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ABSTRACT

The identification and characterisation of disease genes in craniosynostosis

A thesis submitted for the degree of D. Phil by Aimee L Fenwick, Linacre College, Oxford.

Trinity Term 2015

Current challenges to the understanding and clinical management of craniosynostosis (premature
fusion of the cranial sutures) include the interpretation of changes in known disease genes, the
identification of novel disease genes and the identification of pathogenic regulatory mutations. This
thesis aims to address these issues and by doing so improve diagnosis, surgical prognosis and

support for affected families.

Expanding the repertoire of known disease mechanisms, pathogenicity of an apparently synonymous
substitution in FGFR2 is demonstrated, associated with a mild Crouzon syndrome phenotype.
Furthermore, a new severe phenotype associated with localised mutations in TWIST1 (usually

associated with Saethre-Chotzen syndrome; SCS) is described.

In an attempt to better understand the underlying pathogenesis of SCS, six probands with a clinical
diagnosis, but no TWIST1 mutations, underwent whole-genome sequencing. Two individuals were
found to have mutations in TCF12, a dimerization partner of TWIST1, and one patient had compound
heterozygous mutations in CDC45. The latter, however, was not initially prioritised as one of the
mutations led to a silent substitution, and this individual also had a de novo variant in a gene that

interacts with a known craniosynostosis pathway.

To further explore the contribution of regulatory mutations to the pathogenesis of SCS, targeted
sequencing of a 2.4 Mb region around TWIST1, and 640 kb around TCF12, was undertaken on DNA
from 160 coronal synostosis patients. As well as coding mutations that had been missed, intronic

splicing mutations and putative TWIST1 promoter mutations were identified.

In summary, during the course of this work novel and sometimes unexpected pathogenic
mechanisms of mutations both in previously known genes (FGFR2, TWIST1) and in newly defined
genes (TCF12, CDC45) have been identified. The pathogenicity of apparently synonymous variants
provides important lessons in the correct interpretation of patient sequence data, and the
identification of novel disease genes expands the classification and range of pathophysiology in

craniosynostosis.
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CHAPTER 1

INTRODUCTION



Chapter 1: Introduction

1.1 Overview

Craniosynostosis describes the premature fusion of one or more of the cranial sutures. It affects 1 in
2100 — 2500 children and is the second most common craniofacial malformation after cleft lip and/or
cleft palate (Boulet, Rasmussen, and Honein 2008, Lajeunie, Le Merrer, et al. 1995). This severe
congenital condition often requires multiple surgeries and can involve complications with raised
intra-cranial pressure, breathing, dentition, hearing and learning difficulties. This thesis aims to
identify new genetic causes, and further understand known causes of craniosynostosis with the goal
of improving diagnosis, surgical prognosis, counselling for affected families and also increasing our

understanding of how the human skull develops.

1.2 Development of the skull

The human skull can be divided into two compartments, comprising the viscerocranium which forms
the face, and the neurocranium that surrounds and protects the brain. The neurocranium can be
further divided into the base of the skull, and the calvaria (skull vault). Five separate bones make up
the calvaria: the paired frontals and parietals, and the unpaired occipital (Morriss-Kay and Wilkie

2005, Bonaventure and El Ghouzzi 2003) Fig. 1-1.

At around embryonic day eight (E8) in the mouse, the cranial neural crest (CNC) begins to migrate
away from the closing neural folds of the three-layered embryo. This migration is complete after two
days. In humans, CNC migration takes place between E19 and E26 (Opperman 2000, Otis and Brent
1954). Thus, the calvarial mesenchyme is made up of cells from both the CNC and paraxial
mesoderm; the parietal bones being of mesodermal origin and the frontal bones of neural crest
(Jiang et al. 2002). The two cell populations migrate to defined locations overlying the cerebral

hemispheres where they subsequently differentiate.



Front of skull

Frontal bones .../ Metopic suture

Coronal suture

Parietal bones -wf .

Sagittal suture

Lambdoid suture
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Sagittal Unicoronal
synostosis synostosis
Metopic Bicoronal
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Figure 1-1

The human calvarial bones.

Schematic representation of the normal human skull is shown above, looking down at the top of the
head. The five bones of the calvaria are indicated in blue, and the sutures are indicated in red. The
consequence on skull shape from premature fusion of various sutures is depicted below.



In this way, skeletal development proceeds via patterning of skeletal elements, commitment of
mesenchymal cells to osteogenic lineages, and terminal differentiation into osteoblasts (Deckelbaum
et al. 2006). Osteoblasts are specialised cells that form bone, they express a number of bone-related
extracellular matrix proteins, as well as alkaline phosphatase (Katagiri and Takahashi 2002). In mice,
mandibular bone matrix appears at E13, followed by calvarial bone matrix at around E14 (Otis and
Brent 1954). Once the calvarial bones have been generated they are remodeled by the resorptive
activity of osteoclasts, so the bone undergoes constant formation and resorption by osteoblasts and

osteoclasts respectively (Deckelbaum et al. 2006, Katagiri and Takahashi 2002).

Unlike most skeletal bones which are formed by endochondral ossification, the calvarial bones are
formed by intramembranous ossification whereby mesenchymal cells cluster and differentiate
directly into osteoblasts with no cartilage precursor. The osteoblasts start to secrete bone
extracellular matrix (osteoid) forming bone spicules, which proceed radially from each of the clusters,
or ossification centres (in humans the two ossification centres for each of the frontal and parietal
bones appear in the eighth week of development (Rice 2008)). At the leading edges of this growth
are the bone fronts, containing large numbers of osteoprogenitor cells and osteoblasts, which
continue to secrete osteoid along the surface of the spicules, increasing their size and leading to the

expansion of the bone (Morriss-Kay and Wilkie 2005, Opperman 2000).

1.2.1 Suture development

The five bones of the calvaria remain separated by fibrous tissue along their margins, indicated in Fig.
1-1, where growth is regulated by the proliferation/differentiation balance of the osteoprogenitor
cells. These margins are the cranial sutures and provide the major growth centres, allowing rapid
expansion of the developing skull to accommodate the growing brain, as well as passage through the

birth canal (Morriss-Kay and Wilkie 2005).

In the mouse, the coronal suture is the first to be established as the ossification centres of the

developing frontal and parietal bones are formed relatively closer together than those of the two



frontal or two parietal bones. As the frontal and parietal bones grow and come into apposition they
overlap but remain separated by a population of undifferentiated mesenchymal cells of mesodermal
origin (Jiang et al. 2002, Merrill et al. 2006). This boundary of CNC and mesoderm is established at E9
in the mouse. Lineage tracing experiments have shown that the coronal suture progenitors originate
from a population of cephalic paraxial mesoderm cells that migrate to the supraorbital domain,
which expand to form the coronal suture between E11-E13.5, maintaining the CNC/mesoderm

boundary (Deckelbaum et al. 2012).

The interfrontal (equivalent to the human metopic), sagittal and lambdoid sutures are formed much

later in development as butt joints when the bone fronts meet each other end-on (Rice 2008).

1.3 Craniosynostosis

Craniosynostosis defines the premature fusion of the cranial sutures, which usually becomes
apparent between the last third of pregnancy and the end of the first year of life. Under normal
circumstances, the cranial sutures will remain patent until the third decade of life except for the
metopic suture which fuses within the first year (Weinzweig et al. 2003). If the sutures are
obliterated by premature ossification, the skull no longer has the ability expand with the rapidly
growing brain. Compensatory overgrowth at the remaining patent sutures occurs, leading to a
dysmorphic head shape (Fig. 1-1) and the possibility of other associated problems such as raised
intra-cranial pressure which can lead to cognitive impairment, or optic nerve damage causing
impaired vision or blindness (Panigrahi 2011, Opperman 2000). A distorted skull shape can also lead
to problems with breathing and dentition, as well as hearing loss. Syndromic cases, i.e.
craniosynostosis associated with additional clinical features, usually require multidisciplinary
management and make up approximately 20% of cases, the remainder being non-syndromic
(Panigrahi 2011, Wilkie et al. 2010). Environmental factors such as external pressure on the fetal skull
as a result of malposition can cause craniosynostosis (Wilkie 1997), however nearly one quarter of

craniosynostosis has a genetic aetiology (Wilkie et al. 2010, Sharma et al. 2013). Of the genetic



causes, around a fifth can be attributed to mutations in several genes including FGFR2, FGFR3,
TWIST1 and EFNBI1 (see Table 1-1). In particular, the p.(Pro250Arg) substitution in FGFR3 is the single
most frequent mutation associated with craniosynostosis, underlying Muenke syndrome (Nah et al.

2012).

Surgical intervention is the basis of treatment and management, directed towards maintenance of
breathing, feeding, eye protection and treatment of raised intracranial pressure but also to correct
visible facial differences and thereby improve quality of life. Several studies have documented the
negative psychosocial impact of craniofacial dysmorphology on behavior, social interaction, creation
of peer support network, and psychiatric disease. However, improvement of appearance by surgery
can have positive effects in all of these spheres (Pope and Speltz 1997, Rumsey and Harcourt 2007).

No medical interventions are known to prevent suture fusion (Johnson and Wilkie 2011).

A study of a 10-year birth cohort of children who required surgery because of craniosynostosis
demonstrated that repeat craniofacial surgery was required for 58% of children with single-gene
mutations but only 17% of those with chromosomal abnormalities, or those without a genetic
diagnosis (Wilkie et al. 2010). Demonstrably, identifying the genetic causes of craniosynostosis is
important not only in enabling families to have accurate counselling, but also in enabling patients to

receive the appropriate surgical management.



Table 1-1

A summary of the major genetic causes of craniosynostosis.

Gene | Disorder Inheritance | Molecular pathogenesis Typical suture Phenotype Refs
pattern fusion
EFNB1 | Craniofrontonasal | XLD (male Haploinsufficiency. Coronal Hypertelorism, notched nasal tip, chest anomalies, (Twigg et al. 2004)
syndrome sparing) longitudinal splitting of nails. Heterozygous females more
severely affected than hemizygous males due random X-
inactivation and cellular interference.
ERF ERF-related AD Haploinsufficiency. Multisuture Exorbitism, midface hypoplasia, Chiari type | malformation, | (Twigg, Vorgia, et al. 2013)
craniosynostosis postnatal onset of craniosynostosis.
FGFR1 Pfeiffer syndrome | AD p.Pro252Arg gain-of-function Coronal Mild craniofacial features, broad medially deviated thumbs | (Muenke et al. 1994)
mutation allows illegitimate ligand and halluces, cutaneous syndactyly.
binding.
FGFR2 Apert syndrome AD (n) >98% cases caused by p.Ser252Trp or | Coronal, Midface hypoplasia, dilated cerebral ventricles, complex (Wilkie, Slaney, et al.
p.Pro253Arg; gain-of-function multisuture syndactyly of the hands and feet. 1995)
mutations allow illegitimate ligand
binding.
“ Beare-Stevenson AD (n) >85% cases caused by p.Tyr375Cys, Multisuture Choanal atresia, prominent umbilical stump, furrowed (Przylepa et al. 1996)
syndrome also p.Ser372Cys; introduction of scalp/neck skin, acanthosis nigricans of flexures in survivors.
cysteine alters disulphide bonding.
“ Crouzon AD Multiple missense mutations in Iglll Multisuture, Exorbitism, midface hypoplasia, beaked nose (“crouzonoid” | (Jabs et al. 1994, Reardon
syndrome domain or tyrosine kinase domains. coronal, sagittal facies), clinically normal hands and feet. et al. 1994)
“ Pfeiffer syndrome | AD (n) Overlap with above. Multisuture Crouzonoid facies with broad thumbs and halluces; in (Lajeunie, Ma, et al. 1995,
severe cases, cloverleaf skull, brain anomalies, abnormal Rutland et al. 1995, Schell
tracheal sleeve, fused elbows. et al. 1995)
“ Bent bone AD (n) Missense mutations to polar amino Coronal Generalised osteopenia with reduced mineralisation of the (Merrill et al. 2012)
dysplasia acids in the transmembrane domain. calvaria, bent long bones; perinatal lethal.
FGFR3 Muenke AD p.Pro250Arg. Coronal May include sensorineural hearing loss, mild brachydactyly, | (Bellus et al. 1996)
syndrome cone-shaped epiphyses.
POR Antley-Bixler AR Cytochrome P450 oxidoreductase Bicoronal, Midface hypoplasia, choanal stenosis/atresia, radiohumeral | (Fluck et al. 2004)
syndrome deficiency. multisuture synostosis, multiple joint contractures, genital
abnormalities; abnormal steroidogenesis.
RAB23 | Carpenter AR Loss-of-function, leading to Multisuture Obesity, cardiac defects, polysyndactyly, brachydactyly, (Jenkins et al. 2007)
syndrome 1 dysregulation of hedgehog signaling. hypogenitalism, umbilical hernia, learning disability.
TWIST1 | Saethre-Chotzen AD Haploinsufficiency. Coronal Low frontal hairline, hypertelorism, eyelid ptosis, (el Ghouzzi et al. 1997,
syndrome downslanting palpebral fissures, blocked tear ducts, small Howard et al. 1997)

ears with prominent crus helicis.

AD, autosomal dominant; AR, autosomal

recessive; XLD, X-linked dominant; (n) usually arises by new mutation.
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1.3.1 Saethre-Chotzen syndrome

Saethre-Chotzen syndrome (SCS) is a form of syndromic craniosynostosis characterised by unilateral
or bilateral coronal synostosis, ptosis, ocular hypertelorism, blocked tear ducts, a low frontal hairline,
maxillary hypoplasia, a characteristic appearance of the ear (small pinna with a prominent crus; Fig.
1-2) and minor digit anomalies (el Ghouzzi et al. 1997). It was first defined by Saethre (1931), and
then Chotzen (1932), who both described individuals exhibiting mild turricephaly, asymmetric skulls
and partial soft tissue syndactyly of fingers and toes. It was subsequently shown to be caused by
heterozygous mutations in TWIST1 by two groups (el Ghouzzi et al. 1997, Howard et al. 1997). SCS is
a relatively common syndromic form of craniosynostosis that has been estimated to have a
prevalence of 1 in 25 000 — 1 in 50 000, however this figure was calculated before the molecular
characterization of certain disorders such as Muenke syndrome, which show overlapping clinical
features. A more up to date estimation, based on data produced by Wilkie et al (2010), would be
around 1 in 60 000. Point mutations, large deletions and chromosomal rearrangements involving
TWIST1 have been described in patients indicating haploinsufficiency of the TWIST1 protein as the
underlying mechanism (Gripp, Zackai, and Stolle 2000, Johnson et al. 1998, Wilkie, Yang, et al. 1995).
Furthermore, trisomy at the TWIST1 locus has been associated with cranium bifidum, characterised
by a persistent calvarial foramen and open sutures, indicating a TWIST1 dosage effect during calvarial

development (Stankiewicz et al. 2001).

Not all patients manifest every feature associated with SCS and it can be challenging to make a
clinical diagnosis due to this phenotypic heterogeneity, and overlap with other craniosynostosis
syndromes (e.g. Muenke syndrome). However, a genetic diagnosis is particularly valuable in SCS as
the disorder is associated with a high rate of recurrent intracranial hypertension, requiring further
surgical intervention and conferring a greater risk than non-syndromic synostosis of the same sutures
(Woods et al. 2009). Furthermore, a molecular diagnosis enables the affected family to have accurate
genetic counselling, risk estimation and the possibility of prenatal and preimplantation genetic

diagnosis.



Figure 1-2
Facial characteristics of Saethre-Chotzen syndrome.

Eight month old female patient demonstrating brachycephaly, right eyelid ptosis, and mild facial
asymmetry (slight elevation of left eyebrow and deviation of nose and chin point to the right). Note
indented nasal bridge and dysmorphic external ear with prominent transverse crus visible on lateral
view (Woods et al. 2009).

1.3.2 TWIST1

Belonging to the basic helix-loop-helix (bHLH; see next section) family of transcription factors,
TWIST1 provides important transcriptional regulation in a variety of developmental processes, such

as cellular differentiation and lineage commitment.

TWIST1 is highly conserved and crucial for normal development. It was originally identified in
Drosophila as being required for gastrulation and mesoderm formation, the name “Twist” coming
from the twisted appearance of mutant embryos, which die shortly after hatching (Thisse, el Messal,
and Perrin-Schmitt 1987). During murine development Twist1 expression can be seen in the
mesenchyme of the head, branchial arches and limb buds. In the developing calvaria Twist1 is highly
expressed in the sutural mesenchyme, probably including early osteoprogenitors, but not in the

functioning osteoblasts (Johnson, Iseki, et al. 2000, Rice et al. 2000). Twist1-null mice die at E11.5,



exhibiting a failure of cephalic neural tube closure as well as defects in head mesenchyme, branchial
arches, somites and limb buds, indicating a regulatory role of Twist1 in morphogenesis of the cranial
neural tube and mesenchymal cells (Chen and Behringer 1995). Mice heterozygous for the Twist1-
null allele (Twist1+/') demonstrate variable fusion of the coronal suture, both bilaterally and

unilaterally and provide a model for SCS (Carver, Oram, and Gridley 2002, el Ghouzzi et al. 1997).

As well as interacting through its bHLH domain, murine Twist1 has been shown to interact with the
Runt domain of Runx2 (runt-related transcription factor 2), via a C-terminal Twist box (Bialek et al.
2004). Expression of Runx2 is essential for osteoblast differentiation, hence it is often referred to as
the master regulator of osteogenesis. Twistl was demonstrated to act as an inhibitor of Runx2 by
binding to its Runt DNA-binding domain, thereby preventing it from binding to DNA (Bialek et al.

2004, Ishii et al. 2003).

1.3.3 Basic helix-loop-helix transcription factors

The bHLH motif is defined by a basic domain that binds DNA and an HLH domain comprising two
amphipathic alpha helices separated by a loop region, enabling dimerization (Hamamori et al. 1997).
The majority of bHLH proteins can be divided into three classes; class | proteins (also known as E-
proteins) are widely expressed and can form homodimers as well as heterodimers with class Il and llI
proteins, class Il proteins are tissue-specific and most prefer to form heterodimers with E-proteins,
class lll proteins (also known as Id proteins; inhibitors of DNA binding) lack a DNA binding domain
and therefore heterodimers that they form cannot bind DNA (Massari and Murre 2000, Zhuang,

Cheng, and Weintraub 1996).

As a class Il transcription factor, TWIST1 can heterodimerize with class | E-proteins or Id proteins. The
E-proteins comprise E12 and E47 (alternatively spliced products of E2A, also known as TCF3), TCF4
and TCF12, and are thought to enhance the activity of their tissue-specific dimer partner. Functional
dimers typically bind DNA at the E-box consensus sequence CANNTG, with different proteins
demonstrating distinct sequence preferences for the central nucleotides, for example E47 binds

tightly to CACCTG whereas MyoD/E47 heterodimers prefer CAGCTG (Ellenberger et al. 1994, Murre
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et al. 1989). The crystal structure of E47 binding to DNA revealed that E47 interacts via its two basic
region helices to each half of the binding site in the major groove of the DNA, with conserved
hydrophobic residues at the interior of the domain providing van der Waals interactions. Specifically,
the glutamic acid at position 555 in the human protein forms hydrogen bonds with the cytosine and
adenine at positions one and two of the E-box sequence. This interaction is supported by hydrogen
bonds from the nearby p.Arg558 which forms a bridge to the DNA backbone (Fig. 1-3). Both of these
key residues (glutamic acid and arginine) are extremely highly conserved in all bHLH proteins

(Ellenberger et al. 1994).

Glu555

Figure 1-3

Representation of bHLH transcription factors interacting with DNA.

A. A bHLH dimer bound to DNA; each protein comprises two a-helices connected by a loop. Dimers
form via interaction of hydrophobic residues on the corresponding faces of the two helices, the basic
domain binds to DNA at E-box recognition motifs (-CANNTG-).

B. Detail of how the highly conserved p.Glu555 of E47 binds the E-box sequence; hydrogen bonds are
indicated by dashed lines, van der Waals contacts between the B and y carbons of p.Glu555 and the
methyl group of thymine 2' are shown in blue.
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1.4 TWIST1-negative SCS patients

Around 10% of patients with a clinical diagnosis of SCS have no identified mutations of TWIST1,
despite extensive genetic testing. While it is possible that some of these may be misdiagnoses due to
phenotypic heterogeneity, it is likely that there is another underlying genetic factor contributing to
this disorder. A central hypothesis that is further explored in this thesis is that, in some cases, SCS is
caused by the disruption of regulatory elements critical for the correct spatio-temporal expression of
TWIST1. This is based on two main observations; firstly, there are several disorders that can be
caused by non-coding mutations, and secondly, there are several reports of patients with a clinical
diagnosis of SCS who have rearrangements involving the 7p21-22 region that do not disrupt the

TWIST1 locus.

1.4.1 Non-coding mutations in disease

As well as mutations of the coding sequence of a gene, human disease can be a result of disruption of
its regulatory control. Chromosomal translocations can effect gene expression in several ways; for
example the breakpoint may separate a gene from its promoter and associated regulatory elements,
and/or place a gene under the control of illegitimate elements. Or, the rearrangement may result in a
euchromatic gene being translocated to a region of heterochromatin, itself then becoming
heterochromatinised and thus silenced (Kleinjan and van Heyningen 1998). This particular facet can
be exploited to help identify regulatory elements as they reside in open euchromatin, to allow
binding of transcription factors and other proteins, which is sensitive to DNasel digestion. These so-
called enhancer elements tend to be cell-type specific, and can reside upstream and/or downstream

of their target gene.

Mutations involving non-coding elements have been implicated in several haploinsufficiency based
disorders where no coding mutations could be identified in clinically affected patients, for example in
aniridia (the absence of the iris). Aniridia is usually caused by heterozygous loss-of-function
mutations in PAX6, however a number of cases have been described with no identifiable coding

mutations and chromosomal rearrangements downstream of the gene. Closer analysis of this
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downstream region, using DNasel hypersensitivity and evolutionary sequence comparison, led to the
identification of multiple regulatory elements spanning ~25 kb (Kleinjan et al. 2001). Pathogenicity
was demonstrated using human/mouse somatic cell hybrids where PAX6 was expressed in the
presence of the wild-type allele, but not when they contained patient chromosomes with the

downstream regulatory elements deleted (Lauderdale et al. 2000).

Point mutations in a highly conserved regulatory sequence 1 Mb upstream of SHH have been
associated with pre-axial polydactyly (PPD) in several families (Lettice et al. 2003). The correct
patterning of digits in the tetrapod limb is controlled by the zone of polarizing activity (ZPA), which
expresses Sonic Hedgehog (SHH). The ZPA regulatory sequence (ZRS) appears to be responsible solely
for the correct expression of SHH within the ZPA, as haploinsufficiency of SHH causes
holoprosencephaly (perturbation of development of the midline structures), which at its most severe
is incompatible with life (Roessler et al. 1996). The ZRS was identified by mapping a de novo
translocation breakpoint in a patient with PPD, as well as analysis of the Sasquatch mutant mouse (a
model for PPD), which highlighted a conserved 1.3 kb region within intron 5 of the neighbouring
gene; LMBR1. Using a transgenic construct containing the Zrs, the authors drove expression of a lacZ
reporter in the developing mouse embryo, which reproduced the endogenous Shh pattern in the

limb bud at E10.5, and continued until E13.5 (Lettice et al. 2003).

Haploinsufficiency of the short stature homeobox protein (encoded by SHOX) is associated with
isolated short stature and Leri-Weill syndrome (LWS; short stature, mesomelia, and wrist
abnormalities). Sabherwal et al (2007) screened 122 LWS patients and as well as 17 intragenic
mutations and 47 whole gene deletions, they identified four patients with an intact SHOX coding
region, who harboured deletions 3’ to the SHOX genomic locus (mapped by fluorescence in situ
hybridization (FISH) and single nucleotide polymorphism (SNP) analysis). Although the deletions
varied in size, they all shared a minimal overlap of ~200 kb. This common deleted region was
analysed for the presence of evolutionary conserved genomic elements, and eight putative elements
with the highest conservation were selected for further functional analysis. Of these eight elements,
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three demonstrated enhancer activity in the chicken embryo, driving expression of GFP in the
developing limb buds (Sabherwal et al. 2007). Subsequent analysis of the SHOX downstream
regulatory region in zebrafish has led to the identification of a smaller and more deeply conserved
sub-sequence, as well as additional target tissues (Kenyon et al. 2011). Deletions of this enhancer
region, as well as the coding region, are now screened for routinely in patients presenting with short

stature (Stuppia et al. 2012).

Mutations of highly conserved elements over 1 Mb from SOX9 have been linked to Pierre Robin
sequence (PRS); the combination of micrognathia, glossoptosis and cleft palate (Benko et al. 2009).
Linkage was used to identify a region segregating with autosomal dominant, highly penetrant PRS,
which was further refined by analysis of translocation breakpoints which clustered within 160 kb on
chromosome 17, between KCNJ2 and SOX9. A high-density tiling path array comparative genomic
hybridization (CGH) extending 1.94 Mb centromeric and 1.76 Mb telomeric to SOX9 identified
heterozygous deletions in three unrelated PRS patients, all including highly conserved non-coding
elements. Subsequent sequencing analysis revealed a point mutation in another PRS family,
disrupting a non-coding element that shares 94% sequence similarity with the mouse, which was
shown to increase binding affinity to the transcription factor MSX1 compared to the wild-type
sequence. The authors also used a transgenic mouse to demonstrate strong activity of this putative

enhancer in the craniofacial region at E11.5 (Benko et al. 2009).

In the examples listed above (summarised in Table 1-2), the disruption of enhancer elements either
creates a distinct phenotype (such as with the ZRS and PPD, or SOX9 regulation and PRS), or
phenocopies a null mutation (like PAX6 regulation and aniridia, or SHOX regulation and LWS/short
stature). It is believed that genes have multiple enhancer (and silencer) elements which act in
concert to regulate expression, therefore the balance of which elements are disrupted/deleted may
explain this difference. Key to the identification of enhancer elements in these examples has been to

narrow the region of interest by mapping chromosomal rearrangements in patients, cross-
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referencing these observations with evolutionary conservation and other information such as DNasel

hypersensitivity, and screening further patients for similar mutations.

Table 1-2

Mutations of non-coding regulatory regions associated with human disease.

Phenotype Gene affected | Aberration(s) Distance from gene Refs

Aniridia PAX6 Translocation breakpoints Up to 125 kb (Kleinjan et al. 2001,
Two de novo deletions downstream Lauderdale et al. 2000)

Pre-axial SHH Breakpoint of de novo 1 Mb upstream (Lettice et al. 2003)

polydactyly balanced translocation,

point mutations

Leri-Weill SHOX Common minimal deletion Proximal downstream (Sabherwal et al. 2007)
syndrome of ~200 kb
Pierre-Robin | SOX9 Translocation breakpoints 1.06-1.23 Mb upstream | (Benko et al. 2009)
sequence Microdeletions 1.58 Mb upstream/1.56
downstream
Point mutation 1.44 Mb upstream

1.4.2 Rearrangements of chromosome 7p21 - p22

There are several reports of patients with a clinical diagnosis of SCS who have rearrangements

involving the 7p21 — p22 region that do not disrupt the TWIST1 locus (summarised in Fig. 1-4 and

Table 1-3). Such rearrangements can be used to narrow down the region of interest around TWIST1

within which putative enhancer elements may lie.

The translocations described by Krebs et al (1997), Rose et al (1997) and Cai et al (2003) are all

located 3" to TWIST1. The closest breakpoint is just ~5 kb downstream, and three of the four

translocations described by Rose et al (1997) were further refined to being 70-100 kb downstream in

two cases, and 250 kb downstream in another (Patel et al. 1998). Unfortunately it is not clear which

exact cases these refer to (as the information was presented as a poster but never formally

published). However, unpublished data from the WIMM Clinical Genetics Group (Elena Bochukova),

based on isolation of the chromosome 7 homologues into rodent somatic cell hybrids, demonstrated

the breakpoint of the t(7;18)(p21.2;923) translocation (family 1, Wilkie et al 1995) to lie within an

intron of HDAC9 (chr7:18773018-18782892), approximately 370 kb downstream of TWIST1. The
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translocation was presumed to have arisen de novo in the proband’s father, who had mild SCS
features (unusual ears with a very short crus helicis and absence of the normal furrow between the
antihelix and helix at the posterior margin of the ear, and a very high arched palate), and was
transmitted to two daughters and a granddaughter who displayed a range in severity of SCS features
and mild developmental delay. The proband had very marked brachycephaly (a radiograph
confirmed coronal synostosis), as well as mild proptosis, a prominent nose, a short philtrum, a tented
upper lip, unusual ears, and a very high arched palate with a bifid uvula. Her sister also had a
prominent nose and tented upper lip (although these features were less marked than in the
proband) a high arched palate with bifid uvula and unusual ears similar to other affected family
members. Her skull radiograph showed parietal foramina bilaterally, and the coronal and sagittal
sutures, although patent, had rather sclerotic margins. The proband’s daughter had a normal skull
shape, but had similar facial appearance to the other translocation carriers with bifid uvula, low-set
unusual ears and mild developmental delay (Wilkie, Yang, et al. 1995). This translocation remains the

most distal to TWIST1 that is associated with the SCS phenotype.

More recently, the de novo balanced translocation t(7;12)(p21.2;p12.3) was reported in an individual
presenting at birth with brachycephaly, down-slanting palpebral fissures, ocular hypertelorism, broad
nose with low nasal bridge and low-set ears. Bicoronal synostosis was confirmed by MRI. The
breakpoint was identified as being ~42 kb 3’ of TWIST1 (19112935), and the authors went on to show
reduced expression of TWIST1 in the proband’s lymphocytes by quantitative PCR (qPCR), as well as a
reduced expression of the other gene interrupted by the rearrangement; PTPRO. One of the
transcripts of PTPRO encodes a protein involved in the regulation of osteoclast production and
activity, and so the contribution of this gene to the phenotype cannot be ruled out (De Marco et al.

2011).

As well as the translocations described above, a patient with a clinical diagnosis of SCS was found to

have a ~685 kb deletion by array CGH, ~230 kb 3’ of TWIST1 (chr7:18240186-18925857). Both the
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patient and her affected daughter carried the deletion, which removed most of HDAC9 (Dr Jenny

Morton, unpublished data).

