as described in Byrnes et al., (2010).
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Amplification primers were used for sequencing in both directions. Unincorporated dye-
terminators were either removed from each sequencing reaction by ethanol precipitation
or by SPRI magnetic beads (Agencourt® CleanSeq®) on a Biomek® FX automated

workstation (Beckman Coulter).

In-silico analyses

All electropherograms were generated and viewed individually using Sequencing
Analysis Software (Applied Biosystems) or uploaded onto FinchTV (Geospiza, Inc) to
examine sequence quality. Each sequence was aligned to the human reference build
HG18 using BLAT (UCSC Genome Browser Tools) to identify any sequence
mismatches. A novel sequence variant was defined as not being present in doSNP142,
Genome Variants, Human Gene Mutation Database or Exome Variant Server. Sequence
variants meeting this criterion were evaluated for pathogenicity using PolyPhen-2 VV2.2.2
(Adzhubei et al., 2010) and SIFT (Kumar et al., 2009). Sequence variants that aligned
within annotated splice sites were evaluated with online web services Human Splice
Finder V2.4.1 (Desmet et al., 2009), SplicePort (Dogan et al., 2007) and Alternative
Splice Site Prediction (Wang and Marin, 2006). ENSEMBL Transcript ID:
ENST00000515059 was used as input sequence for all of the splice prediction services.
Sequence variants were deposited at http://database.LOVD.nl/. Multiple sequence
alignment of BMPR1B from human (AAH47773.1), mouse (AAH65106.1), sheep
(NP_990463.1), and chicken (NP_001009431.1) was performed using ClustalOmega with
default parameters. Cn3D v4.3 (NCBI tools) was used to visualize the location of

BMPR1B mutations superimposed on the crystal structure of BMPR1B (PDB ID:
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3MDY_A). VAST (NCBI tools) was used to align structure neighbors (PDB IDs:

4C02_A and 1B6C _B).

5.6 Results
5.6.1 Clinical findings

Family-1

The proband was a well, developmentally normal 16 month old Caucasian female,
the first child born to a pair of healthy and unrelated parents (Figure 5.1A). No
complications were noted during the pregnancy and she was born at term with a birth
weight of 3410 g and length of 52 cm. Both parents appeared normal and did not exhibit
any hand or foot anomalies. The proband’s stature was average (height 75" percentile,
head circumference 50" percentile), but her index fingers were very short and the fifth
fingers were slightly short with ulnar curvature (Supplementary Figure S5.1A). The face
appeared square with a small chin. The eyebrows were dramatic as they extended further
laterally. The nose displayed a broad root, scooped bridge and small upturned tip. The
philtrum had a very mild groove and the vermilion borders of the lips appeared normal.
The thorax and abdomen appeared emaciated with thin skin, prominent vascular
patterning, rounded shoulders, abdominal protrusion and an umbilical hernia. There was
no indication of organomegaly. The genitalia and anus appeared normal. The hands and
feet, however, displayed remarkable bone anomalies. The palmar creases were normal
but digital creases were reduced at the distal interphalangeal joints. Examination of the
feet revealed shortened big toes. The second toes were very long with moderate

syndactyly between toes 2 and 3. Hand radiographs showed a slightly reduced size of the
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terminal phalanx of the thumbs (S. Nikkel, personal communication, 2010). The index
fingers lacked middle phalanges and the fifth digits had very small middle phalanges.
Radiographs of the feet displayed two phalanges in all of the toes, the terminal phalanges
being very short (S. Nikkel, personal communication). The MCPP revealed the presence
of a short distal and proximal phalange of both thumbs, a shortening of the terminal and
middle phalanges of digit 3, severe shortening of the middle phalanges of digit 2, and a
slight shortening of the middle phalanges of digit 5 (Figure 5.1A). The bones that make
up digit 4 appeared to be normal. Cytogenetic analysis revealed a normal karyotype; i.e.

22 autosome pairs and one sex pair of XX.

Family-2

The proband who was of African descent born to healthy and unrelated parents
(Figure 5.2A) was initially seen at 11 months of age. The child sat, unsupported at 7
months, stood with supports at 11 months and walked at 14 months of age. Mild
developmental delay was noted with speech and toileting delay, poor motor coordination
and brachydactyly of the hands. All fingernails were present and there was no facial
dysmorphology. A younger brother who had normal hands and feet also had speech
delay. By age 9 years, the proband was doing well at school with extra support, had good
hand function and was not dysmorphic. A hand radiograph taken from the proband
displayed small cube-shaped middle phalanges of digit 2 and small trapezoid-shaped
middle phalanges of digit 5 in both hands (Figure 5.2B). The middle phalange of digit 2
displayed a socket-like groove for the epiphysis of the proximal phalange. Clinodactyly
in both the fifth digits and the right thumb was observed in the proband. There were no

remarkable hand bone features in the parents (Supplementary Figure S5.1B). The MCPP
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from both hands revealed moderate shortening of the distal phalanges of digits 1 and 2,
shortened proximal phalange of digit 1, and severe shortening of the middle phalanges of
digits 2 and 5 (Figure 5.2C). The proband had a normal karyotype and was excluded for

Fragile X.

5.6.2 Two novel sequence variants in BMPR1B are associated with
BDAL-like phenotypes

The 16 month old female patient in Family-1 did not carry a mutation in either
IHH or GDF5. Sequencing of the BMPR1B gene revealed a novel heterozygous
€.975A>C (p.(Lys325Asn)) in her, but the variant was not found in the mother. The
biological father was reported to have no hand or feet anomalies, but was unavailable to
study. The sequence variant was not identified in any of the public variant databases
including dbSNP142, Personal Genomes, HGMD and Exome Variant Server. Moreover,
we sequenced 100 controls which comprised of healthy Canadian individuals and did not
identify this variant in exon 10 of BMPR1B. The asparagine substitution at residue
position 325 was predicted by both SIFT (score = 0) and PolyPhen-2 (score = 1) to be
pathogenic. A ClustalOmega multiple alignment of the peptide sequence of BMPR1B
from human, mouse, chicken and sheep positioned Lys325 within a highly conserved
region of the cytoplasmic protein kinase domain (Figure 5.3).

We also report on an individual of African descent with a mix BDAL1-
arachnodactyly condition. All three family members did not have a mutation in either
IHH or GDF5. The sequencing of BMPR1B revealed a heterozygous c.447-1G>A
(HG19 NC000004.11:9.96046133G>A) in only the proband and mother. The sequence

variant was not observed in 100 sequenced controls nor in any public variant databases.
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The nucleotide substitution occurred in a constitutive acceptor splice site for exon 8 of
BMPR1B where the last two nucleotides AG are highly conserved in the consensus
acceptor splice site sequence YYTT(Y)sNCAG | G (Senapathy et al., 1990). The Gto A
transition was predicted to abolish the 3” splice site and to create a novel 3’ site just one
nucleotide downstream at position c.447 (Table 5.1). This would result in a translational
frameshift of one nucleotide which in turn produced a truncated peptide of 162 amino
acids (Figure 5.7). The two novel sequence variants as described above were deposited at
the LOVD database with LOVD ID numbers 0000053136 (¢.9775A>C) and 00029686

(c.447-1G>A).

5.6.3 Mutation distribution of BMPR1B

BMPR1B encodes for a 502 amino acid protein with three main functional
domains, an extracellular ligand binding domain; namely, a single transmembrane
domain, and an intracellular protein kinase domain. We found that the majority of
mutations that have been shown to be associated with brachymesophalangies in BMPR1B
resided within the protein kinase domain (Figures 5.3 and 5.4). The superimposition of
missense mutations onto the 3D model of BMPR1B suggest that mutations which are
associated with BDAL and BDA2 are found on the surface of the cytoplasmic region of
BMPR1B, whereas the mutation that is associated with IPAH is buried within the core of

4 alpha helices (Figure 5.5).

5.6.4 BMPR1BYs3254sn regides in a structural conserved motif

A VAST structure alignment of closely related cytoplasmic peptide chains

revealed a conserved stretch of 23 residues: TQGKPAIAHRDLKSKNILVKKNG (Figure
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5.6). This motif in BMPR1B was also observed in ACVR1 and TGF-f type-1 receptors,
and corresponded to an outward facing beta strand at the kinase domain containing the

predicted p.(Lys325Asn) (Figures 5.4 and 5.5).

5.7 Discussion

Mutations in either IHH or GDF5 have been previously shown to be associated
with BDAL. In this study we describe two novel sequence variants in the human BMP
receptor type-1B gene (BMPR1B) that are associated with BDA1-like conditions in two
unrelated individuals. In the first BDAL-like case, a c.975A>C is predicted to cause a
p.(Lys325Asn) substitution next to the serine-threonine kinase active site in the C-
terminal domain of BMPR1B. The lysine substitution was predicted to be pathogenic. It
is possible that the exchange of a positively charged amino acid like lysine for an
uncharged asparagine residue could result in a loss of kinase activity, similar to the effect
observed in the study describing the BDA2-causing mutation p.l1le200Lys (Lehmann et
al., 2003). In the same study, a recombinant chicken Bmprlb expression vector
containing the BDA2-causing mutation p.R486W was found to retain normal kinase
activity despite a demonstrated strong inhibitory effect on chondrogenesis in micromass
cultures. The serine-threonine domain of BMP type-1 receptors serves two purposes in
establishing the proper intracellular response upon ligand binding: 1) phosphorylation of
the R-SMADs, and 2) proper complex formation between type-1 and type-2 receptors
(Nohe et al., 2002, Ehrlich et al., 2012). Thus, an alternative pathogenic mechanism to
consider is the disruption of the formation of the heterotetrameric complex. The BDA1-

associated variant ¢.975A>C (p.(Lys325Asn)) was located in a highly conserved structure
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motif (Figure 5.6) where exact function, and may well involve receptor complex
formation. The proper formation of the complex has been shown to affect the avidity for
ligands (Sebald et al., 2004) and it is possible that p.(Lys325Asn) could disrupt the
strength of ligand binding to receptor complexes which include BMPR1B and BMPR1A.
Recently, it has been shown that in-vitro SMAD reporter assays of BDA1-causing
mutations in GDF5, p.Arg399Cys and p.Trp414Arg resulted in a more severe reduction
in BMPR1A signal as compared to BMPR1B (Degenkolbe et al., 2013). The authors
suggested that a disruptive BMPR1A signaling could be the key pathogenic feature
involved with causing BDA1. An evaluation of the effects of p.(Lys325Asn) in SMAD
signaling could further support the group’s model.

The second BDAL case carried a novel heterozygous substitution, ¢.447-1G>A,
within a canonical acceptor splice site of exon 8 of BMPR1B. Mutations within acceptor
splice sites have been previously shown to cause exon skipping and intron retention
which could translate into a truncated peptide (Licatolosi and Darnell, 2010). The
predicted consequence of ¢.447-1G>A on the splicing of BMPR1B pre-mRNA would be
the creation of an adjacent acceptor splice site at ¢.447 (Table 5.1, Figure 5.7). Since the
predicted resulting transcript would encode only 13 additional codons before premature
termination, it could be subjected to nonsense mediated decay (Maquat, 2004). If this is
the case, then the BDAL condition of the proband would be a result of haploinsufficiency
of BMPR1B. Alternatively ¢.447-1G>A could act as a hypomorphic allele similar to
what was described in a mouse mutant Ali30 carrying a T to G transversion in the splice
donor site of exon 10 of Bmprlb (Graw et al., 2012). These mutant mice exhibited

brachydactyly in addition to retinopathy. Although the mother carried the ¢.450-1G>A
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variant, she did not exhibit the brachydactyly features observed in her son. It is possible
that the environment and/or genes other than IHH and GDF5 could have modified the
expression. Interestingly, the proband exhibited restricted arachnodactyly features.
Contractual arachnodactyly combined with brachydactyly and sensoneural hearing loss
has been primarily reported in a single case study (Alpteken et al., 2005), but our
patient’s hearing was unremarkable. Further, there were no indications of visual
impairment as seen in the mouse mutant Ali30. Long skeletal elements are classical
features of Marfan syndrome (MIM #154700) which has been previously linked to
mutations in the fibrilin-1 gene (Collod-Beroud et al., 2003). It is unclear if the splice
sequence variant in this family is contributing to the disproportionate lengthening of
digits 3 and 4. Further functional characterization is needed to address this concern.

We did note the remarkable similarity in MCPP of both probands. There are also
phenotypic similarities between our patient and the ones described with BDA2-causing
mutations in BMPR1B. Our patient with the c.975A>C (p.(Lys325Asn)) variant has a
similar missing middle phalange of digit 2 as does the BDA2 patient with the p.1le200Lys
mutation (Lehmann et al., 2003). Unlike the reported BDA2 cases, both of our patients
displayed the shortening of the proximal and distal phalange of the thumb which is also
distinct from BDC. These differences could be attributed to the position of the mutations
within BMPR1B, similar to what has been observed in GDF5 for BDA1, BDA1/SYNS2,
and BDA2 (Degenkolbe et al., 2013).

In summary, we identified two novel sequence variants in BMR1B which are
associated with BDA1-like phenotypes. These variants were positioned in or near the

coding region for the intracellular region of BMPR1B. Their effects are predicted to
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disrupt SMAD signaling either in a dominant-negative fashion (c.975A>C) as a result of
disrupting the formation of a receptor complex with the wildtype protein, or by
haploinsufficiency (c.447-1G>A) as a result of nonsense mediated decay. Hence, our
study further supports the role of the BMP-SMAD pathway in brachymesophalangies and

partially reveals the nature of structurally conserved domains of BMPR1B.
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Figure 5.1. BMPR1BLYs3%54sn js gssociated with BDAL. (A) Results of the MCPP are
plotted as the standard deviation (SD) for each hand bone measured in the proband. MCPP of
the hands indicate the shortening (SD < -2) of the proximal and distal phalange of digit
1, the distal and middle phalange of digit 3, and the middle phalange of digits 2 and 5.
Distal phalange (DP). Middle phalange (MP). Proximal phalange (PP). Metacarpal
(MC). Standard deviation (SD). (B) The sequencing of BMPR1B in the proband
revealed a heterozygous ¢.975A>C (p.(Lys325Asn)). The mutation is highlighted in
red font which is displayed in the sequence below the electropherogram and in the
partial peptide sequence.
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Figure 5.2. A donor splice site variant c.447-1G>A is associated with a complex
BDAL condition. (A) The sequencing of BMPR1B in three family members revealed
a c.447-1G>A in the proband (11:1; marked with a black arrow) and his mother (1:2).
Hand radiographs of each family member are displayed above its respective
electropherogram. A pedigree of the family is shown to the left of the hand
radiographs. A filled symbol represents an affected family member with BDA1. (B)
Results of the MCPP are plotted as the standard deviation (SD) for each hand bone
measured in the father (1:1; pink), mother (1:2; light blue), and proband (11:1; dark
blue). MCPP of the family members displays extreme shortening of the proximal
phalange of digit 1 and of the middle phalanges of digits 2 and 5 only in the proband.
There are disproportionately long proximal phalanges of digits 3 and 4 in both the
proband and mother. Distal phalange (DP). Middle phalange (MP). Proximal
phalange (PP). Metacarpal (MC).
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Figure 5.3. Mutation distribution across the species conserved intracellular region
of BMPR1B. Mutations that are associated with the human conditions BDA1, BDA2,
BDC/SYML1, IPAH and acromesomelic chondrodysplasia-type Grebe are marked above
their respective residue position along the multiple sequence alignment of the BMPR1B
protein from human (Hs), mouse (Mm), chicken (Gg), and sheep (Oa). Pfam protein
domains, Transforming growth factor beta type-1 GS-motif (PF08515.7) and Protein
kinase domain (PF00069.20) and are depicted below the alignment as orange and blue
bars, respectively. The high degree of amino acid sequence conservation throughout
BMPR1B is indicated below the amino acid sequences by the symbol “*”, whereas any
deviation from sequence identity is indicated by “:”. The Genbank accession 1Ds used for
the ClustalOmega alignment are AAH47773.1 (Hs), AAH65106.1 (Mm), NP_990463.1
(Gg), and NP_001009431.1 (Oa).
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R486Q

C53R S160N 1200P W219X K325N F392L R486W
Activin ™ *ng_l Protein kinase I_(%
¢.359delATGGACCT
c.447-1G>A

FSTQGKPAIAHRDLKSKNILVKKNGT BMPR1B
VGTQGKPATAHRDLKSKNILVKKNGT TGFBR1
FGTQGKPAIAHRDLKSKNILVKKNGQ ACVR1

VAST conserved B-strand

Figure 5.4. Mutation spectrum of BMPR1B. With the exception of two mutations
that are associated with acromesomelic chondrodysplasia, mutations in BMPR1B are
found in the intracellular signaling region. BDAL (red font), BDA2 and BDC/SYM1
(black font), acromesomelic chondrodysplasia (dark blue font), and IPAH (purple
font). Transmembrane domain (TM). TGF-GS (Transforming growth factor p GS
domain). The location of a predicted VAST conserved p-strand using BMPR1B,
TGFBR1 and ACVR1 as templates (also see Figure 5.6) is shown below the protein
kinase domain.

