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ABSTRACT

Neural tube defects (NTDs) are among the most common birth defect which occur
at a range of 0.5 — 10 or more in 1000 live births worldwide. According to our data from
the Department of Patient Information University of Malaya Medical Centre (UMMC)
between the years 2003 until 2016, there were 86 cases with spina bifida (1.33-6.4 per
1000 live births), 19 cases of anencephaly (0.38 per 1000 live births) and no report of
craniorachischisis. Ethnicity of the patients was a factor of the incident whereby the
highest numbers were Malays for both spina bifida and anencephaly. Most of the patients
belonged to in mothers below 35 years of age. Additionally, males dominate the
occurrence of spina bifida meanwhile almost equal number of male and female for
anencephaly. For spina bifida cases, the highest number of diagnoses reported was lumbar
myelomeningocele. Furthermore, 32.84% of patients were found to be mobile and
36.07% of patients received formal education. To date, the most studied human spina
bifida risk variant is the MTHFR C677T (rs1801133). However, this variant was not well
replicated in many populations across the world, indicating that the variant is not likely
to be a major contributor of NTDs globally. Therefore, the candidate genes for screening
NTDs worldwide has remained elusive. We screened for the potential genetic cause of
spina bifida in 40 reported spina bifida risk genes in our patient cohort using Whole
Exome Sequencing (WES) datasets. We managed to identify 10 non-synonymous
variants in MTHFR, ALDH1L1, MTRR, SARDH, XPD, CUBN and BRCAL genes with
potential pathogenic effects. The identified variants might be the risk factor for spina
bifida in patients individually, but do not represent as common variants within the cohort.
We also screened the potential spina bifida candidate genes using Whole-Exome
Sequencing (WES) in three representative patients (triad study); (1) syndromic spina
bifida aperta, (2) non-syndromic spina bifida aperta and (3) non-syndromic spina bifida

occulta. Although our patient cohort is small, the power of the study is enhanced as it is



a triad study involving the proband and his/her parents. Case (1) involves a patient born
with spina bifida aperta (myelomeningocele-type) with variant Turner syndrome. No
likely candidate variant was identified for Patient 1. Case (2) is a non-syndromic spina
bifida aperta. WES revealed six candidate variants but only SEC63 (rs17854547) variant
was chosen as the potential candidate variant by taking into account the literature
surrounding the SEC family of genes and NTDs. The variant is considered uncommon
but was predicted to be non-deleterious when subjected to the bioinformatics analysis.
Case (3) is a patient born with spina bifida occulta (lipomyelomeningocele-type). WES
identified a novel and deleterious variant in the ZIC2 gene as the candidate variant for
Patient 3. In summary, all variants found on their own might not be the spina bifida
genetic risk factor. The act of these variants in combination with other events might be
the possible causative factor(s). In the future, screening of these variants in large scale
genome-wide association study is needed to confirm the variants as common genetic risk

factors for spina bifida.



ABSTRAK

Kecacatan neural tube (Neural Tube Defects, NTDs) adalah kecacatan kelahiran
yang tinggi berlaku di antara 0.5-10 atau lebih dalam setiap 1000 kelahiran hidup di
seluruh dunia. Merujuk data yang kami ambil dari Jabatan Maklumat Pesakit Pusat
Perubatan Universiti Malaya (UMMC) dari tahun 2003 hingga 2016, terdapat sejumlah
86 kes spina bifida (1.33-6.4 bagi setiap 1000 kelahiran), 19 kes anencephaly (0.38 dalam
1000 kelahiran) dan tiada laporan bagi kes craniorachischisis. Kaum melayu mencatatkan
jumlah tertinggi bagi kes spina bifida dan anencephaly. Umur ibu yang terlibat pula
kebanyakannya dibawah umur 35 tahun bagi kedua-dua jenis NTD. Tambahan pula,
kaum lelaki mendominasi kes spina bifida. Jumlah pesakit lelaki dan perempuan adalah
hampir sama bagi kes anencephaly. Bagi kes spina bifida, diagnosis tertinggi yang
direkodkan adalah pada ruas tulang pinggang (lumbar) jenis myelomeningocele. Selain
itu, 32.84% pesakit adalah mampu untuk bergerak dan 36.07% pesakit sedang menerima
pendidikan formal. Sehingga hari ini, kelainan spina bifida yang paling banyak dikaji
adalah kelainan MTHFR C677T (rs1801133). Walau bagaimanapun, kelainan ini tidak
direplikasi secukupnya dalam kebanyakan populasi bermaksud kelainan ini bukanlah
penyebab terbesar NTDs di seluruh dunia. Justeru, pemeriksaan calon gen NTDs masih
sukar untuk dilakukan. Oleh itu, kami telah memeriksa sebanyak 40 gen yang telah
direkodkan sebagai gene berisiko spina bifida dalam kohort pesakit kami. Kami
menjumpai 10 Kkelainan-kelainan non-synonymous yang mungkin mempunyai kesan
patogenik dalam gen MTHFR, ALDH1L1, MTRR, SARDH, XPD, CUBN dan BRCAL.
Kelainan-kelainan yang ditemui mungkin faktor berisiko bagi pesakit spina bifida secara
individu tetapi tidak bukanlah kelainan biasa yang ditemui dalam kohort pesakit kami.
Kami juga memeriksa calon kelainan spina bifida yang berpotensi menggunakan analisa

Jujukan Exom Menyeluruh (Whole Exome Sequencing (WES)) dalam tiga wakil pesakit;



(1) spina bifida aperta bersindrom (syndromic spina bifida aperta), (2) spina bifida aperta
tidak bersindrom (non-syndromic spina bifida aperta), (3) spina bifida occulta tidak
bersindrom (non-syndromic spina bifida occulta). Walaupun kohort kami kecil, kekuatan
kajian ini adalah pada kajian triad yang melibatkan pesakit dan kedua-dua ibu bapa
mereka. Kes (1) melibatkan seorang pesakit spina bifida aperta (jenis myelomeningocele)
yang juga memiliki Kkelainan sindrom Turner (variant Turner syndrome). Walau
bagaimanapun, tiada kemungkinan calon kelainan yang ditemui bagi pesakit kes 1. Kes
(2) adalah spina bifida aperta (jenis myelomeningocele) yang tidak bersindrom. Analisa
WES mendapati 11 kelainan dalam pelbagai gen akan tetapi hanya gen SEC63
(rs17854547) yang dianalisa merujuk kepada sejarah keluarga gen ini dengan NTDs.
Kelainan ini jarang ditemui dan dijangka tidak membawa kesan patogenik berdasarkan
analisa bioinformatik. Kes (3) pula melibatkan pesakit yang lahir dengan spina bifida
occulta (jenis lipomyelomeningocele). Kajian analisa WES menemui kelainan pada gen
ZIC2 yang sangat jarang ditemui dan dijangka akan membawa kesan deleterious melalui
analisa bioinformatik. Secara kesimpulannya, penemuan ini mencadangkan bahawa
kesemua kelainan ini semata-mata bukanlah punca utama spina bifida. Gabungan
kelainan-kelainan ini dengan faktor kelainan yang lain mungkin adalah faktornya.
Saringan kelainan-kelainan ini dalam genome-wide association study (GWAS) yang
berskala besar amat diperlukan bagi menentukan kelainan-kelainan ini sebagai risiko

spina bifida.
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CHAPTER 1: INTRODUCTION

The neural tube, the precursor of the brain and the spinal cord is generated by a
process of structural changes called neurulation that is conventionally divided into two
phases; primary and secondary neurulation (Copp et al., 2003; Greene & Copp, 2014). In
mouse embryos, the events of primary neurulation include (1) neuroepithelium thickening
and convergence, (2) elevation of the neural folds bilaterally, (3) bending at the
dorsolateral hinge points (DLHP), (4) adhesion and fusion of the neural folds, and (5)
remodeling of the neural tube (Copp et al., 2003; Greene & Copp, 2014). This process
creates the brain and most of the spinal cord (Copp et al., 2003). Secondary neurulation
includes canalization whereby the formation of condensed rod of mesenchymal cells takes
place and later forms a canal structure of the neural tube in the caudal eminence (Copp et

al., 2003).

Incomplete closure at any part of the neural tube leads to neural tube defects
(NTDs). NTDs are a group of common and severe congenital defects of the central
nervous system that comprise of craniorachischisis, anencephaly and spina bifida (Copp
& Greene 2010). The clinical phenotypes of NTDs depend on the points of embryonic
neural tube closure (Greene & Copp, 2009). The most severe phenotype is
craniorachischisis where the defect includes most of the brain and the entire spinal cord
followed by anencephaly of which is the resulting phenotype of a degenerative and
exposed brain (Copp et al., 2003; Greene & Copp, 2014). Both craniorachischisis and
anencephaly are incompatible with postnatal life. Spina bifida is the most common and
less severe form of NTD with a higher chance of survival (Greene & Copp, 2009; Copp

& Greene, 2013).



The epidemiology of NTDs vary across worldwide geographical location. The
highest prevalence is in the Luliang Prefecture, Shanxi province in China with prevalence
rate of 19.94 per 1000 births (Chen et al., 2009). In USA, the NTDs prevalence rate was
reported to be 0.53 per 1000 births (Canfield et al., 2014) while a higher prevalence was
reported in the United Kingdom (Dolk et al., 2010). In general, NTDs occur in 0.5 to

more than 10 cases per 1000 births worldwide (Copp et al., 2015).

In Malaysia, a study of a small population in the Kinta district reported an
incidence of NTDs at 0.73 per 1000 births but does not specify the NTD phenotypes
(Thong et al., 2005). A prospective cohort study of neonates with NTDs using the data
from the Malaysian National Neonatal Registry revealed the overall NTDs prevalence at
0.42 per 1000 live births where anencephaly dominate the occurrence (0.19 per 1000
births) followed by spina bifida which occur at 0.11 per 1000 births (Boo et al., 2013).
However, the study has included the prevalence rate of encephalocele although it is not
a NTD phenotype hence suggesting a potentially lower preponderance. Encephalocele
is the result of a post-neurulation defect of the cranial mesoderm and thus does not arise
from the same presumptive tissue as the brain and the spinal cord (Greene & Copp,

2009, 2014).

This thesis aims to determine the distribution and genetics of NTDs in Malaysia
by focusing on a subset of the Malaysian NTD cohort; in this case, the NTD patients of
University of Malaya Medical Centre (UMMC). This study determines the latest
prevalence rate and distribution of NTDs including anencephaly and spina bifida cases in
UMMC, a single major referral hospital in the capital of Malaysia, Kuala Lumpur from

2003 to 2016.



Over the past 20 years, most studies involved the identification of candidate genes
in the cohort of NTDs patients. This study primarily focused on one of the gene
(methylenetetrahydrofolate reductase (MTHFR)) that participate in folate one carbon
metabolism as lack of folic acid been considered as the main NTD causing factor
(Boyles et al., 2005; Copp & Greene, 2010). The most studied genetic variant of
MTHFR is the C677T (rs1801133) variant (Amorim et al., 2007; Yaliwal & Desal, 2012;
Yang et al., 2015). The C677T variant has been reported to cause increased NTD risk in
the Irish and Dutch populations but not well replicated in many other populations across
the world, such as Mexicans and Italians (van der Put et al., 1995; Shields et al., 1999;
Gonzalez-Herrera et al., 2002; Grandone et al., 2006). In addition, the planar cell polarity
genes (PCP genes) including CELSR1, VANGL1, VANGL2, DVL2, and SCRIB were
also identified as genetic risk candidates for NTDs (Doudney & Stanier, 2005; Kibar et
al., 2009; Lei et al., 2013; De Marco et al., 2014; Lei et al., 2014). These genes involved
in the PCP pathway control the polarization of the epithelial cells and play an important
role during neurulation (Mlodzik, 2002; De Marco et al., 2014). Despite the many and
varied genetic studies, a candidate or candidates for screening neural tube defects

worldwide has remained elusive.

In addition, this study involved the screening of spina bifida genes in three spina
bifida patients representing (1) syndromic spina bifida aperta, (2) non-syndromic spina
bifida aperta and (3) nonsyndromic spina bifida occulta. The selection of distinct clinical
phenotype particularly between syndromic and non-syndromic spina bifida is extremely
important because syndromic spina bifida has a more well-defined genetic causative
components compared to non-syndromic spina bifida. The causative factors of non-
syndromic spina bifida are heterogeneous and appears to be caused by both genetic and

environmental factors including nutritional status, drug intake, maternal health status, and



presence of environmental toxicants (Greene & Copp, 2014). Although our patient cohort
is small, the power of the study is enhanced as it is a triad study involving the proband

and his/her parents.

We opted for whole-exome sequencing (WES) technology to find candidate
variants in the patient-parents trios (triads). The use of WES is relevant and of value when
triads are utilised for the understanding of NTDs (Krupp et al., 2014). The use of WES in
recent studies contributed to the identification of common and rare variants as well as de
novo variants associated to a wider range of diseases (Veltman & Brunner, 2012). Exome
sequencing identified DNA variants in genes associated with several disorders including
primary open-angle glaucoma (Zhou et al., 2017), cutaneous neurofibromas (Faden et al.,

2017) and breast cancer (Kim et al., 2017).

1.1 Objectives

1.1.1 To study the prevalence and distribution of NTDs in the University of Malaya
Medical Centre (UMMC) from 2003 until 2016.

1.1.2 To screen for mutations in known spina bifida risk genes.

1.1.3 To identify candidate variants in genes by whole exome sequencing in the
patients and correlate any findings with the clinical phenotype.

1.1.4 To further understand the potential role of Sec63 in NTD using antisense

oligonucleotide technology.



CHAPTER 2: LITERATURE REVIEW

2.1 Neural development and neural tube closure

The development of the primordium of the central nervous system which is the
neural tube occurs through an event called neurulation. The neural tube is the precursor
of brain and spinal cord (Copp et al., 1990). The neurulation process is divided into two
phases; the primary neurulation and secondary neurulation (Copp et al., 2003). Primary
neurulation involves a series of structural changes (Figure 2.1) which is defined originally
in amphibian and avian embryos. First is the convergent and extension process whereby
the polarized cells which form the neural plate move medially and intercalate in the
midline (Copp et al., 2003) (Figure 2.1A). This intercalation process has been detected in
the frog and has yet been experimentally shown to occur in the mouse (Shih & Keller,
1992; Wallingford & Harland, 2001). Convergent extension leads the neural plate to
narrow mediolaterally and lengthen rostrocaudally which subsequently assist neural fold
elevation through axial elongation (Kibar et al., 2001). However, studies in amphibian
embryos suggest elevation of neural folds are not actually assisted by the axial elongation
of the neural plate (Wallingford et al., 2002). The normal process of neural folds elevation
still occurs despite of the failure of convergent extension hence suggesting the convergent
extension and neural fold elevation are two distinct processes (Wallingford et al., 2002;

Zohn et al., 2003).

The second event of primary neurulation is the formation of bilateral neural folds
through bending at the hinge points. In the mouse, at high levels of the spinal neuraxis,
Mode 1 neurulation occurs during spinal neural tube formation in 6 to 10 somite stage
embryos whereby the lateral aspects of the neural folds elevate results from the formation

of the median hinge point (MHP) (Figure 2.1B). Here, the neural folds remain straight



forming a slit-like lumen of the neural tube (Shum & Copp, 1996).

In Mode 2 neurulation, dorsolateral hinge points (DHLPs) form at more caudal
levels of the spinal neuraxis (Figure 2.1C). The formation of DHLPs enhance the
convergence of the apposing tips of the neural folds towards the dorsal midline (Shum &
Copp, 1996). In this mode, MHP is also present whereas the remaining parts of the
neuroepithelium do not bend. Mode 2 generates a diamond-shaped lumen which takes
place during 12-15 somite stage embryos. Later at 17-27 somite stage, Mode 3 occurs
whereby all parts of the neural plate appear to bend causing the MHP to not be easily
discernible whereas the DLHPs are retained (Figure 2.1D). Mode 3 produces an almost

circular lumen (Copp et al., 1990; Ybot-Gonzalez & Copp, 1999).

The final event of primary neurulation is the adhesion and fusion of the apposing
tips of the neural folds in the dorsal midline (Figure 2.1E) (Copp et al., 2003). Prior to the
fusion, cellular specialisations comprising of cell surface protrusions and lamellipodia
projected are found at the apposing tips of the neural folds and the point of adhesion
(Copp et al., 1990). Then, the cell surface projections interdigitate leading to eventual
adhesion and then fusing together to form a neural tube. Subsequently, the newly formed
neural tube remodels via apoptosis to create two continuous epithelial layers; the surface
ectoderm and the neural tube (Figure 2.1F) (Yamaguchi et al., 2011). Primary neurulation

generates the brain and most of the spinal cord (Copp et al., 2003).
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Figure 2.1: Diagrammatic transverse section of the mouse spinal neural tube (Modified
from Mohd-Zin et al. (2017)) (A) Thickening and converging of neuroepithelium; (B)
formation of bilateral neural folds which are elevated at median hinge point (MHP)
representing Mode 1 neurulation; (C) apposing tips of neural folds assisted by bending
at the dorsolateral hinge points (DLHP) of the bilateral neural folds representing Mode 2
neurulation; (D) Mode 3 neurulation which involved the formation of almost circular
lumen; (E) adhesion and fusion of the apposing tips of neural folds; (F) remodeling of the
neural tube; Se, surface ectoderm; POAF, point of adhesion and fusion; Nt: notochord.



Secondary neurulation occurs without the formation of neural folds (Copp et al., 1990).
It involves the condensation and epithelialization of mesenchymal cells in the tail bud
forming a solid mass called the medullary cord. Eventually, the medullary cord
undergoes canalisation to form the neural tube (Copp et al., 1990). This process creates
the lowest portion of spinal cord including sacrum and all of the coccygeal regions (Copp

et al., 2003).

The mammalian neural tube closure takes place sequentially at different levels of
body axis. The sequence in mouse that occurs from embryonic day E8.5 until day E10.5
has been most extensively studied and divided into three points of de novo closure;
Closure 1, 2, and 3 (Figure 2.2H) (Copp et al., 1990; Copp et al., 2003). Closure 1 is the
initiation event of neurulation that occurs near the third somite in embryos with 6 to 7
somites and spreads bidirectionally towards the rostral and caudal extremities (Copp et
al., 2013). Spread of closure 1 along the spinal axis is completed by closure of the
posterior neuropore (PNP) at the 29 to 30 somite stage of development marking the end
of primary neurulation. Closure 2 takes place at 10-somite stage between midbrain-
forebrain boundary and progress caudally while Closure 3 at the rostral extremity of the
forebrain soon after closure 2 (Greene and Copp, 2009). Bidirectional spread of closure
1, 2 and 3 at the cranial region initiates the formation of anterior neuropore (ANP) and

hindbrain neuropore (HNP) at 18 to 20 somite stage (Figure 2.2H).