In terms of rearrangements 5’ to TWIST1, the only information available is a comment by Scherer et
al (2003) describing mutations up to 100 kb 5’ of TWIST1 associated with SCS as an example of
position-effect mutations separating critical regulatory elements from their target genes, leading to
their dysregulation during development (Scherer et al. 2003). However, this example is not
referenced and the supplementary information only refers to the cases previously described by Krebs
et al (1997) and Rose et al (1997), none of which (as reviewed above) had translocation breakpoints

5’ of TWIST1. Hence the source of, and evidence for, such 5’ rearrangements remains unclear.

Although the rearrangements 3’ of TWIST1 share a common region, they do not help to determine a
downstream limit due to the fact that the entire region telomeric to the breakpoint is translocated.
Helping to define this limit, there are also individuals who have rearrangements of the same region
that do not have an SCS phenotype. Firstly, David et al (2003) described a family with Peters’
anomaly (a congenital defect of the anterior chamber of the eye) who had the balanced translocation
t(1;7) (q41;p21). The family did not have overt SCS characteristics, although they were noted to have
telecanthus, a broad nasal bridge and midface hypoplasia. The chromosome 7 breakpoint was shown
to occur at chr7:18747966, within an intron of HDAC9, and involve a 6 bp deletion (David et al. 2003).

This breakpoint is telomeric to the t(7;18)(p21.2;g23) translocation.

A further study described a 7.8 Mb inversion with its breakpoint proximal to the rearrangement
described by David et al (2003), also in an intron of HDACY, in an individual with a range of
dysmorphic features including developmental delay, slightly malformed ears, small down-slanting
palpebral fissures, hypermetropia, a broad neck, short toes and short fingers with tapering of

terminal phalanges and clinodactyly of fifth fingers (Duno et al. 2004).

The individuals described by David et al (2003) and Duno et al (2004) did not resemble an obvious

SCS phenotype, although some features could be said to overlap. However, for the purposes of
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defining a region for initial investigation, they do provide evidence for the location of putative

TWIST1 regulatory elements being centromeric to these rearrangements.

Taking these mappings at face value, the simplest interpretation would suggest the existence of a
TWIST1-regulatory region in a narrow segment of DNA in HDAC9, bounded by the David et al (2003)
translocation breakpoint and the limit of the t(7;18)(p21.2;g23) translocation. This leads to the
specifically testable hypothesis that disruptions of this region, chr7:18747966-18782892, would lead

to SCS.
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Table 1-3

Summary of genomic rearrangements involving 7p21.

Patient | Features Karyotype De Genomic Method References
novo? Rearrangement
1 SCS t(6;7)(916.2;p15.3) Yes Translocation + 518 bp | FISH/PCR & (Tsuji et al. 1994)
deletion 5 kb 3' to sequencing (Tsuji et al. 1995)
TWIST1 (Krebs et al. 1997)
(del:19149617-
19150134)
2 SCS t(7;10)(p21.2;21.2) No Breakpoint lies 70-250 | FISH (Reardon et al.
kb 3" to TWIST1 1993)
3 Normal Father of patient 2 Yes (Rose et al. 1997)
(Patel et a. 1998)
4 SCS t(7;18)(p21.2;q923) No Breakpoint lies within FISH, molecular | (Wilkie, Yang, et al.
HDAC9 intron ~370 kb characterization | 1995)
5 Mild SCS Father of patient 4 Yes 3'to TWIST1 of somatic cell (Rose et al. 1997)
(18773018-18782892) | hybrids (E. Bochukova,
6 Mild SCS Sister of patient 4 No unpublished)
7 Mild SCS Daughter of patient 4 No
8 SCS, developmental | t(2;7)(921.1;p21.2) No Breakpoint lies 70-250 | FISH (Wilkie, Yang, et al.
delay kb 3" to TWIST1 1995)
(Rose et al. 1997)
9 Mild SCS Unknown (Patel et al. 1998)
10 SCS t(5;7)(p15.3;p21.2) Yes Breakpoint lies 70-250 | FISH (Wilkie, Yang, et al.
kb 3’ to TWIST1 1995)
(Rose et al. 1997)
(Patel et al. 1998)
11 SCS inv(7)(p21.3934) Unknown Breakpoint ~260 kb 3' FISH 10 kb (Cai et al. 2003)
of TWIST1 (18895091) | probe
12 SCS, developmental | t(2;7)(p23;p22) No Breakpoint >260 kb 3' G band/FISH (Reid et al. 1993)
delay, coarctation of TWIST1 (Lewanda et al.
of aorta 1994)
13 Mild SCS Mother of patient 12 Unknown (Cai et al. 2003)
14 SCS t(7;12)(p21.2;p12.3) Yes Breakpoint ~42 KB 3' FISH/PCR & (De Marco et al.
of TWIST1 (19112935) | sequencing 2011)
15 SCS Del(chr7:18240186- No Deletion occurs ~230 Array CGH (J. Morton,
18925857) kb 3' of TWIST1 unpublished)
16 SCS Mother of patient 15 Unknown
17 Peters’ anomaly t(1;7) (q41;p21) Yes Breakpoint ~400 kb 3' FISH/PCR & (David et al. 2003)
of TWIST1, includes 6 sequencing
18 Peters’ anomaly Daughter of patient No bp deletion
17 (18747984-18747989)
19 Peters’ anomaly Son of patient 17 No
20 Peters’ anomaly Son of patient 17 No
21 Intellectual inv(7)(p15.2p21.1) Yes Inversion breakpoint Array-CGH/PCR (Duno et al. 2004)
disability ~600 kb 3' of TWIST, & sequencing

includes 8 bp deletion
(18556633-18556641)
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Figure 1-4
Scale map of 2.4 Mb region around TWIST1.

The whole region depicted is in synteny with mouse chromosome 12. Translocation breakpoints associated with SCS are indicated in red, those not
associated with SCS are in blue; the size of the box represents the region within which the breakpoint is believed to occur. All translocations involved the
7p21.1 — p22.3 genomic region, i.e. downstream of TWIST1 (which is transcribed in the reverse orientation). In the “SCS associated breakpoints” track, from
telomere to centromere the breakpoints indicated are for patients 4, 11 and 12 (overlapping), 8 and 10 (unclear which is 70-100 kb and which is 250 kb
from TWIST1), 14 and 1 in Table 1-3. The “Non-SCS associated breakpoint” track shows breakpoints for patients 21 and 17.

Tracks depicting the regulatory context of the region are also shown; CTCF binding sites, H3K27Ac, DNasel hypersensitivity and conservation.

Generated using the UCSC genome browser (genome.ucsc.edu).
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1.5 Molecular mechanisms of craniosynostosis

To date, the processes that control normal suture development, and conversely the mechanisms
underlying craniosynostosis, are not well understood. Whereas fusion of the sagittal sutures is more
likely to have an environmental cause, evidence points to coronal synostosis being associated with
cases of monogenic etiology (Wilkie et al. 2010). This is likely to be due to the distinctive origin of the
coronal suture, forming a functional boundary between two different embryonic tissue types (CNC
and cephalic mesoderm, see section 1.2). Experimental evidence suggests that fusion of the coronal
suture may occur as a result of faulty lineage commitment and migration to this boundary, or due to
changes in the survival, proliferation or rate of differentiation of osteogenic cells within it

(Deckelbaum et al. 2012, Merrill et al. 2006).

1.5.1 The coronal suture as a functional boundary

Boundaries between different cell populations often serve as tissue organisers, for example the
vertebrate embryo hindbrain is subdivided into rhombomeres containing specific expression patterns
of transcription factors controlling cell fate (Dahmann and Basler 1999). Similarly, the midbrain-
hindbrain junction is regulated by Eph-ephrin signaling; interactions between the adjacent domains
induce a boundary cell population which produces its own signaling to further regulate cell
specification (Cheng et al. 2004). Eph receptors and their ligands, ephrins, represent the largest
group of the receptor tyrosine kinase (RTK) family, mediating numerous developmental processes.
The system has capacity for bidirectional signaling, both Ephs and ephrins can serve as receptors to
transduce a signal into the cell in which they are expressed (Bush and Soriano 2012). In humans,
mutations in the X-chromosomal EFNB1 are associated with craniofrontonasal syndrome (CFNS;
frontonasal dysplasia with coronal synostosis). Unusually, females are more severely affected than
males, who typically present with only hypertelorism. This is due to cellular interference in
heterozygous females, which cannot occur in males. Random X-inactivation is proposed to lead to

patchwork loss of ephrin-B1, thereby disturbing tissue boundary formation at the developing coronal
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suture, resulting in craniosynostosis. However, as the mouse model of CFNS does not have
craniosynostosis, this hypothesis is based on observations of the limb (Twigg et al. 2004, Wieland et

al. 2008).

To investigate the role of Twist1 in the developing murine coronal suture, Merrill et al (2006) used
Whnt1-Cre; R26R mice to observe the distribution of CNC-derived cells. Cell-type specific lacZ
expression can be achieved by crossing the R26R strain of mice, which contain a loxP-flanked lacZ
cassette at the ubiquitously expressed Rosa26 locus, with mice expressing Cre recombinase (Soriano
1999). In Wnt1-Cre; R26R mice, Cre is expressed under the control of the Wnt1 promoter. CNC cells
are derived from Wntl-expressing precursor cells, thus Wnt1-Cre; R26R mice express B-galactosidase
in the population of neural crest initially emigrating away from the neural tube, copying the
expression of the endogenous Wnt1 gene (Chai et al. 2000). Using this technique, Merrill et al (2006)
demonstrated that CNC-mesoderm cell mixing occurred at the points of coronal suture fusion in
Twist”” mutant mice. In wild-type embryos at E14.5, neural crest and non-neural crest cells were in
distinct domains, however Twist”” mutant embryos had irregular CNC-mesoderm boundaries with
CNC-derived cells located ectopically in the presumptive parietal bone compartment (Merrill et al.
2006). Subsequently, the availability of a mesoderm lineage-specific reporter mouse (Mesp1-Cre;
R26R) allowed confirmation of the mesodermal origin of the non-neural crest cells in the skulls of
Wnt1-Cre; R26R embryos (Yoshida et al. 2008). Furthermore, Merrill et al (2006) demonstrated that
ephrin-A2 and ephrin-A4 were expressed transiently in the mesoderm of the prospective parietal
bone, with EphA4 being expressed in the adjacent CNC during boundary establishment. This
expression was reduced in the Twist1”” mutant mice, with the expression of ephrin-A2 and A4 being
retracted anteriorly. Screening of the human orthologues EFNA2, EFNA4 and EPHA4 in patients with
coronal synostosis led to the identification of distinct mutations in EFNA4 in three unrelated

individuals (Merrill et al. 2006).
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Ting et al (2009) further investigated the relationship between Twist1 and Eph-ephrin signaling, and
craniosynostosis. EphA4'/' mice phenocopy the Twist1*" mutant mice with partially closed coronal
sutures at postnatal day (P) 21. Both strains of mutant mice also expressed the early osteoblast
marker alkaline phosphatase (Alp) within the coronal suture at E14.5, leading to a disorganised
appearance compared to the suture of the wild type which displayed a distinct layer of non-Alp-
expressing cells (Ting et al. 2009). Reduced EphA4 expression in the sutures of Twist1”” mutant mice,
and increased penetrance and severity of coronal synostosis in Twist1”"; EphA4”" compound
heterozygous mice, indicate that EphA4 is a downstream effector of Twist1 in the murine coronal
suture. The Twist1+/'; EphA4+/' mutant mice also demonstrated ectopically located cells from both
mesodermal and neural crest origin, visualised using the Wnt1,; Cre and Mesp1; Cre reporter systems,
further demonstrating disrupted integrity of the CNC/mesoderm osteogenic/non-osteogenic

boundary (Ting et al. 2009).

In addition to its role in the regulation of Eph-ephrin signaling, Twist1 has also been shown to
regulate the Notch pathway in the prospective coronal suture, acting upstream of Notch2 and its
ligand Jagged1. Notch signaling is critical for a variety of developmental processes, including
developmental boundary formation and cell type specification (Lai 2004, Yen, Ting, and Maxson
2010). In humans, heterozygous mutations in JAG1 lead to Alagille syndrome, which encompasses
various features including impaired craniofacial development, and has been reported rarely to
include coronal synostosis (Yilmaz et al. 2013). A pathophysiological link between Alagille syndrome
and SCS has been described, based on evidence of the interaction of Twist1 with Jag1 in the mouse.
In a similar experiment to that of Ting et al (2009), Yen et al (2010) generated Mesp1-Cre; Jag1™”*;
Twist1*~ compound heterozygous mice which demonstrated increased penetrance and extent of

suture fusion, as well as an increased number of ectopic CNC cells in the sutural mesenchyme,

compared to Twist1”” mutant mice (Yen, Ting, and Maxson 2010).
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As detailed above, coronal suture fusion occurs as the CNC/mesoderm boundary loses its integrity,
thus genes and pathways involved in cell migration, patterning and maintenance of this boundary

represent (and have been demonstrated to be) good candidates for craniosynostosis disease genes.

1.5.2 Proliferation/differentiation at the coronal suture

Another important mechanism in cranial osteogenesis is the control of osteoprogenitor cell
proliferation and differentiation at the suture. The role of TWIST1 in the control of osteoblast
differentiation is not fully understood, however studies in the mouse suggest Twist1 to be a negative

regulator of this process (Guenou et al. 2005, Rice et al. 2000).

As mentioned previously, the phenotype of SCS has significant overlap with that of other
craniosynostosis syndromes, notably those arising from mutations in FGFR2 and FGFR3. Fibroblast
growth factor receptors (FGFRs) play major roles in skeletogenesis, and are clearly important in the
development of the skull as indicated by several craniosynostosis syndromes that are caused by
mutations in the FGFR genes (Table 1-1). Previous work in the mouse has shown that Fgfr2 is
expressed only in proliferating osteogenic progenitors, whereas Fgfrl expression is associated with
differentiation. Moreover, an in vivo study which placed beads soaked with the ligand FGF2 onto the
coronal suture of E15 mice demonstrated a decrease in Fgfr2 expression and a reduction in cell
proliferation, coupled with an increase in expression of Fgfrl and Secreted phosphoprotein 1 (Spp1,

also known as Osteopontin, a marker of mature osteoblasts; Iseki, Wilkie, and Morriss-Kay 1999).

To investigate whether Twist1 and the Fgfr signaling pathway interact, Rice et al (2000) carried out
expression studies on the developing mouse skull (E15-P1), in accordance with previous work the
authors observed Fgfr2 expression localised at the osteogenic fronts of the developing parietal bone,
and Twist1 and Fgf2 to have overlapping expression in the mid-sutural mesenchyme between the
bones (Rice et al. 2000). Furthermore, they demonstrated that FGF2 could stimulate the expression
of Twist1 in vitro in E15 calvarial cultures. Analysis of Fgfr2 distribution in wild type and Twist1*

mutant mice revealed altered expression in the mutants, with the protein localised more discretely in
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the mid-sutural mesenchyme compared to its expression in osteoblasts at the osteogenic front in the
wild type. Together, these data suggested an integration of Twist1 and Fgfr signaling in osteogenesis

(Rice et al. 2000).

In humans, activating mutations in FGFR2 give rise to Apert syndrome (over 98% of cases are caused
by the substitutions p.(Ser252Trp) or p.(Pro253Arg)), a severe form of craniosynostosis involving
fusion of the coronal suture and bony or cutaneous syndactyly of the hands and feet (Wilkie, Slaney,
et al. 1995, Bochukova et al. 2009). As with SCS there is a mouse model of Apert syndrome, which

S252W/+

carries the p.(Ser252Trp) Fgfr2 mutation. The Fgfr2 mice exhibit craniosynostosis and skull
malformations that phenocopy the human patients, and like the Twist1”~ mice demonstrate Alp
expressing cells within sutural mesenchyme at E14.5 (Chen et al. 2003). Further investigation of the
Apert mouse undertaken by Holmes et al (2009) revealed that fusion of the coronal suture occurred
very early in embryonic development, with developmental differences noticeable from E13.5.
Detailed analysis of proliferation in the suture by BrdU assay revealed a modest increase at E12.5-
14.5, followed by a significant decrease in the osteogenic fronts at E16.5 as osteoblasts were formed.

Apoptosis was found to be a consequence rather than a cause of craniosynostosis in these mice

(Holmes et al. 2009).

Previous studies in mice have demonstrated that Twist1 both positively and negatively regulates
mesenchymal cell specification and differentiation (Connerney et al. 2006, Spicer et al. 1996). The
mechanism underlying these dual roles is speculated to be dependent on choice of dimerization
partner. As discussed in section 1.3.3, TWIST1 encodes a class |l bHLH transcription factor that can
heterodimerize with either class | E-proteins or Id proteins, and has also been shown in Drosophila to
form functional homodimers (Castanon et al. 2001). TWIST1 heterodimers, and Drosophila twist
homodimers, interact with DNA at E-box sequence motifs (CANNTG) via their basic domains. Id
proteins repress bHLH activation in a dominant-negative manner by forming non-functional

heterodimers incapable of binding DNA, and expression of Ids can disrupt formation of class I/
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heterodimers (Massari and Murre 2000). In the mouse, Twist1 and Id1 are both expressed in the
sutural mesenchyme, with Id1 being expressed at the osteogenic front rather than in the mid-suture,
correlating with early osteogenesis. Expression of both proteins decreases as osteoblast

differentiation proceeds (Rice et al. 2000).

To explore the hypothesis that TWIST1 dimer partner choice may affect the
proliferation/differentiation balance within the suture, Connerney et al (2006) performed transient
transfections with various combinations of Twist1, Id1 and the class | E-protein E12. Analysis of cell
lysates by Western blot demonstrated that increasing levels of Id1 protein could affect the Twist1/E-
protein homodimer/heterodimer balance, with Id1 preferentially interacting with E12 (Connerney et
al. 2006). Corroborating previous work by Rice et al (2000), the authors also observed that BMP7
could induce Id expression, as well as FGFR2; however this expression was inhibited by the presence
of Twistl/E12 heterodimers. Additionally, they demonstrated that both Twistl homodimers and
heterodimers could bind DNA, and lead to differential gene expression in vitro (Connerney et al.
2006). The authors hypothesise that rather than acting as a negative regulator, Id expression
promotes TWIST1 homodimer formation in the osteogenic fronts by preferentially dimerizing with E-
proteins, therefore reducing the amount of E proteins available to form heterodimers with TWIST1.
They go on to claim that in SCS, the reduced amount of TWIST1 would lead to more Id protein in
relative terms, which would increase Id/E protein heterodimers thereby increasing TWIST1
homodimers (Connerney et al. 2006). Discernably, dimer choice affected transcriptional regulation
and may play an important role in controlling osteogenic fate in the coronal suture, however it is not
clear that haploinsufficiency of TWIST1 leads to an increase of TWIST1 homodimers. Logically, one
would expect that a lower concentration of TWIST1 would make it less likely for TWIST1 homodimers
to form. Pathogenicity may, more simply, be due to an overall reduction in functional TWIST1/E-
protein heterodimers, leading to reduced efficiency of the sutural mesenchyme to maintain an
undifferentiated state. Skeletal muscle development is also regulated by bHLH transcription factors;

in the mouse, widely expressed E12 acts as a facilitator to muscle-specific factors (such as Myod),
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amplifying their activity. In this system heterodimers have been demonstrated to have increased
DNA binding compared to homodimers, and Id proteins act as negative regulators (Murray et al.
1992, Rice et al. 2000). An alternative theory to that of Connerney et al (2006) is that the function of
E12is analogous to its role in skeletal muscle, i.e. to enable the activity of the tissue-specific TWIST1,

which is negatively regulated by Ids such as ID1.

Evidently, the development of the coronal suture is a complex process involving intricate regulation
of homodimers and heterodimers, and proliferation/differentiation in the sutural mesenchyme and
osteogenic fronts. The interaction between FGFR signaling and Twist1 is key to this process; FGFR
signaling can directly upregulate Twist1 (Rice et al. 2000), Fgfr2 expression is correlated with
proliferation, and Twist1 activates or represses Fgfr2 expression dependent on dimer partner
(Connerney et al. 2008, Connerney et al. 2006, Iseki, Wilkie, and Morriss-Kay 1999). This complex
feedback system renders the coronal suture extremely sensitive to dosage of key genes such as

TWIST1, FGFRs and EFNB1, mutations of which lead to craniosynostosis.

1.6 Next generation sequencing

Next generation sequencing has enabled a surge in the identification of genes associated with rare
diseases, no longer limiting success to large pedigrees with multiple affected family members. Since
2013, whole exome and genome sequencing has identified nearly three times as many genes as
conventional approaches (Chong et al. 2015). In the seminal publication identifying a disease gene by
exome sequencing, Ng et al (2010) demonstrated that sequencing a small number of unrelated,
affected individuals can provide a powerful and efficient method for identifying the genetic cause of
a rare monogenic disorder. In this case, Miller syndrome (a craniofacial disorder involving severe
micrognathia, cleft lip and/or palate, hypoplasia or aplasia of the posterior elements of the limbs,
coloboma of the eyelids and supernumerary nipples) was shown to be caused by biallelic mutations
in DHODH (Ng, Buckingham, et al. 2010). Subsequently, whole genome and exome sequencing

strategies have become mainstays in both clinical and research settings. Using these techniques, the
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Clinical Genetics group in Oxford has identified several new disease genes for craniosynostosis
syndromes, for example MEGF8 in a Carpenter syndrome subtype (Twigg et al. 2012), and ERF in
multi-suture synostosis (Twigg, Vorgia, et al. 2013). Following on from these successes, | aim to use
whole genome sequencing to identify the molecular basis of SCS in a cohort of TWIST1-negative
patients. Whole genome sequencing, rather than exome sequencing, will allow the identification of
all non-coding variants to enable detection of putative regulatory elements, as well as sequencing
the remainder of the exome to identify possible causative changes in other genes, if SCS is in fact

genetically heterogeneous.

1.7 Gene identification strategies

Although next generation sequencing has been invaluable in identifying numerous disease genes, it
still requires a well-designed experiment to prove fruitful. There are a number of approaches to
whittle down the >3 million variants per individual (per genome) to the hundreds, or even tens, to
follow up as candidates. Initially, all sequence data goes through a variation of the same pipeline;
variants are filtered based on quality to reduce false-positives, exclusion of known variants from both
in-house and public databases such as dbsnp, and in the first instance terminating (stop mutations
and frameshifts), non-synonymous and splice-site variants are prioritised. These steps typically
reduce the number of candidate variants to <500, how to interpret these depends on the initial
experimental design as detailed below. Regardless of the strategy used, pathogenicity of any
suspected disease gene needs to be corroborated independently, for example by identifying

mutations in other patients, or by demonstrating a functional effect on the encoded protein.

1.7.1 Phenotype/overlap model

A number of unrelated individuals with the same phenotype are sequenced; genes with mutations
present in all individuals are selected as candidates. This approach is highly dependent on patient
selection, as genetic heterogeneity will reduce the likelihood of overlapping mutations being present.

For example, exome sequencing of 10 individuals with Kabuki syndrome did not reveal a commonly
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mutated gene in all individuals (Ng, Bigham, et al. 2010). When the authors reduced the stringency, a
candidate gene was identified (MLL2) that carried mutations in seven of the patients. Follow-up
sequencing of MLL2 in a panel of 46 Kabuki patients only identified mutations in 23 individuals,
indicating genetic heterogeneity and emphasizing the importance of accurate and consistent clinical

phenotyping for successful disease gene identification (Gilissen et al. 2012, Ng, Bigham, et al. 2010).

1.7.2 De novo model

This typically involves sequencing a trio of unaffected parents and an affected child, where the
disease in the child is believed to have occurred due to a de novo mutation, and removing all variants
present in either parent. As the average exome contains <3 de novo mutations, this technique
drastically reduces the number of candidate genes (Roach et al. 2010, Vissers et al. 2010). This has
been proven to be a highly successful strategy by studies such as that by Vissers et al (2010) who
identified de novo point mutations that could be linked to disease in 7 out of 10 patients with
intellectual disability. More recently, a much larger study identified 12 new genes associated with

developmental disorders by exome sequencing of parent-child trios (Fitzgerald et al. 2015).

1.7.3 Recessive model

If consanguinity is suspected, the assumption is made that the disease is caused by a homozygous
variant inherited from each of the heterozygous parents. Large regions of homozygosity can be
identified by carrying out SNP microarrays, or can be determined from the sequence data itself if
family members are also sequenced. The power to discover the causative variant is greatly increased
by sequencing individuals who are more distantly related. For example, first cousins will share on
average 12.5% of their DNA, which reduces to ~3% in second cousins. This means significantly fewer
variants will be identical by descent, and therefore there will be fewer variants to follow up with

further testing.

Alternatively, if consanguinity is not suspected, then filtering the sequence data for only the

homozygous or compound heterozygous non-synonymous variants in an individual will also
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massively reduce the number of candidates. This strategy was used to successfully identify that
mutations in WDR35 cause Sensenbrenner syndrome, a condition involving sagittal craniosynostosis.
By focusing on compound heterozygous mutations, the authors were able to reduce the number of
candidate genes in two individuals from 139 and 158 to only three and four, respectively (Gilissen et

al. 2010, Gilissen et al. 2012).

1.7.4 Candidate/pathway approach

If family members are not available for sequencing, then analysis of a single affected individual’s
genome (or exome) can still generate a molecular diagnosis, however variant prioritization may be
more difficult than in other approaches. Predicted deleterious variants should be assessed starting
with any premature truncating mutations such as frameshifts or the introduction of a stop codon, as
well as mutations of the canonical splice donor/acceptor sites. Missense variants are more difficult to
interpret, but conservation and predicted impact on protein structure are useful indicators of
whether a particular variant can be tolerated or not. If the phenotype overlaps with other disorders
then candidates can be prioritised based on molecular pathway, for example by looking for genes
that interact with known disease genes. Haack et al (2010) successfully demonstrated that variants in
ACADS9 contribute to mitochondrial complex | deficiency by exome sequencing a single severely
affected individual. By prioritizing genes encoding mitochondrial proteins, ACAD9 became a strong
candidate gene. To confirm pathogenicity, a patient panel was screened and a further two unrelated

individuals with compound heterozygous ACAD9 mutations were identified (Haack et al. 2010).

1.8 Regulation of gene splicing

During the course of this thesis, several variants were identified that affected gene splicing by
mechanisms other than disrupting the canonical donor or acceptor sites. Failure to recognise
exon/intron boundaries correctly can generate abnormal mRNA containing intronic sequence, or
missing exonic sequence, which may render it unstable or give rise to a mutant protein product. In

the normal situation, exon/intron boundaries are recognised via the intronic 3’ splice acceptor site
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(AG), the branchpoint and the 5’ splice donor site (GT), by the spliceosome; an RNA-protein complex
comprising small nuclear (sn) RNAs (U1, U2, U4, U5 and U6) and several auxiliary polypeptides.
Recognition of the 5’ splice site happens by direct base-pairing between the site itself and the 5" end
of U1, whereas recognition of the 3" splice site is more complex and requires binding of auxiliary
proteins to the polypyrimidine tract located upstream and proximal to the 3’ site. This enables U2 to
bind the branchpoint, also upstream of the 3’ acceptor site (usually 20-50 nucleotides), followed by
U4, U5 and U6 which then catalyse the removal of the intron which is subsequently degraded

(Cartegni, Chew, and Krainer 2002, Fu and Ares Jr 2014).

Many genes generate several different isoforms by alternative splicing, whereby pairs of donor and
acceptor sites are in competition with at least one other set of sites. As well as the interaction of U1l
and U2 snRNAs, several cis-acting elements are also involved in mediating this complex process,
namely exonic splice enhancers (ESEs), exonic splice silencers (ESSs), intronic splice enhancers (ISEs)
and intronic splice silencers (ISSs) that bind splicing regulatory proteins to either promote or inhibit
tissue-specific splicing. One gene that has been extensively studied in this context is FGFR2, as it
produces (amongst others) two mutually exclusive isoforms by alternatively splicing exons Illb and
llic resulting in FGFR2b and FGFR2c respectively. FGFR2b is expressed in the ectoderm and interacts
with specific FGFs in the underlying mesenchyme, while FGFR2c is restricted to the mesenchyme and
interacts with a broad range of FGFs expressed in the ectoderm (Zhang et al. 2006). In this system,
FGFR2c is the default splice form due to the stronger 3’ splice site of exon llic and the presence of
ISS and ESS elements around exon lllb. However, tissue-specific regulators in epithelial cells bind 1SS
and ISE elements to suppress use of the exon llic acceptor and activate splicing of exon lllb (Takeuchi

et al. 2010, Warzecha et al. 2009).

More recently, changes other than the well-characterised acceptor/donor site mutations have been
implicated in disease. Rather than just the AG/GT being essential for exon/intron boundary

recognition, there is a longer and highly conserved consensus sequence at each site; the 3’ acceptor
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splice site is a polypyrimidine tract <10 followed by cag/GK, the 5’ donor splice site is AYAG/gtaagt
(intronic sequence indicated by lower case and / representing exon/intron boundary). Mutations at
any of these key residues can result in incorrect splicing. Furthermore, point mutations deep in the
intron can create cryptic acceptors or donors which are recognised in preference to the wild-type
sites. For example, Flanagan et al (2013) used targeted next generation sequencing to fully explore
the introns of genes known to be implicated in hyperinsulinaemic hypoglycaemia (ABCC8 and HADH)
and identified two deep intronic mutations (c.1333-1013A>G in ABCC8 and ¢.636+471G>T in HADH)
that were predicted to create cryptic donor sites and an out-of-frame pseudoexon. Analysis of
patients’ cDNA confirmed the presence of the mutant transcripts (Flanagan et al. 2013). Similarly,
Bach et al (2015) targeted the introns of F8 in individuals with haemophilia A, who did not have
mutations in the coding region or canonical splice donor/acceptor sites. The authors identified 15
patients with deep intronic mutations predicted to affect splicing, although they were not able to

follow these up with any functional assays (Bach et al. 2015).