Q BDA1

@ B5DA2 BDC/ISYMH

Q© PaH

Figure 5.5. BDA1 and BDA2 mutations are found on the outer edge of the
intracellular region of BMPR1B. A Cn3D (v4.3) tube view of the intracellular
region of BMPR1B (PDB ID: 3MDY _A). Secondary structures are colored as
follows: Alpha helices in green and beta strands in brown. Amino acid substitutions
are described next to each colored ball for a specific human condition; yellow
represents BDA1 p.(K325N), purple is for BDA2 (p.1200P, p.R486Q and p.R486W)
and BDC/SYML1 (p.R486Q), and orange is associated with IPAH (p.F392L).
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Figure 5.6. BMPR1BLYs3%54sn resides in a conserved structural motif. Three
peptide chains from BMPR1B (3MDY _A.pdb), TGF-B Superfamily Receptor 1
(1B6C_B.pdb), and ACVR1/ALK2 (4C02_A.pdb) were aligned using VAST (NCBI
Tools) to identify structural similarities in their 3D conformations. The numbering
above the aligned sequences refers to the starting position of the alignment of all three
peptide chains. The BDA1 mutation p.(Lys325Asn) (black arrow) is located in a
structural conserved region (underlined amino acids) starting at the VAST alignment
position 149 and ending at position 171. Identical residues within conserved
structures are highlighted in yellow. Blue colored letters represent aligned but non-
identical residues. Unaligned residues are colored in grey.
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Table 5.1. Partial list of splice site predictions on mutant ¢.447-1G>A. Three
online splicing prediction services, Alternative Splice Site Prediction (ASSP), Human
Splice Finder (HSF) and SplicePort (SP) were used to evaluate the genomic region
(HG19 NC000004.11) inclusive of BMPR1B exons 7-9 for ¢.447-1G>A. The mutant
acceptor site was predicted to create a novel acceptor site at ¢.447. HSF consensus
values greater than 80 were displayed except in the case of the mutant sequence.
Variation values between wild-type and mutant sequences are expressed in
percentages and are displayed within parentheses. N/A = not identified by prediction.

Putative . ASSP HSF SP
splice site Position Sequence Cons
p Score Conf. : MaxEnt Score
Value
Cryptic C.447-112 | tattatatttagGT | 4.396 | 0.528 81.30 7.18 -1.0843
acceptor
Constitutive | 117 15 | atccatctitagGT | 8.856 | 0.451 |  83.39 10.56 1.14746
acceptor
Mutant 77.85 5.55
acceptor c.447-1 atccatctttaagTA 3.291 0.709 (59.2%) (332.22%) -0.147124
Cryptic
acceptor c.447 acctcgatacagCA N/A N/A 82.57 N/A -3.19676
Cryptic
acceptor c.558 ctcagagctcagGA N/A N/A 83.9 N/A -4.45218
Cogsotr']tg:"’e c.586 CTGgtatga | 9.500 | 0.347 | 84.11 6.69 -0.245188
Cryptic c.588+104 | agctctatgcagTC | N/A N/A 82.68 3.34 -4.23626
acceptor ) ' ) )
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A
\ 5‘/\3‘ /\ /
ctttagGT
//— Exon 7 —cittaagT Exon 8 — Exon 9 ﬁ//
c.447-1G>A

Predicted splicing event

B
1....MLLRSAGKLNVGTKKEDGESTAPTPRPKVLRCKCHHHCPEDSVNNICSTD....50
51...GYCFTMIEEDDSGLPVVTSGCLGLEGSDFQCRDTPIPHOQRRSIECCTERN....100
101..ECNKDLHPTLPPLKNRDFVDGPIHHRALLISVTIVCSLLLVLIILFCYFRI....150
151..KDKKPDLDTALG*....162

Figure 5.7. Predicted splicing event for c.447-1G>A at exon 8 results in truncated
peptide. (A) Selective view of exons 8, 9 and 10 of BMPR1B. Constitutive splicing
is illustrated with black lines above the introns. The predicted splicing event for
c.447-1G>A in intron 7 is highlighted in red resulting in exon 7 splicing into exon 8 at
c.447. (B) The abnormal splicing event would cause a frameshift, adding 13 residues
(grey highlight) before premature termination.
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5.12 Manuscript Supplementary Information

Supplementary Table S5.1. Primer details for BMPR1B. Primer sequences were
designed by ExonPrimer to amplify each exon of BMPR1B in human gDNA. Ta=
anneling temperature.

Exon Amplicon Ta Forward sequence Reverse sequence

length (°C)

(bp)

1 225 62 AGCCGAGGAGCGAGAGG CTCGGGAACTCGGCCAC
2 262 55 ATGTATTACCATGATTCTGC TCTGTTAACTTCAGCATACC
3 295 55 GTAACATGCACACAGAGG TCATTAGCTTTGACATGC
4 331 55 AATGTAATCTCATGTTTTCG GTTCTTTGAAACACTAGCC
5 302 55 GCAATAAAACAAATGATACAC AAAAGAATGGTTTTATCTTG
6 324 55 GTGTTTGAGTGAAATTGTTAG TGGTACAGGTAGATTGAGAG
7 274 55 ATTTTGTGCGTGATACTTAG GGCAAAAGCAGAATATTAG
8 296 55  GTGATTACCATTTTAGTTGC TAAGTGAAACCCCATATTC
9 368 55 CAGTAATCGTTTCTTCTCTG AGACAGATGAGTTAACATGC
10 495 55  AATTGAATGAAATGCTAAAC TATCCTAGAAGCACTGCG
11 368 55 CTAACTAAAGCCATTGTTTC AACCAGATCTTATAGACAGTATG
12 293 55 TCCTTTGAGAACTGTGTTAG TCAATATGTGGAATTTTAGC
13 a 638 55 CAAACTTAATGAACCTAAAAC TTAATTTACCTTCCAGCAG
13 b 631 55 TTTGCCAAAATAAAACAG TTACCTCTATTTGAAAGCAC
13 ¢ 623 55 CATCTCTTTCATGGTAAAAC AATAGTGAATTGAGCATCAC
13 d 605 55 TAAAATCAATATGGTTGGAG GATTCTCCCAAACTGTAAG
13 e 630 55 AACATTTTCCTCACTTCTG GCTTAATTTCAAATCATCAC
13 f 635 55  ATCATCTACAAAACAACAGG ACTCTTCTTAGTCTTTGAAATAG
13 g 617 55 AAAATTTCTAGTGGCTCAG AATGAATATGTATGACTGTAGG
13 h 633 55 AATGAATATGTATGACTGTAGG CAATGGGATATTTTCAAAG
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Chapter 6. Evaluation of the BDA1B
locus on chromosome 5p13.3

6.1 Preface

Cis-regulatory elements control the expression of developmental genes both
spatially and temporally. Traditional positional cloning strategies for Mendelian based
disorders mainly focus on identifying causal variants in the coding sequences. In this
chapter | describe the evidence for an intergenic cis-regulatory variant which eluded
detection in our earlier mutation screening strategies. The work described in this chapter
has been submitted for publication. The paper has been formatted for this thesis and
includes additional work related to the project. Additional investigation and data not
included in the manuscript but still pertinent to the project was included as
Supplementary Figures and Tables which is located after the cited references. Primer
sequences which were used for the initial characterization of the BDA1B locus are listed
in Appendix B. | have contributed to this work through primary authorship, artwork,
targeted enrichment design, aCGH design, and all bioinformatics analyses. | have also
performed all of the Sanger sequencing of transcriptional units, which were not assessed
by previous students, preceding the high-throughput resequencing of the BDA1B locus,
all in-vitro reporter assays and real-time quantitative PCR assays. Furthermore, | have
contributed to the sectioning and photography work of the transgenic embryos. Consent

forms are located in Appendix A.
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6.3 Manuscript Abstract

Brachydactyly type A1 (BDAL; MIM #11250) is a rare autosomal dominant trait
primarily characterized by bilateral hypoplastic/aplastic middle phalanges. We
previously mapped a locus for BDA1 to 11 cM at chromosome 5p13.3 (BDA1B; MIM
%607004) in a single 7 generation Canadian family. We hypothesized that a gene within
the BDA1B critical region was necessary for phalangeal formation and elongation. The
subsequent sequencing of all protein coding genes in the linked region did not reveal a
BDAI1 causal variant. Furthermore, we did not identify any large genomic
rearrangements across the region as determined by 3-color FISH, nor did we detect copy
number changes using whole genome 500K SNP array. To provide a higher sensitivity
of mutation detection, we performed a targeted high-throughput sequencing of the
BDA1B locus. Here we report that a novel 9.5 kb microduplication downstream of
NPR3, which codes for the natriuretic peptide clearance receptor, is associated with
BDAL1 in two unrelated families. Noncoding conserved sequence elements located within
the microduplication behaved as temporal and tissue specific enhancers in an in-vivo
reporter assay. We also showed an upregulation of NPR3 and PDZD2 expression in

patients' fibroblasts, suggesting distal enhancer effects on dosage sensitive genes.

6.4 Introduction

Vertebrate skeletal development involves the precise orchestration of many
complex signaling networks across specific tissue compartments at specific
developmental timepoints. Genetic network maps have been instrumental in describing
the interaction between signaling pathways and several key regulators of skeletal
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development, such as BMPs and FGFs. Although there has been progress in
characterizing many of the key molecules in skeletal formation, the spatial and temporal
regulation of these factors in phalangeal formation and elongation are not fully
understood.

The human genome is composed of 98% non-protein coding sequence (Gregory,
2005), of which as much as 3.5% is highly conserved (Bejerano et al., 2004, 2005).
Some of these conserved sequences elicit robust reporter activity in specific mouse
tissues (Pennacchio et al., 2006), demonstrating a selective pressure to retain these
elements for the preservation of regulatory circuitry across species. Many of the
conserved noncoding sequences are enriched in developmental genes (Visel et al., 2008).
Although sequence conservation is often considered as indication of functional relevance,
the deletion of some ultra-conserved elements result in viable mice with no overt
phenotypes (Ahituv et al., 2007). Recently, distal enhancers which contribute to the
development and morphology of the craniofacial bones in mouse have been identified
(Attanasio et al., 2013). The ENCODE project has compiled a compendium of functional
elements mapping to 80% of the human genome, many of which are not associated with
protein coding sequences (ENCODE Project Consortium, 2012). Given our current
understanding of the dynamic nature of the human genome, these noncoding conserved
sequences could result in human malformations when perturbed. For example, point
mutations in regulatory sequences (Lettice et al., 2003; Wierczorek et al., 2010) and
intergenic copy number variations (CNVSs) such as deletions (Staehling-Hampton et al.,

2002; Coutton et al., 2014) and duplications (Dathe et al., 2009; Kurthe et al., 2009;
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Wierczorek et al., 2010; Klopocki et al., 2011; Yuksel-Apak et al., 2012; Lohan et al.,
2014) have been implicated in causing congenital human limb malformations.
Brachydactyly type A1 (BDA1, MIM #112500) was the first reported autosomal
dominant trait in humans (Farabee et al., 1903). It is a rare congenital hand malformation
primarily characterized by the bilateral shortening of the middle phalanges of digits 2-5
and the proximal phalanges of the thumbs. There is some evidence to support a broader
effect of genetic perturbation in BDAL as it can be associated with short stature and with
non-skeletal clinical manifestations. Thus far only IHH, GDF5 and now BMPR1B (see
Chapter 5) have been associated with BDA1 where the mutations affect the encoded
proteins’ ability to bind to its receptor, resulting in a loss of downstream signaling (Gao
et al., 2009; Byrnes et al., 2010; Degenkolbe et al., 2013). In 2002, we reported a single
7 generation family cosegregating an autosomal dominant BDAL trait (Figure 6.1A) to an
11 cM region at chromosome 5p13.3 through linkage analyses (BDA1B; MIM %607004)
(Armour et al., 2002). The critical region was further refined to a 2.8 Mb region (Figure
6.2A) yet the subsequent sequencing of the exons of all contained protein coding genes
did not reveal a causal variant (McCready, 2004; Grimsey, 2006). In order to obtain
higher resolution analysis of for detecting a mutation in the BDA1B critical region, we
performed the integrative genomics strategy built on the hybridization enrichment of the
locus in two affected family members followed by high-throughput sequencing (HTS).
We report the identification of a novel intergenic 9.5 kb microduplication 265 kb
downstream of NPR3. Our findings in this report imply the dysregulation of tissue

specific cis-regulatory sequences as a mechanism of causing BDAL.
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6.5. Materials and Methods

Ethics statement
The current study was approved by the research ethics boards of the Ottawa
Hospital and the Children's Hospital of Eastern Ontario. Genetic testing required

voluntary informed consent by the patient or his/her legal guardians.

Patients

Selected members of a seven generation Canadian family (Family-1) that
displayed a mild form of BDA1 (Armour et al., 2002), were evaluated for causal
sequence variants in novel exons and noncoding RNAs within the 2.8 Mb critical region

prior to executing the targeted sequencing of the entire BDA1B locus in two family members.

New members of Family-1 were examined by S. Nikkel and genotyped with
microsatellite markers within the BDA1B haplotype as defined by Armour et al. (2002),
McCready (2004) and Grimsey (2006). In addition to Family-1, we have established a
BDAI1 collection of BDA1-affected individuals consisting of 28 families. Of the 28, 9
probands who did not have mutations in IHH, GDF5 or BMPR1B, and were thus assessed
for any candidate causal variant resulting from the targeted sequencing of the BDA1B

locus. Hand radiographs were available for many indiviudals of our BDAL collection.

Nucleic acids extraction and isolation

Genomic DNA (gDNA) was isolated, as per the manufacturer's protocol, from
either whole blood, spit or primary fibroblasts using QIAmp DNA Blood Mini Kit
(Qiagen), Oragene:-DNA (DNA Genotek) and QIAmp DNA Mini Kit (Qiagen),

respectively. DNA was purified using ethanol precipitation after extraction with
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Oragene-DNA Kit. All PCR products were isolated and purified using QIAquick Gel
Extraction Kit (Qiagen). RNA isolation was performed as recommended by the
manufacturer with either QIAquick RNAeasy Kit (Qiagen), Purelink® RNA Mini Kit
(Ambion) or TRIzol® (Invitrogen). All RNA preparations were treated with DNAse .
DNA was quantified with a NanoDrop 1000 (Thermo Fisher). RNA quality was assessed
with a 2100 Bioanalyzer (Agilent Technologies) and only a RIN >8.0 was used for

downstream applications.

Fluorescence-based capillary electrophoresis

PCR products were preprocessed with either a QIAquick Gel Extraction Kit
(Qiagen) or treated with ExoSap-1t® (USB) as per the manufacturers’ protocols.
Sequencing in both directions was performed on each amplicon with BigDye®
Terminator V3.1 as previously described (Byrnes et al., 2010). Amplification primers
were used as sequencing primers unless specified (Supplementary Table S6.1 and
Appendix B). Excess dye-terminators were removed with either Sephadex®-G50 or by
ethanol precipitation. The sequencing reactions were loaded onto a 3130xI Genetic
Analyzer (Applied Biosystems). ABI formatted electropherograms were manually
inspected for read quality with Sequencing Analysis Software (Applied Biosystems) and
FinchTV (Geospiza, Inc), followed by BLAT alignment to human reference build hg19
(UCSC Genome Browser Tools). A bonafide sequence variant was defined as a
nucleotide mismatch or gap relative to the human reference sequence, and validated in

both forward and reverse sequencing reads.