Neural tube closure in human embryos occurs between days 16 to 32 of
conception (Sadler & Langman, 2012). Neurulation events that occur in the human
embryos are similar as closure 1 and 3 in mice. The brain formation in humans is achieved
by rostral spreading of closure 1 and caudally from closure 3 which is completed by the

ANP closure (Figure 2.2A). Meanwhile, the closure of PNP is achieved by caudal



spreading of closure 1 that indicates the completion of primary neurulation (Copp, 2005).

2.2 Neural tube defects (NTDs)

Failure of the morphogenetic process of neural tube closure leads to NTDs. NTDs
are the most severe central nervous system disorder of the developing embryos and foetus
and the second most common birth defect after the congenital heart defects (Detrait et al.,
2005). There is a wide range of NTD phenotypes whereby the severity and type of defects
vary depending on the level of the affected site of closure (Greene & Copp, 2014; Mohd-
Zin et al., 2017). The phenotypes of NTDs include craniorachischisis, anencephaly and
spina bifida. The explanation of each phenotype is in the next section. These phenotypes

are shown pictorially in Figure 2.2.

2.2.1 Craniorachischisis
Craniorachischisis is the most severe form of NTD with very few reported cases.
Craniorachischisis patients are not able to survive as almost the entire neural tube remains

open (Copp et al., 2003) (Figure 2.2 B & E), and is due to the failure at closure 1.

2.2.2 Anencephaly

Anencephaly is the outcome of failure of neural tube closure at the cranial region
with the absence of forebrain, midbrain and skull vault (Seller, 1995; Greene & Copp,
2014). In the mouse embryo, this phenotype occurs at closure 2 between midbrain-
forebrain boundaries. In human embryos, anencephaly occurs due to failure of the cranial
closure of the ANP (Copp & Greene, 2010). Most of anencephalic cases are stillborn.
Those who survive normally will die shortly after birth due to complications including

sepsis, pneumonia or atelectasis (Jaquier et al., 2006) (Figure 2.2 C & F).
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Figure 2.2: Schematic diagram of neural tube closure sites and phenotype of NTDs (Modified from Greene & Copp (2009); Copp et al. (2013); Sadler
and Langman (2012)). (A) Pattern of human neural tube whereby failure at closure 1 results in craniorachischisis, anencephaly results in failure at the
cranial closure of anterior neuropore, and spina bifida due to the failure at the caudal end of the posterior neuropore. (B) Craniorachischis observed in
human; (C) anencephaly of the human newborn; (D) spina bifida in human infant; (E) appearance of craniorachischisis in mouse embryo; (F) exencephaly
phenotype which is an early stage of anencephaly found in mouse embryo; (G) spina bifida observed in mouse embryo. (H) Pattern of neural tube closure
in mouse whereby craniorachischisis due to failure at closure 1 as in human, anencephaly occurs at closure 2 between midbrain-forebrain boundary
and spina bifida as the caudal closure.



2.2.3 Spina bifida

Spina bifida is also referred to as the caudal lesion of the spinal cord affecting the
vertebrae and skin (Mitchell et al., 2004) (Figure 2.2 D & G). In general, this defect can
be classified into two categories; the closed spina bifida known as spina bifida occulta
and the open type, spina bifida aperta. Spina bifida occulta is the bony defect at the back
of the body covered by skin and is thought to be without neurological deficit (Copp et al.,
2015). As for spina bifida aperta, it occurs when there is failure of vertebral arches to
form, the neural tube fails to close and often, neural tissues are exposed to the surrounding
environment without skin covering (Botto et al., 1999; Sadler & Langman, 2012).
Nevertheless, the severity of spina bifida does not solely depend on the type of defect, but

it is also governed by the level of lesion (Greene & Copp, 2014).

Spina bifida can be further divided into few more subphenotypes:
myelomeningocele, meningocele, lipomyelomeningocele and lipomeningocele
depending on the pathological findings (Figure 2.3). Myelomeningocele is a severe form
of spina bifida aperta whereby the spinal cord protrudes out of the spinal canal and is
exposed to its surrounding environment (Figure 2.3A) (Botto et al., 1999; Sadler &
Langman, 2012; Copp et al., 2015; Mohd-Zin et al., 2017). Meningocele is a less severe
phenotype compared to myelomeningocele where the spinal cord is not present in the
herniated sac (Mohd-Zin et al., 2017). However, this phenotype is either aperta or occulta
as the status is still under argument (Figure 2.3B) (Mohd-Zin et al., 2017).
Lipomeningocele differs from meningocele where it is considered as spina bifida occulta
with the presence of lipid globules but the spinal cord remains in the spinal canal (Figure
2.3D) (Vogel et al., 2003; Mohd-Zin et al., 2017). Lipomyelomeningocele is also a form
of spina bifida occulta with the presence of intermeshed lipid globules and the spinal

cord (Figure 2.3C) (Sarris et al., 2012; Mohd-Zin et al., 2017).
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Figure 2.3: Schematic representation of different spina bifida subphenotypes (Sahmat et
al, 2017). (A) Myelomeningocele is shown whereby the spinal cord lies outside the spinal
canal. This phenotype represents the severe form of spina bifida aperta. (B) Meningocele
is shown whereby the spinal cord does not lie outside the spinal canal. This phenotype
represents spina bifida occulta or spina bifida aperta depending on the presence or absence
of neural matter in its herniated sac. (C) Lipomyelomeningocele that is the spina bifida
occulta type is shown with the presence of intermeshed lipid globules (in yellow) and
spinal cord. (D) Lipomeningocele that represents spina bifida occulta is shown mimicking
the meningocele but with the presence of lipid globules.

2.3 Syndromic and non-syndromic NTDs

A small proportion of the reported NTDs in life born infants are syndromic
meaning the NTD is associated with other defects as opposed to non-syndromic forms,
where failure of the neural tube to close completely is the only obvious primary defect
(Padmanabhan, 2006; Greene & Copp, 2014; Copp et al., 2015). Syndromic NTDs means
that the associated defects that coexist with NTDs can be either chromosomal or non-
chromosomal conditions which include trisomy 13 or 18 (Sepulveda et al., 2004), Marfan
syndrome (Voyvodic et al., 1999), and X-linked heterotaxy (Gebbia et al., 1997). The
more severe the level of NTDs, the more likely they are to be associated anomalies
(Seaver & Stevenson, 2006). Craniorachischisis has the highest rate of syndromic
association with other anomalies. On the other hand, the incidence rate of syndromic
association with spina bifida is higher than those with anencephaly (Table 2.1).
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Table 2.1: Frequency of various types of NTDs with associated congenital anomalies (Modified from Seaver & Stevenson (2006))

Reference and Series Craniorachishisis Anencephaly Upper Lower All
number of patients Spina Spina

Bifida Bifida
(Kallen et al., 1998) French (1976-1994), Swedish - 25% 35% 20% 23%
n=2955 infants (1973-1993) and California - 26% - - 25%
n=734 infants Birth Defects Registries (1983- 1992)
(Stevenson et al., South Carolina(1992-2002) - 41% 31% 17%
2004)
n= 564 infants
(Hall et al., 1988) British Columbia (1958-1984) 62% 15% 19.5% 6.7% 14%
n=512 infants
(Stoll et al., 2011) Strasbourg, France (1979- - 11.5% 23.8% - 20.4%
n= 441 infants 2008)
(Nielsen et al., 2006) Copenhagen, Denmark (1989- 19.7% 29.5% 50.8% 63%
n=97 infants 2004)
(Toru et al., 2016) Akdeniz University, Turkey - 9.7% 14.7 - 32.4
n=62 infants (2006-2012)




2.4 Epidemiology

The worldwide incidence of NTDs ranges from 0.5 to more than 10 cases per 1000
births (Greene & Copp, 2014). The highest prevalence of NTDs was reported at the
Shanxi province of Northern China (Chen et al., 2009). Minimal data reporting the
prevalence rate of NTDs were available among the South-East Asian region which only
includes Vietnam, Thailand, Singapore and Malaysia (Zaganjor et al., 2016). The

worldwide prevalence rate of NTDs are as presented in Table 2.2.

Table 2.2: Prevalence rate of NTDs per 1000 births estimated worldwide

Country Location Prevalence rate Reference
per 1000 births
China Shanxi province 19.94 (Chen et al., 2009)
India Delhi 6.62 (Sood et al., 1991)
Sevagram, Wardha 0.75 (Taksande et al.,
2010)
Africa Algeria 7.54 (Houcher B et al.,
2012)
Nigeria 0.52 (Ekanem et al., 2008)
Pakistan Swat 12.41 (Khattak et al., 2010)
United Arab - 0.21 (Al Hosani et al.,
Emirates 2005)
Europe - 0.94 (Dolk et al., 2010;
EUROCAT, 2012)
United States - 0.53 (Canfield et al., 2014)
of America
Vietnam - 0.43 (Hoang et al., 2013)
Thailand - 0.19 (Jaruratanasirikul et
al., 2014)
Singapore - 0.12 (Shi et al., 2002)
Malaysia Kinta District 0.73 (Thong et al., 2005)
- 0.42 (Boo et al., 2013)

2.5 NTDs risk factors
In non-syndromic NTDs cases, both environmental and genetic factors are
believed to be involved (Copp & Greene, 2010). Meanwhile, syndromic NTDs have more

well-defined genetic causative components.
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2.5.1 Environmental factors

Diminished folate status is the best known NTD influencing factor. Over the past
40 years, researchers have found mildly deficient levels of folate in women who had a
pregnancy affected by NTD (Smithells et al., 1976). Studies involving 33 centers around
the world by the Medical Research Council Vitamin Trial suggested folic acid
supplements in the periconceptional period could prevent the recurrence of NTD cases
for up to 72% (MRC-Vitamin-Study-Research-Group, 1991). In addition, maternal
periconceptional exposure to folic acid antagonists for example the intake of valproic acid
(Lloyd, 2013), trimethoprim (Hernandez-Diaz et al., 2001), fumonisin (Missmer et al.,
2006), phenytoin (Hernandez-Diaz et al., 2001; Hill et al., 2010), nitrofurantoin (Ailes et
al., 2016), thalidomide (\Vargesson, 2015), carbamazepine (Hernandez-Diaz et al., 2001;
Matlow & Koren, 2012) and methotrexate (Hernandez-Diaz et al., 2001) have been

shown to increase the risk of NTDs.

Other environmental factors associated with increased risk of NTDs include
maternal smoking (Kyrklund-Blomberg et al., 2005; Hackshaw et al., 2011; Mund et al.,
2013), prepregnancy obesity (Shaw et al., 1996; Werler et al., 1996), and maternal
illnesses during pregnancy such as hyperthermia (Moretti et al., 2005) and diabetes
(Salbaum & Kappen, 2010). The occupation of parents in a high-risk environment such
as mining have also been implicated (Liao et al., 2010; Ahern et al., 2011). Other factor
that leads to the incidence of NTDs include exposure to toxic agents such as Agent Orange
and uranium (Hindin et al., 2005; Ngo et al., 2010; Noel et al., 2016). Dietary factors
such as simple sugar intake (Shaw et al., 2003), trace elements and other micronutrients
deficiency (Cengiz et al., 2004; Martin et al., 2004; Ulman et al., 2005), and accidental
intake of agricultural compounds in drinking water like nitrate, atrazine, and arsenic have

been associated with prenatal exposure and birth defects (Brender & Weyer, 2016). Table

15



2.3 summaries the potential environmental factors for NTDs.

Table 2.3: The list of potential risk factors for neural tube defects (Modified from

Copp et al. (2015))

Maternal nutrition

Other maternal factors

Environmental factors

Low folate intake
(Pitkin, 2007)

Alcohol use
(Grewal et al., 2008)

High caffeine use
(Schmidt, 2007)

Low dietary quality
(Cengiz et al., 2004)

Elevated glycaemic load
(Shaw et al., 2003)

Low zinc intake
(Ulman et al., 2005)

Low vitamin levels
(Smithells et al., 1976)

Low serum choline
(Shaw et al., 2004)

Low methionine intake

Smoking
(Hackshaw et al., 2011)

Hyperthermia
(Moretti et al., 2005)

Low-socio-economic status
(Wasserman et al., 1998)

Maternal illnesses and
infections
(Shaw et al., 1998)

Pregestational insulin-
dependent diabetes (Salbaum &
Kappen,

2010)

Pregestational obesity
(Rasmussen et al., 2008)

Folic acid antagonists use
(Hernandez-Diaz et al.,
2001)

Ambient air pollution
(Padula et al., 2013)

Disinfectant by-products in
drinking water (Brender &
Weyer,

2016)

Organic solvents
(Cordier et al., 1997)

Heavy metals and herbicide
(Hindin et al., 2005; Ngo
et al., 2010)

High risk occupation
(Ahern et al., 2011)

2.5.2 Genetic factors

To date, more than 240 mouse mutants that mimic human NTDs have been

created with 205 genes implicated, another 30 implicating unidentified genes and 9

multiple genes implicated (Harris & Juriloff, 2010). The extensive genetic involvement

in cranial neurulation is reflected to additional complexity and greater sensitivity to

disruption compared with spinal neurulation (Copp et al., 1990; Harris & Juriloff, 2010;

Greene & Copp, 2014). Despite the large list of mouse mutants with NTDs, the genetic

basis of NTDs in humans remains not well understood (Greene & Copp, 2014).
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The genetics of human NTDs appear to be more complex (Bassuk & Kibar,
2009; Greene et al., 2009). The study of genetic variants is important for the
identification of causal, risk or associated factors which contribute to the aetiology of
NTDs. To date, the folate-related gene analysis, candidate gene approach in human and
animal studies are among the current focus of genetic studies for human NTDs (Bassuk

& Kibar, 2009; Copp et al., 2013; Copp et al., 2015).

The most studied group of NTD-associated genes in humans are those involved
in folate one-carbon metabolism particularly the methylenetetrahydrofolate reductase
(MTHFR) (Amorim et al., 2007; Yang et al., 2015). MTHFR is an enzyme responsible
for generating the 5-methyltetrahydrofolate which is essential for the conversion of
homocysteine to methionine (de Franchis et al., 1998). The C677T variant of the MTHFR
gene creates an amino acid change from alanine to valine at position 222 of the protein.
Homozygosity of the C677T variant results in a thermolabile enzyme which reduces the
enzyme activity and elevates homocysteine concentrations (Blom et al., 2006). This
thermolabile genotype is more frequent in mothers and patients with NTD compared to
the healthy subjects (Gonzalez-Herrera et al., 2002). The homozygous genotype was
found to be the NTD risk factor in non-Latin populations (Amorim et al., 2007). This
variant has also been associated with increased NTD risk in Irish, mixed USA, mixed UK,
and Italian populations but not in many other populations across the world such as Dutch
and Mexicans (Table 2.4). Another MTHFR variant, A1298C does not appear to confer
any significant risk of NTDs in a Chinese cohort (Zhang et al., 2013), as well as in
Mexican (Yucatan), Italian, and Dutch populations (Table 2.4). Regardless of some
indication that MTHFR variant is associated with spina bifida in particular, however, the
variant is not likely a major contributor in NTD globally as it is not well replicated in

many other worldwide populations.
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Furthermore, the planar cell polarity (PCP) genes that include VANGL1, CESLR1
and SCRIB have been implicated as spina bifida risk gene among the Italians, Americans
and French (Table 2.4). Other genes including those that play a role in folate transport
(CUBN and SLCA19A1), DNA repair and DNA methylation (APE1, XPD and SOX18),
and glucose metabolism (GLUT1, HK1, LEP and LEPR) have also been studied to be
NTDs related genes or risk factor for spina bifida (Table 2.4). In addition, mutations in
tumor suppressor genes such as BRCAL and PAX3 and ZIC3 (implicated in mouse

models) are shown to increase the spina bifida risk in certain populations (Table 2.4).
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Table 2.4: Comprehensive list of spina bifida genes (as reviewed in Greene et al. (2009))

No Gene Location Population
Association/ risk factor Reference No association Reference
Folate metabolism
1 CBS Chr21, NC_000021.9 Mixed USA (259 cases) (Shaw et al., 2009) Dutch (180 patients) (Franke et al., 2009)
2. DHFR Chr 5, NC_000005.10 Irish (283 cases) (Parle-McDermott et al., 2007) Mixed USA (259 cases) (Shaw et al., 2009)
Mixed USA (61 cases, multi-  (Johnson et al., 2004) Mixed UK (229 patients) (Doudney et al., 2009)
affected families) Dutch (180 patients) (Franke et al., 2009)
Dutch (109 patients) (van der Linden et al.,
2007)
3. MTHFD1 Chr 14, NC_000014.9 Irish (509 mixed cases) (Carroll et al., 2009) Mixed UK (229 patients) (Doudney et al., 2009)
Irish (176 mixed cases) (Parle-McDermott et al., 2006) Dutch (103 cases) (van der Linden et al.,
Italian (142 cases) (De Marco et al., 2006) Dutch (180 patients) 2007)
Mixed USA (259 cases) (Shaw et al., 2009) (Franke et al., 2009)
4. MTHFR Chr 1, NC_000001.11 Irish (471 cases) (O’Leary et al., 2005) Dutch (180 patients) (Franke et al., 2009)
Mixed USA (259 cases) (Shaw et al., 2009) Mexican (Yucatan) (97 (Gonzalez-Herrera et
Mixed UK (229 patients) (Doudney et al., 2009) cases) al., 2007)
Italian (15 cases) (Grandone et al., 2006)
5. TYMS Chr 18, NC_000018.10 Non-Hispanic white USA (Volcik et al., 2003) Dutch (180 patients) (Franke et al., 2009)

(264 cases)
Mixed USA (259 cases)

(Shaw et al., 2009)

10.

11.

