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Abstract

Significant advancements in genomic medicine, made in the recent two decades,
provided a molecular diagnosis for many families with rare diseases, including
rare paediatric neurological diseases (RPND), increasing access to precision
medicine. However, despite these advancements and the progressively
decreasing cost of next-generation sequencing (NGS), many world regions
remain underrepresented in human genetic research, lacking access to NGS.
One of these regions is Central Asia and Transcaucasia (CAT), populated by
genetically unique ethnic groups residing in the middle of Eurasia. Little is known
about the genetic causes of RPND in CAT. In this work, | establish an
unprecedented large-scale genetic study of RPND in CAT by interrogating a
network building between University College London (UCL) and CAT, extensive
patient recruitment, whole exome sequencing, and functional genomics
techniques. This project was integrated into the Synaptopathies and Paroxysmal
Syndromes (SYNaPS) study that had been taking place at the Institute of
Neurology, UCL. Local institutional review board approvals were obtained from
all participating CAT centers. Over the 3.5 years of my project, 2200 families with
RPND from CAT have been recruited, and in this thesis, | report WES data,
currently available from 487 families. Definitive and likely genetic diagnoses have
been made for 37% and 10% of the CAT families, respectively. Firm and putative
candidate novel disease-genes were found in 11%. Three of the firm novel
disease-genes are reported in 3 separate chapters of this thesis (LETML1,
SPATASL1, and ACBD6) that reveal 3 novel disease pathways pertaining to
mitochondrial volume homeostasis, ribosomal biogenesis, and protein
posttranslational modification. Multiple international families were identified for
these novel disease-genes, and deep phenotyping with extensive functional
characterization is provided in the thesis. Notably, a potential mechanistic
treatment is suggested for 2 of the novel disease-genes. In addition, the thesis
delineates the phenotypes of the 2 known disease genes including NFU1 and
EMC10. Overall, this PhD project has multiple immediate, incremental, and long-
term impacts on several domains of academia as well as healthcare on both the
regional and international levels, as has been explicated in the following impact

statement.



Impact Statement

The work presented in this thesis has significant impacts on various domains. To
facilitate comprehension, | will articulate these impacts in a domain-by-domain,
point-by-point format.

Inside Academia

The expertise, data, knowledge, and discoveries obtained from my project have
had a positive impact on academic areas at both the organizational and

international levels:

1 Astrong academic link between University College London (UCL) and Central
Asian and Transcaucasian (CAT) academic/research institutions have been
built (UCL-CAT). Furthermore, a network was formed within the CAT
institutions, interested in medical genomics.

1 My project has demonstrated an effective approach to creating a genomics
project in a genetically underrepresented world region. As a model, it can be
applied to other diseases of interest within the same UCL-CAT network or can
be replicated in another underrepresented world region.

1 A genetic database of CAT populations (around 5200 individuals from 2200
families), which includes data on individuals with rare diseases and healthy
parents as controls, has been created. This will have both an immediate and
long-term impact on research, as it will aid in the discovery of new genes and
benefit future studies.

1 My project has identified several new genes and disease pathways, and three
of them have already been published and cataloged in Online Mendelian
Inheritance in Man (OMIM). This has helped advance our understanding of
the architecture of human genetic diseases. Additionally, two of the newly
discovered genes have the potential to be targeted by mechanistic
treatments, which will be explored in future research.

1 Over 4 years, the intermediate outcomes of the project have been
communicated to the international research community at various
international conferences, via research publications, social media, and the

CAT-Genomics website. International researchers have now a better
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understanding of the genetics and clinical presentation of rare neurological
diseases in CAT.

The project has contributed to the collaboration of UCL with various

international academic teams in the field of functional genomics

At the local/regional and individual academic levels, the project has the following

immediate and long-term impacts:

Collaborators from CAT have co-authored several research articles in peer-
reviewed impactful journals involving CAT patients, which has improved their
personal and institutional publication potential.

Local universities in CAT can implement the project results in their teaching
programmes as the project provided them with cohorts of patients with
genetically solved rare neurological diseases.

UCL academics provided lectures and seminars in CAT, both in person and
online, which improved collaboration between UCL and universities in
developing countries around the world.

Several PhD and MSc students from CAT visited the Institute of Neurology
UCL and advanced their knowledge in rare neurological disease clinical
phenotyping and acquired genetic analysis skills.

Joint-supervision of CAT PhD candidates by UCL academics has been
provided

Joint research grant proposals between CAT universities and UCL at the local
and international levels have been submitted, and such joint applications will

continue to be pursued in the future.

Outside academia, this work has the following impacts

On the international level:

T

The project will bring the attention of international researchers, industry,

stakeholders, and pharmaceutical companies to CAT
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An international trial-ready cohort of CAT patients has been made

On individual and regional levels:

T

| advanced my professional practice and the practice of my colleagues
through reverse phenotyping of rare neurological diseases in CAT.

Patients in CAT were granted access to genetic testing at no cost and
molecular diagnosis, which improved their disease management, allowed for
genetic counseling, and provided access to family planning. In a few CAT
families, the preimplantation genetic diagnosis was conducted locally. This
had a positive impact on public health in the local community.

Several patients with actionable genes have significantly benefited from the
project improving their quality of life.

The joint grant application between our team and CAT collaborators for 500
whole exome sequencing (WES) at no cost at the 3 Billion genetic company
was approved. Currently, 500 patients from CAT are being offered WES at no
cost through the 3 Billion genetic company.

CAT started building national biobanks for rare diseases as well as rare
disease national registries.

Professor Houlden and | had a meeting with officials from the Ministry of
Health in Kazakhstan, who are willing to initiate a national genomics project.
In the future, Kazakhstan intends to collaborate with Genomics England,

similar to how Qatar has done so.
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In this thesis, | will describe my journey through the investigation of the genetic
causes of rare pediatric neurological diseases in Central Asia and
Transcaucasus. In the introductory chapter, | will outline the research problem
and conceptualize the key aspects of the main body chapters, which will lead to
the aims and objectives of my project. Next, in Chapter 2, | will summarize the
general methods used in the project, before reporting on the research-based
whole exome sequencing results in 487 families from the region in Chapter 3.
This will be followed by the core of the thesis (Chapters 4-6), where | will report
on the three novel disease genes identified in my project. In Chapter 7, | will
provide a phenotype delineation for two known genes. Afterward, a general
discussion will conclude the thesis.
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Chapter 1. General Introduction

1.1 Background

The recent two decades have revolutionized our understanding of human
genetics with a significant impact on healthcare and precision medicine.
Numerous disease-associated genes and pathways have been discovered
shifting the paradigm of the way we understand and classify diseases. The
increased accessibility to next-generation sequencing (NGS) technologies, has
enabled large-scale genetic testing programmes and the integration of genomics
into the routine healthcare practice in high- and upper-middle-income countries.
The completion of The Human Genome Project in 2003, the building of a
reference genome database from multiple ethnic groups, and continuous
advancements in genetic sequencing technologies and functional genomics have
augured well for the delivery of molecular diagnosis to all patients with genetic
disorders by 2020 ( Vi n &t gle2021). However, these expectations have not
been met, and we currently witness that approximately 12,000 genes still have
not been associated with any human disease, and there are approximately 2,000
phenotypes that potentially remain with an unknown geneticcause ( Vi nét g.e |
2021; Greene et al., 2023). The reason for this is multifactorial. It has been argued
that one possible reason is the lack of diversity and inclusion in genomic

research.

The modern human genetic diversity, resulting from demographic history and
adaptive environment-driven selection in different populations, considerably
influences the genetic and phenotypic diversity of human diseases. The
frequency of many rare genetic variants and haplotypes is differently distributed
across various populations and their association with diseases could grossly be
determined by the ethnic origin (Balaresque et al., 2007; Gurdasani et al., 2019;
Sirugo et al., 2019). In addition, population-specific founder variants, locus
heterogeneity, genetic modifiers, and diversity at the level of transcriptome,
proteome, metabolome, and microbiome could underlie the differences in
disease presentation between different populations (Gurdasani et al., 2019;
Sirugo et al., 2019). This is applicable for both diseases with Mendelian and

complex inheritance.
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The study of genetic associations with diseases has largely been focused on
European populations, which has significant implications for predicting disease
risk across global populations (Cavalli-Sforza et al., 2005; Lu et al., 2014; The
1000 Genomes Project Consortium, 2015; Gurdasani et al., 2019). This
Eurocentric bias and under-representation of ethnically diverse populations
hinder our ability to fully comprehend the genetic basis of human diseases and
exacerbate health disparities. Additionally, the lack of ethnic diversity in genomic
studies can impede the translation of genetic research into clinical practice and
public health policies, leading to incomplete or incorrect conclusions. For
example, applying estimates of genetic risk from European-based studies to non-
European populations could result in inaccurate risk assessments and a lack of
interventions in under-represented populations (Sirugo et al., 2019). Therefore,
studying diverse populations is critical to improving the precision of medical care
globally and enhancing our understanding of the genetic architecture of diseases.
The availability of large-scale, multi-ethnic, and representative biobanks and
population health resources presents unprecedented opportunities to
comprehend the genetic factors that contribute to the disease on a global level
(Gurdasani et al., 2019).

Currently, many world regions remain underrepresented in modern human
genetic research, including genetic association studies. Central Asia and
Transcaucasia (CAT) is one such region that is significantly underrepresented
and is the primary focus of my PhD research. The publicly available human
genome reference databases, including gnomAD, predominantly encompass
individuals of European (Finish/non-Finish) descent. gnomAD has a reasonable
representation of the African, East Asian, and South Asian populations. However,
it does not contain reference genome data from CAT populations. In the
upcoming section, | will discuss the importance of studying CAT populations by
briefly summarizing the demographic history and population genetics of the

region.

47



1.2 Central Asia and Transcaucasia (CAT) play an important role in

elucidating global human genetic variation and ensuing disease diversity

1.2.1 A brief overview of CAT countries

CAT consists of eight independent, upper-middle and low-middle-income post-
Soviet Union countries. While Central Asia with an overall population of ~77
million is formed of five countries including Kazakhstan, Uzbekistan, Kyrgyzstan,
Turkmenistan, and Tajikistan, Transcaucasian countries include Azerbaijan,
Armenia, and Georgia with an overall regional population of 16 million
(https://knoema.com) (Figure 1). The segregation of these countries into fiCentral
Asia0 and fATranscaucasiao is the result of a geopolitical influence after the
collapse of the Soviet Union (Mustafa, 2000). CAT encompasses a vast territory
of the Eurasian continent, stretching from the Pamir and Tian Shan mountains in
the east to the Black See in the west and bordering the Russian taiga in the north
and the Iranian deserts and Afghan mountains into the south (Figure 1). The
region is populated with diverse ethnic groups including more than 125
nationalities, though the most common endogenous ethnic groups in Central Asia
are Uzbeks, Tajiks, Kazakhs, Turkmens, and Kyrgyz, and the common ethnic
groups in Transcaucasia are Azerbaijanis, Georgians, and Armenians (Figure 2)
(https://knoema.com). Agricultural production and the extraction of natural

resources are the economic core basis of development for the CAT countries.

»

TURKMENISTAN

Figure 1. CAT countries

(Adapted from https://daviscenter.fas.harvard.edu)
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Figure 2. The most common indigenous ethnic groups in CAT
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1.2.2 A concise chronological summary of the region's history

Central Asia has been thought to be the source area, after Africa, for population
expansion into Europe and East Asia. It had putatively served as natural corridors
between landmasses and has particular importance in the history of human
migration routes (Figure 3A) (Martinez-Cruz et al.,, 2011). Several human
migration waves, spanning from the prehistoric era to early modern times, have
commenced, terminated, or passed through Central Asian areas, leaving a
significant mark on the genetics, biometrical phenotypes, linguistics, and culture
(Figure 3A). It has been speculated that Central Asia harboured a Paleolithic
Amaturation phaseo of modern humans
resulted in the colonization of the Eurasian and American continents (Comas et
al., 1998, Rayrvik et al., 2018).

Although the CAT region has been inhabited since the lower Paleolithic Era, the
first human groups to emerge in the historic record of Central Asia that are
identifiable by name rather than by their artifacts are the Scythians. They are
Indo-European people who lived around the 7th century B.C. and are described
as having European morphological traits, both by ancient Chinese texts and the
Greek historian Herodotus in the 5th century B.C. (Figure 3B). In the 2d century
B.C., the Chinese established a trade route from the Mediterranean Sea to
eastern Asia (the Silk Road), which connected the East and the West of the
continent via Central Asia for 16 centuries. Later on, and until the fourth century
CE (3701 452), a powerful state formed by the Huns prospered in South Siberia
and Central Asia, causing its inhabitants to move westward (Figure 3C). During

the 3d and 4th centuries A.D., Turkic people and hordes of South Siberian origin
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replaced the Indo-European peoples in Central Asia and created a great empire
from East Asia to the Black Sea (Figure 3D, F). The conquest of the southern
regions of Central Asia by the Arabs was followed by the invasion of Mongolian
tribes in the 13th century (Figure 3E). Later, starting from the mid-16th century,
the Chinese and Russian empires annexed some parts of the vast territories of
Central Asia and Transcaucasus and established their rule (Figure 3G). CAT
witnessed multiple invasions throughout centuries leading to a complex
demographic history and increased societal complexity (Comas et al., 1998;
Quintana-Murci et al., 2004).

A

Several human migration waves, spanning from the
prehistoric era to early modern times, have commenced,
significant mark on the genetics, biometrical phenotypes,
linguistics, and culture. The light green line encircles Central
Asia. (The image is adapted from Lopez S et al., 2016)

Prehistoric era

The Scythians are first human groups to emerge in the
historic record of Central Asia. They are an Indo-European
people who populated a vast territory spanning from modern
East Europe to West China. (The image is adapted from
https://www.worldhistory.org)

~900 BC to~200 BC

The Huns originating from South Siberia and Central Asia
moved Westward forming the Hun’s empire in Europe

(highlighted in the light yellow colour).
(The image is adapted from https://www.clevelandart.org)

370 AD - 46 AD

During the 3d and 4th centuries A.D., Turkic people and
hordes of South Siberian origin replaced the Indo-European
peoples in CAT and created a great empire from East Asia to
the Black Sea. (the image was adapted from Chibiley et al., 2009)

its full extent

576AD — Turkic Empire at

Figure 3. A concise summary of the significant events and milestones in the
history of CAT
(part 1).
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1206- 1406

From the 13%" century CAT together with the most of
Eurasian continent was the part the Mongol Empire and the

Golden Horde.
(The image is adapted from Biran, M., 2021)

Mughal
Empire

1526-1761

Turkic people from Central Asia concurred almost the entire
Indian subcontinent and formed the Mughal empire in the 16-
18" centuries. Mitochondrial DNA variation data has shown
that populations of Central Asia and Pakistan show the lowest
coefficient of genetic differentiation with the north Indian
populations, a higher differentiation with the

south Indian populations.
(The image is adapted from https://www.indiatimes.com/)

1922-1991

From the 16" century the Golden Horde had started to
decline and fragment due to internal political instability, and
from the end of the 16" century until the 19" century
Russian Empire gradually took over the lands of the Mongol
empire and the Golden horde. Later the territory was
inherited by the Soviet Union. During Russian Empire and
Soviet Union, the current borders of CAT were delineated,
though many indigenous CAT populations remained in the

current Russia Federation territory. (The image was adapted from
https://allcountries.org/maps/ussr_maps.htm)

Current days

S . INDIA

Currently, CAT consist of eight independent, upper-middle
and low-middle income post-Soviet Union countries. The
overall population of the region is 93mln. The ethnic groups

in CAT are extremely diverse. (The image was adapted from
Kaiyrzhanov et al., 2019)

Figure 3. A concise summary of the significant events and milestones in the

history of CAT (part 2).

The current geographical boundaries of CAT are based on the definition of Soviet

scholars which does not reflect the actual modern geographic distribution of the

ethnic CAT populations (Figure 3H) (Comas et al., 1998). This is because the

natural lands of many indigenous CAT populations became parts of the Russian

Federation, the Peoples' Republic of China, Mongolia, and Afghanistan. For

instance, ~13min Uighur people, who belong to the Turkic ethnic group, currently

reside in Xinjiang Uyghur Autonomous Region, covering one-sixth of the total

area of China. Similarly, 15 out of 22 autonomous republics of the Russian
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Federation are homelands of Turkic and Caucasian people (Supplementary
Table 1.1). Therefore, when referring to CAT populations, one needs to
acknowledge that their geographical distribution extends well beyond the present
political boundaries of countries in the CAT region.

Turkic people are the main inhabitants of CAT. Having originated in South Siberia
and been documented in history as East-Asian looking, they have dispersed
across Eurasia including northeast Siberia, South Siberia, Central Asia,
Caucasus, East Asia, East Europe, and the Middle East (mainly present-day
Turkiye) (Golden, 2006; Yunusbayev et al., 2015). They speak the Turkic branch
of the Altaic language macrofamily (Supplementary Figure 1.1). The
contemporary ethnic groups who are classified as Turkic include the Kazakhs,
Uzbeks, Kyrgyz, Turkmen, and Azerbaijanis, who currently mainly reside in CAT
countries, Turks (Turkish) who moved to Anatolia from Central Asia in the 11th
century, and many other ethnic groups (Altai, Balkar, Bashkir, Dolgan, Karachay,
Karakalpaks, Khakass, Kipchak, Kumyk, Nogay, Shor, Tatars, Tofalar, Tyvans,
Uighurs, Chuvash people) who currently reside outside CAT (Johanson and
Csato, 2021).

1.2.3 Population genetics of the region

There were several CAT population genetic studies done on current people as
well as skeletal remains (ancient DNA) dating back to the 15th century BC to the
5th century AD. They mainly focused on the analysis of the non-recombining
portion of the Y-chromosome (NRY) and the mitochondrial DNA (mtDNA) with
only a few studies investigating autosomal microsatellite loci (Di Benedetto et al.,
2001; Zerjal et al., 2002; Lalueza-Fox et al., 2004; Ricaut et al., 2004; Bulayeva
et al., 2006; Chaix et al., 2007; Lazaridis et al., 2008; Xu et al., 2008; Heyer et
al.,, 2009; Dulik et al., 2011; Pinhasi et al. 2013; Tarlykov et al., 2013;
Yunusbayev et al., 2015; Pagani et al., 2016; Feng et al., 2017; Narasimhan et
al., 2018; Jeong et al., 2019; Seidualy et al., 2020; Zhabagin et al., 2020; Kairov
et al., 2021; Khussainova et al., 2022). These studies have all demonstrated that
genetic diversity in Central Asia is among the highest in Eurasia, and the CAT
region could be the source of at least three major waves of migration that led to
Europe, India, and the Americas. There is a presence of well-differentiated east

Eurasian and west Eurasian genetic lineages in all CAT populations studied.

52



Thus, west and east Eurasian mitochondrial haplogroups were found in CAT
populations in various proportions, but frequently ranging between 55% (western)
and 41% (eastern) (Comas et al., 1998; Quintana-Murci et al., 2004; Ragyrvik et
al., 2018) (Figure 4). Additionally, there is considerable Y-chromosome
haplogroup variation in CAT (Zerjal et al., 2002) (Figure 5). Admixture analysis
based on autosomal markers showed a good representation of West Eurasian,
East Asian, South Asian, and Siberian ancestries in Central Asian populations
(Martinez-Cruz et al., 2011; Feng et al., 2017) (Figure 6). The presence of
western and eastern mtDNA sequences, found in CAT has suggested two
scenarios for the admixture of lineages: firstly, Central Asia was probably a
Ahybrid zoneo, where previously inhabite
replaced by eastern populations to some extent; secondly, Central Asia was
probably a Acontact zoneo between previ ol
populations after their initial expansions (Comas et al., 1998; Martinez-Cruz et
al., 2011; Pinhasi et al., 2013; Rgyrvik et al., 2018). CAT populations experienced
admixture from various ethnic groups since ancient times, but in the current times,
they kept admixing mainly between the local tribes leading to the modern CAT

identity.
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Figure 4. mt-DNA haplogroups in CAT
(Adapted from Rgyrvik,et al, 2018)
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Figure 5. The distribution of Y-chromosome haplogroups in CAT
(Adapted from Zerjal et al., 2002)
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Figure 6. Ancestry makeup and variations in admixture proportion.

ADMIXTURE results of West China with West Eurasia, South Asia, East Asia, and Central Asia
Siberia populations at K¥4 (in order to show a full picture of Eurasian populations, all populations
of the four major ancestries (including representative populations) were included.) (Adapted from
Feng et al, 2017)
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Today, the Central Asian populations are divided into two cultural and linguistic
groups: The Indo-lranian (Tajiks) and the Turkic groups. Turkic groups are
traditionally pastoral populations, who tend to practice exogamous marriage (a
man chooses a bride in a different lineage or clan-patrilineal populations),
whereas the Indo-lranian groups are farmer populations often practicing
endogamous marriages with cousins (Zerjal et al., 2002; Chaix et al., 2007; Heyer
et al., 2009). Albeit there has been a transition in the lifestyle of Uzbeks,
Azerbaijani, and Turkmens who used to be pastoral nomads and have later
gradually adopted a sedentary way of lifestyle from around the 15th century.
Consequently, due to the differences in the social organization and lifestyle of
CAT populations, currently, we observe high consanguinity rates among Uzbeks,
Azeri, Tajiks, and Turkmens and almost non-existent consanguinity among
Kazakhs and Kyrgyz. Studies showed that pastoral populations in Central Asia
exhibit a substantial loss of Y chromosome diversity in comparison to farmers but
that no such a difference is observed at the mt-DNA level (Yunusbayev et al.,
2015).

Lower genetic differentiation was found among Turkic-speaking populations
despite their wide geographic distribution, which suggests a more recent common
origin of these populations as compared with Indo-Iranian-speaking populations
(Martinez-Cruz et al., 2011; Yunusbayev et al., 2015). A high level of autosomal
differentiation and a low level of Y chromosome differentiation was present

among Turkic people.

The available studies suggest that CAT populations are genetically unique and
diverse due to the considerable admixture of western and eastern Eurasian
lineages. Firstly, this highlights the importance of CAT in elucidating global
human genetic variation and ensuing disease diversity (Comas et al., 1998;
Martinez-Cruz et al., 2011; Rayrvik et al., 2018). Secondly, this genetic diversity
provides a valuable resource for the study of rare genetic diseases and can

inform the development of new treatments and cures.

In the following section, | will elaborate on the significance of investigating the
genetics of rare diseases as it pertains to my research topic, which is focused on

rare pediatric neurological diseases (RPND).
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1.3 Rare diseases and the rationale for investing in the genetics of rare

diseases.

According to The European Commission on Public Health, rare diseases are
illnesses that are either debilitating or life-threatening and have a very low
prevalence necessitating special combined efforts to address them (Klimova et
al., 2017; http://ec.europa). The definition of a rare disease varies in different
regions, with Europe considering a disease rare if it affects fewer than one in
2,000 people, Japan if it affects fewer than one in 50,000 people, and the USA if
it affects fewer than one in 200,000 people (Llinares, 2010; http://ec.europa.eu;
https://www. gpo. gov/fdsys/pkg/PLAW-107publ280/html/PLAW-
107publ280.htm). These diseases are referred to as "orphan" diseases due to
their low prevalence. However, one should bear in mind that there are
approximately 10,000 rare diseases known today but fewer than half have a
resolved genetic aetiology and only 5% of them have relevant medical therapies
(Then Lancet Neurology, 2011). Studies indicate that rare diseases are more
prevalent than diabetes and as widespread as asthma (Elliott and Zurynski,
2015). It is believed that these diseases affect 6% of the global population. The
estimated number of people with rare diseases in the USA and Europe is
approximately 60 million, and on a worldwide scale, the number reaches 350
million (https://globalgenes.org). Approximately 80% of rare diseases have a
genetic basis, with the majority being caused by a single gene defect, although
some may be attributed to multiple gene defects or a combination of various
factors (Pryde et al., 2014, http://www.eurordis.org). Rare diseases can affect
both adults and children, but their incidence is higher among children under the
age of 10 ( Ma r e gtaly 215).

The study of rare diseases is important for several reasons. Firstly, since rare
diseases collectively affect a large portion of the population, understanding the
genetics of these diseases can lead to the development of new treatments and

cures, improving the quality of life for those affected.

Secondly, studying monogenic rare diseases with extreme phenotypes helps
gain insights into normal human physiology, dissects new pathways, discovers
new receptors and channels, and could provide paradigm-changing insights into

the importance of some biochemical compounds and molecules. This improves
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our understanding of the mechanisms and treatment avenues of common
disorders. There are many examples of common disorders benefiting from
investigations into extremely rare genetic defects, including but not limited to
familial hypercholesterolemia, familial obesity, neonatal diabetes, genetic
epilepsy, genetic cancer, cystinosis, and Hermansky-Pudlak Syndrome (Gahl,
2012; Oyrer et al., 2018).

Finally, the study of rare diseases can have a major impact on personalized
medicine as with continuous advances in genetic sequencing and other
technologies, it is now possible to diagnose many rare diseases at an earlier
stage, allowing for earlier and more efficient treatment. By studying the genetics
of these diseases, we can better understand the genetic and environmental
factors that contribute to disease development, leading to the development of
more personalized and effective treatments (Villalon-Garcia et al., 2020; Amaral,
2022; Might and Crouse, 2022).

Almost half of all rare diseases are neurological disorders that predominantly
affect children, and 90% of rare childhood diseases have major neurological
effects (The Lancet Neurology, 2022). As RPND in CAT is the subject of my PhD,

| will allocate the next section to providing a background on RPND.

1.4 Rare paediatric neurological diseases

1.4.1 Definition and classifications

RPNDs refer to a group of neurologic conditions that affect children and are
characterized by a low prevalence, typically fewer than 200,000 cases in the
United States
(https://impact.economist.com/perspectives/sites/default/files/rare_paediatric_n

eurological_diseases_v4.pdf). These disorders may be caused by genetic or
environmental factors and can result in a wide range of symptoms and disabilities,
mainly including neurodevelopmental abnormalities, epilepsy, movement
disorders. Since most of them are genetically determined, they fall under the
category of neurogenetic disorders. A group of disorders that arise from a genetic
anomaly impacting genes that play a role in the formation of the neuroectoderm
and related structures are known as neurogenetic diseases (Vallat et al., 2016).

There are more than 600 genetic and hereditary diseases of the nervous system
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that are currently known (https://www.ninds.nih.gov). The distinction between
hereditary diseases and genetic diseases lies in their mode of transmission.
Hereditary diseases can be passed down from one generation to the next, while
genetic diseases may or may not be hereditary, there will always be a genetic
defect present. Diagnosing and treating RPNDs can be challenging, mainly
because screening tests, genomic sequencing for diagnosis, and specialized

clinical knowledge are not widely accessible.