130



Analyses for large genomic rearrangements

Three color fluorescent in-situ hybridization (3-color FISH) was performed by
TCAG (The Hospital for Sick Children, Toronto, ON) as a clinical cytogenetic service on
an immortalized lymphoblastoid cell line from an affected individual of Family-1 (P1-
74). Six BAC probe combinations were tested for any deviation in the physical order and
copy number across the critical region (Supplementary Figure S6.1A). The critical
region was also evaluated for copy number using an Affymetrix GeneChip® Mapping
500K Set on an affected individual from Family-1 (P1-09). This was performed as a
clinical diagnostic service by TCAG. A custom high-resolution NimbleGen array
comparative hybridization (aCGH) was performed by Roche-NimbleGen (Iceland) to
assess copy number across a 2.2 Mb region at chromosome 5p13.3 in a panel of twelve
test samples which consisted of two affected members of Family-1 (P1-26 and P1-64),
nine unrelated BDAL patients (P6-01, P9-01, P11-01, P15-01, P19-01, P24-02, P26-01,
P27-01, and P28-01) and one unrelated and unaffected female control sample. To
maximize the available microarray surface for testing, we chose a 2.2 Mb region which
contains the duplicated interval. A NimbleGen custom 135K x 12 array was used to
hybridize 1 ug of Cy-3 labelled test gDNA and 1 ug of Cy-5 labelled male reference
DNA per array according to the manufacturer's protocol. A high density arrangement of
probes (n = 134245) with an average spacing of 10 bp (median = 9 bp) were designed to
hybridize gDNA fragments originating from a 2.2 Mb target region at chromosome
5p13.3 with hg19 genomic coordinates 9.32567043 to 9.34764243. The relative probe
signal ratios of patient versus the reference were plotted on a log. scale. The log: ratios

were calculated as averaged normalized probe ratios in a 100 bp window with the CGH-
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segMNT algorithm (Roche-NimbleGen) and visualized using DEVA V1.2 software

(Roche-NimbleGen).

High-throughput sequencing of targeted BDA1B locus

Approximately 1 ug of gDNA from affected patients P1-06 and P1-64 were
individually fragmented and separately hybridized to a custom solid support NimbleGen
array. The 2.8 Mb critical region (hg19:9.31896378-34721586) was extended on both
sides to achieve a total of 3.2 Mb (hg19:9.31634243-34834243) for enrichment with
probes (3 probe redundancy) designed to give an expected coverage of 74%. The probe
design and hybridization service was provided by Roche-NimbleGen (Madison,WI).
Fragmented gDNA was polished then ligated with Roche 454 sequencing adapters. As
such, NimbleGen enriched fragments were primed for pyrosequencing using Titanium™
reagents on a Roche 454 FLX platform. The sequencing was performed as a service by
TCAG (Toronto, ON). Sequencing reads were automatically assembled into contigs with
GS De Novo Assembler (Roche) and aligned to human reference hgl19 with GS

Reference Mapper (Roche) after adapter trimming.

Breakpoint analyses

A PCR-based assay to evaluate the breakpoints in patients and controls was
achieved by designing outwardly facing primers (Supplementary Table S6.1) positioned
at the junction as illustrated in Figure 6.4a). Multiplex PCR on gDNA was performed in
a 50 pl reaction volume as follows: 50 ng template, 10X PCR buffer (200 mM Tris-HCI
pH8.4, 500 mM KClI; Invitrogen), 2.5 mM MgClI> (Invitrogen), 10 mM dNTPs (Roche),
10 puM each primers, 1U rTaq (Invitrogen). PCR cycling conditions on a Hybaid MBS

0.2G thermal cycler (ThermoFisher) were 95°C 5 min, 30 cycles of 95°C 30 s, 55°C 30 s,
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72°C 40 s, with a final 72°C extension for 10 min. Similarly, single PCR was performed
with each primer pair. The PCR products were loaded onto a 1% agarose gel and
electrophoresed using a Mini-Gel Sub System (BioRad) at constant voltage (65 V).
Amplified products were visualized with EtBr staining under UV. DNA fragments were
isolated and column purified after electrophoresis with QIAquick Gel Extraction Kit
(Qiagen) in accordance to the manufacturer's instructions. Expand 20 kb PLUS PCR
System (Roche) was performed as instructed by the manufacturer to estimate the size of
the duplication in a junction-positive patient. Long range PCR was performed on 50 ng
of gDNA with primers extending approximately 1 kb upstream and downstream of the
donor region (Supplementary Table S6.1). PCR cycling conditions were 92°C 2 min, 10
cycles of 92°C 10s, 55°C 30s, 68°C 18 min, followed by 20 cycles of 92°C 10s, 55°C
30s, 68°C 18 min with subsequent extension at 10 s/cycle, and ending with a final 68°C
extension for 7 min. Human B-globin primers from the kit allowed for the amplification
of a 23 kb fragment. Amplified products were electrophoresed at constant voltage (50 V)

on a 0.8% low melt agarose gel and visualized with EtBr staining under UV.

Cell cultures

Primary dermal fibroblasts and human osteosarcoma U20S cells (kind gift from
Dr. Michael Huh) were cultured on 100 mm culture plates in growth media (DMEM: 1
mM Glutamine/1 mM Glucose; 10% FBS; 5000 Units/ml penicillin-streptomycin), in a
humidified incubator at 37°C with 5% CO.. Patient fibroblasts from Family-1 and
Family-24 were derived from 5 mm skin punctures. A healthy female donor of age 40
years with no clinical features of BDA1, mentioned herein as our study’s age-matched

control, provided a dermal sample.
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The skin punctures were immediately placed in DMEM supplemented with 50
U/ml penicillin-streptomycin (Invitrogen). All of the skin punctures were sectioned into
1 mm pieces, placed in the center of a 35 mm culture dish and covered with a 10 mm
sterile glass coverslip. Growth media was carefully added to the tissue explants and left
undisturbed for 3-4 days. Coverslips were removed by sterile forceps after 7 days and the
cultures were allowed to grow for another 7 days before its expansion onto a 60 mm
culture dish. Primary fibroblasts were grown to 70-80% confluency before expanding
1:3 onto 100 mm culture dishes. All cultures were harvested with 1% TrypLE trypsin
(Invitrogen) after 2 washes in calcium and magnesium free 1X PBS (Invitrogen). Growth

media was replaced every 2 days after one wash with sterile 1X PBS.

Reverse transcriptase quantitative PCR

First strand synthesis was generated with SuperScript® Vilo™ (Invitrogen) on 1
ug of human primary fibroblast total RNA as per the manufacturer's instructions and a
two-step reverse transcriptase quantitative PCR (RT-gPCR) was performed to evaluate
gene expression. FAM™ dye-labeled TagMan® pre-validated assays for PDZD2
(Hs00389477_m1), NPR3 (Hs01099009 m1), LOC34011 (Hs03657763_m1), TARS
(Hs01080958 m1), and RAI14 (Hs00210238 m1) were evaluated for relative gene
expression in patients (P1-12 and P24-02) versus control. The TagMan® assays were
chosen to detect a specific exon-exon junction. Each target probe was individually mixed
in a 20 ul reaction consisting of 100 ng of cDNA, VIC® dye-labeled primer limiting
endogenous control ACTB (Hs99999903_m1) or TBP (Hs99999910 m1) and TagMan®
Gene Expression Master Mix. Each target assay was performed in 3 technical replicates

in standard mode on an Applied Biosystem® HT4500 Fast Real-Time PCR System.
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Relative quantification of gene expression to the age-matched control using the AACt
relative quantitation method was calculated for each target assay. Fold change was

calculated as 2-24Ct,

Generation of reporter expression vectors

Primers at 0.5 uM were designed to flank potential regulatory elements (RE)
within the donor region for amplification in 100 ng human gDNA, 200 uM dNTPs, 1 X
Phusion® HF buffer and 0.02 U/ul Phusion® High-Fidelity DNA Polymerase (NEB). The
junction amplicon [B-A] was amplified from the gDNA of a junction-positive BDA1
patient. Individual restriction endonuclease recognition sites for Kpnl, Nhel and Sacl
(NEB) were added to the 5'-end of each primer as described in Supplementary Table
S6.1. PCR cycling conditions on a Hybaid MBS 0.2G thermal cycler (ThermoFisher)
were 98°C 30 s, 30 cycles of 98°C 5's, 60-65°C 30 s, 72°C 45 s, with a final 72°C
extension for 10 min. PCR products were electrophoresed in an EtBr-preloaded 1.2%
agarose gel and briefly visualized under UV. Each purified fragment was subjected to
double digestion with the appropriate restriction endonucleases (Kpnl-Sacl: [RE2],
[RE4], [RE5], [B-A], [RE6]; Kpnl-Nhel: [RE1]; Nhel-Sacl: [RE3]) and Buffer 1 (NEB)
in a 100 pl reaction volume at 37°C for at least 3 hours. The purified inserts were ligated
with T4 DNA ligase (NEB) into the multiple cloning site of the reporter pGL-4.26
[Luc2/minP/Hygro] (Promega) at an insert to vector ratio of 3:1. Ligation products (25-
50 ng) were transformed into 100 ul of DH5a competent cells (Invitrogen) ina 17 x 100
mm polypropylene tube (BD Falcon) by first incubating the mixture on ice for 10 min,
heat-shocking at 42°C for 45 s, chilling on ice for 2 min and then incubation in freshly

prepared SOC media at 37°C for 1 hour. The transformed cells were plated on 100
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mg/ml ampicilin LB plates and grown at 37°C overnight. Ampicilin resistant colonies
were picked and grown overnight at 37°C in 5 ml LB. Reporter plasmids for each test
insert were extracted and column purified using QlAprep Spin Miniprep kit (Qiagen) as
per the manufacturer's protocol. Each reporter expression vector was verified by

sequencing with primers listed in Supplementary Table S6.1.

Cell based reporter assay

U20S cells were seeded onto a 6 well culture plate at a density of 2.0 x 10° cells
per well 24 hours before the co-transfection of 1 pg test and 100-500 ng pGL4.74[pRluc-
TK] transfection control reporters with transfection media (Genejuice® or Nanojuice®
(Novagen) transfection reagent diluted in Opti-Mem® (Invitrogen)). Transfection media
was replaced with complete growth media after 6-8 hours. The Dual-Luciferase®
Reporter Assay (DLR™) (Promega) was performed after 24 hours of transfection
according to the manufacturer's instructions. Briefly using reagents from the DLR™ Kkit,
500 pl of 1X Passive Lysis Buffer was added to each well and 20 pl aliquots were added
to 100 pl of LARII solution in a 1.5 ml microcentrifuge tube. 100 pl Stop & Glo®
solution was added after the first fluorescent reading. All fluorescent readings were
performed as a single assay on a 20/20n luminometer (Turner Biosystems). At least three

independent experiments for each assay were performed.

Mouse transgenic reporter assay

An in-vivo evaluation of the conserved elements in the donor region was
performed as described by Pennacchio et al. (2006). Briefly, two nonoverlapping test
fragments, [RE7] and [RES8], were individually generated by the amplification of human

gDNA with primers (Supplementary Table S6.2) for Gateway® cloning into pENTRO/D-
136



TOPO vector (Invitrogen). Entry clones were transferred via LR clonase™ into the
destination reporter vector containing a Gateway® cassette and a basal Hsp68 promoter
coupled to LacZ. Plasmid DNA was linearized with either Xhol or Hindlll and purified
by Montage® PCR centrifugal filters and Micropure-EZ enzyme remover (Millipore)
before pronuclear injections of 1.5-2 ng/ul plasmid into FVB/N embryos. Transgenic
embryos were harvested at E11.5 and E13.5 and prepared before staining by three 30 min
cleansings with wash buffer (2 mM MgCl, 0.01% deoxycholate, 0.02% NP-40, 100 mM
phosphate buffer at pH 7.3). Embryos were incubated at room temperature for 24 hours
in staining solution (wash buffer supplemented with 0.8 mg/ml X-gal, 4 mM potassium
ferrocyanide, 4 mM potassium ferricyanide, and 20 mM Tris at ph 7.5) followed by 3
rinses in 1X PBS and fixed in 4% paraformaldehyde. Whole-mounted embryos were
photographed with a Nikon Coolpix E4500 digital camera which was mounted on a Leica

MZ95 light microscope with an Intralux 5000-1 as a light source.

Bioinformatics

GS Referene Mapper (Roche) was used to identify sequence variants by mapping
454 sequence flowgrams, also known as sff files, to the hg18 reference genome. The
genomic coordinates of each variant was converted to hgl9 coordinates by UCSC
Liftover (UCSC Genome Tools). A separate analysis on NextGENe® software
(SoftGenetics) was performed on the 454 formatted sff sequence reads. The pipeline
consisted of a series of preprocessing, starting with the removal of sequencing adapters,
followed by the removal of low quality reads (QV < 20) and 3' end soft trimming (details
described in Supplementary Materials and Methods). Reads less than 50 bases were

finally removed before hg19 reference genome alignment at 80% of the read length.
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Sequence variants meeting the criteria of 100% and > 20% mutation call rate, were
binned into homozygous and heterozygous variants, respectively. Each patient's variants
list were annotated and filtered for known sequence variants from Exome Variant Server
(http://evs.gs.washington.edu/EVS/), our chr5p13.3 sequence variant catalogue
(Appendix C) and UCSC Genome Browser Annotation data tracks doSNP142 and
Personal Genome Variants (Karolchik et al., 2014). This was followed by genome
coordinate intersection to identify novel and shared sequence variants. Sequence variants
sharing the same genomic coordinates with known variants but having a different
annotated nucleotide change were included as novel sequence variants. The variants
were then annotated with genome features derived from UCSC Table Browser (Karolchik
et al., 2004, 2014) and prioritized for further validation and verification. Pooled single-
end reads from P1-06 and P1-64 were analyzed by NextGENe® software (SoftGenetics)
to identify large (> 100 bp) structural sequence variants by creating pseudo paired-end
reads or split-reads. These were derived from first aligning the reads at 30% with seed
length at 22 bases to the reference genome. The split-reads were aligned back to the
reference genome at 90% match. Structural sequence variants were filtered against DGV
(lafrate et al., 2004; Zhang et al., 2006; MacDonald et al., 2014), DECIPHER (Firth et
al., 2009), human chained self aligned regions (Schwartz et al., 2003), segmental
duplications (Bailey et al., 2001, 2002), and repetitive elements (http://repeatmasker.org).
UCSC Genome Browser (GRCh37/hg19) (Kent et al., 2002) was used to visualize
ENCODE tracks (Rosenbloom et al., 2013) to identify various epigenetic marks and

ChlP-seq signatures within the donor region. UCSC Table Browser (Karolchik et al.,
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2004) were used in conjunction with Galaxy (Giardine et al., 2005; Blankenberg, et al.,
2010; Goecks et al., 2010), to analyze and format data.

Potential regulatory elements (RE) within the donor region were defined by
PhyloP subtrack (Pollard et al., 2010; Karolchik et al., 2014) and ENCODE/BROAD
Institute DNase | hypersensitive sites (Release 3, August 2012) (Mikkelsen et al., 2007,
Ernst et al., 2011; Rosenbloom et al., 2013) on UCSC Genome Browser. Predicted
human enhancer blocks within microduplications which are associated with digit
malformations were downloaded from EnhancerFinder (Erwin et al., 2014). The
identification of motif blocks within multiple aligned sequences was performed using
MEME and MAST V4.9.1 with max motifs = 3, min motif width = 6, max motif width =
50, and occurrence of motif = zero or one per sequence (Bailey et al., 1994, 1998 and
2006). Each FASTA sequence was masked for repetitive elements by RepeatMasker
(http://repeatmasker.org) before submission into MEME. TOMTOM V4.9.1 (Gupta et
al., 2007) was used to find similar matches of position-specific scoring matrices (PSSMs)
between each motif and a vertebrate transcription factor binding site (TFBS) in three
databases, JASPAR 2014 (Sandelin et al., 2004; Mathelier et al., 2014), UniPROBE
Mouse (Newburger and Bulyk, 2009) and Human and Mouse Jolma2013 (Jolma et al.,
2013). Predicted TFBS were also identified with rVISTA (Loots and Ovcharenko, 2004)
after enriching for sequence conservation via ECRBrowser (Ovcharenko et al., 2004) at

DCODE (www.dcode.org, NCBI).

Statistical analyses
Multiple group comparisons for the dual luciferase reporter assays were analyzed

using the non-parametric Kruskal-Wallis H test followed by post hoc pairwise
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comparisons using the Dunn’s test with corrected p values at o = 0.05. Data are
presented as mean + SD. Statistical significance was claimed at p < 0.05. The statistical
analysis of relative gene expression was performed by BootstRatio, an online statistical
package which utilizes a combination of bootstrap and permutation tests to specifically

assess normalized RE derived from very small sample sizes (Cléries et al., 2011).