One carbon metabolism (including homocysteine remethylation)

ALDHI1L1
BHMT

CHKA
MTRR

NOS3

PCYT1A

Chr 3, NC_000003.12
Chr 5, NC_000005.10

Chr 11, NC_000011.10
Chr 5, NC_000005.10

Chr 7, NC_000007.14

Chr 3, NC_000003.12

Dutch (180 patients)
Mixed USA (259 cases)

Mixed USA (103 cases)
Mixed UK (229 patients)
Dutch (109 cases)

Mixed USA (259 cases)
Mixed USA (301 families)
Dutch (109 cases)
Caucasian (578 patients)
Mixed USA (103 cases)

(Franke et al., 2009)
(Shaw et al., 2009)

(Enaw et al., 2006)
(Doudney et al., 2009)
(van der Linden et al., 2006)

(Shaw et al., 2009)

(Brown et al., 2004)

(van der Linden et al., 2007)
(Soldano et al., 2013)
(Enaw et al., 2006)

Mixed USA (252 cases)
Dutch (180 patients)

No study

Irish (575 mixed families)
Dutch (180 patients) Mixed
USA (259 cases)

Mixed USA (259 cases)
Dutch (180 patients)

(Zhu et al., 2005)
(Franke et al., 2009)

(O'Leary et al., 2005)
(Franke et al., 2009)
(Shaw et al., 2009)

(Shaw et al., 2009)
(Franke et al., 2009)
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Table 2.4, continued

12. SARDH Chr 9, NC_000009.12 Dutch (180 patients) (Franke et al., 2009)

13.  TRDMT1 Chr 10, NC_000010.11 Dutch (180 cases) (Franke et al., 2009)
Glucose metabolism

14.  GLUT1 Chr 1, NC_000001.11 Mixed USA (507 cases) (Davidson et al., 2008)

15.  HK1 Chr 10, NC_000010.11 Mixed USA (507 cases) (Davidson et al., 2008)

16. LEP Chr 7, NC_000007.14 Mixed USA (507 cases) (Davidson et al., 2008)

17. LEPR Chr 1, NC_000001.11 Mixed USA (507 cases) (Davidson et al., 2008)

DNA repair, and DNA methylation

18. APEl Chr 14, NC_000014.9 Mixed USA (380 patients) (Olshan et al., 2005)

19. XPD Chr 19, NC_000009.10 Mixed USA (380 patients) (Olshan et al., 2005)

20.  SOX18 Chr 20, NC_000020.11 Belgium (83 patients) (Rochtus et al., 2016)

Folate transport

21. CUBN Chr 10, NC_000010.11 Dutch (179 patients) (Franke et al., 2009)

22.  SLCA19A1, Chr 4, NC_000004.12 Dutch (180 patients) (Franke et al., 2009) Mixed USA (259 cases) (Shaw et al., 2009)
RFC-1 Mixed UK (229 patients) (Doudney et al., 2009)
Planar cell polarity genes

23. VANGL1 Chr 1, NC_000001.11 Italian and mixed USA (658 (Kibar et al., 2009) Mixed UK and USA (24 (Doudney & Stanier,

patients) patients) 2005)
Italian and French )
patients) (Kibar et al., 2007)

24. CELSR1 Chr 22, NC_000022.11 California (192 patients) (Lei etal., 2014)

25. SCRIB Chr 8, NC_000008.11 California (192 patients) (Lei etal., 2013)

26 DvVL1 Chr 1, NC_000001.11 Han Chinese cohort (20 cases)  (Chen et al., 2016)

Retinol metabolism

27. ALDH1A2 Chr 15, NC_000015.10 Mixed USA (318 families) (Deak, Dickerson, et al., 2005b)
Methylation reactions

28. PCMT1 Chr 6, NC_000006.12 Mixed USA (152 cases) (Zhu et al., 2006) Dutch (180 patients) (Franke et al., 2009)
Oxidative stress

29. SOD1 Chr 21, NC_000021.9 Mixed USA (610 trios or (Kase et al., 2012)

duos)

30. SOD2 Chr 6, NC_000006.12 Mixed USA (610 trios or (Kase et al., 2012)

duos)
Intermediate filament protein
31. LMNB1 Chr 5, NC_000005.10 Mixed UK, USA and Swedish  (Robinson et al., 2013)

(233 patients)
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Table 2.4, continued

Cell adhesion molecules

32. NCAM1 Chr 11, NC_000011.10 USA (204 patients) (Deak, Boyles, et al., 2005a)
Axial development in mouse
33. T (Brachyury)  Chr 6, NC_000006.12 Mixed USA (316 cases) (Jensen et al., 2004)
NTDs in mouse mutant
34. BRCA1l Chr 17, NC_000017.11 Mixed USA (268 patientsand  (King et al., 2007)
parents)
35. CFL1 Chr 11, NC_000011.10 Mixed USA (246 cases) (Zhu et al., 2007)
36. PAX3 Chr 2, NC_000002.12 USA (74 cases) (Lu et al., 2007)
37. PDGFRA Chr 4, NC_000004.12 Dutch (88 cases and 56 (Toepoel et al., 2009 Mixed USA (407 triads) (Au et al., 2005)
mothers)
38. TXN2 Chr 22, NC_000022.11 Mixed USA (48 cases) (Wen et al., 2009)
39. ZIC2 Chr 13, NC_000013.12 Dutch (117 mixed patients) (Klootwijk et al., 2004)
40. ZIC3 Chr X, NC_000023.11 Dutch (117 mixed patients) (Klootwijk et al., 2004)




2.6 Whole-Exome Sequencing (WES)

WES is a method used to sequence only the exome (all exons in all genes) that is
the coding regions of a genome (van Dijk et al., 2014). Although these coding regions
constitute less than 2% of the human genome, it contains almost 85% of known disease-
causing variants, which make WES as a feasible and cost-effective alternative to whole-
genome sequencing (Choi et al., 2009). The use of WES permits the identification of the
single nucleotide variants (SNV) as well as small insertions or deletions (InDel) that is
responsible for Mendelian diseases (Isakov et al., 2013). This method also allows the
detection of rare and common genetic variants in humans that describe the heritability of
complex diseases (Isakov et al., 2013; Nayarisseri et al., 2013). Example of the use of
WES in identifying causal variants include Parkinson’s disease (TNK2: p.Arg877His),
Crohn  disease  (XIAP:  p.Cys231Tyr), and epileptic  encephalopathies

(DYNC1H1:p.Met3392Val) (Worthey et al., 2011; Farlow et al., 2016; Lin et al., 2017).
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CHAPTER 3: MATERIALS AND METHODS

This chapter outlines the common materials and methods used to obtain data for
the genetics studies. Specific methods for determining the prevalence and distribution of
neural tube defects (NTDs), and whole embryo culture using the antisense
oligonucleotide phosphorothioate technology are explained in detail in their respective

chapters (Chapter 4 and 6).

In the genetic aspects, this chapter covers the selection of patients based on their
clinical phenotype of having three different phenotypes of spina bifida; (1) syndromic
spina bifida aperta, (2) non-syndromic spina bifida aperta, and (3) non-syndromic spina
bifida occulta. The DNA samples were isolated for whole-exome sequencing (WES).
PCR amplification and Sanger sequencing were then used to verify the candidate

variants. The outline of this chapter is as shown in the flow chart (Figure 3.1).
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Human Ethics approval (MEC No: 914.5)

Selection of study participants

Saliva sample collection and DNA extraction using Oragene DNA kit
and PT-L2P reagent

WES

Microsoft excel software

{ Filtering WES strategy using usegalaxy.org online software and J

Minor allele frequency (MAF) and bioinformatics analysis of variants ]

[ Polymerase chain reaction (PCR) and Sanger sequencing ]

Figure 3.1: Flowchart of methods for genetic studies used in Chapter 5 and Chapter 6

3.1 Ethics approval

Ethical approval involving the collection of saliva samples from the patients and
families and to retrieve their respective medical records was obtained from the Medical
Ethics Committee (MEC) The University of Malaya Medical Centre (UMMC). The

approved MEC reference number is 914.5.
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3.2 Patient selection for WES

Three categories of spina bifida patients were chosen for WES involving triads
(trios) for the finding of the possible pathogenic candidate variants in spina bifida patients.
These patients represent (1) syndromic spina bifida aperta, (2) non-syndromic spina bifida
aperta and (3) non-syndromic spina bifida occulta. The selection of patients was
according to the diagnosis of the patients with varying degree of spina bifida and the
availability of DNA samples within our patient cohort. A total of three families and three
unrelated controls were selected for this study. Written consent was obtained from the
patients or guardians (parents) prior to the sample collection. The patients’ medical
records and information during pregnancy, family history of any inherited diseases and

the management of spina bifida were also acquired.

3.3 Saliva sample collection and DNA extraction

Saliva samples of the patients and parents were collected using Oragene DNA
OG-500 kit and Oragene DNA OG-575 kit (DNA Genotek, Canada). The sample was
incubated overnight at 50°C to ensure adequate DNA was released and to inactivate the
nucleases. A total of 500 pl of sample was transferred into 1.5ml microfuge tube and 20ul
of PT-L2P reagent (DNA Genotek, Canada) was added into the tube. The mixture was
then incubated on ice for 10 minutes and centrifuged for 15 minutes at 15,000 xg at room
temperature to reduce the turbidity of the DNA solution. Then, the clear supernatant was
placed into a fresh microfuge tube and added with 600 ul of 100% ethanol. The mixture
was gently mixed by inversion 10 times. At this point, clot of DNA fibers might be
appeared. However, this occurrence depends on the amount of DNA in the sample. The
mixture was then mixed gently and left for 10 minutes at room temperature followed by
centrifugation at 15,000 xg for 2 minutes. The supernatant with impurities was discarded

while the DNA pellet was washed with 250 pl of 70% ethanol and allowed to stand at
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room temperature for 1 minute before centrifuge for 5 minutes at 15,000 xg. After that,
the ethanol was completely removed without disturbing the DNA pellet and added with
25 pl of MilliQ water. The method of extraction was performed according to the
manufacturer’s protocol. The extracted DNA samples were measured using
spectrophotometer (Nanodrop) (Thermo Scientific) to identify the DNA concentration
and purity. Absorbance ratio at 260 nm and 280 nm was used to measure the DNA purity

whereby ratio of ~1.8 is considered as “pure” for DNA.

3.4 Whole-exome sequencing (WES)

A total of 20 to 40 pl of high quality genomic DNA of index family members was
further evaluated using the WES technique. The sequencing libraries were analysed using
Illumina TruSeq kit and reads on the HighSeq 2000 Sequencer platform. This platform
generated an average read length of 100bp and a median of 50X coverage. The sequencing
reads were mapped to the Human Genome February 2009 (GRCh37/hg19) reference
exome using the Burrows-Wheeler Aligner (BWA) (v0.7.8). BWA was run with default
parameters. Variants (single nucleotide polymorphisms and indels) were identified using

SAMtools and annotated with dbSNP, the 1000 Genomes databases.

3.5 Filtering WES strategy

Data filtering of the WES results were performed using tools from usegalaxy.org
to check for more common variants (Afgan et al., 2016). These variants were then filtered
by comparing them to the reported single nucleotide variants (SNVs) databases and the
in-house polymorphism databases to eliminate known/common SNVs that were unlikely
to be pathogenic. The triads were then analysed using de novo mutation approach as only
the patient was diagnosed to be affected while parents were coded as unaffected. The de

novo list obtained were then aligned with the public databases (1000 Genome Project at
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http:11www.1000genomes.org/home) was selected by taking into account the MAF<0.1
and non-synonymous exonic SNV. The list was further reduced by reviewing the
literature for the genes involvement in NTDs. Potential new variants which may be
pathogenic were selected, and validated by testing against the presence of variants in other

affected family members and unaffected controls.

3.6 Minor allele frequency (MAF) and bioinformatics analysis of variants

Prior to the study, the MAF of the variants were queried in the 1000 Genomes
database (100092011 oct all), 1000 Genomes UCSC (University of California Santa
Cruz) Browser, Go-Exome Sequencing Project (GO-ESP), Exome Aggregation
Consortium (EXAC) (Karczewski et al., 2016) and in the Singapore Genome Variant
Project (SGVP) (Teo et al., 2009). The deleterious scores of the variants were analysed
by looking at the functional protein prediction scores. The amino acid substitutions of the
variants were evaluated using the Sorting Tolerant from Intolerant (SIFT) (Kumar et al.,

2009), Provean (Choi & Chan, 2015) and Polyphen 2 (Adzhubei et al., 2010).

3.7 Polymerase chain reaction (PCR) and Sanger sequencing

The selected potential variants were further analysed and validated using PCR and
Sanger sequencing. Primer sequences meant for validation were designed using Primer-
BLAST, NCBI (Table 3.1). All PCRs (20 pl) were performed in a SuperCycler thermal
cycler (Kyratec, Australia) by adding 1l DNA template, 1.5 pl (10uM) of each primer,
6 uL sterile MilliQ water, and 10 pl 2X ExPrime TM Taqg Premix (GeNet Bio, Korea)
(Table 3.2). PCR amplification conditions include 1 minute initial denaturation at
95°Cfollowed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at 52°C to
58°C for 30 seconds, extension at 72°C for 1 minute. A final extension at 72°C for 10

minutes was then performed and the reactions were held at 4°C (Table 3.3). All PCRs
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were duplicated to verify the results. The amplified PCR products were analysed by
agarose gel electrophoresis. A total of 4 pl of 100 bp DNA ladder (GeneDirex, Taiwan)
was electrophoresised in parallel with 4 pl PCR products in 1.5% agarose gel with
TrisAcetate- EDTA (TAE) buffer and stained with ethidium bromide. Upon completion,
gels were visualized using a UV transluminator (Nyx Technik Inc, Taiwan). The presence
of amplified products with expected band sized were considered as positive amplification
results. The PCR products were then sent for Sanger sequencing sequenced to MyTACG
Bioscience Enterprise (Selangor, Malaysia) using forward or reverse primers of the
respective amplification reaction. Sequence electropherograms were analysed using
BioEdit Sequence Allignment Editor and verified for the presence of the variants using

BLAST to compare the sequences with the human reference sequence.
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Table 3.1: Primers used in this study for screening and validation of human variants

No. Genes Accession ID Primers Expected size (bp)

1 MTHFR NC_000001.11 Forward: 5' CGGAAGAATGTGTCAGCCTCA 3’ 188 bp
Reverse: 5 TTCATCCCTCGCCTTGAACA 3°

2 MTCH2 NC_000011.10 Forward: 5' TCAAGAGGAAGAAAGGACAGGG 3’ 353 bp
Reverse: 57 TGAGGACTGTGATAGGCAGG 3’

3 RORA NC _000015.10 Forward: 5' AAAGATGTGCAGTGTGTGGCC 3’ 339 bp
Reverse: 5 GATGCTTATGCCTGTTCTTGC 3’

4 HOXA10 NC_000007.14 Forward: 5> AGCGCTCGGGAAGTGAAAAA 3’ 363 bp
Reverse: 5 GTGTGGCCTCGACTTAATCATC 3°

5 SEC63 NC_000006.12 Forward: 5' GAAGCTGTACACGTAAGACTTGA 3’ 203 bp
Reverse: 5 AAGGACCCAAGAAAACTGCT 3°

6 ZIC2 (SET 1) NC_000013.11 Forward: 5 GGAACATTTCTGGGGGTGC 3’ 552 bp
Reverse: 5 CAACATGATCACAAGGTGCCC 3°

7 ZIC2 (SET 2) NC_000013.11 Forward: 5 AGCACATGAAGGTACCACCG 3’ 673 bp
Reverse: 5 ACATGATCACAAGGTGCCCTC 3’

8 ZIC2 (SET 3) NC_000013.11 Forward: 5 GGCTTTTGTCTTGCAGGTCCAT 3’ 467 bp
Reverse: 5 CAACATGATCACAAGGTGCCC 3°

9 ZIC2 (SET 4) NC_000013.11 Forward: 5 GGCTTTTGTCTTGCAGGTCCAT 3’ 465 bp
Reverse: 5 ACATGATCACAAGGTGCCCTC 3’

10 ZIC2 (SET 5) NC_000013.11 Forward: 5 GGAACATTTCTGGGGGTGC 3’ 550 bp

Reverse: 5’

ACATGATCACAAGGTGCCCTC 3’




Table 3.2: PCR reaction mixture used for PCR amplification of the DNA samples

Components Concentration Volume (ul per reaction)
DNA template ~50 ng/ul 1

ExPrime TM Taq Premix 2X 10

Forward primer 10 pM 1.5

Reverse primer 10 pM 1.5

Sterile MilliQ water 6

Total 20

Table 3.3: PCR cycling parameters

Cycle step Temperature ("C) Time Number of cycles
Initial denaturation 95 1 minute 1
Denaturation 95 30 seconds

Annealing 52-60 30 seconds 35
Extension 72 1 minute

Post cycling extension 72 10 minutes 1
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CHAPTER 4: APREVALENCE AND DISTRIBUTION OF NEURAL TUBE

DEFECTS IN UNIVERSITY OF MALAYA MEDICAL CENTRE (UMMC)

4.1 Introduction

The prevalence rate of neural tube defects (NTDs) varies among countries and in
different geographic locations within countries. For instant, both highest and lowest
prevalence rate were reported in different regions of China; Luliang, Shanxi Province
(19.4 per 1000 births) and Beijing (0.03 per 1000 births) (Chen et al., 2009, Zaganjor et
al., 2016). The latest prevalence study of NTDs in Malaysia was reported in 2013 using
data from the Malaysian National Neonatal Registry (0.42 per 1000 live births) (Boo
et al., 2013) and there was a report of birth defects prevalence using data from a
small population in the Kinta district back in 2005 (0.73 per 1000 live births) (Thong
et al., 2005). Using the data captured from the University of Malaya Medical Centre
(UMMC), which serve as a single major referral center in Malaysia, this chapter focusses
on the occurrence and follow-up of NTDs cases from 2003 until 2016. The data collected
also comprise of basic patients’ and maternal parents’ information including gender
predisposition, ethnicity, birth weight, maternal age, details of the defects and associated
conditions. Patients’ ambulation and education level were also measured. This study is

significant due to the lack of publications on NTDs in Malaysia.