These types of intronic mutations can be hard to identify, especially if exome sequencing is carried
out as most of the intronic DNA will not be sequenced. But even if intronic and intergenic variants
are captured, their pathogenicity is more difficult to interpret than coding variants. This poses a
challenge for the bioinformatic analysis of data, as most non-coding variants would not be
automatically called as likely-pathogenic. Also, a synonymous variant would not necessarily be
prioritised, but the nucleotide change may alter the exonic portion of a splice site consensus
sequence, or the binding site for an ESE. Fortunately as more is understood about these mechanisms,
models can be developed to help improve automated analysis of sequence data. However, these are
not fool-proof and care must be taken to evaluate individual variants, for example if they occur in or

near a gene of interest.
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1.9 Research aims
In general terms, my goal is to expand our understanding of the molecular mechanisms of

craniosynostosis. To do this, | aim to:

» Further characterise the mutation spectrum of known disease genes, such as FGFR2.
> Identify the molecular cause of craniosynostosis in TWIST1-negative SCS patients by next

generation sequencing.

» Functionally characterise the effects of any mutations identified, for example by RNA analysis

and cellular assays.
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CHAPTER 2

MATERIALS & METHODS
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Chapter: 2 Materials & Methods

2.1 Ethics approval
All families were recruited by Prof. A. Wilkie into a study of the genetics of craniofacial development:
Genetic basis of craniofacial malformations (REC reference number: 09/H0706/20 (West London REC

3)).

2.2 Reagents

All chemicals, unless stated otherwise, were obtained from Life Technologies. Oligonucleotides were

ordered from IDT, and the sequences listed in the relevant sections below.

2.3 General laboratory methods

NB All genomic coordinates in this thesis refer to GRCh37 (hg19).

2.3.1 DNA extraction

DNA was extracted from either venous blood collected into EDTA, lymphoblastoid cell lines or
cultured fibroblasts established from skin biopsies obtained from the scalp incision at the time of
surgical intervention. All DNA was extracted using the Nucleon Blood and Cell Culture (BACC) DNA

extraction kit (Gen-Probe Inc.) according to the manufacturer’s instructions.

2.3.2 RNA extraction

RNA was extracted from either venous blood collected into PAXgene Blood RNA tubes (Qiagen),
lymphoblastoid cell lines or cultured fibroblasts established from skin biopsies as described above.
Blood RNA was extracted according to the PAXgene blood RNA kit instructions (Qiagen), and RNA
from fibroblasts was extracted using Trizol reagent (Invitrogen) and the RNeasy kit (Qiagen).

2.3.3 cDNA synthesis

cDNA was synthesised using the RevertAid First Strand Synthesis kit (Fermentas) with random

hexamer primers according to the manufacturer’s instructions.

35



2.3.4 Polymerase chain reaction

PCR amplification of DNA and cDNA was performed in a volume of 20 pl, containing 15 mM TrisHCI
(pH 8.0), 50 mM KCI, 2.5 mM MgCl,, 100 uM each dNTP, 0.4 uM primers, and 0.75 units of FastStart
Taq DNA Polymerase (Roche). Cycling conditions consisted of a 5 min initial denaturation step at
94°C, followed by 35 cycles of 94°C for 30 s, annealing at 63°C (unless specified) for 30 s and

extension at 72°C for 30 s, with a final extension at 72°C for 7 min.

2.3.5 Product visualisation

PCR and digestion products were visualised by agarose gel electrophoresis, using 2-3% gels in 1x TBE
buffer (8.9 mM Tris-base, 8.9 mM boric acid, 2.5 mM EDTA). Ethidium bromide (1 pg/ml) was added

to the gels prior to pouring to allow visualisation of the DNA by transillumination with UV light.

Samples were loaded in buffer (6x: 0.25% bromophenol blue, 30% w/v sucrose) and run

simultaneously with the appropriate ladder (100 bp or 1 kb; NEB).

2.3.6 Dideoxy sequencing
Amplified PCR products were treated with Exol (NEB) and shrimp alkaline phosphatase (FastAP;

Thermo Scientific) to remove PCR primers and dNTPs respectively, by incubating at 37°C for 30 mins,
followed by 85°C for 15 mins to denature the enzymes. Sequencing was then carried out using the

BigDye Terminator v3.1 cycle sequencer system (Applied Biosystems).

2.3.7 DNA digestion

Digests were carried out in a total volume of 20 ul, containing 5 pl PCR product, 10 U of enzyme
(NEB), 1x buffer solution and 1x bovine serum albumin (BSA) if necessary. Incubation was carried out

at the recommended temperature for 2 h-overnight.

2.4 FGFR2 analysis

2.4.1 Primer sequences for FGFR2 cDNA analysis

Annealing temperature: 61°C
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Primer sequence 5'—3' Product
Variants Primers Forward Reverse size (bp)
c.1083A>G | ExlllaF/ | TCGGAGGAGACGTAGAGTTTGTCT | TGTTACCTGTCTCCGCAGGGGGATA
c.1083A>T | Ex 11R GC 334

DNA bands were cut out and gel purified using the Q-Spin gel extraction kit (Geneflow). Dideoxy

sequencing was carried out directly on the resulting DNA products.

2.5 Whole genome sequencing

Eight samples were selected for whole genome sequencing (Table 4-1). Genomic DNA (with an OD

260/280 ratio of between 1.8 and 2, and high molecular weight when run on a 1% gel) was diluted to

a concentration of 50-100 ng/ul (measured on a Qubit fluorometer) and a minimum of 3-5 pg of DNA

provided for library preparation and massively parallel sequencing at the Oxford Genomics Centre

(Wellcome Trust Centre for Human Genetics), using the HiSeq 2000 platform (lllumina). The reads

were mapped using Stampy (Lunter and Goodson 2011) to the human reference genome GRCh37, at

an average depth of 25x (Table 4-2). Variant calling was by Platypus v0.2.4 (Rimmer et al. 2014), and

annotation by ANNOVAR (Wang, Li, and Hakonarson 2010).

2.5.1 Primer sequences for variant confirmation (genomic DNA)

Primer sequence 5' >3’ Product

Variant Primers Forward Reverse size (bp)
FLRT1 CTGTCCTGTGCTCCTTGCAGGTATTC | CTTGGTCTTGAGGTCCTGGGGGATG
c137c>T | LF/1R AG C 384
CDC45
c.226A>C

4F/4R TAGTGATGAAGGAAAAGGGGCCTC | CTCTTCCCAGTCCCACAGGGTAGTC | 5, )
CDC45 oG AG
c.318C>T
€DC45 ACCACGTATGGTGTAACTCTGGTGC | CTTGGCCTGGCAGGCTTCAGGATGA
ca6ocsT | OF/SR CTCAC C 436
€DC45
C.749+A>G oF /oR CATGAGCCTTAGACTTCTCTGCTTCC | ATCACACACATACCCAGAAAGGGG | o
CDC45 TTAC CTGCA
c.773A>G
CDC45 CATAGACAAAGAACCGGCGCTGCA | GACACTAGAGGCAAATACCACTCTA
c1583c>T | Y7F/1TR | ancTG CTCAG 223
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2.5.2 Primer sequences for CDC45 cDNA analysis

Annealing temperature: 55°C

Primer sequence 5'—3’ Product
Target Primers Forward Reverse size (bp)
CDC45
C226A>C | 3p/ 238/100
GGTGGCAAGAACTTGAAACTG ATGTCTTCATAGGCGGGAAC if ex 4
bcds oR-2 excluded
c.318C>T
CDC45 Ex1F/
Exons 1-3 Ex3R TCCGATTTCCGCAAAGAGTTCTACG | CAGCGTATATTGCACGTGGTCACA 138
CDC45 3F-2/
GGTGGCAAGAACTTGAAACTG ACATTGACGACATTGACTGGCCTAT | 166
Exon 4 Ex4R
CDC45
Exons 5-6 5F-2/6R GTTCCCGCCTATGAAGACAT CTCCTCCGCATGGTTTGCTC 137
2.5.3 Primer sequences for RUNX2 genomic DNA analysis
Primer sequence 5'—3’ Product
Variant Primers Forward Reverse size (bp)
RUNX2 CATGCACCACCACCTCGAATGGCAG | CCAGATACCACTGGGCCACTGCTGA | 183
¢1507T>G | 7F/7R | ca G
2.6 TCF12 analysis
2.6.1 Primer sequences for TCF12 genomic DNA analysis
Primer sequence 5'—3' Product
Mutation Primers Forward Reverse size (bp)
c.1035+3 Ex12 GAATAATGGCAGAGTGCTAAAATATAA | GATACTTATCACCTACAAAATCT 220
G>C F/Ex12R | TAC AATCACTG
c.1283T>G | Ex16 CACATATCACATAGTAGGAAACGTAGC | GACTAATACTTAGCCAATACTTT 460
F/Ex16 R | AG ACTGC
2.6.2 Primer sequences for TCF12 cDNA analysis
Annealing temperature: 61°C
Primer sequence 5' >3’ Product
Mutation Primers Forward Reverse size (bp)
c.526+1 Ex5F AGCCCTCATTACAGTGATCACTTGA | GGTCAGAAGAATTGTGGGTCCCATC | 475
G>A Ex9/10R ATGAC TTGCAT
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€.822C>G Ex9F TATATGCACCATCCCCAAATTCAGA | TGTGAGGCAGCAACGTAAGGTGAA | 355
Ex11R TGATTTCAAC CTGCTG
c.1035+3 Ex9/10F ATGCAAGATGGGACCCACAATTCTT | GATGAAGGTGCTTGCCCTCCAGGTC | 479
G>C Ex14R CTGACC T
c.1328 Ex13/14F | AGTTGGATCACCTTCACCTCTCACA CAACAGTTCCAGACTGACTTTGCAA | 449
dupT Ex18R GGTAC GCCA
c.1349delC | Ex13/14F | AGTTGGATCACCTTCACCTCTCACA CAACAGTTCCAGACTGACTTTGCAA | 449
Ex18R GGTAC GCCA
c.1468-20 Ex16F/ ACCAGTTTGCCTGCTGGTCACAGTG | CTTCATTAGTACTGCTTGTTCTGCCT | 421
T>A Ex18/19R CTAG
c.1582+2 Ex16F/ ACCAGTTTGCCTGCTGGTCACAGTG | CTTCATTAGTACTGCTTGTTCTGCCT | 421
T>G Ex18/19R CTAG
2.6.3 Restriction digest analysis of TCF12 mutations
Product size Digest fragments (bp)
Mutation PCR Primers Enzyme (bp) Wild type Mutant
€.822C>G Ex9F, Ex11R Smlil 355 242,113 355
c.1328dupT Ex13/14F, Ex18R PfIFI 449 329, 120 449
c.1349delC Ex13/14F, Ex18R Cac8l 449 142,132,97,57 | 228,142,57, 21

2.6.4 Primer sequences for TCF12 cDNA screen for abnormal splice variants

Annealing temperature: 61°C
Primer sequence 5'>3' Product

Amplicon | Primers Forward Reverse size (bp)

1 5°'UTRF/ AAGCCCGTTCTCCCGGCCAAAGTGA | GACTAGATTGACAGCCTGGTAATCC | 484
Ex6-7R AC AGTATC

2 Ex5F / AGCCCTCATTACAGTGATCACTTGA | TGTGAGGCAGCAACGTAAGGTGAA | 701
Ex11R ATGAC CTGCTG

3 Ex9-10F / ATGCAAGATGGGACCCACAATTCTT | GATGAAGGTGCTTGCCCTCCAGGTC | 479
Ex 14R CTGACC T

4 Ex13-14F/ | AGTTGGATCACCTTCACCTCTCACA CTTCATTAGTACTGCTTGTTCTGCCT | 671
Ex18-19R GGTAC CTAG

5 Ex16 F/ ACCAGTTTGCCTGCTGGTCACAGTG | TTCCAAGTCCTTATGAGGAGAGGTC | 833
3’'UTRR ACCT

2.6.5 Multiplex-ligation-dependent probe amplification

Multiplex-ligation-dependent probe amplification (MLPA) was performed using synthetic

oligonucleotide probes designed to TCF12 according to protocols available from MRC-Holland

(http://www.mrc-holland.com/pages/indexpag.html). Fragments were analysed by capillary
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electrophoresis using an ABI 3130 containing POP-7 polymer. Peaks were visualised using Gene

Mapper v3.7 (Applied Biosystems). Common PCR primer annealing sequences are shown in lower

case, hybridizing sequences are shown in upper case, and the 3' probe sequence was 5'

phosphorylated.
Product
Exon | 5'Probe 3' Probe size (bp)

2 gggttccctaagggttggaGGACCTGCTAGAAGTG | AATCCCCAGCAACAACGCATGGCtctagattgga 91
GCCGAAGATG tcttgcetggeac

3 gggttccctaagggttggaGGGTTATTTTGCAGATG | ATAGTGGGAAAACTAGACCAACTACACTGGG 110
TTTTCCCCACCTGTTA AAGctctagattggatcttgetggceac

4 gggttccctaagggttggaCTTGGGGAACAAGTGG | TGATTCATCTAGAGTAAGTTTGCTGATCAACC 120
TCAACCAAGTCCTTCCTA CTTGATTAAAGctctagattggatcttgctggceac

5 gggttccctaagggttggaCAGACAGCCCTCATTAC | TGACAGTCGATTAGGAGCCCATGAAGGtctag 100
AGTGATCACTTGAA attggatcttgctggceac

6 gggttccctaagggttggaGCAATATAATTACCATG | TTATATAAAGTTAATTTCTTTGTTTTATAGGAA 153
AATAGTCTAGCAGTTTGATTGTCTGTCAATAA | AAACATCAGAGAGAGGCTCtctagattggatcttg
ATGAAGGGTT ctggcac

7 gggttccctaagggttggaCAGCTATCTTCTTCAGG | TTCATTCTCTGCTACAAGTTCCAGGAGGAGAC 113
AAAACCTGGGACAGCATACTA Ctctagattggatcttgctggcac

10 gggttccctaagggttggaCATCAAATGGGATGAG | TTGGTGGAATTCTGGGGACCTCCACtctagattg 94
CCAGCCTGGTT gatcttgctggcac

13 gggttccctaagggttggaCACAGGTAGGCTTCTGT | ATTTCTAGTTCATTTATTTCTCAACAAACTTTA 150
TTTATCTACTTCTAACTGGTGGGACTACTTGG | ATAAAAATTTGTGAAAAATCATtctagattggatc
AAAT ttgctggcac

16 gggttccctaagggttggaCCTTGTTGCAAGCAGTC ﬁgifri$lgﬁzg¥;f:§1—g (;Zﬁ::;i'ﬁ;ﬁg 128
GATCAGCTTCAATGGTAAA gcac

17 gggttccctaagggttggaCTTCAAGCACAGACCTG | ATAGAGGTAACTATATTGTTGGTTTTCAGAAA 125
AACCATAAAACACAAGAAAATT TAATGCAGACAgtctagattggatcttgctggcac
gggttccctaagggttggaCTTTATAGGAAACCTAA

19 TAGACCTTGTTGTTACTITATITTCTAGCAGTA TGAAGATGAGGATTTGAACCCTGAACAGAAG 136
CTAA ATAGAAAGGtctagattggatcttgctggcac

20 gggttccctaagggttggaGGTCATATGTAAACATC AAGAAACAGCAAGGAAATAACCTTAAGATTC 131

AGCCAGGTAAGTACGGGTTTGAA

ATCTTAAACTGGGTTAGTtctagattggatcttgctg
gcac

2.6.6 Site directed mutagenesis

Point mutations were introduced to the full length TCF12 cDNA clone using the QuikChange Il XL kit

(Agilent) using the following primers:

Mutation

Primer sequence 5' >3’
Forward

Reverse

p.Ser210Arg

CCGTGAATCTCCTAGGTATCCATCTCCT

AGGAGATGGATACCTAGGAGATTCACGG
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p.Asn328Asp GAACCAGAGGGGATGCTGCTGGAAG CTTCCAGCAGCATCCCCTCTGGTTC
p.Leu624Pro TGAAGCATTCAAAGAGCCTGGCCGAATGTGTC | CTGACACATTCGGCCAGGCTCTTTGAATGCTTC
AG A
p.GIn638Glu GAAGAGTGAAAAACCCGAAACAAAACTCCTTA | GAATAAGGAGTTTTGTTTCGGGTTTTTCACTCT
TTC TC
p.lle643Asn CCAAACAAAACTCCTTAATCTTCATCAAGCCG CGGCTTGATGAAGATTAAGGAGTTTTGTTTGG
p.Gly42* CTAGACCAACTACACTGTGAAGCAGTCAATTCA | ACTGAATTGACTGCTTCACAGTGTAGTTGGTCT
GT AG
p.Argl35* CTGTCAATCTAGTCTCCTGTGACAAGATCTGG CCAGATCTTGTCACAGGAGACTAGATTGACAG
p.Ser241* CTGACCTTTGGAGTTCATGAAATGGGATGAGC | GCTCATCCCATTTCATGAACTCCAAAGGTCAG
p.Leud28* TCGAATGGAGGATCGTTGAGACAGACTGGATG | CATCCAGTCTGTCTCAACGATCCTCCATTCGA
p.Arg602fs*31 | GATAGAAAGGGAGAAGGAGAGCGGATGGCTA | TTAGCCATCCGCTCTCCTTCTCCCTTTCTATC
A
p.Glu655* CAGTCATCCTTAGTCTATAACAGCAAGTCAGAG | CTCTCTGACTTGCTGTTATAGACTAAGGATGAC
AG TG

2.6.7 Transactivation analysis of TCF12 mutations

A full length TCF12 cDNA clone (pCMV6-XL5) was obtained from OriGene, and the TWIST1 clone was

a gift from Matasaka Nakamura (Tokyo Medical and Dental University, Japan). The pCaSpeR-

Tinman::lacZ (pTinE1/E2/E3) construct was used as a bHLH protein-responsive reporter, containing

three Tinman E-boxes (two 5'-CATGTG-3' and one 5'-CATATG-3'), and placZ (containing no E-boxes)

as a control (both constructs were gifts from Ernst-Martin Flichtbauer, Aarhus University, Denmark).

Transfections were carried out in the HT1080 human fibrosarcoma cell line, cultured in high-glucose
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal calf serum. Cells were
split into 12-well plates on the day prior to transfection, distributed at a density that would yield cells
at ~50% confluence after overnight incubation. Cells were transfected in triplicate with 50 ng of
reporter plasmid, 50 ng each of TWIST1 and TCF12 constructs or the corresponding empty expression
vectors, using Promega FUGENE 6 transfection reagent (at a ratio of 3:1 transfection reagent:DNA)
according to manufacturer’s protocols. The cells were harvested after 24 h, and B-galactosidase
assays were performed in triplicate on 5 pl of cellular extract using the Galacto-Star system (Applied

Biosystems), measured on a Wallac VICTOR2 plate luminometer (Perkin Elmer).
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2.7 TWIST1 p.Glu117 analysis

2.7.1 Site directed mutagenesis

As described in section 2.6.6, mutations were introduced to the full length TWIST1 clone (Matasaka

Nakamura, see section 2.6.7) using the following primers:

Primer sequence 5'—3'
Mutation Forward Reverse
p.Argll6Trp ATGGCCAACGTGTGGGAGCGCC GGCGCTCCCACACGTTGGCCAT
p.GIn119Pro GAGCGCCCGCGCACCCAGTC GACTGGGTGCGCGGGCGCTC
p.Arg120Cys GAGCGCCAGTGCACCCAGTC GACTGGGTGCACTGGCGCTC
p.Thri2llle GAGCGCCAGCGCATCCAGTC GACTGGATGCGCTGGCGCTC
p.Glull7Val CAACGTGCGGGTGCGCCAGC GCTGGCGCACCCGCACGTTG
p.Glul17Gly CAACGTGCGGGGGCGCCAGC GCTGGCGCCCCCGCACGTTG
p.Glul17Lys CAACGTGCGGAAGCGCCAGC GCTGGCGCTTCCGCACGTTG

2.7.2 Transactivation analysis of TWIST1 mutations

As set out in section 2.6.7, with different combinations of wild type and/or mutant TWIST1 with wild

type TCF12 as detailed in section 6.3.

2.8 Targeted sequencing

DNA samples from 160 craniosynostosis patients with coronal suture fusions (34 bicoronal, 111

unicoronal, 11 multisuture including bicoronal and 4 multisuture including unicoronal synostosis)

were selected for targeted sequencing using the SeqCap EZ Choice Library system (Roche-

Nimblegen). Probes were designed to the following coordinates, using the NimbleDesign software

(https://design.nimblegen.com/):

Gene Chr
TWIST1  chr7

From To
17385745 19735120

TCF12 chrl5 57029979 57670037
ERF chrl9 42746826 42789044

Size
2349375
640058
42218

3031651
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2.8.1 Sample preparation

Input DNA was diluted to a final concentration of 20 ng/ul in a total volume of 53 pl, transferred to a

Covaris snap-cap tube (6 mm x 16 mm) and fragmented to an average size range of 180 — 220 bp

using a Covaris S2 focused-ultrasonicator (intensity 5, duty cycle 10%, 200 cycles per burst, 120 s

treatment time, maintained at 7°C).

Sample libraries were prepared following the SeqCap EZ Library User’s Guide. An additional 56

adapters were purchased (IDT) to allow two lots of 80 samples to be multiplexed. Universal blocking

oligos were purchased from IDT (xGen® Universal Blocking Oligo -TS HT-i5 and i7).

Final pooled libraries were assessed for quality and concentration using the TapeStation system

(Agilent), and 15 pl of each at ~3 ng/ul were supplied to the Oxford Genomics Centre (Wellcome

Trust Centre for Human Genetics) for sequencing. Each multiplex pool of 80 samples was run on a

single lane of the HiSeq2500 platform (lllumina, run in rapid mode).

The resulting data was aligned using Novoalign (http://www.novocraft.com/products/novoalign/) to

the human reference genome GRCh37, and variants called with SAMtools v1.1 (Li et al. 2009), and

Pindel v0.2.4 (Ye et al. 2009).

2.8.2 Primer sequences for variant confirmation

Primer sequence 5'—3’ Product
Variant Primers Forward Reverse size (bp)
TWIST1

CGGCAAGAAGTCTGCGGGCTG GCAGCGGCGCGGTCCTTAC 449
TWIST1 F4/11R*
c.481C>T
TCF12 c.1115- | TCF12 GTTATTGAGTATCTTTACCCTTTC CTTTATTGTTATGCCAGATTGACC | 241
2A>G 14F/14R1 CTTCACAAC AAAAAC
TCF12 TCF12 GCGTAATCTTCCCCAGTACCTCTC | CTGCCTAGTCTCCACGTTGCTTCC | 293
c.-59C>G 2F/2R TCTGTTC CCTCAC
ERF c.1201_ ERF GCTGAGCCCGATGTACCCCAGTG | CTGATGTCAGTCACCTCTACCTCC | 487
1202delAA 4F2/4R2 GTGG TC
Deletions
Chr7:19140636 | Sample 73 TGTCGTAACTGGTCATTTATTTG | GGTACCAGAACTACTCATTTTCTT | 3612
-19143471 del F/R ATCC CAGCTG
Chr7:19037857 | 7:19037857- GTAGAGCCAAAGGCTTAACAAA | CAATGGCATTCTGTTCTTACAACT | 445
-19037922 922 F/R AGACTC ACATGC
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Chr7:18385479 | 7:18385479F | GAGCCAAGGCCCTGAAGAATCT | CTACCTTTAAACTCATGTCGTTTC | 278
-18385523 /18385523R | GAT TGCTG

Chr7:18570122 | 7:18570122- | ATGGTGAGTTCACAATGCATGA | GTTCTGCCTGGGCAACAGAGTGA | 455
-18570160 160 F/R CCAATAGC GATC

Chr7:18804498 | 7:18804498- | ACTGAAATTTGGCTAGCCTCAA | AGTTCCTCCCAACACATATGGGA | 377
-18804519 519 F/R GACGACTG GATGTC

Chr7:18830885 | 7:18830885- | AGTTTTCCCACCACTACAGAGCT | GTCAAAGATACAGCACTCTCTGC | 294
-18830905 905 F/R ACTAGTAC TGCTG

Chr7:18272639 | 7:18272639- | GCTCCCCTTTCTAATCTGCTATC | CTGATGTATATGGGCAGCAATTA | 295
-18272654 654 F/R CATG TGAGCTG

Chr7:18663028 | 7:18663028- | ATCCTGGTTCTTGGCTCACCTGG | TGAGCAGAGGCAAAATACACATA | 392
-18663043 043 F/R TTGTC GTAGGTGGTC

Chr7:17921226 | 7:17921226- | CTTGGGTAGATTTTTGACAAGTA | TGAATTGACGTAGGGGGGATTG | 383
-17921237 237 F/R ACTTTGAGTAG ATTTAGTG

Chr15:5750266 | 15:57502663 | GACTCAGACAAGGTATGAGCTA | TCCTTGCCATAACACTGGTGATTT | 442
3-57502673 -673 F/R CATACTAG CAGACTG

Chr15:5738486 | 15:57384862 | GTGAAGTTGCACTTTCAAGAAG | GCTGTGTCTTAAAAGGACGATTC | 460
2-57384871 871 F/R GGTATGCAC TAAGATCAC

Chr7:17545688 | 7:17545688- | GCAATATGAATTGGCACTGGCA | ACCTCTGTACCTCCTCAAACATGA | 255
-17545696 696 F/R CAGAAGTG TTGATGC

Chr7:18326895 | 7:18326895- | AGGCATATCCCTGTTCTGATTTG | GTCTTCAGGCTAACATGATTACTG | 474
-18326903 903 F/R CAGACAG GTTGCTC

Chr7:19018942 | 7:19018942- | GGCAACCTTTCTCATGAACGTG | GATGGGCTATTTGAGGAAAATCA | 308
-19018949 949 F/R ATGGTTTCATGTC TGTTTCTAAGTAC

Single nucleotide variants

Chr7:19157258 | TWIST1 GTCAGGCCAATGACACTGCTGCC | CTGGAAACGGTGCCGGTGCTGCA | 127
T>G Ex1F/5'R CCCAAACT

Chr7:17979676 | 7:17979676 | CGAGCAACAACCCCAGGGTGCTG | CCAGCCCGTCAGAGAACATCATC | 400
G>C F/R AC TGTAC

Chr7:19146484 | 7:19146484 | CTGACACCACCAGGGACCCAACG | CTGCCTGCCGGTCTTCCTAAACTG | 293
G>A F/R AC

Chr7:19152348 | 7:19152348 | TGACACTTGGCACCGCCGCCTCCT | CTAGACCGGTATCAAGTTCTTCTC | 369
C>A F/R AG AGGCATATG

Chr7:19152403 | 7:19152403 | CACGCAAACCGAAGGAGATACG | GTCAGAACTGGTTATTTTCTCTAG | 333
T>A F/R GACATCG ACCGGTATC

NB Amplification of cDNA for analysis of TCF12 c.-59C>G was carried out using primer pair 5°'UTR F/Ex6-7R as
described in section 2.6.4.

*TWIST1 FA/I1R PCR with 10% dimethyl sulfoxide added, annealing temperature: 68°C.
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CHAPTER 3

SYNONYMOUS SUBSTITUTIONS OF FGFR2 ARE ASSOCIATED WITH

MILD CROUZON SYNDROME
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Chapter 3: Synonymous substitutions of FGFR2 are associated with

mild Crouzon syndrome

3.1 Introduction

As discussed in section 1.3, there is considerable genetic heterogeneity and frequent phenotypic
overlap between different craniosynostosis syndromes. In particular, heterozygous mutations in
FGFR2 account for ~28% of genetic cases (Sharma et al. 2013) and cause Crouzon (Jabs et al. 1994,
Reardon et al. 1994), Pfeiffer (Lajeunie, Ma, et al. 1995, Rutland et al. 1995, Schell et al. 1995), Apert
(Wilkie, Slaney, et al. 1995), Beare-Stevenson (Przylepa et al. 1996) and bent bone dysplasia (Merrill
et al. 2012) syndromes. All involve synostosis of the coronal and other cranial sutures, a distinctive
“crouzonoid” craniofacial appearance (hypertelorism, exorbitism, prominent nose and midface
hypoplasia), but differ in the presence and extent of abnormalities of the hands and feet, other
skeletal manifestations and dermatological features (Agochukwu, Solomon, and Muenke 2012,

Johnson and Wilkie 2011).

FGFR2, like the other members of the FGFR family, comprises an extracellular ligand-binding domain
(composed of three immunoglobulin-like domains), a single transmembrane peptide and a
cytoplasmic tyrosine kinase domain. Mutually exclusive alternative splicing of exons lllb and llic gives
rise to epithelial and mesenchymal isoforms respectively, which interact with different FGFs to

regulate downstream processes (Eswarakumar, Lax, and Schlessinger 2005, Ibrahimi et al. 2005).

Presented here are two families with a mild Crouzon syndrome phenotype and reduced penetrance
of craniosynostosis. Diagnostic screening of FGFR2 due to the phenotype revealed different FGFR2
mutations of the same nucleotide in each family; c.1083A>G and c.1083A>T. Both variants encode an
apparently synonymous change at the p.Pro361 codon, however as they occurred close to the end of

exon lllc it was suspected that they may affect splicing.
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3.2 Case presentations

3.2.1 Family 1

The female proband Ill-1 (Fig. 3-1A) was born after a normal pregnancy and was referred for
craniofacial assessment at two years of age because prominent eyes and a head tilt. Her father II-1
(Fig. 3-1B), grandmother I-1 and two deceased uncles were all said to have a similar appearance with
prominent staring eyes, but had not required any surgery. She had an occipitofrontal circumference
(OFC) of 50 cm (+1.1 SD) and was noted to have a mildly crouzonoid appearance, with slight
exorbitism and midface retrusion. In view of the mild crouzonoid features, sequencing of FGFR2
exons llla and llic was requested. This demonstrated a heterozygous c.1083A>G variant within exon

Illc (Fig. 3-2A), which was also present in II-1 and I-1.

Computed tomography (CT) of the skull of individual Ill-1 at the age of 2.8 years demonstrated right
lambdoid and occipitomastoid synostosis, all other major cranial sutures being patent.
Ophthalmological review identified slightly reduced visual acuity and a latent divergent squint with
slight left hypophoria. The patient is now four years old and has not undergone any surgical
intervention, as she has a good overall head shape with no major midface retrusion, is making good

developmental progress, and has no features to suggest significant intracranial restriction.