6.6 Results

6.6.1 Assessment of the BDA1B locus

As a result of the dynamic annotation level of the human reference genome, we
screened for candidate BDA1-causal variants in novel protein-coding exons, ESTs and
miRNAs which were annotated at the critical region. The sequencing of these features in
several affected Family-1 members did not reveal a BDA1-causal variant (Supplementary
Table S6.3). Although previous students managed to narrow the critical region by
genotyping the family with additional polymorphic genetic markers, the inclusion of two
additional family members prompted us to evaluate them for any potential recombination
events which could have further narrowed the region. However, no novel recombination
events were identified as the genotyping of the two new members of Family-1 with
suspected mild BDAL1 resulted in both having no carrier status of the BDA1B haplotype
(Supplementary Figure S6.2). The evaluation of potential large genomic rearrangements
at the critical region by 3-color FISH in an affected Family-1 individual resulted in a
potential inversion event located between BACs RP11-78023 and RP11-68417
(Supplementary Figure S6.1B and Table S6.2). However another experiment, utilizing a

closer anchored probe RP11-78023 with RP11-208F4 and RP11-1149M13, yielded
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expected middle probe ratios and thus did not support the initial finding (Supplementary

Figure S6.1B and Table S6.2).

6.6.2 Evaluation of HTS of the targeted BDA1B locus

A total of 449965 reads with an average read length of 224 bp were aligned to the
2.8 Mb critical region, resulting in an average of 36X coverage. Simple sequence
variants were defined as a variant belonging to the group of single nucleotide
substitutions, insertions, deletions or any indel of less than 50 bp. A total of 3172 and
2860 simple sequence variants were identified in P1-06 and P1-64, respectively, by GS
Reference Mapper (Figure 6.2B). Further filtering with dbSNP142, Personal Genome
Variants, Exome Variant Server, and our own chr5p13.3 catalogue of variants retained
only 94 shared variants of which 91 were identified within chained self aligned regions or
segmental duplications. The remaining 3 variants were found within intergenic regions
(Supplementary Table S6.4). Forty-nine large structural variants of greater or equal to
100 bp were identified in a separate analysis (Figure 6.2C). The split-reads analyses on
both patients revealed a suspicious alignment at hg19 coordinates g.33057268 and
g.33066676 (Figure 6.3A). The presence of wildtype sequence reads at both breakpoints
suggested the presence of a heterozygous novel tandem duplication of a 9469 bp donor
sequence. The nearest protein coding genes, NPR3 and TARS, flanked the donor region
265 kb and 374 kb upstream and downstream, respectively (Figure 6.3A). A genome
view of the donor region revealed only two DGV annotated deletions, one spanning the
entire donor region (nsv523429) and the other overlapping the proximal breakpoint by 59
bp (nsv881181) (Figure 6.3B). The alignment of the reference sequences to the junction

sequence revealed two pairs of direct repeats at the duplication breakpoint sites and
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several dinucleotide microhomology sites including a (A): at the breakpoint (Figure
6.3C).

Sequence conservation as determined by PhyloP in 100 vertebrates (UCSC
Genome Browser) revealed several conserved elements across the donor region with
some elements overlapping annotated DNase | hypersensitive sites (Figures 6.6C and
Supplementary Figure S6.3). A specific DNase I hypersensitive site contained within
RE2 was positioned over an ENCODE annotated polycomb segment and an L1
retrotransposon of the L1IPA2 family. RNA-seq evidence suggests the region is actively
transcribed. The position of the ENCODE ChlP-seq peaks in osteoblasts and adult
human dermal fibroblasts for H2A.Z, a histone variant involved with chromatin dynamics
such as compaction, and H3K4mel, a histone marker associated with poised enhancers,

overlapping with RE5 (SupplementaryFigure 6.3).

6.6.3 Verification reveals a similar breakpoint in another BDA1 family

As illustrated in Figure 6.4A, a junction amplification product should only exist if
primers B and A are juxtaposed as a result of a tandem duplication. A single fragment
migrating between 200-300 bp was observed in the two BDAL patients, P1-06 and P1-64,
who were previously shown by HTS to harbor the breakpoints (Figure 6.4B). The
expected size of the junction amplicon was 266 bp. The same fragment size was
observed in the remaining affected Family-1 members and was not detected in unaffected
related individuals and in 300 controls. PCR was performed with DNA from affected
individual P1-26 with primer pair A and B yielding a single amplicon between 200-300
bp. The sequencing of this amplicon and its BLAT alignment to the HG19 human

reference verified the breakpoint at g.33057268 and g.33066676 (Figure 6.4C). The
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additional screening for the junction amplicon in our BDAL panel resulted in its detection
in an unrelated BDAL individual P24-02 (Figure 6.4B). Family-24 consisted of three
BDAZ1-affected individuals (Figure 6.1B). The proband was an 8 year old female
presenting with short fingers and severe inflammation of the interphalangeal joints. Her
hand radiographs displayed short middle phalanges in all of the digits and a short
metacarpal of digit 5. Her mother and brother also displayed similar hand features. A
slight distal radial deviation of digit 3 was observed in the proband. Her brother also
presented with distal radial deviation but in digit 4. The mother reported finger joint
stiffness with mild pain. Unlike Family-1 there was no indication of asthma in Family-
24,

We further verified the length of the suspected tandem duplication by long range
PCR with primers designed to flank the donor region. The amplification of gDNA from a
junction-positive patient with these primers resulted in two amplicons, one migrating
around 12 kb and the other at a similar position as the 23 kb control B-globin fragment
(Figure 6.4D). The expected size of an amplified wildtype allele is 12864 bp whereas the
size of a mutant amplicon in the junction-positive sample is expected to be 22334 bp. An
unaffected Family-1 member who tested negative for the junction amplicon only

displayed a single fragment migrating around 12 kb.

6.6.4 Screening BDA1 probands for copy number variation

Since the design of the junction amplicon and long range PCR assays were
specific in their evaluation of the breakpoints, any other duplication which might overlap
the duplicated interval would not be detected by these methods. Thus, our panel of 9

BDAZ1 probands including three junction-positive individuals, P1-26, P1-64 and P24-02,
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were assessed for copy number across a 2.2 Mb region with high density aCGH. A plot
of the log: probe ratios confirmed a gain of one genome copy at the expected coordinates
for the duplicated region in three junction-positive individuals (Figure 6.5). However, we
did not identify any duplication which spans the donor region in the remaining patient
samples (Supplementary Figure S6.4). Initially we did not detect copy number change
across the critical region by means of a whole genome 500K SNP array as there was only
one probe featured in the donor region (Supplementary Table S6.5).

Thus far, 16 of 28 families in our BDA1 collection have a known gene or locus
associated with BDAL. A summary of the clinical manifestations and molecular findings

in our BDAL collection is presented in Supplementary Table S6.6.

6.6.5 Cell based assessment of potential regulatory elements

We tested individual REs, which were mapped to the donor region (Figure 6.6B),
for enhancer activity in a human bone derived cell line. We noticed a very significant fold
change of reporter activity in U20S cells (H (7) = 24.35, p = 0.000989, Figure 6.6A).
Moreover, a post hoc Dunn’s test on separate pairwise comparisons of reporter inserts
[RE4], [RE5] and the junction amplicon [B-A] to empty vector revealed a significant
increase in fold change activity (Z = 23.49, one-tailed, p = 0.0018) (Figure 6.6A and B).
Two test inserts, one labeled [RE2] which overlaps a DNAse | hypersensitive site within
a nonconserved and fast evolving region as indicated by the plotted negative phyloP
scores in red, and the other labeled [RE3] elicited stronger reporter activity than the
neighboring conserved elements (Figure 6.6A). We also tested two potential regulatory
elements mapped outside the donor region, an upstream promoter element [RE1] and a

downstream enhancer element [RE6]. These sequence elements were not annotated by
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EnhancerFinder but showed typical ENCODE histone modification marks for promoters,
such as H3Kme3, and enhancers, such as H3Kmel. Although both test elements elicited
strong reporter activity, only [RE6] displayed a similar positive effect as [RE2] and

[RE3] (Figure 6.6A).

6.6.6 In-vivo evaluation of potential enhancers in mouse

Since IHH is known to be expressed at the limb buds at E11.5, we individually
tested RE7 and RES8 in an in-vivo transgene reporter assay at this developmental
timepoint. The testing of RE8 did not result in any transgene reporter expression at
E11.5, resulting in our decision not to further test this fragment at E13.5. The X-gal
staining of whole-mounted E11.5 transgenic embryos displayed reporter expression for
only the RE8 transgene. We observed a consistent staining pattern at the shoulder crest
and the spinal cord (n=4/8) as represented by Embryo-1 and -2 (Figure 6.6D). In one
embryo, namely Embryo-2, we noted a strong and distinct staining at the dorsal-posterior
region of the limb bud. At E13.5, the RE8 transgene elicited more tissue expression with
a consistent staining pattern at the hindlimbs, pelvis and shoulders (n=7/10) as
represented by Embryo-3 and -4 (Figure 6.6D). The forelimb, hindlimb, zygomatic arch,
dorsal segment of the rib cage, shoulder and pelvis showed strong X-gal staining
(n=2/10) (Figure 6.6D and E). We observed focal staining next to the hindpaws which
might refer to the knees. The forelimb and forepaw displayed diffuse staining on the
dorsal plane (Figure 6.6E [i]). Upon higher magnification of the palm, the perichondrium
of the future metacarpals of digits 2, 3, and 4 were outlined with X-gal staining with
exception at its distal ends or epiphyses (Figure 6.6E [vi,vii] and Supplementary Figure

S6.5). We also observed a thin layer of staining at the outer edges of the developing
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forepaw with strong intensity at each digit tip (Figure 6.6E [vii] and Supplementary

Figure S6.5).

6.6.7 ldentifying regulatory motifs in-silico

Although we observed the absence of ENCODE transcription factor ChlP-seq
peaks at the donor region, we specifically focused our in-silico search for predicted TFBS
at conserved sequences within Fragment-2. Among the list of predicted TFBS at RES3,
RE4 and RE5 were sites for SMADA4, Gli, Sox and pioneer factors Oct and Nanog
(Figure 6.7C, Supplementary Figure S6.6 and Supplementary Tables S6.8 and S6.9),
which are all mediators of chondrogenesis (Chimal-Monroy et al., 2003; Liu et al., 2009;
Bénazet et al., 2012; Hojo et al., 2013). Interestingly, we identified a high scoring
predicted Mef2C binding site at the junction (Figure 6.7D). Furthermore, we asked
whether paralogous regulatory sequences for specific digit expression could be identified
by comparing the sequences of various copy number variants which were found to be in
association with human digit malformations. We specifically searched for shared motifs
within functionally validated enhancer blocks in the SHH-ZRS core (Lettice et al., 2003),
the BDA2 microduplication (Dathe et al., 2009; Su et al., 2011; Liu et al., 2014), and
RE8 using MEME and MAST. All three predicted motifs were clustered at RE5 with

only one motif positioned at RE3 (Figure 6.7A and B).

6.6.8 Evaluation of cis-distal gene expression

Since there was no obvious transcriptional unit originating from within the donor
region, we considered whether the expression levels of cis-distal genes could be affected
in the two unrelated junction-positive patients relative to an age-matched control. Genes

which flank the tandem duplication were assayed for differential expression in two
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junction-positive BDA1 patients, P1-12 and P24-02. We observed a significant increase
in the fold change of NPR3 expression at p < 0.05 for P1-12 and at p < 0.001 for P24-02
(Figure 6.8A) relative to its expresseion in the age-matched control. However, TARS
which is located approximately 374 kb downstream of the donor region did not show a
significant change in relative gene expression for both patients (p > 0.1). Although
endogenous control gene ACTB was readily detected, we did not detect the expression of
noncoding gene LOC340113 in any of our fibroblast samples (data not shown). We also
evaluated for differential expression of genes located at the boundaries of the BDA1B
critical region. At the centromeric boundary of the critical region, the RAI14 gene which
is approximately 1.5 Mb downstream of the duplication only showed a significant
increase in gene expression for P1-12 (p < 0.05). A significant increase in fold change
was observed for PDZD2, a gene located approximately 1 Mb upstream of the
duplication event, in both junction-positive patients (p < 0.001, Figure 6.8B). Moreover,
we observed a 6 fold increase in PDZD2 expression (Median = 19.71) when compared to
NPR3 expression (Median = 3.48) for P24-02. The increase in PDZD2 (Median =
136.53) is even more dramatic for P1-02 with a 29 fold change when compared to NPR3

(Median = 4.65).

6.7. Discussion

Intergenic regions have been largely overlooked in mutation screening strategies
despite evidence showing an abundance of noncoding transcriptional units and potential
cis-regulatory sequences at these regions. In this study we report the identification of a
novel intergenic 9.5 kb tandem duplication at the BDA1B locus which was previously

described in a genetic linkage study by Armour et al. (2002). We also demonstrated
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through the use of orthogonal assays another independent family sharing a similar
microduplication, possibly due to a founder effect. It is unclear if both families share an
identical proximal breakpoint within an (A)s homopolymer string. Since we have allelic
information from Family-1 we would genotype Family-2 to evaluate whether both
families share an identical affected haplotype. Despite our previous efforts to identify
copy number changes via a whole genome 500K SNP array in an affected Family-1
member, we were not able to detect the microduplication as only one probe was
positioned within the donor region. The resolution offered by the high-throughput
sequencing of the targeted locus enabled us to precisely identify the breakpoints by
examining the split alignments of each read at these locations. The absence of flanking
low copy repeats and the presence of a dinucleotide microhomology site at the junction
suggest either non-homologous end-joining (NHEJ) or fork stalling and template
switching (FoSTeS) (Lee et al., 2007; Zhang et al., 2009; Lieber, 2010) as the mechanism
for giving rise to the tandem duplication.

Human noncoding conserved sequences have been shown to regulate distal gene
expression in a spatial and temporal fashion (Sakabe et al., 2012). Our in-vivo transgene
reporter assay demonstrated that the distal half of the donor region is capable of eliciting
tissue and temporal reporter activity. Although the pattern of reporter expression at
E13.5 was consistently observed at the pelvis and shoulder, we also noticed expression at
the digits which suggests regulatory elements can drive expression here. The posterior
position of the X-gal staining of transgene RES8 at the E11.5 limb bud suggests the
presence of a limb bud enhancer element in RE8 behaving in a similar spatiotemporal

fashion as the SHH regulatory region, SHH-ZRS, as described by Lettice et al., (2003).
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Interestingly, transgene RE7 did not display reporter activity at E11.5 despite in-vitro
results demonstrating strong luciferase expression for RE2. It is possible, given the
heterologous nature of our reporter constructs, that any cis-regulatory elements found
within this fragment are dependent on its target endogenous promoter. Alternatively, the
individual component when removed out of its endogenous position could explain this
discrepancy, especially given that RE7 harbors the majority of an ENCODE annotated
polycomb segment. The polycomb repressive complexes PRC1 and PRC2 are involved
with transcriptional silencing and chromatin compaction (Francis et al., 2004; Margueron
and Reinberg, 2012). Although the polycomb segment partially extends into the
proximal region of RES, it does not appear to affect reporter expression in-vivo. Our in-
vivo and in-vitro results support the presence of cartilage/bone enhancer elements within
RES8 as demonstrated by the transgene expression domains at various cartilage/bone
compartments. The embryonic expression pattern for RES is progressive from E11.5 to
E13.5 with the appearance of more stained tissue compartments. The difference in
reporter activity suggests that regulatory elements in RES8 are responsive to tissue specific
transcription factors, such as Gli and Sox, in a temporal manner. Our in-silico evaluation
of predicted TFBS in paralogous motifs highlighted odd-skipped regulatory 1 (Osrl), a
regulator of phalangeal joint formation (Gao et al., 2011), as a potential regulator (Figure
6.7B). ChIP assays in either primary human cells or cartilage/bone cell lines are needed
to determine if any of these factors can directly bind to the motifs. In order to fully
evaluate the extent of regulatory activity at the microduplication, we would need to create

a transgenic knockin of the tandem duplication in mouse.
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Enhancers can regulate distal gene expression even as far away as 1 Mb (Lettice
et al., 2003). We identified the upregulation of two distal genes, NPR3 and PDZD2, in
two patient fibroblast samples. The NPR3 gene codes for a clearance receptor for
natiruretic peptides NPPA, NPPB and NPPC, all of which are involved in maintaining
blood pressure and volume (Matsukawa et al., 1999). Our patients did not exhibit any
clinical features suggestive of either hyper- or hypotension when they were examined at
the onset of this study. However, many of the BDA1-affected members of Family-1 were
reported by Armour et al., (2002) to be of short stature. This additional phenotype is of
interest to our study given that whole genome-wide association studies have associated
three human height variation alleles at the NPR3 gene, namely rs10472828 (Estrada et al.,
2009), rs3792752 (Lango Allen et al., 2010), rs6450922 and rs9292468 (Berndt et al.,
2013). Moreover, NPR3 has an important role in skeletal development as demonstrated
by the skeletal overgrowth phenotypes seen in Npr3 null mouse mutants (Jaubert et al.,
1999) and in an ENU-induced variant carrying a missense mutation in the extracelluar
domain of Npr3 in the homozygous state (Dauphinee et al., 2013). A similar skeletal
overgrowth phenotype is observed in patients with an activating mutation in NPR2
(Hannema et al., 2013), whereas the opposite effect is seen in loss-of-function mutations
which cause acromesomelic dysplasia, type Maroteux (Bartels et al., 2004). Yasoda et al.
(2004) have previously shown that overexpression of Nppc, the preferred natriuretic
peptide for Npr2, can rescue the mouse model of achondroplasia. Furthermore, Nppc has
been shown to stimulate chondrogenic condensations in micromass limb bud cultures
(Woods et al., 2007) and to induce Npr3 expression in mouse tibial hypertrophic

chondrocytes where it regulates local natriuretic peptide concentrations (Agoston et al.,
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2007). Taken together, the upregulation of NPR3 could reduce local Nppc
concentrations thereby decreasing the size of digit mesenchymal condensations and the
hypertrophic zone of the growth plate.