4.2 Materials and methods
4.2.1 Data collection

UMMC is part of University of Malaya and it is a semi-government-funded medical
institution situated in Kuala Lumpur, Malaysia. It serves as a tertiary referral medical
center in Malaysia. Data for this prevalence and distribution study were obtained from the

UMMC Department of Patient Information. Records obtained were from patients
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diagnosed with NTDs according to ICD10: QOO0 (Anencephaly), Q001
(Craniorachischisis) and Q05 (Spina bifida) in the period of 14 years (2003 to 2016). A
total of 86 cases of spina bifida and 20 cases of anencephaly were recorded. Data captured
also included (a) demographic details of patient ethnicity, gender, year of birth, birth
weight, birth term (full term/ premature/ termination of pregnancy), mother’s age and
mode of delivery (spontaneous vaginal delivery /caesarean); (b) details of defects on
diagnosis, open or closed lesion, level of lesion, syndromic or non-syndromic; (c)
presence of other conditions associated with spina bifida such as hydrocephalus including
any insertion of the ventriculo-peritoneal (VP) shunt; (d) patients’ ambulation and
education. This study is crucial because obtaining in-depth data on NTDs is a multi-
pronged effort. Over three years, in-depth analytical assessment was done in triplicates in

order to filter the data carefully and to prevent loss of data due to poor reporting.

4.2.2 Statistical analysis

The data was analysed using the Statistical Program for the Social Sciences (SPSS,
version 22.0, 2013, IBM corp). A contingency table was used to display frequency
distribution of the ethnicity and genders based on the types of diagnosis and tested using
Chi-square. Significant difference (p<0.05) indicates that there is a relationship between

the variables. GraphPad Prism 5 was used to generate graphs.

4.3 Results
4.3.1 Data analysis of craniorachischisis
No single incidence of craniorachischisis was reported. Therefore the prevalence

and distribution of craniorachisis was excluded in this study
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4.3.2 Data analysis of anencephaly

Eighteen cases and a single case of twins born with anencephaly were obtained
from the Patient Records Department and further analysed. From the 20 patients with
anencephaly, the estimated number in UMMC alone is 2. Using a total of 5262 as the
annual average number of live births based on the Department of Patient Information
UMMC, the estimated prevalence rate of anencephaly in this study sample is 0.38 per

1000 live births.

Calculation method 1:

(Reported anencephaly case in UMMC per year

X 1000
UMMC average number of live births )

2
- (5262) X 1000

= 0.38 per 1000 live births

4.3.2.1 Proportion of termination of pregnancy (TOP) in anencephalic cases
However, another issue that may potentially increase the number of occurrence is
the inclusion of TOP, which is not accounted for as live births. From the 20 number of
infants, 5 cases were reported as TOP. All cases were premature birth with less than 23
weeks of gestation and had birth weight less than 500 grams. A second calculation was
performed to calculate the proportion of TOP. In overall, 25% of pregnancy with
anencephalic foetuses were terminated due to their inability to survive in prenatal life.

Calculation method 2:

100

( Number of TOP )
Total number of anencephalic patients

—<5>X100
- \20

=25%
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4.3.2.2 Demographic data analysis of anencephay

Data retrieved in UMMC spanning 14 years study recorded four cases of
anencephaly in year 2011 which marked the highest number. No record were found in
year 2014 and year 2015 (Figure 4.1A). In term of ethnicity, Malays dominated majority
of the cases (n=13) followed by Chinese (n=5) and Indians (n=2) (Figure 4.1B). In
addition, almost equal numbers of males and females were reported with one unidentified
gender (Figure 4.1C). The maternal age during childbirth ranged from 24 to 40 years old
and the most affected age were between 26 to 35 years old (Figure 4.1D). As with most
premature cases, babies born were below the normal birth weight (Figure 4.1E).
Excluding the cases of TOP, majority of the anencephaly patients were premature births

(n=9, 60%) and the rest were full term birth (n=6, 40%) (Figure 4.1F).
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4.3.3 Data analysis of spina bifida

A total of 206 cases from the Department of Patient Information were obtained,
which was, classified 1ICD10: QO05. Eighty-six patient records were confirmed as spina
bifida. From the 86 patients, the calculated number of spina bifida in-house and referred
cases annually in UMMC alone is 7. Using the same formula in calculation 1 on the data
analysis of anencephaly section, the estimated prevalence rate of spina bifida in this study

sample number is 1.33 per 1000 live births.

Calculation method 1:

(Reported spina bifida case in UMMC per year

X 1000
UMMC average number of live births )

- (5262) X 1000

= 1.33 per 1000 live births

Taking into account that UMMC is a referral centre for high risk pregnancies, this
may explain why UMMC records higher numbers compared to data by Boo and co-
workers (2013) and Thong and co-workers (2005). However, other issues, which
potentially decrease the number of occurrences, will include termination of pregnancies
of spina bifida, miscarriage of spina bifida, and cases of spina bifida which go
unreported. It is not possible to distinguish spina bifida cases born and referred to
UMMC. It is not known which among the 86 live births occurred in UMMC and which
were referred. In this study, only 86 cases were confirmed as mentioned above and as a
result, as many as 120 cases listed as spina bifida under the ICD10: Q05 were confirmed
to be incomplete. Therefore, weighting adjustment was performed accordingly (Howards

et al., 2015) by which weighting of 6.4 was obtained based on this calculation.
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Calculation method 2:

Weighting adjustment = % stratum of population
% stratum of sample

% stratum of population = 206 x 0.13 x 100
100
=26.78%

% stratum of sample =86 x 100
206
41.

75%
Weighting adjustment = 26.78%
41.75%

=0.64

= 6.4 per 1000 live births

4.3.3.1 Demographic data analysis of spina bifida

The number of spina bifida cases between 2003 until 2016 is as shown in Figure
4.2A. A total of 35% (n= 30) patients were born through spontaneous vaginal delivery
(SVD) while 42% (n= 36) were born by lower segment Caesarean section (LSCS). The
other 20 cases were not accounted for in terms of mode of delivery. The maternal age
during childbirth ranged from 17 to 42 years old and the most affected age were below
than 35 years old (Figure 4.2B). The common birth weight were at 3.1 to 3.5 kg and it
ranged between 1.3 to 4.6 kg (Figure 4.2C). Data for birth term was retrieved from 81%
of cases, where 75% were full term babies and 6% were premature babies. Pregnancy age
less than 37 weeks were considered as premature while 37 weeks and above as full term.
In this cohort, 59% were males and 41% females (Figure 4.2D). Majority of cases in the
database were of Malay ethnicity (41.86%; n= 36), followed by an equal number of
Chinese and Indians at 27.91% (n= 24 each). There was only a single case each of ethnic
minorities, a Kadazan and a Punjabi child, which registered at 1.16% (n= 1 each) (Figure

4.2E).
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4.3.3.2 Types of Defects

The most commonly reported NTD type was spina bifida with myelomeningocele
(45.35%, n=39) (Table 4.1). There was a single case of encephalocele with meningocele
(1.16%) and 11 cases of lipomyelomeningocele (12.79%) (Table 4.1). The most
commonly reported level of of spina bifida lesion was at the lumbar region (26.7%, n=
23) (Table 4.2). Non-syndromic spina bifida represented the majority of the cases (91%).
In this study, 37% (n= 32) of spina bifida patients also had hydrocephalus, which is
considered an associated NTD, 40% (n=34) were noted to be without hydrocephalus and
there were no specific record for 23% of the cases. Surgery to insert VP shunts had been

performed for 97% of patients with hydrocephalus.

Table 4.1: Number and percentage of patients with types of spina bifida recorded

Diagnosis Number of patients Percentage (%)
Spina bifida only 12 13.95
Myelomeningocele 39 45.35
Meningocele 13 15.12
Encephalocele with 1 1.16
meningocele

Lipomyelomeningocele 11 12.79
Lipomeningocele 10 11.63

Total 86 100

Bold font represents the highest percentage of the diagnosis
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Table 4.2: Number and percentage of patients with spina bifida and level of lesion

Level of lesion Number of patients Percentage (%)
Thoracic 3 3.49
Thoracolumbar 6 6.98

Lumbar 23 26.74
Lumbosacral 18 20.93

Sacral 16 18.60
Sacrococcygeal 1 1.16

Not available 19 22.09

Total 86 100

Bold font represents the highest percentage of the level of lesion

4.3.3.3 Mobility and Education

Out of the 86 patients in our cohort, 22 over 67 (32.84%) of patients between age 4
to 16 years old were captured in terms of mobility where they were able to ambulate
independently using aids without having to depend on others. The rest of the data was
not captured. Atotal of 22 out of 61 patients (36.07%) ranging from 5 to 16 years old have
varying levels of education. Two patients (3.28%) age 7 and 14 years old were not
attending school. The other 60.66% (n=37) patients were unaccounted for in terms of

education.

4.3.3.4 Analysis of Diagnosis

There was no significant relationship (p>0.05) between the genders in
comparison to the types of diagnosis. However, there was an association between
ethnicity and the types of diagnosis (p<0.05) (Figure 4.3). No statistical correction
analysis was performed in the present study. Nevertheless, it is highly suggested that the
used of Bonferroni correction should be carried out for this small number of samples.
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4.4 Discussion

This study aims to carefully navigate data obtained from patient records by
unbiased filtering, followed by extrapolation of data to produce coherent and potentially
revealing information which can be used fruitfully for the betterment of the quality of
life of anencephaly and spina bifida patients. This study revealed the rate of prevalence
of anencephaly and spina bifida in a major referral centre in Kuala Lumpur, leading
ethnic group, maternal age, method of delivery, birth weight, birth term, gender, type of
spina bifida, incidence of hydrocephalus and VP shunt insertion with spina bifida, types
of defect and the level of lesion of spina bifida, including mobility and the level of

education.

It is the nature of a retrospective study to extract data from records and run
analysis on the available data. However, data retrieved was incomplete due to (a)
information and clinical examinations provided by physician in the records are based on
the urgency in attending treatments or procedure instead of diagnosis or cause of
anencephaly and spina bifida (b) the 14 years records of patients referred to UMMC
covers only the period of time the spina bifida patients were admitted at a later age and
so, information regarding him or her during birth is unknown and; (c) discrepancy of
patients in providing sufficient information to their physician. Nevertheless, the
discussions will be based on the captured data from our records and any discrepancy has
been mentioned and accounted for. Hence, we suggest a more standardized form of
tabulating information for patient records including validation of imaging. Also, online
links should be made from the patients’ records to the medical imaging repository to

ensure the information can be verified.
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4.4.1 Prevalence of anencephaly and spina bifida in UMMC as an indicator for
urban Malaysia

Data captured from the 20 patients of anencephaly (Figure 4.1A) revealed
prevalence rate of 0.38 per 1000 live births while for the 86 spina bifida patients (Figure
4.2A), the prevalence ranged from 1.33 — 6.4 per 1000 live births that revealed a much
higher prevalence rate than that which was previously recorded. However, in the case
of anencephaly, the inclusion of TOP may potentially increase the number of occurrence.
In this study, 25% of the cases were set for TOP as some of the anencephalic fetuses
failed to survive in prenatal life. The prevalence rate obtained was unsurprisingly high
owing to the fact that the data were retrieved from UMMC, which serve as a major referral
hospital in Malaysia. A prospective cohort study of neonates with anencephaly and spina
bifida using the data from the Malaysian National Neonatal Registry has shown a
prevalence rate of 0.19 per 1000 births for anencephaly and 0.11 per live 1000 births for
spina bifida (Boo et al., 2013). Data captured from that study include patients born in
2009 from 32 Malaysian hospitals. In another study of a small population in the Kinta
district, Malaysia reported an incidence of NTDs at 0.73 per 1000 births but does not
specify the NTD phenotype (Thong et al., 2005). The EUROCAT (European
Surveillance of Congenital Anomalies) estimates the rate of anencephaly in Europe at
0.32 per 1000 births and spina bifida at 0.51 per 1000 live births from year 2003 to 2007
(Dolk et al., 2010; Copp et al., 2015). The frequency is found to be higher in the United
States of America and United Kingdom (Lawrenson et al., 2000; Parker et al., 2010;
Mohd-Zin et al., 2017) but lower for the case of anencephaly (Boulet et al., 2008; Canfield
et al., 2014). Meanwhile, certain region in China such as Shanxi Province has a much
higher preponderance to these conditions than the other parts of the world (Chen et al.,
2009; Jin et al., 2013; Zaganjor et al., 2016). Since the Boo et al. (2013) study, there

have not been any other studies on anencephaly and spina bifida in Malaysia. Therefore,
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this study aimed at garnering current relevant data on the state of both types of NTDs in
Malaysia. Result from this study revealed the prevalence rate of anencephaly and spina
bifida to be similar according to that cited internationally which is 0.5 to 10 per 1000 live

births for NTDs cases (Greene & Copp, 2014).

4.4.2 Distribution of anencephaly and spina bifida

Records show that maternal age during childbirth mostly affected those age
below 35 years old (Figure 4.1D & Figure 4.2B). This finding maybe quite revealing in
that the typical childbearing age in Malaysia is between 20 to 35 years old (Kaur & Singh,
2011; Rashed et al., 2016), so it would make sense for the highest number to be in that
particular age range. Nevertheless, the presented data suggests that healthy mothers at
their ideal childbearing age are also affected and this may be due to genetic or
environmental triggers (Marco, 2012). One caveat of this study is the lack of information
about folic acid intake by the mothers. Although the Ministry of Health Malaysia
recommends periconceptional folic acid supplementation to all pregnant women to
promote healthy pregnancy (Division-of-Family-Health-Development, 2013), the intake

of folic acid is not mandatory, thus it may give rise to a higher risk of NTD.

In addition, data shows that full term babies born with spina bifida were within
the normal birth weight (Figure 4.2C) as indicated by the Pediatric and Pregnancy
Nutritional Surveillance System, Center for Disease Control and Prevention (CDC). As
for anencephaly, most of the babies were born prematurely and below the normal birth
weight (Figure 4.1E & Figure 4.1F). There have been other studies that suggest low birth
weights were greater in NTD offspring without specifying the phenotype (Mahadevan &
Bhat, 2005; Norman et al., 2012). According to the CDC, newborns should weigh more

than 2.5kg and less than 4kg (Centers-for-Disease-Control- and-Prevention, 2009).
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As for gender, anencephalic patients had almost similar number of males and
females with a single case of unknown gender due to premature birth (Figure 4.1C). In
the case of spina bifida, male patients hold more than half of the overall percentage,
which was 59% (Figure 4.2D). The numbers of males were also higher in majority of the
spina bifida subphenotypes (Figure 4.3B). According to Boo and co-workers (2013),
males dominate the incidence of anencephaly at (53.7%) but have low occurrence in the
case of spina bifida (38.1%). The discrepancy might be related to the geographical factor
in the general Malaysian population. In year 2014 to 2016, Malaysia has 0.9 million more
males compared to females (Ho, 2016). However, this result contradicts studies from
other countries stating that females are more predisposed to NTDs compared to males
(Seller, 1987; Brook et al., 1994). Recent reports from Bangladesh also record a higher
preponderance of spina bifida among males (Mazumdar et al., 2015). The United
Kingdom population-based study found the number of females is lesser than males in
overall risk of congenital anomalies. Regardless of the phenomenon, this pattern appears
to be reversed in overall NTD cases where females have a higher risk of NTDs at birth

(Sokal et al., 2014).

From those findings, Malay patients record the highest number of both
anencephaly (Figure 4.1B) and spina bifida cases (Figure 4.2E) particularly in
myelomeningocele and spina bifida only subtypes (Figure 4.3A). In the previous records
by the National Birth registry, NTDs were highest among the Sarawak indigenous people

and lowest among the Chinese (Boo et al., 2013).

4.4.3 Types of spina bifida and the level of lesion
This data conforms to the global scenario of myelomeningocele, reported as the

most common and severe form of spina bifida (Copp et al.,, 2015) (Table 4.1).
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Myelomeningocele is commonly associated with hydrocephalus and encephalocele
(Copp et al., 2015). Thus, surgical intervention is required for myelomeningocele
patients to cover the exposed spinal cord in order to prevent infection and insertion of
VP shunt to treat hydrocephalus where necessary (Adzick, 2013). Lesions occurred
mostly at the lumbar region (Table 4.2) as previously reported by ‘The Spina Bifida
Research Resource’ (SBRR) (Mitchell, 2008). This data tallies with the United States

of America.

In addition, syndromic spina bifida was reported in 9% of the total number of
patients. The represented phenotypes include autism and 48XY (intra-abdominal
gonads). Unfortunately, information about karyotype analysis is limited, as they were
not provided in the medical records to confirm the diagnosis. Data on antenatal
ultrasound to detect spina bifida was also not available in the present study. Ultrasound
examination during prenatal check-ups is used in the early detection of spina bifida
(Trudell & Odibo, 2014). However, it is not always accurate and sometimes fail to

diagnose spina bifida especially the occulta type (Alfirevic, 2005).