3.2.2 Family 2

The male proband (IlI-2 in Fig. 3-1C), born after an uneventful pregnancy, was referred for
craniofacial assessment at the age of three months. Physical examination showed a mild cloverleaf
skull with temporal bulging and reduced OFC (36 cm; -2.2 SD), hypertelorism, and severe exorbitism
mainly at the infra-orbital level. Skull X-ray and CT showed pansynostosis and multiple craniolacunae,

with no intracerebral anomalies.

Owing to the severe peri-orbital features and the absence of deformations of the upper and lower

extremities a clinical diagnosis of Crouzon syndrome was suggested. The patient’s mother,
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grandmother and several cousins were reported to show mild facial features also suggestive of this

diagnosis.

The proband underwent fronto-orbital advancement at the age of five months. Since the occiput was
still severely flattened and both lambdoid sutures were fused, occipital craniotomy and remodelling
was performed at the age of twelve months. Clumsiness and motor delay were first noted aged 18
months; psychological testing at the age of 12.8 years gave scores for non-verbal intelligence of 80
(SON-R) and visual-motor integration of 81. Clonidine was prescribed due to high distractibility and
he underwent special education. During childhood, the exorbitism increased requiring further orbital
advancement and cranial vault remodelling at the age of eight years. Several deciduous and

permanent teeth were extracted because of Class Ill malocclusion and dental crowding.

Genetic testing of FGFR2 was performed, identifying the heterozygous point mutation c.1083A>T

(Fig. 3-2A). This variant was also present in his mother II-1.

Independently of these events, a second patient (lll-1; Fig. 3-1D) was referred to the same clinic at
the age of ten years with a scaphocephalic head shape. He had previously undergone vault
remodelling at the age of 16 months owing to bicoronal synostosis. At the time of referral, he had an
occipito-frontal circumference of 48.5 cm (-2.8 SD), hypertelorism and severe exorbitism. In addition,
he had mild maxillary hypoplasia and both 2nd premolars of the lower jaw were absent. Ophthalmic
examination showed myopia with divergent strabismus of the right eye associated with reduced
visual acuity. A monobloc procedure without distraction (Le Fort Ill and an advancement of the

forehead) was performed.

Due to the severe peri-orbital features a diagnosis of Crouzon syndrome was suggested. Analysis of
FGFR2 identified the heterozygous point mutation c.1083A>T. His father, grandmother and great-
grandmother had a similar craniofacial appearance. Based on the pedigree analysis, it is evident that

[1I-1 and I1I-2 are third cousins and that the FGFR2 mutation present in these two branches is
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identical by descent (Fig 3-1C). Apart from 1lI-1 and IlI-2, none of the other affected family members

had undergone craniofacial surgery.

3.3 Results

The synonymous variants ¢.1083A>G and c.1083A>T occur at the -2 position of the 5’ (donor) splice
site of FGFR2 exon lllc (Fig. 6-2A). The Neural Network splice site predictor
(http://www.fruitfly.org/seq_tools/splice.html) generates a score for the wild type donor of 0.88,
which is reduced to 0.37 by the A>G transition, and to 0.19 by the A>T transversion. In these
circumstances, use of a cryptic splice site (score 0.84) within exon lllc, 51 nucleotides upstream from
the end of the exon, is expected based on analysis of a previous mutation c.1084+3A>G (Kan et al.

2004). This would lead to an in-frame deletion of 17 amino acids.

Amplification of cDNA from individuals heterozygous for either the FGFR2 ¢.1083A>G or the
¢.1083A>T variants demonstrated the presence of two additional bands, not present in the wild type
control, at approximately 430 bp and 330 bp (Fig. 3-2B). Sequencing of the normal 479 bp product
from these individuals showed complete absence of the mutant allele (illustrated in Fig. 3-2C for II-1
from Family 1), indicating that both mutations abolish use of the normal exon llic donor splice site.
Sequencing of the ~430 bp product confirmed that the cryptic splice donor within exon llic was
preferred in the mutant allele (Fig. 3-2D), while the ~330 bp product demonstrated complete

skipping of exon llic (Fig. 3-2E).
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Figure 3-1

Pedigrees and facial features of individuals with FGFR2 mutations.

A. Pedigree of Family 1; solid symbols represent clinically confirmed craniosynostosis and hatched
symbols represent individuals with a similar crouzonoid appearance but without confirmed
craniosynostosis. * confirmed heterozygosity for c.1083A>G.

B. Facial appearance of II-1 from Family 1 aged 33 years.

C. Abbreviated pedigree of Family 2; notation of symbols as in part A. T confirmed heterozygosity for
c.1083A>T.

D. Facial appearance of llI-1 from Family 2 aged 8.75 years (left) and 43 years (right).
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Figure 3-2

Genomic context and consequences of FGFR2 mutations.

A. Schematic representation of genomic region affected by c.1083A>G and c.1083A>T mutations (not
to scale). llla, Illb and Illc denote exons of FGFR2 encoding the 3" immunoglobulin-like domain; note
that physiological skipping of exon lllb normally occurs in blood mRNA.TM, exon encoding
transmembrane domain. Sequencing of genomic DNA demonstrates heterozygosity for c.1083A>G
(N-1, Family 1) or ¢.1083A>T (lll-2, Family 2) mutation at the -2 position from the end of exon llic
(indicated by dashed red line; the upper line in each trace shows the wild type sequence). Below the
cartoon is shown the genomic sequence around the cryptic donor splice site within exon llic (marked
with red asterisk).

B. Amplified cDNA corresponding to c.1083A>G and c.1083A>T mutations (same individuals as for
genomic analyses), demonstrates two additional smaller products (indicated with white arrows D and
E), in addition to the normal (C) product.

C. In the cDNA product coincident with the wild type band (II-1, Family 1) the mutant allele at the
penultimate position of exon llic is not represented, indicating complete skipping of normal splicing.
The consequences for splicing of the mutant allele (sequence traces illustrated are from llI-1, Family
2) are either to activate the cryptic splice donor site within exon llic (D) or to skip exon Illc completely

(E).
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3.4 Discussion

Mutations of the consensus A at the penultimate nucleotide of the exon have been associated

previously with loss of splicing at the donor site (Podkrajsek et al. 2008, Twigg, Vorgia, et al. 2013).

Other mutations near the FGFR2 exon lllc splice donor site have also been described (Table 3-1), all

associated with a mild Crouzon phenotype. It is likely that the p.(Ala362Ser) substitution (Everett et

al. 1999) in fact exerts its pathogenic effect via the G>T transversion at the -1 position in the exon,

rather than as a missense substitution, but this was not tested experimentally.

Table 3-1

Summary of mutations affecting correct splicing of the FGFR2 exon llic donor site.

use of alternative cryptic splice
site

Mutation Protein Proposed effect Experimental Reference
demonstration
c.1032G>A p.(Ala344Ala) Activation of cryptic splice site Yes (Del Gatto and
Breathnach 1995, Li et al.
1995, Reardon et al.
1994)
c.1083A>G p.(Pro361Pro) Loss of normal donor site with Yes This study
use of alternative cryptic splice
site
c.1083A>T p.(Pro361Pro) As above Yes This study
c.1084G>T p.(Ala362Ser) Annotated as missense but No (Everett et al. 1999)
likely to affect splicing
c.1084+3A>G - Loss of normal donor site with Yes (Kan et al. 2004)
use of alternative cryptic splice
site
c.1084+3A>C - Loss of normal donor site with No (Cornejo-Roldan,

Roessler, and Muenke
1999, Kress et al. 2000)

In the cases reported here, the wild type splice donor site is abolished by the A>G or A>T mutations

at the -2 position from the intron, leading to the cryptic site being preferred. The apparently greater

amount of mutant cDNA products associated with the A>T mutation appears to correlate both with

the greater predicted disruption of the splice site and with the more severe phenotype in clinically
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affected individuals from Family 2 compared with Family 1. However, since the A>G mutation did not
support use of the normal exon lllc donor splice site (Fig. 3-2C), other explanations for these
differences are possible, such as differing proportions of cell types in the blood samples analysed,

and/or differences in genetic background.

Using the cryptic donor would lead to an in-frame deletion of the last 17 amino acids of exon llic
(p.Gly345_Pro361del), including four residues that form specific contacts with the ligand FGF2
(Plotnikov et al. 2000). The same result was also indicated for the mutation ¢.1032G>A, which creates
a silent substitution at p.Ala344 and activates the same cryptic donor (Li et al. 1995). This deletion of
the last 17 residues would shorten the distance from the disulphide bond in the Ig-1ll domain to the
transmembrane domain, likely leading to a change of function. Craniosynostosis-causing FGFR
mutations function in a constitutively active dominant manner, so it is likely that in these individuals
a mutant protein is formed which is prone to forming covalently-linked dimers (Robertson et al.

1998), leading to variable features of Crouzon syndrome.

There were a range of phenotypic consequences associated with the mutations described here;
whilst a mild crouzonoid phenotype was generally evident, only a minority of individuals developed
overt craniosynostosis requiring calvarial surgery. The causes of the clinical variability are unknown,
although one potential factor may be the extent of intrauterine fetal head constraint (Johnson, Wall,
et al. 2000). Families carrying either of the mutations described here should be counselled
accordingly, and all mutations near the FGFR2 exon lllc splice sites should be carefully evaluated as to
whether they may be pathogenic, even if they are synonymous or outside the canonical AG/GT splice

acceptor/donor sequences.
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CHAPTER 4

WHOLE GENOME SEQUENCING OF TWIST1-NEGATIVE SAETHRE-

CHOTZEN SYNDROME PATIENTS
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Chapter 4: Whole genome sequencing of TWIST1-negative

Saethre-Chotzen syndrome patients

4.1 Introduction

Whole genome sequencing was used to try and identify the molecular basis of SCS in a cohort of
TWIST1-negative patients, based on the hypothesis that some cases of SCS are due to mutations of
transcriptional elements regulating TWIST1 expression. Previous work in the lab had been carried out
to identify any such elements by designing a custom tiling path array spanning 2.4 Mb around the
TWIST1 locus, recapitulating work by Benko et al (2009) who used this method to identify micro-
rearrangements affecting SOX9 expression in Pierre Robin Sequence. However, in the Oxford study
no overlapping copy number variants in two or more SCS patients were identified (of 14 analysed).
Whole genome sequencing was selected as a strategy to allow identification of non-coding variants

within a region of interest around TWIST1, as well as coding variants in the remainder of the exome.

The same region investigated by the tiling path array was also used as a focus for analysis of non-
coding variants. To define this region, the positions of the rearrangements detailed in section 1.4.2
were taken into consideration as well as evolutionary conservation. An extended region spanning
~2.4 Mb was selected based on breaks in synteny with the mouse chromosome 12. This would
ensure all putative regulatory regions would be included, based on the assumption that any

conserved regulatory elements would remain in cis with their target gene, TWIST1.

4.2 Patient selection

Six individuals with a clinical diagnosis of SCS, but with normal TWIST1 genotypes were selected for
sequencing (including a case-parent trio with unaffected parents; Table 4-1). Affected individuals had
undergone FGFR1-3, EFNB1 and TWIST1 mutation analysis, as well as genome-wide array CGH and

the tiling path array around TWIST1.
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Table 4-1

Clinical features of patients selected for whole genome sequencing.

Patient | Sex Suspected de Clinical features Additional information
no. novo mutation?
2930 Male Yes Right unicoronal synostosis Unaffected parents (1473,

Small mildly dysplastic ears
Low frontal hairline

Laterally deviated nasal septum
2/3 and 3/4 syndactyly

1474) also sequenced.

4400 Female | No Bicoronal synostosis

Small posteriorly rotated ears
High arched palate

Down slanting palperable fissures
Single palmar crease

Mother (not sequenced) has
mild bilateral ptosis, low
frontal hairline, small ears
with prominent crease and
bilateral fifth finger

clinodacyly.
4437 Female | Yes Bicoronal synostosis
Small ears
Low frontal hairline
Myopia
4454 Female | No Bicoronal synostosis Clinically affected aunt (not
sequenced) with the same
facial and skull appearance.
4580 Female | Yes Right unicoronal synostosis

Ears have prominent crura
Low frontal hairline

Mild exorbitism

Mild lateral nasal deviation

4809 Male No Brachycephalic

Clinically affected son (not
sequenced) with bicoronal
synostosis, low frontal
hairline, single palmar crease
and 3/4 syndactyly.
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4.3 Whole genome sequence data

Samples were sequenced as part of the WGS500 sequencing project, which in 2011 was the first

large scale whole genome sequencing project undertaken in the UK (Taylor et al. 2015). Sample

preparation and data processing are described in section 2.5 (coverage is summarised in Table 4-2).

For each variant a predicted deleterious score was generated, which was initially set to zero, then

incremented by one (to a maximum of six) dependent on the following predictions:

SIFT (Kumar, Henikoff, and Ng 2009)

e PolyPhen2 (Adzhubei et al. 2010)

e LRT (Chun and Fay 2009)

e MutationTaster (Schwarz et al. 2010)

e GERP++ (Davydov et al. 2010)

e PhyloP (Siepel, Pollard, and Haussler 2006)

Deleterious (sift<=0.05)
Probably damaging (>=0.957)
Deleterious

Disease causing

25

>1

In addition, the deleterious score was automatically set to six if the variant caused a stop-gain, a

frameshift or was predicted to affect splicing. This “majority rule” approach was shown to be more

accurate than any single method individually in a large study of 6515 exomes (Fu et al. 2013).

Table 4-2

Depth of exon coverage produced by whole genome sequencing.

% exons at

Individual 10x coverage | 30x coverage
2930 98.7 39.7
1473 (mother of 2930) 98.9 85.2
1474 (father of 2930) 98.5 32.8
4400 98.5 27.8
4437 98.3 24.6
4454 98.8 39.1
4580 98.6 27.9
4809 98.8 49.2
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The sequencing data was analysed using two main approaches; analysis of coding variants, and
analysis of non-coding variants in the region of interest around TWIST1. These are detailed in
sections 4.6 and 4.7 respectively. Details of coding variant analysis strategies are described in section

1.7.

4.4 ldentification of TCF12 as a disease gene

At around the same time as receiving sequence data back for the SCS individuals, a concurrent
exome sequencing project on patients with bicoronal synostosis identified TCF12 as a candidate
disease gene. However, in each of the first four unrelated subjects in whom a deleterious TCF12
variant had been identified, a first degree relative (parent in three cases, offspring in the fourth case)
was shown to carry the mutation, yet was clinically unaffected. Hence the causal relationship of
TCF12 mutations with the craniosynostosis phenotype remained uncertain. A direct search for TCF12
variants in my data revealed a premature termination mutation in individual 4437 (p.Leu428%*), and a
splicing mutation in individual 4454 (c.1035+3G>C). Patient 4437 was the first identified de novo
mutation (relationships confirmed via microsatellite analysis), and so provided strong early evidence

that TCF12 was indeed a gene of interest.

Of note, the variant in patient 4454 (c.1035+3G>C) was actually missed as pathogenic in the original
calling of variants, lying just outside of the canonical two base-pair splice donor site (see section 1.8
for more details). Although the variant was present in an affected aunt it was also present in the
proband’s clinically unaffected mother and grandmother, further demonstrating non-penetrance.
Subsequent iterations of variant calling were modified to include more intronic changes that could

affect splicing.

The role of TCF12 as a craniosynostosis disease gene is discussed fully in Chapter 5.
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4.5 Analysis of coding variants

4.5.1 Trio analysis - de novo

Initially, sequence data from the trio was analysed assuming that the phenotype of the proband

(patient 2930) was due to a de novo mutation and all variants present in either parent were

removed. Variants occurring in either dbSNP (www.ncbi.nlm.nih.gov/SNP/) or the 1000 genomes

project (www.1000genomes.org) were then filtered out, leaving 780 variants, of which 11 were

exonic. These remaining 11 exonic variants were visualised in the Gbrowse genome browser to

assess if they looked genuine, and were compared with both parental sequences to verify that they

appeared de novo (Table 4-3).

Table 4-3

Predicted de novo exonic variants present in individual 2930 after filtering out common variants.

Gene Nucleotide change Amino acid change De novo?

CARNS1 €.1063G>C p.Gly355Arg No -in 1473

FLRT1 c.137C>T p.Thrd6Met Yes

GOLGA6L1 c.1783T>C p.Trp595Arg No - in 1473
HGC6.3 c.214A>G p.Met72Val No - in 1473
MUC5B c.13751C>T p.Thr4584lle No - in 1473
PDE4DIP c.88C>T p.Pro30Ser No -in 1474

OTOP1 €.310_318delCTGCTGTGG | p.Leul04_Trpl06del No -in 1473 & 1474
FERIL5 c.1440G>T p.(=) Not real

IGFN1 c.4659A>G p.(=) No - in 1474
MUC5B c.11397C>T p.(=) No - in 1473
ZNF814 €.996G>C p.(=) No -in 1473 & 1474

4.5.1.1 FLRT1 as a candidate gene

As can be seen in Table 4-3, the single variant that appeared to be de novo after filtering was the

nonsynonymous change ¢.137C>T (p.Thrd6Met) in FLRT1, which had a deleterious score of 2. The

variant was confirmed to be de novo by dideoxy sequencing (Fig. 4-1).

FLRT1 encodes a member of the fibronectin leucine rich transmembrane protein (FLRT) family, of

which there are three members (FLRT1-3). All contain fibronectin and leucine rich repeat motifs in
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their extracellular domains that are responsible for homotypic cell adhesion (Haines et al. 2006).
Previous studies have shown that the FLRT proteins associate with members of the FGFR family and
accentuate FGF signaling via the Ras/Raf/ERK pathway (Bottcher et al. 2004, Haines et al. 2006,
Wheldon et al. 2010). Specifically, FGFR1 was shown to phosphorylate FLRT1 at three critical tyrosine
residues as part of a futile cycle whereby FLRT-mediated activation of FGFR1 results in suppression of

activation by feedback phosphorylation (Wheldon et al. 2010).

At E9.5-11.5 during mouse embryonic development, Firt1 is expressed in areas overlapping regions of
Fgfrl expression; in the midbrain at the boundary with the hindbrain and in the dorsal diencephelon
adjacent to the telencephalon, the eye, dorsal root and trigeminal ganglia and in cells adjacent to the

urogenital ridge (Haines et al. 2006).

As an interactor of FGFR1 signaling, FLRT1 makes an attractive candidate craniosynostosis gene,
however the position of the variant in individual 2930 (p.Thr46) is not in a functional domain and
although well conserved in its orthologues, the N-terminal of the protein before the first domain is
not well conserved within the FLRT family (Fig. 4-1). In fact, there is some ambiguity about the
position of the initiation methionine, with an alternative start indicated from a methionine 28
residues from the start site denoted in Fig. 4-1. Bearing this in mind, a Kozak consensus sequence
(A/GNNATGG) prediction score was calculated for both the wild-type and variant sequences
(http://atgpr.dbcls.jp/). The prediction tool in both cases selected the longer length sequence (as
depicted in Fig. 4-1) to have the strongest score; 0.5 compared to 0.11 for the alternative. The
¢.137C>T variant produced an ATG with a score of only 0.04, making it unlikely to affect the protein

by creating an illegitimate translation start site.

Given a per-generation mutation rate of 7.6 x 10°-2.2x 107, we would expect on average 50-100
de novo mutations in any given individual, which equates to ~0.86 nonsynonymous variants per
genome (Lynch 2010, Roach et al. 2010, Kong et al. 2012). In individual 2930, the observed de novo

nonsynonymous mutation rate is as expected so we cannot infer pathogenicity simply by the
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presence of the FLRT1 p.Thr4d6Met variant. However, this variant remained suspicious given its
interaction with FGFR1 and was included in a screen of the Oxford craniosynostosis patient panel,
using the Fluidigm PCR and lon Torrent sequencing systems; of 230 patients screened, no suspected

pathogenic variants were identified (. Taylor, K. Miller, Y. Zhou).

4.5.2 Trio analysis - recessive

As well as the de novo strategy described above, sequence data for individual 2930 was analysed
assuming a recessive inheritance pattern. Variants were filtered for homozygous, or compound
heterozygous changes that were heterozygous in both parents. After removal of common variants,
this time including variants that occurred in other non-craniosynostosis patients in the WGS500
sequencing project, 20 homozygous and 123 compound heterozygous variants remained. The
remaining variants were then sorted for exonic changes, leaving five apparently homozygous variants
(three synonymous and two nonsynonymous) and one gene with compound heterozygous variants

(Table 4-4).

The apparent homozygous nonsynonymous variants after this filtering process were in fact
hemizygous variants on the X chromosome in OPHN1 and GEMIN8. OPHN1 encodes oligophrenin-1, a
Rho-GTPase-activating protein that promotes GTP hydrolysis of Rho subfamily members. The variant
p.Thr520Ile has a high deleterious score (5), and is predicted to be possibly damaging by PolyPhen-2
with a HumVar score of 0.700. This position falls within the Rho-GAP domain and shows conservation
of either threonine or serine residues at the equivalent position in a variety of mammals, birds and
also in X. tropicalis and X. laevis. Mutations in OPHN1 have been shown to cause X-linked mental
retardation associated with cerebellar hypoplasia and facial dysmorphism, including prominent
forehead, long flat facies, strabismus, large ears, long tubular nose and prominent chin (Al-Owain et
al. 2011). However, these features do not resemble SCS, and individual 2930 was not noted to have

any developmental delay.
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c.137C>T, p.Thr46Met

B
*
H.sapiens 1 MVVAHPTATA--TT-———-— TPTATVTATVVMTTATMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPADIPDDATTLYLONNQINNAGIPQ 100
P.troglodytes 1 MVVAHPTATA--TT-—-——- TPTATVTATVVMTTATMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPADIPDDATTLYLONNQINNAGIPQ 100
M.mulatta 1 MVVAHPTATT--TT-----— TTTATVTATVVMTTSTMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPADIPDDATTLYLONNQINNAGIPQ 100
C.lupus 1 MVVAHPATTA--TT-----— TPTATVTATVMMTTATMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPADIPDDATTLYLONNQINNAGIPQ 100
B. taurus 1 MVVAHPTAAAATTA-———-— TPATTVTATVVMTTATMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPADIPDDATTLYLONNQINNAGIPQ 102
M.musculus 1 MVVAHSAATA--TT-———- TPAATVTATVVMTTATMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPSDIPDDATTLYLONNQINNAGIPQ 100
R.norvegicus 1 MVVAHPAATA--TT-----— TPAATVTATVVMTTATMDLRDWLF---LCYGLIAFLTEVIDSTT-———————————————— CPSVCRCDNGFIYCNDRGLTSIPSDIPDDATTLYLONNQINNAGIPQ 100
D.rerio (a) 1 e MMAPEGIGELRDLLFLLLLCFTLLAELLEMTAASSQGLDG-—-—-—-—--— EDDIVCPSVCRCDEDFIYCNDRGLSAIPP-LPPSATVLYLONNHIDNAGLPR 92
D.rerio (b) 1 MATESLVELRDWLFLLLLCLTLLVEVLEFAAATAAAAEAALGEAELQGEVPCPSACRCDDGFIYCNDRGLTLIPP-LPLTAAVLYLONNRIDNAGLPT 98
X.tropicalis 1 MAITTTTTTTTSTTIAASAAATTATATTVAMTTATLDLRDWLF---LCYGLIAFLTEVIDSTN---—-=-—-—-—————————— CPYVCRCDNGFIYCNDRGLTSIPPDIPDDATTLYLONNQINNAGVPP 107
*

FLRT1 1 MVVAHPTATATTTPTATVTATVVMTTATMDLRDWLEFLCYGLIAFLTEVIDSTTCPSVCRCDNGFIYCNDRGLTSIPADIPD TK 127
FLRT2 1 MGLOQTTKWP---SHGAFFLKSWLIISLGLYSQVSKLL---ACPSVCRCDRNFVYCNERSLTSVPLGIPE NVQ 108
FLRT3 1 MISAAWSIFLIGTKIGL----FLQVAPLSVMAK-—-—-—— SCPSVCRCDAGFIYCNDRFLTSIPTGIPE NLL 104
Figure 4-1

FLRT1 mutation in individual 2930.

A. De novo inheritance of ¢.137C>T FLRT1 variant (pThr46Met) was confirmed by dideoxy sequencing

B. Alignment of N-terminal amino acids of FLRT1 orthologues (H.sapiens FLRT1, P.troglodytes FLRT1, M.mulatta FLRT1, C.lupus FLRT1, B.taurus FLRT1, M.musculus Firt1,
R.norvegicus Flrtl, D.rerio flrtla and flrtlb, X.tropicalis flrt) and human paralogues (FLRT2 and FLRT3), p.Thr46 is highlighted in blue, LRRNT domain in yellow and LRR
domains in green. The possible alternative initiation methionine is indicated by an asterisk.
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Table 4-4

Homozygous and compound heterozygous variants present in individual 2930 after filtering out
common variants.

Gene Variant Deleterious Type Inheritance

score
OPHN1 | c.1559C>T, p.Thr520lle Hemizygous 1473 heterozygous
GEMINS8 | ¢c.500G>A, p.Argl67His Hemizygous 1473 heterozygous

CDC45 | c.318C>T, p.(=)
c.773A>G, p.Asp258Gly

Compound het | 1474 heterozygous
1473 heterozygous

H O|N|O

Geme-associated protein 8 (encoded by GEMINS) is involved in the assembly of the spliceosome,
forming part of the survival motor neuron complex (Carissimi et al. 2006). The variant p.Argl167His
falls just inside of the coiled-coil domain (residues 135-168), however, it is predicted to be benign by
PolyPhen-2 (HumVar model for Mendelian diseases) with a score of 0.067; the equivalent arginine
residue is a histidine in the wallaby and the opossum. Also, although this particular substitution is not
present in the Exome Aggregation Consortium dataset (EXAC; http://exac.broadinstitute.org/), there

are several missense variants that fall within the coiled-coil domain.

Based on the available information on the functions of GEMIN8 and OPHN1, it seemed unlikely that
either mutation in the patient had contributed to his phenotype. The CDC45 compound heterozygous
variants were not initially prioritised, due to the fact that one was a synonymous change. However,
another individual with potential compound heterozygous mutations in CDC45 was identified in a
concurrent exome sequencing project. The proband (5566), who had bicoronal synostosis, was
heterozygous for the variants c.226A>C (p.Asn76His) and ¢.469C>T (p.Arg157Cys). Dideoxy
sequencing of parental samples confirmed that the mutations occurred on different alleles, and that

only one of the variants was present in an unaffected sibling (Fig. 4-3).
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Figure 4-2

Facial appearance of individuals with compound heterozygous CDC45 mutations.

A, B. Patient 2930 aged 7 years, after he had undergone surgical correction for right unicoronal
synostosis. Note facial asymmetry with deviated nasal septum and mildly dysplastic right ear. Whole
genome sequencing identified the heterozygous CDC45 variants ¢.318C>T, p.(=) and c.773A>G
(p.Asp258Gly).

C, D. Patient 5566 aged 6 months, pre-craniofacial corrective surgery, who presented with bicoronal
synostosis and short stature (height and weight in 0.4" centile). Exome sequencing revealed the
heterozygous CDC45 variants ¢.226A>C (p.Asn76His) and ¢c.469C>T (p.Arg157Cys).
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4.5.2.1 CDC(C45 as a candidate gene

CDC45 (cell division cycle 45) was originally identified as a cold-sensitive cell division cycle mutant in
Saccharomyces cerevisiae (Moir et al. 1982). Since then, it has been shown to be critical for the
initiation and elongation of DNA replication in eukaryotic organisms (Krastanova et al. 2012). During
G1 phase of the cell cycle a pre-replicative complex (pre-RC) is formed, comprising origin recognition
complex (ORC) proteins and the minichromosome maintenance complex (MCM2-7). The ORCs bind
to DNA at the origins of replication (ORIs), and at the G1/S phase transition the helicase activity of
the MCM proteins is activated, which unwinds the DNA from the ORIs to allow recruitment of
replication proteins and polymerases (Bauerschmidt et al. 2007). CDC45 forms part of a large
complex known as the CMG complex, which is the association of CDC45, MCM2-7 and the GINS
proteins (SId5, Psfl, Psf2 and Psf3). Together with phosphorylation events, the CMG is responsible
for activation of the MCM helicases. The D. melanogaster CMG complex was shown to be able to
unwind DNA in vitro, however the Mcm2-7 complex alone could not (Aparicio, Ibarra, and Mendez

2006, Krastanova et al. 2012, Moyer, Lewis, and Botchan 2006, Pollok et al. 2007).

Analysis of CDC45 expression in human cells demonstrated that it was much less abundant than the
MCM proteins in proliferating cells, which supports the theory that recruitment of CDC45 to ORls is
rate limiting for replication initiation. It was also noted that the protein was absent from terminally

differentiated cells, but present throughout the cell cycle of proliferating cells (Pollok et al. 2007).

In the developing mouse embryo, Cdc45 is expressed in multiple tissues from E9.5-14.5 including the
brain, pharyngeal arches, thymus, kidneys, liver, gut lungs, and pancreas (Shaikh et al. 1999).
Homozygous mutant mice lacking a functional Cdc45 die before E7.5, displaying impaired
proliferation of the inner cell mass. No abnormalities were detected in the heterozygous mutant
mice, which were normal size, fertile and did not display any obvious behavioral deficiencies (Yoshida

et al. 2001).
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Of note, mutations in the ORC family of proteins, affecting the pre-RC, are associated with Meier-
Gorlin syndrome (MGS); an autosomal recessive disorder characterised by microtia, patellar
aplasia/hypoplasia, and short stature. Cases have also been described where craniosynostosis is part

of the phenotype (de Munnik et al. 2012, Hurst, Winter, and Baraitser 1988).

Furthermore, CDC45 directly interacts with RECQL4; a helicase which has been shown to play an
essential role in the formation of the CMG complex. Mutations of RECQL4 are associated with three
overlapping conditions; Baller-Gerold (BGS), Rothmund-Thomson (RTS) and RAPADILINO syndromes.
Of these, BGS is characterised by craniosynostosis (usually coronal), skeletal dysplasia with radial ray
defects, and growth retardation (Piard, Aral, et al. 2015). Furthermore, there are several reports of
patients diagnosed with BGS who have subsequently had TWIST1 mutations identified (Gripp et al.

1999, Piard, Aral, et al. 2015, Seto et al. 2001), indicating a phenotypic overlap with SCS.