In clinical medicine, classifying disorders is a critical task with significant
implications for clinical services, research, education, and public health
(Kaufmann, 2016). The field of RPND is not an exception. From the pre-
genomics era (before the late 1990s and early 2000s, before the successful
sequencing of the human genome), child neurology has been classifying RPND
according to the traditional etiologic, cell/lorgan/system target, and
symptomatology categories. Most of the genetic disorders remained under their
broad syndromic or system categories such as epilepsy, neuromuscular
disorders, movement disorders, cerebellar ataxias, hereditary spastic
paraplegias, leukodystrophies, and many others. This approach has limitations,
however, as many diseases share similar clinical presentations or affected
multiple organ systems, making it difficult to assign a precise diagnosis. In
addition, the pre-genomics approach does not consider the underlying genetic
causes of the diseases, which can be critical for developing targeted therapies.
In the post-genomic era, with many gene-disease associations and pathways
discovered, a gradual shift has been made to classify diseases on gene, protein,
pathways, and mechanism/function-based approach. This approach is more
precise and allows for the development of targeted therapies that address the

underlying genetic cause of the disease.

From a clinical perspective, many of RPND's clinical manifestations fall under the
heading of neurodevelopmental disorders (NDD). Their phenotype can also fall
under the clinical categories of movement disorders, hereditary spastic
paraplegia (HSP), cerebellar ataxia, leukodystrophies, developmental and
epileptic encephalopathies (DEE), developmental and dyskinetic epileptic
encephalopathies (DEDE), and neuromuscular diseases. It's important to note
that many rare genetic neurological diseases have complex phenotypes with the

presence of various neurological and non-neurological features. Therefore, this
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clinical classification is typically based on the most prominent/core phenotypic

feature, and on many occasions, the same RPND can simultaneously fall under

different phenotypic categories.

From the broad aetiological perspective, the aforementioned clinical categories

can fall under the following classes of diseases (John et al., 2005).

T

Inherited metabolic diseases of the nervous system (Many RPND can fall
under this category including mitochondrial and peroxisomal diseases,
disorders of the complex molecule and organelle metabolism, lipid
metabolism and transport, and metabolic cell signalling, and many others
elaborated in Figure 7)

Heredo-degenerative disorders (Cerebellar ataxia, HSP, movement
disorders, neuromuscular disorders, leukodystrophies among many
others)

Chromosomal Anomalies and Contiguous gene deletions syndromes
(Down syndrome, Turner syndrome, Klinefelter syndrome, Wolf-
Hirschhorn syndrome, Williams syndrome, DiGeorge syndrome, Prader-
Willi syndrome, and many others)

Malformations of the nervous system (Agenesis of the corpus callosum,
polymicrogyria, schizencephaly, lissencephaly, pachygyria,

Holoprosencephaly, cortical heterotopia, etc.)
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Figure 7. Sunburst chart depicting the hierarchical nature of the International
Classification of Inherited Metabolic Disorders.

The size of each section of the chart is directly proportional to the number of
disorders in that group. (Ferreira et al., 2021).

Depending on the main cellular structure/function affected many RPNDs stratified
into the following non-exhaustive list of disorders:
1 Ciliopathies (e.g., Joubert syndrome, Bardet-Biedl syndrome, Alstrom

syndrome) (Lee and Gleeson, 2011; Andreu-Cervera et al., 2021; Karalis

et al., 2022;).

1 Channelopathies (e.g., periodic paralysis, Andersen-Tawil syndrome,

hypokalemic periodic paralysis) (Rose, 1998; Hanna, 2006).
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1 Synaptopathies (Optimal synaptic communication is required for proper
brain physiology, and slight perturbations of synapse function can lead to
brain disorders including many NDD, neurodegenerative, and psychiatric
disorders) (Washbourne, 2015; Lepeta et al., 2016; Taoufik et al., 2018).

1 Mitochondrial diseases: (Leigh syndrome, mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS),
and mitochondrial myopathy) (Gorman et al., 2016; Russell et al., 2020)

1 Golgi body diseases (many NDD and neurodegenerative diseases)
(Rasika et al.,2019; Liu et al., 2021).

1 Ribosomopathies (NDDs) (Hetman and Slomnicki, 2019; Ni et al., 2022;
Dorner et al., 2023).

1 Lysosomal storage diseases: (Gaucher disease, Tay-Sachs disease, and
Pompe disease) (Futerman and Van Meer, 2004; Platt et al., 2018).

1 Peroxisomal disorders: (include Zellweger syndrome, X-linked
adrenoleukodystrophy, and Refsum disease) (Suzuki et al., 2001; Argyriou

et al., 2016)

RPND can also be classified from the more specific gene/pathways-based
viewpoint. Numerous biological pathways have been discovered and thought to
be involved in the mechanism of RPND. Below | provide a non-exhaustive list of
well-established pathways involved in RPND (It should be noted that these
pathways could be highly interlinked) (Mitchell, 2011; Hu et al., 2014). Thus,
RPND can be classified as neuronal migration disorders, ion channel diseases,

DNA repair disorders, etc.
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1 Molecular signalling pathways:

Neurotransmitter signalling pathways (Bonnycastle et al., 2021; Jiang, et al.,
2022).

lon channel signalling pathways ( D 6 A det ahp2020).

Synaptic transmission pathways (Bonnycastle et al., 2021; Jiang, et al., 2022).
Notch signalling pathway (Lasky and Wu, 2005; Bray, 2016).

PI3K-Akt signalling pathway (Wang et al., 2017).

FGF signalling (Kumar et al., 2019).

JAK-STAT signalling pathway (Hu et al., 2021).

MTOR signalling pathway (Rosina et al., 2019).

Wnt signaling pathway (Kumar et al., 2019; Jiang, et al., 2022).
Mitogen-activated protein kinase (MAPK) pathways (Rosina et al., 2019).

Adhesion signalling pathway (Jiang, et al., 2022).

1 Neuronal development and dynamics

Neuronal differentiation pathways (Lalli et al., 2020).

Neuronal migration pathways (Gressens and Zipursky, 2000; Ayala et al.,
2007; Buchsbaum and Cappello, 2019).

Axonal guidance pathways (Engle, 2010)
Cytoskeletal dynamics (Lasser et al., 2018).

Neuronal apoptosis (Jiang, et al., 2022).

1 Protein synthesis and maintenance

Protein synthesis and degradation pathway (autophagy pathway) (Lee et al.,
2006; Deng et al., 2021).

Protein posttranslational modification pathway (Sternburg, et al., 2022).
Ubiquitin-proteasome pathways (Schmidt, et al., 2021).

Heat shock response pathways (Miller & Fort, 2018).

Mitophagy pathways (Doblado et al., 2021).
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1 Genetic and other pathways

DNA repair mechanisms (Qing et al., 2022).

RNA processing pathways (Jiang, et al., 2022).

Epigenetic regulation (Zahir and Brown, 2011).

Hormonal pathways (Romano et al., 2016).

Immune system pathways (Nussinov et al., 2022).

Oxidative stress (Liu et al., 2022).

Glial cell function (Kim et al., 2022).

Mitochondrial function pathway (Norat et al., 2020).

Extracellular matrix remodelling pathways (Bonnans et al., 2014).

In the following sections of this chapter, | will delineate some phenotypic

categories and pathways listed above, focusing on those, relevant to my thesis.

1.4.2 Phenotypic categories of RPND

1.4.2.1 Neurodevelopmental disorders

NDDs are complex conditions that are not straightforward to conceptualize
(Harris, 2014). The term neurodevelopmental has been applied to a very broad
group of disabilities involving some form of disruption to brain development
(Thapar et al., 2017). This definition groups together a very wide range of
neurological and psychiatric/neurobehavioural problems that are clinically and
aetilogically different; for example, rare genetic syndromes, cerebral palsy, global
developmental delay/intellectual disability (GDD/ID), autism and autism spectrum
disorders (ASD), congenital neural anomalies, schizophrenia, attention deficit
hyperactivity disorder (ADHD), and epilepsy. One of the central defining features
of these NDDs is that they typically manifest in childhood, before puberty. NDDs
such as ADHD, autism spectrum disorder, ID, and learning and communication
disorders tend to show a steady course rather than the remitting and relapsing
pattern that commonly characterises mood disorders and schizophrenia after

puberty (Thapar et al., 2015). Overall NDDs are characterize d a group of i
63



heterogeneous conditions characterized by delay or disturbance in the
acquisition of skills in a variety of developmental domains, including motor, social,

| anguage, and cognitiono caus élthapdrgtalabnor
2017). The grouping of these disorders under the label of NDD was not intended

to indicate that they are biologically distinct conditions, but rather to identify a

cohort of patients who require specialized services (Ismail and Shapiro, 2019).

The term excluded childhood disorders of the peripheral nervous system and
disorders of musculoskeletal origin (e.g. muscular dystrophy and spina bifida).
Recently, thet er m fAiNeur odi versity/ neurodivergen
describe people with ADHD, ID, autism, and ASD (Shah et al., 2022).

While NDDs have a strong genetic basis, their development is typically influenced
by multiple factors. Moreover, there is a significant degree of overlap between the
disorders and their respective symptom dimensions, which provides additional

support for grouping them together (De Felice et al., 2015).

It is uncommon for NDD to occur in isolation. Dysfunction in one area/system is
often accompanied by dysfunction in other areas/systems often leading to
multiple diagnoses. Due to the frequent comorbidity and associated symptoms,
NDD has been formally divided into syndromic and non-syndromic forms.
Syndromic NDD suggests the presence of additional neurological and non-
neurological features, whereas non-syndromic NDD encompasses isolated
presentation GDD/ID, autism/ASD, ADHD, and other neurobehavioral
abnormalities. Some authors suggested that NDD should be thought of as a
spectrum with varying severity of impairment ranging from minimal brain/cerebral
dysfunction to the most severe forms of impairment, and as a continuum where
all domains of development can be affected with varying degrees of involvement
(Ismail and Shapiro, 2019).

While our understanding of the genetic causes of NDDs is still incomplete,
substantial progress has been achieved in recent years. The current mutational
spectrum of NDDs includes many hundreds of genes related to various disease
pathways including connectopathies, synaptopathies, dendritopathies, disorders
of neurotransmission and intracellular signaling, neurodegeneration, defective
genes, mitochondrial dysfunction, protein synthesis, transcriptional and

epigenetic machinery (Cardoso et al., 2019). It is not yet entirely clear how these
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biologically defined mechanisms cause behavioral dysfunction directly, or
whether they initiate changes upstream and/or downstream that ultimately result

in behavioral dysfunction.

Different types of genetic defects have been associated with NDDs, including
chromosomal rearrangements, copy number variations, small indels, and point
variants. Genetic defects that occur in the genes that have a low tolerance to
disruptive variants are considered rare/ultra-rare variants and they contribute to
monogenic forms of NDD. Defects in the genes that are tolerant to disruptive
variants are considered common variants with low disease risk. Nonetheless,
recent studies have demonstrated that a significant portion of NDDs with
polygenic nature can be attributed to common genetic variants (Niemiet al., 2018;
Kurki et al.,, 2019). The cumulative impact of these common variants could
potentially lead to a disease phenotype. However, the resulting phenotype in such
cases is not merely the sum of the individual mutations' effects but is also
influenced by the physical and/or functional interactions between the affected

genes, known as epistasis (Parenti et al., 2020).

Although NDDs show significant genetic heterogeneity, the functional
consequences of the different deleterious rare variants appear to converge
toward the disruption of highly interconnected core molecular pathways. The
functional convergence of the genetic causes raises the possibility that drugs
targeting these core networks could be used to reverse some clinical features
associated with NDDs (Cardoso et al., 2019).

1.4.2.2 Neurodevelopmental-neurodegenerative disorders

Neurodegeneration implies the progressive dysfunction and loss of neurons in
specific brain regions that lead to alterations in brain connectivity and progressive
cognitive decline, motor, behavioral, and sensory impairment, usually late in life.
Thus, while neurodevelopmental abnormalities are considered to have a steady
course, neurodegenerative diseases tend to have an inevitably progressive
course with frequent regression in motor and cognitive skills. Though these two
entities are thought to be mutually exclusive, it has been noticed that some NDDs
can have a biphasic course, eg. start with neurodevelopmental abnormalities
then neurodegeneration evolves over time. For example, in the diseases caused

by MECP2 (Rett syndrome) WDR45 (BPAN), and KCND3 (SCA19/22) genes
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signs of neurodegeneration develop on the background of neurodevelopmental
abnormalities and become the dominant clinical feature (Deneubourg et al.,
2022).

There are several biochemical pathways strongly linked to neurodegenerative
disorders including pathological protein aggregation, synaptic and neuronal
network dysfunction, aberrant proteostasis, cytoskeletal abnormalities, altered
energy metabolism, DNA and RNA defects, inflammation, and neuronal cell
death (Wilson et al., 2023). Importantly, neurodevelopmental abnormalities and
neurodegeneration seem to share several molecular and cellular mechanisms.
For instance, the proteins, suchasAb, MAPT/ tau, Racl, Progr
PINK, and Parkin, frequently implicated in Alzheimer's disease, Parkinsono s
disease, and Hunti ngt onods di s e a foe servoasr system mp o r t
development (Schor and Bianchi, 2021). Furthermore, the biochemical pathways
listed above are also known to play an important role in NDDs' pathogenesis.
One of these pathways is autophagy. Congenital disorders of autophagy often
show a combination of (neuro)developmental and (neuro)degenerative features
evolving over time, supporting a role of autophagy in both embryonic (neuronal)
development and maintenance later in life. These disorders often show a
characteristic evolution of neurological features over time, with neurological
symptoms such as spasticity, ataxia, dystonia, and epilepsy often evolving on the
background of a preexisting neurodevelopmental disorder (Deneubourg et al.,
2022). A similar combination of neurodevelopmental and neurodegenerative
features could be seen in a wide range of other multisystem disorders, including
mitochondrial, glycogen, and lysosomal storage disorders, as well as ciliopathies,

glycosylation, and vesicular trafficking defects.

Overall, it becomes evident that there are a set of diseases where
neurodevelopmental abnormalities could coexist with a neurodegenerative

process forming a clinical continuum.

1.4.2.3 Paediatric movement disorders

Movement disorders encompass a diverse range of neurological disorders that
are defined by abnormalities in muscle tone, posture, voluntary movement
initiation or control, as well as the presence of unwanted involuntary movements

(Kim et al., 2022). Movement disorders in children often manifest as complex
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forms, where different types of movement disorders simultaneously or
sequentially overlap in the same patients, and are often accompanied by other
neurodevelopmental symptoms seen in various neurogenetic disorders (Schor
and Bianchi, 2021). Pediatric movement disorders are classified into 2 categories,
including hyperkinetic and hypokinetic movements (Marras et al., 2016). Pediatric
hyperkinetic movements, defined as unwanted and excess movements, include
dystonia (frequent phenotype), chorea, athetosis, myoclonus, tremor, tics, and
stereotypies based on the definition and classification of The Taskforce on
Childhood Movement Disorders. Pediatric hypokinetic movements, described as
a decrease in the number of movements, are called hypokinetic-rigid syndrome

or parkinsonism (Cordeiro et al., 2018).

Typically, movement disorders are phenomenological, and each one has
heterogeneous genetic causes. The underlying aetiology of paediatric movement
disorders can be acquired or hereditary with or without neurodegeneration.
Various cellular pathways can play a role in the development of movement
disorders with the most frequently recognized pathway being metabolic
derangements in the central nervous system. Management of movement
disorders requires a multidisciplinary approach ranging from physiotherapy, and

pharmacologic treatment, to deep brain stimulation (Kim et al., 2022).

1.4.2.4 Hereditary spastic paraplegia

HSPs refer to a broad category of hereditary neurodegenerative disorders
caused by a distal axonopathy of the corticospinal tracts, typically leading to
spasticity and weakness in the lower limbs. As of now, there are 80 genes or
genomic loci (regions of the genome where the causative gene is not yet
identified) that are linked to the diagnosis of HSP. Hence, HSP is a genetically
heterogeneous disorder (Mackay-Sim, 2021). Clinically HSPs are often
categorized as Apur eo (al so cal tsusd
Acompl i catedo ( al $ure farraslof HSB ard charaotprizez Yy ) .
signs/symptoms that are confined to the main diagnosis of HSP, resulting from
degeneration of the corticospinal tract. On the other hand, complicated forms of
HSP present with a varied set of additional signs/symptoms, indicating
dysfunction of many neuronal types and brain regions, such as ataxia, seizures,

intellectual disability, dementia, muscle atrophy, extrapyramidal disturbance, and
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peripheral neuropathy that are often specific to the genotype. The differential
diagnosis of HSP could become challenging as these non-pyramidal signs could
notably overlap with other neurodegenerative diseases, such as spastic ataxias,
spinocerebellar ataxias, amyotrophic lateral sclerosis, and some forms of spinal
muscular atrophy. Pathways frequently involved in HSP include axon pathfinding,
myelination, endoplasmic reticulum network morphology, lipid synthesis and

metabolism, and mitochondrial dysfunction (Blackstone, 2018). (Figure 8).
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Figure 8. Pathways frequently involved in HSP
(Adapted from Blackstone, 2018)

1.4.2.5 Cerebellar ataxia

Cerebellar ataxias (CAs) refer to a diverse range of neurological disorders that
are marked by difficulties in coordinating limbs, eye movements, and speech. The
cardinal underlying pathology of CAs is progressive atrophy of the cerebellum;
however, the phenotype is typically complicated by the involvement of several
non-cerebellar features. CAs can be categorized based on their etiology, which
includes acquired, sporadic, and hereditary ataxias. Hereditary ataxias can be
further divided into autosomal dominant cerebellar ataxias (ADCAs, also known
as spinocerebellar ataxias, SCAs), autosomal recessive cerebellar ataxias
(ARCASs), and X-linked ataxias (Krygier and Mazurkiewicz-Be gd zi Es k a ,
Most of the genetic/hereditary ataxias present as part of infantile-onset
multisystem disorders and various NDDs. There are also primary hereditary
ataxias where the primary presenting manifestation is cerebellar ataxia. Due to
large phenotypic and genetic heterogeneity, the diagnostic work-up in CAs

remains a challenge (Beaudin et al., 2022).

68



Several genes and pathophysiological mechanisms have been linked to genetic
cerebellar ataxias, including exonic and intronic repeat expansions, as well as
various pathways, which are extensively discussed elsewhere (as shown in
Figure 9). Certain features of cerebellar ataxias suggest that some mechanisms
are likely to be common among them. For instance, Purkinje cells are among the
largest neurons in the nervous system, which means they have high energy and
metabolic demands that make them especially vulnerable to defects in energy
production. Furthermore, several genes associated with cerebellar ataxia are
involved in DNA repair, implying that defects in this process are a frequent cause
of genetic ataxia syndromes (Beaudin et al., 2019).
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Figure 9. Genes and pathophysiological mechanisms frequently implicated in
genetic cerebellar ataxias

(Adapted from Beaudin et al, 2019)

1.4.2.6 Phenotypic spectrum and continuum in RPND

Traditionally, research on genetic disorders in humans has adhered to a
reductionist approach that is based on the idea that each gene is responsible for
one phenotype. With the advent of NGS, phenotypically unbiased studies have
revealed the limitations of this approach (Katsanis, 2016). Currently, we know
that in some instances one gene or even a genetic variant could be associated

with different, clinically unrelated phenotypes and the same phenotype could be

associated with different genes. Thus,
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Aphenotypic continuumd have been suggest

a continuous clinical spectrum with potentially two extremes.

For example, genetic cerebellar ataxias and HSP have traditionally been

designated in separate <clinicogenet-ic
speci fico set of genes. This divisive

and HSP categories. However, clinical observations showed the variability and
fluidity of these phenotypes suggesting the existence of an ataxia-spasticity
disease spectrum (ASS) (Fogel and Perlman, 2007; Synofzik and Sciile, 2017).
A number of genes (eg, SYNELS, PG7, PNPLAG) traditionally linked to either the
ataxia or hereditary spastic paraplegia classification system have now been
shown to cause ataxia on the one end of the disease continuum and hereditary
spastic paraplegia on the other. Genes such as KIF1C and GBA2 were almost
simultaneously published as both ataxia and hereditary spastic paraplegia

disease genes.

Due to the substantial overlap between these 2 disease classifications, a
descriptive, unbiased approach to modular phenotyping has been proposed
(Synofzik and Sciule, 2017). Modular phenotyping considers ataxia and spasticity
parts of a broader multisystem neuronal dysfunction and is also open to
expansion of the phenotype beyond ataxia and spasticity. The concept of a
continuous ASS is reinforced by ataxias and HSP sharing not only underlying
genes and overlapping phenotypes, but also common disease mechanisms and
cellular pathways. This suggests a shared vulnerability of corticospinal and
cerebellar neurons for common pathophysiological processes. It might be this
mechanistic overlap that drives their clinical overlap. Furthermore, there is a
considerable clinical and genetic overlap between HSP and other
neurodegenerative/neurodevelopmental disorders as illustrated in Figure 10. The
same concepts apply to ataxia-dystonia and parkinsonism-dystonia phenotypes
(Rossi et al., 2018; Morales-Briceno et al., 2022). By establishing a classification
system that takes into account mechanisms, it would be possible to develop drug

development strategies that are also mechanistically oriented.
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neurodevelopmental disorders

(Adapted from Klebe et al., 2016)

In general, the message here is that our current approach to understanding any
neurogenetic diseases/syndromes should always reflect the increasingly
complex relationship between genotype, neuronal system damage, and

phenotypic expression.

1.4.3 Pathways involved in RPND

Numerous cellular pathways are associated with RPND as discussed above;
however, in the interest of this thesis, here | will provide background information
for only 2 pathways: mitochondrial pathway and protein posttranslational

modification.

1.4.3.1 Mitochondrial dysfunction pathway

Mitochondria are double-membrane structures containing the outer mitochondrial
membrane and the inner mitochondrial membrane. The inner membrane is
arranged in folds called cristae, and it encloses the mitochondrial matrix and
various proteins with different functions. The mitochondrial matrix is composed of
mitochondrial DNA (mtDNA), ribosomes, and enzymes crucial for the tricarboxylic
acid (TCA) cycle. A crucial role of mitochondria is the generation of adenosine

triphosphate (ATP) by the process called oxidative phosphorylation (OXPHOS),
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in which electrons move through the mitochondrial electron transport chain
(ETC), located in the inner mitochondrial membrane. The OXPHOS system is
made of 5 complexes: NADH dehydrogenase i ubiquinone oxidoreductase
(Complex I), succinate dehydrogenase ubiquinone oxidoreductase (Complex ),
ubiquinonei cytochrome ¢ oxidoreductase (Complex Ill), cytochrome c oxidase
(Complex 1V), and ATP synthetase (Complex V). Proteins in Complexes I, Ill, IV,
and V are encoded by both mitochondrial and nuclear DNA, whereas Complex Ii
Is composed solely of subunits encoded by nuclear DNA. It has been estimated
that around one and a half thousand proteins are required for proper
mitochondrial function, and only around a hundred proteins directly take part in
OXPHOS and the production of ATP. In addition to OXPHOS, mitochondria are
crucial integrators of fatty acid oxidation, Krebs cycle, urea cycle,
gluconeogenesis and ketogenesis, amino acid metabolism, lipid metabolism,
biosynthesis of haem and ironisulfur clusters, calcium homeostasis and
apoptosis (Gorman et al., 2016; Suomalainen and Battersby, 2018; Set, et al.,
2019; Fernandez-Vizarra and Zeviani, 2021; Klopstock et al., 2021).
Mitochondrial DNA (mtDNA) is a circular double-stranded DNA that contains 37
genes. There is a significant variation in the number of copies of mtDNA driven
by the cell type and the energy requirements of those cells and this typically
ranges between 100 to 10,000. mtDNA encodes only 13 OXPHOS subunits
producing ATP, whereas a large proportion of these subunits (79 out of 92) are
encoded by nuclear DNA. Additionally, the nuclear DNA plays a role in mtDNA
replication and maintenance. As a result, most mitochondrial diseases (around
85-90%) are caused by mutations in nuclear DNA rather than mtDNA mutations.
The genetics of mitochondria is unique as they are inherited maternally and can
display heteroplasmy, meaning that cells only display biochemical abnormalities
and energy deprivation once a threshold of 80% to 90% of mutant mtDNA is
present. Mitochondrial diseases can result from defects in either mtDNA or the
nuclear genes that encode mitochondrial proteins (Gorman et al., 2016).
Numerous machinery/mechanisms involved in mitochondrial functions can be
linked to mitochondrial diseases, and these include mtDNA maintenance,
mitochondrial protein synthesis, and protein quality control among many others
(Figure 11).
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Mitochondrial diseases are an extremely diverse group of neurometabolic
disorders that are considered one of the commonest inherited neurological
conditions. These diseases can appear at any age and can lead to various
symptoms in different organs, posing a challenge to diagnose them (Figure 12).
Although some patients may present with clinical features consistent with a
specific syndrome, most patients do not fit neatly into these categories, limiting
the usefulness of this approach (Gorman et al., 2016). Early-onset mitochondrial
diseases are typically severe and could present with many unspecific clinical
symptoms/signs, such as encephalopathy, generalized muscle weakness,
hypotonia, seizures, dysautonomia, fatigue, exercise intolerance, and vomiting.
Although limb spasticity with axial hypotonia is often seen in cases of central
nervous system involvement, it is not a specific indicator of mitochondrial

diseases (Gorman et al., 2016).

Multiple syndromes of mitochondrial diseases that manifest in childhood have
been recognized, including Leigh syndrome, Alpers-Huttenlocher syndrome, and
Pearson syndrome. Leigh syndrome is the most frequent syndrome linked to
childhood-onset mitochondrial diseases, typically starting between 3 months and
2 years of age, and potentially resulting from pathogenic variants in over 75
genes. Types of mitochondrial diseases and their clinical features together with
the genes involved are reviewed and provided elsewhere (Gorman et al., 2016;
Suomalainen and Battersby, 2018; Set, et al., 2019; Fernandez-Vizarra and
Zeviani, 2021; Klopstock et al., 2021).

Although there have been significant advancements in identifying mitochondrial
diseases through genetic and metabolic diagnosis, there are currently no

effective treatments to provide a cure.
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1.4.3.2 Protein posttranslational modification

Protein posttranslational modifications (PTMs) are essential for regulating protein
function and controlling various cellular processes. Aberrant states of PTMs are
frequently implicated in human diseases, especially in neurologic diseases.
PTMs can occur during any stage of the protein's life cycle (Macek et al., 2019).

Once protein translation is completed, various modifications take place in many
proteins to mediate their appropriate folding or to direct the newly synthesized
protein to specific cellular sites, such as the membrane or nucleus. Other
modifications occur after folding and localization are completed to activate or
inactivate catalytic activity. Proteins are also covalently linked to tags that target
a protein for degradation. Proteins are modified through a process of protein
maturation or activation, which involves post-translational cleavage and the
sequential addition of functional groups (Lee et al., 2023). PTMs occur at distinct
amino acid side chains or peptide linkages and are most frequently mediated by
enzymatic activity. Indeed, 5% of the proteome comprises enzymes that perform
more than 200 types of PTMs. These enzymes include kinases, phosphatases,
transferases, and ligases, which add or remove functional groups, proteins, lipids,
or sugars to or from amino acid side chains, and proteases, which cleave peptide
bonds to remove specific sequences or regulatory subunits. Advances in mass
spectrometry (MS) techniques have made it possible to identify thousands of sites
where post-translational modifications (PTMs) occur. Consequently, novel
enrichment strategies have uncovered the global cellular importance of several
types of modifications (e.g., acetylation, ubiquitylation, O-GINac, N-linked
glycosylation). More than 620 diverse types of PTMs are currently known, ranging
from small chemical modifications (e.g., phosphorylation and acetylation) to the

addition of complete proteins (e.g., ubiquitylation) (Figure 13) (Lee et al., 2023).
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For example:

1 Phosphorylation: Addition of a phosphate group to serine, threonine, or
tyrosine residues by protein kinases. This modification can affect protein
activity, localization, and interactions. Phosphorylation has the largest
number of disease associations (Chehab et al., 1999).

