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ABSTRACT

Presence of isolated populations and communities in Palestine contributes to the rise of rare genetic
diseases with founder pathogenic variants. These founder variants were found to be not common
in the Palestinians genomic data or international controls. Therefore, it’s essential to study the
genetic makeup of such communities and build a map for the founder variants in a national
screening theme. In this study, we used whole-exome and whole-genome sequencing approaches
in order to decipher and segregate the molecular causes of rare genetic disorders among three
Palestinian families living in Palestinian villages. Our study included a complex form of hereditary
spastic paraplegia (cHSP), cystic fibrosis (CF), microcephaly primordial dwarfism (MPD), and
Rett syndrome (RTT). The segregation analysis showed the presence of the two recessive
disorders, cHSP and CF, in several genotypes in the same family. cHSP was found to be associated
with novel biallelic PTPN23 variant, p. (P1572T fs*12)], confirming that PTPN23 is a causal gene
for hereditary spastic paraplegia. MPD was found to be caused by a novel frameshift-deletion
biallelic TOP3A variant, [p.(Trp950Glyfs*58)]. Our sequencing results confirmed that the variants
are inherited in an autosomal recessive manner. Furthermore, our segregation analysis supported
the presence of a de novo inframe deletion variant in the MECP2 gene, [p.(Ser411del)], that may
have caused RTT in one identified case. Our study showed the genomic power to deliver a
diagnosis and inform management plans in large highly consanguineous and isolated communities
that have been without a diagnosis for several years. It also revealed the presence of different
modes of inheritance for the rare diseases that can arise in these consanguineous settings and not

exclusively the expected autosomal recessive mode.
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CHAPTER 1: INTRODUCTION

Rare diseases have become a special concern in the genomics field due to their commonality
among certain populations especially the small isolated ones. Advancement in molecular genetics
techniques holds potential for discovering the molecular basis of these diseases. They also ensure
translating these discoveries into improved clinical health through better diagnosis and

management.
1.1 Rare Diseases: Prevalence, Inheritance, and Challenges

Rare diseases (often referred to as “orphan diseases”) are generally defined as conditions that affect
a very limited number of individuals compared to the overall population (Pogue et al. 2018). To
be precise, diseases with a prevalence of less than 5 in 10,000 people are rare (Dawkins et al.
2018). The prevalence threshold for which a disease is considered rare varies across countries. For
example, in the USA, the disease which affects less than 200,000 patients is considered as a rare
disease, while in Japan the disease which affects less than 50,000 is a rare disease (Mukherjee
2019). Rare diseases are many, geographically scattered, and have a heterogeneous nature
(Nguengang Wakap et al. 2020). The Orphanet portal (the portal for rare diseases and orphan

drugs) (http://www.orpha.net) lists more than six thousand unique rare diseases in its database

(Nov, 2020). Individually, these diseases are rare, but collectively, they impact 4-8% of the

population (Bick et al. 2019). According to the Global Genes Project (https://globalgenes.org/rare-

facts/), 400 million people globally suffer from a rare disease (Aug, 2021). Most of these diseases
are genetically inherited and many are solely pediatric-onset (Nguengang Wakap et al. 2020). The
fact that most of rare diseases are genetically inherited makes the diagnoses difficult and

expensive, and limits treatment options (Pogue et al. 2018). Challenges stemming from rare
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diseases’ low prevalence including lack of knowledge and expertise, in addition to chronic,
incurable, and life-threatening nature, shall raise awareness to prioritize research and follow up of
emerging rare diseases (Nguengang Wakap et al. 2020). However, research investigating rare
diseases started with attempts to detect genetic variants and mutations that are causative of specific
diseases. The accurate molecular genetic investigation of rare diseases can be critical to support
disease classification, risk prediction among relatives, give access to clinical screening, inform of
prevention strategies, and probably point out the most convenient treatment (Ellard et al. 2020).
There is a serious need for these investigationsin Arab communities as they are ata high

risk for rare diseases (Al-Gazali, Hamamy, and Al-Arrayad 2006).

1.2 Rare Diseases in Arab Communities

Current data suggest that in Arab countries, rare genetic disorders are more prevalent than in
developed countries (Al-Gazali, Hamamy, and Al-Arrayad 2006). The main factors which may
contribute to the high prevalence of genetically inherited disorders include: (i) High consanguinity
rates, childbearing at older ages, and high birth rates. (ii) Failure to take public health measures to
control and avoid congenital and genetically defined disorders (Tadmouri 2006). Consanguineous
marriage draws significant interest as a causative factor in the prevalence of rare genetic disorders
, in particular, among the rural Arab communities (Zlotogora et al. 2006). First cousin marriages
are particularly common in many Arab countries and comprise nearly one quarter of all marriages
(Al-Gazali and Hamamy 2014). Autosomal recessive disorders are reported as the most frequent
disorders due to consanguinity (Shalev 2019). Up to 45 % of the Palestinian Arab couples who
live in Israel are consanguineous. More than 20% of these spouses are related as first cousins
(Zlotogora et al. 2006). The incidence of malformations / genetic diseases is 6,8% in children born

to consanguineous Arab spouses in north Israel (Shalev 2019). In Palestine, the high rate of



consanguinity does not only result in relatively high prevalence of many recessive disorders, it
also results in the presence of two different autosomal recessive disorders within the same sibship
in one family, and this must be taken into consideration (Zlotogora 1997). Particular homozygosity
in dominant genes is one of the other consequences of the high rate consanguinity. It involves the
pathogenesis of multifactorial disorders, and is probably one of the main causes of an increased
malformation rate among the population being identified (Zlotogora 1997). Data from the Israeli
National Genetic Database (INGD) show that many of the variants for autosomal recessive
disorders, reported among Israeli Arabs are novel. Most of them were identified in a single
community only (Zlotogora 2019). One of the consequences of this is that many of the variants

are classified as variants of uncertain significance especially for missense variants.

With this remarkable increase in rare genetic diseases among Palestinians, it was decided to set up
a community-based, translational genomics project, called “Stories of Hope, Stories from
Palestine” headed by Dr.Reham Nazzal. This project focuses on characterizing the clinical and
molecular basis of rare diseases in Palestinian communities and translating research findings into
improved diagnostic provision and clinical care for affected patients, families, and their
communities. The preliminary data collected in this project indicated a promising potential for
novel gene discoveries and led to the identification of biomolecular disease mechanisms while
providing impacting diagnostic and clinical management benefits for participating families. This
project seeks to empower collaborations with renowned international scientists and institutions to
develop a solid scientific platform to enable a long-term patient and family recruitment program
for continued discoveries of neurodevelopmental molecules and biological pathways after the
identification of diseases-causative variants using whole-genome sequencing (WGS) and whole-

exome sequencing (WES) techniques.



1.3 Emergence of WGS and WES in the Diagnosis of Rare Diseases

Fifteen years after the human genome was first assembled and decoded, which took over a decade
and costed around $3 billion, next-generation sequencing (NGS) techniques have emerged
bringing personalized genomic medicine into reality (Muzzey, Evans, and Lieber 2015). NGS or
massively parallel sequencing is a technique of simultaneously sequencing millions of DNA
fragments that can analyze multiple gene regions simultaneously at once. Due to this featured
ability, NGS has been quickly implemented in the clinical laboratory to test both germline and
somatic mutations (Yohe and Thyagarajan 2017). NGS technology demonstrated accuracy in the
detection of variations between the genome of a patient and the reference genome. Recently, NGS-
based tests are increasingly utilized to detect the presence of rare diseases, evaluate both the
likelihood and occurrence of cancer, and check for aneuploidies among fetuses (Muzzey, Evans,
and Lieber 2015). The most frequently used NGS techniques for research and diagnosis purposes
are WES and selected genes sequencing (gene-panels) (Klebe, Stevanin, and Depienne 2015).
Over the last 10 years, whole-exome sequencing confirmed its potency in both clinical and
research fields as a tool used for revealing novel disease-causing genes for many rare diseases that
were troublesome to previous approaches (Boycott et al. 2019). WES has helped in the diagnosis
of 30%-50% of rare Mendelian diseases (Frésard and Montgomery 2018). WES is currently used
as a diagnostic tool in specific settings such as mapping different autosomal recessive disorders
and detecting novel causative genes and pathogenic mutations in consanguineous families
(Harripaul et al. 2017, M. et al. 2016). However, WES has the potential to miss important types
and regions of disease-causing genomic variation, such as structural variants, indels, and intronic
single nucleotide variants (SNVs) (Lionel et al. 2018). WGS, however, has the potential to capture

almost every genomic variation in an accurate, rapid, and an unbiased manner with a single test in



patients with complex presentations and different clinical indications (Bick et al. 2019), therefore
it exhibits diagnostic superiority over WES (Lionel et al. 2018). Furthermore, 9% of the first exons
of reference sequenced (RefSeq) genes were not found to be covered by WES. On the other hand,
WGS gave a more complete coverage of exons compared to WES (Bick et al. 2019). WGS is
regarded as a first-tier test in the diagnosis of acutely ill inpatient infants as the time-to-diagnosis
using rapid WGS is significantly less than WES (Bick et al. 2019) and this results in improved
outcomes and net healthcare savings (Farnaes et al. 2018). Indications of using WGS rather than
WES are many, and of them (i) Clinical diagnosis of a disease that has been linked to many genes,
(i) Clinical symptoms that are insufficient to make a clinical diagnosis on their own but are known
to be related with a variety of genetic disorders, (iii) Atypical clinical abnormalities not previously
explained in the aspect of the molecular diagnosis, and (iv) Early onset of disorder typically seen
in adulthood ( Bick et al. 2019). In all cases, it is imperative to correctly analyze WGS and WES

data using different tools to make an accurate diagnosis.
1.3.1 Analysis of WGS and WES Data

WGS and WES data of rare diseases are analyzed using different bioinformatics tools and
databases. One of the known databases is genome Aggregation Database (gnomAD) which is a
searchable framework for genes and variants in different populations (Prokop et al. 2018).
It presently encompasses about 17 million variants obtained by exome sequencing of 125, 748
individuals and about 262 million variants detected by genome sequencing
of 15,708 individuals who participated in different disease-specific and population

genetic studies [https://gnomad.broadinstitute.org/] (Ellard et al. 2020). Among the other

databases, gene-phenotype catalog (OMIM) [www.omim.org/], ClinVar (database of archived

human variations and phenotypes supported by evidence)[https://www.ncbi.nlm.nih.gov/clinvar/]



https://gnomad.broadinstitute.org/
http://www.omim.org/
https://www.ncbi.nlm.nih.gov/clinvar/

,Orphanet portal, and HGMD [ http://www.hgmd.cf.ac.uk/ac/index.php] are used to give higher

yield of diagnosis (Boycott et al. 2019). There are also many upgraded algorithms and software
tools that are used to detect, filter, and classify variants in the generated WGS and WES data. Such
algorithms allow for the detection and classification of the more likely deleterious variants (Ulintz,

Wu, and Gates 2019).

1.3.2 Variants Classification Using ACMG Guidelines

The increasing use of NGS approaches in genetic testing in the clinical laboratories has been
accompanied by challenges and errors in sequence variants interpretation. Such errors summoned
establishing united interpretative categories of sequence variants and interpretation algorithm
(Richards et al. 2015). The American College of Medical Genetics (ACMG) contributed in solving
this issue by establishing and improving guidelines for interpretation and classification of sequence
variants (Nykamp et al. 2017). ACMG guidelines depend on integration of the clinical (For
example; patient phenotype, population data) and biological scientific data (For example; protein
functional and structural data, computational data, and allelic data) together while interpreting
WES/WGS variants in order to make a classification (Richards et al. 2015). These guidelines draw
a skeleton to classify variants as “pathogenic”, “likely pathogenic”, “uncertain significance”,
“likely benign” or “benign” based on a set of series criteria with levels of evidence stated as very
strong, strong, moderate, or supporting (Table 1) (Ellard et al. 2020). ACMG guidelines also

confirmed that all of the classifications have to be done with respect to a disease and inheritance

pattern (Ellard et al. 2020).
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Table 1. ACMG criteria for classifying pathogenic and likely pathogenic variants (adapted from Richards

et al. 2015).
Evidence Category Description
Null variant (nonsense, frameshift, canonical 1 or 2 splice sites,
Very strong PVS1 initiation codon, single or multiexon deletion) in a gene where LOF
is a known mechanism of disease
pS1 Same amino acid change as a previously established pathogenic
variant regardless of nucleotide change
De novo (both maternity and paternity confirmed) in a patient with
PS2 - N
the disease and no family history
Strong Well-established in vitro or in vivo functional studies supportive of a
PS3 damaging effect on the gene or gene
product
The prevalence of the variant in affected individuals is significantly
PS4 increased compared with the prevalence
in controls
Located in a mutational hot spot and/or critical and well-established
PM1 functional domain (e.g., active site of
an enzyme) without benign variation
Absent from controls (or at extremely low frequency if recessive) in
PM2 Exome Sequencing Project, 1000 Genomes Project, or Exome
Aggregation Consortium
PM3 For recessive disorders, detected in trans with a pathogenic variant
Moderate PM4 Protein length changes as a result of in-frame deletions/insertions in
a nonrepeat region or stop-loss variants
Novel missense change at an amino acid residue where a different
PM5 missense change determined to be
pathogenic has been seen before
PM6 Assumed de novo, but without confirmation of paternity and
maternity
Cosegregation with disease in multiple affected family members in a
PP1 gene definitively known to cause the
disease
Missense variant in a gene that has a low rate of benign missense
PP2 variation and in which missense variants
are a common mechanism of disease
) Multiple lines of computational evidence support a deleterious effect
Supporting PP3 on the gene or gene product (conservation, evolutionary, splicing
impact, etc.)
PP4 Patient’s phenotype or family history is highly specific for a disease
with a single genetic etiology
Reputable source recently reports variant as pathogenic, but the
PP5 evidence is not available to the laboratory to perform an independent

evaluation




1.4 Equity and Diversity in Genomics Field

Despite the rapid advancements in the genomics field, it has so far failed to equitably involve
diverse and under-represented populations in human genomic studies that have developed the
evidence base and translated findings to better health outcomes (Jooma et al. 2019). Several actions
must be taken in order to achieve health equity in genomic medicine application, to assure: (i)
supporting the representation of under-represented groups, (ii) ensuring an equal access to genomic
services, and (iii) investing in research that enhances infrastructure outside of academic medical
centers (Jooma et al. 2019). Ensuring the equity and diversity will contribute to raising the
accuracy, acceptability, and usability of genomic data in clinical care (Hindorff et al. 2018).
Genomic data obtained from studies on isolated populations (population isolates) are helpful in

simplifying diagnosis and discovering of disease causing variants of different complex diseases.
1.5 Bottleneck Events and Genetic Diseases