Based on the evidence described above of genes in the DNA replication pathway being associated
with craniosynostosis, and also having two patients with coronal synostosis both with compound
heterozygous mutations in CDC45, it seemed like a plausible candidate disease gene and was

investigated further.

4.5.2.2 Determining pathogenicity of CDC45 mutations

Human CDC45 produces three transcript variants; a full length isoform of 598 amino acids, a 566
amino acid isoform (with exon 7 spliced out), and a 520 amino acid isoform (with exons 4 and 7
spliced out). For the purposes of this thesis, all numbering will refer to the full length isoform

(NM_001178010).

Both of the mutations in individual 5566 were predicted to be pathogenic bioinformatically, with
deleterious scores of 5 for the substitution p.Asn76His, and 6 for p.Arg157Cys. In particular the
residue p.Asn76 is predicted to be critical in forming the active centre of the DHH phosphoesterase
domain, a motif which is conserved throughout eukaryotic orthologues as well as in the archaeal and

bacterial orthologue RecJ (Sanchez-Pulido and Ponting 2011). This asparagine is extremely highly
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conserved, down to D. melanogaster, C. elegans and even A. thaliana (Fig. 4-3D). The residue
p.Argl57 is also highly conserved in eukaryotes, and the substitution from a positively charged,
amphipathic residue to the much smaller, neutral cysteine is not a conservative change. It is likely
that this missense mutation would affect the protein function, as it occurs within a region unique to
eukaryotic orthologues containing many charged residues (Krastanova et al. 2012). This is reflected in

the maximum deleterious score of 6 for this variant.

Based on the above, and reports of other synonymous variants being associated with disease (such
as in FGFR2 as discussed in Chapter 3), | decided to investigate whether the synonymous variant in
individual 2930 could in fact be pathogenic. The change ¢.318C>T (leading to a silent substitution at
residue p.Val106) is located 25 nucleotides from the end of exon 4 and is not predicted to affect the
strength of the wild type splice donor, or create a cryptic splice site (Neural Network). Nonetheless,
as a lymphoblastoid cell-line was available for the patient, amplification of his cDNA was carried out

to see if anything unusual could be seen, compared with normal controls.

As mentioned above, the variant c.318C>T occurs in exon 4, which is alternatively spliced in one of
the three transcripts encoded by CDC45. By amplifying cDNA with primers in exons 3 and 5, we might
expect two products to be amplified depending on the expression of the different isoforms in
lymphoblastoid cells. This appeared to be the case in both the patient 2930, and an unaffected
control cDNA sample (also synthesised from RNA extracted from a lymphoblastoid cell line).
However, there seemed to be a skewing in the proportion of each of the products (Fig. 4-4A). Gel
purification of the larger product (including exon 4), followed by dideoxy sequencing revealed the
presence of only the wild type allele in individual 2930 (Fig. 4-4B), indicating that the c.318C>T
mutation was somehow promoting exclusion of exon 4. As the variant p.Asn76His in patient 5566
also occurs in exon 4, cDNA from this patient was also sequenced and revealed the presence of both

wild type and mutant alleles (Fig. 4-4C).
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A gPCR assay was designed to compare the relative amount of products containing exon 4 in patients
2930 and 5566, and four unaffected control cDNA samples. This showed a 0.43 fold reduction in
cDNA containing exon 4, compared with exons 1-3, in patient 2930 (Fig. 4-4D). A melt curve analysis
was carried out on products amplified from primers in exons 3 and 5, which also indicated a

difference in the composition of the cDNA product generated from patient 2930 (Fig. 4-4E).

To try and establish how the variant c.318C>T could be affecting splicing, the splicing regulation tool
SROOGLE was used to identify any putative ESEs and ESSs present in exon 4 (http://sroogle.tau.ac.il).
The software identified the sequence GTCGTCAA as a potential ESE, as predicted by the Zhang and
Chasin method (Zhang and Chasin 2004), which would be removed by the C>T mutation at position 3

of this motif.

The second CDC45 variant in patient 2930 (p.Asp258Gly) lies in a Rec) motif, as predicted by a
multiple alignment of 15 eukaryotic CDC45 sequences, 16 archaeal sequences and 10 bacterial Rec)
sequences (Krastanova et al. 2012). Although the aspartic acid residue itself is not conserved to this
level, it is likely that substitution to a much smaller and uncharged glycine residue would affect the
protein conformation. Likely pathogenicity is also indicated by this substitution being assigned a

deleterious score of 4.

Fig 4-3

Confirmation of compound heterozygous CDC45 mutations by dideoxy sequencing.

A. c.318C>T and c.773A>G (p.Asp258Gly) mutations in patient 2930 occur on different alleles, his
unaffected siblings each inherited only one of the mutations.

B. ¢.226A>C (p.Asn76His) and c.496C>T (p.Arg157Cys) mutations in patient 5566, originally identified
by exome sequencing, were confirmed to occur on different alleles. Her unaffected sister inherited
only the c.226A>C (p.Asn76His) variant.

C. c.749+5G>A and c.1583C>T (p.Pro528Leu) mutations in individual 2916, identified by Fluidigm/lon
Torrent screen of the Oxford craniosynostosis patient panel, occur on different alleles.

D. Alignment of the N-terminal of CDC45 in various orthologues. The positions of the residues
affected in individuals 2930 (p.Val106) and 5566 (p.Asn76) are highlighted in magenta, these occur
within exon four, which is indicated by the blue dotted box. The black boxes indicate highly
conserved Rec) motifs.
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Fig 4-4

Analysis to investigate possible effects of CDC45 c.318C>T synonymous variant.

A. cDNA samples from a control and patient 2930 were amplified using primers in CDC45 exons 3 and
5, note skewed ratio of products in 2930 compared to the control sample (larger product represents
isoform containing exon four, smaller product is with exon four spliced out).

B. Sequence chromatogram showing position of ¢.318C>T mutation in patient 2930; the upper
sequence trace is generated from genomic DNA (arrowhead indicates C>T transition), the lower trace
is generated from cDNA extracted from the upper band of the gel shown in A. Note the absence of
the mutant allele in the patient’s cDNA.

C. Sequence chromatograms generated from genomic DNA (upper panel) and cDNA (lower panel)
from patient 5566; the mutation ¢c.226A>C (p.Asn76His) is present in both.

D. Results of gPCR to assay the relative amounts of exon four in patients 5566 and 2930, and four
unaffected controls. Products were amplified with primers in exons 3 and 4, and compared with
products generated from primers in exons 1 and 3. cDNA from patient 2930 showed a 0.43 fold
reduction in exons 3-4 from exons 1-3. Relative amounts of exons 5-6 compared with exons 1-3 are
also shown, no differences were observed. All experiments were carried out in triplicate; error bars
show propagated standard deviation.

E. Melt curve of PCR products generated from primers in exons 3 and 5, product from patient 2930 is
shown in red, control samples in blue. All samples were analysed in triplicate.

CDC(C45 was subsequently included in a screen of the Oxford craniosynostosis patient panel, using the
Fluidigm PCR and lon Torrent sequencing systems (l. Taylor, K. Miller, Y. Zhou). This led to the
identification of a further patient sample (2916) with compound heterozygous variants in CDC45;
€.749+5G>A and ¢.1583C>T (p.Pro528Leu). These were confirmed to be on different alleles by
dideoxy sequencing of the parents’ DNA (Fig. 4-3). The variant c.749+5G>A occurs five nucleotides
after the end of exon 9, and is predicted to weaken the wild type splice donor from a score of 0.97 to
0.13 (Neural Network). Of note, there is a cryptic donor with a score of 0.98 135 nucleotides into the
intron from the end of exon 9 that may be activated in this circumstance. Unfortunately, we were
unable to obtain a sample from the patient from which to extract RNA and test this hypothesis.
Individual 2916 was noted to have bicoronal synostosis, short stature, thin eyebrows and radioulnar

synostosis.
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4.5.2.3 Discussion

Due to the crucial role of CDC45 in the cell cycle, it is likely that having no functional protein would
be incompatible with life, as indicated by the Cdc45 knockout mouse (Yoshida et al. 2001). As
described in section 4.5.2.2, there is a naturally occurring isoform of CDC45 that does not contain
exon 4, which is where both the c.318C>T and p.Asn76His variants are located. This could explain
how individuals 2930 and 5566 were not more severely affected, as the presence of some wild-type
protein (i.e. from the shortest isoform) may have been enough to allow normal cell cycle progression
except for in certain key processes. Although synonymous, the c.318C>T variant in patient 2930 has a
more subtle effect by altering the ratio of isoforms towards splicing out exon 4. Similarly, one of the
mutations in individual 2916 (c.749+5G>A) is suspected to affect splicing, but not being at the donor
site itself it might be “leaky” in that a minority of transcripts may still use the wild type splice site. In
this way, enough wild type protein could be produced to allow normal development except for in the
cranial sutures. However, not having any cDNA from patient 2916 meant that this theory could not

be tested.

As well as the overlapping phenotype of coronal synostosis, all patients had thin eyebrows and
individuals 2916 and 5566 had short stature. Patient 2916 also had radioulnar synostosis. This is
interesting, as although the main characteristic of RTS (caused by mutations in RECQL4) is
poikiloderma (areas of hyper/hypopigmentation of the skin), features also include sparse scalp hair,
eyelashes and/or eyebrows, small size, radial ray defects and radiographic bone abnormalities that
include dysplasia, absent or malformed bones. Small size and radial ray defects are also common in
BGS (Piard, Aral, et al. 2015). Furthermore, short stature is typically part of the MGS phenotype. In
light of these data, a cohort of MGS patients were screened for mutations in CDC45 leading to the
identification of a further five compound heterozygous and two homozygous mutations (Louise,

Bicknell, Andrew Jackson, MRC Human Genetics Unit Edinburgh, unpublished results).
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These data now provide genetic corroboration for the role of CDC45 as a bona fide disease gene. The
patients originally identified with craniosynostosis appear to fall at the mild end of the phenotypic
spectrum, which may reflect a range of severity of the combined effects of two hypomorphic
mutations. Furthermore, these results indicate that the de novo mutation in FLRT1 was indeed
coincidental to the phenotype, which serves as a reminder that such findings need to be treated with

caution.
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Structure of CDC45

A, B and C. CDC45 transcript variants of 598 amino acids, 566 amino acids (exon 7 spliced out) and
520 amino acids (exons 4 and 7 spliced out) respectively.

D. Positions of mutations identified in this study are indicated, the exons are to scale and the introns
have been removed.

4.5.3 Combined proband analysis
Owing to the identification of pathogenic variants in patients 4437 and 4454 (TCF12), and 2930

(CDC45), the number of proband samples remaining from whole genome sequencing in which to
carry out combined analysis was reduced to three. Keeping filtering parameters relaxed (not
excluding any common variants from eg dbSNP), and searching for variants occurring in the

remaining probands 4400, 4580 and 4809 (and not in 2930, 4437 and 4454), did not result in any hits
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in the same gene in all three samples. Similarly, there were no overlapping hits in any combination of

two of the probands 4400, 4580 and 4809 (variant details listed in Tables 4-5, 4-6 and 4-7).

4.5.4 Patient 4809 individual analysis

Looking only at the variants in patient 4809, there were a total of 519 exonic calls. These were
filtered to remove those occurring in the EXAC dataset, leaving 209 variants. Of these 209, 79 were
nonsynonymous or resulted in a stop mutation, a frameshift or were predicted to effect splicing. At
the time of this analysis our bioinformatic pipeline allowed filtering to remove any genes that have
loss-of-function variants recorded in the Exome Variant Server (EVS) dataset, which left a list of nine

variants (table 4-5). From this list of nine variants, one was immediately interesting; the

nonsynonymous change p.Ser503Ala in RUNX2 (NM_001024630.3). This variant was confirmed to

segregate with the phenotype in the affected son of individual 4809 (Fig. 4-6A).

Table 4-5

Predicted deleterious variants present in individual 4809 after filtering.

Gene

Nucleotide
change

Amino acid
change

Deleterious
score

Additional information

RUNX2

c.1507 T>G

p.Ser503Ala

5

Variant also present in affected son.

EGR2

c.769 C>T

p.Arg257Trp

5

Variant also present in affected son.
Mutations associated with Charcot-Marie-
Tooth disease type 1D and type 4E, and
with Dejerine-Sottas syndrome.

MAT2B

c.814 C>G

p.Pro272Ala

p.Pro272Thr present in ExXAC, allele
frequency: 0.000008302

RPRML

c.148 G>C

p.Gly50Arg

Very little is known about the function of
this gene.

CREBL2

€.281 G>A

p.Gly94Glu

CREBL2 lies in a commonly deleted region
on chromosome 12p13 frequently
associated with various cancers.

PDAP1

c.526 T>G

p.Serl76Ala

Was found to be up-regulated in
embryonic fibroblasts from mice lacking
promyelocytic leukemia protein (Tang et
al. 2013).

NKX2-4

c.835 G>A

p.Val279Met

A homeobox gene with a putative role of
specifying diencephalic boundaries (Price
et al. 1992).

TAGLN2

c.83 A>G

p.GIn28Arg

The specific function of this protein is not
known, it is thought to be a tumor
suppressor.

SPATA31A1

c.1193 T>G

p.Leu398Arg

Very little is known about the function of
this gene.
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4.5.4.1 RUNX2 as a candidate gene

As mentioned in section 1.3.2, RUNX2 is a master regulator of osteogenesis, responsible for the
activation of osteoblast differentiation genes such as BGLAP (osteocalcin), SPP1 (osteopontin) and
ALP (alkaline phosphatase). Heterozygous loss-of-function mutations in RUNX2 cause cleidocranial
dysplasia (CCD), characterised by persistently open skull sutures with bulging calvaria, hypoplasia or
aplasia of the clavicles and dental anomalies (Mundlos et al. 1997). Although the CCD phenotype is
effectively the opposite of craniosynostosis, with wide open sutures, the involvement of RUNX2 in

calvarial development makes it an interesting candidate gene.

As loss-of-function mutations are associated with CCD, perhaps the RUNX2 variant p.Ser503Ala
results in craniosynostosis via another mechanism. The mutation lies in the C-terminal inhibition
domain, within a Pro/Ser/Thr-rich region. Wee et al (2002) used serial alanine mutations of all serine
residues in the C-terminal region of RUNX2 to identify potential phosphorylation sites. This led to the
identification of p.Ser465, p.Ser499 and p.Ser503 as phosphorylation targets. These specific serines
were then substituted to alanine, separately and combined, in the context of the C-terminal region
fused to a GAL4 DNA-binding domain, labelled with 32p and visualised by Western blot. From this, the
authors concluded that phosphorylation of p.Ser465 and p.Ser503 is likely to occur independently,
but phosphorylation of p.Ser499 requires prior phosphorylation of p.Ser503. However, two-
dimensional tryptic phosphopeptide analysis of full-length RUNX2 carrying the p.Ser503Ala mutation
did not reveal any observable differences to the phosphopeptide pattern of the wild type protein

(Wee et al. 2002).

Another study used mass spectroscopy to identify phosphoserine residues in murine Runx2, which
also highlighted the equivalent serine to the human p.Ser503 (mouse p.Ser510) as being
phosphorylated. Furthermore, pretreatment of cells with the MAPK inhibitor U0126 removed this

phosphorylation, indicating that p.Ser510 is probably an ERK substrate (Ge et al. 2009).
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It is difficult to predict if the variant p.Ser503Ala would definitely be pathogenic. The C-terminal
region of RUNX2 shows a high level of conservation, as does the RUNX inhibition domain, and
specifically the serine residue at the equivalent position (Fig. 4-6B and C). Also there is a lack of
known variation at this position, out of 60706 unrelated individuals in the ExAC dataset. As loss-of-
function mutations lead to CCD, the serine to alanine substitution would have to exert its effect via a
different mechanism. For example, a release of inhibition as p.Ser503 lies within the RUNX inhibitory
domain. Broadly speaking, as RUNX2 is necessary for osteogenesis, a release of inhibition could lead
to increased activation of target genes such as BGLAP, SPP1 and ALP. Increased Runx2 expression in
mice was shown to correlate with increased osteoblast differentiation and lead to craniosynostosis
(Maeno et al. 2011), and duplications including RUNX2 in humans have also been associated with
craniosynostosis: a duplication of a 1.1 Mb was identified in two affected family members with
hypodontia and metopic craniosynostosis, and a 3.4 Mb duplication in an individual with right
unicoronal synostosis and learning difficulties (Mefford et al. 2010, Wilkie et al. 2007, Varvagiannis et
al. 2013). Together these would suggest that the cranial suture is sensitive to dosage of RUNX2, and

an increase may be linked to premature fusion.

However, more work would be needed to assess the functional outcome of this particular variant. In
the first instance, more family members could be genotyped to either rule out this variant as
interesting, or indicate that it would be worth following up. The family in question has been invited

to participate in further investigative studies, but is yet to provide any samples.
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M.mulatta 485 THYHTYLPPPYPGSSQSQSGPFQTSSTPYLYYGTSSGSYQFPMVPGGDRSPSRMLPPCTTTSNGSTLLNPNLPNQNDGVDADGSHSSSPTVLNSSGRMDESVWRPY 590
B. taurus 481 THYHTYLPPPYPGSSQSQSGPFQTSSTPYLYYGTSSGSYQFPMVPGGDRSPSRMLPPCTTTSNGSTLLNPNLPTQNDGVDADGSHSSSPTVLNSSGRMDESVWRPY 586
M.musculus 423 THYHTYLPPPYPGSSQSQSGPFQTSSTPYLYYGTSSASYQFPMVPGGDRSPSRMVPPCTTTSNGSTLLNPNLPNQNDGVDADGSHSSSPTVLNSSGRMDESVWRPY 528
R.norvegicus 424 THYHTYLPPPYPGSSQSQSGPFQTSSTPYLYYGTSSASYQFPMVPGGDRSPSRMVPPCTTTSNGSTLLNPNLPNQNDGVDADGSHSSSPTVLNSSGRMDESVWRPY 529
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Figure 4-6

Possible pathogenicity of RUNX2 p.Ser503Ala variant in individual 4809.
A. The variant was confirmed to be present in patient 4809 and his affected son by restriction digest, Bsp1286/ cuts the mutant allele into 95 and 88 bp fragments.
An uncut control PCR product (283 bp) was also run for comparison, shown on the far right. The variant was not present in the unaffected mother.
B. Alignment of multiple RUNX2 orthologues, p.Ser503 is highlighted in blue; H.sapiens RUNX2, M.mulatta RUNX2, B.taurus RUNX2, M.musculus Runx2,
R.norvegicus Runx2, G.gallus RUNX2, D.rerio runx2a, X.troplicalis runx2.
C. Alignment of human RUNX paralogues shown above the Runx inhibition domain alignment (pfam08504), red indicates highly conserved residues, blue less and
grey the least conserved. Unaligned residues are in grey lower case.
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4.5.5 Patient 4400 individual analysis

A total of 566 exonic variants were present in individual 4400, which reduced to 189 when variants

present in the EXAC browser were removed. Of these, 106 resulted in a predicted splicing effect,

stop, frameshift or nonsynonymous substitution. From this list of 106, only seven had no loss-of-

function variants in EVS. (Table 4-6). This did not result in any strong candidates.

Table 4-6

Predicted deleterious variants present in individual 4400 after filtering.

Gene Nucleotide Amino acid Deleterious | Additional information
change change score

DNASE1L1 | c.1-3845C>T | - 5 Reduces the strength of the splice donor

(X-chr) from an exon of the 5"UTR. Mutations are
associated with acid maltase deficiency
(Pompe disease).

OCRL c.1775A>T p.Asn592lle 4 Mutations cause Lowe syndrome.

(X-chr)

ZRANB2 c.722C>A p.Ser241Tyr 4 Variant not present in affected mother.

GGT1 c.607C>T p.Arg203Trp 3 p.Arg203GlIn present in EXAC, allele freq
0.00008608, rs199703506.

P2RY11 c.952C>G p.Pro318Ala 3 Belongs to the G-protein coupled receptor
family. An in vitro assay indicated an
involvement in IFN-y-induced IL-6
production (Ishimaru et al. 2013).

MDP1 c.276A>T p.Glu92Asp - Very little known about this gene —a
magnesium-dependent phosphatase.

ELFN1 c.1513G>A p.Glu505Lys - Expressed in the brain in the mouse, when
mutated in mice causes seizures and
hyperactivity (Dolan and Mitchell 2013).

Further details of genes that were followed up can be found in the Appendix.

4.5.6 Patient 4580 individual analysis

Patient 4580 had a total of 817 exonic variants, this reduced to 222 after removal of common

variants. Filtering for frameshifts, stop gains, splicing and nonsynonymous variants resulted in 120

changes, with only seven having no loss-of-function variants in EVS. However, none of these

mutations seemed strong craniosynostosis candidates (Table 4-7).
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Table 4-7

Predicted deleterious variants present in individual 4580 after filtering.

Gene Nucleotide Amino acid Deleterious | Additional information
change change score

TNR ¢.1400C>A p.Thrd67Lys 5 Encodes a member of the tenascin family
of extracellular matrix glycoproteins.

STX7 c.440+1G>T | - 5 cDNA checked but no effect on splicing
was observed.

DYNLL1 c.65T>C p.Val22Ala 5 Encodes dynein light chain, modulates
neuronal nitric oxide synthase activity.

UBQLN4 c.1166A>G p.GIn389Arg 5 Encodes an adaptor protein that recruits
Ubiquilinl to the autophagy machinery
(Lee, Arnott, and Brown 2013).

CRH c.555C>G p.His185GIn 4 Expressed in hypothalamus, T-
lymphocytes and the placenta.

COG3 €.999G>T p.GIn333His 3 Involved in ER-Golgi transport.

MNX1 c.2T>C p.Metl1? - Mutations in this gene result in Currarino

syndrome.

Further details of genes that were followed up can be found in the Appendix.
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4.6 Analysis of non-coding variants

Of the six initial probands sequenced, only three remained unsolved (one of whom may have a
causative RUNX2 variant); drastically reducing the power of this experiment to find regulatory region
mutations. Nonetheless, all variants within the region chr7: 17385767-19735085 were selected for
further analysis. Removing all variants present in the 1000 genomes dataset left 254, 332 and 373
variants in patients 4400, 4580 and 4809 respectively. Any that occurred in other non-
craniosynostosis patients in the WGS500 dataset were discounted, and remaining variants visualised
in Gbrowse to verify if they looked genuine or were due to sequencing artefacts. This left 15 variants
in patient 4400, 31 in patient 4580 and 19 in patient 4809, none of which overlapped (Table 4-8). The
nearest variants to each other in different patients, not present in dbSNP, were 2644 bp apart
(19304948 in 4809 to 19307592 in 4580). The relatively higher number of variants in patient 4580 is
likely to be due to her being of Asian ethnicity and therefore under-represented in the reference

genomes.

All of the remaining variants were entered into the Ensembl variant effect predictor (VEP;
www.ensembl.org/info/docs/tools/vep/), and also viewed alongside various tracks in the UCSC
genome browser to observe conservation, and marks of potential regulatory activity (listed in Table
4-8). Positions of variants were also compared to published data on TWIST1 regulation, such as

targets of the promoter indicated by Hi-C analysis (Jin et al. 2013).
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Table 4-8

Non-coding variants present in remaining probands after removal of common variants.

Chr7 Patient number Additional
coordinate 4400 4580 4809 Position information
17449943 - C>T - intergenic rs533757730
17470840 AST - - intergenic rs555347601
17486034 - - G>A intergenic rs574836651
17511134 A>G - - intergenic rs529755531
17565126 - - A>G intergenic rs535710700
17565732 - C>G - intergenic rs548013412
17599829 - - T intergenic
17717623 C>A - - intergenic
17729292 - T - intergenic TF chip

ENSR00001557659
17735688 - G>T - intergenic rs561339158
17747036 G>A - - intergenic
17751951 - T - intergenic rs527444671
17769240 - C>T - intergenic rs527899887
17786144 - G>T - intergenic rs573524287
17811700 G>A - - intergenic
17886647 - T>C - SNX13: intronic
17910547 T>C - - SNX13: intronic rs537966756
17911423 T>C - - SNX13: intronic
17943361 - - A>G SNX13: intronic

DNasel + TF chip +
18059225 - - C>A intergenic H3K27Ac

ENSR00000622570
18129943 - - T>C HDAC9: intronic
18131350 - - CT HDAC9: intronic rs552665326
18139283 G>A - - HDAC9: intronic
18140656 - - G>C HDAC9: intronic
18213199 - - T>G HDAC9: intronic rs538497843

+
18246217 | T>C - - HDACS: intronic Er‘\)lgsRoo%';géglzsw
18297020 - T>C - HDACY: intronic
18307974 - A>G - HDAC9: intronic rs535930225
18316868 - T - HDAC9: intronic rs540809438
18337103 - - G>T HDAC9: intronic rs199912078
18345323 - TGATCTCTG>T | - HDAC9: intronic
18376575 - C>T - HDACY: intronic Cons
18422875 - - G>A HDAC9: intronic
18455863 - G>A - HDAC9: intronic rs551657409
18505201 - A>C - HDAC9: intronic rs565908869
18509991 - C>G - HDAC9: intronic
18574692 G>A - - HDAC9: intronic rs541498799
. . Active enhancer

18669961 - G>A - HDAC9: intronic region (Jin et al. 2013)
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18682217 - A>G - HDAC9: intronic rs527487944
18891032 - T - HDACY: intronic rs540770807
18927662 - - CT HDAC9: intronic rs528752322
18987487 - T>C - HDACY: intronic
19019440 - - G>A HDAC9: intronic
19026597 - - G>C HDAC9: intronic rs529773248
rs201926130
19054942 C>T - - intergenic DNasel
ENSR00001557738
19113911 C>G - - intergenic
19129272 - - T intergenic
19133830 - - T>G intergenic
TWIST1: DNasel
19154188 i i A>G downstream ENSR00000622697
rs551653212
19158684 - A>G - intergenic DNasel + TF chip
ENSR00001557748
19186326 - C>A - intergenic
19249943 C>G - - intergenic
Cons + DNasel
19255397 - - G>A intergenic ENSR00000622707
19274870 - G>A - intergenic
19304948 - - AGG>A intergenic
19307592 - G>A - intergenic rs542973238
19391000 - A>G - intergenic
19432451 - T - intergenic
19489619 - T>C - intergenic
19498027 - A>G - intergenic
19573091 - A>G - intergenic
19573653 - G>T - intergenic
19648674 G>A - - intergenic
19656720 - G>A - intergenic rs113511073
19694069 A>G - - intergenic

Additional information

Ensembl regulatory regions are indicated by an ENSR accession number.

UCSC integrated regulation from ENCODE tracks: TF chip; Transcription Factor ChIP-seq (161 factors)

from ENCODE with Factorbook Motifs, DNasel; DNasel Hypersensitivity Clusters in 125 cell types
from ENCODE, H3K27Ac; H3K27Ac Mark on 7 cell lines from ENCODE.
UCSC conservation track: Cons; Vertebrate Multiz Alignment & Conservation (100 Species).
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4.6.1 Further analysis of predicted regulatory region variants

Certain variants were subjected to further investigation, based on their position in relation to
previous SCS-associated rearrangements (section 1.4.2) and whether they were in a predicted
regulatory region, to see if they were present in family members. Both individuals 4400 and 4809
have affected family members, patient 4580 was assumed to have a de novo mutation but

unfortunately DNA was not available from her mother for analysis (Table 4-9).

Table 4-9

Results of regulatory region variant family analysis.

Chr7 coordinate Variant | Regulatory region Patient | Inheritance pattern

18059225 C>A ENSR00000622570 4809 Not present in affected son
18246217 T>C ENSR00000622587 4400 Present in affected mother
19054942 C>T ENSR00001557738 4400 Not present in affected mother
19154188 A>G ENSR00000622697 4809 Not present in affected son
19158684 A>G ENSR00001557748 4580 Not present in unaffected father
19255397 G>A ENSR00000622707 4809 Present in affected son

4.6.2 Discussion

It is difficult to make any firm conclusions regarding the analysis of non-coding variants. By definition
they are extremely difficult to interpret, and so one of the most compelling arguments for
pathogenicity is evidence from multiple patients. However, in this case the number of patients was
reduced to only three making this an extremely underpowered approach, with none of the variants
clustering in a particular region, or overlapping in multiple individuals. Furthermore, there were no
variants that coincided with the minimal region described in section 1.4.2, between the

rearrangements described by David et al (2003) and Wilkie et al (1995).

To truly investigate the potential contribution of TWIST1 regulatory mutations to SCS requires a
much deeper dataset. Although the original experimental design made sense, technology has moved
on such that next generation sequencing is now a much more routine practice. Rather than picking a
few patients by strict phenotyping, the opposite approach can be taken; carrying out targeted
sequencing of the region around TWIST1 in as many coronal synostosis patients as possible. This

approach is described fully in Chapter 7.
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CHAPTER 5

MUTATIONS IN TCF12 ARE ASSOCIATED WITH CORONAL

CRANIOSYNOSTOSIS
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Chapter 5: Mutations in TCF12 are associated with coronal

craniosynostosis

5.1 Introduction

During the course of this thesis, a concurrent exome sequencing project identified potential
pathogenic mutations in TCF12 (encoding transcription factor 12; also known as HEB, HTF4 and ALF1)
in two out of seven patients with bicoronal craniosynostosis. However both mutations segregated to
unaffected individuals in the respective families, so their pathogenic status remained uncertain. This
prompted a specific search of my whole genome sequencing data and led to the identification of two
different mutations in patients 4437 and 4454. As previously discussed in section 1.3.3, TWIST1
heterodimerizes with class | E-proteins such as TCF12 to bind DNA at E-box recognition sequences,

and activate transcription.

5.2 Results

5.2.1 TCF12 mutations identified through whole genome sequencing

In patient 4437 (Fig. 5-1A), a heterozygous stop mutation (c.1283T>G; p.Leu428*) was identified. This
was revealed to be de novo by dideoxy sequencing of the parental samples (Fig. 5-1C; microsatellite
analysis was used to confirm sample relationships). The second mutation in patient 4454 (Fig. 5-1B),
was suspected to affect splicing (c.1035+3G>C, predicted to reduce the wild type 5’ donor score from
0.55 to 0.01; Neural Network). Further testing revealed the mutation to be present in the proband’s
unaffected mother, clinically affected aunt and unaffected grandmother (Fig 5-1D). As this change
lies outside the invariant splice donor sequence, cDNA from family members was used to ascertain
the exact effect of the mutation. Amplification of the mutant cDNA resulted in a smaller product
compared with the wild type. Gel purification and sequencing of this product demonstrated skipping

of exon 12 (Fig 5-1F), which is predicted to create an out-of-frame translation product.