4.4.4 Education, Mobility and the Issue of Management of spina bifida

This data shows that a proportion of spina bifida patients pursued education
(36.07%, n=22/61 of patients ranging from 5 to 16 years old). Most of them are capable
of enrolling in the national curriculum and participate in the process of learning. Despite
that, two patients were not attending school due to unknown reason and more than half
of the number of patients were unaccounted for in terms of education. Studies of
Malaysian school-aged children with physical disability including spina bifida identified
numerous restrictions in achieving education ranging from managing urinary or bowel

incontinence, dependent mobility, inaccessible school facilities, and societal or
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environmental barrier (Ong et al., 2002; Khoo et al., 2009). Mobility which was achieved
by 32.84% (n=22/67) of patients ranging from 4 to 16 years old aided by wheelchairs,
crutches, and ankle-foot orthosis are important to retain patients’ mobility (Calhoun et
al., 2013). There is correlation between mobility and the level of lesion. Higher level of
lesion leads to more mobility difficulties such as dependant ambulation, imbalance and
use of mobility aids compared to patients with lower level of lesion (Ong et al., 2002).
Besides that, most of spina bifida patients are diagnosed with neurogenic bladder
dysfunction and they require proper bladder management (Jong et al., 2008). Although
lack of data on the bladder management among the patients was obtained, the use of
clean intermittent catheterization (CIC) is mainly utilized in the prevention of kidney
damage (Campbell et al., 2004). It is noteworthy that different spina bifida patients need
different treatment and management as it depends on the level of lesion and the type of
diagnosis. Front liners among the medical community for example emergency room
doctors and general practitioners as well as obstetricians and gynaecologists should be
continuously educated in the management of spina bifida as it is a common condition.
Then only can patients and parents be trained as early as possible so that the patients’

environment can be inclusive and that they are able to eventually live independently.
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4.5 Conclusion

This study shows that the prevalence rate of anencephaly and spina bifida are
higher compared to previously published record in Malaysia. Based on our data, we found
that certain well- accepted norms such as this incidence of TOP following low survival
rate of the anencephalic patients with the postnatal life. For the case of spina bifida,
myelomeningocele was more common, lesion usually occurred at lumbar region, and
higher occurrence of non-syndromic spina bifida compared to syndromic spina bifida are
applicable to the Malaysian urban scenario. We urge a closer and deeper understanding
of the etiology of anencephaly and spina bifida and suggest that the UMMC cohort may
be useful for the understanding of these types of NTD. More studies involving the latest
occurrence of anencephaly and spina bifida encompassing all of Malaysia are necessary
and paramount to further understand these common central nervous system

malformations.
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CHAPTER 5: SCREENING FOR REPORTED SPINA BIFIDA RISK GENES

IN THE PROBANDS

5.1 Introduction

The genetic involvement of spina bifida is complex, sporadic and was estimated to
have 60% heritability (Bassuk & Kibar, 2009). However, the genetics of human spina
bifida remains largely undetermined despite the identification of 74 mouse models with
spina bifida (Harris & Juriloff, 2010). The study of genetics is important for the
identification of causal, risk or associated factors which contribute to the aetiology of
spina bifida. To date, the folate-related gene analysis, candidate gene approach and
potential candidate genes based on animal studies are among the current focus of genetic
studies for human NTDs (Bassuk & Kibar, 2009; Copp et al., 2013; Copp et al., 2015).
Thus far, the most studied human spina bifida risk variant is the
methylenetetrahydrofolate reductase (MTHFR) C677T (rs1801133). Despite that, this
variant was not well replicated in many populations worldwide indicating the variant is
not likely to be a major contributor of NTDs (Shields et al., 1999; Gonzalez-Herrera et
al., 2002; Copp & Greene, 2010). Using PCR and Sanger sequencing, this chapter
describes results of screening the MTHFR variant (c. C677T) in 11 probands (Table 5.1)
to determine the frequency of this variant in our patient cohort. In addition, we also
screened other variant in the MTHFR gene, A1298C that is the second most studied
variant which has yet to confer any significant risk of NTDs (Zhang et al., 2013).
Screening of the ¢.A1298C variant was conducted using whole-exome datasets in three
representative probands subset of the 11 probands (Figure 5.1). Those three probands
represent (1) syndromic spina bifida aperta, (2) non-syndromic spina bifida aperta and (3)
non-syndromic spina bifida occulta. All of which were selected on the availability of

exome datasets.Another reported human spina bifida genetic risk factors include the
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planar-cell polarity (PCP) genes such as VANGL1, CELSR1, SCRIB and DVL1, genes

that regulates one-carbon metabolism, and the NTD mouse orthologous genes; ZIC3 and

PAX3 (Gebbia et al., 1997; Brown et al., 2004; Robinson et al., 2012; De Marco et al.,

2014). Following a comprehensive list of spina bifida risk genes reviewed by Greene

co-workers (2009) (Table 2.4), this chapter also screened previously reported spina

bifida risk genes using exome datasets of the three probands. This work serves as the

primary screening process before the identification of new potential candidate variant(s)

in our cohort.

5.2 Materials and Methods

5.2.1 Samples used for the screening of reported spina bifida risk genes

DNA of 11 probands were used for the screening of MTHFR variant (c.C677T)

(Table 5.1), whereas exome datasets of three probands (SB5A, SB7A and SB17A)

subset to the 11 (Figure 5.1) were screened for other previously reported spina bifida

risk variants in 40 genes including the second MTHFR variant, A1298C.

Table 5.1: Details of the 11 probands in our cohort

Sample ID Gender Ethnicity Spina bifida type Syndromic/
(aperta/ occulta) Non-syndromic
SB1A Female Malay Occulta Non-syndromic
SB2A Female Malay Occulta Non-syndromic
SB3A Female Malay Occulta Non-syndromic
SB4A Male Indian Aperta Non-syndromic
SB5A Female Indian Aperta Non-syndromic
SB7A Male Malay Occulta Non-syndromic
SB13A Male Chinese Aperta Non-syndromic
SB17A Female Malay Aperta Syndromic
SB25A Male Indian Occulta Non-syndromic
SB27A Male Chinese Aperta Non-syndromic
SB31A Female Malay Occulta Non-syndromic
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Figure 5.1: Venn diagram of three probands (SB5A, SB7A and SB17A) subset to a total
number of 11 probands. DNA of the 11 probands were used for PCR and Sanger
sequenced of MTHFR C677T variant while exome datasets of the three probands were
used for the screening of other previously reported spina bifida risk variants.
5.2.2 Screening of the MTHFR variants

For c.C677T screening, we examined 11 cases whereby those cases were PCR and
Sanger sequenced for verification as there were no exome datasets available from most
of the probands. Primers and PCR conditions were as described in Chapter 3, Table 3.1,
3.2 and 3.3. The second MTHFR variant (c.A1298C) were screened using three
representative probands (SB5A, SB7A and SB17A) whom have been exome sequenced

as explained in Chapter 3. Filtering of the exome datasets were conducted through excel

file (Appendix A) to look for the ¢.A1298C variant.

5.2.3 Screening for the other reported spina bifida genes in three probands

This analysis was also performed in the three representative spina bifida probands
using their respective whole-exome datasets. We filtered the dataset of WES through the
excel file to look for the previously reported variants in spina bifida risk genes as listed
in Chapter 2, Table 2.4. In total, this screening involved 107 variants representing 40

genes. Out of the 107, only non-synonymous variants were selected and those variants
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were subjected to bioinformatics analysis to determine their level of pathogenicity as

described in Chapter 3.

5.3 Results
5.3.1 MTHFR variants C677T and A1298C are not common in our cohort

The C677T variant was only heterozygous in SB5A and SB13A where both were
spina bifida aperta. This variant appeared to be wild type in the rest of the studied
probands (Figure 5.2). The C677T variant was highly pathogenic predicted by all the
bioinformatics analysis (Table 5.2). Meanwhile the A1298C was heterozygous in SB5A
and SB7A whereas SB17A was genotypically wild type. This variant has potentially

damaging effect predicted by Provean (Table 5.2).

500bp

G TGTOCT GOC GGG AG T/ CG ATTTC
90 100 110
G T G T CT G CG GG AG CC G AT T T Cv

S0 100 110

A/t

Figure 5.2: PCR and sequencing electropherograms of the C677T variant. Yellow box
indicates presence of C or T at position in heterozygous and wild-type. (A) Heterozygous
of the variant found in SB5A and SB13A. (B) Wild-type appearance of the variant in
other probands (SB1A, SB2A, SB3A, SB4A, SB7A, SB17A SB25A, SB27A, and
SB31A).
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5.3.2 Identification of variants in other folate metabolism genes

In total there were seven variants screened representing four different genes of
folate metabolism with the exclusion of MTHFR variants (Appendix B). Only one non-
synonymous variant (MTHFD1: rs2236225; ¢.G1958A) was identified which was

predicted to be non-deleterious.

5.3.3 Identification of variants in one-carbon metabolism genes

Overall, 28 variants in eight genes involved in one-carbon metabolism were
screened (Appendix B). Nine were found to be non-synonymous variants and only three
were predicted to be deleterious. The first variant (ALDH1L1: rs1127717; c.A2378G) was
heterozygous in SB5A and SB7A. The second variant (MTRR: rs1801394; c.A66G) was
homozygous in SB5A and SB7A. Variant of SARDH (rs2073817: c.G1841A) was found

to be homozygous in SB17A (Table 5.2).

5.3.4 Identification of variants in glucose metabolism genes

A total of seven variants in four glucose metabolism genes were screened
(Appendix B) by which one non-synonymous variant of the XPD gene (rs1799793;
¢.G934A) was predicted to be deleterious and heterozygous in SB5A. This variant is wild

type in the two other probands.

5.3.5 Identification of variants in DNA repair and DNA methylation genes

A total of three variants in three genes involved in the process of DNA repair and
DNA methylation were screened (Appendix B) by which two non-synonymous variants
were found in the XDP gene. One of the variant (rs1799793; c.G934A) found in SB5A

was predicted to be deleterious according to Provean.
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5.3.6 Identification of variants in folate transport genes

For the folate transport genes, 19 variants were screened (Appendix B) and three
possibly pathogenic non-synonymous variants were identified in the CUBN gene
(rs2271462; c.G5518A, rs1801239; c.A8950G and rs1801232; c.C10656A). All three

variants were heterozygous in one or two probands.

5.3.7 Identification of variants in PCP genes
A total of 17 variants in five PCP genes were reported as the risk factors for spina

bifida (Appendix B). However, all variants were wild type in our cohort.

5.3.8 Identification of variants in other NTD-relevant genes
A total of 15 variants in seven other NTD-relevant genes were screened (Appendix
B) and one non-synonymous variant of PCMT1 (rs4816: ¢.G532A) was identified.

However, this variant was non-deleterious as predicted by the bioinformatics analysis.

5.3.9 Identification of the reported variant in mouse mutant NTD genes
Screening of nine variants in seven mouse mutant NTD genes identified one non-
synonymous variant of the BRCAL (rs1799966: c.A4837G) with potential damaging

effect. This variant was heterozygous in SB17A.
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Table 5.2: Exome analysis on non-synonymous variants associated with human spina bifida in the three probands

No Gene Reported cDNA Aminoacid SB5A SB7A  SB17A Deleterious prediction
SNP Variant change SIFT PROVEAN POLYPHEN2 POLYPHEN 2
(HumDiv) (HumVar)
Folate metabolism

1 MTHFD1 rs2236225 ¢.G1958A  p.Arg653GIn Wt Wt Het Tolerated Neutral Benign Benign
(methylenetetrahydrofola
te dehydrogenase 1)

2 MTHFR (methylene rs1801133 ¢.C667T p.Ala222Val Het Wt Wit Damaging Deleterious Probably Probably
tetrahydrofolate damaging damaging
reductase) rs1801131 c¢.A1298C  p.Glu429Ala Het Het Wt Tolerated Deleterious Benign Benign
One carbon metabolism

3 ALDH1L1 (Aldehyde rs1127717 ¢.A2378G  p.Asp793Gly Het Het Wt Tolerated Deleterious Benign Benign
Dehydrogenase 1 Family
Member L1)

4 BHMT (Betaine-- rs3733890 c.G716A p.Arg239GIn Wit Het Het Tolerated Neutral Benign Benign
Homocysteine S-

Methyltransferase)

5 MTRR (methionine rs1801394 c.A66G p.lle22Met Homo Wt Homo  Damaging Neutral Probably Probably

synthase reductase) damaging damaging
rs162036  c.A1049G  p.Lys350Arg Wt Homo Wt Tolerated Neutral Benign Benign
rs10380 c.C1783T p.His595Tyr Wt Homo Wt Tolerated Neutral NA NA
rs1532268 c¢.C524T p.Serl75Leu Het Wit Het Tolerated Neutral Benign Benign

6 NOS3 (Nitric Oxide rs1799983 ¢.G894T p.Glu298Asp Homo  Homo Homo Tolerated Neutral Benign Benign
Synthase 3)

7 SARDH (Sarcosine rs2073817 ¢.G1841A  p.Arg6l14His Wt Wt Homo Tolerated Neutral Probably Possibly
Dehydrogenase) damaging damaging

rs886016  c.A1942G  p.Met648Val Wt Wt Homo Tolerated Neutral Benign Benign
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Table 5.2, continued

No Gene Reported cDNA Amino acid SB5A SB7A SB17A Deleterious prediction
SNP Variant change SIFT PROVEAN POLYPHEN2 POLYPHEN 2
(HumDiv) (HumVar)
Glucose metabolism
8 LEPR (Leptin Receptor) rs1137101 c¢.A668G p.GIn223Arg Het Het Homo Tolerated Neutral Benign Benign
rs1137100 c¢.A326G p.Lys109Arg Homo Homo Wi Tolerated Neutral Benign Benign
DNA repair and DNA methylation
9 XPD/ ERCC2 (Excision rs13181 €.A2251C  p.Lys751GIn Het Wt Wt Tolerated Neutral Benign Benign
Repair Cross- rs1799793 ¢.G934A p.Asp312Asn Het Wt Wt Tolerated Deleterious Benign Benign
Complementing Rodent
Repair Deficiency?2)
Folate transport
10  CUBN (Cubilin) rs1801231 ¢.C4675T p.Prol1559Ser Wt Homo Wt Tolerated Neutral Benign Benign
rs2271462 ¢.G5518A  p.Gly1840Ser Wit Wit Het Tolerated Deleterious Probably Benign
damaging
rs3740168 ¢.C7724G  p.Pro2575Arg Wit Wit Het Tolerated Neutral Benign Benign
rs1801239 c¢.A8950G  p.lle2984Val Het Wit Wit Tolerated Neutral Possibly Benign
damaging
rs1801232 ¢.C10656A p.Asn3552Lys Wit Het Het Tolerated Neutral Possibly Benign
damaging
Other NTD-relevant gene
11 PCMT1 (Protein-L- rs4816 c.G532A p.Vall20lle Het Homo Homo Tolerated Neutral Benign Benign
Isoaspartate (D-Aspartate)
O-Methyltransferase)
NTDs in mouse mutant
12 BRCALI (Breast Cancer 1) rs1799966 c.A4837G  p.Serl613Gly Wit Wit Het Damaging Neutral Benign Benign




5.4 Discussion

This chapter involved screening the WES datasets of the spina bifida patients for
107 variants in 40 reported spina bifida risk genes as reviewed in Greene et al. (2009).
The exome datasets of three probands in our cohort were used by which only non-
synonymous variants were analysed. Non-synonymous variants are believed to have
significant effect on phenotype as they are responsible for almost half the percentage of
disease-causing mutations (Ramensky et al., 2002; Stenson et al., 2014). However, it is
also important to differentiate the pathogenic variants from those that are benign (Gosalia
et al., 2017). Therefore the interpretation of spina bifida candidate risk variants in this
study was conducted by first selecting the non-synonymous variants with possible
pathogenic effect. From those number variants, only 23 non-synonymous variants in 12
genes were selected and 10 variants were predicted to be possibly pathogenic according
to the bioinformatics analysis (Table 5.2). Thus, this section focuses on the discussion of

those 10 pathogenic non-synonymous variants.

5.4.1 MTHFR and other variants in folate metabolism genes are not common in this

spina bifida cohort

Periconceptional folic acid supplementation helps in reducing the occurrence and
recurrence risk of NTD (Pitkin, 2007; Imbard et al., 2013). Folic acid must be converted
into tetrahydrofolate (THF) which is an important component of the methylation cycle in
order to perform its function during the metabolism of folate (Zhang et al., 2013). In
parallel, inhibition of the folate metabolic pathway is relevant as it increases the risk of
NTD. Therefore, variations of folate metabolism genes are worthy of investigation
(Imbard et al., 2013; Zhang et al., 2013). MTHFR is a gene that promotes the production
of methylenetetrahydrofolate reductase enzyme whereby reduced activity of this enzyme

is associated with high homocysteine levels which has been shown to cause increased
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NTDs risk (van der Put et al., 1995; Imbard et al., 2013).

The well-studied MTHFR variant, C677T resulting in alanine to valine
substitution in the N-terminal catalytic domain of the protein causes thermal instability,
which leads to a suboptimal function of this enzyme (Zhang et al., 2013; Yang et al.,
2015). This highly pathogenic variant thus far serves as the strongest candidate for a
potential worldwide spina bifida screening gene (Greene et al., 2009). There exists two
heterozygous mutations within the C677T candidate variant in our cohort of 11 probands,
which have been subsequently PCR, and Sanger sequenced for verification. This finding
suggests genetic heterogeneity exists within our spina bifida cohort. The C677T variant
was previously reported among non-Latin population (Amorim et al., 2007), Irish
(Doudney et al., 2009), British (Doudney et al., 2009), mixed US (Shaw et al., 2009) and
Italian (de Franchis et al., 2002) but not in the Dutch (Franke et al., 2009), Turkish
(Boduroglu et al., 1999), French (Mornet et al., 1997) and German populations (Koch et
al., 1998). Screening of this variant in the normal population was not included in the
present study. Nevertheless, the frequency of the variant in our patient cohort is low when
comparing the MAF of the variant in this study (18.18%) and the 1000 Genome Database

(24.54 %).

The two probands with heterozygous C677T variant in our cohort were of Chinese
and Indian ethnicity respectively whereby both patients were diagnosed with spina bifida
aperta. Ethnicity was not considered a potential contributory factor as screening of this
variant only involved a small number of patients in our cohort. The heterozygote form of
this variant was more prominent in spina bifida aperta which was equivalent to most
studies whom used aperta group as their patient recruitment (de Franchis et al., 1998;

Koch et al., 1998; Kirke et al., 2004). This is parallel to the strong genetic components of
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spina bifida aperta compared to spina bifida occulta in mouse mutant study (Harris &
Juriloff, 2007). The T allele homozygosity was actually the ‘thermolabile genotype’ while
only heterozygous form of the variant was notified in our study. However, recent review
of MTHFR study identified a 30.8% risk of developing NTD in an individual with
heterozygous C677T variant (Yang et al., 2015). This might be attributed to the 35%
abnormal enzyme activity and 10% lower red blood cell level of folate in heterozygotes

(CT) individuals (Molloy et al., 1998; Yang et al., 2015).

The second most studied MTHFR variant is rs1801131 (c.A1298C) but has not
been determined as spina bifida risk factor (Gonzalez-Herrera et al., 2002; Franke et al.,
2009). This variant causing amino acid substitution from glutamate to alanine is localized
within the regulatory C-terminal domain and has deleterious effect according to Provean
(Table 5.2) (Zhang et al., 2013). Using whole-exome datasets of three selected probands,
we identified heterozygous A1298C variant in SB5A. Interestingly, this patient is a
compound heterozygote for both MTHFR variants. Apart from the C677T and A1298C,
no other non-synonymous pathogenic variants were identified either in MTHFR or the

other genes involved in folate metabolism.

5.4.2 Several variants were identified in genes involved in one-carbon metabolism
Analyses of genes involved in one-carbon metabolism have been the primary
focus following the preventive action of folic acid (Copp & Greene, 2010). Folate one-
carbon metabolism regulates the homocysteine, vitamin B, methionine, and also DNA
methylation (Franke et al., 2009). The ALDH1L1 was the component of one-carbon
metabolism pathway that converts 10-formyltetrahydrofolate to tetrahydrofolate
(Krupenko et al., 2010). Variant of this gene (rs1127717; c.A2378G) located at the

aldehyde dehydrogenase family domain, might reduce enzyme activity via the amino acid
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substitution from aspartic acid to glycine (Krupenko et al., 2010). Provean revealed a
deleterious effect of this variant and was found to be heterozygous in both SB5A and
SB7A (Table 5.2). Previous studies linked the association of this variant with spina bifida

risk in Dutch (Franke et al., 2009) but not in Han Chinese population (Wu et al., 2016).