PDZD?2 is a secreted multi-PDZ domain protein (sPDZD2) with multiple tissue
expression (Yeung et al., 2003). Unlike NPR3, there is paucity in the literature regarding
PDZD2’s role in chondrogenesis. Tsang et al. (2010) have demonstrated a physiological
role for Pdzd2 in regulating insulin secretion. Although the report did not describe any
skeletal defects in the Pdzd2 null mouse, a recent study shows that Pdzd2 is expressed in
the limb bud and in the digits (Tsui, 2013). Interestingly, the digit pattern of Pdzd2
expression at E13.5 is similar to our in-vivo X-gal staining of the digit mesenchyme,
particularly at the metacarpals and digit tips (Tsui, 2013, Figure 3.8 A and B). Through a
series of overexpression studies in neural tubes and the characterization of the compound
mutant Ihh*/E%K:Pdzd2*", the author proposed that Pdzd2 negatively regulates and
restricts Ihh signaling range such that a loss of Pdzd2 would extend Thh’s range in a
similar fashion as described in the IhhE®KESK BDA1 model by Gao et al. (2009). We
observed an increased expression of PDZD?2 in our patients which is contrary to what
would be expected given that the reported loss of Pdzd2 in mice resulted in a BDAL-like
phenotype, albeit within a BDA1 mutant background. Although counterintuitive, the
overexpression of a gene product could lead to a similar phenotype as loss-of-function
mutations by interfering with the stoichiometry of a protein needed complex (Sopko et
al., 2006). Since PDZ domain containing proteins are known to bind transmembrane or
ion channel receptors (Kim et al., 2004) the overexpression of PDZD2 could interfere

with BMP receptor complexes, IHH’s receptor PTCH1 or its modulator HHIP.
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Our evaluation of the duplicated interval for regulatory activity in the mouse has
revealed a specific expression domain located at the metacarpal perichondrium of digits
2,3 and 4. The perichondrium consists of an outer fibrous layer and inner
chondroprogenitor layer, which provides cellular appositional growth through the
deposition of cells and matrix over the existing mesenchymal core. This process
contributes to the lateral or widthwise growth of bone. Several genetic factors
contributing to the width of metacarpals of digits 2, 3, and 4 have been identified by
genome wide quantitative trait loci (QTL) mapping in humans (Karasik et al., 2008).
Although the genes residing at the BDA1B locus were not implicated as QTL for
metacarpal size, another independent genetic study could reveal additional QTL.
Alternatively, the reassessment through imputation, the inference of ungentoyped alleles
in linkage disequilibrium with gentoyped SNPs, of the genome wide study by Karasik et
al. (2008) could identify QTL at the BDA1B locus. Although a transcriptome analysis of
the chicken tibial inner periosteum layer revealed the expression of Rail4
(Bandyopadhyay et al., 2008), we did not see a significant difference in its expression in
our tested junction-positive patients when compared to the age-matched and unaffected
sample. However, we noticed the RNA in-situ expression for Npr3 (transverse section
12-14) and Pdzd2 (transverse section 22) at the digit perichondrium of E14.5 mouse
embryos (www.eurexpress.org). Since there is no clinical standardized measurement for
the width of hand bones, it is unclear if our BDAL patients have altered hand bone
thickness. Interestingly enough, Fitch (1979) noted that the epiphysis of the metacarpals

were broad while the diaphyses appeared thin in many BDA1 patients.
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The current model for distal cis-regulation is through chromatin looping of the
enhancer(s) to the target promoter (Sanyal et al., 2012; DeMare et al., 2013; Wouter de
Laat et al., 2013). The duplication of enhancers results in the overexpression of target
genes such as those described in microduplications associated with SOX9 (Akiyamaet al.,
2007; Kurth et al., 2009) and BMP2 (Dathe et al., 2009). We propose that NPR3 and
PDZD2 are dose sensitive genes which can be regulated by enhancer elements at the
donor region by chromatin looping to both promoters (Figure 6.9). The location of the
microduplication coincides with weak ChIP-seq signals for enhancer signatures, such as
H3Kmel and H3K27ac. As such, extra copies of these elements could act synergistically
to increase the dose of transcriptional activity for its target gene(s) and/or direct ectopic
expression similar to what was observed in a microduplication syndrome involving
GREM1 (Jaeger et al., 2012). As the junction sequence was slightly able to drive
luciferase expression in U20S cells, we predict the creation of a novel regulatory element
could also drive ectopic expression of a target gene. Although we did not test this
sequence in-vivo, we identified a predicted Mef2c binding site spanning the junction.
Mef2c, a MADS box transcription factor, is expressed in prehypertrophic and
hypertrophic chondrocytes where it co-regulates the expression of Col10al with Sox9
(Dy et al., 2011).

In summary, we have provided evidence for a gain-of-function mechanism in
causing BDAL in at least two families through the duplication of tissue specific long-
range cis-regulatory elements resulting in the overexpression of PDZD2 and NPR3. This
is significant because we’ve identified a cis-regulatory logic in a previously poorly

annotated intergenic region. In addition, this finding has opened a new door for further

153



investigative work and discovery in three notable areas. First, it remains to be seen if
both genes showing increased expression act together or alone to cause BDAL and the
evaluation of chromatin looping at the microduplication could provide the answer.
Nonetheless, our finding supports a role for PDZD2 and NPR3 in restricting and/or
inhibiting chondrogenesis (Figure 6.10). Second, given the socioeconomic burden of
(OA) it would be desirable to evaluate the overexpression of both genes in articular
cartilage especially in light of current evidence showing increased NPR3 expression in
OA cartilage (Peake et al., 2013). Lastly, the screening of the duplicated region in other
brachydactyly families would help to determine the clinical spectrum attributed by copy

number variation at this region.
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6.11 Manuscript Figures, Tables and Legends
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Figure 6.1. An intergenic 9.5 kb microduplication at chr5p13.3 is associated with BDA1 in two kindreds. (A) An updated
version of Family-1 which was previously reported by Armour et al. (2002). Genotyped individuals are marked with an “*”.
Individuals that are described in the text are highlighted in green. (B) Hand radiographs of the BDAL-affected members of
Family-24 display remarkable shortening of the middle phalanges of digits 2-5 and of the 5" metacarpal. Probands are indicated
with an arrow. Filled symbols denote a positive BDAL-affected status. Unknown affection status is marked with “?”.
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Figure 6.2. Targeted HTS of the BDA1B locus. (A) Schematic of the 2.8 Mb
BDA1B locus at chr5p13.3 that encompasses 13 protein coding genes and 12

noncoding genes (UCSC Genes track). An intergenic microduplication (light blue)

was identified by targeted HTS on enriched DNA libraries derived from patients P1-

06 and P1-64l (see pedigree in Figure 6.2A). Family-2 was identified through PCR-

based junction assay and aCGH. (B) Novel and shared simple sequence variants

obtained after HTS reads were aligned to hg19 reference genome and excluded for

polymorphic sequence variants. (C) Novel and shared structural sequence variants >
100 bp obtained after HTS reads were aligned to hg19 reference genome and excluded

for polymorphic structural variants. Yellow chevrons represent the filtering out or

exclusion of sequence variants identified in the public sequence variant databases.
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Figure 6.3. ldentification of a heterozygous novel duplicated interval. (A) The
alignment of HTS reads from two Family-1 members, P1-06 and P1-64, revealed two
shared and novel breakpoints at hgl19 chr5:9.33057208 and chr5:¢.33066676. A
representation of each aligned HTS read across the breakpoints are depicted as grey
and blue arrows that correspond to its aligned reference genomic position shown in
either a grey or blue rectangle. The donor region is the duplicated interval. (B) UCSC
Genome Browser snapshot of the microduplication positioned within the 2.8 Mb
critical region at chr5p13.3. The donor region (black bar) overlaps with two annotated
deletions from DGV (red bars). Several conserved sequence elements and DNase |
hypersensitive sites are depicted below the donor region. (C) The sequence alignment
at the junction of the tandem duplication to the reference sequence displays several
adjacent microhomology sites (dashed boxes) at the breakpoint. Direct and inverted
repeats are shown in dark gray and light gray, respectively. The 5’ reference
coordinates are chr5:9.33057184-33057231. The 3’ reference coordinates are
chr5:9.33066653-33066700.
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Figure 6.4. Breakpoint verification. (A) Schematic of a PCR-based assay to
evaluate the junction created by the duplication of the donor region (black). (B) Gel
agarose image of electrophoresed samples from multiplex PCR (lanes 2-7 and 11-14)
and single PCR (lanes 8-10). Family-1 members (lanes 2, 3, 5-10). Unrelated controls
(lanes 4, 12, and 13). Family-24 individual (lane 11). HighRanger Plus 100 bp ladder
(Norgen Biotek) (lanes 1 and 15). The expected fragment sizes for amplicon C-A is
702 bp, amplicon B-D is 600 bp, and junction amplicon [B-A] is 206 bp. (C)
Electropherogram displaying the sequence at the breakpoint the junction amplicon [B-
A] of patient P1-26. (D) Gel agarose image of long range PCR products reveals two
fragments migrating at the expected size of a tandem duplication in the junction-
positive patient P1-06 (lane 5) when primer pairs flanking the donor region (Donor
F/R) were used. Primer inclusions for each PCR are shown below the samples:
Unrelated junction-negative (C1), related junction-negative P1-51 (U1) and P1-91
(U2), related junction-positive P1-06 (A). AHindIll DNA ladder (Invitrogen) loaded
onto lane 1.
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Figure 6.5. High density aCGH confirms the size of the duplicated interval.
Log2 plots of copy number changes spanning a selected view of the aCGH targeted
region display a gain-of-copy (blue) at the interval suspected to harbor a tandem
duplication in three junction-positive individuals (P1-26, P24-02, and P1-64). There
was no deviation in copy number (black) across this region in the unaffected
individual (Control). The values are derived from the CGH-segMNT analysis
(Roche-NimbleGen) using a 100 bp average window across the tiling region. The
logo ratio threshold for gain-of-copy was set at 0.40 and loss-of-copy at -0.50 (red).
The aCGH were designed with hgl8 probe positions. The schematic above the
snapshot of aCGH plots displays the position of the duplicated interval relative to the
hgl9 UCSC Genes track. The UCSC LiftOver tool was used to convert the genomic
coordinates from hg18 to hg19.
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Figure 6.6. The BDALl-associated duplication interval harbors enhancer
elements with spatiotemporal specificity. (A,B) In-vitro Dual Luciferase Reportere
assay in U20S cells reveals enhancer activity for reporter test inserts denoted as
regulatory elements [RE1], [RE2], [RE3], [RE4], [RE5], [RE6] and the junction
amplicon [B-A], as shown at their hg19 genomic location in (c). Each reporter
expression vector was derived from amplified human gDNA that was inserted into the
multiple cloning site upstream of the minimal promoter of vector pGL-4.26
[Luc2/minP/Hygro]. [RE4], [RE5], and junction amplicon [B-A] expression vectors
exhibited significant fold change increase when compared to control vector (Z =
23.49, one-tailed, p = 0.0018). Kruskal-Wallis test with Dunn’s post hoc test, p <
0.00l (***). (C) Schematic of the genomic positions of the in-vitro and in-vivo
reporter test REs relative to the duplication breakpoints at hg19 chr5:9.33057208 and
g.33066676, as well as several UCSC genome tracks namely the 100 vertebrate
PhyloP conservation, ENCODE DNasel Clusters, and enhancer histone modifications
represented by ENCODE 7 cell line H3K4m1 and H3K27ac. Tested and expression
not found for transgene RE7 at E11.5. (D) Lateral and frontal displays of selected
whole-mounted embryos carrying the RE8 reporter transgene [RE8/Hsp68/LacZ]
which were harvested and stained with X-gal at E11.5 (Embryo-1 and -2) and E13.5
(Embryo-3 and -4). Shoulder (sh) and spinal cord (sc) expression domains at E11.5
(n = 4/8); Note X-gal staining in the posterior-dorsal section of the limbud.
Hindlimbs (hl), sh, and pelvis (pv) expression domains at E13.5 (n = 7/10). Forelimb
(f1) and forepaw (fp) expression domains at E13.5 (n = 2/10). (E) Montage of close-
up views of selected X-gal stained tissue compartments from Embyro-3 (i, ii) and
Embryo-4 (iii-vii). Panels vi (unadjusted) and vii (adjusted: brightness 18%, contrast
76%) are palmar views of the forepaw pictured in panel v; Note the X-gal staining at
all of the digit tips and at the perichondrium which outlines the metacarpals (MC) of
digits 2, 3 and 4 except at its distal ends or epiphyses. Abbreviations for other
highlighted mouse tissues are: Limbbud (Ib), zygomatic arch (za), nasal process (np),
nasal bone (nb), ribcage (rc), interdigital space 1-4 (id1-4), digit 1-4 (d1-4), proximal
phalange (PP), middle phalange (MP), and distal phalange (DP).
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Figure 6.7. Predicted transcription factor binding sites shared between three human enhancer sequences expressed in
mouse limbbuds. (A) MAST V4.9.1 block alignment of paralogous motifs within RE8 (3819 bp), BMP2 associated enhancer
EF43267 (1500 bp) (Erwin et al., 2014) and ZRS-SHH core (774 bp) (Lettice et al., 2003) sequences (max motif = 3, min motif
width =6, max motif width = 50, occurrence of motif = zero or one per sequence). The position of the in-vitro reporter test inserts
RE3, RE4 and RES relative to transgene insert RE8 are shown above as colored horizontal bars. Shared motifs across the three test
sequences were only located in RE3 and RE5. The hg19 genomic coordinates for the test sequences are located at their ends. (B)
Each motif served as input for TOMTOM V.4.9.1 TFBS prediction using JASPAR 2014, UniPROBE Mouse and Human and
Mouse Jolma2013 TF databases. The predicted TF binding sites are listed next to the MAST generated motif logo. (C) rVISTA
conservation (50-100%) panels of conserved transcription factor binding sites associated with RE3 and exon 1 of PDZD2 and
NPR3. 3’ UTR (green). CDS (blue). Noncoding (red). Only hits generated by high-specificity matrices which are optimized for
function similarity (cut-off Transfac PWM similarity < 0.85) are illustrated. (D) JASPAR predicted transcription factor binding
sites associated with the junction sequence depicted above. The breakpoint is at the black/red sequence demarcation. MEF2C logo
was generated by ConSite with the input junction sequence.
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Figure 6.8. Cis-distal genes are misregulated in junction-positive BDA1 patients.
(A,B) Boxplots displaying relative fold change (2) in PDZD2 (n = 6), NPR3 (n =
7), TARS (n = 6), and RAI14 (n = 3) expression, as measured by TagMan pre-validated
assays, in fibroblast cDNAs of junction-positive patients, P1-12 and P2-02, versus an
age-matched and unrelated junction-negative control. Endogenous controls ACTB or
TBP were used to normalize gene expression. P2-02 PDZD2 expression (Median =
19.71) shows 6 fold increase relative to NPR3 (Median = 3.48). P1-12 PDZD2
expression (Median 136.53) shows 29 fold increase relative to NPR3 (Median = 4.65).
Box = 1st and 3rd quartile; bars = min and max values; threshold = 1 (red dashed line).
BootstRatio test; p < 0.05 (*) and p < 0.001 (***). ‘NS’ indicates no significant
difference (p > 0.05).
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Figure 6.9. Cis-regulatory model. Cis-regulatory elements RE2-RE5 within the
microduplication would interact with the promoters of PDZD2 and NPR3. A cluster
of CTCF ChlIP-seq peaks which were identified through the ENCODE/BROAD
Institute Histone Modifications track would act as a barrier for enhancer interactions
with downstream transcriptional units.
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6.12 Manuscript Supplementary Materials and Methods

Bioinformatics analyses of HTS reads.