A summary of the clinical features exhibited by patients 4437 and 4454 can be viewed in Table 4-1.

85



CCGTTTAGAC CGTTTAGAC

AL

CGTTGAGAC

Aanfih

c.1283T>G p.L428*

D E
| ©

. -1 1-2 11-211-3 1I-1 N

1 2 3
Il
1 F
Exon 12 Intron Exon 11 Exon 13
CATC G T G A AT T C T AGIAT T TAT T

/\MA A/\’f\ A A AAAAAN

c.1035+3G>C

86



Figure 5-1

TCF12 mutations identified through whole genome sequencing.

A, B. Facial appearances of patients 4437 and 4454 respectively. Note brachycephalic head shape
and low-set ears.

C. De novo heterozygous ¢.1283T>G mutation in individual 4437 causing a premature termination
codon at amino acid position 428.

D. Whole genome sequencing of individual Ill-1 revealed the mutation ¢.1035+3G>C, dideoxy
sequencing of the family identified the mutation as present in the proband’s clinically unaffected
mother and grandmother, as well as her affected aunt.

E. cDNA PCR amplification using primers Ex9/10F and Ex14R. Family members with the mutation
consistently produce a second smaller amplification product. Sequencing of this smaller gel-purified
DNA band, F, revealed skipping of exon 12.

5.2.2 Analysis of allelic expression

In a targeted screen, a total 36 pathogenic TCF12 mutations were identified in 38 unrelated
individuals, including 14 de novo mutations (Fig. 5-3). Intriguingly, over half (53%) of mutation
positive individuals identified did not display any clinical features, demonstrating a high degree of
non-penetrance (Sharma et al. 2013). For example, affected individuals with mutations c.1349delC
(bicoronal) and ¢.1491dupT (right unicoronal) both have clinically unaffected, mutation positive
mothers. To investigate whether under-expression of the wild type allele could be associated with
the observed variability of clinical features, cDNA was amplified from clinically affected individuals
and mutation positive relatives and the products subjected to restriction digest (Fig. 5-2). In all but
one of the individuals analysed, the mutant allele appeared under-represented compared to the wild
type indicating that the mutant product was subjected to nonsense-mediated decay. Direct
comparison of mutant:wild type ratios in clinically affected and unaffected relatives did not however

demonstrate a consistent pattern correlating with the observed phenotypes (Table 5-1).
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Cacsl PfIFI

Figure 5-2

Analysis of TCF12 allelic expression in two families showing variable penetrance.

A. c.1349delC: as above, but showing result of Cac8I digest, which cuts only the wt allele. Note lower
amount of mutant (white arrow head) compared to wt fragment (white arrow) in both individuals (P,
proband; M, clinically unaffected mother), suggesting that the mutant transcript is unstable.

B. ¢.1491dupT: gel showing result of PfIFI digest of cDNA PCR product (primers Ex13/14F and Ex18R).
PfIFI cuts only the wt allele; note the variable expression of the mutant allele (upper band) between
the proband (P) and his clinically unaffected mother (M). C, normal control cDNA; U, uncut PCR
product.
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Table 5-1

RNA studies of individuals heterozygous for TCF12 mutations.

Mutation Protein Individuals Cellular Reverse transcriptase-PCR result Mutant allele under- Similar mutant:wt ratio in
analysed and source of represented compared affected and unaffected
disease status’ mRNA to wild type? individuals?

c.526+1G>A sp Grandfather (UA) | blood skipping of exon 7 Y na (different tissue sources)
Mother (UA)

Proband (RC)
fibroblasts
c.822C>G sp Proband (RC) fibroblasts abolishes exon 10 splice donor site | Y na (de novo mutation)
c.825G>C p.L275F(sp) Proband (BC) blood abolishes exon 10 splice donor Y na (de novo mutation)
site, use of cryptic splice donor 23
bp into intron

c.1035+3G>C | sp Grandmother blood skipping of exon 12 Y Y
(UA) Mother (UA)

Aunt (BC)

c.1349delC p.P450Lfs*69 Mother (UA) blood lower expression of mutant allele Y Y
Proband (BC)

c.1468-20T>A | p.V490Gfs*4 Proband (BC) blood use of cryptic acceptor splice site Y Y

(sp) Proband’s for exon 17
daughter (UA)

¢.1491dupT p.V498Cfs*12 | Proband’s father | blood lower expression of mutant allele Y -
(UA)

¢.1491dupT p.V498Cfs*12 | Mother (UA) blood lower expression of mutant allele Y/N lower in affected
Proband (RC) in proband; similar expression of

both alleles in proband’s mother
¢.1582+2T>G sp Proband (BC) fibroblasts faint ~100 bp shorter fragment, Y -

consistent with skipping of exon 17

®UA, unaffected; RC, right coronal; BC, bilateral coronal
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5.2.3 Analysis of TCF12 splicing mutations

Of the 36 mutations identified, there were six thought to affect correct splicing of TCF12 (including
¢.1035+3G>C discussed in section 5.2.1). As well as two canonical splice donor site mutations
(c.526+1G>A; c.1582+T>G), there were others of less obvious significance; de novo ¢.822C>G which
results in a synonymous change four nucleotides before the end of exon 9, de novo ¢.825G>C causing
the nonsynonymous substitution p.Leu275Phe, and c.1468-20T>A suspected of creating a cryptic
intronic splice acceptor site (Fig. 5-4). These additional five mutations were subjected to further

analysis to determine their pathogenicity (Table 5-1; details of primers in section 2.6.2).

As predicted, both canonical splice donor site mutations disrupted normal splicing. The ¢.526+1G>A
mutation was of particular interest as it was the most 5° mutation identified in TCF12, and also the
only mutation at the time to be located upstream of the alternatively spliced first exon of a smaller
isoform (HEBAIt). Therefore, demonstrating pathogenicity of this mutation would implicate the full
length HEB isoform as being critical, rather than HEBAIt. Amplification of cDNA from three mutation
positive individuals resulted in an additional smaller fragment, not seen in the control cDNA. Dideoxy
sequencing of this smaller fragment revealed skipping of exon 7 (Fig. 5-4A). Similarly, amplification of
cDNA from the individual with the c.1582+2T>G mutation also resulted in an extra fragment,
approximately 100 bp smaller than the expected product. This size is consistent with skipping of exon

17 (Fig. 5-3E).

The apparently synonymous substitution ¢.822C>G was suspected of affecting splicing, lying only four
nucleotides from the end of exon 9. The normal exon 9 donor site is unusually weak (score 0.09;
Neural Network), and the score is little changed by the substitution (score 0.06). However,
sequencing of amplified cDNA showed that the mutant allele is virtually absent from the normal

cDNA, this was confirmed by restriction digestion (Fig. 5-4B).

Although the mutation ¢.825G>C may exert its effect by giving rise to the missense variant

p.Leu275Phe, its proximity to the end of exon 10 merited further investigation. Sequencing of
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amplified cDNA product from the proband demonstrated the presence of intronic sequence,

indicating that the exon 10 splice donor site is abolished (Fig. 5-4C).

A text search of current exome sequencing projects led to the identification of the variant c.1468-
20T>A, which was not called automatically due to its location within the intron. This mutation was
predicted to create a cryptic acceptor with a higher score (0.99) than the normal acceptor (0.96). Use
of this cryptic acceptor was confirmed by sequencing cDNA from the affected individual,

demonstrating a low level of the neo-exon, which contains a premature stop codon (Fig. 5-4D).
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Figure 5-3

Structure of TCF12 and the encoded protein.

Upper part shows TCF12 gene structure, the major transcript encodes 21 exons; alternative splicing
of exon 15 occurs to generate proteins of 706 and 682 amino acids. Alternative transcription starting
at exon 9A generates a different protein (HEBAIt) of 512 amino acids. Mutations affecting splicing are

indicated in blue, and mutations causing nonsynonymous substitutions in the bHLH domain are
indicated in red.

Lower part shows protein structure and identified domains. Identical mutations identified in
independent families; x2.
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Figure 5-4

Analysis of TCF12 splicing mutations.

A. ¢.526+1G>A: this was the most 5' mutation identified in TCF12, occurring upstream of the
alternatively transcribed exon 9A, its effect on splicing was investigated. cDNA PCR amplification
using primers Ex5F and Ex9/10R produces an additional smaller fragment present (at a lower
amount) in all 3 mutation carriers (I-1, 1I-2, llI-1), but not in a normal fibroblast control (C); N,
negative water control. Note that cDNA is from a different tissue source in the proband so
mutant:wild type ratio cannot be compared with relatives. Sequencing of this smaller fragment
demonstrated skipping of exon 7, predicted to create an out-of-frame translation product.

B. ¢.822C>G: this de novo substitution creates a synonymous change 4 nucleotides before the end of
exon 9 (vertical red dotted line). Sequencing of cDNA with primers Ex9F and Ex11R showed that the
mutant allele is virtually absent from the normal cDNA (arrow), this was confirmed by restriction
digestion using Smll, which cuts only the wild type allele, showing only a small proportion of
undigested product in the proband’s sample (P; U, uncut; C, normal control).

C. ¢.825G>C: this de novo variant may lead to the amino acid substitution p.Leu275Phe (indicated by
an arrow), however sequencing of cDNA with primers Ex9F and Ex11R demonstrates the presence of
intronic sequence in the proband (indicated in black text) indicating that the exon 10 splice donor
site is abolished.

D. ¢.1468-20T>A: normal splice junctions between exons 16 and 17 are shown (exon sequence in
upper case, intron sequence in lower case). The position of the T>A mutation is indicated in red in
the lower sequence, lying 20 nucleotides upstream of the normal acceptor site, in the intron. This
mutation is predicted to create a cryptic acceptor with a higher score (0.99) than the normal
acceptor (0.96). cDNA sequencing using primers in exons 16 and 18/19 confirmed the use of this
cryptic acceptor, which demonstrated a low level of the neo-exon (dotted box) and contains a
premature stop codon (underlined in intron).

E. c.1582+2T>G: gel of cDNA PCR products amplified using primers Ex16F and Ex18/19R, note
presence of fragment in proband (P) ~100 bp smaller than expected product (black arrow head),
consistent with skipping of exon 17 (C, normal fibroblast control; N, negative water control).
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5.2.4 Screen for intronic mutations

Due to the presence of the previously described mutation (c.1468-20T>A), and reports of deep
intronic mutations in other genes being disease-causing (Flanagan et al. 2013), a screen of cDNA was
undertaken to identify any possible abnormal splicing products in patients with bicoronal synostosis
who were negative for TCF12 coding mutations. A total of 15 patients had cell lines available for RNA
extraction, from which cDNA was synthesised and amplified using overlapping primers covering the
entire TCF12 coding region (Fig. 5-5; primer details listed in section 2.6.4). No abnormally sized
products indicative of aberrant splicing were observed when amplified cDNA products were

visualised by agarose gel electrophoresis (Fig. 5-5).

Whole genome sequencing data were also closely scrutinised in the remaining unsolved SCS patients
for any TCF12 intronic mutations. Candidate variants were observed in Gbrowse to verify that they
looked like true changes rather than sequencing artefacts and to rule out those that occurred in
unaffected individuals. The remaining intronic variants were then assessed using Neural Network,
which narrowed the results to two variants; chrl5 57268541 G>C in patient 4809 (lying between
exons three and four), and chrl5 57546670 A>T in patient 4580 (between exons 16 and 17), both
predicted to potentially create cryptic splice acceptor sites. Both individuals had EBV cell lines

available for RNA extraction, and were included in the above screen.

5.2.5 Screen for TCF12 deletions

Probes were designed to 12 of the 21 exons of TCF12, for a multiplex ligation-dependent probe
amplification (MLPA) assay to identify mid-size (>100 bp) deletions (details in section 2.6.5). Exons 2
(containing the start methionine), 3, 4, 5, 6, 7, 10, 13, 16, 17, 19 and 20 (last coding exon) were
assayed as these were distributed throughout the gene and likely to pick up deletions of closely
adjacent neighbouring exons not directly targeted. No deletions were identified out of a total of 226
patients, however the assay was used to confirm and locate more precisely the extent of a deletion

identified by array-CGH.
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The proband was a 72-year-old female with short stature (146 cm; —3.5 SD), relative obesity (56.5 kg;
+0.5 SD), and an occipitofrontal circumference at the lower limit of normal (52.5 cm; -2 SD). She had
distinctive facial features including apparently small eyes, a thin upper lip, high palate, a prominent
chin and facial asymmetry with left central facial nerve palsy. Array-CGH revealed a small (84-121 kb)
microdeletion of 15921.3 including the 5" end of TCF12. As the resolution of the array did not show if
exon 19 (encoding the bHLH domain) was included in the deletion, it was not clear if the effect on
TCF12 had contributed to the phenotype or not. MLPA analysis indicated a heterozygous deletion of
exons 19 and 20, including the bHLH, and therefore the microdeletion is likely to be pathogenic (Fig.
5-6). The other gene included in the deleted interval is a long intergenic non-protein coding RNA

(LINC00926), whose function is still unknown (Piard, Roze, et al. 2015).

95



— R R N A — e (S — —— — —

Figure 5-5

Screen of TCF12 cDNA PCR products for abnormal splice variants.

cDNA from TWIST1-negative bicoronal synostosis patients (including TWIST1-negative SCS patients
4580 and 4809), amplified with the following primer pairs:

A.5'UTRF/Ex6/7 R

B. Ex5 F / Ex11 R, positive control (c.526+1G>A) loaded into lane 18, note presence of extra
fragments indicative of abnormal splicing (NB gel picture is scanned and sellotape from original
picture is covering last lane).

C. Ex9/10 F / Ex 14 R, positive control (c.1035+G>C) was loaded into lane 18; smaller fragment
representing a mutant product lacking exon 12 is visible.

D. Ex13/14 F / Ex18/19 R, positive control (c.1582+2T>G) loaded into lane 18. Extremely weak
mutant product, predicted to skip exon 17, just visible (arrowhead).

E. Ex16 F/3'UTRR

96



100 —

75+

50+

Control DNA

LY
=

25T

Relative amount of PCR product (%)

rF B 1 ] | II [ 1 | Sl . : | !— N I |
oband
2 3 4 5 6 7 10 13 16 17 19 20 chré4 chr13 chr17 chr22
IL J
TCF12 exon number Control probes

Figure 5-6

MLPA analysis of TCF12 in patient with 15g21.3 microdeletion.

Signals from the proband’s DNA (red) were compared with seven normal control samples (shaded
grey), twelve different exons of TCF12 and four control loci were analysed. In the proband's sample
the signals for exons 19 and 20 are 59% and 54% of normal values respectively, indicating a

heterozygous deletion of these exons. Exon 17 and more 5’ exons of TCF12 exhibit a normal dosage
(95-115%).
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5.2.6 Investigation of TCF12 missense mutations

Three predicted missense variants were identified in the highly conserved bHLH region of TCF12
required for dimerization; p.Leu624Pro, p.GIn638Glu and p.lle643Asn. Although these were
predicted to be pathogenic based on the high conservation of this domain, and TWIST1 bHLH
mutations being pathogenic (Gripp et al. 1999), a functional assay was undertaken to more
accurately determine their effects. Previous work demonstrated that transcriptional activation by
Twist1 required the presence of the E-protein E12, and was E-box-dependent (Laursen et al. 2007).
To determine if the TCF12 bHLH missense variants affected dimerization with TWIST1, and were
therefore pathogenic, a similar transactivation assay was carried out. Firstly, the mutations
p.Leu624Pro, p.GIn638Glu and p.lle643Asn were introduced into full length TCF12 cDNA clones by
site-directed mutagenesis (Fig. 5-7), as well as two missense changes believed to be non-pathogenic
polymorphisms (p.Ser210Arg and p.Asn328Asp; mutagenesis primer sequences listed in section
2.6.6). All clones were fully sequence verified to ensure that only the desired point mutation had

been introduced.

To determine the optimal amounts of each construct to transfect, wild type TCF12 and TWIST1
expression vectors were co-transfected into the HT1080 cell line with a lacZ reporter construct
containing three E-box sequences, at a range of concentrations. Cells were harvested after 24 hours
and their outputs compared (Fig. 5-8). Based on these results, 50 ng DNA was selected as the
optimum amount to transfect as it elicited a measurable response above 0 ng, without being as
sensitive to slight variations, for example due to pipetting error, as the range 0-10 ng. Accordingly,
each missense variant was co-transfected with the wild type TWIST1 expression vector, and lacZ
reporter construct containing three E-boxes, or a negative control reporter construct with no E-box

motifs (full details in section 2.6.7).

Corroborating the findings of Laursen et al (2007), the combination of native TCF12 and TWIST1

proteins had a synergistic effect on activation relative to the activity of either protein individually.
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This effect was 76% lower in the presence of the p.Leu624Pro mutation, and reduced 65% and 53%
in the presence of the p.GIn638Glu and p.lle643Asn mutations respectively (Fig. 5-9C).
Transcriptional activation after transfection with the missense variants p.Ser210Arg and p.Asn328Asp
did not differ from that of wild type TCF12 with TWIST1, indicating that they are unlikely to be the

cause of craniosynostosis in these individuals.

p.Ser210Arg p.Leu624Pro
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Figure 5-7

Site-directed mutagenesis of TCF12 to introduce missense mutations.

Sequence chromatograms verifying successful introduction of five missense mutations to full length
TCF12 cDNA clones; p.Ser210Arg and p.Asn328Asp believed to be non-pathogenic polymorphisms
(left hand side), and p.Leu624Pro, p.GIn638Glu and p.lle643Asn all falling within the highly conserved
bHLH domain and believed to be pathogenic (right hand side).
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Figure 5-8

Optimisation of transfections with wild type TCF12 and TWIST1 expression vectors.

Analysis of transactivation with varying amounts of TCF12 and TWIST1 wild-type proteins as shown,
using a reporter containing three E-box DNA binding motifs. Results are shown as mean+SEM of 3
experiments, output is measured in relative light units (RLU).
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Figure 5-9

Structural and functional analysis of missense mutations in the bHLH domain of TCF12.

A. Comparative amino acid sequence analysis of the bHLH domains of the three human class |
proteins (TCF12, TCF4 and TCF3; the latter is frequently termed E2A with E12/E47 alternative
spliceforms), the unique homologs in Drosophila melanogaster (Da- daughterless) and
Caenorhabditis elegans (HLH-2), and human class Il proteins TWIST1 and NEUROD1. The missense
mutations observed in TCF12 (p.Leu624Pro, p.GIn638Glu, p.lle643Asn) are indicated in red.
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B. Structure of a bHLH class I/ll heterodimer (murine E47/NeuroD1) bound to DNA, visualised in
Protein Workshop (PDB accession no. 2QL2). The side chains of the residues corresponding to
p.Leu624, p.GIn638 and p.lle643, which are conserved between TCF12 and TCF3, are highlighted.
Substitutions at these buried residues are predicted to abrogate dimerization.

C. Analysis of transactivation with TCF12 and/or TWIST1 wild-type or mutant proteins as shown,
using reporters either including (dark blue) or omitting (-, light blue) three E-box DNA binding motifs.
Results are shown as meantSEM of 3 experiments and normalised to the output from transfecting
both TCF12 and TWIST1 with the E-box reporter.

5.2.7 Dominant negative screen

To investigate the possibility that premature termination mutations may result in a truncated TCF12
protein and act in a dominant negative manner, six different termination mutations were introduced
by site-directed mutagenesis throughout the full length TCF12 cDNA clone: p.Gly42*, p.Arg135%*,
p.Ser241*, p.Leud28*, p.Arg602fs*31 and p.Glu655* (Fig. 5-10). The latter four were identified in
patients with bicoronal synostosis, no termination mutations were identified 5" to p.Ser241* so
p.Gly42* and p.Arg135* were arbitrarily chosen to equally space out mutations throughout the gene.
All clones were fully sequence verified to ensure that only the desired point mutation had been
introduced. Constructs containing these six mutations were co-transfected with wild type TCF12 and
wild type TWIST1 in a 1:1:2 ratio (mimicking a heterozygous state) along with the /lacZ reporter
constructs described in section 5.2.6. All of the terminating mutations demonstrated similar activity
to a 50% reduction in the amount of wild type TCF12 (Fig. 5-11), indicating that they were acting in a

haploinsufficient, rather than a dominant negative manner.
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Figure 5-10

Site-directed mutagenesis of TCF12 to introduce stop mutations.
Sequence chromatograms verifying successful introduction of six premature termination mutations
into full length TCF12 cDNA clones.
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Figure 5-11

Assay for dominant negative activity of TCF12 premature termination mutations.

Analysis of transactivation with TCF12 and TWIST1 wild-type or mutant proteins as shown, using
reporters either including (dark blue) or omitting (-, light blue) three E-box DNA binding motifs.
Results are shown as meantSEM of 3 experiments and normalised to the output from transfecting a
1:1 ratio of both TCF12 and TWIST1 with the E-box reporter. The mutations enclosed by the bracket

were all transfected at a ratio of 1:1:2 (mutant TCF12:wt TCF12:TWIST1).
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5.3 Discussion

The clinical features associated with TCF12-related craniosynostosis share significant overlap with
those of SCS, principal of which being unicoronal or bicoronal synostosis. This is illustrated by the fact
that two of the TWIST1-negative SCS patients selected for whole-genome sequencing had TCF12
mutations. In fact, in total seven probands with TCF12 mutations had clinical features (including
dysmorphic appearance of the face and external ears and minor limb anomalies) suggestive of SCS,
which had been excluded by negative TWIST1 mutation testing (Sharma et al. 2013). This phenotypic
overlap is perhaps not surprising given the molecular interaction of the two proteins, supported by
both the transactivation data detailed here and previous studies demonstrating that TCF12 and

TWIST1 form functional heterodimers (Connerney et al. 2006).

Haploinsufficiency of TCF12, like TWIST1 in SCS, is specifically associated with coronal synostosis
indicating that the total quantity of TCF12-TWIST1 heterodimers is a critical factor in development of
the coronal suture. Further supporting this, compound heterozygous mice (Ella-Cre; Tcf12"*;
Twist1*") consistently showed complete fusion of the coronal suture and were more severely

flox/* animals did

affected than either of the individual heterozygous mutant mice; the Ella-Cre; Tcf12
not display suture fusion by the age of three weeks, whereas Twist1"" mice demonstrated variable
coronal synostosis (Sharma et al. 2013). The importance of the TWIST1 heterodimer/homodimer
balance in the developing coronal suture has been the subject of previous work investigating the role
of TWIST1 in craniosynostosis (Connerney et al. 2008, Connerney et al. 2006). As discussed in section
1.2 and 1.5.1, the coronal suture is established at the boundary of neural crest and cephalic
mesoderm. TCF12-TWIST1 heterodimers may be involved in the specification of this boundary;
previous work has shown that it is disrupted in Twist”” mouse embryos (Merrill et al. 2006). By
altering dimerization, mutant TCF12 may affect the ability of TWIST1 to function normally in

mediating Eph-ephrin signaling. These heterodimers may also be important in inhibiting osteogenic

differentiation in normal suture development. It has been reported that TWIST1 homodimers

105



increase FGFR2 expression and thereby increase FGF responsiveness, conversely heterodimers
decrease FGFR2 expression (Connerney et al. 2008). The predicted expansion of FGFR2 expression
caused by a reduction in heterodimers would lead to increased BMP signaling, promoting osteoblast
differentiation (Hayashi et al. 2007). Similarly, the ability of TWIST1 to interact with RUNX2 may also

be affected, releasing inhibition of osteoblast differentiation (Bialek et al. 2004).

It is evident that the coronal suture is particularly sensitive to dosage of TWIST1, and fluctuations
from the norm lead to disruption of proliferation and differentiation. The dosage is seemingly
regulated by the homodimer/heterodimer balance, their differing activation potentials are illustrated
by the transactivation assay whereby heterodimers are far more reactive (by roughly a factor of 10)
than either TWIST1 or TCF12 homodimers. This reactivity was shown to be reduced by missense
mutations at conserved residues in the bHLH domain (all three residues mutated in patients
described here are conserved down to C.elegans) which presumably prevent the protein from being
able to dimerize and therefore unable to bind DNA. Interestingly, one of the premature termination
mutations fell 3" to the bHLH domain (p.E655%*), and another created a frameshift extending
throughout the domain (R6025fs31%*), so either of these could conceivably exert a dominant negative
effect if a truncated protein was produced that could still dimerize but was not functional. However,
as demonstrated by further transactivation experiments these mutations had similar activity to all

other stop mutations introduced, and that of a 50% reduction in the amount of wild type TCF12.

Although no deletions were identified in the MLPA screen of bicoronal synostosis patients in the
original patient cohort, subsequent analysis by a collaborating group identified three intragenic
deletions by whole genome sequencing that deleted exons 7-18, exon 19 and exon 20 respectively
(in a cohort of 22 patients; J. Goos, |I. Mathijssen, personal communication). This indicates that the

genomic location is not protected in any way from such events.

Of note, TCF12-positive individuals seem to have a more benign surgical trajectory compared to

TWIST1-positive individuals, Sharma et al. (2013) noted that they generally lacked requirement for
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secondary surgery compared with most diagnostic categories and none was documented to have an
interval onset of raised intracranial pressure after their initial surgical procedure. This provides
important information for the clinical management of patients, and TCF12 is now included in
diagnostic screening of individuals presenting with bicoronal craniosynostosis. However, counseling
of families is less clear-cut due to the substantial non-penetrance observed, which does not appear
to be caused by relative under-representation of the wild type allele in the individuals looked at in
this study. Another possibility is that the genetic background of the individual may have an effect, for
example it has been reported that different haplotypes are associated with higher or lower gene
expression (Cheung et al. 2010). With regards to TCF12, it may depend on the haplotype of the wild
type allele as to whether an individual is clinically affected or not. Further investigation of clinically

unaffected mutation positive individuals will need to be undertaken to confirm this hypothesis.

Several TCF12 mutations may have been overlooked had other pathogenic variants not been
discovered, particularly as the inheritance pattern was not immediately obvious due to the non-
penetrance. Initially, the ¢.1035+3G>C was not flagged as potentially disease causing during the
bioinformatic calling stage as it was outside the canonical GT splice donor site. Similarly, the c.1468-
20T>A variant was identified only after a specific text search. As well as leading to more stringent
parameters being implemented, these findings highlight the fact that a substantial proportion of
disease causing mutations sought by whole exome or genome sequencing approaches may go
unnoticed as at first-look they appear benign, especially if they don’t fit in with the assumed
inheritance pattern. Being able analyse data in the context of other concurrent sequencing projects

was beneficial in helping to identify less obviously pathogenic mutations for further scrutiny.
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CHAPTER 6

A NEW CRANIOFACIAL PHENOTYPE ASSOCIATED WITH LOCALISED

MUTATIONS IN TWIST1
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Chapter 6: A new craniofacial phenotype associated with localised

mutations in TWIST1

6.1 Introduction

As outlined in section 1.3.1, SCS is caused by haploinsufficiency of TWIST1; both whole gene
deletions and point mutations have been reported. Recently however, evidence has come to light
that mutations at a specific residue of TWIST1, p.Glul17, lead to a radically different craniofacial
phenotype, possibly through a dominant-negative mechanism. Of note, mutations at residue
p.Glul17 have never been reported in association with SCS, although point mutations of the flanking
residues have (Fig. 6-1A). The glutamic acid at position 117 falls within the basic DNA-binding domain
and is highly conserved in all bHLH proteins (Fig. 6-1B). As discussed in section 1.3.3, the glutamic
acid at this position in the DNA binding domain forms specific contacts with the cytosine and adenine

of the CANNTG E-box motif, creating a bridge to the DNA backbone.

A B TWIST1 TQRVMANVRERQR
MYOD1 DRRKAATMRERRR

: TCF12 ERRMANNARERLR

. H 5 NEUROD1 LRRMKANARFERNR

. A Ce hlh-8 QORACANRRERQR
N- -V- —R- ~E- -R- 0= -R- ~T— -Q- —S- Ce MyoD DRRKAATMRERRR
114 115 116 117 118 119 120 121 122 123 Dm twist NQRVMANVREROR

Figure 6-1
Substitutions and conservation of the TWIST1 basic domain.

A. Partial amino acid sequence of human TWIST1 bHLH domain, single amino acid substitutions that
have been previously reported in association with SCS are indicated by the single-letter code of the
substitution, above the sequence, in red.

B. Alignment of basic DNA binding domains from various bHLH proteins; the glutamic acid (outlined
in red) is extremely highly conserved throughout human homologues, and down to C.elegans (Ce)
and D.melanogaster (Dm) homologues.
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Interestingly, previous experiments using C. elegans demonstrated a potential dominant-negative
Twist mutant. The C. elegans Twist protein is encoded by hl/h-8; animals homozygous for an hlh-8 null
allele were viable and fertile, but demonstrated mesodermal defects such as a lack of nonstriated
muscle function necessary for egg-laying and defecation. These features were not observed in
heterozygotes, which were indistinguishable from wild-type animals. This indicates that phenotypes
associated with a null h/h-8 allele show recessive inheritance. However, animals heterozygous for a
point mutation (p.Glu29Lys; equivalent to human p.Glul17) were egg-laying defective, but not visibly
constipated leading the authors to describe this allele as semi-dominant (Corsi et al. 2002).
Furthermore, in an in vitro DNA-binding assay the authors demonstrated that the p.Glu29Lys mutant
was still able to homodimerize and heterodimerize, and bind DNA, whereas Twist containing
substitutions equivalent to the human SCS mutations p.Argl116Trp, p.Argl118His and p.GIn119Pro

could not.

6.2 Case presentations

6.2.1 Casel

Parent/child trio-based exome sequencing was carried out to try and identify the genetic basis of the
phenotype observed in the proband (Fig. 6-3A and B), who had clinically unaffected parents. He was
a 3-year old male with hypertelorism, a wide anterior fontanelle, upper eyelid colobomas, deficient
bony orbits with pseudoproptosis, small low-set dysplastic cupped ears, syndactyly of fingers,
bilateral talipes, bilateral undescended testes, imperforate anus and hypertrichosis. The exome
sequencing revealed a de novo heterozygous c.350A>T, p.Glu117Val substitution in TWIST1 (S. Twigg;
verified by dideoxy sequencing, Fig. 6-2). As the patient did not resemble typical SCS, the remaining

exome was analysed but no convincing pathogenic changes, other than p.Glu117Val, were identified.