Bottleneck events such as migration and isolation result in a drastic reduction in population size,
resulting in the presence of the founder effect (Major et al. 2021). Genetic drift and inbreeding are
common to occur in small populations (Cheptou et al. 2017), and lead to the presence of specific
alleles in higher prevalence (Major et al. 2021). When population isolation is combined with
geographic isolation, genetic drift reduces heterogeneity through randomly driving some alleles to
fixation while driving others to extinction (Kristiansson, Naukkarinen, and Peltonen 2008).
Founder alleles may increase the likelihood of more prevalent complex disorders (Major et al.
2021). The enrichment of numerous recessive disorders in founder populations is one example of
such drift and the founder effect (Kristiansson, Naukkarinen, and Peltonen 2008). The identified

genetic variants among isolated populations are largely replicated among individuals which aided



in discovering new pathways behind rare disease processes (Kristiansson, Naukkarinen, and

Peltonen 2008).
1.6 Hereditary Spastic Paraplegia Forms, Symptoms, and Inheritance

Hereditary Spastic Paraplegia (HSP) is a syndromic hereditary group of clinically and genetically
heterogeneous neurologic disorders with major signs in lower limb spasticity or weakness
(Blackstone 2018, de Souza et al. 2017) in its pure form, while other neurological signs appear in
its complex form (Toft et al. 2019). Usually, the progressive spastic paraplegia in the HSP pure
form is accompanied with hyperreflexia, ankle clonus, Babinski sign, and increased tone in the
lower limbs. Whereas spastic paraplegia in the complex form is related to other neurological or
extra-neurological symptoms, including intellectual disability, ataxia, deafness, optic atrophy,
epileptic seizures, dysmorphic features (microcephaly, macrocephaly, short stature, facial
dimorphisms, etc.) (de Souza et al. 2017, Klebe, Stevanin, and Depienne 2015,0Ortega and
Rosemberg 2019). HSP can be inherited in all of the Mendelian and non Mendelian inheritance
patterns including autosomal recessive, dominant, X-linked, or maternal pattern traits (de Souza
et al. 2017). The pure form of HSP is more common in families with the autosomal pattern of
inheritance. In contrast, the HSP complex form is frequently found in autosomal recessive or X-
linked HSP (Faber et al. 2017). The major pathological hallmark of HSP is retrograde distal
axonopathy of the longest descending motor fibers of the corticospinal tract and posterior columns
(de Souza et al. 2017). HSP prevalence is estimated to range from 1.3 to 9.6 in 100,000 people
(Ortega and Rosemberg 2019). HSP age of symptoms onset ranges widely from infancy to late

adulthood (Polymeris et al. 2016).
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1.6.1 The Heritable Component of Hereditary Spastic Paraplegia

The presence of founder mutations in certain isolated populations and levels of consanguine
marriages can increase autosomal recessive HSP prevalence in certain geographic areas (Klebe,
Stevanin, and Depienne 2015). NGS techniques have greatly increased the number of known HSP
related genes and both the HSP phenotype and genotype have been expanded (Novarino et al.
2014). More than 70 loci and 50 genes have been reported to be associated with HSP and referred
as spastic paraplegia genes (SPGs) (Polymeris et al. 2016). The heritable component of HSP is
complex and includes over 70 identified genetic subtypes (de Souza et al. 2017). HSP genetic
subtypes were described and sequentially numerated, according to the gene discovery order
(SPG1, SPG2, SPG3, etc.) (Faber et al. 2017). HSP can clinically and genetically overlap with
other neurodegenerative disease including Charcot-Marie-Tooth (CMT), Spastic Ataxias (SPAX),
Hypomyelinating-Leukodystrophy Disorders (HLD), Amyotrophic Lateral Sclerosis (ALS), and
others among them (Souza et al. 2017). HSP is diagnosed based on certain clinical, technical, and
genetic findings including: First, the presence of the HSP clinical symptoms (non-progressive or
slowly progressive bilateral lower limb spasticity and weakness). Second, the neurological
examination of the corticospinal tract involvement represented by spasticity, hyperreflexia, and
other responses. Third, family history shows similar neurological disorders, with taking into
account the probability of sporadic cases occurring and the incomplete genetic penetrance. Fourth,
a clearly defined molecular genetic test revealing a previously reported gene related to the HSP or
a novel mutation in non-disease-related genes that involves in molecular mechanisms that can lead
to corticospinal tract impairment (Souza et al. 2017). The autosomal recessive HSP includes more
than 40 subtypes. SPG11 is the primary prototype of thin-corpus callosum autosomal recessive

HSP (up to 40% among all cases). It is caused by compound heterozygous or homozygous
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mutations in the SPG11 gene (located at 15921.1). SPG11 gene produce spatacsin protein which
involved in neuronal axonal development, function, and intracellular cargo trafficking. SPG15
subtype is the second most frequent autosomal recessive HSP. It is juvenile or adult onset
neurodegenerative disorder and caused by compound heterozygous and homozygous mutations in
the ZFYVE26 gene (14g24.1) producing the spastizin protein, concerned with initiation of
lysosome tubulation, autophagic lysosome reformation, spinal motor neuron axon outgrowth, and
control of secretory vesicle maturation. SPG14 subtype is autosomal recessive arising from
homozygous mutations in the SPG14 (3927-928), identified in a consanguineous ltalian family. A
gradually progressing spastic paraplegia with pes cavus, moderate mental retardation and distal
motor neuropathy dominates the clinical picture of SPG14. SPG18 subtype is considered as a
syndrome with motor dysfunction, intellectual disability, and joint contractures autosomal
recessive. It is an early childhood complex HSP that derives from ERLINZ2 (8p11.23) homozygous
mutations. Extreme manifestations of marked psychomotor retardation, pes cavus, multiple joint
contractures and chronic progressive spastic paraplegia are identified in consanguineous Arab

families; the remaining subtypes were reviewed by (de Souza et al., 2017).
1.6.2 PTPN23 Gene Structure, Expression, and Function

PTPN23 (also referred to as HD-PTP) gene encodes an enzyme called protein-tyrosine

phosphatase, non-receptor type 23 (https://omim.org/). PTPN23 gene located on the short arm of

chromosome 3 (3p21.3) between WI-11814 and WI-18411 markers, particularly in the putative
tumor suppressing region, and contain at minimum 1,636 amino acids (Toyooka et al. 2000).
PTPN23 consists of 25 exons and 24 introns (Xianghu et al. 2001).The domain structure of this
gene composed of a tyrosine phosphatase domain, His domain, two SH3-binding motifs, C-

terminal PEST motif, two proline-rich region, and N-terminal domain resemble the BRO1 domain
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of the yeast which implicated in the mitogen-activated protein kinase signaling pathway (Figure

1) (Xianghu et al. 2001).

- ALIX . HIS ] PTPc ]
S

9 380 416 702 770 1130 1217 1451 1636 aa

Figure (1): Schematic representation of human PTPN23 protein. Human PTPN23 protein consist of 1636 amino
acids, with conserved domains indicated as blocks, including the BRO1_like domain at the N-terminus, ALIX binding
domain, His domain and inactive Protein Tyrosine Phosphatase (PTP) C-terminal domain.

PTPN23 is ubiquitously expressed in all cell types including neurons. Studying of its primary
structure elucidated that PTPN23 doesn’t exhibit activity of dephosphorylation on phospho-
tyrosine residues. Instead, it maintains the phosphorylation patterns of tyrosine of the substrate
proteins (Smigiel et al. 2018). PTPN23 has been involved in several cellular functions. Through
its interaction with the endosomal sorting complex required for transport I (ESCRT-1 complex),
PTPN23 plays an important role in sorting of the endosomal cargo into multivesicular bodies
(MVBs) (Doyotte et al. 2008). PTPN23 also serves as a tumor suppressor gene, where studies have
proven that loss of PTPN23 resulted in boosted activation of pro-oncogenic signaling pathways
(van der Lely et al. 2019). Of the other cellular functions, PTPN23 have confirmed roles in
ciliogenesis, negative regulation of Ras-mediated mitogenic activity, and function regulation of
the survival motor neuron complex (SMN) in the U-rich small nuclear ribonucleoproteins
(UsnRNPs) assembly. UsnRNPs complicate with other proteins to form spliceosomes which

mediate pre-mRNA splicing (Smigiel et al. 2018) .
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1.6.3 Dysfunctional PTPN23 in Human Neurodevelopmental Diseases

Many studies reported recessive variants of PTPN23 as a molecular cause of human
neurodevelopmental diseases, particularly, in the consanguineous families. However, most of
these studies are only screening and not functional studies (Smigiel et al. 2018). In a cohort study
carried out by Alazami et al. in 2015 to discover novel candidate genes in neurogenetic disorders,
homozygosity of the missense variant p.(Arg1332Leu) in the PTPN23 was described in a child of
consanguineous parents and suffering of epilepsy, global developmental delay, as well as brain
atrophy. In 2017, Trujillano et al. also reported another bialleic missense variant p.(Met302Val) in
a proband diagnosed with global developmental delay with regression and spasticity, seizures,
microcephaly, and brain atrophy. Later, in 2018 Smigiel et al. described a proband of non-
consanguineous parents suffering from severe developmental delay, cortical blindness, epilepsy,
hypomyelination and brain atrophy. The proband was found to have two novel compound
heterozygous PTPN23 variants; p.(Asn634Lys) and p. (Leu992Tyr fs*168). In this study, PTPN23
dysfunction was confirmed by quantification of SMN accumulations in Cajal bodies and proband’s

fibroblasts change in the SMN activity.
1.7 Cystic Fibrosis and CFTR Gene

Cystic fibrosis (CF) is a life-threatening autosomal recessive genetic disease and one of the world's
most common inherited fatal disorders (Elborn 2016, Fernandez Fernandez et al. 2018) . This
complex multiorgan disease is induced by a mutation in the chloride-conducting transmembrane
channel gene called the cystic fibrosis transmembrane conductance regulator (CFTR) (Elborn
2016). CFTR gene was mapped in 1985 and found to be on the long arm of chromosome 7

(7931.2). CFTR gene with its 27 exons encodes a single polypeptide chain of 1480 amino acids
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length and of 168 kilo Dalton (KDa) molecular weight (Fernandez Fernandez et al. 2018). The
structure of the CFTR protein revealed that it belongs to the ATP-binding cassette (ABC)
transporter family proteins (Meng et al. 2017). The CFTR protein is implanted in the epithelial
cells apical membrane around the body and consists of the same ABC transporter domains: two
membrane-spanning domains and two nucleotide binding domains. What makes the CFTR
different from the other ABC transporters is the unique regulatory domain (‘R’ region) (Meng et
al. 2017,Welsh and Smith 1993). CFTR was found to be expressed in many exocrine tissues such
as the airways, liver, lung, pancreas, intestines and sweat gland duct (Fernandez Fernandez et al.
2018). The CFTR protein mainly functions as an ion channel that secrets chloride to the mucus
producing cells and hydrate the airway mucus to be thin (Rafeeq and Murad 2017). CFTR also
regulate the activity of other membrane proteins like the epithelial sodium channel and it was
reported that there is a relation between CFTR mutations and its ability to restrict salt absorption
by the epithelial sodium channel (Stutts et al. 1995). CFTR dysfunction leads to mucus retention
and chronic infection followed by local inflammation of the airway that is lungs damaging (Elborn
2016). Failure of CFTR function also affect the gastrointestinal tract (GIT) where the mucous
plugs obstruct the pancreatic canaliculi and gallbladder duct; thus preventing enzyme and bile flow
into the duodenum. This indeed causes malabsorption and digestive disturbances. Loss of extra
salts in sweat causes an imbalance of minerals in blood; what contributes to malnutrition,
arrhythmias, fatigue, exhaustion, heatstroke, and death in some cases (Rafeeq and Murad 2017).
Of the CF diagnosis regard, the individual is diagnosed if has a clinical presentation of cystic
fibrosis and has evidence of CFTR function failure. The hierarchy of CFTR function tests is often
as follows: First, sweat chloride test, then the genetic analysis of CFTR and then CFTR physiologic

tests (Farrell et al. 2017). To date, over 2000 mutations in the CFTR gene are estimated to cause
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cystic fibrosis as listed in the cystic fibrosis mutations database (http://www.genet.sickkids.on.ca/)

(Nov, 2020). The most common mutation is the deletion of phenylalanine at codon 508 (F508del)
and it affects approximately 85% of CF patients worldwide (Fernandez Fernandez et al. 2018).
Most of the CFTR mutations are missense substitutions, but other mutations like nonsense
mutations, splicing, frameshifts, inframe insertions and deletions were also identified (Elborn
2016). The incidence and distribution of CFTR mutations vary in different populations (Shahin,

Mehaney, and El-Falaki 2016).