Other variant was identified in MTRR, a key regulator enzyme that is involved in
homocysteine metabolic pathway. Down regulation of this gene inhibit MTR activity
which is the most important element in the methionine cycle (Olteanu & Banerjee, 2001).
A non-synonymous variant of this gene (rs1801394; c.A66G) located within the
flavodoxin domain of the MTRR (Zhang et al., 2014) was predicted to be highly
pathogenic according to SIFT and Polyphen 2. This variant has been reported to elevate
the risk of spina bifida in Canadian (Wilson et al., 1999), South Italy (Gueant-Rodriguez
et al., 2003) and Hispanic (Zhu et al., 2003) but not in other studies that includes
British (Relton et al., 2004) and mixed USA population (Shaw et al., 2009). Analysis in
mouse identified Mtrr expression between days E8.5 to E10.5 which is equivalent to the

period of neurulation in mouse embryo (Copp et al., 2003).

Besides that, another non-synonymous variant was also identified in the SARDH,
an enzyme that serves as one-carbon unit supplier to the folate metabolism and is
involved in the breakdown of choline that was related with increased NTD risk (Shaw et
al., 2004; Enaw et al., 2006; Franke et al., 2009). Variant of SARDH (rs2073817:
¢.G1841A) was found to be homozygous in SB17A and located at one of the protein
functional domain, the aminomethyltransferase folate-binding domain (Piao et al., 2016).
This variant has possible pathogenic effect according to Polyphen 2 and associated with
increase spina bifida risk in Dutch (Franke et al., 2009) and Han Chinese population (Piao

et al., 2016).
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5.4.3 Non-synonymous variant identified in XPD, a gene that involved in DNA repair
and DNA methylation

A heterozygous non-synonymous variant in XPD gene (rs1799793; c.G934A) was
identified which was located at the protein functional domain, the DEAD-like
helicases superfamily resulting amino acid change from aspartic acid to asparagine
(Kuper et al., 2014). This variant was predicted to have pathogenic effect according to
Provean (Table 5.2). Theoretically, mutation of the XPD gene might result in fetal
abnormalities including spina bifida as the gene is involved in the process of repairing
damaged DNA (Olshan et al., 2005). In the early embryonic development, the activity
of this gene is crucial particularly during cell proliferation period to avoid abnormal cell
growth, which might lead to embryological malformations (Olshan et al., 2005).
However, there has been no study that examined this relationship despite this biological
plausibility. Previous study identified high frequency of these two variants among the

non-Hispanic spina bifida patients (Olshan et al., 2005).

5.4.4 Several variants identified in the CUBN; the folate transport gene

The CUBN gene is a protein receptor for intrinsic factor—vitamin B12 (Kozyraki
et al., 1999; Franke et al., 2009). This vitamin act as a cofactor in the folate metabolism
whereby low amount of this vitamin in pregnant mothers have been linked to spina bififda
in children (Franke et al., 2009). We identified three non-synonymous variants in CUBN
(rs2271462; ¢.G5518A, rs1801239; ¢.A8950G and rs1801232; c.C10656A). All three
variants were located at functional CUB domain 12, 22 and 27 respectively (Shaik et al.,
2013). Amino acid substitutions caused by these variants have possible pathogenic
effect as predicted by Provean and Polyphen 2. While there were many CUBN variants
associated with spina bifida risk, the only variant identified in Dutch population was the

rs1907362 (Franke et al., 2009) by which all of our patients were wild type. Two other
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variants of the same occurring gene (rs7070148 and rs2273737) were observed to be
significantly associated with maternal NTD risk in Irish population (Pangilinan et al.,
2012). Also, the three probands were wild type for these variants. Extra analysis was done
in their respective mothers whereby only mother of SB5A (SB5B) was heterozygous for

rs2273737 variant.

5.4.5 Variant found in BRCAL1 the mouse orthologous human spina bifida gene

The BRCAL gene is a tumor suppressor gene (Silver & Livingston, 2012) whereby
evidence of increased risk of breast and ovarian cancer in humans exists due to mutation
of the gene (Welcsh & King, 2001). We found one non-synonymous variant of this gene
(rs1799966: c.A4837G) that was predicted to be deleterious by SIFT (Table 5.2).
However, this variant locus is not in the protein functional domain, indicating that the
variant has no effect on BRCA1 function. This variant has been associated with spina
bifida in mixed USA populations (King et al., 2007). In an animal study, homozygous
Brcal mutant embryos were presented with spina bifida and anencephaly indicating this
gene was critical for the normal embryonic development and was implicated with
varying degrees of NTDs (Gowen et al., 1996). In another study, exencephalic
phenotype was observed in all mutant Brcal mouse (Wang et al., 2004). Besides that,
another member of Brca gene family, Brca2, was determined as the NTD associated
gene whereby mutation of Brca2 was associated with abnormal neural tube closure and

exencephaly (Salbaum & Kappen, 2010).
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5.5 Conclusion

This chapter attempted to investigate the potential genetic cause of spina bifida
through screening of the 40 reported spina bifida risk genes as reviewed in Greene et al.
(2009) in our patient cohort. We managed to identify 10 non-synonymous variants in
seven different genes with potential pathogenic effects. Two identified non-synonymous
pathogenic variants were the MTHFR C677T and A1298C. Others were in ALDH1L1,
MTRR, SARDH, XPD, CUBN and BRCAL genes. The identified variants might be the risk
factor for spina bifida patients individually, but do not represent as common variants
within the cohort. In addition, apart from those 40 genes, there may be many other genes
as well as variants that may play role in the genetic etiology of spina bifida. The
contribution of these variants needs to be examined further including the segregation in

the triads and in larger sample size to investigate this risk factor.
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CHAPTER 6: SCREENING FOR VARIANTS IN THREE REPRESENTATIVE

SPINA BIFIDA PATIENTS

6.1 Introduction

Despite the extensive efforts to identify genetic causes of spina bifida, convincing
data of common and large effect genes is scarce. Genes in the folic acid metabolism
pathways and candidate genes from animal studies are only linked to distinct cohorts of
spina bifida and are not well replicated across the world (Bassuk & Kibar, 2009; Zhang
et al., 2013). Clearly, using a candidate gene approach has led to limited success thus
there is a need for a better screening and identification approach (Lemay et al., 2015).
Recently, the used of whole-exome sequencing (WES) become the most popular method
in the genetics community (Nayarisseri et al., 2013). WES permits the identification of
de novo variants which play an important role in human diseases and constitute the most
extreme form of rare variants (Veltman & Brunner, 2012). Studies using WES have
shown that between 60 to 75% of all sporadic cases like X-linked disorders resulted from
de novo mutations (Yang et al., 2014; Acuna-Hidalgo et al., 2016). In addition, de novo
mutations approach is valuable for identifying the common cause of
neurodevelopmental diseases and birth defects (Veltman & Brunner, 2012). Therefore,
this approach will be useful to identify the candidate variant for sporadic cases of spina

bifida.

This chapter aims to identify potential candidate genes for spina bifida in three
patients diagnosed varying spina bifida clinical phenotype. Patient 1 has the most severe
of spina bifida (syndromic spina bifida aperta) whereby the lesion is not covered with
skin and left exposed to the environment. The spina bifida phenotype co-exists with

variant Turner syndrome. Spina bifida has also been previously reported to co-exist with
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other conditions such as Jarcho-Levin Syndrome, X-linked heterotaxy, and DiGeorge
Syndrome (Palacios etal., 1993; Fryns et al., 1996; Gebbia et al., 1997; Gutierrez-Angulo
et al., 2002; Dane et al., 2007). Patient 2, with non-syndromic spina bifida aperta, has
similar phenotype as in Patient 1 but with the absence of other defect or syndrome.
Patient 3 has the least severe phenotype, with a closed lesion that is covered with skin

and no associated syndrome.

Spina bifida is aetiologically heterogeneous which is caused by both genetic and
environmental factors (Greene & Copp, 2014). It is important to make a distinction
between syndromic and non-syndromic spina bifida. Noteworthy, syndromic spina bifida
has more well-defined genetic causative components. Meanwhile non-syndromic spina
bifida, regardless of the aperta or occulta types, are attributed to multifactorial

conditions, both genetic and environmental (Figure 6.1) (Copp et al., 2015).

75% Syndromic spina bifida aperta 25%
50% Non-syndromic spina bifida aperta 50%
50% Non-syndromic spina bifida occulta ~ 50%
Genetic contribution Environmental contribution

Figure 6.1: Types of spina bifida with varying degree of genetic and environmental
contributions.

6.2 Materials and methods

As mentioned in Chapter 3, the strategy for this part of the work done using WES
dataset is to identify possible candidate variants. Patients-parents trios (triads) were
screened. Through a series of filtering steps to reduce the number of variants, only non-
synonymous de novo variants with minor allele frequencies (MAF) <0.1 were selected

for further analysis in order to identify the more likely pathogenic variants. This was
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because the non-synonymous mutations causes amino acid substitutions, which is
predicted to have the highest pathogenic effect on phenotype. Low MAF indicates
variants are not likely to be a common polymorphism in worldwide populations. The
variants were then tested for their predicted pathogenic effect on protein function using
SIFT, Provean and Polyphen 2. Next, the candidate variants were amplified by PCR and
Sanger sequenced for validation. However, only the variant found in Patient 2 was PCR

validated in 50 unaffected Malaysian controls.

As syndromic spina bifida has more complex genetic involvement (Harris &
Juriloff, 2007), all rare and highly pathogenic variants identified in Patient 1 were PCR
validated. On the other hand, the selection of potential candidate variants in Patient 2
and Patient 3 were based on the reported association with NTDs. The selected variants
were then analysed for their pathogenic effect using bioinformatics tools and were

PCR validated.

6.2.1 Whole embryo culture using antisense oligonucleotide phosphorothioate
technology for the understanding of gene identified in Patient 2

In order to further understand the potential role of Sec63 in NTD, we opted an
antisense oligonucleotide technology using whole embryo culture in mouse embryo. This
method helps to study the effect of gene perturbation by the binding of the antisense
nucleotide to its targeted mMRNA and mediates the degradation of RNA through RNase-
H activity hence inhibits the normal gene function (Kole et al., 2012). This natural
oligonucleotides probe however is quickly digested by nucleases in both in vivo and in
vitro. Alternatively, addition of phosphorothioate to the oligonucleotide bonds help to
modify the probes to be resistant to nucleases and activate RNase-H pathways (Kole et

al., 2012). The antisense technology has been utilized to disrupt normal expression of the
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MTHFR (methylenetetrahydrofolate reductase) gene by which NTDs phenotypes were
observed in the antisense-injected mouse embryos. In addition, decreased level of mMRNA
for MTHFR was identified in embryos treated with the antisense sequence suggesting the

ability of the antisense sequence to decrease gene expression (Hansen et al., 2001).

6.2.1.1 Methods for whole embryo culture study

Timed-mated pregnant ICR mice were maintained at Animal Bio Safety Level 2
Lab (ABSL-2) Lufter Sdn. Bhd. (Universiti Kebangsaan Malaysia, Malaysia) and were
given Altromin standard diet and water ad libitum. The pregnant mice were euthanised
via cervical dislocation, the gravid uteri were removed on the early embryonic day 9.5
(E9.5). The dissected embryos were free from maternal tissue and of Reichert's
membrane with intact ectoplacental cone and yolk sac. The dissection was done in
Dulbecco's Modified Eagle Medium (DMEM) solution (Nacalai Tesque, JAPAN)
containing 10% fetal calf serum (Sigma, USA) under aseptic conditions at room
temperature. Embryos were placed in culture tubes containing 1 ml pre-warmed rat serum
at 37°C. The culture tubes were filled with mixture of 5% oxygen, 7% carbon dioxide
and 88% nitrogen and incubated at 37°C in a roller bottle incubator prior to the addition
of embryos into the culture tubes as described previously (Abdul-Aziz et al., 2009). After
addition of the oligonucleotide solutions, the culture tubes containing injected embryos

were re-gassed and placed in a rolling incubator at 30 rpm and cultured 9 hours at 37°C.

6.2.1.2 Preparation of sense and antisense solutions

Integrated DNA Technologies (IDT) Pte. Ltd., Singapore synthesized all
phosphorothioate oligonucleotides. A series of 20-single-strand Sec63 antisense
oligonucleotide phosphorothioate 5’-CTTGCCACTCTGCTTCATCA-3’, a 20-single-

strand Sec63 sense oligonucleotide phosphorothioate 5-
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TGATGAAGCAGAGTGGCAAG-3’ complement to the antisense sequence and
phosphate buffered serum (PBS) were used as controls. A 5 pmol of sense and antisense
oligonucleotide phosphorothioate diluted in PBS and PBS alone with constant volume at

5 pl per embryo were added into the culture tube (Table 6.1).

Table 6.1: List of substances added into the culture tube of E9.5 ICR mouse embryos

Substance added Concentration (Volume in brackets)

Sec63 antisense oligonucleotide S5pmol (5 pl)
phosphorothioate primer

Sec63 sense oligonucleotide S5pmol (5 pl)
phosphorothioate primer

PBS (5 pl)

6.2.1.3 Embryonic assessment after culture

Yolk sac circulation was scored as an indicator of embryo health. The score was
given based on the morphological structure of the yolk sac as presented in the table below.
Embryos were only included in the analysis if they had a yolk sac circulation between 2
and 3, while embryos with a score of 1 or 0 were discarded from further analysis (Table

6.2).

Table 6.2: Scoring of the yolk sac circulation

Score Description

3 Smooth yolk sac exterior, with vigorous circulation and vascularisation
throughout the yolk sac

2 Smooth yolk sac exterior, with extensive vascularisation and good
circulation, albeit with slightly slower blood movement than grade 3

1 Circulation was evident only in certain regions of the yolk sac

0 Embryos without any yolk sac circulation
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Embryonic age, crown rump length (CRL), and number of somite were measured
as an indicator of embryo growth. Embryonic age was calculated from the day the
presence of a vaginal copulation plug as embryonic day 0.5 (E0.5) to the morning of
dissection at day 9 indicated as early E9.5. The CRL was quantified as the maximum
distance from the cephalic pole to the caudal pole. The somite number can be used to
calculate the embryonic age because their increase in number occurs in specified
periodicity. In mouse, primary neurulation begins at the 6 to 7 somite stage (E8.5) and
ends at 29 to 30 somite stage (E10.5). After removal of yolk sac and amnion from
embryo, the assessment of anterior neuropore (ANP) and posterior neuropore (PNP)
closure were performed using a high resolution stereomicroscope with digital imaging
system (Brand: Leica MZ16). The length of ANP and PNP were used as measurement
for neurulation. The percentage of closed ANP indicated the normal formation of the
presumptive brain in embryos at E9.5 and the length of opened PNP were to study the

progress of neurulation (Figure 6.2).

C ANP
/ 4
Presumptive
eye
Presumptive CRL
heart
VvV
Somite

Figure 6.2: Typical embryo after culture and the schematic diagram of an E9.5 embryo.
(A) Whole embryo with the presence of yolk sac circulation. (B) Embryos without yolk
sac circulation. (C) The criteria of measurements for the evaluation of embryonic stage
that include CRL, number of somites present, length of PNP.
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6.3 Results
This section includes the clinical report and genetic data of Patient 1, followed by

Patient 2 and Patient 3.

6.3.1 Analysis in Patient 1 (Syndromic spina bifida aperta)
6.3.1.1 Clinical reports of Patient 1

A 30-year old woman, primigravida at 26 weeks of pregnancy was diagnosed to
have a foetus with severe hydrocephalus. Cytogenetic analysis diagnosed by
amniocentesis on the 28" week revealed nineteen out of the 20 Giemsa-stained cells and
a further 8 additional cells screened had an isochromosome of the long arm of the X-
chromosome and a normal X-chromosome. This suggested a variant Turner syndrome
with the karyotype 46, X, i(X) (q10) (Figure 6.3 A & B). A 2.1 kg premature female infant
was born at 35 weeks of pregnancy and diagnosed to have the Arnold-Chiari
malformation type-2 with communicating hydrocephalus, neurogenic bladder and
myelomeningeocele at Lumbar 1 extending to Sacral 1 (L1-S1) region which measured
5 cm in length x 6 cm in width. The lesion was covered by reddish meninges (Figure
6.3C). She was operated on to close the spinal lesion a day after birth and a
ventriculo-peritoneal (VP) shunt was also placed to drain excess cerebro-spinal fluid

(CSF) on day six.
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Figure 6.3: The clinical diagnosis of female infant presented a lumbosacral
myelomeningocele associated with variant Turner Syndrome. (A) Normal female
karyotype. (B) An isochromosome of the long arm of the X-chromosome and a normal
X-chromosome of Patient 1 (Red circle). This suggested a variant Turner syndrome
pattern with karyotype 46, X, i(X) (q10). (C) Lumbosacral myelomeningocele (L1-S1)
region which measured 5 cm in length x 6 cm in width. The lesion was covered by reddish

meninges.

6.3.1.2 Genetic data of Patient 1

The results obtained from the analysis in Patient 1 consist of the candidate de
novo variants identified fromthe WES, the MAF and level of pathogenicity of the variants

and the result of PCR amplification of the patient-parents trios (Figure 6.4).

6.3.1.2.1 WES and excel filtration identified 15 de novo variants
WES identified 15 de novo variants representing 10 different genes in Patient 1
(Appendix C). Most of the variants were rare and seven were predicted to have pathogenic

effect (Appendix D).
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6.3.1.2.2 Identification of four variant of interest in Patient 1
Among all the identified variants, four variants in 3 genes (MTCH2:p.Cys79Tyr,
MTCH2:p.Cys79Arg, RORA: p.Leu539Phe and HOXA10:p.Ser372Arg) which were rare

and have highly pathogenic effect were selected as the variants of interest for Patient 1.

6.3.1.2.3 False-positive de novo variants verified by PCR and Sanger sequencing
However, PCR and Sanger sequencing of the candidate variants performed on the
patient-parents trio revealed false- positive results. All four de novo variants were actually

wild type in the patient (Figure 6.4).