6.2.2 Case?2
Presentation of Case 1 at the UK Dysmorphology Group prompted TWIST1 sequencing of a female

subject with similar, but more severe, features (Fig. 6-3C and D). Remarkably, this revealed a
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different de novo heterozygous mutation at the identical nucleotide; c.350A>G, p.Glul17Gly (verified
by dideoxy sequencing at the Genetics Laboratories, Churchill Hospital; Fig. 6-2). The female patient
had bilateral upper eyelid colobomas, a widely patent anterior fontanelle and metopic suture
extending down to a very broad nasal bridge with a broad and flattened nasal tip and a low
columella. A midline cleft palate was present and choanal atresia was managed with a tracheostomy.
The pinnae were small, thickened and dysplastic. Skin syndactyly of fingers and toes (2-4) and

camptodactyly of the fingers caused limitation of hand movement.

-115- -116- -117- -118- -119-
Val Arg Glu Arg Gln

G T G C G GIG A GiC G C C A G

Case 1

p-Glu117Gly

Figure 6-2

Sequence chromatograms confirming TWIST1 mutations.
Upper panel shows c.350A>T (p.Glul17Val) identified in Case 1, lower panel shows c.350A>G
(p.Glu117Gly) identified in Case 2.
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Figure 6-3

Facial appearance of patients with TWIST1 p.Glu117 substitutions.

A, B. Male proband with de novo TWIST1 c.350A>T variant, leading to the substitution p.Glul17Val.
Note hypertelorism, upper eyelid colobomas, deficient bony orbits with pseudoproptosis and small
low-set dysplastic cupped ears.

C, D. More severely affected female patient with upper eyelid colobomas, a widely patent anterior
fontanelle and metopic suture, a very broad nasal bridge with a broad and flattened nasal tip and a
low columella. This individual has a de novo TWIST1 ¢.350A>G variant, leading to the substitution
p.Glul17Gly.
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6.3 Transactivation analysis of TWIST1 missense mutations

To explore the effect of substitutions at p.Glu117 further, the transactivation assay developed to
analyse TCF12 missense mutations (section 5.2.6-7) was used, this time combining wild type TCF12
with mutant TWISTL. Site-directed mutagenesis was used to introduce four different point mutations
previously reported as causing typical SCS (p.Argl16Trp, p.GIn119Pro, p.Arg120Cys, p.Thri21lle), as
well as the two mutations identified in the patients described here (p.Glu117Val and p.Glu117Gly),
and the equivalent of the C.elegans p.Gly29Lys mutant (p.Glu117Lys). All mutations were sequence

verified (Fig. 6-4), primer sequences are listed in section 2.7.1.

To first investigate the ability of TWIST1 homodimers to activate transcription, the mutant proteins
alone, and in combination with wild type TWIST1, were transfected (Fig. 6-5A and B). As in previous
experiments, expression was normalised to the output from transfecting both wild type TCF12 and

TWIST1 together. This clearly showed that mutant proteins alone, or in combination with wild type

TWIST1, could not activate transcription above levels seen when just wild type TWIST1 was

transfected.

Next, the ability of the mutant proteins to heterodimerize with TCF12 was assayed. Mutant TWIST1
was transfected at a 1:1 ratio with wild type TCF12, and normalised as above (Fig. 6-5C). Only the
p.Glul17Gly substitution was able to activate transcription in combination with TCF12, although at

55% of the level of wild type TWIST1.

To assess the potential of the mutant proteins to act in a dominant negative manner, cells were
transfected with a 2:1:1 ratio of wild type TCF12:wild type TWIST1:mutant TWIST1 (mimicking the
heterozygous state; Fig. 6-5D). In this situation, the presence of mutant TWIST1 reduced the output
by approximately 50%, except for p.Glu117Lys which demonstrated a much more reduced level of

lacZ expression.
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Figure 6-4

Site directed mutagenesis of TWIST1.

Sequence chromatograms verifying successful introduction of missense mutations to full length
TWIST1 cDNA clones; p.Argll6Trp, p.GIn119Pro, p.Argl20Cys and p.Thrl2llle have all been
previously reported in association with SCS. Mutations affecting p.Glul17; p.Glul17Val and
p.Glul17Gly identified in patients with severe non-SCS phenotype, and p.Glul17Lys recreating the
dominant-negative mutant identified in C.elegans.

The wild type TWIST1 sequence is shown across the top, with the amino acid sequence indicated
above (residues 115-120 fall within the basic DNA binding domain, residues 121-122 are in helix 1).
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Figure 6-5

Transactivation analysis of TWIST1 mutations.

A. Output from transfecting wild type or mutant TWIST1 alone.

B. Output from transfecting a 1:1 ratio of wild type or mutant TWIST1 with wild type TWIST1. Mutant
proteins alone, or in combination with wt TWIST1, could not activate transcription above levels seen
when just wt TWIST1 was transfected.

C. Mutant TWIST1 was transfected at a 1:1 ratio with wild type TCF12. Only the p.Glu117Gly
substitution was able to activate transcription in combination with TCF12, at 55% of the level of wild
type TWIST1. Wild type TWIST1 and TCF12 alone were also transfected for comparison.

D. To mimic the heterozygous state, mutant proteins were transfected at a 2:1:1 ratio with wild type
TCF12, wild type TWIST1 and mutant TWIST1. The presence of mutant TWIST1 reduced the output by
approximately 50%, except for p.Glul1l7Lys which demonstrated a much more reduced level of lacZ
expression. Wild type TWIST1 and TCF12 alone were also transfected for comparison.

Output from wild type TWIST1 with wild type TCF12 was set at 100 and other results normalised to
this. Outputs from negative control expression vectors with no E-box motifs are represented by pale
blue bars. All results are shown as meantSEM of 3 experiments.

6.4 Discussion

It would appear that there is an exclusive genotype/phenotype correlation associated with mutations
at p.Glul17 of TWIST1; no mutations at this position have ever been reported as causing SCS, and
mutations of p.Glul1l7 are associated with an entirely different, novel phenotype. These findings
indicate a different pathophysiological mechanism from the haploinsufficient loss-of-function of
TWIST1 that leads to SCS. Mutations at p.Glu117 could exert their effect through either a gain-of-
function (for example by widening the repertoire of DNA binding sites, leading to ectopic activity) or
dominant negative mechanism (such as sequestering wild type TWIST1 in non-productive
heterodimers on DNA). As | had already established a transactivation system to assay bHLH dimers
(section 5.2.6-7), | decided to use this to see if it would provide any insight into the activity of the

p.Glul17 substitutions.

Only p.Glul17Gly could activate expression when transfected together with wild type TCF12 (Fig. 6-
5C), both the p.Glul17Val and p.Glul17Lys substitutions were indistinguishable from the SCS

substitutions, and generated a similar output to that of either wild type TWIST1 or TCF12 alone. In
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terms of dominant negative activity, the result seen with p.Glu117Lys (Fig. 6-5D), which strongly
reduced lacZ expression, seems to corroborate the findings of Corsi et al (2002) and further indicates
that the choice of amino acid at position 117 has specific effects on function. Both p.Glu117Gly and
p.Glul17Val produced outputs that were within the range generated by the SCS substitutions.
Interestingly, distinct phenotypic and functional consequences have been observed from
substitutions of the equivalent glutamic acid residue in other bHLH proteins; E47, NEUROD1 and

TWIST2 (summarised in Table 6-1).

In a recent study, Boisson et al (2013) described four unrelated patients, two male and two female,
with agammaglobulinemia (lack of gamma globulin in the blood plasma) and lacking B cell antigen
receptors (BCRs). This atypical phenotype was investigated by parent/child trio-based exome
sequencing, which led to the identification of the de novo variant c.1663G>A in TCF3 (E2A), in an
exon specific to the E47 protein isoform. The identical heterozygous mutation, causing the
substitution p.Glu555Lys, was present in the three other patients and also appeared to be de novo in
each of them. It was not present in 40 patients with B cell defects but without the BCR deficiency, or
1500 control samples. The authors demonstrated by Western blot that the mutant E47 localised
normally to the nucleus, and by an electrophoretic mobility shift assay (EMSA) that it showed a
strong dominant-negative effect when bound to DNA as a homodimer with wild type E47. Moreover,

E47 containing p.Glu555Lys was able to bind DNA as a heterodimer with MyoD (Boisson et al. 2013).

Of note, acquired heterozygous loss of TCF3 is frequently associated with Sézary syndrome, which is
a subtype of T cell lymphoma (Steininger et al. 2011). However, various somatically acquired
mutations affecting the bHLH domain of E47 were identified in individuals with Burkitt’s lymphoma,

including the variant p.Glu555GIn (Schmitz et al. 2012).

Furthermore, the substitution p.Glu110Lys in NEUROD1, equivalent to TWIST1 p.Glul117, was
reported in 12 family members with maturity-onset diabetes of the young (MODY; Kristinsson et al.

2001). Mutations in NEUROD1 had previously been identified in patients with type |l diabetes;
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p.Arglllleu (immediately adjacent to the p.Glu110 residue) and p.His206Profs36* (Malecki et al.
1999). Interestingly, the missense variant p.Argl11Leu was associated with a more typical phenotype
than that of the premature truncating mutation, which was more reminiscent of MODY. NEUROD1
containing p.His206Profs36* was shown to be able to bind an insulin E-box element with high
affinity, whereas the protein with the p.Argll1Leu substitution could not (Malecki et al. 1999). These
results seem indicative of dominant-negative activity of the p.Glu110Lys and p.His206Profs36*
variants, which were associated with a severe MODY phenotype requiring early intervention

(Kristinsson et al. 2001).

Ablepharon macrostomia and Barber-Say syndromes (AMS and BSS) are both forms of congenital
ectodermal dysplasia with overlapping features; macrostomia, hypertelorism, abnormal nose and
ears, hypoplasia of nipples and redundancy of the skin. However, AMS is distinct in that features also
include ablepharon, no hair at birth and late development of sparse, thin hair. Characteristic features
of BSS are bilateral ectropion and generalised hypertrichosis from birth (Mazzanti et al. 1998).
Although it had been speculated that these syndromes were caused by mutations in the same gene,
it was only proven very recently that this was indeed the case. Marchegiani et al (2015) found that
both syndromes were caused by heterozygous mutations in TWIST2, and that there was a clear
genotype/phenotype correlation associated with particular amino acid substitutions. Exome
sequencing of six family members with AMS revealed the TWIST2 variant c.223G>A, causing the
substitution p.Glu75Lys (the equivalent residue to TWIST1 p.Glu117). Subsequent targeted
sequencing of TWIST2 identified the identical variant in 10 AMS patients from seven families,
whereas of 12 BSS patients, nine had p.Glu75GIn substitutions, two had p.Glu75Ala substitutions and
one had the duplication p.GIn77_Arg78dup (Marchegiani et al. 2015). Owing to their position in the
basic DNA binding domain, it was suspected that the TWIST2 mutations would alter DNA binding
activity. To further investigate, ChIP coupled with high-throughput sequencing (ChIP-seq) was carried
out on Hela cells overexpressing recombinant FLAG-HA-tagged TWIST2 proteins; 630 binding peaks

associated with wild type TWIST2 were identified (using the consensus binding motif —-CATCTGG-).
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This number was reduced by 60-80% in the presence of the mutant proteins, furthermore, the
mutants bound to many sites not shared with wild type TWIST2 (Marchegiani et al. 2015). To assay
the effects in vivo, human TWIST2 containing p.Glu75Lys or p.Glu75GIn was injected into zebrafish
embryos; the resulting fish displayed more severe developmental defects than those caused by
overexpression of wild type TWIST2. In particular the mutant protein containing p.Glu75Lys
produced the most severely affected animals (Marchegiani et al. 2015). These results are suggestive
of a dominant-negative mechanism, as homozygous loss-of-function mutations of TWIST2 lead to the
overlapping but less severe ectodermal dysplasia Setleis syndrome, however as the ChlIP-seq

indicated a broadened range of DNA binding sites, a gain-of-function effect cannot be ruled out.

Although the results from the transactivation assays carried out with TWIST1 were not clear-cut;
there does seem to be evidence that a glutamic acid to lysine substitution at this critical position in
the basic DNA binding domain of bHLH proteins has a dominant negative effect. It is reasonable to
assume that this reversal of charge, from negative to positive, would have a strong effect on the
function of the protein. The effects of any mutation at this position may be dependent on individual
properties of the amino acid substituted, hence the differing results observed in TWIST1 (and other
bHLH proteins). This could be due to the retention of E-box binding affinity, or a reduction in

specificity with increased illegitimate DNA binding.

To explore these possibilities more fully, an EMSA could be designed with differing DNA probes
containing variations of the E-box motif to determine the binding capabilities of dimers containing
the various p.Glul17 substitutions, using a TWIST1 antibody to confirm presence of the target
protein. Furthermore a reporter system with non-consensus E-box motifs could show if the

mutations led to gain-of-function properties, demonstrating if the dimers could still drive expression.

A recent study looked in detail into TWIST1 DNA binding, using ChlIP-seq for TWIST1-binding DNA
elements in human mammary epithelial cells (Chang et al. 2015). The canonical E-box motif made up

over 75% of TWIST1-binding peaks, and intriguingly ~40% of the total TWIST1-binding peaks were at
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a double E-box motif; two E-boxes separated by five nucleotides. This double motif was not
recognised by other bHLH proteins, and the authors showed in an EMSA that TWIST1/E47 complexes
showed a higher affinity toward the double E-box motif than E47 alone. Modelling based on the
crystal structure of a NeuroD1/E47 heterodimer indicated that two TWIST1/E47 heterodimers could
bind to the double E-box together to form a stable ternary complex; the five nucleotide spacing
between the two E-boxes allowing a full turn of the DNA double helix between the two E-boxes, and
aligning the two heterodimers in the same orientation allowing stabilizing protein-protein
interactions (Chang et al. 2015). It is possible that dependent on the amino acid substitution in the
basic DNA-binding domain, the structure of the protein is sufficiently altered such that preferential

binding to double E-box motifs cannot occur due to steric hindrance.

In conclusion, on the basis of the similarity of the two patients’ clinical features, which are not typical
for SCS, it seems that heterozygous substitutions at p.Glu117 of TWIST1 are associated with a unique,
severe phenotype. In SCS haploinsufficency of TWIST1 in the coronal suture leads to
craniosynostosis, whereas in the cases presented here, a different mechanism may act at an earlier
stage of development to disrupt facial tissues derived from the cranial neural crest. As discussed in
section 1.3.2, Twist1-null mice exhibit failure of cephalic neural tube closure and die embryonically,
demonstrating a role for Twist1 in neural crest cell patterning and development. There are also some
similarities between the features in the patients with the p.Glu117 mutations and those seen in
Treacher Collins syndrome, which results from defective neural crest cell development during head
and facial morphogenesis, and involves hypoplasia of the facial bones, particularly the maxilla,
mandible and zygomatic complex, microtia associated with conductive hearing loss, cleft palate,

downslanting palpebral fissures and lower eyelid colobomas (Trainor 2010).
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Table 6-1

Summary of substitutions occurring in bHLH proteins at the equivalent residue to TWIST1

p.Glull7.
Protein Substitution | Phenotype Substituted amino Refs
acid structure
E47 p.Glu555Lys | Agammaglobulin + lack of NH ,* (Boisson et al.
BCRs X 2013)
HzN”~ ~COOH
E47 p.Glu555GIn | Burkitt’s lymphoma Oy -NH2 (Schmitz et al.
F 2012)
H,N” ~COOH
TWIST2 p.Glu75Lys AMS NH .+ (Marchegiani
X et al. 2015)
H,N" ~COOH
TWIST2 p.Glu75GIn BSS Oy -NH2 (Marchegiani
F et al. 2015)
HzN COOH
TWIST2 p.Glu75Ala BSS CH3 (Marchegiani
H,N” ~COOH et al. 2015)
NEUROD1 | p.Glull7Lys | MODY NH ;* (Kristinsson et
X al. 2001)
H,N" ~COOH
TWIST1 p.Glull7Val | Non-SCS severe phenotype This study.
H;N” ~COOH
TWIST1 p.Glull7Gly | Non-SCS severe phenotype H><H This study.
H,N” “COOH
?OH
HzN COOH

Structure of glutamic acid for comparison:
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CHAPTER 7

TARGETED SEQUENCING OF TWIST1
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Chapter 7: Targeted sequencing of TWIST1

7.1 Introduction

A targeted sequencing approach was used to further test the hypothesis that regulatory mutations
lead to SCS. As well as targeting the 2.4 Mb region around TWIST1 (chr7: 17385767-19735085), the
TCF12 locus was included to try and identify any intronic variants that may be pathogenic by
affecting splicing, or indeed any that were missed by conventional sequencing. Similarly, the recently

identified craniosynostosis gene ERF was also covered (Twigg, Vorgia, et al. 2013).

Massively parallel sequencing of the selected genomic regions was carried out on a total of 160 DNA
samples from: 34 bicoronal, 111 unicoronal, 11 multisuture including bicoronal, and 4 multisuture
including unicoronal synostosis patients (experimental details in section 2.8). Sequencing was carried

out in two separate multiplexes of 80 samples each, depth of coverage is summarised in Table 7-1.

Table 7-1

Read depth statistics from targeted sequencing.

ERF TCF12 TWIST1
Min. 23 34 34
Round 1 Median 121 176 180
(80 samples) Mean 133 190 198
Max. 357 464 478
Min. 34 51 52
Round 2 Median 79 121 128
(80 samples) Mean 101 150 157
Max. 415 534 536

124



7.2 Analysis of coding variants

Initially the dataset was analysed for variants in the coding regions of the included genes, which led
to the identification of six pathogenic mutations (Table 7-2). Two of these mutations (TWIST1
¢.193G>T (p.Glub5*) and TCF12 c.1098dupA (p.Pro367Thrfs22*)) were identified by the Genetics
Laboratory (Churchill hospital, Oxford) during the course of this experiment, but a further two
(TWIST1 c.374A>G (p.Asn125Ser) and c.481C>T (p.GIn161*)) had originally been missed during
diagnostic screening. A further TCF12 mutation (c.1115-2A>G), as well as an ERF mutation

(c.1201_1202delAA; p.Lys401Glufs10*) were also identified.

The patient with the TCF12 ¢.1115-2A>G variant (5939) had a much more severe phenotype than is
typically associated with TCF12 mutations (detailed in Table 7-2). The female proband inherited the
variant from her father who was clinically unaffected, further demonstrating the non-penetrance
observed with TCF12-associated craniosynostosis. This mutation has been reported previously,
where both the proband and her mother had bicoronal synostosis without additional syndromic
features (Sharma et al. 2013). With this in mind, the remaining sequence data for individual 5939 was
carefully checked for any additional variants that could be contributing to the phenotype. The only
other potentially damaging variant was the intronic transversion TCF12 ¢.1114+372T>A, which
introduced a putative splice acceptor. However, this variant was also inherited from the unaffected

father (not shown).

The ERF variant c.1201_1202delAA (p.Lys401Glufs10*) was also interesting as the patient (5243) had
only unicoronal synostosis and the majority of previously reported ERF mutations are associated with
multi-suture synostosis, in fact the identical variant was previously identified in an individual with

pan-synostosis. The only reported single suture fusions have twice involved the sagittal, and once the

lambdoid sutures (Twigg, Vorgia, et al. 2013).
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Table 7-2

Summary of coding variants identified by targeted sequencing.

Individual | Gene Variant Phenotype Additional information
5896 TWIST1 c.193G>T Bicoronal synostosis, slightly Also identified by diagnostic
p.Glue5* deviated thumbs & halluces, lab during the course of this
slight 2/3 finger syndactyly, experiment.
ext ear crus.
2505 TWIST1 c.374A>G Left unicoronal synostosis. Inherited from father.
p.Asn125Ser Originally missed by
diagnostic lab.
5563 TWIST1 c.481C>T Right unicoronal synostosis. Originally missed by
p.GIn161* diagnostic lab.
5538 TCF12 c.892C>T Bicoronal synostosis, Predicted to be benign, in
p.His298Asp developmental delay, short ExAC (freq 0.00001650).
stature.
6988 TCF12 €.1098dupA Bicoronal synostosis. Also identified by diagnostic
p.Pro367Thrfs22* lab during the course of this
experiment.
5939 TCF12 c.1115-2A>G Bicoronal, sagittal, bilambdoid | Inherited from clinically
(exon 14-2) synostosis. High narrow unaffected father. Mutation
palate, slender fingers, broad also reported in unrelated
thumbs, 5th finger family in Sharma et al
clinodactyly, laterally deviated | (2013).
2nd toes, long narrow feet,
broad great toes. Prune belly.
5243 ERF €.1201_1202delAA | Right unicoronal synostosis. Inherited from father who
p.Lys401Glufs10* Large eyes, tiny nose and was noted to have a
mouth. Large broad great toes, | prognathic mandible.
no syndactyly. Poor motor Mutation also reported in
development. unrelated family in Twigg et
al (2013).
5285 ERF c.1207G>A Bicoronal synostosis. Predicted to be benign, in
p.Gly403Ser EXAC (freq 0.0001323).
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Confirmation of pathogenic mutations identified by targeted sequencing.

A. TWIST1 c.374A>G (p.Asn125Ser) in patient 2505, inherited from her father.

B. TWIST1 c.481C>T (p.GIn161*) in patient 5563, DNA from the father was unavailable for testing.

C. TCF12 c.1115-2A>G in patient 5939, inherited from her clinically unaffected father.

D. ERF c.1201_1202delAA (p.Lys401Glufs10*) in patient 5243, inherited from her father who had a
mild phenotype without craniosynostosis.
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7.3 Analysis of splice-altering variants

To assess possible splicing effects, the in silico prediction tool MaxEntScan was used (Yeo and Burge
2004). This method, which scores acceptor and donor sites, has been shown to be one of the best in
predicting splice-altering variations (Jian, Boerwinkle, and Liu 2014). Scores were generated for
reference and variant sequences and then compared, all variants with a score change of >1 were
looked into further (listed in Table 7-3). The only likely pathogenic result was the TCF12 ¢.1115-2A>G

mutation that had already been identified in patient 5939.

Table 7-3

Summary of results generated by MaxEntScan with a score change >1.

Gene Position Variant | MaxEnt ref | MaxEnt var | Additional information
score score

SNX13 chr7:17908130 | T>A 9.19 10.72 rs2389858

HDAC9 chr7:18875084 | C>G 12.21 9.99 rs41273078, 1000g
(freq 0.01)

TWIST1 chr7:19155769 | delAG 11.38 10.24 rs138390369

TCF12 chr15:57511641 | T>A -20 -21.4 rs188382628

TCF12 chr15:57523338 | T>C 9.91 8.71 rs117914532, 1000g
(freq 0.01)

TCF12 chr15:57543546 | A>G 9.41 1.45 Patient 5939 described in
section 7.2

7.3.1 A potentially pathogenic mutation upstream of TCF12
The 3’ and 5’ UTRs, as well as the upstream and downstream regions of TWIST1, TCF12 and ERF were

also manually analysed, which led to the identification of a C>G variant that occurred upstream of
TCF12 (chr15:57212041; patient 2490). The position of the variant was -59 from the start of the first
coding exon (-71 from the ATG), and was predicted to introduce a cryptic acceptor with a score of
0.99, whereas the wild type acceptor had a score of 0.90 (Neural Network). The variant was
confirmed by dideoxy sequencing and was not present in the proband’s unaffected mother (Fig. 7-
2A), unfortunately no DNA from the father (also unaffected) was available to determine if the
mutation had occurred de novo. cDNA was generated from a fibroblast cell line from the patient and

assayed for use of the cryptic acceptor; the amplified cDNA generated an extra, slightly larger, band
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than the expected product size (484 bp; Fig. 7-2B). Dideoxy sequencing of both gel purified products
revealed the presence of a mutant allele, generated by using the cryptic splice acceptor, 58

nucleotides larger in size than the wild type product (Fig. 7-2C and D).
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Figure 7-2

Analysis of TCF12 upstream variant (chr15:57212041 C>G) in patient 2490.

A. Confirmation by dideoxy sequencing of the variant, which was not present in the mother’s DNA.
No DNA from the father was available for testing.

B. Amplification of the patient’s cDNA revealed an extra product, larger than the 484 bp expected
fragment size.

C. Sequencing of the upper band from B shows splicing using the cryptic acceptor generated by the
mutation, and inclusion of intronic sequence. The wild type acceptor (underlined) is not used.

D. Sequencing of the smaller product generated from the patient’s cDNA (shown in B) demonstrates
normal splicing using the wild type acceptor. Red dotted lines represent exon-exon boundaries.

E. Hphl digest of cDNA from patient 2490 and a normal control, the enzyme cuts the SNP rs3803452
(located in the 3’ UTR) into fragments of 141 and 93 bp.
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Although the TCF12 variant chr15:57212041 C>G was shown to disrupt normal splicing, it is not clear-
cut as to whether this would be pathogenic or not. The included intronic sequence occurs before the
initiation codon and does not introduce an alternative ATG, so it may be that translation of the
protein is unaffected. Of note, the variant is not present in the 1000 genomes dataset. To further
investigate, a digest was designed to assay potential allelic imbalance by exploiting a heterozygous
SNP (rs3803452) in the 3’ UTR, which introduces an Hphl recognition site. Equal amounts of starting
cDNA from the patient and a control were amplified, and the resulting products digested. When
compared on an agarose gel there did seem to be a difference in the ratios of cut and uncut product
between the two samples, with patient 2490 seemingly having a higher proportion of digested
product (Fig. 7-2E).The reduction in the amount of one allele may be indicative of nonsense-
mediated decay, however, as it is not known if the SNP rs3803452 is in cis or trans with the
chr15:57212041 C>G variant, this is difficult to interpret. Determining this would allow the stability of
the mutant mRNA to be assessed, or to quantify more accurately, a method such as qPCR could be

carried out.

7.3.2 Intronic splice variants

Unique intragenic single nucleotide substitutions (on the basis that these would be more likely to be
genuine variants and not alignment errors) in TWIST1 and TCF12 were filtered against dbSNP and
1000 genomes to remove previously reported variants. The remaining substitutions were entered
into Alamut Visual (http://www.interactive-biosoftware.com), which integrates predictions from
MaxEntScan, Neural Network, Human Splice Finder (http://www.umd.be/HSF/) and GeneSplicer
(http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml) to produce scores for putative
splice sites. Of note there were no previously unreported variants in the intron of TWIST1. The TCF12
intronic variants that were predicted to introduce a novel cryptic splice acceptor or donor site are

listed in Table 7-4.
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Table 7-4

Summary of splice sites introduced by TCF12 intronic variants.

Patient | Variant cDNA Predicted to Neural network score
position create Variant Wild type*
1599 Chr15:57354622 A>G c.149-1326 Donor 0.69 0.97
1329 Chr15:57446343 A>G c.326-12257 Donor 0.92 0.98
6346 Chr15:57511296 A>G ¢.580-12054 Acceptor 0.86 0.70
5897 Chr15:57554588 A>G c.1582+182 Donor 0.93 0.97
2623 Chr15:57556049 A>G c.1745+577 Donor 0.23 0.86
3175 Chr15:57556761 A>G €.1745+1289 | Acceptor 0.70 0.88

*The wild type score shown is for either the downstream wild type acceptor if an acceptor is predicted or the
upstream wild type donor if a donor is predicted.

Of these putative cryptic splice sites, the predicted donor in individual 5897 and acceptor in
individual 3175 seem the most interesting as both generate high scores. The donor site introduced in
patient 5897 has a comparable score to the wild type donor, which is only 182 bp away. It is possible
that in this context some splicing may occur using the cryptic site, generating a mutant product
containing an extra 181 nucleotides at the end of exon 17. If this did occur then a stop codon would
be introduced after the addition of nine amino acids. Follow up analysis revealed the variant had
been inherited from the proband’s unaffected father. In patient 3175, the introduction of a
reasonably strong acceptor 1289 bases from the end of exon 18 could trigger the inclusion of a neo-
exon. Follow up testing would need to be carried out on cDNA from these patients to assay if either
variant alters normal splicing, as well as checking the parental samples of patient 3175 to determine

the origin of this variant.

7.4 Analysis of deletions

The bioinformatic tool Pindel was used to detect simple deletions within the sequence data. This
uses a pattern growth approach to identify the breakpoints of deletions (1 bp — 10 kb) from paired-
end short reads (Ye et al. 2009). Using single unmapped reads from a read-pair, Pindel tests the
possibility that they might contain a breakpoint, separating the unmapped reads into two fragments
and aligning them individually to the reference sequence. Multiple reads containing the same

information increase the confidence that the event is real (Ye et al. 2009).

131



The results generated after running all sequencing results through Pindel were filtered to remove
deletions with <10 supporting reads. The remaining variants were checked against the 1000 genomes
dataset and the database of genomic variants (DGV), and previously reported variation removed
from further analysis. Similarly, deletion events that were called in multiple samples due to
misalignment in repetitive elements were removed. Deletion sizes down to 6 bp were analysed, as
this size and smaller would have been identified by the initial variant calling (verified by cross

checking the two methods). No exonic deletions were identified using this method.

The largest deletion that was not a known copy number variant (CNV) was of approximately 3 kb in
patient 4642 (left unicoronal synostosis). This was confirmed by a long-range PCR, which also
revealed that it had been inherited from the proband’s unaffected father (Fig. 7-3A). Looking at the
sequence context revealed two Alu Y elements flanking the deleted region, indicating non-allelic
homologous recombination (NAHR) as the underlying mechanism. This was confirmed by dideoxy
sequencing of the gel-purified smaller fragment, which when aligned with sequences of the Alu Y
elements showed nucleotides specific to each element between which the rearrangement must have

occurred (Fig. 7-3A).

A second deletion (chr7:18570122-18570160), identified in patient 4482, was shown in an initial
experiment to be present in the proband’s affected mother. In this family only the proband had
craniosynostosis, however, a short thumb phenotype segregated more extensively through the
family. Expanded analysis on the basis that these two features were causally linked, showed that the
variant did not segregate, and had been passed down from the proband’s unaffected grandmother

(Fig. 7-3B).