1.7.1 CFTR Mutations in Palestine

In Palestine, there is still lack of adequate studies to set reliable data of CFTR mutations frequency
and nature which in turn harper the molecular diagnosis (Essawi et al. 2015). Determining of the
frequency and nature of mutations in a specific population is necessary to find sufficient and cost-
effective molecular diagnosis test. Of the reported mutations among Palestinian patients in
different countries, F508del, W1282X, 3120+1Khdel8.6Kb, N1303K, and G85E were the most
prevalent (Siryani et al. 2015). In a cohort study conducted by Siryani et al. on CF patients from
different families residing in southern/ central Palestine to study the distribution of CFTR
mutations, ¢.1393-1G>A was the most common one to be occurring in Hebron and Bethlehem,
followed by F508del in Hebron. Moreover, in one of the studied families, ¢.1393-1G>A mutation
was homozygous in one family member and compound heterozygous [c.(1393-1G>A):
p.(W1282X)] in another member of the same family. In the same study, N1303K mutation was
detected as a homozygous mutation in a member of a family from Hebron. All of the patients in
this study clinically presented with pancreatic insufficiency and low body mass index (BMI). In
addition, most of these patients at young age experienced significant lung disease with decreased

lung function and severe bronchiectasis (Siryani et al. 2015). In another study carried out by
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Essawi et al. on unrelated Palestinian CF patients residing in Gaza and the West Bank, the most
frequent CFTR mutations were: F508del, deletion of exons 19-21 c.(2988+1Kbdel8.6Kb),
€.(1393-1G>A), p.(Gly85Glu), and p.(Lys684Serfsx38), respectively. There were notable
differences in the CFTR Mutations rates between Gaza and West Bank populations. For instance,
p.(Lys684Serfsx38) and c.(1585-1G>A) mutations only existed among Palestinian patients living
in Gaza, while p.(Asn1303Lys), ¢.(1393-1G>A), and p.(Gly85Glu) were found only in the West

Bank Palestinian patients.

Precisely, [c.(2183 AA>G): p. (Lys684Serfs+38)] is a frameshift mutation (from A to G at 2183
and deletion of A at 2184), previously reported among cystic fibrosis patients in different countries
including: Palestine, Syria, Algeria, Egypt, Southern Europe, Latin America, and Iran (Alibakhshi
et al. 2008, Castaldo et al. 1996). It is primarily homozygous and compound heterozygous with
other variants. In the homozygous cases, it results in failure to thrive, respiratory distress with
atelectasis of the right upper pulmonary lobe, P. aeruginosa in cultures of pharyngeal aspirate,
steatorrhoea, and pancreatic insufficiency. Most of the c.(2183AA>G) carrier patients were
diagnosed in the first year of life which indicates the severity of this mutation that coincides with
its frameshift nature(Castaldo et al. 1996). The p.N1303K substitution mutation [c.(3909C>G,
p.(Asn1303Lys)], is one of the most cystic fibrosis rare mutations and found mainly in the
Mediterranean population (Noel, Sermet-Gaudelus, and Sheppard 2018). It disrupts the CFTR
stability/delivery to the plasma membrane. It is linked with severe disease phenotype and classified
as a severe pancreatic mutation, as well as early and severe lung symptoms (Noel, Sermet-

Gaudelus, and Sheppard 2018, Rapino et al. 2015).
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1.8 Microcephaly Primordial Dwarfism Definition, Types, and Related Genes

Growth is a highly complex and continuously regulated process under genetic, metabolic, and
environmental controls (Khetarpal et al. 2016). Patterning and growth are controlled and
coordinated by high-fidelity regulatory networks. The Hippo signaling cascade, mitogen-activated
protein kinase (MAPK), and insulin growth factor signaling pathways are among the cellular
signaling pathways that play a significant role in molding organ and organism size in addition to
potent morphogen regulators such as the transforming growth factor beta (TGF-p), Wnt, and Notch
(Klingseisen and Jackson 2011). Overgrowth and undergrowth disorders could result when the
growth regulation pathway has failed (Khetarpal et al. 2016). One of the severe genetically growth
retardation disorders is Primordial Dwarfism (PD). PD is a heterogeneous group of rare single-
gene disorders (Klingseisen and Jackson 2011) where growth restriction is obvious in utero and
remains post-natally (Dauber et al. 2012), with patients being exceptionally undersized for their
age even as a fetus (Khetarpal et al. 2016). The main distinguishing feature of PD in most PD
patients is a reduction in head size in proportion to their body size (microcephaly), which
differentiates it from other types of dwarfism. (Khetarpal et al. 2016). Microcephaly primordial
dwarfism (MPD) is divided into five subtypes; Seckel syndrome, Microcephalic osteodysplastic
primordial dwarfism (MOPD) types I ,I1 and I11, and Meier—Gorlin syndrome, and all are inherited
in the autosomal recessive manner (Dauber et al. 2012). In addition to these subtypes, there is also
a subset of PD patients presented with normal head size and classified as having Silver—Russell
(SR) syndrome which could be inherited in different manners; autosomal recessive, autosomal
dominant, and genomic imprinting (Khetarpal et al. 2016). Seckel syndrome was described for the
first time in 1960 as a group of heterogeneous symptoms including microcephaly, severe short

stature, moderate to severe mental retardation, and facial dysmorphic features including beaky
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nose, narrow face, large eyes, malformed ears (Saeidi and Shahbandari 2020). MOPD types are
autosomal recessive disorders mainly distinguished by bony anomalies (osteodyplastic), mental
retardation, less severe growth retardation, and more severe microcephaly (Khetarpal et al. 2016).
Clinical, radiological, and genetic criteria have been used to classify the different types of MOPD
(Abdel-Salam et al. 2011). Many authors mentioned similarities between MOPD types | and Il1,
implying that they demonstrate the same syndrome at different ages and are therefore now
considered as a single entity (Nadjari et al. 2000). The most prevalent clinical features of these
types include: Severe intrauterine growth retardation, postnatal growth retardation, micrognathia,
small anterior fontanelles, prominent nose (Nadjari et al. 2000), anomalies of pelvis and clavicle,
dry skin, sparsity of hairs and eyebrows (Khetarpal et al. 2016). Type Il MOPD is the most
common type (Brancati et al. 2005) and the most widely studied type of MPD (Monteiro et al.
2021). MOPD |11 patients are characterized by very severe intrauterine growth, adult height under
110 cm, typical bone dysplasia, absent or mild mental retardation, skin pigmentation, abnormal
dentition (Brancati et al. 2005), a high squeaky voice, prominent eyes and nose. (Khetarpal et al.
2016). The most prevalent clinical characteristic of Meier—Gorlin syndrome (MGS) are short
stature, microtia, and patellar aplasia’hypoplasia (Ting et al. 2020), where 97% of the MGS
patients are present with at least two of these clinical characteristics (de Munnik et al. 2015).
Depending on the number of reported cases in the literature, the prevalence of MGS is predicted

to be less than 1-9/1,000,000 (X. Li et al. 2021).

Recent studies have proposed that the considerable phenotypic heterogeneity among PD patients
could be attributed to exonic mutations of different functional genes associated with the related
phenotypes (Khetarpal et al. 2016). Many genes have been identified for the different subtypes of

MPD, encoding proteins play key roles in critical cellular processes including ORC1, ORC4,
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ORC6, CDC6, and CDT1 in genome replication, PCNT, CEP152, and CPAP in centrosome
function and maintaining, ATR in DNA damage response, and Udatac in mRNA splicing

(Klingseisen and Jackson 2011).
1.8.1 TOP3A Gene Structure, Expression, and Function

TOP3A gene is a single copy gene located on the long arm of chromosome 17 (17pll.2-12) and
encodes DNA topoisomerase 3-alpha (Topllla) enzyme which was found to be homologous to the
E.coli DNA topoisomerase | subfamily and not to the eukaryotic DNA topoisomerase | (Figure 2)

(Hanai, Caron, and Wang 1996).
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Figure (2): Schematic representation of human TOP3A protein. Human TOP3A protein domains and families are
shown as blocks including: Toprim domain (Yellow), DNA topoisomerase (Green), Topoisomerase DNA binding C4
zinc finger (Blue), GRF zinc gingers (Red), and Disorder regions (Gray).

TOP3A is found to be highly expressed in many somatic tissues particularly testis, skeletal muscle,

pancreas, and heart (www.uniprot.org/). Human Toplila physically binds to BLM (encodes a

RecQ family DNA helicase) and plays an anti-recombination role with it. Topllio. and BLM, as
part of BTRR (BLM, Topllla, RMI1 and RMI2) complex, catalyze the process of dissolution of
double Holliday junctions (dHJs) that arise as an intermediate during homologous recombination
(Yang et al. 2010), in order to generate non-crossover homologous recombination (HR) products
(Shorrocks et al. 2021). The dissolution process of dHJs occurs via a mechanism called strand

passage mechanism in two steps (Yang et al. 2010). First, creation of a hemicatenane intermediate
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(two duplex DNAs interlinked via catenated single strands) through the convergent branch
migration of the dHJ, promoted by the BTRR complex. Then, the hemicatenane is decatenated by
Topllla in collaboration with RMI1 and RMI2 (Martin et al. 2018b). This mechanism can be
accomplished without any exchange between genetic markers flanking the HR original site (Martin

et al. 2018).
1.8.2 Dysfunctional TOP3A in Microcephaly Primordial Dwarfism

Biallelic loss-of function mutations of BLM cause Bloom syndrome (BS) in humans (Martin et al.
2018Db). BS is a rare disorder characterized by pre and postnatal growth retardation, sensitivity to
sunlight, immunodeficiency, diabetes susceptibility and high predisposition of cancer (Liu and
West 2008) and marked by chromosomal instability (Shorrocks et al. 2021). BS patients' cells
exhibit various markers of genomic instability, most notably a considerable increase in sister
chromatid exchanges (SCEs), which serves as hallmark feature and a confirmatory diagnostic test
for BS (Shorrocks et al. 2021). Increasing of SCEs in BLM deficient cells occurs due to the dHJs
dissolution through an alternative pathway; by Holliday junction resolvases (SLX-MUS81 and
GENL1 nucleases) which can generate crossover events (Martin et al. 2018b). Likewise, mutations
in TOP3A, RMI1, and RMI2 have been discovered in patients with Bloom syndrome-like disorders

(Shorrocks et al. 2021).

In 2018, Martin et al. studied ten patients in seven unrelated families suffering from growth
restriction, microcephaly, and increased SCEs. Whole-exome sequencing showed that these
patients have biallelic mutations in the TOP3A gene, all except one of which were anticipated to
cause a frameshift and premature termination consistent with loss of function. The excepted patient

was compound heterozygous for both a frameshift and a missense mutation. Patients cells in
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comparison with controls showed a significant decrease in TOP3A amounts and significant

increase in SCEs; implying a significant crossover recombination.
1.9 Rett Syndrome and MECP2 Gene

Rett syndrome (RTT) is a progressive neurological disorder described for the first time in 1966 by
Andreas Rett (Austrian pediatric neurologist) among 22 of female children diagnosed with
progressive cerebral atrophy and different clinical features including gait apraxia, mental
retardation and stereotyped hand movements (Brunetti and Lumsden 2020). All of these girls had
a history of normal early development, followed by regression and loss of deliberate hand
movements (Kyle, Vashi, and Justice 2018). A hyperkinetic movement disorder (HMD),
specifically hand stereotypies, is the key clinical feature in RTT diagnosis. Tremor, myoclonus,
chorea, and dystonia are among the other HMDs that have been observed in RTT patients (Brunetti
and Lumsden 2020). RTT is most prevalent in young females, with an incidence of 1:10,000-
20,000 live births (Liyanage and Rastegar 2014) and is considered to be the second most prevalent
cause of intellectual disability in females (Banerjee et al. 2019). In typical RTT clinical diagnosis,
four major stages were evolved, beginning with stage | (stagnation stage), in which developmental
standstill occurs between 6 and 18 months after a normal development period (Sandweiss, Brandt,
and Zoghbi 2020). Microcephaly, loss of language and behavioral skills, seizures, and slowed
growth, are the most notable phenotypes start to appear at this stage (Liyanage and Rastegar 2014).
The second stage (rapid regression stage) occurs at age one to four years, and is mainly marked by
regression (Sandweiss, Brandt, and Zoghbi 2020). In this stage, the affected child starts to lose the
acquired motor skills and communication (Liyanage and Rastegar 2014), microcephaly worsens,
respiratory dysrhythmias and sleep disturbances are common (Kyle, Vashi, and Justice 2018). The

third stage (pseudo-stationary stage), starts at ages between 2 and 10 years (Sandweiss, Brandt,
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and Zoghbi 2020). Certain functions, such as communication, can be regained by some patients so
this stage is referred as wake up period but these patients would still experience disrupted sleeping
patterns, anxiety, respiratory problems, and hand tremors (Liyanage and Rastegar 2014). The last
stage, is also called Late motor deterioration stage, lasts from several years to decades. Patients at
this stage suffer from severe physical disability, dystonia, bradykinesia and some would be
completely wheelchair dependent (Kyle, Vashi, and Justice 2018). A child can be diagnosed with
atypical RTT when exhibiting RTT-like symptoms without meeting all of the RTT diagnostic

criteria like deviation in the onset age, severity, etc (Kyle, Vashi, and Justice 2018).