Roche 454 sff formatted files were converted into .fna and .qual formats for
downstream quality checks and processing. Sequencing adapters were removed and only
reads meeting the criteria of a call base > 50% and a read length > 50 bases were kept for
base quality value (QV) processing. Reads with an average base QV > 20 were soft-
clipped twice for base QV < 16 in at least 3 bases within the last 20% of the read. A final
soft-clipping of QV < 20 in at least 3 bases within the last 20% of the read was performed
before filtering reads with greater than 3 Ns. We assumed that the majority of low QVs
and uncalled bases would occur at the 3’end of the sequence. In order to obtain long
reads for sequence alignment to the reference, we removed reads of less than 100 bases.
BWA sequence alignment to the human reference hg19 was performed under a seed
length of 22 bases, minimum matching base > 12 and minimum sequence identity > 80%
of the entire read length. The average fold coverage was calculated for total reads
aligned to the BDAL1B critical region by the following equation:

Total number reads X Average length of reads (bp)
Target region (bp)

Equation 6.10.1 Coverage =

Sequence variants were flagged by meeting an observed base call rate > 10% in at
least 3 reads. This strategy allowed us to take into account potential sequence variants in
regions of very low read coverage. Split-reads or pseudo paired-end reads were
generated in a second alignment strategy under a seed length of 30 bases, moving
window of 12 bases, minimum matching base number > 12, a sequence identity of > 50%

of the entire read length and an allowance for multiple alignment hits. These reads were

177



re-mapped to the reference genome under a higher alignment stringency of > 85%
sequence identity.

Sequence variants from both patients were filtered for known variants which were
deposited in both public datbases and our chr5p13.3 catalogue of sequence variants.
Shared and novel candidate causal variants were first checked for base QV > 16 then for
QV at £ 3 bases from the reported nucleotide change. Next, the variants were prioritized
on overlapping genomic features such as protein coding and noncoding exons. These
included the exon/intron boundaries for potential variants positioned at the splice sites.
These features took precedent over intergenic sequence variants for verification in family
members and controls. Variants within homopolymer tracts were ignored and binned for
later inspection as 454 pyrosequencing is known to carry a high error call rate at these

sequences.

178



6.13 Manuscript Supplementary Figures, Tables and Legends

Supplementary Table S6.1. List of primer sequences.

Application Primer Sequence
A ACCTGAATCTGACCCCAGTG
Junction B GCGGTGAAGGTGACAGAAGT
assay/sequencing | C CCAACGGCTAAGATTATGATGA
D TTGCATTTGGAACCATTCAC
Donor-F CTTCCCTATGTCAACTCTCAGGCACTTC
Long range PCR
Donor-R GGGACTGTCCTCAAGTGTAGGGTAATGT
A-Sacl TCCgagctcACCTGAATCTGACCCCAGTG
B-Kpnl GTTTAggtaccGCGGTGAAGGTGACA
RE1-Kpnl CGGggtaccCGGGGTACCCCACGGACCAGTACCA
RE1-Nhel CTAgctagcCTAGCTAGCGCCAGTTCAACAGAGTG
RE2-Kpnl CGGggtaccCAACAGTCTTGACTACTGCCTA
RE2-Sacl TCCgagctcGCTGCACCTTTCAACCCGTCA
Cloning into RE3-Nhel CTAgctagcGCACAGTAAGCTTCTTGAGA
pGL4.26 RE3-Sacl TCCgagctcTCTTCTGTAAGCACACTGTGGA
RE4-Kpnl CGGggtaccGCGTGCCTGAGTCTGATCTA
RE4-Sacl TCCgagctcCCAAGATGAGATTCCCTCCA
RE5-Kpnl CGGggtaccTGGAGGGAATCTCATCT
RE5-Sacl TCCgagctcCATTTCCAAGGCCATGT
RE6-Kpnl CGGggtaccCGGGGTACCCTCAAGCACCATGTCAA
RE6-Sacl TCCgagctcTCCGAGCTCCCTGCCTCTGTCAAATG
séqlfgcé”g RVprimer3 TAGCAAAATAGGCTGTCCC
RE7-F CACCGACCCCAGGAGAGGAGAGTC
Cloning into RE7-R CACCGCGATGGCTAGTTGAGATCAG
Gateway reporter
[Hsp68/Lacz] RES-F CACCTGCAGAAACCCTTTTTACCC
RES-R CACCCCTCCCTCCTGTTAGCCTTT
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Supplementary Figure S6.1. Evaluation of the BDA1B locus for genomic
rearrangements using 3-color FISH. (A) Schematic of the physical position for
each BAC probe (black bar) used to tile the BDA1B locus at chr5p13.3 as defined by
the recombinant makers D5S477 and rs6451165. Selected genes are highlighted
below the BAC track. The purple vertical bar represents the location of the tandem
duplication, subsequently identified in two BDAL families. Protein coding (blue lines)
and noncoding (green) transcripts are shown below the probes. A total of 825364 bp
or 29% of the BDA1B locus was covered by these probes. (B) Lymphoblast interphase
spread of an affected patient belonging to Family-1 tested with a probe combination
listed on the right hand side. A potential inversion between probes RP11-208F4
(green) and RP11-1149M13 (yellow) on one allele is indicated by an arrow. (C)
Lymphoblast interphase spread of the same individual shown in (B) with another
probe combination. Probe combinations and observed frequencies are listed in
Supplementary Table S6.2.
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Supplementary Table S6.2. Observed frequencies of BAC probes at the middle
position. All counts were performed by two observers (R1 and R2) on interphase
spreads from one affected individual of Family-1 or an unaffected individual (control).

_ Probe Combination Total _
Experiment ID nuclei | Conclusion
Probe 1 Probe 2 Probe 3 | scored
RP11-6 RP 30 Ratios not
indicative of
Expt.1 | Rr1 16 118 17 n=228 | inversion
within this
R2 3 63 11 probe set
RP11- Ratios not
1149M13 RPLL-620KS indicative of
Expt. 2 R1 15 75 17 n= 249 | inversion
within this
R2 12 110 20 probe set
RP11-78023  RP11-208F4 Ratios not
indicative of
Expt. 3 R1 14 114 29 n= 242 | inversion
within this
R2 2 64 19 probe set
RP11-6915  RP11-208F4 Ratios not
———— indicative of
Expt. 4 | Rr1 18 72 19 n= 271 | inversion
within this
R2 19 116 27 probe set
RP11- Inversion or due
RP11-208F4 1149M13 to large distance
— between RP11-
Expt.5 | Rr1 =223 | J0gFa & RP1L-
R2 1149M13
RP11-208F4 RP11- Inconclusive
Expt. 5 1149M13
pt. n=227
R2
RP11-78023 RP11-208F4 R Ratios not
1149M13 indicati f
Expt. 6 n=13g | indicative of
' R1 inversion with
this probe set
R2
RP11-78023 RP11-208F4 RS Ratios not
1149M13 s
Expt. 6 n=007 | indicative of
Control R1 24 74 19 inversion with
this probe set
R2 13 53 18
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Supplementary Table S6.3. Mutation screening of novel exons within the
BDALB critical region. These genomic features were not assessed by previous
students. All of the identified sequence variants were already annotated in the public
databases, such as dbSNP142.

Category Identifier Ts;g?;id Identified SNPs
SUB1 exon 6 rs1458047
rs3762988, rs3834818,
Gore NPR3 promoter 153762989
c50rf23 (NPR3) entire exon I’S3214é:]3-11,7gs7151773756,
C1QTNF3 3°’UTR rs840387, rs60561051
BU171287 all exons rs35172885
AK127389 exon 2 rs299608
MRNA. EST AW?268575 e.xon 2 rs1530507
AF138859 entire exon rs1429007
BU626326 exon 2 rs10057069, rs11750438
CF130386 entire exon rs57544432
rs7702240, rs7379804,
Long ncRNA AKO022112 all exons r;°.3172763556021221,,rr35717919046913;,
rs7714776
ENSG00000210286 entire exon none
ENSG00000210296 entire exon none
ENSG00000210290 entire exon none
T ENSG00000200065 ent?re exon none
ENSG00000199731 entire exon rs1678887
ENSG00000207052 entire exon rs1142605
ENSG00000210335 entire exon rs444815, rs414372, rs399608
ENSG00000201623 entire exon none
rRNA 28S-rRNA-related entire exon rs7712366
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Supplementary Figure S6.2. Genotyping of additional Family-1 members, P1-90
and P1-91. P1-90 and P1-91 were clinically observed as potentially having short
fingers. No hand radiographs were obtained for these individuals. Filled symbols
represent individuals who were diagnosed with BDAL. Polymorphic microsatellite
markers used for genotyping are listed in the first column. The numbers in red font
represent the affected haplotype. The arrows point to a recombination event.

Unknown genotypes are represented with a question mark “?”.

Supplementary Table S6.4. Shared and novel sequence variants between
individuals P1-06 and P1-64. Hg19 coordinates are listed in the first column.

Genome Reference Observed
. Features
position Allele Allele
g.32707998- :
32707999 TA EST intron
g. 33258283- .
33258283 G A EST intron
g. 34523122-
34523124 CTT (CTT)s tract
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Supplementary Figure S6.3. Hg19 genome view of chromatin landmarks relative
to the duplicated interval. Reporter inserts, labeled RE, are shown below the 100
vertebrates PhyloP track. In-vivo transgene reporter inserts, RE7 and RES8, are
displayed above the donor region (blue bar). Displayed along the y-axis are selected
UCSC Genome Browser tracks, namely Segmental Duplications, RepeatMasker,
ENCODE Transcription, and ENCODE histone modification tracks for normal
primary adult human dermal fibroblasts (NHDF-Ad) and primary human osteoblasts
(Osteobl) such as H2A.Z, H3K4m1, CTCF, H3K4m2, H3K4m3, H3K9m3, H3K27ac,
H3K27m3, H3K36m3, H3K9M2, and H4K20m1. ENCODE ChromHMM and
DNasel clusters are shown below the in-vitro reporter test inserts. Genome features
overlapping the tested fragments are highlighted in shaded columns.
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Supplementary Figure S6.4. Averaged 100 bp-segmented log: plots of the aCGH
tested interval of 2.2 Mb for the remaining BDAL probands. The region of interest
(ROI) is positioned (green dashed line) at the same location as the detected gain-of-
copy interval presented in Figure 6.5. No duplications were identified across the ROI
in the same aCGH experiment as shown in Figure 6.5. The aCGH probe design was
originally based on hg18 reference genomic coordinates as indicated above.
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Supplementary Table S6.5. Affymetrix Human Mapping 500K SNP probes. The
gray highlighted row refers to a probe within the donor region. Hg19 genomic
coordinates are displayed for each probe.

500K SNP Start End Probe Strand | Ref/Obs rs 1D
Affy250Nsp | 33074501 | 33074502 | SNP_A-1810147 + CIT rs16890624
Affy250Sty | 33091536 | 33091537 | SNP_A-2147631 - AlG rs1428217

Affy250Sty | 33095739 | 33095740 | SNP_A-2207409 - CIT rs3860750

Affy250Sty | 33103631 | 33103632 | SNP_A-2088527 - AlG rs2619864
Affy250Nsp | 33104736 | 33104737 | SNP_A-2313621 - AIC rs2619861
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Supplementary Table S6.6. Clinical manifestations of probands in our BDAL cohort. Phalangeal bones: Distal (DP), Middle
(MP), Proximal (PP). Metacarpals (MC) and metatarsals (MT). Digit # in parentheses. [Extra features]. * denotes this thesis.

Family Origin Gene Mutation Clinical manifestations
1 Canada PDzZD2,NPR3  chr5:9.33055760_33066676dup* BDAL [Short: DP (2-5), MP (2-5), PP (2-5), MC (3-5); Cone-shaped epiphyses]
2 England IHH p.Asp100Asn BDA1l
3 England IHH p.Asp100Asn BDA1
4 USA IHH p.Glu95Gly BDA1
5 N. Zealand ? ? BDAL1 [Developmental delay, renal anomaly]
6 England IHH p.Asp100Asn BDA1l
7 Canada BMPR1B p.Lys325Asn* BDAL1 [Short: DP (3), MP (2,3,5), PP (1)]
8 Canada ? ? BDAL1 [Hands: Distal fusion (2,5), short MC (1,3,4); Feet: Syndactyly]
9 USA IHH p.Asp100Asn* BDA1
10 Scotland ? ? BDAL [Short & absent phalanges]
11 USA ? ? BDAL [LH: Absent MP (2-5), short square PP (1); RH: Square MP (2-5)]
12 Canada GDF5 p.Lys244Ter BDA1/BDC
13 USA IHH p.Asp100Asn BDA1
14 USA ? ? BDA1
15 N. Zealand IHH p.Asp100Asn* BDA1
16 Africa BMPR1B c.450-1G>A* BDAL1 [Short: DP (1,2), MP (2,5), PP (1); Long: PP (2-5), MC (1); Radial deviation DP (5)]
17 Canada GDF5 p.Arg399Cys* BDA1
18 Canada ? ? BDA1
19 USA IHH p.Arg128Glu* BDA1
20 USA ? ? BDA1
21 India IHH p.Thr130Asn* BDA1
22 Israel IHH p.Glul31Lys* BDA1l
23 Mexico ? ? BDAL [Hands: Brachydactyly (2,5), camptodactyly (3), polydactyly; Feet: Syndactyly (3-5)]
24 Canada PDzZD2,NPR3  chr5:9.33055760_3306667dup*  BDAL [Short: Square MP (2-5); Radial clinodactyly (3); Joint inflammation]
25 Italy ? ? BDA1
26 England ? ? BDA1 [Hands: Short MP (2,5), PP (3), MC (1); LH absent MP (3); Feet: Distal fusion (2-5)]
27 France ? ? BDAL1 [Hands: Short MP (2,4,5), MC (1,3,4); Feet: MT (1,4,5); Short humerus]
28 Canada ? ? BDAL [Short: MP (2-5); Joint hypermobility]
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Supplementary Figure S6.5. X-gal staining of E13.5 forepaw. Palmar view of
the left forepaw and close-up of the boxed section. Metacarpal (MC). Proximal
phalanx (PP). Middle phalanx (MP). Distal phalanx (DP). Note the staining of the
perichondrium at the metacarpals and at the digit tips.
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Supplementary Table S6.7. Predicted conserved TFBS located across RE3.

Transfac Professional V.10.2 matrices with cut-off similarity score > 85 are only

listed.

Matched Matrix  Strand Human Human ECR Sequence Mouse Mouse ECR Sequence Cut-off
ECR ECR similarity
Position Position score
VSHANDIE47_01 - 95-110 aattCCAGAcattctt 489-504 aagaatgTCTGGaatt 100
VSSMAD_Qo6_01 + 96-106 attcCAGACat 493-503 atGTCTGgaat 100
VSNERF_Q2 + 170-187 tacTAGGAAGtaaltagg 411-428 cetaattaCTTCCTActa 100
VSETS2_B + 171-184 acTAGGAAgtaatt 414-427 aattacTTCCTAct 100
VSETS1_B + 172-186 ¢TAGGAAGTAATTag 412-426 CctAATTACTTCCTAc 100
VSTEL2_Q6 - 173-182 TAGGAAGTAa 416-425 tTACTTCCTA 100
VSCHX10_01 + 177-190 aagTAATTAGGegt 408-421 acgCCTAATTActt 100
VSAPOLYA_B - 181-195 aATTAGGCGTTGATG 403-417 CATCAACGCCTAATt 100
VSNRSE_B - 224-244 GTTGAGGGCCTTGGAGCTGAz  355-375 c¢CCAGCTCCTCGGCCTTCAGC 85
VSGLI_Q2 - 271-282 aGACCACCCAca 317-328 tgeTGGGTGGTCt 95
VSMRF2_01 + 276-289 accCACAATATCAG 310-323 CTGGTCTTGTGggt 95
ETS Q4 1 CONSERVED
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ETS Q6 1
HSF1_Q6 1
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Supplementary Figure S6.6. rVISTA conserved TFBS across RE4 to RES.

739

Likb

rVISTA panel of conserved transcription factor binding sites (Transfac Professional
V.10.2 similarity cut-off score > 85) across the sequence represented by RE4-RE5.
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Supplementary Table S6.8. Predicted conserved TFBS across RE4 to RES.
Transfac Professional V.10.2 matrices with cut-off similarity score > 85 are only

listed.