1 Glycosylation: Addition of sugar molecules to asparagine, serine, or
threonine residues. This modification can affect protein folding, stability,
and function.

1 Acetylation: Addition of an acetyl group to lysine residues by histone
acetyltransferases. This modification can affect protein-protein
interactions and gene expression (Sterner and Berger, 2000)

1 Methylation: Addition of a methyl group to lysine or arginine residues by
protein methyltransferases. This modification can affect protein-protein
interactions and gene expression.

1 Ubiquitination: Addition of a ubiquitin molecule to lysine residues by E3
ligases. This modification can target proteins for degradation by the
proteasome or affect protein localization and interactions (Hershko, 2005).

1 SUMOylation: Addition of a small ubiquitin-like modifier (SUMO) molecule
to lysine residues by SUMO ligases. This modification can affect protein
localization, stability, and interactions.

1 Palmitoylation: Addition of a palmitate lipid molecule to cysteine residues
by palmitoyltransferases. This modification can affect protein localization

and stability.
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Figure 13. Types of protein post-translational modifications.

(Adapted from https://www.ptglab.com/news/blog/post-translational-modifications-an-overview/)

Understanding the mechanisms and consequences of PTMs is important for
advancing our understanding of molecular biology, and proteomics, and
designing new treatment strategies. The comprehensive list of PPTs associated

with human diseases can be found here: http://ptmd.biocuckoo.org/).

1.4.4 What is known about the genetic studies of RPND in CAT?

Regardless of the importance of genetic studies in CAT, little is known about the
prevalence and genetics of rare diseases in CAT. This may be due to the lack of
expertise, resources, and infrastructure for genetic research in these countries.
A lack of awareness and understanding of the importance of genetic research

could also be another important reason.

Regarding RPNDs, there have been several small-scale studies, mostly case
studies, reporting several well-established genes for epilepsy, NDD, and

neuromuscular disorders: (Zharkinbekova et al.,, 201 7 ; B@4l.,r 2023;
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Jaxybayeva et al., 2023). Most of the studies reporting genetics of rare diseases
in CAT are published in the Russian language in local scientific journals. No CAT
patients/families with rare diseases have hitherto been published as a part of
international cohorts in novel gene-discovery papers. The lack of genetic studies
in CAT shows that a systemic approach to developing genomics services is

urgently needed.

The present section provided a brief overview of RPND. In the following two
sections, | will conceptualize genetic and functional analysis methods employed
in establishing the molecular causes of RPND.

1.5 NGS in RPND diagnosis and management and Global access to next-

generation sequencing (NGS)

1.5.1 NGS in RPND diagnosis and management

The emergence of NGS technologies made a turning point for the advancement
of our understanding of rare diseases. Before the NGS era, the diagnostic
odyssey of patients with genetic disorders typically had lasted for years starting
with the documenting of clinical manifestations and performance of imaging and
biochemical tests, that only in the final stage led to a referral for genetic analysis
by Sanger sequencing, which is a highly manual and time-consuming process.
The success rates of this diagnostic route were low. The emergence of NGS
about 10 years ago fundamentally transformed this diagnostic workflow by
providing a rapid, high-powered, and cost-effective alternative for genetic
analysis in the early stages of the diagnostic process. This novel workflow has
dramatically shortened waiting times and reduced the often-endless search for
the causes and prognosis of genetic conditions for many patients. This was the
reason the best healthcare systems in the world implemented these powerful
tools in their routine diagnostic processes as first-tier tests, e.g. clinical WES
(Boycott et al., 2013).

The diagnostic yield of WES for various heterogeneous diseases reaches up to
40% in large-scale population studies. In a consanguineous population, the
diagnostic yield is up to 80% (Yang et al. 2013; Yang et al., 2014; Yavarna et al.,
2015; Retterer et al., 2016). Limited WGS studies report 401 70% diagnostic yield

across various groups of genetic diseases within small cohorts. The diagnostic
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yield of WES varies from 30%1 50% among patients with mild to severe NDD/ID.
Routine retrospective reanalysis of undiagnosed patients could increase the total
diagnostic yield by 101 15% (Seo et al., 2022). The number of newly identified
disease-associated genes has grown exponentially in all fields of rare diseases
since the emergence of NGS technology.

NGS has also established a new process known as reverse phenotyping. This is
a retrospective clinical investigation of the patient after the determination of a
causative gene that can reveal additional, previously unrecognized features

(Fernandez-Marmiesse et al., 2018).

NGS, in addition to establishing a molecular diagnosis, has also paved the way
for the search for treatments for some previously untreatable mortal or chronic
debilitating NDD. Sometimes, the detection of a molecular diagnosis can pinpoint
an effective treatment. This is mostly the case for many metabolic disorders in
which diet can be used to maintain a controlled metabolic state. Some recent
examples are the discovery of SLC18A2 as the causative gene for an infantile-
onset movement disorder, which can successfully be treated by dopamine
agonists, and the identification of the riboflavin transporter genes SLC52A3 and
SLC52A2 as the cause of Browni Vialettoi Van Laere syndrome that can be

managed by introducing riboflavin supplementation (Boycott et al., 2013).

WGS inill infants in a level of neonatal intensive care units was reported to have
a diagnostic rate of 57%, which contrasted sharply with the rate 9% achieved with
standard genetic testing (p=0.0002). Most of the diagnoses made utilizing WGS
altered the management of patients, and 65% were associated with de novo
mutations. Acute clinical usefulness was noted in 65% of patients and 20% had
been diagnosed with strongly beneficial outcomes on management (Fernandez-

Marmiesse et al., 2018).

Despite its immense power and potential, NGS also has limitations and
challenges. First and most importantly, NGS provides horizontal coverage and
accuracy rates are less than 100%, thus resulting in missing variants and false
positive results. Another challenge is related to the filtering and interpretation of

variants as more than one candidate variant is typically found. This necessitates
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functional analysis of identified variants, which will briefly be discussed in the
further section (Fernandez-Marmiesse et al., 2018).

1.5.2 Current worldwide access to NGS

Back in 2003, the very first sequencing of the human genome was completed at
a high cost of approximately $500 million to $1 billion. The cost of sequencing a
complete genome was exorbitant and out of reach for regular use in clinical
settings for a considerable period. In 2006, it was estimated to be around $20-25
million. Starting from 2008, when next-generation sequencing (NGS) techniques
were introduced in research, there has been a remarkable reduction in
sequencing costs. In 2007, the cost was several million dollars, but by 2014 it
dropped to $1000, and currently, it's about $600 (Schwarze et al., 2018;
Schwarze et al., 2020; Lavelle et al., 2022).

Access to next-generation sequencing (NGS) technologies varies widely around
the world, with high-income countries generally having greater access to these
technologies than low- and middle-income countries. At present, initiatives aimed
at sequencing large populations have been implemented in at least 14 countries
(eg, All of the US, Genomics England), and it is projected that more than 60
million people worldwide will have their genome sequenced by 2025 (Figure 14)
(Stark et al., 2019). Several countries, including the UK, France, Australia, Saudi
Arabia, and Turkey, have combined the development of infrastructure and
workforce with the testing of a considerable number of patients who suffer from
rare diseases and cancer. On the other hand, some countries like the US,
Estonia, Denmark, Japan, and Qatar have concentrated their efforts on
sequencing projects that cover the entire population and provide results to the
participants. Meanwhile, national initiatives in Switzerland, the Netherlands,
Brazil, and Finland have prioritized the development of infrastructure, such as
common standards and data-sharing policies and platforms. The scope of these
projects might be overshadowed by the magnitude of the China Precision
Medicine Initiative, a 15-year project that has a budget of CN¥60 billion
(equivalent to US$9.2 billion) and aims to sequence 100,000,000 genomes by
the year 2030 (Stark et al., 2019).

Although there have been nationwide genome sequencing initiatives in several

countries, an assessment of global NGS implementation (defined as the use of
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testing in routine clinical care as measured by clinical applications, utilization, and
coverage/funding/reimbursement) is lacking. Currently, there is no centralized
information source regarding the implementation of sequencing projects across
various countries and clinical applications. Most of the available data originate
from the US alone, while other countries have either limited or no publicly
available data. Due to these gaps, information on implementation needs to be
gathered from various sources, including the gray literature (such as white
papers, health system reports, market analyses, regulatory filings, company
websites, news reports, and national/international consortia websites) (Phillips et
al., 2020). Additionally, administrative/clinical resources like electronic health
records, claims data, fee schedules, industry databases, and registries can also
provide some relevant information. These observations demonstrate that the
utilization of whole-exome sequencing (WES) and whole-genome sequencing
(WGS) is on the rise but unevenly distributed across regions like Canada, Europe,
the Middle East, and Asia, with limited use in Central/South America and Africa.
However, some middle-income countries are beginning to adopt next-generation
sequencing (NGS) in their clinical care practices (Phillips et al., 2020; Stark et al.,
2019).

A review of the Orphanet database reveals that 336 laboratories registered in
Europe offer NGS sequencing currently (Orphanet n.d.). This demonstrates that
many countries worldwide have made genetic testing affordable and accessible
at the national level. Nonetheless, a recent investigation of cross-border testing
suggests that there is uneven access to genetic testing among EU citizens, as
some European nations still restrict genetic testing at local, national, and cross-

border levels, leaving patients without a genetic diagnosis (Vi nk g e | e).t

Regarding CAT, access to both first-generation sequencing technologies and
NGS is currently limited to a great extent. This is particularly relevant to Tajikistan,
Turkmenistan, Georgia, Armenia, Uzbekistan, and Azerbaijan. There are a
couple of national laboratories offering a limited number of clinical WES in
Kazakhstan at a high cost, which is frequently not affordable for Kazakhstani
citizens. The lack of trained bioinformaticians in these laboratories compromises
the reliability of results. Most of the WES and WGS in Kazakhstan and Uzbekistan
are done on a research basis. One international genetic project on preeclampsia

involved patients and controls from Kazakhstan and Uzbekistan and within this
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project, 100 cases from each of these countries underwent WGS (Steinthorsdottir
et al., 2020). This data is deposited in the European Genome-phenome Archive
(https://ega-archive.org) (under the accession numbers: EGAD00001005467 and
EGADO00001005466). However, it is not available publicly.

There are no private genetic laboratories based in CAT. Most of the centers
offering genetic testing in CAT outsource this service sending samples to
international private genetic laboratories mostly based in Russia, Turkey,
Germany, Israel, and Korea. The frequently ordered tests are gene panels and
proband WES, with the latter costing from 1000 USD to 2500 USD for CAT
patients. Due to the lack of genetic knowledge clinicians in CAT poorly interpret
the results of diagnostic genetic reports, especially when variants of unknown
significance are reported. Parents of the probands are not usually tested by
Sanger to confirm their genetic status concerning the identified variants, and

segregation analysis is not typically done.
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1.6 Interpretation and functional validation of genetic variants

Understanding the significance of genetic diversity in human health and disease
requires the interpretation and functional confirmation of genetic variants. These
steps support the development of customised medical strategies, aid in the
identification of disease-causing variations, guide clinical management choices,
reveal biological pathways, discover new targets for drug development, and
provide insights into them.

The American College of Medical Genetics and Genomics (ACMG) has
developed a framework for classifying genetic variants that may be associated
with human disease. This framework provides a standardized system for
interpreting the clinical significance of genetic variants based on a combination
of evidence-based criteria. The ACMG framework includes two main categories:
pathogenic (disease-causing) variants and benign (non-disease-causing)
variants (Richards et al., 2015). These categories are further subdivided into

different levels of evidence, ranging from very strong to very weak (Figure 15).
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Figure 15. Evidence Framework
(Adapted from Richards et al., 2015)
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Population frequency, computational prediction, functional analysis, segregation
data, and clinical data are among the evidentiary standards used to categorise
variations. For instance, a variant that is very rare in the general population and
Is predicted to disrupt the function of a known disease-causing gene would have
strong evidence for being pathogenic. Overall, the ACMG variant classification
framework provides a standardized and evidence-based approach to interpreting
the clinical significance of genetic variants. This helps ensure that genetic testing
results are accurate and meaningful for patients and healthcare providers.

However, there are some limitations to the current ACMG variant classification.
For instance, it may not effectively classify variants of moderate to low
penetrance, recessive variants, or variants in genes that are contemporaneously
associated with diseases (Campeau, 2022). Additionally, the classification
system was not designed to classify copy number variants (CNVs) and non-
coding regions of the genome. The category of Variants of Unknown Significance
(VUS) is broad and includes many ultra-rare variants, such as those with
insufficient evidence to suggest pathogenicity or with conflicting pathogenicity
clues. When non-experts read reports containing VUS, they may not fully
understand the subtleties behind why a variant was classified as such. As a
result, the interpretation may incorrectly suggest a normal result or confirm a
diagnosis when it may not be accurate. In addition, functional studies may provide
conflicting results, or the interpretation of clinical data may be influenced by
factors such as age or comorbidities, or there may be a tendency to overinterpret
the clinical significance of genetic variants. Furthermore, the current ACMG
guidelines were developed primarily using data from people of European

ancestry, which may limit their applicability to other populations.

There have been suggestions for making changes or additions to the ACMG
variant classification system. These include the Sherloc classification scheme
from Invitae, the CNV Interpretation Calculator and Variant Curation Expert
Panels from ClinGen, and a two-dimensional system proposed by the European
Society of Human Genetics in 2019. The goal of the latter system is to overcome
the limitations of the ACMG-AMP classification for certain genes or variant types
and to have broader applicability. This led to the creation of the ABC classification

system, which considers available clinical and functional data and allows for
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optional local policy comments. The ABC system can be used alongside or in
place of the ACMG-AMP classification (Campeau, 2022).

The important domain of modern genetic research is the functional annotation of
genes/genetic variants. Better knowledge of the impact of rare/common genetic
variants on gene expression and protein function provide insights into the
underlying mechanisms of disease, which can potentially ensure in the
development of targeted therapies. Cumulative evidence deriving from multiple
well-designed functional studies and clinical-genetic data provides a more

comprehensive understanding of the clinical significance of genetic variants.

With the increasing discovery of rare genetic variants, there is a pressing need
for clear and comprehensive guidelines to differentiate disease-causing
sequence variants from other potentially functional variants found within the
human genome. False assignments of causality at the variant level have become
a substantial issue not only in diagnostic settings but also in many research
publications. A guideline published in Nature in 2014 by MacArthur et al. (2014),
outlines recommendations for the assessment of the causality of sequence
variants in human disease. The authors highlight the importance of rigorous
evaluation of evidence for variant causality, including consideration of criteria
such as genetic and epidemiological evidence, functional assays, and
bioinformatics predictions (Table 1). The authors also emphasize the need for
clear and transparent reporting of methods and results to enable reproducibility
and interpretation of findings. The guidelines are intended to be broadly
applicable across different disease types and to facilitate the translation of genetic
discoveries into improved clinical care. The authors suggest that these guidelines
can serve as a starting point for ongoing refinement and development of best

practices for variant causality assessment.
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Table 1. Classes of evidence relevant to the implication of sequence variants in

disease

(Adapted from MacArthur et al, 2014)

Evidence | Evidence Examples

level class

Gene Genetic Gene burden: the affected gene shows statistical
level excess of rare (or de novo) probably damaging

variants segregating in cases compared to control
cohorts or null models.

Experimental

Protein interactions: the gene product interacts with
proteins previously implicated (genetically or
biochemically) in the disease of interest.
Biochemical function: the gene product performs a
biochemical function shared with other known
genes in the disease of interest, or consistent with
the phenotype. Expression: the gene is expressed
in tissues relevant to the disease of interest and/or
is altered in expression in patients who have the
disease. Gene disruption: the gene and/or gene
product function is demonstrably altered in patients
carrying candidate mutations. Model systems: non-
human animal or cell-culture models with a similarly
disrupted copy of the affected gene show a
phenotype consistent with the human disease
state. Rescue: the cellular phenotype in patient-
derived cells or engineered equivalents can be
rescued by the addition of the wild-type gene
product.

Variant
level

Genetic

Association: the variant is significantly enriched in
cases compared to controls. Segregation: the
variant is co-inherited with disease status within
affected families and additional co-segregating
pathogenic variants are unlikely or have been
excluded. Population frequency: the variant is
found at a low frequency, consistent with the
proposed inheritance model and disease
prevalence, in large population cohorts with similar
ancestry to patients.

Informatic

Conservation: the site of the variant displays
evolutionary  conservation  consistent  with
deleterious effects of sequence changes at that
location. Predicted effect on function: variant is
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found at the location within the protein predicted to
cause functional disruption (for example, enzyme
active site, protein-binding region).

Experimental | Gene disruption: the variant significantly alters
gene levels, splicing or normal biochemical function
of the product of the affected gene. This is shown
either in patient cells or a well-validated in
vitro model system. Phenotype recapitulation:
introduction of the variant or an engineered gene
product carrying the variant, into a cell line or
animal model results in a phenotype that is
consistent with the disease and that is unlikely to
arise from disruption of genes selected at random.
Rescue: the cellular phenotype in patient-derived
cells, model organisms, or engineered equivalents
can be rescued by the addition of wild-type gene
product or specific knockdown of the variant allele.

Three main categories of experimental evidence can be used to support the
implication of a gene in a disease, ranked in order of increasing strength. The first
category involves demonstrating that the normal function of the gene is consistent
with the known biology of the disease process, such as by showing that the gene
is expressed in relevant tissues or interacts with other implicated genes. The
second category involves demonstrating functional disruption of the gene product
in patients with the disease through genetic mutations. Lastly, disruption of the
candidate gene in a model system/organism can be shown to result in a
phenotype that replicates the relevant pathology in humans and is unlikely to
occur with random gene disruption (Steinmetz et al., 2004; Gasperskaja et al.,
2017; Rodenburg et al., 2018; Lappalainen et al., 2021).

Thus, functional analysis involves various fields of study including genomics,
epigenomics, transcriptomics, proteomics, metabolomics, interactomics, and
model systems. The field of multi-omics is rapidly evolving, with new approaches
and tools being developed to help researchers integrate and analyze increasingly
large and complex datasets. Table 2 provides just a few examples of the many
ways that functional genomics methods can be classified based on their intended

use or the type of information they provide. Many methods of functional genomics
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are highly interdisciplinary, combining expertise in biology, chemistry, statistics,

and computational analysis.

Table 2. Main categories of functional genomics

(Steinmetz et al.,

2004; Gasperskaja et al., 2017; Rodenburg et al., 2018; Shou

et al., 2020; Lappalainen et al., 2021)

In vitro assays

These are laboratory-based experiments that involve testing
the impact of a genetic variant on protein function or
expression. For example, enzyme activity assays can be used
to measure the activity of a protein in the presence of a
genetic variant, or Western blotting can be used to measure
changes in protein expression or overexpression that involves
artificially increasing the expression of a gene of interest in a
cell or organism to study its effects on various cellular
processes.

Transcriptomic
S

This involves the study of the transcriptome or the set of all
RNA molecules transcribed from the genome. Examples of
transcriptomics methods include microarray analysis, RNA
sequencing (RNA-seq), and single-cell RNA sequencing
(SscRNA-seq).

Genome This involves the utilization of techniques such as

editing CRISPR/Cas9 in order to create specific genetic variants in a
cell or animal model. The impact of these variants is then
studied in vitro or in vivo.

Model Model systems are important tools in functional genomics for

systems studying the biological functions of genes and genetic

variants. These model systems can be any organism or cell
culture that can be manipulated to study the effect of genetic
changes including skin fibroblasts, model cell lines, iPS cells,
and brain organoids.

Animal models

These involve creating genetically modified
organisms/animals that carry specific genetic variants. The
impact of these variants is then studied in vivo via different
assays. Yeast is a commonly used micro-organism model,
while for animal models, researchers frequently use
drosophila, zebrafish, frog, and mouse.

Genetic
rescue
experiments

Rescuing a phenotype can be done by introducing the wild-
type version of the gene of interest into a cell type, either
patient-derived cells with the genetic defect or a knock-
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out/knockdown model system in which the variant gene is
overexpressed.

Computational
predictions

These involve using computational methods to predict the
impact of genetic variants on protein function or expression.
For example, tools such as PolyPhen and SIFT can be used
to predict the impact of missense variants on protein function.

Epigenomics

Epigenomics involves the study of modifications to the
genome that regulate gene expressions, such as DNA
methylation and histone modifications. Techniques such as
chromatin  immunoprecipitation (ChIP) and bisulfite
sequencing can be used to map epigenetic modifications
across the genome.

Proteomics

Proteomics involves the large-scale study of proteins,
including their structure, function, and interactions with other
molecules. Techniques such as mass spectrometry and
protein microarrays can be used to identify and quantify
thousands of proteins in a single experiment.

Metabolomics

Metabolomics involves the large-scale study of small
molecule metabolites, which are involved in various metabolic
pathways and cellular processes. Techniques such as mass
spectrometry and nuclear magnetic resonance spectroscopy
can be used to identify and quantify thousands of metabolites
in a single experiment.

Protein
interaction
networks

Protein interaction networks involve the identification and
analysis of the interactions between proteins within a cell or
organism. Technigues such as yeast two-hybrid screens and
co-immunoprecipitation assays can be used to identify
protein-protein interactions, while bioinformatics tools can be
used to analyze and visualize the resulting networks.

Single-cell
genomics

Single-cell genomics techniques allow for the analysis of gene
expression, epigenetic modifications, and other genomic
features at the level of individual cells. Single-cell genomics
can provide insights into cellular heterogeneity and dynamics,
as well as the regulation and function of genes in specific cell
types or states.

Imaging

Imaging methods visualize and analyse biological structures
and processes at various scales and include fluorescent
microscopy, electron microscopy, and X-ray crystallography.
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Multi-omics Network analysis is used used to integrate data from multiple

network functional genomics layers to identify key biological pathways
analysis and regulatory networks involved in various biological
processes.

Overall, the last sections of the thesis introduction highlight the importance of
considering the patient's phenotype, genetic data, and functional genomics
results collectively for the accurate identification of the genetic causes of rare

diseases.

In the introductory section of my thesis, | presented the rationale for my project
and conceptualized the key aspects, and this leads us to the aims of my thesis.

1.7 The project aims
My project has the following aims:

1. Establishing a functional network between UCL and CAT to conduct long-
term genetics projects. ldentifying novel disease-genes and pathways that cause
RPND in CAT to enhance scientific and medical comprehension of the underlying
disease mechanisms. Delving deeper into the molecular and cellular bases of
disease through functional analysis to expand understanding of the pathobiology
implicated, with the ultimate goal of generating fundamental knowledge to
facilitate the development of novel therapeutic interventions.

2. The recruitment of numerous families with RPND from CAT to provide

genetic testing at no cost

3. Defining the genetic causes of RPND in CAT through the application of

powerful high-throughput genetic approaches.

4. To advance the knowledge and expertise of CAT specialists in neurogenetics

using collaboration with UCL.

5. To establish a foundation for larger-scale genetics studies in CAT that will
advance the field of medical genomics in the region and enable its integration into

the healthcare system.
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Chapter 2. General Methods

In this chapter, | will describe the general methods employed in my project. Study-

specific methods will be described in the relevant sections of further chapters.

2.1 The Synaptopathies and Paroxysmal Syndromes (SYNaPS) project

The United Kingdom (UK) has considerably been investing in human genomic
studies for the last decades. Particularly, the UK projects aim at studying diverse
world populations in the field of neurodegenerative disorders and rare
neurogenetic diseases. The Institute of Neurology (IoN), UCL has been
conducting the Synaptopathies and Paroxysmal Syndromes (SYNaPS) project,
which is Institutional Review Boards (IRB) approved and aimed at analysing
neurogenetic conditions, focusing on the rare, neglected, and often difficult to
understand familial early-onset movement disorders (e.g. dyskinesias, chorea,
ataxia), epileptic encephalopathies, spastic-ataxia, psychiatric, headache
disorders such as familial cluster and other complex neurogenetic disorders.
These conditions are referred to as Synaptopathies but the project has also
included other juvenile and adult-onset leukodystrophies based on our recent

work as we see an overlap in the disease genes identified.

The aims of the SYNaPS International Collaboration are: to work with clinicians
based at different Institutions to recruit patients to (a) identify and characterize
the molecular basis of these neurogenetic disorders (likely involving synaptic
transmission and/or neuronal excitability) in children and adults through a
combination of linkage analysis, homozygosity mapping using single nucleotide
polymorphisms (SNP) array, whole exome and whole genome sequencing
(WES/WGS); (b) increase diagnostic yield and provide a precise genetic
diagnosis; (c) to create an open access database of the rare genetic mutations
and/or the common polymorphisms for future research and genetic
epidemiological purposes; (d) to establish a long-term clinical and research
collaboration between the UCL Institute of Neurology in London and a Network
of Neuropaediatricians, Geneticians and Neurologists; (e) to publish high-impact
papers as the results of this project, because all contributions in terms of clinical

data and samples from clinicians and researchers involved in this collaborative
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project are acknowledged by co-authorship in research manuscripts that have

been prepared.
The project inclusion criteria are:

For exome and genome sequencing, multiply affected families and patients with
a history of consanguineous marriages in which their parents are first or second
cousins are prioritized. The neurological phenotypes collected are: (a) Movement
disorders such as familial ataxia, paroxysmal dyskinesia, choreoathetosis,
familial early-onset dystonia, early-onset/young onset parkinsonism, familial
myoclonus (and myoclonic dystonia or myoclonic ataxia), hereditary chorea
(especially if affected siblings born from unaffected parents), ataxia
(episodic/ sl owly progressive), cerebr al
syndrome) or brain iron accumulation (NBIA); (b) Complex movement
disorders(including spastic paraplegias and neurodegenerative movement
disorders); (c) Complex neurodevelopmental phenotypes, such as microcephaly,
macrocephaly, familial psychiatric illness; (d) Epileptic encephalopathies, familial
epilepsy; (e) Familial sleep disorders including narcolepsy, sleep paralysis, and
episodic hypersomnias; (f) Juvenile and adult-onset leukodystrophy;(g) Orphan

or very rare inherited neurological disorders where the cause is unknown.
This collaboration has the following advantages:

A. Authorship for team members on any publications that are prepared as a result

of this collaboration, experiments, and studies.

B. Access to the sequencing/genotyping datasets of submitted samples for

groups to carry out focused research.

C. Opportunities to link with other clinical initiatives such as imaging correlates,

developing biomarkers, and drug trials.

D. Funding. To form a group of researchers that will be well placed to apply and
receive funding for other future research based on this disease group and

synaptic pathways.
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This project has Wellcome Trust funding to help in the DNA extraction, plating,
clinical data, shipping and sequencing of samples.

(http://neurogenetics.co.uk/synaptopathies-synaps/).

The SYNaPS project includes a large international network of research and
medical centres (Figure 16)

Synaptopathies - International Network exome sequencing
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Figure 16. Countries participating in the SYNaPS project

The SYNaPS project provides an unprecedented opportunity for CAT countries
to be integrated into international genetic studies on rare neurological disorders

and pioneer neurogenetic studies in these world regions.