From the etiological viewpoint, RTT is considered a monogenic neurological disorder, as about
90% of typical RTT cases were found to have loss-of-function mutations in x-linked MECP2
(methyl-CpG binding protein 2) gene (Figure 3) (Liyanage and Rastegar 2014) and commonly
occur de novo (Kyle, Vashi, and Justice 2018). MECP2 gene extends about 76 kb in the long arm
of the X-chromosome (Xq28) between the IRAK1 and the RCP genes and consists of four exons
and three introns (Liyanage and Rastegar 2014). This gene is considered as a key epigenetic
modulator in the brain (Liyanage and Rastegar 2014) that is essentially required for neuron
maturations and the normal function of nerves cells since it encodes a chromatin-associated protein
with a methyl-CpG binding domain that can work as transcriptional activator or repressor (Vidal
et al. 2019). It has been over twenty years since the discovery that RTT is caused by mutations
within the MECP2 gene (Sandweiss, Brandt, and Zoghbi 2020). Over 500 pathogenic or likely-
pathogenic MECP2 mutations, especially those affecting exons 3 and 4 and the C-terminal region,
have been reported to be associated with RTT (Banerjee et al. 2019). Most of the reported RTT
cases caused by C-terminal deletions; exonic deletions; four missense, four nonsense (R270X,

R168X, R255X, R106W, R133C, T158M, R294X, and R306C); and eight point mutations. Studies
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on RTT confirmed the genotype-phenotype correlation between RTT and MECP2. For instance,
truncation mutations in the MECP2 gene have been linked to more severe RTT symptoms

(Liyanage and Rastegar 2014).
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Figure (3): Schematic representation of human MECP2 protein. Human MECP2 domains are shown as blocks
including: N-terminal domain (NTD) in gray, Methyl-CpG binding domain (MBD) in blue, Intervening domain (ID)
in yellow, Transcriptional repression domain (TRD) in purple, and C-terminal domain (CTD) in green.

1.10 Thesis Statement

This study seeks to use WES and WGS approaches in order to decipher the molecular causes of
HSP, MPD, and RTT disorders among Palestinian families living in Palestinian villages, and
discover the molecular variants of these rare diseases. Our results shall help develop appropriate
cost-effective screening tests in the future, in addition, to expand the Palestinians genomic data of

rare diseases.
1.11 Study Objectives

Our study focuses on a group of large Palestinian families clinically diagnosed with different rare
diseases. The first family constitutes a whole village, and has a population of about 2500 people.
This family is known to have high consanguineous marriage levels and highly complex pedigree
resulting in subfamilies with many individuals having rare disorders including; CF, cHSP, and
developmental delay. CF patients included in our study were previously reported to have two

CFTR variants: ¢.(2183AA>G) and p. (N1303K). Some individuals are compound heterozygotes
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for these two mutations, while others are homozygous for one of them. The second family is also
a multiplex consanguineous family. Affected members of this family were diagnosed with MPD,
together with their first and second-degree relatives, were found to have a strong history of cancer.
In the third family, a single case was clinically diagnosed with neurodevelopmental regression
with appearance of behavioral problems at 2 years, cessation of speech, hyperactivity, sleep

disturbances, trichotillomania, and aggression.
The study aims to:
(i) Identify of the molecular causes of cHSP, MPD, and RTT disorders in the affected individuals.

(if) Run a segregation analysis of the disease causative variants families’ members and confirm

the inheritance pattern of each disorder.
1.12 Study Significance

This project aims at deciphering the molecular causes of rare diseases among Palestinians,
particularly villages and isolated communities. Preliminary data indicates that each village and
community could be considered as an isolated genetic entity from other Palestinians and villages,
where pathogenic variants are detected in these villages but are not detected in other Palestinian
genomic data or international controls. It is therefore essential to study the genetic makeup of
separate villages and communities to build a map for the founder variants in a national screening

theme.
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CHAPTER 2: MATERIALS and METHODS

2.1 Study Design

This study was designed as shown by the schematic below:
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Our study was designed to target a population of extended Palestinian families where
consanguineous marriage is common. The families to be investigated were identified. Clinical
diagnosis was established for the individuals concerned, and each family pedigree was created and
assessed. Blood samples were then collected from participants in the study after their consent was

obtained.

This study focused on the four distinct phenotypes cHSP, CF, MPD, and RTT. WES and WGS
were performed and the obtained data was curated and analyzed. Candidate genes and variants
were assessed using in-silico modeling. Regions of interest were amplified using PCR, and
products were detected by electrophoresis. Sanger sequencing was performed to identify the

presence of the variants in family members.
2.2 Site and Population

Family #1: A total of fifty-one members of a large Palestinian family known to have high
consanguineous marriage level and highly complex pedigree were recruited. Seven of them are CF
patients of four subfamilies. Of the remaining members, six are cHSP patients, four of them are
siblings where the other two patients are from different subfamilies. All of the recruited members

belong to the same large family and reside in the same village, in the northern West Bank.

Family #2: A total of 19 members of a large multiplex consanguineous Palestinian family were
recruited. Seven of them are MPD patients belonging to different four subfamilies. These family

members also reside in another Palestinian village, in the northern West Bank.

Family #3: A total of 4 members of a consanguineous Palestinian family were included in this

study. One of them is a RTT patient.



27

2.3 Clinical Phenotyping and Family Pedigrees

Clinical phenotyping was done to all affected members by specialized clinical geneticists and
human genetic scientists. Separated family pedigrees were taken for each phenotype (CF and
CcHSP) in family #1, (MPD) in family #2, and (RTT) in family #3 and were designed using

Haplopainter drawing tool (version 1.043).
2.4 Samples collection

Several field visits were made to the recruited families to accomplish samples collection. EDTA
Whole-Blood samples (around 2.5 mL) were collected from all CF, cHSP, MPD, and RTT patients

and their family members following standard health protocols.

2.5 Ethical Considerations

Patients and families’ members recruited in this study signed consent forms prior to participation
in the study voluntarily agreeing to participate in research. Patients were assigned 1D numbers to
ensure confidentiality. Approval was obtained by the Helsinki Committee for Ethical Approval,
Palestinian Health Research Council, Gaza, Palestine. [Ethical approval number

PHRC/HC/518/1].

2.6 DNA Extraction

Genomic DNA extraction was performed using the Wizard® Genomic DNA Purification Kit
(Catalog No. A1120, Promega, USA). Briefly, 900l of Cell Lysis Solution were added to a sterile
1.5ml microcentrifuge tube and then 300ul of EDTA whole blood were added and inverted several
times to be mixed. The mixture was incubated at RT for 10 minutes and inverted meanwhile. The

samples then centrifuged at 16,000 x g for 20 seconds at RT. After that, the supernatant was
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discarded without disturbing the visible white pellet, and the pellet was vortexed to be
resuspended. 300ul of Nuclei Lysis Solution were added to the resuspended cells and pipetted
several times to lyse the WBCs. 100l of the Protein Precipitation Solution were then added to
nuclear lysate, vortexed vigorously, and centrifuged at 16,000 x g for 3 minutes at room
temperature (RT). The supernatant was transferred to a clean microcentrifuge tube containing
300ul of RT isopropanol, gently mixed to show the white thread-like strands of DNA, and
centrifuged at 16,000 x g for 1 minute at RT. After centrifugation, the supernatant was decanted,
and 300 pl of RT 70% ethanol were added to wash the DNA, and then centrifuged at 16,000 x g
at RT for 20 seconds. Next, the ethanol was aspirated and the pellet was air-dried for 15 minutes.
Finally, the DNA was rehydrated using 100 pl of DNA Rehydration Solution and incubated at
65°C for 1 hour. DNA purity and concentration were measured using NanoDrop
spectrophotometer (Thermo Scientific™ NanoDrop 2000 and 2000c, Thermo Fisher Scientific,

USA).
2.7 WES and WGS of cHSP, MPD and RTT patients, respectively

WES was performed for two of the recruited cHSP patients and WGS was carried out for one MPD
and one RTT recruited patients at the Exeter clinical laboratory. The WES was performed using
the Twist Human Core Exome capture on an Illumina NextSeq500 sequencer. Agilent Sureselect
Whole Exome v6 targeting with reads aligned (BWA-MEM,v0.7.17), mate-pairs fixed and
duplicates removed (Picard v2.15.0). InDel realignment and base quality recalibration was
performed using GATK (v3.7.0), SNVs/InDels were detected with GATK (HaplotypeCaller),
annotation using Alamut Batch (v1.10) and CNV detection with ExomeDepth and Savvy CNV.
Variants were then filtered by call quality, frequency in control datasets (gnomAD and 1000

Genomes Project), and predicted functional consequence.
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WGS was performed using PCR free Illumina sequencing libraries run on a
HiSeq2500 sequencing (to 45X coverage), Bcl files were aligned to hg19/GRCH build 37 and
nucleotide variants called with DRAGEN (Edico Genome). Structural variants (SVs)
were called using the union of four algorithms (BreakSeq, CNVnator, Delly, and Manta) and
annotated to determine affected genes and regulatory regions and were compared to public and
internal databases to determine minor allele frequency and filter common, or false
positive SVs. InDel realignment and base quality recalibration were performed using GATK
(v3.7.0). SNVs and InDels were detected using GATK HaplotypeCaller and annotated
using Alamut batch (v1.8). Read depth was determined for the WE through our in-
house pipeline. Copy number variants were detected wusing both Exome Depth

(https://cran.rproject.org/web/packages/ExomeDepth/vignettes/ExomeDepthvignette.pdf and http

s:/[qgithub.com/vplagnol/ExomeDepth) and SavvyCNV (https://www.biorxiv.org/content/10.1101/

617605v1 and https://github.com/rdemolgen/SavvySuite). Variants with <5 reads, a frequency of

>1% in gnomAD (V2.1.1) and/or in-house databases were excluded. De novo, homozygous or

compound heterozygous variants were evaluated.
2.8 Variants Analysis Using Rare Diseases Pipeline

The variants called by the Exeter laboratory were further filtered in a stepwise manner to find
candidate variants of interest. In family #1, given that the mode of inheritance is autosomal
recessive, as the parents do not exhibit the trait, the first criterion was that the variants must be
homozygous and the variants must be shared between the two cHSP selected patients. Based on
the clinical suspicion that these cHSP, MPD, and RTT clinical phenotypes resulted from
deleterious variants, the previously reported variants in ClinVar or doSNP databases as benign or

likely benign, and not rare variants in gnomAD database were excluded. Then, variants were


https://cran.rproject.org/web/packages/ExomeDepth/vignettes/ExomeDepthvignette.pdf
https://github.com/vplagnol/ExomeDepth
https://github.com/vplagnol/ExomeDepth
https://www.biorxiv.org/content/10.1101/617605v1
https://www.biorxiv.org/content/10.1101/617605v1
https://github.com/rdemolgen/SavvySuite
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narrowed down based on probability functional effect on the protein. To be precise, synonymous
variants were excluded. PolyPhen, SIFT, and Provean algorithms were used to predict the effect
of the variants, and benign or likely benign variants were excluded. Variants in genes lacking
relevant phenotype based on the reported phenotypes in the OMIM database were also excluded.
In addition, variants with low mapping quality or variants with allele depth (AD) lower than 0.20
were excluded. To further study the remaining variants, in-silico tools were used to predict the
effect of candidates on the protein and their association to the diseases. The gene-associated
phenotypes were investigated using OMIM, ClinGen, PanelApp and Decipher databases. After
that, ClinVar, gnomAD, dsSNP databases and the literature were used to investigate any reported

variants. Then, candidate gene features and domains were studied closely to locate these variants.

Thereafter, candidate variants and previously reported variants were plotted using ClinVar.
In addition, multiple amino acid sequence alignment of Homo sapiens and other species
was performed using the Clustal Omega alignment tool of the EMBL-EBI

(https://www.ebi.ac.uk/Tools/msa/clustalo/) to check conservation of the site of variants.