None of the deletions identified by Pindel, after filtering, were found to have occurred de novo
(where both parental samples were available; summary of findings in Table 7-5), and none occurred

in the minimal TWIST1 region ch7:18747966-18782892.
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Figure 7-3

Further analysis of deletions in patients 4642 and 4482.

A. Long-range PCR confirmed presence of the deletion in patient 4642, which was probably caused
by non-allelic homologous recombination between two flanking Alu elements. Sequencing of the
smaller product narrowed down the position of the breakpoint to within a 26 bp homologous
stretch; nucleotides specific to each element are indicated by blue or orange downward arrows
above the chromatograms. P, proband; F, father; M, mother; C, control DNA; N, negative control.

B. Segregation of deletion chr7:18570122-18570160 in family of patient 4482; individuals with the
short thumb phenotype represented by left-filled sectors, craniosynostosis by right-filled sector. The
variant is inherited from the proband’s unaffected grandmother (I-2), and is not present in an
affected aunt (I1-5).
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Table 7-5

Summary of novel deletions identified by Pindel.

Patient | Deletion coordinates Size (bp) | Inheritance
4642 Within region chr7: ~2895 From unaffected father
19140636-19143471
6168 Chr7:19037857-19037922 64 From unaffected father
6168 Chr7:18385479-18385523 43 From unaffected father
4482 Chr7:18570122-18570160 37 Does not segregate with
phenotype
1535 Chr7:18804498-18804519 20 From unaffected mother
5583 From unaffected mother
2479 From unaffected mother
3048 Not in unaffected mother, no
DNA from unaffected father
4049 Chr7:18830885-18830905 19 From unaffected father
6058 Chr7:18272639-18272654 14 From unaffected mother
5776 Chr7:18663028-18663043 14 From unaffected father
2818 Chr7:17921226-17921237 10 From unaffected mother
2479 From unaffected mother
5679 Chr15:57502663-57502673 | 9 From unaffected mother
5073 Chr15:57384862-57384871 | 8 From unaffected mother
6656 Chr7:17545688-17545696 7 From unaffected father
1342 Chr7:18326895-18326903 7 From unaffected father
1270 Chr7:19018942-19018949 6 Not in unaffected mother, no
DNA from unaffected father

7.5 TWIST1 variant analysis

7.5.1 TWIST1 gene locus variants

As mentioned in section 7.3.1, variants occurring in the 5’ and 3’ UTRs and the upstream and
downstream regions of TWIST1 were all closely looked at to determine if they were genuine (rather
than sequencing or alignment artefacts), and absent from the EXAC and 1000 genomes datasets. This
led to the identification of five variants in the 5’ UTR, within 70 bp of each other, in four patients
(listed in Table 7-6). Of these individuals, only patient 4049 had parental samples available for follow-
up testing, which demonstrated that the variant was inherited from her unaffected mother. All of the

nucleotides, except for the cytosine at position chr7:19157213, are conserved in the mouse and
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occur proximal to the transcription start site; chr7:19157258 is 33 bp downstream of the TATAA box
and this particular variant alters the second nucleotide from the transcription start site (Fig. 7-4).
Owing to its position in the 5 UTR, the stretch of DNA chr7:19157188-19157258 contains various
regulatory features that can be visualised in the UCSC genome browser, such as interaction with
multiple transcription factors (ChlP-seq from ENCODE track), DNasel hypersensitivity in 102 cell types
(out of 125 tested; ENCODE) and histone H3K27Ac marks (indicative of active enhancers and
promoters; ENCODE). Additionally, there was a variant with low read depth that would need to be
confirmed by dieoxy sequencing (c.-82G>A), and three variants within ~500 bp of the 5’ UTR,

upstream of TWIST1, spanning a region containing the same gamut of regulatory features.

c.-314
Human GAGCTATAASBGCCTCCAAGTCTGCAGCTCTCGCCCA.CTCCCAGACACCTCGCGGGCTC
Mouse GAGYQTATAAGAGCCGCCAAGTCCACAGCCCGCGCCCAACTCTCAGACACCTCGCGGGCTC

el e e e R i o el A A i i i o o e e e e e

c.-281 c.-269 ¢.-263 c.-244

Human il Nel.Xelele [o-Noleleiditidelor ehNelels ifelieslelelelelichielolelieler [olelcuiilelelelolels
Mouse GCCAGCACCGGCACCGGCTGCGCCAGGCCGGAACGEGECGCECTTEGCGECCETCEEECGE
E ok e o o * * E o e **x*x*x*x * *FF¥ *¥ * FEXxEFxXk¥ T T LK

Human TTTCTTTTTGGACCTCGGGGCCATCCACACCGTCCCCTCCCCCTCCCGCCTCCCTCCCCE
Mouse CTTCTTTTTGGACCTCGGGGCCCTCCACACCGTCCCCTCCCCCGCCCGCCTCCCTCCCCE
e e ke e e o e e e o S o e e e

c-126

Human CCTCCCCCGCGCECCCTCCCCGCGGAGETCCETCC-ceTeceTecTclfficcTeTeTceTe
Mouse CCTCC---—AGCGCCCTCCCCGCGGAGGTCCCCCCACCCCCATCCCGCCTCCCTGCGTCC
e FExETFFFFF XA F A I T A FT A A E T T E O FE & ** FEF * * * % *

Human CGCGGGCCGCATCGCCCGGGECCGGCGECCGCGCECGEEEEAAGCTGECGEECTGAGGCGCT
Mouse TCCGGGCCGCACCGCCCGGECCEECECCCAGCEC-GEEEAAGCTGECEEECTAGEGCECT

kol e e o e e o A e e e e e o o e e e e S o o S S e R e e e e e e e TEETTE T

Human CCGCTCTTCTCCTCT—————————— GCCOCCGGGECCCGUGAGGCCACGCGTCGCCGCTCGA
Mouse CCGCTCCTCTGCTCTACCCTCCCCCGTCCCGGCTCCGCGAGGCCGCACGTCGCCGCCCGT
AEEEEE FTEEF KFEEE * EFTEEFEKX FEEXEEETEXXXTET & FTEEEXXXTXTETEXT XX
Human GAGATGATGCAG
Mouse GAGATGATGCAG
E o e o
Figure 7-4

Alignment of human TWIST1 and mouse Twist1 5’ UTRs.

The black box indicates the functional TATAA box, the transcription start site is marked in yellow,
locations of the variants identified in this study are highlighted red (cDNA position written above),
SNPs identified in individuals in this study are in blue (L-R; rs4647961, rs377717796 and rs2522206)
and the start ATG in green. Conserved nucleotides are shown with an asterisk.
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Table 7-6

TWIST1 5’ UTR and upstream variants not present in 1000 genomes dataset.

Individual | Coordinates Position Variant Phenotype

4856 Chr7: 19157070 5 UTR c.-126 G>A SCS-like (NB only 3 mutant and 3
variant reads)

1599 Chr7:19157188 5 UTRc.-244 | C>G Bicoronal synostosis, positive family
history with affected mother and
brother.

4479 Chr7:19157207 5" UTR c.-263 G>T Right unicoronal synostosis with SCS

Chr7:19157225* 5 UTR c.-281 C>A features, similar features in mother.
4989 Chr7:19157213 5" UTR c.-269 (o3) Right unicoronal synostosis
4049 Chr7:19157258 5" UTR c.-314 T>G Left unicoronal synostosis, variant
inherited from unaffected mother.
5807 Chr7:19157509 Upstreamt — C>G Right unicoronal synostosis
565 bp

6155 Chr7:19157640 Upstream — C>G Left unicoronal synostosis
696 bp

3527 Chr7:19157737 Upstream — G>T Right unicoronal synostosis
793 bp

*both variants are on the same allele.
tdistance from position of c.1 adenine.

Looking at all the previously undescribed variants identified on chromosome 7 in this study (filtering
for a minimum read depth of 20 and 30-70% variant reads) gives a total of 3927 variants, with a
mean separation of 597 bp. These were then analysed for groups of three or more variants falling
within 200 bp of each other, resulting in 15 groups of three variants (mean separation 93 bp), one

group of four variants (across 165 bp) and the group of five variants described above (across 70 bp).

The wild type and translated 5’ UTR containing the five variants were entered into SNPfold
(http://ribosnitch.bio.unc.edu/snpfold/SNPfold.html), an algorithm developed to predict the
potential consequences of single nucleotide variants on RNA. No significant differences were
predicted for any of the variants from the wild type. However, cell lines are available from four of the
patients (1599, 4049, 4856 and 4989), so RNA can be extracted for further analysis of the possible

effects of these variants.

7.5.2 TWIST1 minimal region variants

As well as the genomic regions proximal to TWIST1, the minimal region defined in section 1.4.2

(chr7:18747966-18782892) was specifically interrogated in all samples. All variants within this region
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were checked to see if they were present in the 1000 genomes dataset, and were not included if they
occurred in a repetitive element, as coverage was typically low in these regions and included a lot of
false-positives due to alignment errors. Of note, only one of the 17 remaining variants occurred in a
region enriched for transcription factor binding sites, DNasel hypersensitivity or histone H3K27Ac
marks (using the UCSC genome browser). This variant (chr7: 18780607 G>C) was in a region of
DNasel hypersensitivity in one of the 125 cell lines analysed for this track (the Jurkat cell line
established from peripheral blood). None of the variants clustered together in a particular region

(Table 7-7).

Table 7-7
Chr7:18747966-18782892 variants not present in the 1000 genomes dataset.

Individual | Coordinates Variant Distance from previous (bp)
1342 Chr7:18750274 | C>T 1323
5887 Chr7:18751597 | A>G 794
4566 Chr7:18752391 | G>A 1881
806 Chr7:18754272 | T>G 2449
4376 Chr7:18756721 | A>G 4875
5776 Chr7:18761596 | C>A 511
3650 Chr7:18762107 | A>C 987
5116 Chr7:18763094 | G>T 1862
6122 Chr7:18764956 CT 4054
1599 Chr7:18769010 A>T 535
4566 Chr7:18769545 G>C 516
6904 Chr7:18770061 | T>A 1662
4554 Chr7:18771723 T>C 1514
2492 Chr7:18773237 | delTTA 383
1822 Chr7:18773620 | A>T 6987
5073 Chr7:18780607 G>C 160
4554 Chr7:18780767 G>A 1323

7.5.3 Extended chromosome 7 variant analysis

The sequencing dataset was compared to recent results from a pilot study using ChIP-seq to identify
H3K27Ac marks in human fetal sutural material (unpublished; Y Zhou). This highlighted five variants,
which were verified by dideoxy sequencing and parental samples checked (where available, all

individuals had clinically unaffected parents; Table 7-8).
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Table 7-8

Summary of variants overlapping regions enriched for H3K27Ac marks.

Individual | Coordinates Variant Inheritance

4124 Chr7:17979676 G>C From unaffected father

4392 Chr7:17980508 C>T Parental samples not available
4870 Chr7:19146484 G>A From unaffected father

4566 Chr7:19152348 C>A From unaffected mother
6041 Chr7:19152403 T>A From unaffected mother

Results were also compared to regions specified as TWIST1 enhancers by the Vista enhancer browser
(enhancer.lbl.gov): hs644 chr7:18885971-18887230, hs2306 chr7:18868716-18870405 and hs2307
chr7:18874272-18875369. These regions were identified by extreme evolutionary sequence
conservation, and defined as positive enhancers after showing reproducible expression in at least
three independent transgenic embryos. To do this, putative enhancers were cloned upstream of a
lacZ reporter gene and introduced into murine embryos via pronuclear injection, embryos were then

harvested at E11.5 and stained to view the expression pattern.

Looking specifically within these three positive enhancer regions (and disregarding those present in
the 1000 genomes dataset), there were two individuals with variants in hs644 (chr7:18886108 A>C
and chr7:18887000 G>A; 892 bp apart), two with variants in hs2306 (chr7:18869708 A>T and

chr7:18870201 T>C; 493 bp apart) and one with a variant in hs2307 (chr7:18875025 G>C). Three of

these individuals were of Asian ethnicity.

7.6 Discussion

The targeted sequencing approach has provided results that have expanded the phenotypes
associated with ERF and TCF12-related craniosynostosis. Patient 5243 is the first ERF case with
unicoronal synostosis (mutations commonly cause multisuture synostosis) and as she did not
resemble the typical phenotype, ERF screening had not previously been requested clinically. Her
father, who also carries the mutation, was noted to have a prognathic mandible and had had some
orthodontic problems, which further highlights the phenotypic heterogeneity associated with ERF

mutations.
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Conversely, TCF12 mutations are not typically associated with multisuture synostosis as seen in
patient 5939; for this reason, clinical TCF12 testing had not previously been requested. This individual
had a fairly severe range of phenotypic features (listed in Table 7-2) and although it is likely that the
prune belly had a separate cause, the other features fall within the spectrum of those observed with
craniosynostosis syndromes. The reason for the range of penetrance seen with TCF12 mutations is as
yet unknown. As discussed in section 1.5, the development of the coronal suture is an extremely
complex process and the extent to which it is affected by a particular mutation may depend on
several other factors, which may vary depending on a person’s genetic background as well as
environmental factors. For example, the allelic backgrounds of both non-mutant and mutant copies
of TCF12 could contribute to the phenotypic heterogeneity; gene expression is known to vary among
individuals and there is a genetic contribution to this variation associated with different haplotypes
(Cheung et al. 2003, Cheung et al. 2010, Sharma et al. 2013). To explore this further, the expression
levels linked to haplotypes containing TCF12 mutations could be compared between clinically
affected and unaffected individuals, as well as unaffected controls with two normal copies of TCF12.
It also remains a possibility that another mutation in a different gene, in combination with the TCF12
mutation, led to the range of features in patient 5939. To know for certain, exome sequencing would
need to be carried out, perhaps on the parent-child trio, but even this might not yield a conclusive

answer.

This experiment has also highlighted that molecular diagnoses may have been missed. Both such
cases described here (TWIST1 p.Asn125Ser and p.GIn161*) were originally tested over 10 years ago,
and screening methods have improved drastically in that timeframe. It is unlikely that with modern
sequencing analysis these mutations would be missed, as identification by the human eye alone is no
longer relied upon. However, this does indicate that it may be worth re-checking older “negative”

results as two such findings out of 160 samples is not insignificant.
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It is perhaps surprising that no deletions of TCF12 were identified, as mentioned in section 5.3, three
different intragenic deletions have been identified in craniosynostosis patients, indicating that such
events are viable. However, the rate at which deletions occur is dependent on the genomic context.
For example, in deletions caused by NAHR the breakpoints have been shown to cluster in defined hot
spots within duplicated sequences, although rare, non-recurrent NAHRs can also be mediated by
highly homologous repetitive sequences, such as that described in section 7.4 between two Alu Y
elements (Turner et al. 2008). Unlike genomic locations such as chromosome 17p11.2, which is
recurrently deleted in Smith-Magenis syndrome and duplicated in Potocki-Lupski syndrome (both
developmental disorders), chromosome 15g21.3 (containing TCF12) does not seem to be frequently
associated with these types of rearrangement. The de novo rate of deletions is hard to gauge
accurately, and studies looking specifically at recombination hotspots have reported a highly variable
range (7-fold across individuals tested). However, these events are unlike point mutations, which
occur more frequently on the paternal allele, and are not correlated with increased paternal age

(MacArthur et al. 2014, Turner et al. 2008).

An interesting feature highlighted by this targeted sequencing strategy is the occurrence of
mutations in the 5 UTRs of both TCF12 and TWIST1. The 5’ UTR contains a lot of important features
necessary for the regulation of transcription; secondary structure (such as hairpins), binding sites for
RNA binding proteins and upstream open reading frames (UORFs). Experimental evidence suggests
that uORFs can affect efficient translation of the downstream coding sequence by disrupting
ribosomes, reducing protein levels (Calvo, Pagliarini, and Mootha 2009). Disruption of uORFs has
been linked to several human diseases including the craniofacial disorder CFNS (Twigg, Babbs, et al.
2013). In this example a point mutation in the 5" UTR of EFNB1 (c.-95T>C) removes the stop codon of
a four codon uOREF, resulting in a 44 codon predicted translation product that overlaps (in a different
frame) the regular EFNB1 coding sequence (Twigg, Babbs, et al. 2013). Interestingly, the 5" UTR of
TCF12 contains an uORF, which is extended from 10 to 16 codons with the inclusion of the extra

nucleotides in the mutant product, but still retains an in-frame stop codon. Whether this small
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difference would be enough to significantly impact translation is not clear, to determine this an assay
such as that used by Twigg et al (2013) would need to be carried out. In their publication, the authors
used a luciferase reporter construct to measure translational output of both the wild type and

mutant EFNB1 with the c.-95T>C variant, confirming that the mutation had an inhibitory effect.

If the chr15:57212041 C>G variant does not alter TCF12 expression via effects on the uORF, the
inclusion of an extra 58 bp could still interfere with the correct processing of TCF12. As well as
physically disturbing normal transcription by altering the size of the 5’ UTR and distance from the
promoter the variant may also disrupt the binding of regulatory proteins, and/or affect secondary
structure, affecting the rate of transcription. Non-coding expansions have been linked to many
diseases, for example in Richieri-Costa-Pereira syndrome (RCPS); a craniofacial disorder characterised
by features overlapping PRS, a midline cleft mandible and limb defects. RCPS affected individuals
were found to have 14-16 repeats of a 18-20 nucleotide motif, compared with 3-12 repeats observed
in normal controls, and had a 30-40% reduction in gene expression as indicated by qPCR (Favaro et
al. 2014). Further expression analysis using qPCR would help to show if TCF12 levels are indeed
reduced in individual 2490. If the variant had occurred de novo it would be more evidence in support
of pathogenicity, so obtaining DNA from the father for testing would worthwhile. However, due to

non-penetrance, it is equally likely that the father could carry the variant and be clinically unaffected.

Predicting the pathogenicity of the TWIST1 5’ UTR variants (Table 7-5) is difficult, however, the
apparent clustering of variants within the promoter region is intriguing. Experimental evidence
showed that the TATAA box indicated in Fig. 7-4 was indeed functional and that transcription started
from the adenine 32 bp downstream, furthermore, the TWIST1 promoter region shares 71%
sequence similarity with that of the mouse (Wang et al. 1996). The substitution of the adjacent
nucleotide to the transcription start site (in patient 4049; c.-314T>G) could conceivably affect the
binding of the RNA polymerase |l complex. Equally, the other variants within this region may affect

the progression of the transcription machinery. The fact that the c.-314T>G variant was inherited

141



from an unaffected parent points towards non-pathogenicity, however given that substantial non-

penetrance is seen with TCF12 (and ERF) mutations, it doesn’t necessarily rule it out.

No effect on secondary structure was predicted by the introduction of the 5" UTR substitutions,
which suggests that if they are indeed pathogenic, it would be via another mechanism like the
alteration of recognition sites for RNA binding proteins. The c.-263G>T variant actually introduces an
ATG (TWIST1 is transcribed in the reverse orientation) and so may initiate an uORF, which would not
encounter a stop codon until that of the normally transcribed ORF. This patient in particular (4479)
has a phenotype indicative of SCS, which is likely to be inherited from his mother so obtaining further

family DNA samples to check segregation of the variant would be informative.

Promoter mutations have been linked to disease previously, for example, Wieczorek et al (2014)
identified two different deletions in the promoter region of TXNL4A in patients with Burn-McKeown
syndrome (BMKS; the combination of bilateral choanal atresia, hearing loss, cleft lip and/or palate
and other craniofacial features). To test if these deletions could affect gene expression, the authors
carried out luciferase reporter assays using constructs containing either the wild type or mutated
promoter regions, the 5’ UTR and the first 21 codons of TXNL4A upstream of a luciferase reporter
gene. The mutant promoters reduced activity by 59% and 72% compared to the wild type, indicating
that the deleted regions are essential for normal expression of TXNL4A (Wieczorek et al. 2014). In
eight cases, individuals with BMKS were compound heterozygous for a coding mutation as well as a
common 34 bp promoter deletion. However, one family was homozygous for a second (overlapping)
promoter deletion, suggesting that this promoter mutation alone was sufficient to cause the
phenotype (Wieczorek et al. 2014). Similarly, making constructs containing the different TWIST1 5’
UTR variants fused to a reporter gene would allow their effects here to be assayed, and compared

with the wild type.
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CHAPTER 8

CONCLUSIONS
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Chapter 8: Conclusions

The overall aim of this thesis was to increase the current understanding of craniosynostosis, by
gaining more of an insight into the underlying biology and also by improving diagnoses. More
specifically, | wanted to use next generation sequencing to identify the molecular cause of

craniosynostosis in TWIST1-negative SCS patients.

8.1 The pathophysiology of craniosynostosis
Both the identification of new disease genes (TCF12 and CDC45) and the extension of pathogenic
mechanisms associated with known disease genes (FGFR2 and TWIST1) have helped to advance the

understanding of the pathophysiology of craniosynostosis.

The identification of CDC45 as a disease gene (section 4.5.2.1-3) expands the phenotype of MGS and
strengthens the link between the DNA replication pathway and craniosynostosis. Screening of other
replication pathway members in craniosynostosis patients is currently being undertaken, which could
potentially identify more disease genes and reveal the extent of the contribution of this pathway to
suture formation. In addition, work exploring the specific effects of CDC45 mutations on DNA

replication and cell proliferation is ongoing.

The discovery of a new craniofacial phenotype associated with substitutions of p.Glu117 in TWIST1
(Chapter 6) is fascinating in that it demonstrates a completely different pathophysiological
mechanism to that of SCS. Although rare, this new syndrome provides further evidence of the

specific role of this highly conserved residue in the basic DNA-binding domain of bHLH proteins.

A second novel genotype-phenotype correlation is perhaps demonstrated by the RUNX2 variant in
patient 4809 (c.1507 T>G, p.Ser503Ala; section 4.5.4.1). As haploinsufficiency of RUNX2 leads to a
distinct phenotype (CCD), a different mechanism, such as gain-of-function, may lead to

craniosynostosis. Obtaining DNA samples from more family members to ascertain the origin of the
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mutation would help to determine if it could be causative, and then perhaps targeted sequencing of

the phosphorylated residues in the C-terminal region in other patients could be undertaken.

8.2 Clinical applications

It is now clear that some patients with a diagnosis of SCS have mutations in TCF12, and that there is
also a phenotypic overlap with CDC45 mutations. Diagnostic screening of TCF12 has been approved
within the NHS, and the segregation from diagnoses of SCS is important due to the different surgical
trajectories (TCF12 patients typically having a lower reoperation rate). However, the substantial non-
penetrance seen with TCF12 mutations makes genetic counselling challenging; for example, the
¢.1115-2A>G mutation in patient 5939 (section 7.2), if it is solely responsible for the severe
phenotype exhibited, was inherited from the proband’s clinically unaffected father. As yet, there is
no explanation for this phenomenon and further work will need to be undertaken, for example to
see if there is any correlation with differing levels of background allele expression. Interestingly,
there are various TCF12 loss-of-function alleles listed in EXAC, which are presumably non-penetrant.
This perhaps points towards TCF12 being more of a susceptibility locus (albeit with low allele

frequency) rather than an out-and-out causative one.

The discovery of CDC45 mutations has an important bearing on genetic counselling due to the
recessive inheritance pattern, compared with the majority of craniosynostosis syndromes (including
SCS) that are dominantly inherited. As patient 2930 (Fig. 4-2) was assumed to have a sporadic
mutation, he was advised that he had 50% risk of having an affected child whereas in reality that risk
was ~0. The timing of the identification of CDC45 meant that the parents of patient 5566 (Fig. 4-2)
were able to have a revised sibling recurrence risk of 25%, rather than ~5%, and in fact decided not

have more children based on this.
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8.3 The interpretation of next generation sequence data

The analysis undertaken during the course of this thesis has provided valuable lessons in the
interpretation of next generation sequence data. It has demonstrated that clinical phenotyping may
be misleading; as patient 2930 (Fig. 4-2) was thought to strongly resemble an SCS phenotype the
focus was directed towards TWIST1. Also, care should be taken if assuming a de novo cause for a
particular disease, as in this case the FLRT1 variant was incidental to the phenotype. Furthermore,
the underlying pathogenic variant may not be obvious; CDC45 was originally overlooked due to the
synonymous variant, which was subsequently demonstrated to affect splicing. This was also shown

to be true in the case of the FGFR2 mutations discussed in Chapter 3.

Collectively, the discoveries of coding region variants made during the course of this thesis
demonstrate the various ways by which intragenic mutations can be missed, and indicates that all
variants occurring within known disease genes should be carefully investigated before being

discounted.

8.4 The non-coding genome

One of the main drivers from early on in this project was to explore the non-coding regions of the
genome for mutations; first through whole genome sequencing then through targeted sequencing.
Strikingly, nearly all of the positive findings actually occurred in the coding part of the genome.
Although recent research has started to focus on non-coding DNA, there is still not the same strength
of understanding that exists for the coding genome. Discoveries can come through either functional
disruption or statistical association, for example in the novel TWIST1 phenotype there was prior
knowledge of the glutamic acid having a specialised role, as well as two separate de novo mutation
events. This statistical association is usually only possible in coding regions, outside genes it is very
difficult to interpret variation; during this work | found a large number of novel rearrangements but
their significance is unknown. Even within genes, far less is understood about the functions of the

UTRs, which can be highly conserved, than the coding regions. There is certainly evidence pointing
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towards the 5’ UTR of TWIST1 having an important role in regulating its expression, which merits
further investigation. Three of the individuals who have variants in this region are more SCS-like than
non-syndromic, and also this cluster of variants seems to be somewhat unusual in their proximity to
each other in relation to the distribution of variants throughout the rest of the 2.4 Mb region
investigated. Statistical analysis would need to be carried out to determine if this is in fact significant,

such as running a Monte Carlo simulation to estimate the probability distribution of variation.

It is probable that non-coding pathogenic variants (such as UTR regulatory mutations and intronic
variants that affect normal splicing) have been missed for many human diseases. Now that expanded
exome sequencing (to incorporate both 5’ and 3’ UTRs) and whole genome sequencing are becoming
more routinely carried out we can expect to see an increase in the identification of non-coding
variants associated with disease. This may be particularly significant for genes like TWIST1, which due

to high GC content and repetitive sequence has been technically difficult to work with.

In terms of TWIST1 enhancers, it may be that mutations would not lead to an SCS phenotype as the
pathogenic mechanism could be more subtle than that of a coding variant. It is believed that genes
have multiple enhancers driving similar patterns of expression, which provide a combinatorial effect
towards expression and may also result in redundancy (Attanasio et al. 2013, Cotney et al. 2012). In
this way, if a single enhancer is affected by a mutation it may not be pathogenic, however when large
rearrangements occur (like those described in section 1.4.2) gene expression is sufficiently disrupted
to give rise to the full phenotype as seen when the gene itself is mutated. As well as this, regulation
via enhancer elements is very cell-type specific; to identify which elements interact with TWIST1
during development of the cranial suture, the undifferentiated sutural mesenchyme would need to
be assayed. With the correct cell type, experiments such as ChIP-seq and chromatin conformation
capture could be carried out. The limiting factor is the amount of starting material with which to
perform these experiments, one option would be to try in the mouse as this has been shown to be a

good model of various craniosynostosis syndromes, and then look for homology in human DNA.
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Another option, which is currently being undertaken, is to look in human fetal sutural material
although this is technically demanding and options are limited by cell number and the fact that the

tissue has been frozen.

As already mentioned, this study has highlighted the difficulties in analysing and interpreting patient
sequence data; next generation sequencing technology alone cannot provide all the answers. The
growth in freely available resources, like EXAC and the 1000 genomes project, continues to be
incredibly useful for understanding common variants, however, studies suggest that on average we
each have ~3.2 million single nucleotide variants per genome, of which ~5000 will not be present in
such datasets (The UK10K Consortium, 2015). Therefore, the ability to analyse data in the context of
other craniosynostosis sequencing projects has been invaluable in helping to identify less obviously
pathogenic mutations, although two of the individuals who were included in this project (4400 and
4580) are still without any strong candidates. At the time, these were among the first whole
genomes sequenced in the UK and compared with more recent sequencing results the quality is
obviously lower, for example around TWIST1 there are areas that are only covered by one or two
reads, probably caused by the high GC content and repetitive segments. In this way, it is possible that
some pathogenic variants may have been missed. Equally it may be the case that these individuals
have a polygenic, rather than a monogenic, cause. Gene-environment interactions have also been
shown to be important, for example susceptibility loci have been identified for sagittal synostosis
(Justice et al. 2012). Hopefully with continued analysis and as more craniosynostosis genes are

discovered we will be able to provide these patients with an answer.
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APPENDIX

Whole genome sequencing: further details on selected genes

Patient 4580
Gene Del score Details
ZRANB3 Compound Both variants from unaffected father
heterozygous
NOV 6 Present in unaffected father
APAF1 6 Not present in unaffected father, in EXAC allele freq: 0.0001
RANBP17 | 5 Present in unaffected father
TGFBR3 | 4 Present in unaffected father
FLII 4 Present in unaffected father
MSX1 2 Variant present in FaceBase dataset
CYP26B1 |1 Not present in unaffected father, in EXAC allele freq: 0.0000171
TECPR1 - Not present in unaffected father
EPHA2 Synonymous | Nothing abnormal detected in cDNA PCR
Patient 4400
Gene Del score Details
ARNTL 6 Present in affected mother, one splicing mutation in EVS.
EPHBA 6 Present in affected mother, other individual with EPHB4 variant
does not segregate. In EXAC allele freq: 0.0001 (rs200549250).
ORC1 6 Not present in affected mother
TULP3 6 Pre'sent i.n affected mother, numerous stop and frameshift
variants in EVS.
KLHDC1 6 Present in affecteq mother, abolishes splice donor. Other stop
and frameshift variants in EVS.
CNN1 5 Not present in affected mother
HS6ST1 5 Not present in affected mother (rs373944145)
ARHGEF17 | 4 Not present in affected mother
CHD3 4 Not present in affected mother
SIM2 4 Not present in affected mother
ZRANB2 4 Not present in affected mother
Patient 4809
Gene Del score Details
ARHGEF17 | 6 Not present in affected son
EFTUD2 ?splice Present in affected son
INSR 4 Present in affected son
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