2.2 Establishing the UCL-CAT collaborative network, patient recruitment,

and sample shipment

| started my project in October 2018. To launch my project in CAT, | needed to
find local clinicians, researchers, and medical centers interested in participating

in the study. For this purpose, the following methods have been used:

1) | searched Pubmed and Google scholar screening for publications on the
genetics of paediatric neurological diseases coming from CAT, and contacted the

corresponding authors inviting for a research collaboration with UCL. A further

93


http://neurogenetics.co.uk/synaptopathies-synaps/

search was made on Google, looking for clinicians, and clinical and research
centers providing specialized medical services in paediatric neurology,
movement disorders, and genetics. In addition, my personal contacts were used

to find key clinicians willing to participate in the project.

2) Letters of invitation for scientific collaboration with UCL within the SYNaPS
project were sent to major medical universities in each of the Central Asian and
Transcaucasian countries. Official letters were sent to the embassies of several
Central Asian countries in the UK requesting to liaise between UCL and local

medical universities and centers.

In the subsequent stage, a series of Skype conferences were made with each
CAT centre, who expressed initial interest in the project, and consequently,
memorandums of understanding, collaboration, and material transfer agreements
were signed, SYNaPS research protocol and informed consent forms (ethics
number UCL 07/Q0512/26) were sent to collaborators, and the local IRB
approvals were obtained. The project details, patient inclusion criteria, clinical
data collection and storage, sample collection, and shipment details were

communicated to the CAT collaborators.

After establishing a formal collaboration with several CAT centers, my PhD
supervisor and | started visiting these centers in April 2019, to personally meet
the local teams, personally recruit patients for the project, and elaborate the
research protocol details, including patients sampling, login in clinical details to
REDCap, a secure web application for building and managing online surveys and
databases. In addition, several talks were given to local clinicians on
neurogenetics. Several active young clinicians were invited to UCL for a short
training in neurogenetics. A joint supervision of the local PhD projects was
offered, and talks were given at several local research conferences (in person
and online). Table 3 shows the number of countries and the main centers with

key clinicians involved in this project.
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Table 3. CAT countries participating in the project
Cont ac|Col |l abo Centers and co|l Numb ¢
cantri|jl establi of Vi

Kazakhsts Yes Shymkent Medical Academy i
Prof. Nazira Zharkinbekova
Dr. Chingiz Shashkin

Astana Medical University

Dr. Altynshash Zhanksybayeva
Uzbeki s Yes Tashkent Pediatric Medical Institute i 1
Dr. Hurshidakhon Rasulova

Taj i ki's Yes Tajik State Medical University 2
Dr. Manizha Ganieva

Kyragqyzs No

Tur Kk men N o

Azer bai Ye s Mediclub medical center i
Dr. Ulviya Guliyeva

Medina medical center i
Dr. Kamran Salayev 1

Azerbaijan State Medical University 1
Prof. Sahrif Magalov

Ar meni 8 Yes Somnus Medical Center i

Dr. Samson Khachatryan 1
Arabkir Hospital 1

Dr. Biayna Sukhudyan
Georg i 3 Ye s Mediclub medical center i
Dr. Gia Melekeshvili

Thilisi State Medical University i
Prof. Maia Beridze

Central Children Hospital, Thilisi i
Prof. Nana Tatishvili

Our visits to CAT in 2019, were followed by independent continuous recruitment
of patients by the local centres and shipment of blood samples/skin biopsies to
UCL with the secure transfer of clinical details via REDCap. Since 2019 and up
until the time of writing my thesis, | have recruited 2200 families with RPND from
CAT. The official shipment of human blood samples for research from most of the

CAT countries to the UK has been shown to be feasible and efficient.
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Not all CAT countries participated in my project due to the following reasons:

1)

2)

3)

Uzbekistan: although | found several centers interested in my project, the
shipment of human biological samples out of the country is currently
prohibited by law in Uzbekistan.

Turkmenistan: the government of Turkmenistan maintains strict control
over the country's political, social, and economic systems, limiting outside
influence and interaction. This makes it difficult for foreign entities to
establish partnerships or collaborate with local organizations.

Kyrgyzstan: despite making multiple attempts, | was unable to find

clinicians and centers who were interested in my project.

This is how | established the UCL-CAT collaborative network on the study of the

genetic causes of rare neurological diseases. Within this network, later we will be

able to collaborate on other genetic projects with CAT, including more common

neurological and non-neurological disorders.

As the purpose of my project is to advance the knowledge and expertise of CAT

specialists in neurogenetics and establish genomics service locally, the following

activities were done:

1)

2)

3)

4)

5)

From 2019 until 2023 we hosted 9 clinical researchers from CAT at IoN
UCL. They learned basic genetic analysis techniques, exome sequencing
data filtering, and variant interpretation, and improved their clinical skills
by attending neurogenetic clinics at Queen Square.

Several publications reporting novel and established genes from CAT
were made in co-authorship with CAT collaborators.

Fastq files from WES were shared with CAT collaborators to carry out
focused research by the local groups.

Several joint grant applications with the CAT collaborators were made.
Some of them were successful (3 Billion sponsored testing program giving
500 WES to CAT at no cost; CAT-PD project funded by Michael J. Fox
Foundation).

We met local health authorities in CAT, including the health ministers
presenting the preliminary results of our project and encouraging them to

establish genomics services locally.
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6) An official CAT-Genomics website and a Twitter page were made to
promote genomics studies in CAT.

2.3 Sample collection and data management

Venous blood (or occasionally saliva) samples were collected from participating
patients and families for genetic testing. Where available blood samples were
acquired from all symptomatic and asymptomatic family members for segregation
analysis. Blood samples were stored at +3-4 degrees locally in CAT for up to 3
months before shipment to IoN UCL. Skin biopsies and lymphoblasts were
obtained from a subset of families with complex phenotypes presenting research
interest either during my trips with the supervisor or upon our patient follow-up
requesting the local clinicians to obtain the skin biopsies and ship them to IoN
UCL.

Once the biological samples were collected, a pedigree ID was assigned to each
family, an individual ID was assigned to each person, and a sample ID was
assigned to each sample. Both clinical and molecular information was recorded
in a secure encrypted database, REDCap. The sample tubes were made

anonymous and labelled with a distinctive and exclusive sample ID.

2.4 Clinical evaluation and data collection

Clinical data were uniformly collected via a clinical proforma containing the
following variables: full names and surnames of probands and their family
members recruited to the study with full dates of birth, sex, family codes,
consanguinity, family history, main clinical features, additional neurological and
non-neurological clinical features, survival, description of investigations.
Neuroimaging scans, electroencephalography, nerve conduction studies, and
electroneuromyography data were collected. Video recordings of the neurological
examination and clinical photos were obtained from all patients. This was
independently reviewed by myself, my supervisor, and colleagues with expertise

in paediatric neurology.
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2.5 DNA extraction from blood samples

Genomic DNA (gDNA) extraction from blood samples was performed either in the
neurogenetics lab IoN by myself or at LGC labs in Germany. This was performed

using 5-10 ml of fresh or frozen whole blood samples using Flexigene kit (Qiagen,

Germany) accordingtothe manuf acturer s instructions.
quality of DNA were measured using a NanoDrop ND-1000 spectrophotometer

foll owing t he manufactureros i nstructio
Concentration was assessed at 260 nm. Purity was estimated by the 260/280

and 260/230 absorbance ratios, and the spectra of the ratios between 1.8-2.0

and 1.8-2.2 respectively were considered DNA samples of the appropriate
guality. For WES, DNA was diluted to 20 n
H20 (dH20) or TE buffer.

2.6 WES methods

WES was performed by Macrogen, South Korea. The samples were prepared
according to Agilent SureSelect Target Enrichment system version 6 (Figure 17)
to capture genomic regions of interest (coding regions), enriching them out of an
NGS genomic fragment library. The DNA was fragmented using a Covaris S2
sonicator to produce fragments of uniform size distribution, with most fragments
being between 180-200 base pairs. The fragmented DNA was then purified using
AMPure XP beads, and its quality was assessed with an Agilent Bioanalyzer.
Barcoded sequencing libraries were prepared according to the Agilent Sure
select Human All Exon v6 kit protocol using Solexa GA-Il. The libraries were
guantitated with a Qubit Fluorometer and their size distribution was verified with
an Agile Bioanalyzer. The resulting libraries were sequenced using an lllumina
HiSeq 2000/2500. The reads were filtered for purity and mapped to the human
genome (GRCH38). The Picard pipeline was used to identify duplicate reads, and
the Genome Analysis Toolkit version 1.6.5 (GATK) was employed for local

realignment around Indels.
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Figure 17. DNA library preparation and target enrichment

(Figure from Macrogen Inc.; https://dna.macrogen.com)

2.7 Bioinformatic processing of NGS data and variant filtering

The raw data was processed by the Queen Square bioinformatics team at UCL
(Hallgeir Jonvik, David Murphy, Jana Vandrovcova) using a standardised in-
house bioinformatic pipeline (Figure 18). To minimize false-positive calls, the
variants underwent an initial filtration process based on quality standards, and
any variants that appeared as a novel in the in-house WESdatabase were

carefully excluded.

Filtering exome sequencing data from CSV files entails applying multiple criteria
across various domains, including variant zygosity, predicted impact level of the
variant, number of variant reads, variant frequency in publicly available and in-

house databases, as well as insights from in-silico prediction tools.

The filtering process commences with strict criteria, aiming to identify ultra-rare
(below 0.0001) or very rare (below 0.001) variants with high or moderate
predicted impact, accompanied by a minimum of 10 variant reads. Additionally,
the variants must demonstrate consistent deleterious-damaging predictions
across multiple in silico tools, while maintaining the correct zygosity to explain the

observed phenotype.
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If the initial stringent filters do not reveal potential causative variants, the
subsequent step involves progressively relaxing the filtering criteria until sufficient
evidence for causative variants is identified. During this stage, | retained rare
synonymous variants and rare missense variants predicted to be tolerated and
benign in known genes. Then | verified if these variants might influence splicing
by leveraging tools such as Human Splicing Finder (http://umd.be/Redirect.html)
and Splice IA (https://spliceailookup.broadinstitute.org/). It's important to note that
this filtering strategy is exclusively utilized for known disease associations, and
only when there is a strong phenotypic alignment between the gene and the
patient's phenotype.

The variant filtering process is guided by several factors, including prior
knowledge of consanguinity status within the family, the mode of inheritance, and
the number of affected siblings exhibiting the same phenotype. These vital pieces
of information play a significant role in directing the filtering strategy. In families
with reported consanguinity, the search is primarily focused on homozygous or
biallelic variants, given their potential relevance in such scenarios. Conversely, in
non-consanguineous families, biallelic variants are first excluded, and the priority
shifts towards possibly inherited heterozygous variants and de novo variants,

which could offer valuable insights into the underlying condition.
Hence, my filtering followed these steps:

Filtering for homozygous variants to exclude recessive genes.
Filtering for compound heterozygous variants to exclude recessive genes
Filtering for possible inherited heterozygous variants

Filtering for possibly de novo variants.

ok W DR

Depending on the mode of WES, eg. proband or trio-WES, checking the

variant status in parents

| used the following criteria and cut-off scores for variant filtering:
Number of reads - 10 and above

Variant impact: high and moderate
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Variant predicted consequence: all excluding 5 and 3 prime UTRs and

synonymous variants

In-house allele frequency: strict filters: 5 and less for homozygous and 10 and
less for heterozygous. Slightly loose criteria: 10 and less for homozygous and 30
and less for heterozygous

gnomAD frequency for all populations i less than 0.001

CADD score (Rentzschet al., 2019) above 15 for missense variants
GERP score (Davydov et al., 2010) i more than 2 for missense variants
Sift (Sim et al., 2012) i deleterious

Polyphen-2 (Adzhubei et al., 2013) i damaging

PROVEAN (Choi et al., 2015) i deleterious

In the initial stages, | gave priority to novel or rare loss-of-function variants. After
that, | carefully curated missense variants. First, | filtered for rare predicted-
damaging variants in known disease-related genes. If this didn't lead to
conclusive results, | extended the search to include rare deleterious variants in

candidate novel disease-genes from the exome sequencing data.

Irrespective of the family's consanguinity status, my approach always began by
filtering for homozygous variants. In cases where a potential causative
homozygous variant was identified, | did not limit the filtering process solely to
homozygous variants. Instead, | continued the analysis by excluding likely
causative variants in the compound homozygous and possibly de novo states.
However, when causative variants were not evident in the homozygous state, |
delved deeper into the data, searching for potential compound heterozygous,
inherited heterozygous, and possibly de novo variants in well-known genes.
Moreover, when homozygous variants were detected, | made it a point to
investigate whether these variants resided in regions of homozygosity. This
provided additional support for the derivation of these variants from both parents,
who were expected to be heterozygous carriers of the respective variant

(Schuurs-Hoeijmakers et al., 2011).
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When variants in known genes were not identified, my search for potential novel
disease-genes involved an examination of gene constraint metrics and the gene's
tolerance towards loss of function. To better understand the gene's potential
mode of inheritance, | analyzed observed/expected values and pLI scores for
both loss-of-function and missense variants. To gain insights into whether the
gene was expected to be dominant or recessive, | employed the Domino online
tool (https://domino.iob.ch/), which provided valuable information on the gene's
dominance or recessiveness. Next, | delved into gene function by conducting
thorough research on PubMed, exploring any relevant animal models that have
been published for this gene, and investigating the phenotypes associated with
these models. Additionally, | scoured large cohorts reporting WES data to check
if the candidate disease genes | identified might have been previously reported.

After performing Sanger segregation analysis, | utilized the GeneMatcher tool
(https://genematcher.org) to identify potential matching cases for the genes of
interest, expanding the scope of my investigation. Furthermore, | leveraged my
personal connections with international research and private genetic laboratories,
with whom loN has data-sharing collaboration, to obtain additional insights and

collaborative support in my research endeavors.

When gathering families from international collaborators to publish cohorts
involving recently discovered and candidate disease-genes, | requested all rare
variants from their patients where the causative role could not be excluded. These
reported variants were included in the supplementary material of the resulting

papers.

To ensure consistency and accuracy, for the genes of interest collected from
collaborators, | standardized all transcripts into a single transcript and carefully
curated them based on allele frequencies across various databases, including
GnomAD v3, gnomAD v2.1.1, Ensembl, TopMED Bravo, UKBiobank, Iranome,
GME Variome, and our In-house Database, which incorporates Queen Square
Genomics Database, Centogene database, and GeneDX database. The
cumulative number of alleles considered in this comprehensive analysis

amounted to approximately 1,314,000.
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Additionally, | requested variant segregation data from all the families we
collected, and Sanger validation was conducted for all variants considered for
publication. Particularly, priority was given to likely de novo variants found in
proband exome sequencing. It's worth noting that the variants found in trio-ES
were not validated by Sanger in this project. The curation process also involved
extensive utilization of in silico tool predictions and the Minigene assay for splicing
variants. Furthermore, to establish the functional significance of the variants
considered for publication, a variety of functional genomics techniques were
employed, ensuring robust validation of their impact on the disease phenotype.
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Figure 18. Suggested exome data filtering strategy
(adapted from Seaby et al., 2016).

For mitochondrial gene calling, only variants in exomes with an average mtDNA
coverage of 010 times were kept for down
Variant Effect Predictor, Mitomap, and an inzouse database of mtDNA variants.
Variants of interest were odepianhbdogesnitchaed
Mi tomap. Variants with a read depth O10

in blood were validated and selected for further clinical evaluation.
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| utilized the in-house algorithm named PalinDepth to study Copy Number
Variants (CNVs) by leveraging read depth data from exome sequencing
experiments. The algorithm's fundamental concept involves comparing the test
exome against a well-matched aggregate reference set, which is optimized for
each specific exome. It's worth noting that this reference set is unique to each
exome and is created by combining exomes from the same batch. A crucial
assumption of PalinDepth is that the CNV of interest should be absent from the
aggregate reference set. Therefore, to ensure accuracy, related individuals must
be excluded from the creation of this reference set. This exclusion step is
necessary to avoid potential interference from shared CNVs among related
samples. While PalinDepth excels at detecting rare CNV calls, particularly
homozygous deletions in Mendelian diseases, it may not be as effective in
capturing common CNVs if those calls are already present in the aggregate
reference. As a result, the algorithm is especially well-suited for identifying rare
CNVs, where it can yield valuable insights in the context of Mendelian disorders.
To ensure adequate sequencing of all genes within the target regions or
candidate genes, the coverage at each exon within the locus was thoroughly

scrutinized by utilizing the Integrative Genomics Viewer (IGV).

2.8 Array genotyping and Homozygosity mapping

Array genotyping was performed in families with multiple affected to find shared
regions of homozygosity in those cases where initial exome filtering did not reveal
known disease genes. The Infinium Global Screening Array-24 v1.0 BeadChip
(GSA) is a next-generation genotyping array that was used for genotyping. The
GSA combines highly optimized, multiethnic genome-wide content, curated
clinical research variants, and QC markers for a broad range of clinical research
and variant screening applications. SNP data were analyzed using
GenomeStudio (lllumina Inc., San Diego, USA) with identified non-Mendelian
errors, excluded from analysis (Purcell et al., 2007). The identification of CNVs
was conducted utilizing software that concurrently analyzed the allelic intensity
ratios (referred to as "B-allele frequency") and normalized total intensity (known
as "Log R ratio") data for each individual. This was performed using
GenomeStudio, a product of lllumina Inc. located in San Diego, USA. VCF files

from array genotyping data from all affected individuals from one family were
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uploaded to the web tool Homozygosity Mapper to visualize the shared region of
homozygosity (Figure 19) (Seelow et al., 2009).
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Figure 19. Detailed version of the process of bioinformatics analysis for
detection of ROHSs from either SNP genotype array or WGS/WES data

(Adapted from Vahidnezhad et al., 2018)

2.9 Sanger validation

Most of the pathogenic/likely pathogenic and potentially disease-causing variants
that were identified through WES and presented in this report were confirmed by
Sanger sequencing. The details regarding the primer sequences and PCR
conditions utilized are described in each individual chapter within this thesis.
Sequencing reactions were performed using the BigDye Terminator 1.1 system
(ThermoFisher, Paisley, UK) followed by sequencing using an ABI DNA Analyser
(ThermoFisher, Paisley, UK). Electropherograms were analysed using the

Sequencher software package (Gene Codes, MI, USA).
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2.10 Skin Biopsy and cell culturing

The fibroblasts were obtained after performing a skin biopsy. The punch biopsy
was taken from the upper outer arm area with the size of a 5p coin (3-6mm). Skin
biopsies were utilized to generate primary fibroblasts from affected and
unaffected individuals, which were then cultured to expand the number of cells
for future research. The cells were cultured in DMEM with 10% FCS, 1% penicillin
and streptomycin, and L-glutamine, at a temperature of 37°C, and a humidity of
5% CO2-95% air in a humidified atmosphere. To achieve optimal proliferation
rates, the cells were passaged once they reached confluence. Public Health
England (PHE-Porton Down, Salisbury) generated Epstein-Barr-virus (EBV)-
transformed lymphoblastoid cell lines from the peripheral blood lymphocytes of
patients and their unaffected siblings or parents, which were used for future
cellular studies. All cell lines were maintained as exponentially growing cultures
in RPMI 1640 medium supplemented with 10% heat-inactivated horse serum, 1%
penicillin and streptomycin, and cultured under the same conditions as the

primary fibroblasts. All cryovials are stored in liquid nitrogen containers.

2.11 Collecting large cohorts, deep phenotyping, and gene

characterization

For several novel putative disease-genes found in my cohort, I matched with
other investigators through several gene-sharing online tools such as
GeneMatcher (Sobreira et al., 2015) and Decipher (Firth et al., 2009) and
personal connections with several international genetic centers. This way we
managed to identify more affected individuals for recently published and poorly
characterized disease genes as well as for novel disease-genes. Performing
deep phenotyping in a large cohort for ultra-rare and rare diseases is important
as it reveals the full clinical spectrum of these diseases and helps clinicians and

genetic labs to make a diagnosis.

| coordinated and led several studies involving large cohorts of patients for rare

diseases. A detailed clinical proforma was distributed to all collaborating centers

and neuroimaging, video examination, clinical photos, and available

investigations were collected to the full extent. Experts in clinical phenotyping,

dysmorphology, and paediatric neuroradiology were invited to review the
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obtained data. Experts in the pathways, relevant to the gene were sought by
screening publications in Pubmed, and they were invited to contribute to our
projects. Skin biopsies were obtained, and fibroblasts were cultivated and
shipped to the functional groups for the functional annotation of genes and
variants. In general, this comprehensive phenotyping endeavor required

collaboration among multiple centers specializing in different areas.
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Chapter 3. Whole exome sequencing study in 487 families with RPND from
CAT

Up to this date, | have recruited 2200 families with RPND from CAT. WES data
Is currently available from 487 families, whose results will be presented in this
chapter. WES data of 1713 families are pending.

3.1 Statement of contribution

| designed, organized, and coordinated this study. | labelled blood samples and
performed DNA extraction for a subset of families. | performed WES data filtering
and variant prioritization for all the samples reported here. | validated variants by
Sanger sequencing. Together with Prof Henry Houlden, | reviewed the clinical
details collected from the cohort. | provided the recruiting clinicians with research

exome sequencing reports.

Exome sequencing was performed by Macrogen and Novogen. SNP genotyping
was performed at the Institute of Child Health, UCL. WES and genotyping data
annotation and bioinformatics were performed by David Murphy and Jana
Vandrovcova. Principal component analysis was performed by David Murphy.
CNV analysis by PallinDepth was performed by Shahryar Alavi. Data storage and
data management in RedCap were done by Hallgeir Jonvik. Partially, Sanger
sequencing was done with the help of Valentina Turchetti, Januce Yip, Natalia
Dominik, Tracy Lau, Clarissa Rocca, Hatice Tasan, Kristina Zhelcheska, Ellie

Self, and Malgorzata Murray.

3.2 Introduction

Rare diseases present an important public health burden since they affect 3.51
5.9% of the population worldwide. At any point in time, there are 2637 446 million
persons globally affected by rare diseases (Wakap et al.,, 2020). There are
estimated 200 million people worldwide who live with an unresolved genetic
disease, but likely the number is even more significant due to the nonrecognition
of genetic diseases ( Vi n & @le 2021). According to the OMIM statistics,
approximately 12,000 genes are not currently associated with any human

disease, and around 2000 phenotypes have a possible unknown molecular
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geneticcause ( Vi netad,2021). Therefore, many research studies have been
conducted using different NGS and third-generation sequencing techniques to
uncover new gene-diseases/phenotype associations. Additionally, diagnostic
NGS tests have been available for the past 20 years.

WES and WGS methods are increasingly being applied in clinical medicine and
research studies for the diagnosis of genetic and inherited disorders. Compared
with WGS, WES has a lower cost per sample, a greater depth of coverage in
target regions, and fewer storage requirements, and the data analysis is easier
to perform. In large-scale population studies, the diagnostic yield of WES for
various heterogeneous diseases can reach up to 40%, whereas in
consanguineous populations the diagnostic yield can reach up to 80% (Yang et
al., 2013, Yang et al., 2014; Lee et al. 2014; Yavarna et al. 2015; Retterer et al.
2016).

The use of WES in rare diseases is not yet fully developed, largely due to
technical issues related to gene coverage, result validation, and interpretation of
variants. Additionally, there is a conceptual debate about the usefulness of a test
that may not always result in immediate improvements in outcomes.
Nevertheless, WES is currently the most preferable first-tier genetic diagnostic
test in RPND worldwide.

In Chapter 1, | discussed that WES is not widely available in CAT. It is mostly
offered by overseas commercial genetic laboratories for a high cost, which is
frequently not affordable for many CAT families. Neither small nor large-scale
WES studies have hitherto been performed in CAT populations with RPND. Here
| report the results of a research-based WES study in 487 families with RPND
from CAT.

3.3 Methods

Proband exome sequencing was performed in Macrogen and Novogen in
consanguineous families as well as in some non-consanguineous families with
multiple affected members or extreme phenotypes. Non-consanguineous families

and proband WES -negative families were sent for trio-WES to Columbia
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University Medical Center, US. SNP array genotyping in combination with
proband-WES was used in 50 consanguineous families with multiple affected to
help identify causative variants in the candidate/known genes. The details of
patient recruitment, phenotyping, sampling, and DNA extraction together with
WES methods, variant filtering, homozygosity mapping, CNV, and mitochondrial
genes calling are provided in Chapter 2. To infer the ancestry of the families
recruited for my project, a principal component analysis was performed using
Peddy (Pedersen et al., 2017).

3.4 Results
Demographics and phenotyping

Overall, 487 probands/families have undergone WES on a research basis.
Families were recruited from 11 medical and research centers based in
Kazakhstan, Tajikistan, Georgia, Armenia, and Azerbaijan (Table 4). Most of the
cases (43%) with WES were from Azerbaijan due to high consanguinity rates in
the country, better phenotyping skills of the local neurologists, the possibility of

sample shipment, and good patient follow-up.

Table 4. The distribution of families by country with the corresponding WES
mode and consanguinity status

Proband WES | Trio WES | Overall | Consanguineous
Countries
Kazakhstan 61 25 86 3
Tajikistan 78 16 94 86
Azerbaijan 179 29 208 173
Georgia 18 44 62 0
Armenia 0 37 37 0
Overall 336 151 487 262
Sent for proband- or trio WES
Consanguineous 225 37 262
Non- 111 114 225
consanguineous
Overall 336 151 487
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All patients had a childhood-onset condition and the age at recruitment was 0-33

years (median age: 7 years). Most of the affected individuals (40%) were between
4-10 years of age (Table 5). There were 268 (55%) male and 219 (45%) female
patients. Families with multiple affected members (>1) made up 10% of the

cohort. Families, recruited from Tajikistan and Azerbaijan were predominantly

consanguineous (91% and 83%, respectively) (Table 4), whereas consanguinity

rates were very low in Kazakhstan and absent in Georgia and Armenia. Proband
WES was performed in 336 (70%) and trio WES was done in 151 (30%) families.
Most of the consanguineous families underwent proband WES, whereas non-

consanguineous families were sent to the trio- and proband-WES in almost equal

proportions (114 and 111, respectively). Of all the families sent for trio-WES,

75.5% (114/151) were non-consanguineous families.

Table 5. Demographic details

Sex

Number Percentage
Males 268 55%
Females 219 45%
Families with multiple affected 51 10%
Age
Mean 9.5
SD 17.4
Median 7
Under 1y 39 8%
Age 3y and below 92 19%
Age 4-10y 194 40%
Over 10y 162 33%

SD, standard deviation

The clinical features of the patients were classified into 9 disease categories,

based on the core clinical features provided by either referring clinicians or our

personal phenotyping
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disease categories included DEE/DEDE, syndromic NDD, non-syndromic NDD,
cerebellar ataxia (isolated, ataxia plus), dystonia (isolated, combined), other
movement disorders, pure and complex HSP, leukodystrophy, and
neuromuscular disorders (NMD). More than half of the affected individuals (68%)
had DEE/DEDE and syndromic NDD phenotypes (Figure 20). The distribution of
the disease categories by the countries is given in Table 6. Pre-screening was
available from Kazakhstan and Azerbaijan only and mostly included molecular
karyotyping.