Matched Matrix Strand Human Human ECR Sequence Mouse Mouse ECR Sequence Cut-off
ECR ECR similarity
Position Position score
VSETS_Q4 + 111-122 tatgg CTTCC T 1334-1345  cAGGAAGtaata 85
VSCETS1P54_03 - 111-126 tatgect TCCTetatg 1330-1345  aattcAGGAagteata 85
VSETS2_B - 111-124 tatggc TTCCTGta 1332-1345 (tCAGGAAgicata 85
VSCETS1P54_01 - 114-123 2ectTCCTGt 1333-1342 tCAGGAagtc 85
VSETS_Q6 + 115-122 2cTTCCtg 1334-1341 caGGAAgt 85
VSHSF1_Qo - 175-191 taaGAATCTTCCAAATa 1285-1301 cATTTGGAAAGTTCtic 80
VSHSF1_01 - 177-186 aGAATCTTCc 1290-1299 2GAAAGTTCt 80
VSALX4_01 + 256-268 CCTGAGTCTGATC 1215-1227  GATCAAACTCAGG 80
VSPBX_Q3 + 347-358 GATTTALtglcc 1119-1130 ggacaaTAAATC 90
VSMRF2_01 - 400-413 TCTGTAATGTGgte 1064-1077 cCACATTACAGA 95
VSSOX_Q6 + 437-449 ¢TCTTTGATatet 1028-1040 agat ATCAAAGAg 100
VSGR_01 + 438-464 tetttgatatettta TGTTC Ttaacat 1013-1039 atgttn AGAACAtanagatatcaaags 100
VSPR_01 + 438-464 tetttgaTATCTTTATGTTCTtaacat 1013-1039 atgttaAGAACATAAAGATA caaaga 100
VSGR_Q6 + 442-460 teatatcttta TGTTCtta 1017-1035  taaGAACAtanagatatca 100
VSAR Q2 + 444-458 ATATCTTTATGTTCT 1019-1033 AGAACATAAAGATAT 100
VSGR_Q6 + 451-458 taTGTTCt 1019-1026 aGAACAta 100
VSRPS8_01 + 458-469 HtAACATCTGCa 1008-1019 tGCAGATGTTaa 100
VSE2F_03 - 538-549 cagcCCTCCAAA 928-939 TTTGGAGGactg 100
VSE2F_Q6_01 + 539-5500 agecCTCCAAaa 927-938 tTTGGAGggct 100
VSE2F_Q4 01 + 540-550 2ccCTCCAAAA 927-937 ITTTGGA! 100
VSE2F1_Q4_01 o 541-549 ccCTCCAAA 928-936 TTTGGAGzg 100
VSE2F_Q3_01 - 541-549 ccCTCCAAA 928-936 TTTGGAGgg 100
VSE2F1_Q4 - 542-549 CCTCCAAa 928-935 (TTGGAGG 100
VSPBX1_01 + 582-590 ATTAATCAL 887-895 aTGATTCAT 90
VSPAX3 01 + 871-883 TCCTCACAT 613-625 12aaATGTGAGGA 90
VSHES1_Q2 - 1052-1066 ttttagCACCAGactt 435-449 aagtCTGGTGeaaaa 100
VSTCF11_01 - 1076-1088 gteacaacATGAC 413-425 GTCATzt1gteae 100
VSAP1_Q6_01 + 1084-1092 aTGACTTAa 409-417 {TAAGTCAL 100
VSAP1_Q4_01 + 1084-1091 aTGACTTA 410-417 TAAGTCAt 100
VSOCTI1_05 - 1095-1108 agTTTGAAAATzag 393406 cteATTTTCAA Act 100
VSOCT_C - 1096-1108 ATTGAAAATGAg 393-405 ¢TCATTTTCAAac 100
VSNANOG_1 - 1100-1111 GAAAATGAGCcc 390-401 22GCTCATTTTC 100
VSHNF4_Q6 - 1133-1141 ¢TGGCCitt 360-368 anaGGCCAe 95
VSYY1_Q6 - 1156-1164 awAGATGGA 337-345 TCCATCTt 100
VSPBX_Q3 + 1159-1170 GATGGAatgtct 331-342 agacat TCCATC 100
VSCEBP_01 - 1233-1245 aat TCACCAaact 230-242 agt TGGTGAgtt 100
VSBARBIE_01 - 1237-1251 CACCAAACTTTtcat 224-238 atzaAAAGTTTGGTG 100
VSMTF1_Q4 + 1274-1287 eTGCACAGGGCea 188-201 t12eGCCGCGTGCAga 85
VSNFY_Q6_01 aF 1279-1291 acagggCCAATca 184-196 1gGTTGGeegegt 85
VSCAAT_C + 1284-1308 eCCAATCACCAAGCCAAACTCATCT 167-191 AGATGAGGTTGGCTTAGTGGTTGGe 95
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Chapter 7 - General discussion

7.1 Scope of discussion

Studies on human genetic variation continue to explore the relationship between
genotype and phenotype. In response to the advances in mutation detection strategies,
the resurgence of genetic studies on rare orphan disorders and malformations have
culminated in the increased reporting of mutations for these Mendelian inherited
conditions. Although rare and benign, BDAL is a good candidate for examination of the
genetic perturbations underlying phenotypic variability in the human population.

The work presented in this thesis has improved our understanding of the
molecular pathways and its regulation in phalangeal development by expanding the
repertoire of mutations associated with a variety of BDA1 clinical manifestations. It has
provided strong evidence to support a common genetic pathway in phalangeal

development.

7.2 Distribution of IHH mutations

The contribution of IHH mutations which are associated with BDA1 was
confirmed by performing the PCR-based sequencing of the IHH gene in our collection of
BDAL families. In Chapter 3, | describe the identification of three novel missense
mutations in IHH. The position of these mutations is clustered with other BDA1
mutations along a stretch of 60 highly conserved amino acids within the central region of

the N-terminal signaling peptide. It is unclear as to why specific amino acid positions in
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IHH are prone to multiple mutations. These positions could represent mutation hotspots.
Further functional studies are needed to determine if the three novel mutations affect
IHH's biological function by impairing its cleavage, lipid modification, or secretion, or by
docking to PTCH1 or to its modulators such as HHIP. The majority of published BDA1
families have mutations in IHH which highlights its important role in middle phalangeal

formation and elongation.

7.3 Genetic heterogeneity of BDAL

In addition to the recent identification of the BDA1 mutation on chromosome
5p13.3 (Chapter 6) mutations in IHH account for 36% of our documented BDA1 cases.
This motivated us to explore additional genes involved in causing BDA1. Fortunately, as
described in Chapter 4, we were able to use linkage analysis to identify a BDAL linked
region at chromosome 20qg11.2 in one consanguineous family. The subsequent
sequencing of the coding region for GDF5 in three affected family members revealed a
novel mutation, thereby establishing it as another BDAL gene. As a result of this finding,
| proposed that a common genetic pathway which involves the BMP-SMAD signaling
axis is perturbed in BDAL. In Chapter 5, | presented evidence to further support this
concept by identifying two novel mutations in BMPR1B, the gene which codes for the
preferred receptor of GDF5, in two BDAL families. The missense mutation could act in a
dominant negative fashion, similar to heterozygous BMPR1B mutations which cause
BDAZ2, whereas the splice site mutation could act as a loss of function. Both mutations
are predicted to cause reduced downstream SMAD signaling. In order to determine the

effects of both mutations on the activity of BMPR1B and SMAD signaling, additional
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characterization into their function is currently underway in the laboratory of Dr. Michael

Underhill (University of British Columbia).

7.4 Genotype-phenotype relationship

The clinical spectrum of BDAL ranges from the complete absence of to the
intermediate or mild shortening of the middle phalanges. Heterozygous IHH mutations
which are associated with classical BDAL tend to favor severe shortening of the middle
phalanges of digits 2-5 and the proximal phalange of digit 1, or the complete absence of
the middle phalanges of digits 2-5 due to symphalangism of the middle and distal bones.
There is no clear association between the severity of the phenotype and the position of
the mutations in IHH. Extreme shortening of the middle phalanges of digits 2-5 with a
shortening of the first metacarpal was also described in two siblings who harbored a
homozygous missense mutation in GDF5 (see Chapter 4). This specific mutation did not
appear to disrupt the function of GDF5's role in interphalangeal joint formation in these
patients as we did not observe hypersegmentation or symphalangism which is commonly
seen in BDC, whereas cone-shaped epiphyses of the middle phalanges, due to premature
epimetaphyseal fusion, and metacarpal shortening are features found in mild BDA1
cases, such as the family described in Chapter 6. Although intra- and interfamilial
variability exists, the most consistent pattern associated with the BDAL families
described in this thesis is the shortening of the middle phalanges of digits 2 and 5. Itis
tempting to conclude that specific genes when mutated will account for all of the
variations in BDAL phenotypes. However, there is considerable functional redundancy

in the pathways and other genetic and/or environmental factors could modify the
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expression of the phenotype. As such, it is still important to continue examining the
genotype-phenotype relationship in Mendelian inherited traits that could reveal the

molecular underpinnings of complex disorders.

7.5 Tissue specific noncoding cis-regulatory elements

The disruption of long-range cis-regulatory elements by point mutation,
translocation, inversion, deletion and duplication are some of the mechanisms leading to
misregulated gene expression (Kleinjan and Coutinho, 2009). lIdentifying these types of
mutations is an ongoing challenge as targeting genomic regions enriched in highly
repetitive sequences, poorly mapped regions, areas of sequence bias, and hypervariable
regions represent the obstacles for any mutation detection platform to overcome. In
Chapter 6, I described the identification of a novel intergenic 9.5 kb microduplication
within the BDA1B critical region by performing HTS on a locus enriched DNA library
from two affected family members. An independent family also harbored a similar
breakpoint and copy number change. | have shown that conserved sequence elements in
the duplicated interval behave like enhancers with temporal and tissue specificity. In
addition, the expression of transgene RES8 at the perichondrium of the metacarpals
suggests a putative role in controlling gene expression that facilitates the developmental
growth program for hand bone width and length. These cis-regulatory elements could act
on distal and dose sensitive genes by chromatin looping. PDZD2 and NPR3 could
represent these genes as | have demonstrated an increase in its gene expression in
affected individuals carrying the microduplication. Thus unlike the loss-of-function and

dominant-negative mutations described in Chapters 3 to 5, | proposed that a gain-of-
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function mechanism is the most likely cause of BDAL in these two families. It is unclear
if the upregulation of one or both genes are needed to elicit the BDAL phenotype.
Further functional characterization of the enhancer looping model to its target gene(s) is

currently underway in the laboratory of Dr. Dennis Bulman.

7.6 A common genetic pathway involved with phalangeal
development and elongation

| have provided evidence that supports Stricker and Mundlos’ model of
phalangeal development (2011) by identifying IHH, GDF5 and BMPR1B as key
mediators of BDAL. These three genes are all found within the BMP-SMAD pathway.
In conjunction with the other genes in this pathway, they contribute towards the
pathogenesis of approximately 53% of the isolated brachydactylies. In addition, I have
introduced PDZD2 and NPR3 as candidate interactants within the BMP-SMAD signaling
axis. Although the natriuretic peptide system has been associated with bone growth,
there is paucity in the literature on the role of PDZD?2 in cartilage and bone development.
That said, the work presented in the Ph.D. thesis of Tsui (2013) has shown strong
evidence to support the role of Pdzd2 in phalangeal development and elongation in mice.
A revised BDA1 genetic model that considers NPR3 and PDZD?2 in this network is

displayed in Figure 6.10.

7.7 Conclusion

By identifying the genetic perturbations which result in human malformations, we
can form a map of genetic interactions that might prove useful for clinical diagnosis and
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genetic screening. This strategy was implemented in my thesis and has successfully
revealed at least three important signaling networks, i.e. IHH, GDF5 and natriuretic
peptide, converging at the SMAD signaling axis for phalangeal development. Moreover,
it has partially revealed a cis-regulatory logic in an intergenic region at chromosome
5p13.3 for specific tissue expression. Noncoding mutations still represent a challenge in
defining the molecular mechanisms underlying human conditions, as functional
characterization still lacks the tools to properly assess their biological consequence.
While these tools continue to evolve, genetic studies should still employ orthogonal
mutation detection assays to identify causal variants in noncoding sequences for

Mendelian inherited traits.
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Appendix A

Patient information sheet

PATIENT INFORMATION SHEET

BRACHYDACTYLY STUDY

Below you will find a brief explanation of our study to identify the cause of Brachydactyly.

Brachydactyly type A1 (BDA-1) is a genetic disorder, which is inherited as an autosomal
dominant trait. This means that an affected individual has a 50% chance of passing the
disorder to their children. BDA-1 is a disorder in which one of the bones in the fingers and
toes either fails to form properly or fuses to the adjacent bone. People with BDA-1 tend to be
shorter on average. By studying BDA-1 we are learning about the key feature required to
control bone growth. What we learn in this study may provide us with ways of treating a
variety of bone disorders such as arthritis.

Our research involves the collection of a blood sample from individuals who have
Brachydactyly and from other family members who may not be affected. This permits us to
analyze the DNA for the presence of genes, which may confer susceptibility to this disorder.
DNA 15 isolated from leukocytes (white blood cells), which comprise a very small fraction of
total blood cells. If you are willing to participate, please sign the enclosed consent form to
allow us to draw 40 ml of blood (eight teaspoons) as ;g one-time donation.

DNA analysis may yield information on paternity st.tms_ip your family. You also agree to
provide a family history to the best of your knowledge. All information derived from these
studies will be confidential.

Your participation in this study is voluntary and you may refuse or withdraw consent at any
time for any reason and that such action will not affect the quality of ongoing or future care.
All personal information regarding#your sample will be kept confidential and your name will
not be used in any publication and only the overall statistical information may be published.

It 1s not uncommon for labs working on the same disease to share DNA samples. Should your

DNA sample be shared with another lab, we will code the sample so that personal information
will NOT be made available.

This protocol has been approved by the Ottawa Hospital Research Ethics Board. This
committee considers the ethical aspects of all hospital research projects involving human

subjects. If you wish, you may contact the Chairperson of the Committee .

Should you require more information or have any questions, please contact the principle
investigator of the study, Dennis Bulman, Ph.D.
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Patient consent form page 1

. Children’s Hospital of Eastern Ontario
Hopital pour enfants de I'est de I'Ontario

A Study to Locate and Isolate the Al1-Brachydactyly gene

Christine Armour, MD, Alasdair Hunter, MD Genetics PSU CHEO, Judith Allanson, MD
Genetics PSU CHEO Sarah Nikkel, MD Genetics PSU CHEO, Dennis Bulman, Ph.D. Ottawa
Health Research Institute.

I understand that my/my spouse’s family
has been diagnosed as having a genetic (inherited) condition called Type A1-Brachydactyly
(BDA-1). This condition is quite mild and results in certain fingers and toes being shorter than
average, but they function normally. The inheritance of this condition is called autosomal
dominant, which means that both males and females can be‘gﬂ’ected and that, on average, half
the children born to a person with BDA-1 will also have BQA-L

I understand that Drs. Alasdair Hunter, Judith Allanson and Sarah Nikkel of the Genetics
PSU and CHEO, Dennis Bulman of the Ottawa Health Research Institute and Christine Armour,
a Resident in Genetics are undertaking a project to try to find the gene that causes BDA-1. This
first phase of the study will involve what is called “mapping”. This allows the general location
of the gene to be identified (mapped) to an area on one of the 22 different chromosomes, which
may carry the gene. If we are successful, tfie next step will be to try to identify the actual gene.
It is hoped that by finding these types of genes and understanding their function that we will
learn more about the normal development of the hands as well as learn more about general bone
growth.

I understand that if I am in the direct bloodline of the BDA-1 gene, that my participation
will involve having an x-ray of my hands (if not already available), some simple clinical
measurements, and a blood sample of about 30cc (2 tablespoons). The blood is required to
isolate the genetic material (DNA). Children will be offered a local anesthetic cream (EMLA)
prior to any blood sampling. IfI am not in the direct blood line (i.e. a spouse) my participation is
limited to a blood sample, which is needed to help with the mapping process for the family.

In agreeing to participate in the study I understand and accept that:

> This study will not be of direct benefit to me or my family.

r This is a research study and may not succeed in finding the BDA-1 gene. However, I
will be provided with a summary of the progress and final results of the project.

> The data and any results from the study will be held in strict confidence and I/my family

will not be identified in any presentation or publication arising from the project.
> My refusal to participate in the study would not in any way affect the care I/my family
would receive at CHEO now or in the future.