MTCH2 :G/G MTCH2 :G/G
MTCH2 :T/T MTCH2 :T/T
RORA :A/A RORA :A/A
HOXA10: C/C HOXA10: C/C

MTCH2 :G/G
MTCH2 :T/T
RORA :A/A
HOXA10: C/C

Figure 6.4: Pedigree and genotypes of Patient 1 and her parents. Four false-positive
variants were identified; ¢.G236A:p.Cys79Tyr in MTCH2, ¢.T235C:p.Cys79Arg in
MTCH2, ¢c.A1617T:p.Leu539Phe in RORA and c¢.C1116A:p.Ser372Arg in HOXA10.
Affected member is presented as filled symbols, and unaffected members as open
symbols.
6.3.2 Analysis in Patient 2 (Non-syndromic spina bifida aperta)
6.3.2.1 Clinical report of Patient 2

We report a 13 year old Indian girl clinically diagnosed with lumbosacral
myelomeningocele at L4 extending to S1 with tethered cord. She also presented with
syringohydromyelia, congenital hydrocephalus, neurogenic bladder and bilateral
Congenital Talipes Equinovarus (CTEV) also known as clubfoot. She is the fourth child

in the family and is the only member that is afflicted with NTD. The mother was free

from any illness, drug intake and did consume folic acid during pregnancy (Figure 6.5).
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Figure 6.5: The clinical diagnosis of Patient 2. (A) Note her inability to walk with
associated clubfoot. (B) Position of the affected lesion from L4-S1.
6.3.2.2 Genetic data of Patient 2

The results obtained include the identification of de novo variants from WES and
the selection of the variant of interest for Patient 2. The MAF and pathogenicity level of
the candidate variant, PCR validation of the patient, her family members and 50
unaffected controls from general Malaysian population, and the analysis of the variant

were also presented.

6.3.2.2.1 WES and excel filtration identified a non-synonymous variant in the SEC63
gene

A total of 6 non-synonymous variants with MAF<0.1 were identified in Patient 2
(Table 6.3). Of all the variants, a heterozygous variant in SEC63 (rs17854547:
c.G1666A), that changes the amino acid from valine to isoleucine was chosen as the
variant of interest in this study. This was following the identification of two Sec-family
genes (Sec23a and Sec24b) to cause NTD in mice studies (Wansleeben et al., 2010; Zhu

et al., 2015).
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The SEC63 variant was considered uncommon as the global MAF of this variant
was 0.0232. In addition, the variant was not reported in the Singapore Genome Variant
Project (SGVP) (as of October 2017) when screening against three dominant ethnicities
in Malaysia (Malay, Chinese and Indian) (Table 6.3). However, this variant was benign
and non-pathogenic according to the bioinformatics analysis. SMART (Simple Modular
Architecture Research Tool) prediction showed the mutation did not affect the functional

domain of the SEC63 protein (Figure 6.6).
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Table 6.3: MAF and the pathogenic effect of non-synonymous de novo variants identified in Patient 2

No Gene Reported Amino acid Minor Allele Frequency Deleterious prediction
SNP change 1000 1000 Exome ExAC SGVP SIFT PROVEAN POLYPHEN POLYPHEN
Genomes  Genomes  sequencing 2 (HumDiv) 2 (HumVar)
NCBI UCsC project
Browser  (GO-ESP)
1 GBP7 (Guanylate rs79037912 p.GIn507Glu NA 0.0137 NA 0.0137 NA Tolerated Neutral Benign Benign
Binding Protein 7)
2 SEC63 (S. rs17854547 p.Val556lle 0.0232 0.0400 0.0328 0.0407 NA Tolerated Neutral Benign Benign
Cerevisiae 63)
3 MAP6 (Microtubule  rs61895095  p.Val693Gly 0.0325 0.0382 0.0400 0.0395 NA Tolerated Neutral Benign Benign
Associated Protein
6)
4 TAS2R19 (Taste 2 rs12424373  p.Lys126GIn 0.0615 0.0509 0.0058 0.0504 NA Damaging Neutral Benign Benign
Receptor Member
19)
5 STARD9 (START rs116745790 p.Glu2083Lys 0.0443 0.0277 0.0313 0.0233 NA Damaging Neutral NA NA
Domain-Containing
Protein 9)
6 TNFRSF13C ( TNF  rs77874543  p.Pro21Arg 0.0445 0.0589 0.0228 0.0680 NA Tolerated Neutral Benign Benign

Receptor
Superfamily
Member 13C)

NA=Not applicable; UCSC= University of California Santa Cruz; GO-ESP= Go exome sequencing project; ExXAC= Exome Aggregation Consortium; SGVP= Singapore Genome Variation Project (National University of

Singapore); SIFT= Sorting Tolerant from Intolerant
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Figure 6.6: The SEC63 variant (c.G1666A) creating a non-synonymous protein change
from a conserved valine to isoleucine (V566I). A comparison of normal human control
and patient SEC63 amino acid sequence in the vicinity ofthe SEC63 variant is also shown.
6.3.2.2.2 Segregation analysis of the heterozygous SEC63 variant

The heterozygous SEC63 variant in Patient 2 was inherited from the mother, who
does not have spina bifida. Her two other unaffected siblings also have the same mutation

as in the patient (Figure 6.7). Fifty unaffected control samples (2n=100 chromosomes)

from the general Malaysian population were wildtype (G/G) (Figure 6.6).

SEC63: SEC63:
G/G G/IA

SEC63: SEC63: SEC63: SEC63: SEC63:
G/IA G/A G/IG G/A GIG

Figure 6.7: Pedigree and genotypes of Patient 2 and her family. Affected member is

presented as filled symbols, and unaffected members as open symbols. Patient, the mother
two other siblings are heterozygous c.1666G>A mutation.
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6.3.2.2.3 Different variant and location of SEC63 (p.Val5561le) compared to the
reported autosomal dominant polycystic liver disease variants

Mutation of the SEC63 gene is mainly linked to autosomal dominant polycystic
liver disease (ADPLD) (Davila et al., 2004). Note that Patient 2 is free from ADPLD and
the identified SEC63 variant was located at different location from the reported ADPLD

variants (Figure 6.8).

p.S528X
p.A373Gdel3aa
p.Q375P p.V5561
p.R353EfsX35
p.N606Rfs
p.Y297 p.W651G
p.W58X p.R267S p.HB669
p.L246K
p.E42GfsX155 p.R217C

.............. l.....l l....'..............l‘ DOOOOCOO0OO0000000000C00000000)
OO000000000000 ......1 .................... I............................

p.D168H
p.R98X
p.1120T

p.M141SfsX143 —‘/

Figure 6.8: The schematic structure of Sec63p, location of the different ADPLD
mutations, and the reported SEC63 variant in Patient 2. The integral ER-membrane
protein contains three trans-membrane spanning domains (blue tubes), a luminal DnaJ-
like domain between trans-membrane segments 2 and 3 (purple) and a large cytoplasmic
SEC63 domain with a negatively charged C-terminus (peach). The mutation found in
this study is highlighted with red font (p.V5661).

p.A148SfsX
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6.3.3 Analysis in Patient 3 (Non-syndromic spina bifida occulta)
6.3.3.1 Clinical report of Patient 3

The case reported involved a seven years old male patient born full term via
spontaneous vaginal delivery (SVD) with an uneventful antenatal history. He is the first
born child and the only affected member clinically diagnosed with
lipomyelomeningocele. His Magnetic Resonance Imaging (MRI) scans confirmed that
the defect is located in the posterior element from L4 with intraspinal lipoma extending
to the coccyx with tethered cord. He is able to walk with sensory level L3 impaired in his
lower left limb. His sensory level is intact in his lower right limb from L3 onwards, but
from L4 to S5 his sensory level is absent in both lower limbs. The patient developed
tendon equinovarus contracture of the left foot. He has bladder and bowel impairment

that worsened after untethering of his spinal cord (Figure 6.9).

Figure 6.9: The clinical diagnosis of Patient 3. (A) The patient is able to stand and walk
with designated ankle-foot orthosis. (B) MRI of the patient showed lesion (L4 extending
to coccygeal level) and intermeshed neural matter with lipid globules indicating
lipomyelomeningocele defect.
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6.3.3.2 Genetic data of Patient 3
6.3.3.2.1 WES and excel filtration identified 14 de novo variants

WES revealed 14 de novo variants (Appendix C) in Patient 3. From the list, six
variants (HSPAG6:c.C890A; p.Thr297Lys, USP49: c¢.G37C; p.Alal3Pro, AKNA:
€.A3287C; p.His1096Pro, ZIC2:c.C1357A; p.Leud53Met, SYMPK: ¢.C2123G,;
p.Ser708Cys, and NLRP2:c.C1151T; p.Thr384lle) were rare and predicted to be
pathogenic according to Polyphen 2 (Table 6.4). According to the WES, those identified
variants were heterozygous in the patient while parents were genotypically wild type

(Figure 6.10). All six variants were most likely the contributors of pathogenicity in this

patient.
HSPA6 : C/C HSPA6 : C/C
USP49 : G/G USP49 : G/G
AKNA : AJA AKNA : A/A
ZIC2 :CIC ZIC2 :CIC
SYMPK : C/C SYMPK : C/C
NLRP2 :C/C NLRP2 : C/C

HSPA6 : C/A
USP49 :G/C
AKNA :A/C
ZIC2 :CIA
SYMPK : C/G
NLRP2 :C/T

Figure 6.10: Pedigree and genotypes of the Patient 3 and his parents. The reported de novo
variants based on WES include; HSPAG6:c.C890A; p.Thr297Lys, USP49: c.G37C;
p.Alal3Pro, AKNA: c.A3287C; p.His1096Pro, ZIC2:c.C1357A,; p.Leu453Met, SYMPK:
€.C2123G; p.Ser708Cys, and NLRP2:c.C1151T; p.Thr384lle. Affected member is
presented as filled symbols, and unaffected members as open symbols.

6.3.3.2.2 Identification of the ZIC2 as candidate variant in Patient 3
Among the six listed pathogenic variants, the ZIC2 variant (c.C1357A) (Figure
6.11 A & B) was selected as the candidate variant in Patient 3. This is due to the

associations of the Zic2 gene with increased spina bifida risk in mouse studies.
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The Zic2 plays a crucial role during mouse development and previously, several
phenotypes of NTDs have been observed in Zic2 mouse mutant embryos. (Nagai et
al., 2000; Elms et al., 2003). The identified ZIC2 variant in Patient 3 is rare as it is not
reported in the Exome Variant Server (EVS) (as of October 2017). Furthermore, the
global MAF of this variant is not recorded in 1000 Genome, ESP, and EXAC and SGVP

databases (as of October 2017) (Table 6.4).

6.3.3.2.3 PCR amplification failure due to high GC-rich content in the ZIC2

sequence

However, we failed to validate the ZIC2 variant in the patient, his parents and the
unaffected controls. This is due to high GC-rich content of the ZIC2 sequence which made

it difficult to amplify in the PCRs.
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Table 6.4: MAF and the pathogenic effect of non-synonymous de novo variants identified in Patient 3

No Gene Reported Amino acid Minor Allele Frequency Deleterious prediction
SNP change 1000 1000 Exome EXAC SGVP SIFT PROVEAN POLYPHEN POLYPHEN
Genomes  Genomes  sequencing 2 (HumDiv) 2 (HumVar)
NCBI UCsC project
Browser  (GO-ESP)
1 HSPAG6 (Heat Shock  rs41297718  p.Thr297Lys NA 0.01136 NA NA NA Deleterious Damaging Probably Probably
Protein Family A damaging damaging

(Hsp70) Member 6)

2 USP49 (Ubiquitin . p.Alal3Pro NA NA NA NA NA NA NA Probably Probably
Specific Peptidase damaging damaging
49)

3 AKNA (AT-Hook . p.His1096Pro NA NA NA NA NA NA NA Probably Probably
Transcription damaging damaging
Factor)

4 ZIC2 (Zic Family . p.Leu453Met NA NA NA NA NA NA NA Probably Probably
Member 2) damaging damaging

5 SYMPK . p.Ser708Cys NA NA NA NA NA NA NA Probably Probably
(Symplekin) damaging damaging

6 NLRP2 (NLR . p.Thr384lle NA NA NA NA NA NA NA Probably Probably
Family Pyrin damaging damaging
Domain Containing
2)

NA=Not applicable; UCSC= University of California Santa Cruz; GO-ESP= Go exome sequencing project; EXAC= Exome Aggregation Consortium; SGVP= Singapore Genome Variation Project (National University of
Singapore); SIFT= Sorting Tolerant from Intolerant



6.3.3.3 Troubleshooting PCR methods to validate the ZIC2 candidate variant in
Patient 3

The selected potential candidate variant in Patient 3 (ZIC2 variant) (Figure 6.11A)
was selected to be PCR validated following the methods elaborated in Chapter 3.
However, due to high GC-rich content of the ZIC2 sequence (Figure 6.11B), five sets of
ZIC2 primers have been used throughout the validation processes but none of those
primer help to yield any correct band size (Figure 6.11C). Direct sequencing of the PCR
products did not yield any usable electropherograms. Alternatively, PCR amplification
was also conducted using three different types of GC-rich PCR Kits; (1) PCRBIO ultra
polymerase (PCR Biosystems, United Kingdom), (2) nTaq-HOT (Enzynomics, Korea),
and (3) Transtag DNA Polymerase High Fidelity (HiFi) (TransGen Biotech, Beijing).
Methods used for each GC-rich kit were according to the manufacturer’s protocol.
Unfortunately, PCR validation for this sequence was still unsuccessful. While most of
the studies used the AccuPrime GC-Rich DNA Polymerase kit (Invitrogen) for the
amplification of difficult-to-amplify ZIC2 templates (Roessler et al., 2009; Paulussen et
al., 2010), the future use of this kit might be helpful to validate the ZIC2 variant in this

patient.
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ZIC2: p.Leud53Met
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chromosome 13, GRCh37.p13 Primary Assembly
AGTCCCCTCTGGTCCCCCCTCCCGGCTTTTGTCTTGCAGGTCCATGAGTCCTCCCCGC
AGGGCTCTGAATCCTCCCCGGCCGCCAGCTCCGGCTATGAGTCGTCCACGLCCCCGG
GGCTGGTGTCCCCCAGCGCCGAGCCCCAGAGCAGCTCCAACCTGTCCCCAGCGGEG
GCGGCAGCGGCGGLGGLGGLTGLGGLGGELEGELGGELCCGLCGGETGTCCGLGGTGCAC
CGGGGCGGAGGCTCGGGCAGTGGLGGLGCGGGAGGCGGCTCAGGLGGLGGLAG
CGGCAGTGGCGGGGGLGGLGGELGGEGEGELGGEGLGGLGGGEGEGLGGLGGCAGCTCTG
GCGGGGGCAGCGGGACAGCCGGGGGTCACAGCGGCCTCTCCTCCAACTTCAATGA
ATGGTACGTGTGACGGGTCGGGGCCTCTCTCCCTCTCCCTGTCCCCACCCCAGCGCA
GCAGCCCTCCCCGCAGCTAGCAGCGAGGGCACCTTGTGATCATGTTG

PrimerSet1  Primer Set Primer Set Primer Set Primer Set

Expected size: 2 3 4 5

552bp Expected Expected Expected Expected
size: size: size: size:
673bp 467bp 465bp 550bp

Figure 6.11: Sequence analysis of ZIC2 variant. (A) Structure of the ZIC2 protein
comprise of five C2H2 domains from the SMART prediction analysis. (B) The targeted
sequence of ZIC2 (c.1357C>A) whereby the point of mutation as in red font. (C) Gel
electrophoresis of the ZIC2 sequence using five different sets of primers. All of the
primers used failed to generate the band with the expected size. Red triangles mark the
position of the expected band size.
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6.4 Result of whole embryo culture study

The embryos that were assessed, scored, and finally taken into account for this
analysis were those with a yolk sac circulation score of 3. The embryo treated with 5pmol
of antisense oligonucleotide phosphorothioate (Figure 6.12A) had a longer PNP length in
comparison to both the sense oligonucleotide phosphorothioate control (Figure 6.12B)
and the PBS control (Figure 6.12C). The somite numbers of embryo A were similar to
that of embryo B and embryo C. This rings true for the CRL as well (Table 6.5). This
suggests that the treatment was specific to the development of the spinal neural tube.
Although only 3 embryos were scored, the result is encouraging and warrants further
experiments with quality rat serum used as culture medium to ensure correct

interpretation of the whole embryo culture method.

(A) (B) (€)
Embryo treated with Embryo treated with Embryo treated with
5 pmol of antisense 5 pmol of sense PBS
oligonucleotide oligonucleotide
phosphorothioate phosphorothioate
Yolk sac score: 3 Yolk sac score: 3 Yolk sac score: 3

Figure 6.12: The typical representation of embryo with a yolk sac circulation score of 3.
(A) Embryo treated with 5pmol of antisense oligonucleotide phosphorothioate, (B)
embryo treated with 5pmol of sense oligonucleotide phosphorothioate and (C) embryo
treated with PBS.
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Table 6.5: Embryonic measurement after culture

Treatment Somite CRL PNP ANP
number

5pmol antisense phosphorothioate 22 2.27mm 0.50mm  0.18mm

oligonucleotides

5pmol sense phosphorothioate 21 1.99mm 0.38mm  0.26mm

oligonucleotides

PBS 21 1.83mm 0.34mm 0.37mm
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6.5 Discussion
6.5.1 No likely candidate genes identified for Patient 1

The case reported involved a premature female infant born with syndromic spina
bifida encompassing lumbosacral myelomeningocele, variant Turner syndrome and
Arnold-Chiari malformation type-2. Myelomeningocele is the most common and severe
form of spina bifida that is also known as open spina bifida or spina bifida aperta. It is a
lifelong disability characterized by the extrusion of the spinal cord into a sac filled with
cerebrospinal fluid (Adzick et al., 2011). Most infants born with myelomeningocele are
also associated with Arnold-Chiari malformation (Adzick et al., 2011; Copp et al., 2015)
which is a type of abnormality present at birth comprising downward herniation of the

cerebellum and medulla into the spinal cord (Khan et al., 2010).