18 14
24
= DDE/DEDE = Syndromic NDD
Non-syndromic NDD Cerebellar ataxia (isolated, ataxia plus)
= Dystonia (Islolated, combined) = Other movement disorders
= Pure and complex HSP = |eukodystrophy

= Peripheral neuropthy/SMA/MD

Figure 20. Phenotypic categories

DEE/DEDE, epileptic encephalopathy/developmental and epileptic-dyskinetic encephalopathy;
HSP, hereditary spastic paraplegia; NDD, neurodevelopmental disorder; SMA, spinal muscular
atrophy; MD, muscular dystrophy.
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Table 6. The country-wise distribution of phenotypic traits

Kz | TJ AZ | GRG | ARM | Overall

DEE/DEDE 22 38 93 14 2 169
Syndromic NDD 28 21 64 31 17 161
Non-syndromic NDD 16 9 23 13 3 64
Cerebellar ataxia (isolated, ataxia | 4 8 8 0 4 24
plus)

Dystonia (Isolated, combined) 7 0 3 1 7 18
Other movement disorders 1 4 5 0 4 14
Pure and complex HSP 6 8 6 2 0 22
Leukodystrophy 1 1 5 0 0 7
Peripheral neuropathy/SMA/MD 1 5 1 1 0 8

Abbreviations: KZ, Kazakhstan; TJ, Tajikistan; AZ, Azerbaijan; GRG, Georgia; ARM, Armenia;
SMA, spinal muscular atrophy; MD, muscular dystrophy.

Exome sequencing platforms and quality metrics

WES was the first-tier test for all samples in my cohort. In total 869 individuals
received exome sequencing including families sent for proband and trio-WES.
On average 8,372,100.585 sequence reads of 100-bp length were generated per
sample. The mean coverage of the target sequence was 34 (range 17.5-62,2 with

98% at least 20 times). lllumina HiSeq was the main sequencing platform.

Diagnostic categories

The exome sequencing outcomes were arranged in the following diagnostic

categories:

1. Solved cases:
1 Pathogenic and likely pathogenic variants in well-established disease

genes associated with the reported phenotype. CNVs in known genes and
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mitochondrial DNA variants. Here, receiving a clinical confirmation from

the referral center/clinician resulted in a definitive diagnosis.

1 Probably disease-causing candidate variants in well-established disease
genes associated with the reported phenotype that could not be classified
as pathogenic or likely pathogenic due to ACMG standards. A clinical
confirmation by the referral center/clinician resulted in a likely diagnosis.

1 Variants in firm novel disease-genes for which multiple families with a
similar core phenotype were identified around the world through various
online gene matching tools and data sharing. Some of these novel
disease-genes have been published during my PhD course, and some of
them are at the stage of functional studies or manuscript preparation.

2. Cases with candidate variants/genes
1 Pathogenic, likely pathogenic variants, and VUS in known disease

genes, possibly associated with the reported phenotype. Here a clinical
confirmation from a referral center/clinician is still pending due to the
issues with patient follow-up for reverse phenotyping, unavailability of
specific diagnostic tests (either metabolic tests or instrumental
investigations), uncertainty over the phenotypic match due to the
clinical heterogeneity of genetic diseases, or incomplete match with a
known phenotype of the gene.

1 Ultra-rare predicted-damaging variants in putatively novel candidate
genes that have not previously been implicated in human disease.
These genes have important biological functions, expressed in the
central nervous system, and some of them or related genes from the
same pathway have model organisms displaying neurological,
behavioral, and non-neurological phenotypes. Further research is

required to evaluate any of the suggested candidate genes.

All identified variants in these categories should explain the phenotype in the
correct zygosity. Solved cases and cases with candidate variants and genes were

considered contributory WES.

3. Unsolved cases (non-contributory WES)
1 Cases with no clinically relevant rare/ultra-rare predicted damaging SNVs

or CNVs and mitochondrial DNA variants.
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Solved cases

Variants in known disease genes

My exome filtering approach revealed 180 pathogenic and likely pathogenic
variants in well-established disease genes in 160 families. Of these variants, 149
contributed to the category of solved cases (Table 7 and Table 8), and the
remaining 31 variants at the moment remain in the category of cases with
candidate variants in known disease genes. Around one-third of the causative
variants (45/149) in the category of solved cases were previously reported as
pathogenic/likely pathogenic in ClinVar and the remaining 104/149 variants were
newly classified/reclassified as pathogenic/likely pathogenic according to ACMG

criteria.

Table 7. Variants from the solved and candidate gene categories

Pathogenic variants | Likely pathogenic VUS
variants
From solves cases 101 48 21
From candidate genes 19 12 22

VUS, a variant of unknown significance

Most of the novel missense variants (ultra-rare and not observed homozygous)
that are found in a single family and have no functional readout cannot be
classified as likely pathogenic or pathogenic based on the ACMG criteria even if
other missense variants in the same gene in patients with a similar phenotype
have been established as disease-causing. There were 21 novel missense
variants in known disease genes that did not meet the pathogenicity criteria set
by ACMG, but | still considered them likely diagnostic based on a good
phenotypic match confirmed by referring center/clinician (Table 9, Supplementary
Table 3.1). Taking this into account, the disease-causing SNVs in known disease

genes made a preliminary ES yield of 31% (150/487).
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Table 8. The outcome of the WES study in 487 families

Percentage
Solved with pathogenic/likely pathogenic variants 132 27%
SNVs
Solved with VUS in highly probable genes 18 4%
Candidate known genes 50 10%
Solved with firm novel disease-genes 16 3%
Putative candidate genes 38 8%
Solved with CNVs 12 2.5%
Solved with Mito genes 1 0.2%
Overall solved 179
Unresolved/ no variants 220 45%

VUS, a variant of unknown significance
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Table 9. A list of solved cases with SNVs

Patien | Gene Transcript cDNA Protein Inheritance/Zygosit | Clinical significance

t1D y

104300 | PLA2G6 NM_001349864 €.1982C>T p.Thr661Met AR, Comp het Pathogenic

104300 | PLA2G6 NM_001349864 €.2370T>G p.Tyr790Ter AR, Comp het Pathogenic

RK0127 | GCH1 NM_001024024 €.326dup p.Tyr109Ter AD, Het Pathogenic (PVS1, PM2,
PP4)

RK0346 | CA8 NM_001321839 c.811G>T p.Gly271Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0415 | LAMA2 NM_000426 c.3644del p.Pro1215GInfsTer9 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0423 | NT5C2 NM_001351181 €.1450-1G>A NA AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0502 | CLP1 NM_006831.2 c.419G>A p.Arg140His AR, Hom Likely pathogenic (PM2, PM3,
PP3, PP4)

RKO0545 | TTI2 NM_001265581.2 €.1259+2dup NA AR, Hom Pathogenic (PVS1, PM2,
PP4)

RKO0551 | VAMP1 NM_014231 c.341-2A>G NA AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0573 | SEPSECS NM_016955 c.1111A>G p.lle371Val AR, Hom VUS (PM2, PP3, PP4)

RK0591 | UBAP1 NM_001171204 c.324_325dup p.Ser109ThrfsTer43 AD, Het Pathogenic (PVS1, PM2,
PP4)
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RKO0616 | ARX NM_139058 c.321_341dup p.Alal09_Alal15dup XLR, Hom Likely pathogenic (PM2, PM4,
PP3, PP4)

RKO0644 | GLB1 NM_001393580 c.319T>C p.Phel07Leu AR, Hom Likely pathogenic

RK0654 | ANO10 NM_001346468 c.608A>G p.Tyr203Cys AR, Hom VUS (PM2, PP3, PP4)

RKO0689 | TUBALA NM_001270399 €.1265G>A p.Arg422His AD, de novo Pathogenic

RKO700 | EPM2A NM_005670 €.953dup p.GIn319ProfsTer12 AR, Comp het E?)T)ogenic (PVS1, PM2,

RKO700 | EPM2A NM_005670 c.110C>T p.Ala37Vval AR, Comp het Likely pathogenic (PM2,PM3,
PP3, PP4)

RK0704 | ADGRG1 NM_001145772 c.1408C>T p.Arg470Ter AR, Hom Pathogenic

RKO0720 | PLEKHG2 | NM_001351694.2 | ¢.1945G>T p.Arg649Leu AR, Comp het VUS (PM2, PP3, PP4)

RK0720 | PLEKHG2 NM_001351694.2 | c.3651C>T p.Arg1218Trp AR, Comp het Likely pathogenic (PM2,PM3,
PP3, PP4)

RKO511 | PIGH NM_004569 c.307T7>C p.Ser103Pro AR, Hom Pathogenic

RK0610 | SPG11 NM_025137 €.6898 6899del p.Leu2300AlafsTer39 AR, Hom Pathogenic

RKO0742 | GRIN2B NM_000834 c.2414A>C p.Lys805Thr AD, De novo VUS (PM2, PP3, PP4)

RKO0002 | NIPBL NM_133433 c.3316C>T p.Arg1106Ter AD, De novo Pathogenic (PVS1, PM2,
PP4)

RKO0009 | BRPF1 NM_001003694 €.2308G>C p.Asp770His AD, De novo VUS (PM2, PP3, PP4)

RK0011 | ATM NM_000051.4 €.8783del p.Arg2928LysfsTer10 AR, Hom E?JT)ogenic (PVS1, PM2,
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RKO0037 | PPT1 NM_000310.4 c.361A>T p.Argl21Trp AR, Comp het Pathogenic

RKO037 | PPT1 NM_000310.4 c.18C>A p.Cys6Ter AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK0041 | TELO2 NM_016111 c.1472G>A p.Ser491Asn AR, Comp het Likely pathogenic (PM2, PM3,
PP3, PP4)

RKO0041 | TELO2 NM_016111 €.2299C>T p.Arg767Cys AR, Comp het Likely pathogenic (PS1, PM2,
PP3, PP4)

RKO0051 | STXBP1 NM_001032221 €.904del p.Glu302LysfsTer6 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0196 | ATM NM_000051.4 ¢.4635dup p.Vall546SerfsTerd AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK0196 | ATM NM_000051.4 €.8783del p.Arg2928LysfsTer10 AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK0225 | NFU1 NM_015700 €.223C>G p.Leu75Val AR, Hom VUS (PM2, PP3, PP4)
RK0234 | MECP2 ENST0000040721 | c.41_57dup p.Arg20GlufsTer30 XLR, Hom Pathogenic (PVS1, PM2,
8 PP4)

RK0294 | SPR NM_003124 €.596-2_602del NA AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0302 | BRAT1 NM_001350627 C.2144T>A p.Val715Glu AR, Hom Likely pathogenic (PS4, PM2,
PP1, PP3, PP4)

RKO0319 | ITPA NM_001324237 c.67-1G>A AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RKO0319 | ITPA NM_001324237 ¢.359_366dup p.Glyl23SerfsTer10 AR, Comp het Pathogenic (PVS1, PM2,

PP4)
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RKO0323 | ARSA NM_001085427 €.1178C>G p.Thr393Ser AR, Comp het Likely pathogenic (PS1, PM2,
PM3, PP3, PP4)

RKO0323 | ARSA NM_001085427 C.465+1G>A NA AR, Comp het Pathogenic

RKO380 | SCN4A NM_000334 €.2078T>C p.l1e693Thr AD, Het Pathogenic

RKO0389 | GRIN2B NM_001134407 €.2908C>G p.Arg970Gly AD, De novo Pathogenic (PS1,PS2, PM2,
PP3, PP4)

RK0397 | ABCD1 NM_000033 €.1291C>T p.Arg431Cys XLR, Hom Likely pathogenic (PS1, PM2,
PP3, PP4)

RK0401 | ATP7B NM_000053 c.3207C>A p.His1069GIn AR, Hom Pathogenic

RK0273 | PLA2G6 NM_001349864 €.1489C>T p.Leud497Phe AR, Comp het Likely pathogenic

RKO0273 | PLA2G6 NM_001349864 €.2370T>G p.Tyr790Ter AR, Comp het Pathogenic

RKO356 | TTPA NM_000370 C.745G>T p.Glu249Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0369 | SACS NM_014363 c.1515T>A p.Tyr505Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0374 | CLN6 NM_017882.3 ¢.552_559dup p.Asp83Val AR, Hom Likely pathogenic (PM2, PM4,
PP3, PP4)

RK0514 | CHD8 NM_001170629.2 | c.6398A>C p.Glu2133Ala AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK0532 | TPP1 NM_000391 c.528del p.Prol78GInfsTer5 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RKO0594 | DEAF1 NM_001293634 C.226A>G p-Met76Val AR, Hom VUS (PM2, PP1, PP3, PP4)
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RKO0659 | UFSP2 NM_018359 C.344T>A p.Vall15Glu AR, Hom Pathogenic (PM2, PP3, PP4)

RK0676 | GALC NM_000153 €.908C>T p.Ser303Phe AR, Hom Pathogenic

RKO0714 | MACF1 NM_001394062.1 | c.299A>G p.Aspl00Gly AD, Inh het VUS (PM2, PP3, PP4)

RKO754 | PPT1 NM_000310.4 c.18C>A p.Cys6Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RKO0762 | CAMK2B NM_172080 c.416C>T p.Prol39Leu AD, de novo Pathogenic (PS1,PS2, PM2,
PP3, PP4)

RKO766 | CDK13 NM_003718 C.2525A>G p.Asn842Ser AD, De novo Pathogenic

RKO769 | ASPM NM_018136.5 €.8452G>T p.Arg2372Gly AR, Hom VUS (PM2, PP3, PP4)

RKO772 | SPAST NM_014946.4 C.527G>A p.Argl76His AD, de novo Pathogenic (PS1,PS2, PM2,
PP3, PP4)

RKO775 | CACNA1A | NM_001127222 €.6623_6628dup p.Arg2208_GIn2209du | AD, De novo Likely pathogenic (PS1, PM2,

p PP3, PP4)

RK0784 | CLN6 NM_017882 €.396dup p.Val133CysfsTerl8 AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK0784 | CLN6 NM_017882 ¢.552_559dup p.Leul87ProfsTer22 AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK0908 | ADGRG1 NM_001145772 €.1805_1806del p.His602ArgfsTer145 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK0926 | CWF19L1 NM_001303406 c.574T>C p.Tyrl192His AR, Comp het Likely pathogenic (PM2, PM3,
PP3, PP4)

RK0926 | CWF19L1 NM_001303406 €.605dup p.Tyr202Ter AR, Comp het Pathogenic (PVS1, PM2,
PP4)
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RK0928 | GLRAl NM_001292000 C.799T>C p.Trp267Arg AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK0941 | KCNC1 NM_001112741 C.959G>A p.Arg320His AD, De novo Pathogenic

RK0971 | FOXG1 NM_005249 c.586C>T p.GIn196Ter AD, De novo Pathogenic

RK0984 | GCH NM_001024024 €.631_632del p.Met211ValfsTer38 AD, Inh het Pathogenic

RK0987 | CWF19L1 NM_001303406 c.451_452dup p.Leul52SerfsTer38 AR, Hom E?)T)ogenic (PVS1, PM2,

RK0994 | KMT5B NM_017635 C.1547A>G p.Glu516Gly AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK1000 | CACNA1A NM_001127222 c.4043G>A p.Arg1348GIn AD, De novo Pathohenic

RK1026 | GCH1 NM_001024024 €.224A>G p.Tyr75Cys AD, In het VUS (PM2, PM3, PP3, PP4)

RK1512 | TPP1 NM_000391 C.160A>T p.Lys54Ter AR, Hom Likely pathogenic

RK1802 | SNX14 NM_001350538 €.932C>T p.Pro311Leu AR, Hom Likely pathogenic (PM2, PM3,
PP3, PP4)

RK1805 | CLN8 NM_018941 €.789G>C p.Trp263Cys AR, Hom Pathogenic

RK1813 | TPP1 NM_000391 €.1015C>T p.Arg339Trp AR, Comp het Likely pathogenic

RK1813 | TPP1 NM_000391 €.826G>C p.Asp276His AR, Comp het Likely pathogenic (PM2,
PM3, PP3, PP4)

RK1826 | KMT2B NM_014727 c.1801C>T p.Arg601Trp AD, inh het VUS (PM2, PP3, PP4)

RK1874 | COQ8A NM_020247 c.1517T>G p.Leu506Trp AR, Comp het Likely pathogenic (PM2,

PM3, PP3, PP4)
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RK1874 | COQ8A NM_020247 c.812G>T p.Arg271Leu AR, Comp het Likely pathogenic (PM2,
PM3, PP3, PP4)

RK1946 | SERAC1 NR_073096.2 €.1448-2A>G NA AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK1958 | RNF170 NM_001160225 €.450_453del p.Phel50LeufsTerl? AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK1962 | AP4B1 NM_001253853 €.1459C>T p.Argd87Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK1973 | FRRSI1L NM_014334 C.494G>A p.Cys165Tyr AR, Hom VUS (PM2, PP3, PP4)

RK1981 | KCTD7 NM_001167961 c.505C>T p.Argl69Trp AR, Hom VUS (PM2, PP3, PP4)

RK1989 | PHGDH NM_006623.4 c.467T>C p.llel56Thr AR, Hom Likely pathogenic (PM1, PM2,
PP1, PP4)

RKO0338 | THAP1 NM_018105 c.52A>C p.Lys18GIn AD, inh het Likely pathogenic (PM2, PM5,
PP1, PP4)

RKO0816 | SSR4 NM_001204526 C.417+1G>A NA XLR, Hom Pathogenic

RK0825 | CUX2 NM_015267 €.1264G>T p.Aspl255ProfsTer7 AD, de novo Pathogenic (PVS1, PM2,
PP4)

RK0867 | GABRD NM_000815 c.844_845del p.Leu282ArgfsTerl46 | AD, de novo Pathogenic (PVS1, PM2,
PP4)

RKO0913 | PRKRA NM_003690 €.515-2_515-1insCAATTTGCAGGCTAGAGTCATTTATGGAAACT AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK0913 | PRKRA NM_003690 €.29_30insGAGCGCGAGGACAGTGGGACCT | p.Cysl1l0TrpfsTerl4 AR, Comp het Pathogenic (PVS1, PM2,

T PP4)
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RK0922 | DYRK1A NM_101395 c.477C>G p.Tyr159Ter AD, De novo Pathogenic (PVS1, PS2,
PM2, PP4)

RKO0956 | WDR62 NM_173636 c.1795T>G p.Cys599Gly AR, Hom VUS (PM2, PP3, PP4)

RK0956 | WDR62 NM_173636 €.3191_3192del p.Phel064Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RKO0990 | KMT2B NM_014727 €.7831_7832insGCCAGAGTTGACTGACAAG | p.Ser2611CysfsTer4 AD, de novo Pathogenic (PVS1, PM2,
PP4)

RK1029 | GCH1 NM_001024024 C.274C>A p.Leu92lle AD, de novo Pathogenic

RK1048 | ARID1B NM_001371656 c.4092del p.Phel365LeufsTer4 AD, de novo Pathogenic (PVS1, PS2,
PM2, PP4)

RK1364 | CAMK2 NM_172080 c.416C>T p.Prol39Leu AD, inh het Pathogenic

RK0188 | SPR NM_003124 €.448_452del p.Thr151GlyfsTer2 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK1891 | FOXRED1 | NM_017547 C.866A>G p.Asn289Ser AR, Hom Likely pathogenic (PS1, PM2,
PP1, PP3, PP4)

RK1895 | ZNF142 NM_001379660 c.4261C>T p.GIn1421Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK1902 | SCN1A NM_001202435 c.2546del p.Leu849ProfsTer28 AD, de novo Pathogenic (PVS1, PM2,
PP4)

RK1951 | BRAT1 NM_001350627 €.1598-1G>A NA AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK1951 | BRAT1 NM_001350627 €.265T>C p.Cys89Arg AR, Comp het Likely pathogenic (PM2,

PM3, PP3, PP4)
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RK2007 | ECM1 NM_022664 c.1133A>G p.Tyr378Cys AR, Hom VUS (PM2, PP3, PP4)

RK2020 | TUBB2A NM_001069 c.7G>T p.Glu3Ter AD, Hom Pathogenic (PVS1, PM2,
PP4)

RK2041 | ALDH5A1 NM_170740 c.278G>T p.Cys93Phe AR, Hom Pathogenic

RK2104 | PGAP1 NM_001321100 €.2582C>T p.Pro861Leu AR, Hom VUS (PM2, PP1, PP3, PP4)

RK2108 | DDC NM_000790 c.1040G>A p.Arg347GIn AR, Hom Pathogenic

RK2125 | ALDH3A2 NM_000382 c.731C>G p.Pro244Arg AR, Hom VUS (PM2, PP3, PP4)

RK2147 | GRIA2 NM_001379000 €.2536A>G p.Met846Val AD, de novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK2158 | MACF1 NM_001394062.1 C.2945A>G p.His982Arg AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK2162 | NT5C2 NM_001351181 €.540-1G>C NA AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK2184 | SCN1A NM_001202435 €.5536_5539del p.Lys1846SerfsTerll AD, De novo Pathogenic

RK2314 | PNPLA6 NM_006702 c.1466C>T p.Thr489lle AR, Hom Likely pathogenic (PS2, PM2,
PP3, PP4)

RK2319 | PIDD1 NM_145886 €.1163_1166del p.Val388AlafsTer126 AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK2319 | PIDD1 NM_145886 €.1169_1175del p.Phe390TrpfsTerl23 | AR, Comp het Pathogenic (PVS1, PM2,
PP4)

RK2332 | PLA2G6 NM_001349864 c.1772G>A p.Arg591Gin AR, Hom Likely pathogenic (PS1, PM2,

PP1, PP3, PP4)
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RK2372 | PLA2G6 NM_001349864 C.1744G>T p.Val582Leu AR, Hom VUS (PM2,PP3, PP4)

RK2380 | MED23 NM_001270521 €.3905A>G p.Aspl1302Gly AR, Hom Likely pathogenic (PM2, PP1,
PP3, PP4)

RK2396 | UFSP2 NM_018359 C.344T>A p.Val115Glu AR, Hom Likely pathogenic (PS1, PM2,
PP1, PP3, PP4)

RK3083 | CUX2 NM_015267 €.1264G>T p.Asp422Tyr AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK3098 | EXOSC3 NM_016042 c.395A>C p.Aspl32Ala AR, Hom Pathogenic

RK3115 | ERCC6 NM_001346440 C.2551T>A p.Trp851Arg AR, Hom Pathogenic (PS1,PS4, PM2,
PP3, PP4)

RK3122 | EMC10 NM_206538 ¢.543dup p.Asnl182GInfsTerl6 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK3161 | ALDH7AL NM_001182 €.1279G>C p.Glud27GIn AR, Hom Pathogenic

RK3217 | TPP1 NM_000391 €.687+1G>C AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK3238 | MED23 NM_001270521 c.4067G>A p.Serl356Asn AR, Hom VUS (PM2, PP3, PP4)

RK3284 | RNASEH?2 NM_032193 c.478C>T p.GIn160Ter AR, Hom Likely pathogenic

C

RK3294 | CLN6 NM_017882 C.248A>T p.Asp83Val AR, Hom VUS (PM2, PP3, PP4)

RK3298 | HEXA NM_000520 €.1528C>T p.Arg510Ter AR, Hom Likely Pathogenic

RK3309 | POLR3A NM_007055 c.1771-7C>G NA AR, Comp het Pathogenic
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RK3309 | POLR3A NM_007055 c.3781G>A NA AR, Comp het Likely pathogenic (PM2,
PM3, PP3, PP4)
RK3000 | KDM5C NM_001353978 €.3442G>A p.Vall148Met XLR, Hom Pathogenic
RK4243 | CHD2 NM_001271 ¢.5041dup p.Met1681AsnfsTer21l | AD, De novo Pathogenic (PVS1, PS2,
PM2, PP4)
RK4265 | PRUNE1 NM_021222 c.316G>A p.Asp106Asn AR, Hom Likely pathogenic
RK4274 | PCYT2 NM_001282203 c.841C>T p.Arg281Ter AR, Hom Pathogenic (PVS1, PM2,
PP4)
RK4288 | KCNT1 ENSTO0000026360 | c.763G>A p.Gly255Ser AD, De novo Pathogenic
4
RK4416 | MCM3AP NM_003906 C.2633G>A p.Arg878His AR, Hom Pathogenic
RK4436 | ST3GALS NM_001363847.1 | ¢.578_579del p.His193ArgfsTer4 AR, Hom Pathogenic (PVS1, PM2,
PP3, PP4)
RK0474 | SYNGAP1 | NM_006772.3. €.1122 1123del p.Gly376GInfsTer27 AD, De novo Pathogenic
RK4685 | POLG NM_001126131 €.9117T>G p.Leu304Arg AR, Hom Pathogenic
RK4688 | TRRAP NM_003496 C.7298A>C p.GIn2433Pro AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)
RK4693 | SLC18A2 ENST0000029847 | c.710C>A p.Pro237His AR, Hom Likely pathogenic (PS1, PM2,
2 PP3, PP4)
RK4706 | AIMP1 NM_004757 C.773-1G>A NA AR, Hom Pathogenic (PVS1, PM2,
PP4)
RK4729 | CTU2 ENST0000056731 | c.248 249del p.Phe83SerfsTer3 AR, Hom Pathogenic (PVS1, PM2,
6 PP4)
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RK4783 | MFSD8 NM_152778 c.1A>G p.Metl? AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK4797 | SCN2A NM_021007 €.2558G>A p.Arg853GIn AD, De novo Pathogenic

RK4815 | SGSH NM_000199 C.1429G>A p.Asp477Asn AR, Hom Likely pathogenic

RK4818 | TPP1 NM_000391 €.1076-2A>G AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK4826 | TRPC3 NM_003305 C.745G>A p.Ala249Thr AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK4829 | ATM NM_000051.4 €.8343del p.Asn2782ThrfsTer24 | AR, Hom Pathogenic (PVS1, PM2,
PP4)

RK4841 | GRIN2A NM_001134407 ¢.880G>C p.Asp294His AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK4846 | CACNALIA | NM_001127222 €.4075C>G p.Leul359Val AR, Comp het VUS (PM2, PP3, PP4)

RK4846 | CACNA1A | NM_001127222 c.4076T>G p.Leul359Arg AR, Comp het Likely pathogenic (PS1, PM2,
PP3, PP4)

RK0174 | PRRT2 NM_001256442.2 | c.649dupC p.Arg217fs AD, De novo Pathogenic

RK1054 | RYR1 NM_001042723.2 | c.8888T>C p.Leu2963Pro AR, Dom het Likely pathogenic (PM2, PM3,
PP3, PP4)

RK1054 | RYR1 NM_001042723.2 c.13213G>T p.Glu4405Ter AR, Dom het Pathogenic (PVS1, PM2,
PP4)

RK2384 | SCN1A NM_006920.6 C.694+7A>C NA AD, De novo Pathogenic

RK0472 | GRIN1 NM_001185090.2 | c.282T>A p.His94GIn AD, De novo Likely pathogenic (PS2, PM2,

PP3, PP4)
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RKO0473 | GRIA4 NM_001077243 C.464T>A p.Vall155Asp AD, Prob het Likely pathogenic ( PM2,
PM6, PP3, PP4)

RKO0393 | NSUN2 NM_017755 c.1951del p.Asp651ThrfsTer9 AR, Hom Pathogenic (PVS1, PM2,
PP4)

RKO0414 | ARX NM_139058 c.521C>A p.Serl74Ter XLR Pathogenic (PVS1, PM2,
PP4)

RK0440 | HIVEP2 NM_006734.4 C.724G>A p.Ala242Thr AD, De novo Likely pathogenic (PS2, PM2,
PP3, PP4)

RK0673 | SYNGAP1 | NM_006772.3. €.3778_3779insGC p.Alal260GlyfsTer71 AD, De novo Pathogenic (PVS1, PS2,
PM2, PP3, PP4)

RK1880 | TRAPPC12 | NM_016030 €.1417+6G>C NA AR, Hom Pathogenic (PVS1, PM2,
PP3, PP4)

Abbreviations: SNV, single nucleotide variant; NA, not applicable; AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; comp.het, compound
heterozygous. Detailed evidence of pathogenicity is provided for the variants not classified in ClinVar.
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CNVs in known disease genes

CNV analysis by PallinDepth revealed homozygous deletions in 14 well-
established disease genes including AP4S1, FA2H, ATP13A2, MICU1, C12orf4,
MCPH1, SNX14, NAPB, CNTNAP2, ALS2, HPRT1, ILLIRAPL1, DMD, and SMN1
(Table 10, Supplementary Table 3.2). This included single or multiple exon

deletions. The sizes of deletions ranged between 53bp and 272kb. Eleven
deletions were in autosomal recessive (AR) genes, whereas 3 occurred in X-
|l inked genes. Al identified CNVs i
phenotypes, which was confirmed by referring centers/clinicians. Further
confirmatory molecular evidence was acquired by PCR in 12 cases and

presented in Supplementary Figure 3.1. All 14 cases were negative for likely

pathogenic and pathogenic variants in other known genes. CNVs in DMD and
SMN1 have not been molecularly confirmed yet; hence | kept them in the
category of candidate variants in known disease genes. CNVs in 12 genes

contributed to solved cases.