PolyPhen, Provean, and SIFT algorithms were also used to detect the effect of the missense
mutations. PolyPhen uses score ranges from 0.0 (Benign) to 1.0 (Deleterious), and SIFT uses the
same range but with 0.0 considered deleterious and 1.0 considered tolerated. The cutoff score for
both is 0.05. The deleterious effect of the missense variant was also predicted using Align GVGD

tool (http://agvagd.hci.utah.edu/agvgd input.php). On the other hand, Mutation taster

(http://www.mutationtaster.org/) was used to predict the disease-causing potential of the

insertion/deletion variants. Finally, selected variants were interpreted and classified based on the

ACMG guidelines.


https://www.ebi.ac.uk/Tools/msa/clustalo/
http://agvgd.hci.utah.edu/agvgd_input.php
http://www.mutationtaster.org/
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2.9 Primers Design
Primers used to detect the presence of the variants of interest among CF, cHSP, MPD, and
RTT patients and family members were designed using Primer-Blast tool of the

NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).  First, UCSC genome  browser

(https://genome.ucsc.edu/)- Human GRch37/ hgl9 assembly was used to search for the variant

location in the genome in order to obtain the genomic DNA sequence that flanked the variant by
250 bases upstream (5') and 250 downstream (3'). Next, the obtained UCSC-PCR template
sequence was copied and pasted in the PCR template box of the blast tool. Sequences that are
100% identical with the PCR template sequence were selected. After getting the specificity notion
that confirms that primer pairs are specific to the input template, the best pair of the primers were
picked based on the best melting temperature (Tm), GC content%, product size, runs, repeats, GC
clamp, and other parameters. After choosing the best pair of primers, UCSC in-silico PCR tool

(https://genome.ucsc.edu/cgi-bin/hgPcr) was used to further test for the primers specificity.

Table 2. Primers pairs designed to detect CFTR, PTPN23, TOP3A variants

Gene Mutation Primer sequence (5' to 3') Product size (bp)

F: GGGATGTGATTCTTTCGACCA
€.2183AA>G 251
R:CAGAATCCTCTTCGATGCCA

CFTR
F: TGGTAAGTACATGGGTGTTTCT
p.N1303K 237
R: TCAGTTAGCAGCCTTACCTC
F: GTCTACCCCAATCCCATCTT
g.47454479C>A 310
R:ACCTGTTCAGGTCTTGTTGAG
PTPN23

F: CCAGAGTCTACCCCAATCC
0.47454483del 303
R:CTTGTTGAGTGTCCAGAGTG

F: AAGAAGGCCCGACTCCAAAG
TOP3A 0.18178274delA 371
R:TGCCACTTCTGCATGTCAGT



https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://genome.ucsc.edu/
https://genome.ucsc.edu/cgi-bin/hgPcr
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2.10 PCR- Amplification Protocol

PCR amplifications were carried out for targeted fragments on the CFTR, PTPN23, TOP3A, and
MECP2 genes. The PCRs were performed, using GoTag® Green Master Mix (Promega, USA),
following the manufacturer’s recommendations. Briefly, a 25 pL reaction mixture was prepared
by adding 2 pL of the extracted DNA, 1 pLof the forward primer,1 pL of the reverse primer,15 pL
of Master Mix, and 6 pL of dH2O. The primers used for the amplification of each targeted DNA
fragment are listed in Table 2. To ensure that the PCR mixture was not contaminated, a PCR
negative control was used (by preparing an extra reaction mix for each amplification and
substituting the DNA with dH20). The PCR amplifications were done with a thermocycler
machine (FlexCycler2 PCR Thermal Cycler, Analytik Jena, Germany), using the following
conditions for amplification of PTPN23, CFTR, TOP3A, and MECP2 genes: DNA denaturation,
at 95.0° C for 5 minutes; 36 cycles of: DNA denaturation, at 95.0° C for 15 seconds; primer-
annealing, at 58.0°C for 45 seconds; and primer-extension, at 72.0°C for 30 seconds; the last cycle

of primer-extension, at 72.0°C for 5 minutes).

2.11 Detection of PCR Products

PCR-amplification products of CFTR, PTPN23, TOP3A, and MECP2 genes were analyzed by
electrophoresis in agarose gels of 1.5 % (weight/volume). The gel was prepared with 1.5 g of
Agarose (SigmaAldrich, St.Louis, USA) in 100 mL 1X TAE buffer (Thermo Scientific™,
Lithuania). Regarding electrophoresis, gel wells were loaded with 5 uL. of the PCR products and
the electrophoresis was performed at 90V for 45 minutes. The DNA bands were visualized using

UV-light with the ChemiDoc imaging system (ChemiDoc™, BioRad, USA).
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2.12 PCR Products Purification and Sequencing

2.12.1 Cleanup of PCR products

To purify the PCR products for sequencing, 1uL. of EPPiC fast mixture (A&A biotechnology,
Poland) (containing exonuclease | enzyme to get rid of excess primers from previous PCR
mixtures, and alkaline phosphatase enzyme to dephosphorylate dNTPs) was added to new PCR
tubes, then 5 puL of each PCR product were added. After that, the mixtures were spinned down and
incubated for 15 minutes in the thermal cycler (Biometra TONE thermal cycler, Analytik Jena,
Germany) as the following: 10 minutes at 37.0°C (to activate the enzymes mixture), and 1 minute

at 80.0°C (to completely inactivate the enzymes).
2.12.2 Loading of samples into multi-well plate

After dilution of the PCR products, 1 puL of BigDye™ terminator (Thermo Fisher Scientific, USA),
3.5 uL of sequencing buffer, 11.5 pL of water, 2 uL. of forward primer (with concentration of 5
pmol), and 2 pL of PCR products were added to a multi-well plate. Then, the plate was spinned
down and incubated in the thermal cycler for 25 cycles of: 1 minute and 10 seconds at 96.0°C, 5

seconds at 50.0°C, and 3 minutes at 60.0°C.
2.12.3 DNA Precipitation

To precipitate the DNA, 5 uL of 0.5 M EDTA solution and 60 pL of 100% Ethanol were added to
the wells. Then, the multi-well plate was vortexed for a minute and left for about 12 minutes at 4°
C. After that, the plate was centrifuged for 30 minutes at 2200 RCF at 4°C. 80 uL of 100% ethanol
was then added to the wells and centrifuged again for 15 minutes at 1600 RCF. Next, the multi-

well plate containing samples left to air dry for 15 minutes, and then 10 pL of formamide were
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added to the wells. Then, the plate was incubated in a dry heat bath for 3 minutes at 95.0°C and
on ice for another 3 minutes. Finally, the plate was placed into the Sanger sequencing machine

(Hitachi3500 Genetic Analyzer, Thermo Fisher Scientific, USA) to be sequenced.
2.13 Sequences Analysis and Segregation

The sequences of the PCR products were viewed and analyzed against reference sequences

obtained from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) using the Sequence Scanner™

Software V 2.0. Mutations harboring status were determined for each member of the family and

assigned on the family pedigrees.


https://www.ncbi.nlm.nih.gov/genbank/
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CHAPTER 3: RESULTS

Our study investigated three Arab Palestinian families, each with a different clinical phenotype:
cHSP, CF, MPD, and RTT. The analysis of the enrolled patients' WES and WGS data resulted in
the identification of the molecular etiology of these hereditary disorders as well as the segregation
of the causal variants among family members and confirming the predicted inheritance pattern

using Sanger sequencing.
3.1 Clinical Findings

3.1.1 Cases of Complex Hereditary Spastic Paraplegia in Family #1:

Here, we describe an extended Palestinian family, affected with multiple autosomal recessive rare
diseases. Due to the high prevalence of cases in this large family, a strong founder effect is
suggested. All of the included cHSP patients are of consanguineous parents except (HSP1-V11)
patient (Figure 4) (Table 3). Proband 1 (HSP1-V11) is a 25 years old female. Symptoms and signs
began to appear at the age of 7 years. She has been reported to have microcephaly and no
dysmorphic features. She has a mild lower limb spasticity and exaggerated deep tendon reflexes
in the lower limb. She is also displayed horizontal nystagmus, up-going Babinski reflexes and
paresthesia. No hand weakness, or arm stiffness have been reported. She doesn’t have
developmental delay or intellectual disability. She has walking on toes mode and didn’t undergo

any surgery.

Patient (HSP2-V2) is a 23 years old male. The first signs and symptoms appeared between the
ages of 4 and 5 years. Clinical diagnosis showed that he has microcephaly and no dysmorphic

features. He has lower limb spasticity and in the lower limb. He displayed up-going Babinski
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reflex. He also suffers from episodic paresthesia. Regarding the upper part, he doesn’t have hand
weakness, arm weakness or stiffness. The horizontal optokinetic nystagmus was clear. He had
tendon release surgery at both ankles. Before the surgery, walk on toes was his preferred walking

mode. He doesn’t have developmental delay or intellectual disability.
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Figure (4): Family pedigree of cHSP. Pedigree structure of the Arab Palestinian family affected with cHSP, showing
segregation of the PTPN23 variants [c.(4719del) and c.(4715C>A)]. The genotype of members is indicated [‘+:
mutant allele, ‘-’: wild type]. Arrows indicate proband.

Proband 2 (HSP3-V4) is a 14 years old female, and she is a sister of patient (HSP2-V2). Signs and
symptoms started at the age of 6 years. She was reported to have mild developmental impairment,
lower limb spasticity, and exaggerated deep tendon reflexes in the lower limb. She displayed toe
walking, episodic paresthesia, and up-going Babinski reflex. Microcephaly and nystagmus were

also reported in this patient. No problems in the arms or hands were reported.

Patient (HSP4-V3) is a 16 years old female. She was born with congenital hip dysplasia and had

had surgery at the age of 7 months. Symptoms and signs started to appear at the age of 7 years.



37

She has mild developmental impairment, lower limb spasticity, and exaggerated deep tendon
reflexes in the lower limb. She also presented microcephaly, toe walking and up-going Babinski

reflex.

Patients (HSP5-V5) and (HSP6-V6) are 15 and 11 years old females, respectively, and they are
sisters of patients (HSP2-V2) and (HSP3-V4). Signs and symptoms started in both of them at the
age of 6 years and were clinically reported to have microcephaly, mild developmental impairment,
horizontal optokinetic nystagmus, lower limb spasticity, and exaggerated deep tendon reflexes in
the lower limb. They also manifested episodic paresthesia and up-going Babinski reflex. No
problems were reported in the arms, hands, and feet lifting. Of the other medical problems, the

patient (HSP6-V6) was reported to have attention deficit disorder.

Table 3. Clinical characteristics of cHSP patients homozygous for final exon frameshift PTPN23 gene variant p.
(P1572T fs*12).

V2 V3 V4 V5 V6 V11
Genotype Hom Hom Hom Hom Hom Hom
Age 23y 16y l4y 15y 11y 25y
Sex/Age of onset M, 4-5y F,7y F.6y F, 6y F, 6y F.7y
Consanguinity Yes Yes Yes Yes Yes No
Microcephaly Yes Yes Yes Yes Yes Yes
Dev impairment normal mild mild mild mild normal
Toe walking Yes Yes Yes No Yes Yes
Lower limb spasticity Yes Yes Yes Yes yes No
Lowe limb DTRs +++ +++ +++ +++ +++ +++
Babinski reflex uUP UpP UP UP uP uP
Upper limb neurology normal normal normal normal normal normal
Horizontal nystagmus Yes No Yes Yes Yes Yes
Hypo/Paraestehisa episodic normal episodic normal episodic normal

DTRs: Deep Tendon Reflexs , Hom: Homozygous, M: male, F: Female, Y: year, (+++ ) indicates exaggerated reflexes.
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3.1.2 Cases of Cystic Fibrosis in Family #1:

All of the CF patients are of consanguineous parents (first cousin marriages) (Figure 5). These
patients presented with pulmonary and gastrointestinal symptoms manifested by chronic

pulmonary infections, chronic diarrhea, and failure to thrive.
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Figure (5): Family pedigree of CF. Pedigree structure of the Arab Palestinian family affected with CF, showing
segregation of the CFTR variants [c. (2183 AA>G) and p. (N1303K]. The genotype of members is indicated [+’
mutant allele, ‘-*: wild type]. Arrows indicate the proband.

3.1.3 Cases of Microcephaly Primordial Dwarfism in Family #2:

All of the MPD patients recruited in this study are females and have consanguineous parents
(Figure 6). The index case is an 18-years-old female born to consanguineous parents, the parents
are half first cousins, and 2" cousins. Before birth, she was known to have growth retardation. She
weighed 1900 gm at birth. Her head circumference was 30 cm, and height of 43 cm. She was
admitted to neonatal ICU for 5 days due to respiratory distress. During admission, she was only
on nasal oxygen treatment. Her growth parameters remained at -3 SDS. She had normal skeletal

survey, and normal IGF-1 testing. Treatment by growth hormone was not advised, due to its failure
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in a cousin. Her siblings are all unaffected. The major clinical features of the included MPD

patients are summarized in table 4.