A teaching hospiral affiliated with the University of Otawa

Un hopital denseignement affilié G I Université € Onawa
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Patient consent form page 2

A study to locate and isolate the Al-Brachydactyly gene 2

» I may withdraw from the study at any time, even after I have agreed to participate,
without prejudice to the care I/my family may receive at CHEO in the future. This
includes asking to have my DNA sample destroyed.

> My DNA sample will not be used for any purpose, other than to look for the BDA-1 gene
without my further specific written permission.

» If T wish information about the study I may contact Dr. Dennis Bulman in Ottawa

> If I have any further quesionts I may call Dr. Judith Allanson or Dr. Sarah
Nikkel

> If I have questions about the ethical conduct of the study I may contact Dr. David
Palframan, chair of the CHEO Research Ethics Committee . Heisnotina

position to discuss the scientific aspects of the study.

’

In signing this consent, I am indicating that I have had this study explained to my by

and that I have read this consent form. I agree
that I understand the nature of the research project and the cbntents of the consent form, and I am
willing to participate in the study, and/or have my child participate.

Name Relationship to participant
Signature ; Dhate
Witness Signature Date

Children who are old enough to have a basic understanding of their participation in the study
should be asked to provide their written agreement/assent to participation. They should
understand that they do not have to participate and will not be punished in any way if they do
not. They should know that they will be measured by a doctor, they may have an x-ray of a hand
and will have a blood sample taken; if they wish, using an anaesthetic cream.

Child providing assent Signed Date
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Clinical evaluation form

Name D.OB.: Pedigree #

Address

Home # Work # Fax #

email

Height Span Lower segment U/L ratio
Hand Middle Finger Foot

Hand description:

Foot description:

Major health concemns:

Blood Pressure: Lymphedema

Arthritis :

Nystagmus/Eye :

Clinical opinion: O affected OJ unaffected O unsure

O3 blood taken Xray : [ hands O arm
O photo of hands O feet O pelvis
O consent O shoulder O other - specify:

O metacarpal -phalangeal profile
result :

Other / Notes:
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Appendix B.

Appendix B Table 1. Primer sequences used for amplification and sequencing of
genomic features within the BDA1B critical region during the early build of hg18.

Primer Sequence
NPR3-32745045-F GGCAGAATCATATCGCCATT
NPR3-32750497-R GCCAGGTCACTGTTGGAAAT
NPR3-32745442-R AGAGCCACTAACCAGGAGCA
NPR3-32745663-R AAAGGCAAACTGGGGTTTCT
NPR3-32746017-R GGAGAAGTCCGTGACCAGAG
NPR3-32746567-R GTCAGGGAACAAGGACCAAG
NPR3-32746979-R CTGTCCCTAACCACCACTCC
NPR3-32746921-F GGCGATTTCAGCTTTAAGGA
NPR3-32747471-R CGTCCTTCTCTGCAATGTCA
NPR3-32747336-F TGTATAAACGGAGGGCGAAT
NPR3-32747852-R CCGGGTGAGTGAAAACAAGT
NPR3-32747559-F AGTGGGGAGGAAAGAGGAAG
NPR3-32748060-R CTGCTGCATACTCGCACACT
NPR3-32748016-F CCAAGCCAGACCTTATCCTG
NPR3-32748608-R TGGGACCCTCTACGTACACC
NPR3-32748244-F TGGTCTACAGCGACGACAAG
NPR3-32749049-R TCGCCAGAATTCAGACACAC
NPR3-32748889-F GCTCTTGGGGTTTCTCTGACT
NPR3-32749448-R ATTGCACCACTCACATTCCA
NPR3-32749167-F TTTTCTCCATGGGTCTTTGG
NPR3-32749713-R TCAAACACCTCTCGCCTCTT
NPR3-32749613-F AGTGGACAGAGAAGCCATCG
NPR3-32750179-R TCCTCTGGTCTCACACATGC
SUB1-1f TTTCCCTCAATCAGCAAAGG
SUB1-1r GCAATGTTCATGACCACGTT
SUB1-2f TGCAAAATGGAGCAGAAACA
SUB1-2r CTTTTGCTCTCCCCATCTCA
SUB1-3f GGCCCTTTAACGCATACAGA
SUB1-3r GTGCAAGTTTGCAGAAAGCA
SUB1-4f CAGCGTTTTATGACCTGGTG
SUB1-4r TTGGCCGTATCACCAAAATA
SUB1-5f TGGTGATACGGCCAAAAAGT
SUB1-5r GGACAAGTTCCACGGTTCAT
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Primer Sequence
SUB1-6f AGGAGTGTATGACATTTAGTTCATTG
SUB1-6r CCGTACCTCCAGAAATACCC
SUB1-7f GCTGCACCAAGTCATTTTGG
SUB1-7r CCTTATGTGCAGAATAAACACCA
SUB1-8f CCGTTATTTAGAAATTTACCAGATTTT
SUB1-1f TTTCCCTCAATCAGCAAAGG
SUB1-1r GCAATGTTCATGACCACGTT
SUB1-2f TGCAAAATGGAGCAGAAACA
SUB1-2r CTTTTGCTCTCCCCATCTCA
SUB1-3f GGCCCTTTAACGCATACAGA
SUB1-3r GTGCAAGTTTGCAGAAAGCA
SUB1-4f CAGCGTTTTATGACCTGGTG
SUB1-4r TTGGCCGTATCACCAAAATA
SUB1-5f TGGTGATACGGCCAAAAAGT
SUB1-5r GGACAAGTTCCACGGTTCAT
SUB1-6f AGGAGTGTATGACATTTAGTTCATTG
SUB1-6r CCGTACCTCCAGAAATACCC
SUB1-7f GCTGCACCAAGTCATTTTGG
SUBL1-7r CCTTATGTGCAGAATAAACACCA
SUB1-8f CCGTTATTTAGAAATTTACCAGATTTT
SUB1-8r CACGACCAACTTATTCTATTTCTAGG
SUB1-9f AGATGACAGCTGCACCGTA
SUB1-9r GGGACAAACAAAAAGTTAGCTC
AK022112.1-Ex1-1F TCCCAAGCCTCTTAGCATTG
AK022112.1-Ex1-1R AAATATGGCATCGGCCACT
AKO022112.1-Ex1-2F ACCACTTGTTTGCTTCATGC

AK022112.1-Ex1-2R

TGTGAGATATGTCTTTCCAGTTTAAGA

AK022112.1-Ex1-3F

GCCAGTTCTTGTTTACTTCTCTGTTT

AKO022112.1-Ex1-3R TTCCAGCCTCACTTTCACTAA
AK022112.1-Ex1-4F AGGTGATATGCTAAGTTCATTATTCA
AK022112.1-Ex1-4R AGCTGGTTCCAATATTTGCC
AK022112.1-Ex1-5F CCCGGGTATACTCTCTGAGG

AKO022112.1-Ex1-5R

TCATATCCAGTCTTACTTTCCACA

AKO022112.1-Ex1-6F

TTTAGCCTGATAGTTGACGGG

AKO022112.1-Ex1-6R ACCTGGGAGGTGGAAGTTAC
ENSG00000210286-F CCTTGCCAGTCTGTCAGTGT
ENSG00000210286-R CTTCACTCCATGAAATTTGTCC
ENSG00000210296-F CCTGGAGACGGGTAGTGGT
ENSG00000210296-R AGGTGATCTGCCTGCCTG
ENSG00000210290-F CATCCTGGCTTTAGAATCAGC
ENSG00000210290-R GCAATCGTTCCCTCTGAAGT
ENSG00000200065-F TTAGGATCATGCCACTGCAC
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Primer Sequence
ENSG00000200065-R TCCTATTGGATTATTCTTCTGTCA
ENSG00000199731-F CCCAGCTTCAACACTTGCTT
ENSG00000199731-R GAGTCCCTCTTAGGAACCTGTG
ENSG00000207052-F TGCACTTCAACCAGGGTTCT
ENSG00000207052-R GCCATTTTAACTGGGATGAGA
ENSG00000210335-F ACCAAAGACAATGGGCAAAC
ENSG00000210335-R CAGCTGATTCCTCAATAACAATTT
ENSG00000201623-F CAAGGCATCTTTTTCCCTCA
ENSG00000201623-R GAAAGGGATCTGAGAAATTCAA
28S-rRNA-related-F TCAGAGGATTGGATGAGGTG
28S-rRNA-related-R GCAGGGAAAGGTCAGAGAGA
BU171287-F GTGCCCAGTATTTTCCTCCA
BU171287-R CCCCAGGTCAGAGAACAAAA
AK127389-F ACTGTGTTGCCATTGTGCAT
AK127389-R TCGTTGTTCAACCACAAACA
AW268575-F GGCAAAGATGCTTTTATTTCCTT
AW268575-R TTTTCCAACTACCACATGGAGA
AF138859-1F GCAATGGCTAAGCATTTCAG
AF138859-1R AAGGCCTAACCCATCTGCTAC
AF138859-2F CATCCGGCCTTATCTCACTG

AF138859-2R

GCACCCAGTTGTAGAGCAATATG

AF138859-3F

TGAACTAAGAAACTCATCCACATTC

AF138859-3R

CACAGCCCAGCTTCTCTCTC

AF138859-4F

CTCCTTGTTCATTCTGGAACAC

AF138859-4R

TCTGTAATGGCTTGACACTTAGC

AF138859-5F

TTGCATCATGGGTTGTGAAG

AF138859-5R

TGCAGTACCTGGTGTGTCATAAG

AF138859-6F

GGGTTACCCTTGCATAGAACATAG

AF138859-6R

TGGCGATAAGGTTTCAACAG

BU626326-F AAGGTTCCTGTCTCCTACTCTCC
BU626326-R CAACATAGAAGCCTATGTGACTTAAC
CF130386-F TGAAGAATTGCATCGTGCTC
CF130386-R AGGAGACTGCTGATTTTGGC
cborf23-1F TGGCAGAACAAATCATGAGG
cborf23-1R TGACCATAAGACAGACACTTATTTCC
cborf23-2F AAATCCAGGGTGTTCAGATTTC
cborf23-2R AGGGAGAAGTGAGGGCATTC
cborf23-3F AACCCATGTTTAATGGAGGG
c50rf23-3R TCAGGATCTGAGTGCTTTGTG
c5orf23-4F TTGGGAGATCAAATAGAGTATTATGC
c50rf23-4R TAAAGACAGTGGCAATGGGC
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Primer Sequence
c5orf23-5F AATCAATAATTTAGTGCCCCTTC
c5orf23-5R ACAAACTCCAATCCAGCACC
c5orf23-6F CCTGGCTTTGGTGTTCAGC
c50rf23-6R CCGTGACAGCTTTGTTCTCC
c5orf23-7F GCTTTGATTCATGTTTAAAGACC
c50rf23-7R GACTCATGATAGATTTGTACTGTTTGG
c5orf23-8F GACAGACCAATTCTGTGACCC
c50rf23-8R GTCCCAGGAGAACAAAAGCC
C1QTNF 3'UTR-1F AAGAGCTGGTTGTTCATGGC

C1QTNF 3'UTR-1R

TTTTAGGTGCCAAGGAAAGAG

C1QTNF 3'UTR-2F

TGTTGTTCACGCTACAGGTACAC

C1IQTNF 3UTR-2R CAACCACATTACTGGTCAAGC
C1QTNF 3'UTR-3F TTCAGCTTAGCCTTTGACCC

C1QTNF 3'UTR-3R TGGCTGTTCACATCATCTGC

C1QTNF 3'UTR-4F GAGCAATATATGGAAATAAACACACC
C1QTNF 3UTR-4R TGGGACACTTGTGAAATCAG

C1QTNF 3'UTR-5F AACAAGTCCCAGGTGTGTGG

C1QTNF 3'UTR-5R TTTGGAAGACCGAGGCAG

C1QTNF 3'UTR-6F CCCACCACCAGGACCAG

C1QTNF 3'UTR-6R TGCCTGGAATAGCACAGTATC

C1QTNF 3'UTR-7F

TTGTATCATGAATAAAAGCTGAAGTC

C1QTNF 3'UTR-7R

GCCATAAATACATGCAGGAAAAG

C1QTNF 3'UTR-8F

CAGAGACAATTTCTTGCTTTGG

C1QTNF 3'UTR-8R

TCCTTTTGAATAAAGTCCCTCC
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Appendix C.

A catalogue of sequence variants identified within the BDA1B critical region
(chr5p13.3) prior to HTS.

Background: Prior to my involvement with the BDA1B project, all of the protein coding
genes annotated through UCSC reference builds hgl6 and hgl7 were sequenced in
several members of Family-1 and unaffected individuals by previous graduate students.
The sequencing also focused on exons derived from ESTs and hypothetical genes.
Despite the identification of several “novel” sequence variants during the early years of
the project, all of them were eventually discounted as causal since they were either not
identified in related affected members or were observed in unaffected individuals.
Rationale: A catalogue of sequence variants dedicated to the BDA1B critical region was
created out of necessity to: 1) Catalogue all sequenced areas, 2) Prevent resequencing of
a variant and 3) Limit the number of novel sequence variants when the time came to
perform HTS on the targeted locus.

Design: Migrate all sequence variants, which were identified over the course of 10 years
prior to my characterization of the BDALB critical region, into a central laboratory
spreadsheet. MS Excel spreadsheet was used to perform this task as this was a familiar
and easily accessible utility within our laboratory. Variants were annotated with current
genomic coordinates via LiftOver (UCSC Genome Browser Tools) and binned into
categories reflecting the type of change and any associated genome feature. Intersection
of genomic coordinates was performed using the VLOOKUP syntax.

Results: A total of 55 sequence variants, which were not reported in the public databases

as of June 2006, were identified in only one sequenced BDAL-affected individual. These
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variants were also not found in our unaffected controls. As of February 12, 2015, 37 of

the 55 variants were present in doSNP142. After the targeted resequencing of the

BDAL1B locus in two related and affected individuals from Family-1 (P1-06 and P1-64),

we did not observe any sharing of their novel sequence variants with the remaining 18 in

our chr5p13.3 catalogue (see Table below). Since these variants were not shared between

BDAZ1-affected family members and therefore not in linkage disequilibrium with the

affected haplotype in Family-1, we concluded that they are not causal.

Appendix C Table 1. Catalogue of novel sequence variants identified before targeted
resequencing of the BDA1B locus. UCSC LiftOver tool was used to convert genome
coordinates. The last column indicates if the reported variant was observed in both
aligned HTS reads of P1-06 and P1-64.

EST or Genome - . . - _Sharmg
UCSC Gene Feature hg18 coordinates hg19 coordinates cDNA Protein  Prediction with P1-06
mRNA change
and P1-64
BC057283 PDZD2 intron T=A  chr5:31896332-31896332 chr5:31860575-31860575 not shared
BC057283 PDZD2 intron T insertion chr5:31895999-31896000 chr5:31860242-31860243 not shared
BX648242 PDZD2 intron C=T chr5:32088924-32088924 chr5:32053167-32053167 not shared
iggg?gg PDZD2 intron A=T chr5:32136755-32136755 chr5:32100998-32100998 not shared
BC032023 PDZD2 intron C=A  chr5:32143238-32143238 chr5:32107481-32107481 not shared
PDZD2 JUTR AT chr5:32144629-32144629 chr5:32108872-32108872 not shared
MTMR 12 intron G=A  chr5:32284021-32284021 chr5:32248264-32248264 not shared
suB1 5UTR C=T chr5:32621472-32621472 chr5:32585715-32585715 not shared
BC044935 [OC340113 exon C=T chr5:32997301-32997301 chr5:32961544-32961544 not shared
TARS intron A>G  chrb:33489124-33489124 chrb:33453367-33453367 not shared
ADAMTS12  exon C=G  chr5:33581943-33581943 chr5:33546186-33546186 c.4424G>=C p.W14255 damaging not shared
ADAMTS12 | exon C=A  chr5:33581967-33581967 chr5:33546210-33546210 c4400G>T p.C1467F damaging not shared
ADAMTS12 | intron T=C chr5:33624691-33624691 chr5:33588934-33588934 not shared
RXFP3 5UTR T=C chr5:33972477-33972477 chr5:33936720-33936720 not shared
C1QTNF3  intron G=C chr5:34100192-34100192  chr5:34064435-34064435 not shared
C1QTNF3  intron G=T chr5:34100182-34100182  chr5:34064425-34064425 not shared
BF892342
DB446659
BM4T5197
AASB4640
AW0B1720 A>G  chrb34225254-34225254  chr5:34189497-34189497 not shared
AAB46941
AlGT3003
BF850793
BF738763
RAI14 intron T=G chr5:34793243-34793243  chr5:34757486-34757486 not shared
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