Before screening for CNVs by PallinDepth, 5/14 patients with detected
homozygous deletions have undergone GSA array genotyping, which revealed a
homozygous deletion in only one family. This was a Tajik family with 3 affected
siblings with a homozygous 99.5Kb deletion in MICU1, which was probably
detected in GSA array genotyping due to its large size (Figure 21). For the
remaining 4 cases, genotyping did not show any deletions, probably due to their
smaller sizes. The identification of homozygous deletions in novel candidate
genes has not been sought in my study. Gene amplifications and heterozygous
CNVs have not been investigated in the present study due to the limitations of

PallinDepth in detecting these structural gene abnormalities.
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https://www.dropbox.com/scl/fo/jxn0si99j36e70izoae9b/h/Supplementary%20Figure%203.1?dl=0&subfolder_nav_tracking=1

Table 10. CNVs identifies in the cohort

. CNV | ROH

Sample GRégi?Oi?;;igate Gene g/Np\é Zygosity size size IDeiIg;eSd
(bp) | (Mb)

RK0297 Pure o complex HSP Chr14:31072905-31072973 AP4S1 Deletion | Homozygous 68 13.6 4 of 6
RK0450 Pure o complex HSP Chrl6:74716347-74727386 FA2H Deletion | Homozygous | 11039 8.3 3-70f 7
RK1037 Other movement disorders Chr1:16985958-16987269 ATP13A2 | Deletion | Homozygous | 1311 104 26-29 of 29
RK1511 Other movement disorders Chr10:72375783-72475297 MICU1 Deletion | Homozygous | 99514 8.2 8-10 of 12
RK1508 Syndromic NDD Chr12:4518058-4518255 C12orf4 | Deletion | Homozygous 197 5.2 8 of 14
RK1514 Syndromic NDD Chr8:6406627-6409370 MCPH1 | Deletion | Homozygous | 2743 0 1lof 14
RK1846 Cerebe';"’t‘;j‘i;“ﬂis(i)so'ated' Chr6:85528262-85528362 SNX14 | Deletion | Homozygous | 100 | 63.3 20 of 29
RK1859 DEE/DEDE Chr20:23394922-23395185 NAPB Deletion | Homozygous 263 4 4 and 5 of 11
RK2140 DEE/DEDE Chr7:146774271-146839904 CNTNAP2 | Deletion | Homozygous | 65633 9.5 2 and 3 of 24
RK3147 Pure o complex HSP Chr2:201715672-201715839 ALS2 Deletion | Homozygous 167 2.8 25 of 34
RK0959 Other movement disorders ChrX:134486465-134498684 HPRT1 Deletion | Homozygous | 12219 4-8 of 9
RKO0723 Syndromic NDD ChrX:29396258-29668504 ILARAPL1 | Deletion | Homozygous | 272246 4-6 of 11
RK4236 neurozgimgﬁlmmo ChrX:32438241-32699293 DMD | Deletion | Homozygous | 261052 8-29 of 79
RK0453 neurozgimgﬁ;/m Chr5:70951941-70951994 SMN1 | Deletion  Homozygous | 53 8 of 9
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A. IGV visualization showing reads from 4 samples. The first row, outlined in red
Is the proband with no reads in exons 8-12 of MICU1. The rest of the rows are
control samples with multiple reads of those exons. B. GSA array data
visualization from 3 affected siblings showing the presence of a homozygous
deletion in the region of MICU1 in the B allele frequency and Log R ratio sections,
outlines in red. C. PCR results on gel electrophoresis showing the absence of the
bands from exon 9 of MICU1 in 3 affected siblings (outlined in red), reduced
amplification in the asymptomatic (heterozygous) 4™ sibling, the presence of exon
amplification in 3 controls. The DNA from 3 affected siblings have acceptable
quality as they show the amplifications for other genes, outlines in green. Briefly
about the family: This is a consanguineous Tajik family with 3 affected and 1
unaffected sibling. The phenotype is GDD/ID, cerebellar ataxia, chorea, and

myopathy.

mt-DNA variants

mt-DNA analysis revealed the homoplasmic m.12775G>A variant in the MT-ND5
gene associated with Leigh syndrome (Supplementary Figure 3.2). The variant is
classified as VUS in ClinvVar and is predicted damaging. The patient is from
Kazakhstan presenting with clinical features highly suggestive of Leigh
syndrome, who is negative for disease-causing variants in nuclear genes;
therefore, regardless of the absence of variant confirmation with higher-depth
sequencing and/or Sanger sequencing, | considered this variant as disease-
causing. The rest of the patients in my cohort did not reveal causative variants in
mt-DNA.

Firm novel disease genes

WES-first approach, GeneMatcher (Sobreira et al., 2015), and extensive data
sharing with international research and diagnostic genetic centers enabled the
identification of 16 firm novel disease genes. They were mostly identified in the
category of patients with syndromic NDD from consanguineous Azeri and Tajik

families (Supplementary Table 3.3). Likely disease-causing variants in known
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disease genes have been ruled out in these families. The firm novel disease-
genes included LETM1, ACBD6, SPATA5L1, SLC38A3, LSM1, LSM5, MED16,
VPS16, CSPG4, RUBCN, CABIN1, UGGT1, RALBP1, STARD9, CiZ1, and
PNPLA7 (Table 11). These are all AR genes with mostly homozygous variants.
The identification of multiple independent families with the same core clinical
features who carry defects in the same gene provided strong clinical evidence
and support to embark on collaborative studies with other research groups to
obtain deeper phenotyping and perform functional studies. During my PhD, | led
three international gene discovery projects involving the novel LETM1, ACBDS6,
and SPATASL1 genes. They had already been completed by the submission of
this thesis (the published ones are in Kaiyrzhanov et al., 2022a; Richard et al.,
2021). The results of these studies will be presented in Chapters 4-6. The studies
for the rest of the novel disease-genes are either completed or at the stages of
obtaining more clinical details for deep phenotyping, functional studies, and
manuscript preparation. These novel diease-genes, together with CNVs, and the
mt-DNA variant contributed to the category of solved cases.
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Table 11. Novel disease genes with multiple families identified

ID Gene Transcript cDNA Protein In;erlta_nce/ Proposed function
ygosity
RK1509 ACBD6 NM_032360 c.285del p.Lys95AsnfsTer23 AR, Hom Protein N-myristoylation
RK0017 SPATA5L1 NM_024063 €.1199C>T p.Thr400lle AR, Hom Mitochondrial biogenesis and ribosome function
RK0020 LETM1 NM_012318.3 c.1072G>A p.Asp358Asn AR, Hom Mitochondrial inner membrane protein
RK0697 SLC38A3 NM_006841.6 €.154C>G p.Arg52Gly AR, Hom Plays an important role in glutamate and GABA homeostasis
RK2174 LSM1 NM_014462 c.106G>A p.Asp36Asn AR, Hom Pre-mRNA splicing
RK2300 LSM5 NM_012322.3 Cc.41C>A p.Prol4His AR, Hom Pre-mRNA splicing
RK3313 MED16 NM_005481.3 c.205C>G p.His69Asp AR, Hom Coactivator for DNA-binding factors that activate transcription via RNA
polymerase Il
RKO0744 VPS16 NM_022575 c.818G>A p.Arg273His AR, Hom Segregation of intracellular molecules into distinct organelles.
RK0548 CSPG4 NM_001897 €.3247C>A p.GIn1083Lys AR, Hom Integral membrane chondroitin sulfate proteoglycan
RK0819 RUBCN NM_001145642.4 c.1231C>T p.Arg411Trp AR, Comp A negative regula_tor of autophagy and endocytic trafficking and controls
het endosome maturation
A negative regulator of autophagy and endocytic trafficking and controls
RKO0819 RUBCN NM_001145642.4 c.8C>T p.Pro3Leu AR, Com het endosome maturation
Binds specifically to the activated form of calcineurin and inhibits calcineurin-
RK3240 CABIN1 NM_012295 €.2200C>T p.Pro734Ser AR, Hom mediated signal transduction.
RK0524 UGGT1 NM_020120.4 €.2355+4A>G AR, Hom Reglucosylates unfolded glycoproteins in ER
Plays a role in receptor-mediated endocytosis and is a downstream effector
RK0554 RALBP1 NM_006788.4 c.1141C>T p.Arg381Ter AR, Hom of the small GTP-binding protein RAL
RK0723 STARD9 NM_020759.3 C.4469A>T p.Lys1490Met AR, Hom Enables microtubule-binding activity and microtubule motor activity
RKO736 ciz1 NM_001131017.2 .488C>G p.Pro163Arg AR, Hom vﬁltrr]]ccillzﬁ;erDNA binding protein that interacts with CIP1, part of a complex
RK2082 PNPLA7 NM_152286 ¢.317dup p.Ala107GlyfsTer20 AR, hom SFt{i%gulfilatlon of adipocyte differentiation and have been induced by metabolic
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The overall WES diagnostic yield

Taken together, all solved cases made an overall diagnostic yield of 36.7% in this
study. The highest WES diagnostic rate was in Tajikistan (41/91, 43.6%) and
Armenia (16/37, 43%), followed by Azerbaijan (82/208, 39%) and Kazakhstan
(31/86, 36%). Georgia has the lowest diagnostic rate (9/62, 14.5%) (Figure 22).
The molecular diagnostic success rates were high in leukodystrophy (100%),
other movement disorders (71,5%), dystonia (61%), pure and complex HSP
(59%), cerebellar ataxia (54%), and syndromic NDD (51,5%) phenotypic
categories (Table 12). The distribution of the solved cases by a phenotypic
category and a country is given in Table 13. In families with multiple affected, 14
variants in 11 known and 3 novel disease-genes were found using a combination

of proband WES and SNP genotyping.

Table 12. Phenotypic categories and WES results

Solved | Candidate | Unresolved | Overall Solved
genes cases

DEE/DEDE 27 10 132 169 16.50%
Syndromic NDD 84 45 32 161 51,5%
Non-syndromic NDD 12 15 37 64 18,7%
Cerebellar ataxia 13 4 7 24 54%
(isolated, ataxia
plus)
Dystonia (Isolated, 11 4 3 18 61%
combined)
Other movement 10 2 2 14 71,5%
disorders
Pure and complex 13 4 5 22 59%
HSP
Leukodystrophy 7 0 0 7 100%
Peripheral 2 4 2 8 25%
neuropathy/SMA/M
D

Abbreviations: DEE/DEDE, epileptic encephalopathy/developmental and epileptic-dyskinetic
encephalopathy; HSP, hereditary spastic paraplegia; NDD, neurodevelopmental disorder; SMA,
spinal muscular atrophy; MD, muscular dystrophy.
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Table 13. The distribution of the solved cases by phenotypic category and
country

KZ TJ AZ GRG ARM | Overall

DEE/DEDE 3 6 15 2 1 27
Syndromic NDD 14 19 42 6 3 84
Non-syndromic NDD 3 4 4 0 1 12
Cerebellar ataxia | 2 3 6 0 2 13

(isolated, ataxia plus)

Dystonia (Isolated, 4 0 2 0 5 11
combined)

Other movement 1 3 2 0 4 10
disorders

Pure and complex HSP 3 4 6 0 0 13
Leukodystrophy 1 1 5 0 0 7
Peripheral 0 1 0 1 0 2
neuropathy/SMA/MD

Overall solved cases 31 41 82 9 16 179
Cases underwent WES 86 94 208 62 37 487

Percentage of solved| 36 43,6 39 14.50 43 36.70
cases, %

Abbreviations: KZ, Kazakhstan; TJ, Tajikistan; AZ, Azerbaijan; GRG, Georgia;
ARM, Armenia; DEE/DEDE, epileptic encephalopathy/developmental and
epileptic-dyskinetic encephalopathy; HSP, hereditary spastic paraplegia; NDD,
neurodevelopmental disorder; SMA, spinal muscular atrophy; MD, muscular

dystrophy.
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Double diagnosis cases

Two affected male siblings from Azerbaijan aged 20 and 15 years old at the time
of study recruitment presented with GDD/ID, seizures, and gait disturbances.
Exome data filtering identified a segregating missense variant in STARD9, for
which | matched with several international research centers, which have multiple
families with damaging ultra-rare variants in STARD9 and presenting with
GDD/ID and seizures. CNV analysis revealed a 272Kb deletion in
ChrX:29396258-29668504 involving the IL1IRAPL1 gene in both siblings
confirmed by PCR. Pathogenic variants in ILLRAPL1 are associated with
Intellectual developmental disorder, X-linked 21, which also could present with
seizures. Here, | tentatively concluded that these siblings could carry a double

genetic diagnosis.

Candidate variants in known disease genes and putatively novel candidate

genes

ES analysis identified candidate variants in well-established disease genes in 50
patients (Tables 14 and Supplementary Table 3.4). This included 31 pathogenic

and likely pathogenic variants and 22 VUS in 48 genes. Upon receiving a clinical
confirmation from a referral center/clinician, some of these genes will be moved

to the category of solved cases.

Putative novel candidate genes were revealed in 38 patients who were negative
for disease-causing variants/CNVs in known disease genes (Table 15 and

Supplementary Table 3.5). These were mostly AR genes with important cellular

functions, and high/moderate expression in the brain, some reported as putative
candidates in other studies and Genomics England PanelApp. Animal models
were available for 15 genes showing predominantly neurological/behavioural
phenotypes. Identification of other phenotypically matching cases in the future
could elucidate the disease-causing role of these genes. Eighty percent of the
cases with candidate variants/genes came from proband-WES. The distribution
of the cases with candidate known disease genes and putatively novel disease

genes by a phenotypic category and a country is given in Table 16.
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Table 14. Candidate variants in well-established disease genes

Patient | Candidate | Transcript cDNA Protein Predicted Clinical significance
ID gene inheritance/zygosity
RKO0694 | ANK3 NM_001320874 €.6577_6579dup p.Ser2193dup AR, Comp het Likely pathogenic (PM2, PM4, PP3, PP4)
RKO0694 | ANK3 NM_001320874 C.6555G>T p.GIn2185His AR, Comp het VUS (PM2, PP3, PP4)
RK0417 | IRF2BPL NM_024496.4 Cc.713G>A p.Gly238Glu AD, Hom/Hom in AD | VUS (PM2, PP3, PP4)
gene
RK0641 | KIF14 NM_014875 c.1271A>G p.Tyr424Cys AR, Hom VUS (PM2, PP3, PP4)
RK0679 | CAD NM_004341.5 €.6388G>C p.Glu2130GIn AR, Hom VUS (PM2, PP3, PP4)
RKO0717 | MED13L NM_015335 €.2569A>G p.Thrg57Ala AD, Prob de novo VUS (PM2, PP3, PP4, PM6)
RK1510 | CEP120 NM_001375405.1 | ¢.1863T>G p.Gly621%3D AR, Hom VUS (PM2, PP3, PP4)
RK1821 | SETD1A NM_014712 C.4439G>A p.Arg1480GIn AD, Prob de novo Likely pathogenic (PM2, PP3, PP4, PM6)
RK1829 | CAPN1 NM_005186 c.397C>T p.Argl33Ter AR, Hom VUS (PM2, PP3, PP4)
RK1836 | MTOR NM_004958.4 €.4936C>T p.Prol646Ser AD, De novo Likely pathogenic (PS2, PM2, PP4)
RK1867 | SCN1A NM_001202435 C.694+7A>C NA AD, De novo Pathogenic (PSV1, PS2, PM2, PP4)
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RK1523 | RPIA NM_144563 €.334G>C p.Valll2lLeu AR, Com het VUS (PM2, PP3, PP4)

RK1523 | RPIA NM_144563 Cc.767T>G p.Phe256Cys AR, Com het VUS (PM2, PP3, PP4)

RK0939 | MED13L NM_015335 c.1076T>C p.Met359Thr AD, De novo Likely pathogenic (PS2, PM2, PP4)

RK0945 | RERE NM_012102 €.3943C>T p.Argl315Ter AD, De novo Pathogenic (PVS1, PS2, PM2, PP4)

RK1051 | SLC12A5 NM_020708 €.1908-1G>A NA AR, Hom Pathogenic (PVS1, PM2, PP3, PP4)

RK1251 | GRIA4 NM_000829 €.886-2A>G NA AD, Inh het Pathogenic (PVS1, PM2, PP3, PP4)

RK2361 | UNC80 NM_182587 €.93-5T>A NA AR, Hom Pathogenic (PVS1, PM2, PP3, PP4)

RK2596 | ALG11 NM_001004127 c.1163C>T p.Ala388Val AR, Hom VUS (PM2, PP3, PP4)

RK3321 | EN1 NM_001426.4 c.1156C>T p.GIn386Ter AR, Hom Pathogenic (PVS1, PM2, PP3, PP4)

RK3328 | CNPY3 NM_001318842 c.59_76del p.Leu20_Leu25del AR, Hom Likely pathogenic (PS1, PM2, PM4, PP3,
PP4)

RK3554 | ASNS NM_133436.3 C.758T>G p.lle253Ser AR, Hom VUS (PM2, PP3, PP4)

RK4236 | SDCCAG8 | NM_001350249 c.2074C>T p.GIn692Ter AR, Hom Pathogenic (PS1, PM2, PP3, PP4)

RK4324 | RAB3GAP1 | NM_012233 €.1199C>G p.Ser400Ter AR, Hom Pathogenic (PS1, PM2, PP3, PP4)

RK4327 | DEAF1 NM_001293634 | c.1618T>C p.Cys540Arg AR, Hom VUS (PM2, PP3, PP4)
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RK4330 | NSUN2 NM_017755 €.2014C>T p.GIn672Ter AR, Hom Pathogenic (PS1, PM2, PP3, PP4)
RKO0580 | IRF2BPL NM_024496.4 c.1328A>T p.GIn443Leu AD VUS (PM2, PP3, PP4, PP6)
RK4665 | PPP1R21 NM_152994 c.1216G>C p.Ala406Pro AR, Hom VUS (PM2, PP3, PP4)

RK4779 | GALT NM_000155 €.629del p.Lys210ArgfsTer9 AR, Hom Pathogenic (PS1, PM2, PP3, PP4)
RK4821 | SLC6A8 NM_005629.4 €.1255-8G>A NA XLR Pathogenic (PS1, PM2, PP3, PP4)
RK4821 | ADCY5 NM_183357.3 €.703_705del p.Phe235del AR, Hom Likely pathogenic (PM2, PM4, PP3, PP4)
RK4835 | PACS2 NM_015197 c.1451A>T p.Asp484Val AD VUS (PM2, PP3, PP4)

RK4838 | MYORG NM_020702 €.20A>G p.Glu7Gly AR, Hom VUS (PM2, PP3, PP4)

96389 PRKN NM_004562.3 c.283del p.Ser95ProfsTer12 AR, Hom Pathogenic (PS1, PM2, PP3, PP4)
RK1833 | VPS13B NM_152564 €.3014T>A p.Leul005Ter AR, Hom Pathogenic (PS1, PM2, PP3, PP4)
RK1863 | ASH1L NM_001366177 C.921A>T p.Lys307Asn AD VUS (PM2, PP3, PP4)

RK0190 | KMT2B NM_014727 C.2152G>A p.Glu718Lys AD, inh het VUS (PM2, PP3, PP4)

RK2311 | PC NM_022172 €.2473+2_2473+5del NA AR, com het Pathogenic (PS1, PM2, PP3, PP4)
RK2311 | PC NM_022172 C.752-5C>T NA AR, com het Pathogenic (PS1, PM2, PP3, PP4)
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RK3305 | HIVEP2 NM_006734.4 €.2852C>G p.Ser951Ter AD Pathogenic (PS1, PM2, PP3, PP4)

RK0648 | RYR1 NM_001042723 €.3494G>A p.Glyl1165Asp AD VUS (PM2, PP3, PP4)

RK0919 | KMT2B NM_014727 €.6754_6755insGCC p.Ala2252delinsGlyPro | AD, De novo Likely pathogenic (PM4, PM2,PM6, PP3,
PP4)

RK4703 | CLCNKB NM_000085 c.371C>T p.Prol24Leu AR, Hom Pathogenic

RK4764 | NGLY1 NM_018297.4 c.441C>A p.Serl48Ter AR, Hom Pathogenic (PS1, PM2, PP3, PP4)

RK1809 | SETD5 NM_001349451.2 | c.1300C>T p.Arg434Trp AD, Prob de novo Likely pathogenic (PM2, PM6, PP3, PP4)

RK1883 | FAT2 NM_001447.3 C.2425A>G p.Asn809Asp AD, Prob de novo Likely pathogenic (PM2, PM6, PP3, PP4)

RK1883 | TGM6 NM_198994.3) €.941T7>G p.Val314Gly AD, Prob de novo Likely pathogenic (PM2, PM6, PP3, PP4)

RK4467 | CTSD NM_001909.5 c.110C>T p.Ser37Leu AR, Hom VUS (PM2, PP3, PP4)

RK0634 | SRPX2 NM_014467.3 .1237C>T p.Argd13Cys XL VUS (PM2, PP3, PP4)

RK0437 | TSEN34 NM_024075.5 c.904A>G p.Thr302Ala AR, Hom VUS (PM2, PP3, PP4)

RK0443 | MAP1B NM_005909.5 C.2072A>T p.Glu691Val AD, De novo Likely pathogenic (PS2, PM2, PP3, PP4)

RK0359 | TSC1 NM_000368.5 €.2788C>A p.Leu930lle AD, Prob het Likely pathogenic (PM2, PM6, PP3, PP4)

Abbreviations: SNV, single nucleotide variant; NA, not applicable; AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; comp.het, compound

heterozygous; VUS, a variant of unknown significance. Detailed evidence of pathogenicity is provided for the variants not classified in ClinVar.
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Table 15. Putative novel candidate genes

Patient | Candidate Transcript cDNA Protein Predicted Predicted cellular function Supporting
ID gene inheritance/zygosity evidence
RK0588 | PIP5KL1 NM_004979 c.781C>T p.Arg261Trp AR, Hom Autophagy pathway and Regulation of actin | Chang et al.

cytoskeleton. (2004)
RKO0686 | GLTPD2 NM_001375801 €.389_390del p.Phel30TyrfsTer? AR, Hom Ceramide transport and intermembrane lipid | NA
transfer.
RK0727 MED18 NM_017638 €.264_286dup p.Lys96ArgfsTer31 AD, De novo Coactivator for DNA-binding factors that | Sato et al. (2003)
activate transcription via RNA polymerase ||
RK0410 CiB3 NM_054113 c.417del p.Leul40Ter AR, Hom Shares a high degree of sequence similarity | NA
with DNA-dependent protein kinase catalytic
subunit-interacting protein 2
RK0429 BAG4 NM_004874 c.544C>A p.Prol82Thr AR, Hom An anti-apoptotic protein NA
RK0508 DLG2 NM_001351275.2 c.109G>A p.Val37Met AR, Hom Encodes a member of the membrane- | Yoo et al., 2020
associated guanylate kinase (MAGUK) family
RK0641 | KIAA1217 | NM_001098500.3 €.4085C>G p.Ser1362Ter AR, Hom Embryonic skeletal system development Al Dhaheri et al.
(2020)
RK0679 | SLFN11 NM_001376012.1 c.-19-2A>C NA AR, Hom Enables tRNA binding activity Ballestrero et al.
(2017)
RK0679 | FBXO30 NM_001348092 €.2212C>T p.Arg738Cys AR, Hom Encodes a member of the F-box protein Cheng et
al.(2019)

146




RK1507 LPAR1 NM_001387471 €.614C>T p.Ser205Phe AD, Prod de novo Lysophosphatidic acid (LPA) receptor from a | Rivera et al.
group known as EDG receptors (2021)
RK1513 NYAP2 NM_001371273 c.432G>C p.Lys144Asn AR, Hom Neuron projection morphogenesis and | NA
phosphatidylinositol 3-kinase signaling.
RK1839 GPSM1 NM_001145638.3 c.173C>T p.Ala58Val AR, Hom Encodes a receptor-independent activator of | Kwon et al.
G protein signaling, (2012)
RK1934 UBR4 NM_020765 €.6154C>T p.Leu2052Phe AD, Inh het Encodes E3 ubiquitin-protein ligase Hunt et a. (2019);
Hegazi et al.
(2022)
RK2000 LENGS NM_052925 €.1032C>T p.Thr344%3D AR, Com het Unknown, highly expressed in the brain NA
RK2000 LENGS NM_052925 €.2114C>T p.Ala705Val AR, Com het Unknown, highly expressed in the brain NA
RK2012 | GPR146 NM_001303474 c.55_58dup p.GIn20LeufsTer418 AR, Hom Enables G protein-coupled receptor activity. Han et al. (2020)
RK2067 SETD6 NM_001129727 c.167G>A p.Arg56His AR, Hom Encodes a methyltransferase that adds a | NA
methyl group to the histone H2AZ, which is
involved in nuclear receptor-dependent
transcription
RK2067 | PLEKHG4 | NM_001129727.3 c.3187G>A p.Aspl063Asn AR, Hom Encodes guanine nucleotide exchange factor | NA
(GEF) and may play a role in intracellular
signaling and cytoskeleton dynamics at the
Golgi apparatus.
RK2085 | ADAMTS7 NM_014272 €.2519G>A p.Gly840Asp AR, Hom A member of the ADAMTS (a disintegrin and | Yang et al.

metalloproteinase  with
motifs) family

thrombospondin

(2015)
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RK2464

MEIS3

NM_003259

€.295G>A

p.Val99lle

AR, Hom

Encodes a homeobox protein and probable
transcriptional regulator

Uribe and
Bronner (2015)

RK2464

ICAM5

NM_003259.4

€.1451C>G

p.Thr484Arg

AR, Hom

A member of the intercellular adhesion
molecule (ICAM) family

Birkner et al.
(2019)

RK2521

PAF1

NM_019088

€.1216_1218del

p.Lys406del

AR, Hom

A subunit of the polymerase-associated factor
(PAF1) complex. The PAF1 complex interacts
with RNA polymerase Il and plays a role in
transcription elongation as well as histone
modifications including ubiquitylation and
methylation

NA

RK3321

ZNF91

NM_138392

€.3097C>T

p.Arg1033Ter

AR, Hom

Encodes a zinc finger protein of the KRAB

NA

RK3321

SHKBP1

NM_138392.4

€.646T>G

p.Cys216Gly

AR, Hom

SHKBP1 plays a role in lysosomal enzyme-
dependent apoptosis

NA

RK3544

PRAG1

NM_001080826

€.2862G>C

p.Lys954Asn

AR, Hom

interacts with the Rho family GTPase RND2
and with SRC family kinases (and is a key
component of the NOTCH transcriptional
activation complex

NA

RK3034

CPNE1

NM_003915

€.660T>G

p.Tyr220Ter

AR, Hom

Membrane trafficking

NA

RK4253

ACSM4

NM_001017372

c.1502del

p.Ala501ValfsTerl4

AR, Hom

Enables decanoate-CoA ligase activity and fatty-acyl-CoA
synthase activity. Predicted to be involved in acyl-CoA metabolic

process and fatty acid biosynthetic process.