-1 1-2
-1 -2 -3 -4
-1 -2 1I1-3 114 -5 1Il-6 -7
C.2848+/+ C.2848+/+ C.2848+/+ C.2848+/- C.2848+/- C.2848+/- C.2848+/-
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Figure (6): Family pedigree of MPD. Pedigree structure of the Arab Palestinian family affected with MPD, showing
segregation of the TOP3A variant (c.2848del). The genotype of members is indicated [‘+’: mutant allele, ‘-’: wild
type]. Arrows indicate the proband.
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Table4. Clinical characteristics of MPD patients homozygous for final exon frameshift TOP3A gene variant

.(2848del).
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7
Genotype Hom Hom Hom Hom Hom Hom Hom
Sex F F F F F F F
Consanguinity Yes Yes Yes Yes Yes Yes Yes
Prenatal
delayed growth * * * * * * *
Microcephaly + + + + + + +
Short stature + + + + + + +
Height/Age 79cm/37y 131cm/11ly 142.5cm/18y 136cm/43y 138cm/47y 104cm/7y 63cm/1ly
Poor V\_/eight + + + + + + +
gain
Intellectual ) ) ) ) ) ) )
disability
Small facial + + + + + + +
features
Triangular Triangular Triangular Triangular Triangular Triangular ~ Triangular
Dysmorphic face face face face face face face
features Prominent Prominent Prominent Prominent Prominent Prominent Prominent
nose nose nose nose nose nose nose

(+): indicates presence of a characteristic in a patient, (-): indicates absence of a characteristic in a patient, F: Female, Hom:
Homozygous, m: month, y: year, cm: centimeter.

3.1.4 Cases of Rett Syndrome in Family #3:
The proband and the only affected individual in the third family is a 6 years old female of first

cousins’ parents (Figure 7). She had a normal early postnatal life until she was clinically diagnosed
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with neurodevelopmental regression with appearance of behavioral problems at 2 years, and later
she exhibited different clinical signs including hyperactivity, cessation of speech, sleep

disturbances, trichotillomania, and aggression.
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Figure (7): Family pedigree of RTT. Simplified pedigree structure of the Arab Palestinian family affected with RTT,
showing segregation of the MECP2 variant (p. Ser411del). The genotype of members is indicated [+’: mutant allele,
‘->: wild type]. Arrows indicate the proband.

3.2 Genetics Findings

3.2.1 Molecular-causes of cHSP

A total of 23 homozygous gene variants present in the WES data of the first cHSP patient and 28
in the second patient. Of these variants, 11 are shared between the two patients. After excluding
the variants that are synonymous, benign, variants with low mapping quality, and variants in a
gene with non-fitting clinical phenotype, a complex deletion/insertion variant in the PTPN23 gene,
was concluded as a candidate variant for further analysis. PTPN23 was of particular interest
because it’s known to be expressed in the neurons and its associated phenotype as found in OMIM
is neurodevelopmental disorder and structural brain anomalies with or without seizures and

spasticity with the autosomal recessive inheritance mode. The PTPN23 variant is a c.(4719delins)
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frameshift deletion/insertion in exon 25 resulting in a p. (Pro1572Thrfs*12) mutation. This variant
occurs in the C-terminal domain (CTD) next to the Protein Tyrosine Phosphatase (PTP) domain
(Figure 1). It is predicted to escape nonsense-mediated decay and results in a partially truncated
PTPN23 polypeptide by 64 amino acids (1572/1636). This variant is rare (allele frequency of
0.0004%) and not found in gnomAD v3.1, ClinVar, or HGMDPro databases. The affected residues
are highly conserved across species as indicated by Clustal Omega alignment, and the shifted
sequence due to this variant is also conserved (Figure 8). The mutation prediction tool, mutation

taster (Build of NCBI 37 / Ensembl 69) predicts that this variant is a disease causing.

This variant [c.(4719delins): p. (Prol572Thrfs*12)] is classified as a likely-pathogenic variant
based on the ACMG guidelines as it is predicted to result in a loss or disruption of normal protein
function through NMD or protein truncation. In addition, it is absent from controls, cosegregated
with disease in multiple affected family members in a gene definitively known to cause the disease,
and multiple lines of computational evidence support its deleterious effect on the gene or gene

product.

P1572Tfs*12

Human
p.P1572Tfs*12
Chimpanzee
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Orangutans
Tiger

Pig
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Figure (8): Comparison of conserved amino acids at positions from 1572 to 1584 of human wild type PTPN23
with six orthologues alongside the predicted outcome of the p.(Pro1572Thr*12) frameshift variant. Multiple
amino acid sequence alignment of Homo sapiens and other species (shown in bold to the left) was performed using
the Clustal Omega alignment tool of EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/). The red arrow indicates
the start point of the identified variant at the position 1572.



https://www.ebi.ac.uk/Tools/msa/clustalo/
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3.2.2 Molecular-causes of MPD

WGS of the proband identified 83 homozygous gene variants, 155 multiple heterozygous gene
variants, and 75 single heterozygous gene variants. Because the disease inheritance pattern is AR,
the analysis was confined to homozygous variants. Using the previously mentioned narrowing
down strategy of the variants, TOP3A gene was predicted to be damaging and concluded as a
candidate for further analysis. Microcephaly, growth restriction, and increased SCEs are described
linked phenotypes of TOP3A in OMIM, which matches the clinical phenotype of the enrolled
individuals. TOP3A is likewise diagnostically graded green in its relationship with severe
microcephaly, bloom-syndrome, and development failure, according to PanelApp. In addition,
searching ClinVar for TOP3A variants showed that there are previously reported pathogenic
variants in patients with clinical phenotypes similar to our patients. The TOP3A identified variant
in the analyzed genome is a (c.2848del) frameshift-deletion variant in exon 19 that causes a
frameshift in 58 amino acids (p. Trp950Glyfs*58) in the CTD (Figure 2), all of them are conserved
according to the Clustal Omega alignment (Figure 9), starting with codon Tryptophan 950,
changes this amino acid to Glycine residue, and results in the loss of the original stop codon and

prolongation of the protein.

This variant is predicted by MutationTaster to change the amino acids sequence, prolonged protein
(+5 AA) (Figure 9), and splice site changes. The (c.2848del) variant is not observed in gnomAD,
EXAC, ClinVar, Ensemble, and Decipher databases (Rarity 0%). (c.2848 del) variant can be
classified as a likely-pathogenic variant based on the ACMG guidelines as it is a frameshift in the
TOP3A gene where LOF is a known mechanism of disease, absent from controls (with allele
frequency of 0%), and multiple lines of computational evidence support its deleterious effect on

the TOP3A gene and protein.
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Figure (9): Comparison of conserved sequence of human wild type TOP3A, from tryptophan amino acid at the
position 950 to the end of the protein, with six orthologues alongside the predicted outcome of the p.(W950G*58)
variant. Multiple amino acid sequence alignment of Homo sapiens and other species (shown in bold to the left) was
performed using the Clustal Omega alignment tool of EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/). The
red arrow indicates the conserved tryptophan residue at the position 950.

3.2.3 Molecular-causes of Rett Syndrome

WGS sequencing data of the 6 years old female of first cousins’ parents, clinically diagnosed with
neurodevelopmental regression with appearance of behavioral problems at 2 years with cessation
of speech, hyperactivity, sleep disturbances, trichotillomania, and aggression, identified 45
homozygous gene variants, 271 multiple heterozygous gene variants and 1063 single heterozygous
gene variants. Homozygous gene variants weren’t found to be related to her diagnosis, therefore
the analysis shifted to the heterozygous variants. Firstly, hot heterozygous variants were picked
based on the criteria mentioned in the methods section and each one was analyzed based on genes
and variants data reported in different genes and variants databases. The most related genes were

picked and then analyzed; including CACNALE, LNPK, MADD, ABCA2, KIF1A, and MECP2.

Gene phenotype, phenotype inheritance mode, gene constraint scores, GeneCards reported
disorders, genereviwes, and ClinVar reports were checked for each of the related genes. Variant
of the MECP2, [ChrX:g.(153296046_153296048del): c. (1231_1233 del): p.(Ser411del)] (Figure

10) was suggested to be the molecular cause of this condition for many reasons, first, one of the


https://www.ebi.ac.uk/Tools/msa/clustalo/
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reported phenotype in OMIM, and ClinGen of MECP2 gene is Rett syndrome and the patient has
many common symptoms with Rett syndrome including slowed growth, sleep disturbances,
abnormal behaviors, loss of communication abilities, seizures and her symptoms started at age of
2 years. Second, MECP2 is constrained gene with pLI score of 0.89. Third, the variant is an inframe
deletion causes a deletion of serine amino acid at position 411 of the MECP2 protein in the C-

terminal domain (Figure 3).
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Figure (10): Integrated Genomics Viewer (IGV) screenshot of the MECP2 [ChrX:g.(153296046 153296048del]
variant. The inframe deletion variant [ChrX:g.(153296046_153296048del] of the MECP2 gene is indicated by the
yellow rectangle.

This variant is rare with gnomAD frequency of 0% and occurs on a conserved site in the MECP2
protein (Figure 11). In addition, it is predicted to be disease-causing mutation by MutationTaster
and phosphoserine residue is predicted to be lost. This variant is needed to be confirmed by

techniques other than Sanger sequencing.



46

p-S41ldel

Human
p.S4l1ldel
Mouse
Chimpanzee
Opossum
Bear
Dragon
Mink

mmmmmmmm
O0OO0ODO0ODOOOQO
ARARARARAARAXRXKXRE
mmmmmmmm
mmmmmmmm
ARARARARAARXRXXRE

Figure (11): Comparison of conserved Serin-411 of human MECP2 with six orthologues, alongside the
predicted outcome of the p.(Ser4l11del). Multiple amino acid sequence alignment of Homo sapiens and other species
(shown in bold to the left) was performed using the Clustal Omega alignment tool of EMBL-EBI
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The red arrow indicates the conserved Serine residues at the position
411.

3.3 Segregation Analysis

3.3.1 Segregation analysis of PTPN23 Variants

WES analyses identified a homozygous frameshift deletion/insertion variant [c.(4719delins): p.
(Pro1572Thrfs*12)] in the PTPN23 gene of two cHSP affected individuals. This variant was
confirmed using dideoxy sequencing (Sanger sequencing). Sanger sequencing also showed the
segregation of this variant among all of family members as expected for an autosomal recessive
cause of the cHSP (Figure 4). The segregation analysis showed that all of the cHSP affected

subjects including in this study are homozygous for the c.(4719delins) variant (Figure 12).


https://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure (12): Electropherogram showing the DNA sequence of the PTPN23 (c.4719delins) frameshift variant
(green arrow). (a) A wild-type state in an unaffected subject (PL0240), (b) homozygous state in a cHSP affected
subject (PL0233), and (c) heterozygous state in a carrier unaffected individual (PL0235) are compared.

3.3.2 Segregation Analysis of CFTR Variants

As mentioned earlier, CF patients were reported to have two CFTR variants: ¢.(2183AA>G) and
p. N1303K. Sanger confirmation and segregation showed that of the seven studied patients, five
are compound heterozygous for both of the variants, at which one of the parent is heterozygous
for the first variant and the other is heterozygous for the second mutation (Figure 13), and two of

the patients are c.(2183AA>G) homozygous for two parents’ carrier for the variant (Figure 5).
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Figure (13): Segregation of CFTR mutations in one of the CF studied patients. The Electropherograms to the right
and left showing the DNA sequence of the of CFTR (p.N1303K) (red arrow) and (¢c.2183AA>G) substitution missense
variants (green arrow) variants, respectively. The mother (CF23) is heterozygous carrier for the p.N1303K variants,
and the father (CF22) is heterozygous carrier for the ¢.2183 AA>G variants. The affected offspring (CF18) is
compound heterozygous carrier for both variants.

3.3.3 Segregation analysis of TOP3A Variants

WGS identified a frameshift-deletion variant [c.(2848del): p.(Trp950Glyfs*58)] in TOP3A gene
of the MPD proband patient. Sanger segregation revealed that all of the enrolled MPD affected
individuals are homozygous carrier for this variant. Parents of the affected individuals have been
verified to be heterozygous carriers which confirm that this variant is inherited in an autosomal

recessive manner to cause MPD among family members (Figure 14).
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Figure (14): Electropherogram showing the DNA sequence of the TOP3A (c.2848del) frameshift deletion
variant (black arrow). (a) A wild-type state in an unaffected subject (PL0496), (b) homozygous state in an MPD
affected subject (PL0504), and (c) heterozygous state in a carrier unaffected individual (PL0509).
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CHAPTER 4: DISSCUSSION

We investigated clinical manifestations and genetic components of a complex form of hereditary
spastic paraplegia (CHSP) in six of eight affected individuals. The affected individuals belong to
an extended Palestinian family that constitutes a whole village located in the southwest of Jenin.
Bioinformatics analysis of WES data of two of the affected individuals revealed that
CHSP is associated with a biallelic PTPN23 variant. The identified variant, c. (4719 delCCinsA),
is located in the last exon of PTPN23 gene (exon 25) and is predicted to escape nonsense-
mediated decay (NMD). This frameshift deletion in exon 25 is predicted to produce
PTPN23 polypeptide that modestly truncated with an altered C-terminus (1572/1636 amino
acids). This variant occurs in the CTD region which is rich in proline and is located subsequent to
the tyrosine—protein phosphatase (TPP) domain (Figure 1). This region does not yet have a
specific function. In that regard, the HIS domain of PTPN23, which is likewise a proline-rich
domain, was found to be important for different signaling pathways through its interaction with
the Grb2 family of protein (Tanase 2010). However, in order to confirm the effect of the p.