The cytogenetic analysis of Patient 1 revealed one normal X-chromosome and an
isochromosome of the long arm of one X-chromosome with the karyotype 46,X,i(X)(q10)
which was an isochromosome variant of Turner syndrome. An isochromosome is formed
due to the abnormal separation of the chromosomes during meiosis and results in a single
chromosome consisting entirely of the p or g arms, rather than a single p and q arm
consisting of either two short or long arms, because of the abnormal transverse mis-
division of the centromere (Margaret et al., 2010). Normal clinical manifestations of
isochromosome variant Turner syndrome include short stature, absent pubertal
development, gonadal streak, drooping eyelids, edema of the hands and feet (Margaret et
al., 2010; Ramos & Lantion-Ang, 2010; Akbas et al., 2012). Turner syndrome is the result
of complete or partial loss of a critical region of the X-chromosome in a female (Bharath
et al., 2010). As the child is yet to reach puberty, the main Turner syndrome phenotypes
are not obvious, and deeper phenotyping will be needed when she is older. Previous study

concluded that the median age of female with i(Xq) to be diagnosed with Turner
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syndrome is 14.2 years (Stochholm et al., 2006; Ou et al., 2010). Several cases of
syndromic NTD due to Turner syndrome have been reported. The cases include a deletion
of Xp in an anencephalic fetus, a lumbosacral spina bifida in a female foetus with de novo
X/autosomal translocation, and mosaic Turner syndrome identified in five NTD patients

(Plaja et al., 1994; Fryns et al., 1996; Lambert-Messerlian et al., 2000).

Analysis of WES in Patient 1 found four rare and highly pathogenic candidate
variants (MTCH2:p.Cys79Tyr, MTCH2:p.Cys79Arg, RORA: p.Leu539Phe and
HOXA10:p.Ser372Arg). However, all four variants were ruled out as the candidate genes
following the false-positive results. All variants were actually wild type in Patient 1. This
could be due poor DNA quality of the sample which leads to high rate of false-positive
results. Other issue might be the misinterpretation when analyzing the variant calling or error
in WES data leading to the identification of artifact variants. WES errors can be caused by
inaccuracies of reference sequence and misalignment of sequencing reads to a reference
sequence (Fajardo et al., 2012). Inthe future, as far as variant calling is concerned, several
steps of filtration should be put into consideration. Apart from the selection of non-
synonymous variant with MAF<0.1, variant with read depth<15, a quality score <20,
alternate allele ratio below 85% for homozygous and greater than 70% or less than 30%
for heterozygous variants should be excluded to get the most accurate candidate variants

(Patel et al., 2014).

Furthermore, as Patient 1 also presented with variant Turner syndrome, we
hypothesized that this patient has higher copy number of genes located at the affected
region of the X-chromosome compared to her mother and other female controls. As the
genetic occurrence of spina bifida is complex and sporadic, we suggest that extra copy

number of any reported spina bifida genes and/or combination of multiple sets of genes
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on the X-chromosome could be the possible risk factor of the spina bifida phenotype in
the patient. Therefore, future work including analysis of copy number variations using
SYBR Green Real-time PCR assay is worth to be conducted. This should include the
analysis in Zic family member 3 (ZIC3) gene, the known spina bifida risk gene located at
the X-chromosome. This method will be helpful to quantify the copy number of the X-

chromosome genes and the GAPDH as the internal control.

6.5.2 Identification of SEC63 as the candidate variant in Patient 2

The case reported for non-syndromic spina bifida aperta involved an Indian female
patient diagnosed with myelomeningocele without any associated syndrome. WES
identified six de novo variants and from that list, the variant in SEC63 (S. Cerevisiae 63)
(rs17854547) was selected at the candidate variant for this patient due to the reports of
mutations in the same gene family; the Sec23a and Sec24b in mouse models of NTD. In
a Sec23a study, most of the mouse mutant embryos died during mid-embryogenesis and
half of the surviving mice had exencephaly which is the open NTD of the midbrain and
majority of the experimental embryos developed cranial neural tube openings (Zhu et al.,
2015). Another study reported severe craniorachischisis and a typical planar cell polarity
(PCP) phenotype in Sec24b mouse mutant (Wansleeben et al., 2010). The Sec24b is a
gene involved in the cargo selection for the protein transport and works in concert with
the Scribble (known PCP gene) and also the Vangll that is the PCP core protein
(Wansleeben et al., 2010). The PCP is a pathway that controls the polarization of the
epithelial cells in the event of convergent extension and disruption of this pathway leads
to severe NTDs in mice (Wallingford, 2006; Copp et al., 2013; De Marco et al., 2014).
The finding provides evidence that Sec24b deficiency affects the transport of the PCP

protein and subsequently leads to the occurrence of NTDs (Wansleeben et al., 2010).
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The SEC63 gene contains SEC63p protein that works as a protein translocation
regulator which governs the protein translocation process at the endoplasmic reticulum
(Fedeles et al., 2011). Mutation of the SEC63 gene mainly linked to autosomal dominant
polycystic liver disease (ADPLD) (Davila et al., 2004). To our knowledge, this is the first
report suggesting potential variant of SEC63 in the case of NTD. There was a study of
sec63 mutation in zebrafish which however is not related to NTD. In that study, mutation
of sec63 disrupts the myelination process in both central and peripheral nervous system

(Monk et al., 2013).

The identified non-synonymous SEC63 variant creates a protein change from
valine to isoleucine at position 556 of the amino acids and located at the large cytoplasmic
SEC63 domain (Figure 6.6). Interestingly, this variant is not common (MAF ~ 0.02) in
the whole world population and also not reported in the Singaporean population (as of
October 2017) (Table 6.3). Preliminary screening of this variant in 50 unaffected
Malaysian controls showed that none of the controls had the mutation. Although the
SEC63 variant is non-pathogenic, it is noteworthy that spina bifida could result from the
haploinsuffiency (Mohd-Zin et al., 2017). The SEC63 variant acts in concert with other
different underlying pathogenic variants and/or combination with environmental

factors is more likely for the possible risk factor of the patient.

However, segregation analysis among the patient and other family members
showed the SEC63 variant did not exclusively segregate with the spina bifida phenotype
and could be explained by a normal Mendelian pattern of inheritance (Figure 6.7). The
variant was also identified in the mother and two other unaffected siblings. This variant
could be affected by other factors including the in utero environment that contributes to

spina bifida in the patient compared to unaffected members with the same genotype. Thus,
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this finding suggest that the SEC63 variant on its own is not able to cause spina bifida in
human. The incidence of spina bifida may be due to environmental trigger or other genetic

tribulation.

The potential role of Sec63 in NTD was studied using whole embryo culture in
mouse through antisense oligonucleotide technology. In this preliminary study, only 3
embryos treated with 5 pmol antisense oligonucleotide phosphorothioate, 5 pmol sense
oligonucleotide phosphorothioate, and PBS were scored (Figure 6.12). In our raw data
result, longer length of PNP was found in the antisense-treated embryos compared to
both sense and PBS controls (Table 6.5). This suggests that antisense treatment was
specific to the development of the spinal neural tube. However, in this study, it is
unfortunate that the embryos obtained did not have duplicates or triplicates. Insufficient
number of embryo was due to diminish quality of the rat serum. Further work is
required to repeat these experiments to get a more accurate result. Hence, further
experiment using high-quality rat serum is recommended as it is necessary to yield

reliable result of embryo culture.

Apart from the SEC63 variant, there were two other variants (TAS2R19:
rs12424373 and STARDO: rs116745790) predicted to be deleterious according to SIFT
(Table 6.3). Both genes and their respective gene families have never been implicated
with the occurrence of NTD. The TAS2R19 (Taste 2 Receptor Member 19) is a gene
involved in the perception of salty and bitter tastes whereby mutations of this gene
normally linked to the differences in bitterness sensation (Hayes et al., 2013). Besides
that, this gene also was found to be associated with Parkinson disease and respiratory
syncytial virus disease (Salas et al., 2017; Siitonen et al., 2017). The STARD9 (Start

domain-containing protein 9) is a gene that encodes a mitotic kinesin which regulates the
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assembly of spindle pole during cell mitosis (Senese et al., 2015). Depletion of the
STARD9 have been implicated with dermatofibrosarcoma protuberans and language

impairment, (Hong et al., 2013; Chen et al., 2017).

6.5.3 Identification of ZIC2 as the candidate variant in Patient 3

The third patient in this study was diagnosed with lipomyelomeningocele that is
the spina bifida occulta type with the presence of intermeshed lipid globules and spinal
cord (Copp et al., 2015). It is the only defect found in the patient without the presence of
any associated syndrome. Among the 14 de novo variants identified in this patient, six
variants (HSPAG6:c.C890A; p.Thr297Lys, USP49: c¢.G37C; p.Alal3Pro, AKNA:
€.A3287C; p.His1l096Pro, ZIC2:c.C1357A; p.Leud53Met, SYMPK: ¢.C2123G;
p.Ser708Cys, and NLRP2:¢c.C1151T; p.Thr384lle) were rare, deleterious, and the most
likely contributors of pathogenicity in Patient 3. From the list, ZIC2 (Zic Family
Member 2) variant has been selected as the variant of interest owing the fact that the Zic2
is a well-known spina bifida gene in mouse (Nagai et al., 2000). Knockout of Zic2 gene
causes neurulation delay which subsequently leads to the occurrence of spina bifida
(Nagai et al., 2000). The gene is uniquely expressed during somitogenesis where it
promotes the formation of newly generated somites from the presomitic mesoderm and
plays a crucial role during neural crest formation and hindbrain patterning of developing

mouse embryos (Elms et al., 2003; Inoue et al., 2007).

The role of Zic2 during neurulation may support the evidence that mutation of this
gene causes spina bifida in mice. Interestingly, Zic2 is located at the critical region of
chromosome 13 near the Zic5 gene which is the other Zic family member established as
a genetic risk factor in murine NTD (Inoue et al., 2004). The Zic2-Zic5 gene pair are the

important element regulating midbrain growth and neural tube development in zebrafish
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(Toyama et al., 2004; Nyholm et al., 2007). In humans, several mutations in the ZIC2
gene have been reported in spina bifida. One study identified a 70bp insertion within the
first ZIC2 intron in a spina bifida patient but the same variant was also identified in the
unaffected mother and sister (Brown et al., 2002). In another study, a deletion of an
alanine codon (c.94-96delGCG) in the exon 1 of the ZIC2 gene was found in a male spina
bifida aperta patient. The deletion was not identified in 364 controls alluding to a possible
role of this variant in the etiology of human spina bifida (Klootwijk et al., 2004). Notably,

those two reported mutations of ZIC2 gene were not identified in Patient 3.

The identified non-synonymous ZIC2 variant in Patient 3 creates a protein change
from leucine to methionine at position 453 of the amino acids. This is a rare variant as it
is not reported in any genome databases (as of October 2017) and was deleterious based
on the Polyphen 2 analysis (Table 6.4). Unfortunately, we were unable to verify the ZIC2
genotype in the patient, parents and unaffected controls due to the high GC-content of the
ZIC2 sequence (Figure 6.11). In human, mutations in ZIC2 were previously associated
with holoprosencephaly (HPE), a structural malformation of the brain resulting non-
separation of the prosencephalon (forebrain) (Brown et al., 2001; Chabchoub et al., 2012;

Murillo et al., 2015).

Other than ZIC2, five other novel variants were found namely c.C890A in HSPA®,
€.G37C in USP49, ¢.A3287C in AKNA, ¢.C2123G in SYMPK, and: ¢.C1151T in NLRP2
by which the variant in HSPA6 was highly pathogenic as predicted by all the available
bioinformatics analysis while the other four variants were probably damaging based on

PolyPhen 2 (Table 6.4). None of these variants have been associated with spina bifida.
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HSPAG is a protein coding gene that serves as molecular chaperones and plays a
pivotal role in a wide variety of cellular processes. These include proteome protection from
stress and helping in folding of newly-synthesized proteins (Regeling et al., 2016). The
gene is expressed in most cells under stressful conditions and is present exclusively in
mammals but not conserved in rodents (Leung et al., 1990; Noonan et al., 2007).
Previously, mutations of this gene was linked to several types of cancer and autism

(Garbett et al., 2008; Court et al., 2017; Su et al., 2017).

USP49 comprises of ubiquitin-specific protease domain and UBP-type zinc finger
domain. This gene regulates co-transcriptional pre-mRNA splicing but the cellular
function of it remain unknown (Zhang et al., 2013; Luo et al., 2017). USP49 has been
studied to play arole in AKT pathway that facilitates multiple cellular processes including

cell proliferation and glucose metabolism (Luo et al., 2017).

AKNA is involved in mediating immune responses. AKNA protein normally binds
to AT-rich promoters that promote normal development and inflammatory processes
(Moliterno & Resar, 2011). Study using murine AKNA gene discovered small and frail
knockout mice that die at early age with diffuse inflammatory lesions (Ma et al., 2011).
This gene was also associated with cervical cancer and inflammatory disorders including
the primary Sjogren's syndrome and Vogt-Koyanagi-Harada syndrome (Perales et al.,

2010; Mao et al., 2011; Hernandez-Molina et al., 2017).

SYMPK is involved for the polyadenylation regulation and promotes gene
expression (Cappell et al., 2010). It acts as a scaffold protein for polyadenylation complex

which is crucial for the maturation of most pre-mRNAs and mRNA processing (Mandel
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et al., 2008). The role of this gene during neurulation process has never been identified
but this gene was shown to affect the HOXA9, an important gene during embryogenesis,
leukemogenesis and hametopoiesis (Abramovich & Humphries, 2005; Largeot et al.,

2013).

Members of the NLR Family have a key role in immune response system but the
role of NLRP2 itself was ill-defined (Proell et al., 2008; Kuchmiy et al., 2016). NLRP2
that expressed ectopically was revealed to regulate inflammasome signaling (component
of the innate immune system) and inhibit NF-«xB activation which is essential for DNA
transcription and cell survival (Bruey et al., 2004; Fontalba et al., 2007; Kuchmiy et al.,
2016). Importantly, deletion of this gene was known to cause embryonic arrest in the

mouse (Peng et al., 2017).

6.6 Conclusion

This chapter extends the screening of potential candidate variants using de novo
mutation approach from the exome datasets of three spina bifida patients presented with
different spina bifida clinical phenotype. Based on the exome analysis in Patient 1 who
represents the syndromic spina bifida aperta, no likely candidate variant was identified.
The exome analysis in Patient 2 who represents the non-syndromic spina bifida aperta
identified an uncommon variant in S. Cerevisiae 63 (SEC63). Meanwhile a rare and
pathogenic variant in Zic family member 2 (ZIC2) gene was selected as the candidate
variant in Patient 3 who represents non-syndromic spina bifida occulta. This study
however warrants more research in the identified candidate variants and spina bifida in
larger populations. Future work including gene expression study and analysis at the
protein level will be required to investigate the genetic contribution of the candidate

variants in the aetiology of spina bifida.
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CHAPTER 7: CONCLUSION

This thesis had a few objectives. Firstly, was to investigate the prevalence rate of
spina bifida and anencephaly using the record of patients retrieved from the Department
of Patient Information, University of Malaya Medical Centre (UMMC) from 2003 to
2016. We found that the occurrence of spina bifida (1.33 to 6.4 per 1000 births) was found
to be higher compared to anencephaly (0.38 per 1000 births). The most common
phenotype that was observed among the spina bifida patients were myelomeningocele.
The lesion of spina bifida mostly occurred at the lumbar region and non-syndromic spina

bifida was more common compared to the syndromic spina bifida.

Secondly, as spina bifida has the higher rate of occurrences compared to the
anencephaly in the prevalence study, the genetics factor of spina bifida were studied
through screening of the previously reported spina bifida potential risk variants in our
patient cohort. From 107 variants in 40 potential risk genes, we found 10 non-
synonymous pathogenic variants representing 7 different genes. Those identified variants
include MTHFR (c.C677T and ¢.A1298C), ALDH1L1 (c. A2378G), MTRR (c.A66G),
SARDH (c.G1841A), XPD (c.G934A), CUBN (c.G5518A, ¢.A8950G and c.C10656A)
and BRCA1 (c.A4837G). However, the identified variants might contribute towards the
risk of spina bifida in the individual spina bifida patients, but they are not common in our

patient cohort.

Thirdly, we also focused on screening of potential candidate variants using de
novo mutation approach in three patients with varying degrees of spina bifida clinical
phenotype. There was no candidate variants identified in Patient 1 which has syndromic

spina bifida aperta. On the other hand, patient 2 who has non-syndromic spina bifid aperta
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has variant SEC63 which is uncommon but non-pathogenic. Patient 3 with non-
syndromic spina bifida occulta has rare and pathogenic candidate variant in the ZIC2.
Thus, candidate variants found in the non-syndromic spina bifida aperta and occulta
patients suggest the possibility of these variants to be potential risk factor for these

individuals.

Fourthly, in order to further understand the potential role of Sec63 in NTD, we
opted an antisense oligonucleotide technology using whole embryo culture in mouse
embryo. In this preliminary study, it is unfortunate that the embryos obtained did not
have duplicates or triplicates. However, our raw data suggested that longer length of PNP
was found in the antisense-treated embryos compared to both sense and PBS controls.
This suggests that antisense treatment was specific to the development of the spinal
neural tube. Nevertheless, it is recommended to repeat the experiment using high-

quality rat serum in order to yield reliable result of embryo culture.

7.1 Future work

The prevalence and distribution study of NTDs will require a larger number of
NTD cohort. In order to get convincing results on prevalence of NTDs, it would be
informative to collect data from all main hospitals in every districts in Malaysia. Data
collection should also include the data of periconceptional intake of folic acid, parental
drug intake, and maternal behavior during pregnancy (drinking, prenatal care, maternal
smoking, and maternal weight gain) to determine the specific causes of NTDs in

Malaysian populations.

For the genetic analysis of spina bifida, segregation analysis in the triads should

be conducted using larger number of spina bifida risk genes. In addition, screening of
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these variants in large scale genome-wide association study (GWAS) is needed to confirm
the variants as genetic risk factors for spina bifida. Besides that, more studies on the
association between the identified candidate variants and spina bifida in larger
populations is needed. Additionally, further validation experiments at the transcript level
(RNA and protein) would help to assess the pathogenic or disease aetiology of the

candidate variants.

7.2 Implication and application in research and medical fields

Due to lack of publications, the prevalence and distribution study was made
significant at garnering current relevant data on the state of NTDs in Malaysia. The high
estimated prevalence rate provide the overview of NTDs as the significant preventable
public health problem. This subsequently helps to improve the prevention, treatment and
management of NTDs. On the other hand, as far as the genetic causal of NTD remain
largely unknown, the genetic study provide efforts to better understand the genetic
contribution to the pathogenesis of NTDs. Further study and collection of genetics
information can be done for the counselling and care of families of patients with NTDs.
The application to the counselling will be more accurate prediction of recurrent rates and

evidence-based prevention strategies.
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