RK4253

P2RX5

NM_002561.4)

€.976G>C

p.Gly326Arg

AR, Hom

The product of this gene belongs to the family
of purinoceptors for ATP. This receptor
functions as a ligand-gated ion channel

NA
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RK4253

SLC27A6

NM_001317984.1

€.566G>T

p.Glyl89Vval

AR, Hom

Encodes a member of the fatty acid transport
protein family (FATP

Sivachenko et al.
(2016)

RK4402

VPS18

NM_020857

€.2866G>A

p.Asp956Asn

AR, Hom

Segregation of intracellular molecules into
distinct organelles.

Sadler et al
(2005)

RK4410

TIGD3

NM_002419

c.788T>C

p.Leu263Ser

AR, Hom

The protein encoded by this gene belongs to
the tigger subfamily of the pogo superfamily of
DNA-mediated transposons

NA

RK4410

MAP3K11

NM_002419.4

€.2396G>A

p.Arg799His

AR, Hom

Transcription activity of NF-kappaB mediated
by Rho family GTPases and CDC42.

NA

RK4467

PGGHG

NM_001909

c.647del

p.Thr216MetfsTer25

AR, Hom

Enables protein-
glucosylgalactosylhydroxylysine glucosidase
activity. Involved in carbohydrate metabolic
process

Bracey et al.
(2020)

RK4735

CNKSR1

NM_006314

€.332T>A

p.VallllAsp

AR, Hom

Encodes a protein containing several motifs
involved in  protein-protein  interaction,
including PDZ, PH(Pleckstrin homology), and
SAM (sterile alpha motif) domains

NA

RK4741

GRB14

NM_004490

€.235C>G

p.Pro79Ala

AD, Inh het

Interact with a number of receptor tyrosine
kinases and signaling molecules.

NA

RK4757

EIF4AE2

NM_004846.4

c.123del

p.Ser42LeufsTer55

AR, Hom

Enables ubiquitin protein ligase binding
activity. Involved in positive regulation of
miRNA-mediated inhibition of translation

Wiebe et al
(2020)

RK4776

KLHL4

NM_018109

C.1441G>A

p.Val481Met

AR, Hom

This gene encodes a member of the kelch
family of proteins, which are characterized by

NA
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kelch repeat motifs and a POZ/BTB protein-
binding domain

polymerization

RK4821 NMUR1 NM_006056.5 €.922_932del p.lle308ProfsTer46 AR, Hom Enables neuromedin U binding activity and | NA
neuromedin U receptor activity. Involved in
several processes, including activation of
phospholipase C activity; chloride transport;
and second-messenger-mediated signaling

RK4835 | MAP2K4 NM_003010.4 c.17C>T p.Pro6Leu AR, Hom Encodes a member of the mitogen-activated | NA
protein kinase (MAPK) family.

RK3168 | RASL11A NM_206827 c.676C>T p.Arg226Cys AR, Hom Member of the small GTPase protein family | NA
with a high degree of similarity to RAS

RK3087 | SLC38A7 NM_001369609 C.713C>T p.Pro238Leu AR, Hom Enables L-amino acid transmembrane | NA
transporter activity.

RK3143 DCP1B NM_152640 c.1444C>T p.GIn482Ter AR, Hom Removes the 5' cap from mRNAs, which is a | NA
step in regulated mMRNA decay.

RK0404 | SLC25A14 | NM_001282197.1 | ¢c.678+1G>A XLR Various functions in mitochondria NA

RK0392 | PCYOX1 NM_016297.4 c.1357C>T p.Arg453Ter AR, Hom Catalyzes the degradation of prenylcysteine Surra et al.

(2013)
RK0395 | ADGRB3 NM_001704.3 c.1A>G p.Metl? AD, Het A brain-specific angiogenesis inhibitor NA
RK0916 KANKS3 NM_001042723.2 | ¢.596_597insCCCA | p.His200ProfsTer37 AD, De novo Negative regulation of actin filament | NA

Abbreviations: SNV, single nucleotide variant; NA, not applicable; AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; comp.het, compound heterozygous; VUS, a variant of unknown significance.
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Table 16. The distribution of the cases with candidate known disease genes

and putatively novel disease genes by a phenotypic category and a country

Kz TJ AZ | GRG | ARM | Overall
DEE/DEDE 0 0 9 1 0 10
Syndromic NDD 1 8 32 1 3 45
Non-syndromic NDD 0 8 8 0 0 16
Cerebellar ataxia (isolated, ataxia plus) 0 1 3 0 0 4
Dystonia (Isolated, combined) 2 0 0 0 1 3
Other movement disorders 0 1 1 0 0 2
Pure and complex HSP 0 3 1 0 0 4
Leukodystrophy 0 0 0 0 0 0
Peripheral neuropathy/SMA/MD 0 2 2 0 0 4
Overall candidates 3 23 | 56 2 4 88
Unresolved 52 30 | 70 | 51 17

Abbreviations: KZ, Kazakhstan; TJ, Tajikistan; AZ, Azerbaijan; GRG, Georgia; ARM, Armenia;
DEE/DEDE, epileptic encephalopathy/developmental and epileptic-dyskinetic encephalopathy;
HSP, hereditary spastic paraplegia; NDD, neurodevelopmental disorder; SMA, spinal muscular

atrophy; MD, muscular dystrophy.

Variant characteristics and inheritance patterns

In total 284 variants were identified for the contributory cases. Missense variants
composed the large share of all variants (159/284, 56%)), followed by frameshift
(4771284, 17%), stop gained (39/284, 14%), and splicing variants (29/284, 10%)
(Table 17). Proband exome sequencing had slightly higher contribution rates
toward definitive/likely and potential molecular diagnosis (198/330, 60%) as
compared to trio-WES (69/157, 44%). Exome sequencing in consanguineous
families was more contributory in comparison to exome sequencing in non-
consanguineous families (68% vs 40%) (Table 18). As expected, most of the
definitive disease-causing and candidate variants were homozygous (156/283,
55%), followed by de novo and probably de novo heterozygous variants (63/283,
22%) and compound heterozygous variants (45/283, 16%). All homozygous

variants were within the regions of homozygosity (ROH). X-linked inheritance was
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observed for 9 genes (Table 19). No recurrent variants were identified in the
genes found in more than one family. All variants from proband-WES were
confirmed by Sanger and tested for segregation where multiple family members

were available.

Table 17. Inheritance patterns for variants identified

Solved Candidate genes | Overall

Gene with comp het variants 35 10 45
Homozygous variants 94 62 155
Heterozygous de novo/probably 41 22 64
de novo

Heterozygous inherited 6 4 10
X-linked 6 3 9
Mitochondrial 1 1

Table 18. Types of variants

Missense 159
Frameshift 47
Inframe insertion/del 7
Splicing variants 29
Stop gained 39
Start lost 2
Synonymous 1
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Table 19. WES outcomes, depending on consanguinity status and WES mode

Solved Candidates Unresolved

Consanguinity status

Consanguineous 110 68 84
Non-consanguineous 69 20 136
WES mode status

Proband -WES 128 70 132
Trio WES 51 18 88
Overall 179 88 220

Extension and delineation of the phenotypic spectrum for well-established

and recently identified disease genes

My WES study in CAT populations identified 3 families with pathogenic and likely
pathogenic variants in UBAP1, RNF17, and PCYT2 genes. These genes are
recently discovered HSP genes associated with spastic paraplegia 80, autosomal
dominant (OMIM: 618418), spastic paraplegia 85, autosomal recessive (OMIM:
619686), spastic paraplegia 82, autosomal recessive (OMIM: 618770),
respectively. The family with UBAPL1 variant is from Azerbaijani with 4 affected (a
father and 3 sons) with pure, slowly progressive HSP. Pathogenic variant in
PCYT2 was the cause of complicated HSP in 2 Azeri siblings, and RNF17 variant
was present in 2 Azeri siblings with complex HSP. The genetic findings from
these families provide further confirmatory evidence for the disease-causing role
of the recently described UBAP1, RNF17, and PCYT2 expanding their mutation

spectrum and geographic distribution.

The following genes delineated the phenotypic and genetic spectrum of the poorly
characterized gene-disease associations for which only a few families reported
so far. This included UFSP2 related Developmental and epileptic encephalopathy
106 (OMIM: 620028), BRAT1, FRRS1L, TPA, PIGH, ZNF142 SLC18A2, and
EMC10. Multiple previously unreported families have been identified worldwide

for these genes, clinical and genetic details have uniformly been collected, and
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deep cumulative phenotyping studies, describing the extended clinical spectrum
of these genes have been published/or under manuscript preparation during my
PhD study (Table 20).
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Table 20. Extension and delineation of the phenotypic spectrum for well-established and recently identified disease genes

€.359_366dup,
p.Gly123SerfsTerl0

encephalopathy 35

Sample Gene Variant Reported phenotype Phenotypic expansion
ID

RK2396 | UFSP2 C.344T>A, p.Valll5Glu | Spondyloepimetaphyseal Multiple unreported families with AR form of NDD and epilepsy

and and c.344T>A, dysplasia, Di Rocco type, AD

RK0659 p.Valll5Glu inheritance

RK0302 | BRAT1 €.1598-1G>A; ¢.265T>C, | RMFSL (614498) and | 57 unreported cases were identified and a cumulative phenotypic

and p.Cys89Arg and NEDCAS (OMIM: 618056) characterization was performed adding 40 previously reported cases. Fifty-

RK1951 €.2144T>A p.Val715Glu nine individuals presented with RMFSL. Most of them had no psychomotor
acquisition (98%), epilepsy (98%), microcephaly (91%), and limb rigidity (93%).
In most cases (90%) death occurred prematurely. Thirty-eight individuals
presented a phenotype of NEDCAS, with the acquisition of walking in 76% and
the acquisition of language in 68%. Most of them had cerebellar ataxia (82%),
axial hypotonia (79%), and cerebellar atrophy (100%). No subject from this
group died.

RK0319 | ITPA C.67-1G>A; Developmental and epileptic | 28 new patients were investigated and previously described cases were

reviewed providing a comprehensive characterization of 40 subjects.
Congenital microcephaly and cardiac involvement were statistically significant
novel clinical predictors of adverse outcomes. We refined the molecular,
clinical, and neuroradiological characterization of ITPase deficiency, and
identified new clinical predictors which may have a potentially important impact
on the diagnosis, counselling, and follow-up of affected individuals (Scala et
al., 2022)
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RKO0511 | PIGH ¢.307T>C, p.Serl03Pro | GDD/ID, facial dysmorphism, | This study reports 3 new patients and expands the PIGH deficiency phenotype
seizures, behavioral | range toward the severe end of the spectrum. Esotropia, dysarthria, dystonia,
abnormalities, dysplastic | and spinal deformities coupled with osteopenia leading to multiple fractures,
corpus callosum loss of independent ambulation, and elevated serum iron levels are among the

previously unreported symptoms associated with PIGH deficiency in our series
(Tremblay-Laganiére et al., 2021)
RK1895 | ZNF142 c.4261C>T, GDD/ID, dystonia, tremor, | 26 unreported cases together with 9 reported cases underwent deep
p.GIn1421Ter ataxia, seizures phenotypic characterization. The major features of the current cohort include
varying degrees of ID (23/26, 89%), language impairment with variable severity
(26/26, 100%), delay in developmental milestones (22/26, 85%), seizures
(17/26, 65%), hypotonia (10/19, 52%), behavioural challenges (12/22, 55%)
and a movement disorders (9/25, 36%). More detailed facial dysmorphic
features are described (Christensen et al., 2022)

RK4693 | SLC18A2 C.710C>A, p.Pro237His | ?Parkinsonism-dystonia, 42 unreported affected individuals with homozygous SLC18A2 variant alleles.
infantile, 2 (OMIM: 618049) Genotype-phenotype correlation is shown (Saida et al., 2023)

RK3122 | EMC10 ¢.543dup, GDD/ID (with prominent delay | 10 new patients. dysarthria, persistent peripheral hypotonia, movement

p.Asn182GInfsTerl6 in verbal milestones) and | disorders, gait ataxia, and vermian atrophy together with noticeable growth
facial dysmorphism, and | impairment, and hyperparathyroidism. Furthermore, the progressive disease
variably presented with failure | course and regression in motor skills seen in the current cohort appear to
to thrive, axial hypotonia, | expand the phenotype severity of the EMC10-related NDD toward the more
seizures, microcephaly, CC | severe end (Kaiyrzhanov et al., 2022b).
thinning, and cardiac and
renal pathology

RK0225 | NFU1 €.223C>G, p.Leu75Val | Multiple mitochondrial | NFU1-related phenotypic continuum including pure HSP and long survival
dysfunctions syndrome 1 | (Kaiyrzhanov et al., 2022c).

(OMIM: 605711)
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A family from Kazakhstan with 2 affected children presenting with pure HSP and
harbouring a homozygous disease-causing variant in NFU1, together with other
unreported multiple HSP and NDD families identified worldwide expanded the
currently well-established presentation of NFU1. It has been thought that biallelic
variants in NFU1 are associated with Multiple mitochondrial dysfunctions
syndrome 1 (MMDS1) (605711) leading to death by the age of 15 months. Our
phenotype expansion study suggested that MMDS1 and HSP could be the two
ends of the NFU1l-related phenotypic continuum. The phenotype expansion
studies for the NFU1 and EMC10 genes were led by myself and will be described
in detail in Chapter 7.

A patient from Tajikistan with GDD and epilepsy harboured a homozygous stop
gained variant in TUBB2A (NM_001069) c.7G>T, p.(Glu3Ter), that was
previously reported likely pathogenic in VarSome. His parents are neurologically
healthy. De novo heterozygous deleterious variants in TUBB2A have been
reported in patients with Cortical dysplasia, complex, with other brain
malformations 5 (OMIM: 615763). TUBB2A has a strong prediction of an
autosomal dominant gene. Until now, more than 25 families have been reported
carrying de novo missense variants in TUBB2A (Brock et al., 2021; Schmidt et
al., 2021). My finding suggests that the reported missense variants might have
resulted in a gain/alteration of function in the TUBB2A protein leading to
phenotype expression, whereas the complete loss of one copy of the gene did

not result in the phenotype in the parents of the index case.

WES enables specific therapy and prevention of disease transmission

WES in my study identified 16 potentially treatable genes in 26 families. This
included GCH1 (in 4 families), SPR (in 2 families), TPP1 (in 6 families), KMT2B
(in 2 families), ARSA, SCN4A, ATP7B, TTPA, COQ8A, THAP1, PHGDH,
ALDH5AL, SLC18A2, PRRT2, SLC6AS8, and PC. Rapidly communicating the
genetic findings to the treating clinicians and with the current availability of gene-
relevant medications and functional surgery in CAT, effective treatment or

beneficial effect on the course of the disease was observed in 16 families.
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Genetic diagnosis has also enabled genetic counselling which was given to all
179 families with solved genes.

Principal component analysis

Principal component analysis stratified most of the samples into Europeans and
unknown ethnicity. Most Transcaucasian families were inferred to be of
European ancestry, whereas ancestry could not be inferred for the majority of
Kazakhstani and Tajikistani families. A number of self-reported Kazakh and Tajik

families fell under the ethnic category of European, American, and East Asian
ancestry (Figure 23).

Unknown
* EUR
* AMR
EAS

PCA1 pC2

Figure 23. Inferred ancestry of the CAT families recruited to the present WES
study
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3.5 Discussion
WES diagnostic yield in cohorts with RPND in CAT could be adequate.

| have shown that first-line exome sequencing diagnostic in patients with RPND
from consanguineous and non-consanguineous families from CAT could reach
a diagnostic yield of over 35%. In my study, 179 of 487 (37%) families received
a definite genetic diagnosis and 50 of 487 families (10%) had a likely candidate
variant in known genes. In large-scale population studies, the diagnostic yield of
WES for various heterogeneous diseases reaches up to 40%, whereas in a
consanguineous population, the diagnostic yield can be as high as 80% (Yang
et al., 2013, Yang et al., 2014; Lee et al. 2014; Yavarna et al. 2015; Retterer et
al. 2016). Consanguineous populations possess a much greater power to
unmask recessive, disease-causing alleles and phenotypically more complex
cases/extreme phenotypes typically have higher genetic yield (Yavarna et al.
2015). Correspondingly, families from Tajikistan and Azerbaijan, which have
higher consanguinity and fertility rates, had higher diagnostic yields in my study
(44% and 39%, respectively). Patients with syndromic NDD had higher
diagnostic rates (51.5%) compared to patients with non-syndromic NDD (18.7%),
and overall, WES was more contributory in consanguineous families (42%)
compared to non-consanguineous unions (30%). Although consanguinity was
non-existent in the families recruited from Armenia and was very low in
Kazakhstan, the reasonable diagnostic yield in these countries (43% and 36%,
respectively) could be explained by the phenotypic complexity of most Armenian
and Kazakhstani cases on one hand. On the other hand, one should consider
that in my study the phenotypic categories including leukodystrophy, other
movement disorders, dystonia, pure and complex HSP, and cerebellar ataxia
had a high diagnostic yield (54-100%), and most of the families under these
categories (within three non-consanguineous countries) were from Armenia and
Kazakhstan (Table 13). The low diagnostic yield in Georgia (14.5%) could
partially be explained by the absence of consanguinity and the lack of patients
who fell under the diagnostic categories with high diagnostic yield. There were
50 patients with candidate variants in known genes that are waiting for
confirmation from referring centers/clinicians who are supposed to do reverse
phenotyping. Confirmation is delayed due to the necessity of performing specific

metabolic tests or investigations that are not available in CAT, patients lost from
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follow-up, or the lack of tertiary pediatric centers with expert phenotyping.
Receiving confirmations from referring centers for these cases on time would

have increased the overall diagnostic rate of my study.

The overall diagnostic rate of the WES-based CNV analysis by the Pallindepth
tool in my study was 2.5%. The latest comprehensive study estimated that from
4.8% to 9.5% of the genome contributes to CNVs of size 50 bp-3 Mb (Zarrei et
al., 2015), and the diagnostic rates of various WES-based CNV detection tools
vary between 2.4-6% (Retterer et al., 2015; Suzuki et al., 2020; Royer-Bertrand
et al., 2021). The rate of pathogenic CNV detection in my study was comparable
to the rates of previously reported studies. There is a high false-positive rate for
CNV detection from WES data for events of fewer than three exons, and the
false-positive rate is more pronounced for duplications than deletions (Retterer
et al., 2015). Correspondingly, the Pallindepth pipeline did not detect clinically
significant amplifications, but contrarily it could detect pathogenic/clinically

relevant deletions of fewer than three exons in my study.

A likely disease-causing mt-DNA variant was found in only one patient in my
cohort (1/487) making the yield of WES data-based mt-DNA variant identification
of 0.2%. A report utilizing the same pipeline and methods for mt-DNA detection
from WES data as in my study showed a diagnostic rate of 0.09% for disease-
causing mt-DNA variants (11/11,424) (Poole et al., 2021). The diagnostic rate of
causative mt-DNA genes was probably higher due to the enrichment of my cohort
with early-onset complex phenotypes. One limitation of mtDNA analysis using
WES data is the depth of mtDNA coverage achieved and another limitation is the
false detection of a variant within a nuclear pseudogene that closely resembles
an mtDNA gene (Poole et al., 2021).

WES studies in many patients from the same geographic area (mostly from
consanguineous countries) could not identify recurrent/founder genetic variants
important for premarital carrier-screening programs and population-based
prevention programs. All variants in the current study were private. There are
several WES studies contributing to a predefined list of known population-
specific pathogenic variants (Monies et al., 2017; Monies et al., 2019). Due to
the small cohort size in the current study, | did not identify any recurrent/founder

variants that could have contributed to a predefined list of known CAT pathogenic
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variants. However, | anticipate that analysing the pending WES data from
additional 1713 CAT families with RPND could potentially reveal

recurrent/founder CAT variants.

It should be highlighted that most of the currently reported large-scale WES
studies were performed on a clinical diagnostic basis (Clinical/Diagnostic WES)
in accredited commercial diagnostic laboratories. My WES study in CAT was
performed on a research basis (research WES), which has different objectives
compared to diagnostic WES. To certify the clinical and technical validity, strict
regulations govern laboratories providing clinical diagnostic WES, as the
laboratory performing the tests carries a high degree of responsibility. It is the
results of clinical diagnostic WES that allows to formally establish diagnoses,
influence treatment, and provide genetic counselling and preimplantation genetic
test (Shevchenko and Bale, 2016). The goals of research testing include finding
novel disease-genes, learning how genes work, developing tests for future
clinical use, and advancing our understanding of genetic conditions. Thus, only
cases with phenotype-related firm known/novel disease genes were reported
back to referring clinicians in my study, and no information on the carrier status
of other pathogenic/likely pathogenic variants or VUS in the genes irrelevant to
the phenotype of interest was provided. Ideally, the results of research-based
WES should be validated by a diagnostic genetic laboratory, especially when
preimplantation genetic diagnosis (PGD) and legal issues in healthcare are

concerned.

In my study, the principal component analysis was unable to determine the
ancestry for the majority of Central Asian families, or it may have assigned an
incorrect ancestry. Most of the families from Transcaucasia were inferred as
Europeans. To predict the ancestry of each individual in a study cohort, Peddy
leverages the known ancestry of 2,504 individuals collected from diverse world
populations as part of the 1000 Genomes Project. Peddy's inability to determine
the ancestry for most Central Asian populations could be attributed to the fact
that the CAT populations were not part of the 1000 Genomes Project. The higher
prevalence of European ancestry in Transcaucasian populations could be
attributed to their geographic location, which has resulted in greater levels of

intermixing with Europeans.
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Limitations and strengths of the current study

My study has several important limitations including the following aspects:

A Dual genetic diagnosis has not been comprehensively considered
A Uniparental disomy has not been investigated
A No mosaic variants have been studied in my project. Exome sequencing,

while effective for detecting many genetic variants, may not reliably identify
genetic mosaic variants due to their mosaic nature and low allelic frequency in a
subset of cells. The technique's limitations in depth of coverage, variant calling
algorithms, and filtering processes hinder the detection of these rare variants,
requiring specialized approaches for improved sensitivity in identifying mosaic
variants. In addition, 70% of the cases who underwent ES in my study had
proband-ES only.

A Since heterozygous CNVs have not been studied in my cohort I might
have missed cases where heterozygous CNVs in a trans combination with a
potential pathogenic/likely pathogenic SNV could be responsible for pat ent s 6

phenotypes.
A Repeat expansions in FRXN, FXS/FXTAS, and EPM1 were not tested.

1 WES was mostly analyzed only by one person (myself) and the findings

reported here have not been validated by a diagnostic genetic laboratory.

The following strength of my study could be highlighted:

1 This was the first large-scale WES study in CAT investigating the genetic
causes of RPGND. It has shown to be effective and laid the ground for
further large-scale studies.

1 More than one-third of the recruited families received their molecular
diagnosis. Although they have received research reports only, this did not
hinder referring clinicians from delivering genetic counselling and
changing their management strategies.

1 A number of treatable genes have been identified.
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1 In total, my study contributed with 104 previously unreported pathogenic
variants and likely pathogenic variants.

1 Several firm novel disease-genes were found contributing to international
cohorts that describe new gene-disease associations.

91 Several findings contributed to phenotype delineation studies for recently

described or poorly characterized gene-disease associations.

3.6 Plans and future directions

Almost half of the families (45%) in my study remain unresolved with no definitive
molecular diagnosis or candidate variant/gene. The high proportion of non-
contributory WES could partially be explained by the strict use of the ACMG

criteria, the potential presence of complex chromosomal events or novel disease-

genes, and variants in the non-coding part of the genome. Some cases remain
unresolved possibly due to not expert phenotyping and patient selection in CAT.

Though it has been argued that the i e x ofmer st 0 a p p-scale@ c h (
sequencing of all individuals with genetic diseases by any clinician who has

clinical suspicion, even if he or she lacks the necessary phenotyping expertise)
could be more effi cifeinrts ttoh aanp ptrhoea ciihp h(eenxopt e
the delineation of a specific phenotype to form phenotype-specific cohorts), |

strongly believe that expert phenotyping resources are crucial for reverse

phenotyping and they are necessary for CAT.

To increase the diagnostic rate of the WES study in this cohort, | will dynamically
re-analyse WES data as it has proven to be effective in several studies (Ewans
et al., 2018; Salfati et al., 2019). Most of the WES-negative cases from my cohort
were sent to Solve-RD for WGS and RNA sequencing study and the results from
these tests are pending. Utilizing long-read sequencing could be of benefit to my
negative cases. Having a reference genome from CAT populations would
undoubtedly be beneficial for variant interpretation and for solving WES-negative

cases in this study.

Currently, | am waiting for trio-WES data from 1713 families with RPND from

CAT. Upon the analysis of these trios, | am planning to prepare a manuscript
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reporting WES in more than 2000 families with RPND from CAT. | am planning
to communicate the project results to the local authorities and stakeholders in
CAT to establish a genomics service locally. | am also planning to continue
recruiting CAT families with RPND to genomic projects at loN UCL to dynamically

contribute to international novel gene/pathway discovery studies.
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Chapter 4. Bi-allelic LETM1 variants perturb mitochondrial ion
homeostasis leading to a clinical spectrum with predominant nervous

system involvement

In this chapter, | will describe how genetic and functional genomics methods in
my project led to the identification of the novel gene associated with
mitochondrial disease.