(P1572T fs*12) on PTPN23 functionality, molecular studies should be conducted.

In previous studies, PTPN23 was suggested as a candidate gene for severe neurological
impairment and seizures. In a study conducted by Sowada et al. on a single case diagnosed with
a rare form of autosomal-recessive developmental and epileptic encephalopathy (DEE), two
heterozygous pathogenic PTPN23 variants [c.(1595C>T): p.(Pro532Leu)] and [c.(3586C>T):
p.(Arg1196*)] were reported to be the causative variants (Sowada et al. 2017). Smigiel et al. also
reported two PTPN23 pathogenic variants [c.(1902C>G): p.(Asn634Lys)] and [c.(2974delC):
p.(Leu992Tyrfs*168)] in compound heterozygous state in a single pediatric case affected by

developmental epileptic encephalopathy with hypomyelination and brain atrophy (Smigiel et al.
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2018). Another three individual studies identified three PTPN23 pathogenic variants in
homozygous state in three unrelated single cases diagnosed with seizures, spasticity, global
developmental delay, and motor delay (Table S1) (Alazami et al. 2015, Bend et al. 2020, Trujillano
etal. 2017). The pathogenicity of two of the previously identified biallelic candidate PTPN23 gene
variants by Bend et al. in individuals diagnosed with varying degrees of neurodevelopmental
impairment and structural brain abnormalities are recently reported to be not supported by the
accessible gnomAD allele frequency data (Khalaf-Nazzal et al. 2021). In addition, clinical
manifestations described in another three patients by Bend et al. are also found to be non-specific
and to significantly differ from the mostly neurological consequences and outcomes related to the

originally identified pathogenic PTPN23 variants (Khalaf-Nazzal et al. 2021).

Regarding clinical manifestations of the cHSP patients investigated in our study, all of them
displayed microcephaly, lower limb weakness and stiffness, hyperreflexia, muscle wasting, and
extensor plantar response. The steppage gait of the patients shows characteristics of spasticity and
foot drop. The sensory examination was normal in all of them, and mild intellectual impairment
was noted in the majority. Heterogeneity of the clinical manifestations that presented in those
patients suggests the involvement of upper and lower motor neuropathy. This noted complicated
form of hereditary spastic paraplegia is similar to that described in patients affected by Silver
syndrome/SPG17 (Musacchio et al. 2017). In the study conducted by Bend et al., a European
eleven years old female was reported to have a homozygous pathogenic PTPN23 variant
[c.(4651_4652dup): p.(Leul552Hisfs*33)]. The patient shared similar clinical signs to those
manifested by our patients, in particular microcephaly, developmental regression at 2 years, mild
intellectual disability, optic atrophy, spastic diplegia, hyperreflexia, hypotonia, slow gait, delayed

myelination, and language delay. The study reported a frameshift variant located in the last exon
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which was predicted to escape non-mediated decay (NMD), and thus resulting in a truncated
polypeptide product. This variant, similar to our identified variant, is found to be associated with
mild severity manifestations compared to the previously identified variants in the major conserved
PTPN23 domains; BRO1-like domain, ALIX domain, and tyrosine-protein phosphatase domain
(Alazami et al. 2015, Smigiel et al. 2018, Trujillano et al. 2017, Sowada et al. 2017). Variants
located in these domains result in more severe neurological clinical signs including seizures,
progressive spasticity, brain atrophy, and severe white matter volume loss. This suggests that the

variant we identified in the CTD could result in a partially functioning polypeptide.

As mentioned previously, one of the important PTPN23 roles is sorting of the endosomal cargo
into multivesicular bodies through its interaction with the ESCRT-I complex. ALIX/ESCRT
interaction was reported to play critical roles in the survival of embryonic neural progenitors, as
well as the growth and maintenance of axons and dendrites, all of which are required for the
development of a functional brain (Sadoul et al. 2018). In previous studies, several truncating
variants in UBAP1 (Ubiquitin Associated Protein 1) gene, encodes a subunit of the ESCRT-I, were
found to be associated with childhood-onset progressive SPG (Gu et al. 2020, Farazi Fard et al.
2019). Furthermore, Connell et al. also documented the role interaction between spastin (the most
common cause of HSP4) and the ESCRT-I11 complex-associated endosomal protein CHMP1B in
regulating polarized membrane traffic (Connell et al.2020). These together may suggest the critical

function of PTPN23 in motor neurons integrity.

In regards to the cystic fibrosis (CF) patients belonging to the same extended Palestinian family,
we segregated two of the CFTR variants in all of the patients and family members. All of the CF
patients in our study presented with pulmonary and gastrointestinal symptoms manifested chronic

pulmonary infections, chronic diarrhea, and failure to thrive. The first variant, [c. (2183 AA>G):
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p.(Lys684Serfsx38)], is a deletion/insertion frameshift variant which occurs in exon 14 of the
CFTR gene. This variant is rare and is not found in gnomAD or ExAC. It is considered to be a

target for NMD, and results in a half-truncated CFTR polypeptide product (721/1481).

The second variant [(c. (3909C>G): p. (N1303K)] is a missense substitution which occurs in exon
21 of the CFTR gene and resulting in changing of the conserved asparagine residue at position
1303 to lysine. It’s a pathogenic variant according to the ACMG classification guidelines

(https://varsome.com/). p. (N1303K) is a common variant, with the highest recorded frequency in

Lebanon, and is found to be associated with severe pancreatic and pulmonary phenotypes in
approximately all of the Lebanese CF patients (Farhat et al. 2015). However, the presence of this
variant in compound heterozygous with other CFTR variants may contribute to the clinical

phenotype severity (Farhat et al. 2015).

The segregation analysis showed that two of our CF patients carry the c. (2183 AA>G) variant in
a homozygous state and both parents are carriers for the variant. The remaining five patients carry
the same variant in a compound heterozygous state with the second variant p. (N1303K), while
one parent is heterozygous for the first variant and the other is heterozygous for the second variant
(Figure 13). Altogether, twelve individuals are heterozygous carrier for the c. (2183 AA>G)
variant, and two are homozygous, four are heterozygous carrier for the p. (N1303K) variant, five

are compound heterozygous for both of variants (Figure 5).

In a previous study conducted on Palestinian CF patients residing in Gaza and the West Bank, the
c. (2183 AA>G) variant was found to exist among Palestinian patients living in Gaza in a
homozygous state (Essawi et al. 2015). However, here, we report here the presence of this variant

among Palestinians living in the West Bank. In another cohort study of CFTR variants among CF
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patients in 21 unrelated Palestinian families residing in the central and southern of Palestine,
€.1393-1G>A variant was reported to be the most prevalent one (Siryani et al. 2015). In this study,
the p. (N1303K) variant was identified in homozygous state in one patient residing in Hebron
(Siryani et al. 2015). Narratives state that the extended Palestinian family we are studying traces
back to south of Palestine, particularly the city of Hebron. This suggests that the p. (N1303K)

variant is a founder mutation previously identified in Hebron.

Despite the fact that CF is less common in Palestine, many cases exist, and the causative variants
must be discovered. The Palestinian population has a narrow range of CF mutations due to its
homozygous ethnic heritage. Identifying the most prevalent CFTR mutations in the Palestinian
population and establishing a particular mutations screening test would allow to diagnose patients
earlier and more quickly. It will also qualify the population-screening program aimed at detecting
carriers of the CFTR variants. Further studies are needed to elucidate the distribution and frequency

of CFTR gene mutations in the different districts of Palestine.

Our study investigates clinical and genetic findings of microcephaly primordial dwarfism (MPD)
associated with biallelic TOP3A variant in eight patients belonging to an extended Palestinian
family residing in a village located east of Jenin. The discovered variant in our study, [c.(2848del):
p.(Trp950Glyfs*58)], is a frameshift-deletion occurring in the last exon (exon 19) of TOP3A gene.
This variant causes a frameshift in conserved 58 amino acids among different species, thus, it is
predicted to change the amino acid sequence. In addition, it results in changing in the C-terminal
region due to loss of the original stop codon which in turn results in prolongation of the produced
polypeptide (+5 aa) to a length close to its original length. This change in the amino acid sequence
may impact protein structure and function, which can be validated by further protein modeling and

molecular studies. The identified variant was validated using Sanger sequencing to be homozygous
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in all affected individuals and heterozygous in all parents. This variant is considered rare and is

not reported in gnomAD, ExAC, ClinVar, Ensemble or Decipher.

All of affected individuals recruited in our study presented prenatal delayed growth, microcephaly,
short statute, poor weight gain, and small facial features with large nose (Table 3). There were no
signs of intellectual disability or dysmorphic features in any of them. These symptoms overlap
with symptoms of Bloom-syndrome (BS) patients except for the no presence of photosensitive
malar rash (J. German and Sanz 2013). Generally, Bloom-like syndrome that associated with
TOP3A deficiency is a recent reported human disease (Jiang et al. 2021). So far, ten different
TOP3A pathogenic variants of this disease have been identified in thirteen affected individuals in
two recent separate studies (Table S2-A) (Jiang et al. 2021, Martin et al. 2018). Consistent with
our clinical findings, all of studied affected individuals by Martin et al. and Jiang et al. were found
to have restriction of prenatal-onset growth, microcephaly, short stature, and poor weight gain.
However, some of patients presented with other clinical phenotypes including mild developmental
delay, gastroesophageal reflux, recurrent infections, cardiomyopathy, hepatomegaly, fatty liver,
Café-au-lait macules, and reduced subcutaneous fat (Table S2A-C). Mild signs in our patients
may indicate that the p.(Trp950Glyfs*58) variant gives a polypeptide product that retains partial
functionality of TOP3A. Contrary to what was found in our study and the study by Martin et al.
about failure of growth-hormone (GH) treatment in certain patients, Jiang et al. reported good
response to treatment in one patient. However, due to the given overlap with BS, and the possibility
of cancer predisposition, it is important to call against growth hormone treatment for these patients

to avoid the development of GH treatment associated malignancies.

In regards to cytogenetic examination, SCEs were found to be elevated in all of the available

patients in the two previous studies, implying that the TOP3A variants impair the BTR complex
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function. As mentioned previously, elevated SCEs is used as a confirmatory diagnostic test for BS.
However, the presence of this clinical feature in patients with TOP3A, RMI1 and RMI2 mutations
in Bloom-syndrome-like disorders suggests that individuals who were previously identified as BS

patients, based on the cytogenetic examination, should be reevaluated.

Genomic instability arise from BS makes it to be considered a cancer-prone disorder (James
German 1997). Malignancies are typically developing at early adulthood in BS patients (Arora et
al. 2014). In our study, one affected individual developed colon cancer at the age of 35 years. This
is considered the first case where TOP3A mutations are associated with cancer. Four of the
remaining patients are still children and two are in their forties and have not been diagnosed with
cancer. Whether cancer occurring in our patients is due to TOP3A mutations, is to be further

delineated by identifying more cases, and following up with our patients.

It is well established that three subfamilies of DNA topoisomerases (1A, 1A, IB) exist in human
(Wang, Lyu, and Wang 2002). Topoisomerase IA is found in two isoforms, topo Illa (TOP3A)
and IIIB (TOP3B), with different roles in cellular development (Bizard and Hickson 2020).
Knocking out TOP3A in mice was reported to be lethal, indicating its essential role in the cell
viability (W. Li and Wang 1998). TOP3A enzyme is found to be localized in the nucleus and the
mitochondria (Wang, Lyu, and Wang 2002). In the nucleus, TOP3A acts as a dissolution enzyme
(dissolvasome) with the BLM helicase, RMI1, and RMI2 proteins to form the BTR complex which
catalyze dHJs dissolution to yield non-crossover products (Sarbajna and West 2014). This reaction
is critical in somatic cell for avoiding crossover which if uncontrolled can result in loss of
heterozygosity and cancer susceptibility (Sarbajna and West 2014). TOP3A has also been recently
considered as an essential component of the mitochondrial DNA (mtDNA) replication and mtDNA

separation machinery (Nicholls et al. 2018). In agreement with this function, Martin et al. reported
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one patient with TOP3A mutation to have chronic progressive external ophthalmoplegia (PEO)
and cerebellar ataxia which are considered as clinical signs associated with mitochondrial
dysfunction (Martin et al. 2018). However, this patient has no signs of short stature or elevated
SCEs. Cellular and molecular studies of Jiang et al. in two patients who carried TOP3A variants
and displayed hepatomegaly showed that these variants resulted in impaired mitochondrial
metabolism (reduced mitochondrial ATP generation and oxygen consumption rates) (Table S3).

The authors reported that the variants didn’t affect genome stability (Jiang et al. 2021).

In agreement with the previously mentioned essential roles of TOP3A in the cell (Table S3), the
clinical characteristics of our patients indicate that the discovered variant is a severe hypomorph.
The notable growth restriction and absence of clinical features of mitochondrial dysfunction
suggest that the pathogenesis mechanism is related to the nuclear function of TOP3A as part of the
BTR complex. In summary, mutations in TOP3A reduced the functional performance of the BTR
complex in mitotic cells as in the BLM mutations in BS. Thus, resulting in microcephaly and
growth restriction due to genome instability and impaired viability during development that
emerge from micronuclei, chromosomal breaks, and chromosomal aberrations (Payne and Hickson
2009). Further molecular and cellular studies are required to confirm the pathogenesis mechanism

of p. (Trp950Glyfs*58) variant in TOP3A gene.

In the present study, we also investigated the clinical characteristics and genetic cause of Rett
syndrome (RTT) in a single case in a Palestinian family residing in another village in Jenin.
Bioinformatics analysis of WGS data of the affected individual revealed that the RTT is associated
with one heterozygous variant in x-linked methyl-CpG-binding protein 2 (MECP2) gene. The
identified variant, [c. (1231_1233 del): p.(Ser411del)], is an inframe deletion located in the last

exon of MECP2 gene (exon 4). This variant is considered rare with frequency of 0% in gnomAD.
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It results in deletion of the conserved serine amino acid at position 411 of the C-terminal domain
(CTD) of the MeCP2 protein. It is predicted by MutationTaster to change the amino acid sequence
and some of the protein features including loss of phosphorylation sites in the disordered region
of the protein. The functional effect of this variant on MeCP2 can be further investigated by

molecular studies.

MECP2 de novo mutations are considered to be responsible for 95% of typical RTT cases and
more than 50% of atypical RTT cases (Pejhan and Rastegar 2021). In our study, Sanger sequencing
verified that both parents, as well as the second daughter, are healthy and do not carry the identified

variant, p.(Ser411del). Therefore, this variant is predicted to be a de novo mutation.

The majority of RTT patients are female heterozygotes with somatic mosaics for both wild-type
and mutant MECP2 (Katz et al. 2016). The affected individual in our study is a 6 years-old female,
of first cousins’ parents, clinically diagnosed with neurodevelopmental regression with exhibition
of behavioral problems at 2 years, and in later ages, cessation of speech, hyperactivity, sleep
disturbances, trichotillomania, and aggression. These progressive clinical manifestations are
consistent with the established RTT symptoms and stages of the disease (Hagberg 2002). Severity
of the RTT symptoms mainly depends on the type of MECP2 gene variant (Neul et al. 2008). The
most severe RTT symptoms were found in individuals who are carrier for mutations in the major
MeCP2 domains (Pejhan and Rastegar 2021). The milder phenotype of the p.(Ser411del) variant
in our patient compared to the other phenotypes previously reported in RTT patients with specific
MECP2 variants could be attributed to its occurrence in the CTD. Together with the methyl-CpG-
binding domain (MBD), CTD has been shown to contribute to MeCP2 binding to the nucleosome

core (Chandler et al. 1999). Smeets et al. found that truncation of hot spot deletions in the C-
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terminal domain which occurs beyond the coding regions that doesn’t involve the nuclear

localization signal, explains their milder clinical symptoms in RTT patients.

As a global transcriptional repressor, MeCP2 represses the expression of the Brain-derived
neurotrophic factor (BDNF) gene via its selectively binding to BDNF promoter I11. Separation of
MeCP2 from BDNF promoter 11l through depolarization of neurons membrane, which triggers
calcium-dependent phosphorylation of MECP2, allows the expression of BDNF (Chen et al. 2003).
MeCP2 regulation by calcium influx could be crucial for nervous system function as it plays
important role in regulating certain programs of activity-dependent gene transcription in brain
(Zhou et al. 2006). Disruption of MeCP2 phosphorylation by MECP2 variants on serine residues
in the C-terminal domain was found to affect the neuronal activity. Zhou et al reported that
mutation in serine residue at position 421 of MECP2 resulted in blocking the ability of
MeCP2 in controlling of spine morphogenesis, dendritic growth restriction, and induction of
BDNF transcription (Zhou et al. 2006). It is expected that this disruption may underlie the neural-
specific pathogenesis that was diagnosed in the RTT patient in our study. Sanger sequencing failed
to confirm our identified variant p.(Ser411del), therefore this variant is predicted to be a longer
deletion and it may affect Ser421, which has been evidenced to be an important site for MeCP2

phosphorylation. Techniques other than Sanger sequencing are ongoing to confirm this variant.

In our study, we deciphered the causative variants of three rare diseases, cHSP, MPD, and RTT,
that were found to have occurred among extended families in isolated communities in Palestine.
Discovering these variants will help in studying the genetic makeup of these isolated communities
and building a map for the founder variants in a national screening theme. In addition, it will help
highlight the genes that need to be included on the international gene testing-diagnostic panels for

the HSP and MPD diseases. Furthermore, studying of rare diseases can be considered as human
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genetic models that may help in the identification of common molecular pathways and thus better

understanding of common diseases.
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CONCLUSION

By all of our findings, we call attention to the importance of WES and WGS as a promising tools
for rare-disease diagnosis and management in Palestine. We define a complex form of HSP, that
may include intellectual impairment or may not besides microcephaly, caused by pathogenic
biallelic variant in the PTPN23 gene that was detected by WES. Along with the findings of the
previous studies, we support the importance of the inclusion of PTPN23 on the international HSP
gene testing-diagnostic panels. We also define a novel pathogenic biallelic variant in TOP3A gene
associated with mild phenotype of MPD using WGS. Furthermore, WGS is proven as a powerful
tool in the detection of de novo CNV variant that may disrupt the MeCP2 phosphorylation,
affecting the neuronal activity and resulting in RTT syndrome. In the Palestinian isolated
populations and the large extended consanguineous families, rare diseases are no longer rare.
Failure to address this issue may exacerbate the transmission of these diseases from one generation
to the next. Therefore, scientific collaboration with such populations is essential to investigate and
characterize such diseases, find the causative pathogenic mutations, and establish future

management plans.
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APPENDIX A: SUPPLEMENTARY TABLES

Table S1. Candidate PTPN23 gene variants identified in patients with severe neurological and developmental

impairments and seizures.

Reference [Alazami] [ Trujillano] [Bend]
Homozygous Homozygous
Genotype ¢.(3995G>T): Homozygous c.(2568_2594del27):

(NM_015466.4)

p.(Arg1332Leu)

€.(904A>G: p.(Met302Val)

p.(Val857_Pro865del)

Family history

Ethnicity Saudi Arabia Syria
Sex M F
Age Sy 7y
Microcephaly Ng Ng
_ g ol g
Developmental impairment Global developmental delay
Global developmental delay - Profound
Developmental regression
Seizures Ng Ng Ng
Ng
N N Spasticity and contractures
Neurological impairment . Little purposeful movement
Cerebral palsy Spasticity Wheelchair bound

Mild cerebellar atrophy

Severe loss in the white
matter volume with

Brain atrophy and

MRI enlarged ventricles Brain atrophy lissencephaly
Thin corpus callosum
Cystic encephalomalacia
Other GERD

GERD: Gastroesophageal reflux disease, NK: not known, M: male, F: female, y: year.
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Table S2-A. Clinical signs associated with Bloom-Syndrome like disorder in patients’ carrier for TOP3A variants.

Reference | Family | Pt Genotype [ NM_004618.4] Ethnicity Family History Sex Age Microcephaly Short
stature
[Martin ] 1 1 Homozygous USA F 5m
c.[2718del] p.[Thr907LeufsTer101] ol ol
2 2 UAE Another brother F 3y Ng Ng
3 Homozygous UAE died at 13y as a = 5 G G
c.[2271dup]:p.[Arg758GInfsTer3] result of
4 UAE cardiomyopathy | M 10y g Na
3 5 Compound Heterozygous Japan F 15y
¢.[527C>T]: p.[Alal76Val] Ng Ng
¢.[1072_1073dup]:p.[Tyr359GlyfsTerl7]
4 6 Homozygous Syria F 19m
c.[2271dup]:p.[Arg758GInfsTer3] ! ol
5 7 Homozygous Spain F 3y,3m Ng g
6 8 c.[2428del]:p. [Ser810LeufsTer2] Spain M Ty Ng Na
9 Syria M 11y g Na
Homozygous
7 10 c.[2271dup]:p.[Arg758GInfsTer3] Saudi 4y,7m Na N
Arabia
8 11 Compound Heterozygous UK F adult
€.[298A>G]:p. [Met100Val] X X
¢.[403C>T]:p.[Argl35Ter]
[Jiang] 9 12 Compound Heterozygous China Non M 6y Ng Ng
13 C.[1436A > G]:p.[ D479G] China consanguineous = 5 T T

c.[2362C > T]:p.[ Q778*]

parents

“”: indicates presence of the clinical sign, “X”: indicate absence of the clinical sign Pt: patient, F: female, M: male, y: year.



https://www.ncbi.nlm.nih.gov/nuccore/NM_004618.4
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Table S2-B. Clinical signs associated with Bloom-Syndrome like disorder in patients’ carrier for TOP3A variants.

Reference | Pt Poor Parental Elevated | Café-au-lait | Developmental Decreased Cancer Malar rash
weight gain growth SC macules delay subcutaneous
restriction fat

[Martin] | 1 Ng g Ng Ng mild X b4 X
2 Ng N NG x X x X
3 Ng Ng N N x x > X
4 N Ng NA | A X X > >
5 N N Lo x x X X X
6 Ng Ng NA |4 mild x X b
! N N N X X N X >
8 N N N N mild Ng x X
9 Ng N NN INg X X X >
10 Ng Ng NA |4 mild g X X
1 x x x NA x NA x x

[iang] | 12 Ng Ng Ng x X Ng x X
13 N N N X X N X >

NA: not available, SC: sister chromatids.
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Table S2-C. Clinical signs associated with Bloom-Syndrome like disorder in patients’ carrier for TOP3A variants.

Reference | Patient | Gastroesophageal | mtDNA depletion | Elevated SC | Dilated Cardiomyopathy Other
reflux disease in muscles
[Martin] 1 Ng NA Ng X CDH, gastrostomy
3 NA abnormal movements
NA Ng ol _
and tics
4 NA NA NA A (severe decreased)
5 X A (87%) Ng A (after heart transplant) | hearing loss, CMAMMA
6 g NA NA normal echocardiogram
8 NA NA Ne Ng (asymptomatic) No response to GH
treatment
9 X NA Ng HCM Microcytic anemia
1 NA A (>80%) X NA PEO, ataxia
[Jiang] 12 X A (enlargement of left Triangular face,
. . Hepatomegaly, Fatt
N atrial and ventricular and P galy B
NA liver, mildly elevated
heart failure) y
AFP, good response to
GH treatment
13 X A (enlargement of left Triangular face,
Hepatomegaly, mildl
NA Ng atrial and ventricular and P galy y

heart failure)

elevated AFP, good
response to GH treatment

NA: not available, HCM: Hypertrophic cardiomyopathy, PEO: progressive external ophthalmoplegia , CDH: Congenital diaphragmatic

hernia, AFP:alpha-fetoprotein, GH: Growth hormone
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Table S3. Molecular and Cellular studies on TOP3A variants identified in patients with Bloom-Syndrome like

disorder.
Reference Pt Genotype Assessment of Cellular/Molecular Findings
approach
. Homozygous Marked reduction in
c.[2718del] p.[Thr907LeufsTer101] cellular TOP3A
Cellular amounts of Immunoblottin enzyme amount
- Homozygous mutated TOP3A g (Depletion of
, . TOP3A enzymatic
c.[2428del]:p. [Ser810LeufsTer2] activity)
Decatenation activity | Quantification of the -
1 Homozygous of TOP3A dHJ dissolution Normal activity
c.[2718del] p.[Thr907LeufsTer101]
’3 Homozygous
’ c.[2271dup]:p.[Arg758GInfsTer3]
Compound Heterozygous Impairment of dHJ SCE Assay Marked elevation in
[Martin] 5 ¢.[527C>T]: p.[Alal76Val] dissolution SCEs
€.[1072_1073dup]:p.[Tyr359GlyfsTerl7]
. Homozygous
' c.[2428del]:p. [Ser810LeufsTer2]
Increased numbers
of ultrafine DNA
bridges
Homozvoous Mitotic abnormalities
Y9 - Immunofluorescence | Elevated amounts of
1 and G1-associated - S
c.[2718del] p.[Thr907LeufsTer101] defects and microscopy chromatin bridges
and lagging DNA
Elevated amounts of
micronuclei
12,13 Compound Heterozygous M:ftfssl}%ﬂ% RT-PCR Low expression
¢.[1436A > G]:p.[ D479G] Muta?e oA
12,13 ¢.[2362C > T]:p.[ Q778%] protein stability Western blotting Stable TOP3A
Mitochondrial Significant
function (ATP ATP analysis reduction in ATP
generation levels) generation levels
Mitochondrial Oxvaen Significant
function Y9 reduction in the
. . consumption rates
(mitochondrial - oxygen
o analysis :
respiration) consumption rates
Cell viability Impairment of dHJ Moderate elevation
and proliferation dissolution SCE Assay of SCEs
c.[1436A > G]:p.[ D479G] Large reduction in
12,13 -
the cellular protein

Association among
TOP3A, RMI1, and
RMI2

CRISPR/cas9

Cell proliferation

Sun-sensitivity

problems

level of RMI1 and
RMI2

No significant effect

in BLM level

Detectable
decreasing in cell
growth rate

No UV sensitivity

Pt: patient, SCEs: sister chromatid exchanges, dHJs: double Holiday Junctions, UV: Ultra-violet
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