4.1 Background

This is an 1l-year-old male, born by cesarean section to healthy non-
consanguineous parents of Chechen origin after an uneventful twin pregnancy
with a birth weight of 2.4 kg (Figure 25, Family 5, patient S1). At the age of about
7 months, unilateral nystagmus of the left eye was noticed, and at about 12
months also of the right eye. Eventually, atrophy of the optic nerve was
diagnosed with pronounced visual impairment. A hearing loss was noticed since
the 5th year of life. No other significant developmental problems were noted in
early childhood. He was a poor eater and was noted to be nervous and at times
aggressive. At the first presentation at 8 years, he showed a failure to thrive (BMI
12.7; -2.5 z) and mild microcephaly (-2.5 z), furthermore hirsutism, nystagmus,
visual and hearing impairment, reduced muscle mass, externally rotated feet,
and motor coordination deficits. Brain magnetic resonance imaging (MRI)
showed optic nerve and chiasm atrophy. At the age of 9 years, he was admitted
to a local hospital because of exercise intolerance which had been noticed in
running, cycling, and swimming, maximum walking distance of 1 km. A treadmill
ergometry (600 m, 6 km/h, slope 10 %) led to a heart rate increase from 105 to
180/min, a breathing rate 58/min, a drop of pH from 7.44 to 7.06, lactate increase
from 3.1 to 20 mmol/l. Other metabolic laboratory investigations and cardiology
examinations were unremarkable. A thorough investigation revealed the
following results: electroencephalography with background slowing, learning
disability, mildly increased lactate and alanine in blood and CSF, known visual
and hearing impairment, and no further organ involvement. A muscle biopsy was
unremarkable histologically. Western blot analysis of mitochondrial markers in
muscle showed a global reduction for complexes I- IV, whereas complex V was

slightly increased. Measurement of respiratory chain enzymes displayed a
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combined defect of complexes |, lll, and IV in muscle. Medication with ubiquinone
was started. At 10 years of age, a routine laboratory control showed lactate 5.1
mmol/l, pH 7.32, and glucose 8.0 mmol/l. An increased HbA1C level and
pathological oral glucose tolerance test led to the diagnosis of type 3 diabetes
and eventually treatment with repaglinide was started. At the current age of 11
years, the patient is underweight and slightly microcephalic, has visual and
hearing impairment, a mild intellectual disability, muscular atrophy, and
otherwise no further neurological issues. He uses glasses, a reading device, and
hearing aids and attends a special needs school. His FGF21 was 861 pg/ml
(normal value <200).

He has three healthy siblings including his twin brother. Another 6-year-old sister
(Figure 25, Family 5. Individual 5) has a history of unexplained acute symptoms
in early infancy, according to the parents she had to be resuscitated. In the
further course febrile convulsions, night spasms, reduced muscle mass,
externally rotated feet, rectal bleeding leading to diagnosis and removal of
tubular adenoma of the rectum, hirsutism, mild hepatomegaly, and iron
deficiency anaemia occurred. Currently, there is no obvious developmental
delay. Blood gases, lactate, and alanine were unremarkable. This sister is

considered unaffected. The family history is otherwise unremarkable.

WES revealed no pathogenic or likely pathogenic variants in known disease
genes. Filtering for potential novel disease-genes revealed a homozygous
predicted deleterious variant in LETM1 (NM_012318.3.):c.1072G>A,
p.Asp358Asn. The variant segregated within the family, absent in gnomAD, and
predicted deleterious in several in silico prediction tools. Known pathogenic
variants in mtDNA and mtDNA rearrangements were excluded. Exome
sequencing data filtering did not reveal other rare deleterious variants in known
disease-genes. LETM1 has not been associated with any human Mendelian
disease but publications showed that it plays a pivotal role in cellular function
and is involved in Wolf-Hirschhorn syndrome (WHS). Therefore, this variant was
of interest and the gene could potentially explain the phenotype of the proband

from this family.
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This patient was included in the study reporting a novel gene-disease
association, a LETM1-associated mitochondrial disease, the details of which will

be described further (Kaiyrzhanov et al., 2022a).

4.2 Statement of contribution

| designed, organized, and coordinated this study. | identified independently a
predicted-damaging variantin LETM1 in a patient presenting with GDD. This was
done by analysing WES data and confirming it by Sanger. | screened the Queen
Square Genomics Database for deleterious variants in LETM1 and found an
additional family with 2 affected siblings (a British family) that phenotypically
match the patient identified in my CAT cohort. Later, | found additional 9
matching families through the GeneMatcher (Sobreira et al., 2015) platform and
extensive data sharing with international genetic labs. | made a comprehensive
clinical proforma and collected clinical demographic details from all 11 families,
coordinated the collection of skin biopsies, and was responsible for the
coordination of functional studies. Screening PubMed | found experts in
functional characterization of the LETM1 gene, contacted them, and involved
them in this study. | analysed the predicted consequences of the LETM1 variants
found in the cohort through bioinformatics pipelines and programs. | have
personally assessed the British family visiting their home in Norwich. Together
with Prof Henry Houlden, | reviewed the clinical details collected from the cohort.

| wrote the manuscript where the data was published.

Exome sequencing was performed by Macrogen. All functional studies in yeast
as well as western blotting, and cell imaging were done by Sami E M Mohammed
and Prof. Karin Nowikovsky (University of Veterinary Medicine Vienna). Some
parts of cell imaging and western blotting on family 11 were done by Prof.
Antonella Spinazzola (UCL). Spectrophotometric determination of the OXPHOS
enzyme activity in muscle tissue was done by René G Feichtinger( Salzburger
Landeskliniken (SALK) and Paracelsus Medical University). Brain MRIs were
reviewed by a neuroradiologist Filippo Arrigoni (V. Buzzi Children's Hospital,
Milan)
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4.3 Introduction

Leucine zipper-EF-hand containing transmembrane protein 1 (LETM1), (MIM:
604407) is a ubiquitously expressed and phylogenetically highly conserved
nuclear gene encoding the LETML1 protein. LETM1, also named SLC55A1, is a
part of the new mitochondrial transporter protein SLC55 family that belongs to
the SLC solute carrier superfamily (Gyimesi and Hediger, 2020), and is the
founder of the LETM1 superfamily and listed as one of the EF-hand Ca2+-
binding proteins of the MitoCarta library (Nowikovsky et al., 2012; Hajnoczky et
al., 2014). The proteins of the LETM1 superfamily contain leucine zipper and
several coiled-coil domains (Endele et al.,, 1999; Nowikovsky et al., 2012).
LETM1 is an inner mitochondrial membrane protein with an osmoregulatory
function that controls cation homeostasis, preventing their equilibration with the
H+ electrochemical gradient. While first identified to function as an electroneutral
mitochondrial K*-H* exchanger (KHE), LETM1 has also been connected to the
regulation of the uptake or extrusion of Ca2+ (Froschauer et al., 2005; Waldeck-
Weiermair et al., 2011; Nowikovsky et al., 2012; Jiang et al., 2013; Shao et al.,
2016; Lin and Stathopulos., 2019; Austin and Nowikovsky, 2019).

The pathological hallmark of LETM1 depletion is mitochondrial matrix swelling,
fragmentation, and loss of cristae structure, consistently found in all studied
organisms (Lin and Stathopulos, 2019), whereas LETM1 overexpression causes
mitochondrial elongation, cristae swelling, and matrix condensation due to
imbalance in osmotic homeostasis (Hasegawa and van der Bliek, 2007).
Silencing LETM1 homologs in yeast, Fusarium graminearum, and Toxoplasma
gondii results in lethality or loss of virulence. Drosophila melanogaster with
tissue-specific depleted LETM1 expresses compromised tissue growth and
locomotor behavior, as well as impaired evoked synaptic release of
neurotransmitters (McQuibban et al., 2010). The homozygous deletion of LETM1
leads to developmental and embryonic lethality in flies, worms, and mice
(McQuibban et al., 2010; Hasegawa and van der Bliek, 2007; Jiang et al., 2013).

Consistent with the vital role of mitochondrial osmoregulation, matrix swelling
and cation imbalance due to LETM1 inactivation have wide-reaching and
pleiotropic effects on mitochondrial biogenesis and bioenergetics, perturbing

glucose and pyruvate utilization, tryptophan and mitochondrial DNA (mtDNA)
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metabolism, outer mitochondrial membrane integrity and causing necrotic cell
death (Dimmer et al., 2008; Piao et al., 2009; McQuibban et al., 2010; Lupo et
al., 2011; Kuum et al., 2012; Jiang et al., 2013; Durigon et al., 2018).

The importance of LETM1 in neuronal function and pathology was initially
suggested in WHS [MIM: 194190] (Endele et al., 1999). This genetic syndrome
results from de novo monoallelic deletion of several genes on the short arm of
chromosome 4. Depending on the length of the deletion, WHS might present with
a combination of congenital malformations, specific facial dysmorphism, growth
and cognitive impairment, microcephaly, hypotonia, and epilepsy (Dimmer et al.,
2008). LETML1 is localized in WHS critical region 2 (WHSCR?2), less than 80 kb
from WHS critical region 1 (WHSCR1) and is deleted in almost all individuals
with the full WHS phenotype. LETM1 is proposed to be associated with epilepsy
and neuromuscular features of WHS (Schlickum et al., 2004, Li et al., 2019).
Analysis of WHS fibroblasts linked LETM1 haploinsufficiency with mitochondrial
defects. One study reports elevated intracellular Ca?*, decreased Ca?* sensitivity
of the mitochondrial permeability transition pore (PTP), increased superoxide
and hyperpolarization of the inner membrane (Hart et al., 2014); another study
reports mtDNA aggregation, pyruvate dehydrogenase (PDH) deficiency and a
preferential shift from pyruvate oxidation to ketone body utilization (Durigon et
al., 2018). How the cation transport properties of LETM1 and the broad effects
of its dysfunction on other mitochondrial and cellular functions mechanistically
contribute to the WHS disease phenotypes is not well understood and is
complicated by the multigenic cause for WHS. Other implications of LETM1
impairment in genetic diseases include temporal lobe epilepsy (Zhang et al.,
2014), diabetes (Park et al., 2014), and obesity (Piao et al., 2009).

Here, | describe 18 affected individuals from 11 unrelated families presenting
with clinical features suggestive of a mitochondrial disease largely involving the
central nervous system (CNS) in which exome sequencing (ES) identified novel

and ultra-rare bi-allelic segregating LETM1 variants.

To functionally characterize the bi-allelic LETM1 variants, | explored cellular
growth and mitochondrial respiratory chain, morphology, osmotic regulation, and
KHE activity in patient-derived fibroblasts, muscle samples, and yeast carrying

the variants of interest (Kaiyrzhanov et al., 2022a).
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4.4 Methods
Study subjects

Using the GeneMatcher platform (Sobreira et al., 2015) and data sharing with
collaborators around the world, 11 families with bi-allelic LETM1 variants were
identified. The affected individual from family 8 was recruited from the report by
Catania et al (2019) describing a person with a combined pituitary hormone
deficiency, ocular involvement, myopathy, ataxia, and mitochondrial impairment
carrying variants in several putative disease-causing genes, including rare bi-
allelic variants in OTX2 (Orthodenticle homeobox 2 [MIM: 600037]) and LETM1
as well as rare heterozygous variants in AFG3L2 (AFG3 like matrix AAA
peptidase subunit 2 [MIM: 604581]) and POLG (DNA polymerase gamma,
catalytic subunit [MIM: 174763]). Clinical details of the cohort were obtained by
the follow-up of the living affected individuals and retrospective analysis of the
available clinical records for deceased individuals. Parents and legal guardians
of all affected individuals gave their consent for the publication of clinical and
genetic information according to the Declaration of Helsinki, and the study was
approved by The Research Ethics Committee Institute of Neurology University
College London (loN UCL) (07/Q0512/26) and the local Ethics Committees of
each participating center. Consent has been obtained from families 1, 5, and 8
to publish medical photographs and video examinations. Brain MRI scans were
obtained from 6 affected individuals and were reviewed by an experienced

pediatric neuroradiologist (Kaiyrzhanov et al., 2022a).
WES and data analysis

Proband-only or trio WES in 11 families was carried out in DNA extracted from
blood-derived leukocytes in 9 different centers following slightly different
protocols (Table 21 for methods). ES data analysis and variant filtering and
prioritization were performed using in-house implemented pipelines of the local
genetic centers (Table 21 for methods). Sanger sequencing was performed to

confirm co-segregation in all available family members.
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Table 21. Summary of the LETM1 variants identified in the present cohort and 2 non-pathogenic variants

F Center Method gDNA Change Functi NT aa change gnomAD Other CAD | GE | SIFT Poly-
ID (chr4 hg 19) on change D RP Phen
V3.1.2 and databases
V2.1.1
1 Queen Square Proband only 0.1834673A>T missen | c.878T> p.lle293Asn 0 0 28.8 | 4.61 D PD
Genomics se, A
ES (Horga, 2019: splice
Makrythanasis et region
al., 2018; Poole et
al., 2021) g.1816277T- frames | ¢.2094d | p.Asp699Metfs* 0 1 het allele - - -
hift el 13 (UKBB)
2 Copenhagen University Proband only ES
Hospital (Barington et al.,
2018)
7 Queen Square Proband only 9.1816151C>G | stop_lo | ¢.2220G | p.*740Tyrext26 0 0 - - -
Genomics ss >C
ES (Makrythanasis
et al., 2018; Poole
et al., 2021)
3 Wellcome Centre for Proband only ES 0.1836692CTT- | infram | c.754_7 p.Lys252del 0 0 - - -
Mitochondrial Research (Van Bergen et al., e 56del
2019) deletio
n
4 Wellcome Centre for Proband only ES 2 het alleles

Mitochondrial Research

(Van Bergen et al.,
2019)
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Fondazione IRCCS
Istituto Neurologico

Proband only ES
(Catania et al.,

(UKBB);

Carlo Besta, Milan 2019) 4 hetalleles | 3 hetalleles PD
(V2.1.1); (GeneDx); 2
g.1834670C>T missen | c.881G p.Arg294GIn het alleles 26.3 | 4.61
se >A 2 het alleles (TOPMed)
(V3.1.2)
5 Institute of Medical Proband only ES 0.1834479C>T missen | ¢.1072G p.Asp358Asn 0 0 235 | 461 B
Genetics and Applied (Froukh et al., 2020) se >A
Genomics, University of
Tuebingen, Germany
6 GeneDX Trio ES (Richards et | g.1827313-C-T* | missen | ¢.1178G p.Arg393His 13 het alleles AF 0.0002 26.6 | 5.06 PD
al., 2015; Retterer et se >A (V2.2.1.1);
al., 2016; Bai et al., (1K GP);
2021) 2 het alleles
(V3.1.2) 1 het allele
(UKBB); 7 het
alleles
(GeneDx); 7
het alleles
(TOPMed)
9 Exeter Genomics Trio ES 1 het allele 27.4 | 5.06 PD
Laboratory (Williamson et al., (UKBB)
2021) 0.1827352C>G | missen | ¢.1139G | p.Arg380Pro 0
se >C
10 Institute of Human Proband only ES 0.1814582G>C splice €.2071- p.Val691fs*4 0 0 - - -
Genetics (Kremer et al., defect 9C>G

Technical University of
Munich

2017)
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11 Bambino Gesu Proband only ES 0.1834653G>A missen | ¢.898C> p.Pro300Ser 0 2 het alleles | 25.8 | 4.61 PD
Childrends (Calvo et al., 2012; se T (GeneDx)
IRCCS Legati et al., 2016;
Saoura et al., 2019
)
0.1834638T>G missen | c.913A> p.lle305Leu 1 het allele | 4 het alleles 276 | 4.61 PD
se C (V2.1.1); (TOPMed)
Non-pathogenic variant 1
3 het alleles,
1 hom allele
(V3.1.2)
Non-pathogenic variant 2 0.1818625T>A missen | c.1760A p.Lys587Arg 2756 het 43024.9 het | 25.3 | 5.04 PD
se >G alleles, 39 alleles, 1
hom alleles hom allele; AF
(V2.1.2); 0.002, 4 hom
2354 het carriers
alleles, 34 (UKBB);
hom alleles
(V3.1.2) 4367 het

alleles and 82
hom alleles
(TOPMed)

LETM1 isoform is GenBank: NM_012318.3. F,family; ES,exome sequencing; gDNA. genomic DNA; NT, nucleotide; aa, amino acid; D, deleterious; PD, probably damaging; AF, allele
frequency; het, heterozygous; hom, homozygous; AF i allele frequency.

Other databases: Queen Square Genomics database (23K exomes), ESP, Iranome, 1K GP -1000 Genomes global minor allele frequency, UKBB - UK Biobank, GeneDx database, Middle

Eastern database, TOPMed.

*A homozygous LETM1 variant due to maternal uniparental disomy. Adapted from Kaiyrzhanov et al., (2022a).
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Skin biopsy and primary fibroblast culture, and muscle biopsy

Affected individuals F1:S1, F1:S2 and both parents (F1: Father (F1:F) and F1:

Mother (F1:M)), F2:S1, F5:S1, F10:S1, and F11:S2 provided skin biopsies. Skin
fibroblast cell lines were established in RPMI medium supplemented with 20%

fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (Thermo Fisher
Scientific) at 37 C in a humidified atmosphere with 5% CO2. Cell lines were
maintainedin an i ncubator set to 37U C and 5%
modified Eagle medium DMEM with high glucose, GlutaMAXTM, and pyruvate
(ThermoFisher, cat# 31966-021), supplemented with 10% fetal bovine serum
(FBS) and wuridine 50 ¢thgludming 8o glucoseand or D
w/o pyruvate (ThermoFisher, cat# 11966-0 2 5 ) suppl ement edl wi 't
hydroxybutyrate (ketone bodies (KB)) (Cayman Chemical, cat# 14148), 10%

FBS, and 1% P/S for 24 hours. In some experiments, fibroblasts of F1 and F11

were grown in absence of uridine. The galactose regime employed glucose-free

DMEM medium (Life Technologies) with the addition 5 mM of galactose and 10%

dialyzed FBS. Cells were regularly screened for and confirmed free mycoplasma
(MycoAlert Lonza kit cat# LT07-418 or Look Out Mycoplasma PCR Detection Kit

(Sigma).

Muscle biopsies were provided by affected individuals F11:S1, F11:S2 and
F5:S1. For F5, 50-100 mg tissue were transferred into sterile SIMPORT tubes
(T405-2A) and 107 20 fold volume of SEKT buffer (250 mM saccharose, 2 mM
EGTA, 40 mM KCI, 20 mM Tris; pH 7.4) was added. Samples were homogenized
with an Ultra-Turrax at 20.500 U/min and the homogenate transferred to the
glass Potter S- Homogenisator for 10 1 12 times homogenisation strokes on ice.
The homogenate was transferred into a SIMPORT tube and centrifuged at 600
x g for 10 min at 4 °C. Aliquots were stored at -70°C. For F11 30 mg of muscle
samples were homogenized in RIPA buffer (SIGMA) in the presence of 1X
protease and phosphatase inhibitor cocktail (Thermo scientific). Subsequently,
samples were centrifuged at 12000 rpm for 20 min at 4°C and supernatant was
collected. Protein concentration was evaluated using BCA protein assay kit
(Thermo scientific) and sampl es enmv@b3e r ea

spectrophotometer (Kaiyrzhanov et al., 2022a).
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Western blotting analysis

Total lysates of fibroblast cultures from F2, F10 and C2 were lysed in RIPA
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, NP40 1%, 0.5% Sodium
deoxycholate, 0.1% SDS, 1 mM EDTA with proteinase inhibitors (Sigma Aldrich,
St. Louis, MS, USA). Protein lysates (15 pg/lane), as well as TCA-precipitated
proteins from yeast total cell extracts (50 pg/lane) or cytoplasmic fractions, or
isolated crude mitochondria (25 pg/lane) were separated by 12 or 15% SDS
PAGE after determination of protein concentration by BCA assay. After the
transfer of proteins onto nitrocellulose membrane, membranes were blocked in
2% BSA-TBS-T and probed with the indicated antibodies (Table 22). Reactive
bands were detected using SuperSignal West pico Chemiluminescent
Substrate (Thermoscientific). Fibroblasts from F1, F11, C3, C4 were lysed in
0.1% n-dodecyl-D-maltoside (DDM, Sigma), 1% SDS, 50 U benzonase
(Novagen), 1:50 (v/v) protease inhibitor cocktail (Roche), and 1:100 (v/v)
phosphatase inhibitor (Cell Signal i
mitochondria were separated by 12% SDS PAGE, proteins were transferred
onto polyvinylidene difluoride (PVDF) membrane. After blocking in 5% non-fat
dry milk in PBS-T and probing with indicated antibodies (and Table S2), reactive
bands were detected using Lite Ablot Extend Long Lasting Chemiluminescent
Substrate (Euroclone, Pero (Mi), Italy). For mitochondria isolated by differential
centrifugation and resuspended in SEKT buffer from F5 and C5 muscle,
proteins were separated on 10% SDS PAGE and transferred onto nitrocellulose
membrane, blocking reagent was from Roche in TBS-T, antibodies were as
indicated in Table S2, and bands were detected using Lumi-Light PLUSPOD
substrate (Roche).

Densitometry analysis was performed using Quantity One software (BioRad,

Hercules, CA, USA) or Image Lab 6.1.0 software (Bio-Rad Laboratories, Inc.).
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Table 22. List of Antibodies used for immunoblotting

Antibody Company
LETM1 1: 1000 Abnova #H00003954-M03
LETM1 1: 1000 Aviva #0OAAB12878

LETM1 1: 1000

Santa Cruz #sc-163013

LETM1 1:1000

Abnova HO0003954-PW1

Porin 1: 1000 Invitrogen #459500
Cox2 1: 1000 Invitrogen #459150
Actin 1: 1000 Invitrogen #MA5-11869
Total OXPHOS cocktail 1:1000 Abcam #ab110411
COX4 1: 1000 Cell signaling #4850

NDUFA9 1:1000

Abcam #ab14713

NDUFBS8 1:2000

Abcam #ab110242

MT-COZ2 1:1000

Abcam #ab110258

SDHB 1:200 Abcam ab #14714
UQCRC2 1:1000 Abcam #ab14745
COXIV 1:1000 Abcam # ab14744
TOMZ20 1:600 Abcam #ab186735
DNA 1:250 Progen #AC-30-1

VINCULIN 1:5000

Abcam #ab14714

NDUFS4 1:1000

Sigma#WH0004734M1

SDHA 1:2000

Abcam ab #14715

UQCRC2 1:1500

Abcam #14745

MT-COZ2 1:1000

Abcam #ab79393

ATP5F1A 1:2000

Abcam #ab14748

VDAC1 1:2000, or 1:3000

Abcam #ab14734, Abcam #ab15895

CS 1:3000

THP #NBP2-43648

GAPDH 1:5000

Trevigen #2275-PC-100

NDUFBS rabbit polyclonal, 1:500

Abcam #ab192878

MT-CO1 mouse monoclonal, 1:1000

Abcam #ab14705

Peroxidase Mouse I1gG

Thermo Fisher #31430

Peroxidase Rabbit IgG

Cell Signaling #7074p2

Peroxidase Goat IgG

Jackson ImmunoResearch Laboratories #305-
035-003

Alexa Fluor 647Mouse IgG2a

Jackson ImmunoResearch, Laboratories # 115-
607-186

DyLight 488 1:1000

Vector Laboratories #DI1-2488

horseradish peroxidase-(HRP) 1:100)

EnVisionkit, Dako
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Cell imaging

Confocal microscopy was performed for fibroblasts from F1, F2, F5, F10, F11,
and respective controls following established protocols for life and immune
staining described in Durigon et al. (2018) and Wilfinger et al. (2016).
Fibroblasts from F1, F2, F5, F10, C1, and C2 were seeded onto 8 well dishes
(Ibidi, cat#80826), stained with 50 nM Mitotracker Red CMXRos. Live staining
was either fixed or followed by immunostaining (as described in Wilfinger et al.,
2016) Image acquisition was done using a Zeiss laser confocal microscope LSM
880 and RFP channel, Plan-Apochromat 40x or 63x/1.40 Oil DIC M27 lens and
pi nhole 65 &m. I n other cases, fibrobl a
coverslips and immunostained as described in (Durigon et al., 2018). Samples
were imaged either on a SP5 TCS Inverted Confocal Microscope (Leica
Biosystem) using an immersion objective with a numerical aperture of 63x or
100x/1.4 Oil or on Nikon Ti Inverted Confocal Microscope using 60x immersion
Oil objective. Z stack of red, green, and blue images using a step size of either
0.3 or 0.125 em was acquired sequentially and merged using ImageJ. Laser
power, gain and offset parameters were kept constant for each experiment. Any
adjustments to brightness and contrast were applied linearly to all images in
comparison. For single immunostaining of the mitochondrial network with
TOM20, samples from F11 were fixed with methanol: acetone (2:1) for 10 min in
5% BSA-PBS, visualized using the Alexa Fluor 647 secondary antibody, and
images were acquired with a fluorescence4nverted microscope (Leica DMi8). An
average of eight image planes was obtained along the zZxis at 0.2 em
increments using the LASX 3.0.4 (Leica) software.

For transmission electron microscopy, fibroblasts were grown to semi-confluency
on Aclar coverslips (Science Services; Munich). Primary fixation was done with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3, and postfixation
with 1% OsO4, dehydration in a series of ethanol, followed by sample infiltration
in mixtures of acetone and Agar 100 resin. For final infiltration with pure resin,
the Aclar coverslips were placed on glass slides with the cell layers facing up.
After infiltration of the droplets of resin, Eppendorf tubes with their bottoms and
lids cut off were placed above the samples. After an initial heat polymerization at
60°C, the Eppendorf tubes were filled with resin, and polymerization continued

for two days. The Aclar coverslips were removed from the resin blocks. Thin
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sections (70-80 nm) oriented in parallel to the contact surface with the
substratum were cut with an ultramicrotome Ultracut S (LEICA Microsystems,
Vienna, Austria), mounted on 200 mesh copper grids, counterstained with
neodymium(lil)-acetate5 for 50 min followed by lead citrate for 8 min and
examined at 120 kV in a ZEISS Libra 120 transmission electron microscope.
Images were acquired using a bottom stage digital camera, TRS (4 megapixels),
and ImageSp-professional software (Trondle, Moorenweis, Germany)

(Kaiyrzhanov et al., 2022a).

mtDNA copy number

DNA was extracted from muscle or fibroblasts by proteinase K treatment. The
MtDNA content was determined by quantitative real-time PCR using two
independent mitochondrial and four independent nuclear DNA sequences as
previously described (Acham-Roschitz et al., 2009).

Immunohistochemical staining

FFPE muscle tissue was cut with a microtome in 4 pm slides.
Immunohistochemistry was performed as described previously in Kusikova et al
( Ku g ? ktaly2®21)with some modifications described here: The slides were
heated for 1 h at 60°C. After rehydration (3 x 4 min xylol, 3 x 3 min isopropanol)
slides were washed 3 x 3 min in ddH20. Heat- induced antigen retrieval was
performed in 1 mM EDTA, 0.05% Tween-20, pH 8 for 40 min at 95°C. Slides
were allowed to cool down to room temperature. After washing 3 x 3 min in
ddH20 and 3 x 3 min in PBS-T endogenous peroxidase activity was blocked with
peroxidase block (DAKO envision kit) for 5 min. Slides were washed 3 x 3 min in
PBS-T. All antibodies were diluted in Dako antibody diluent with background-
reducing components (Dako, Glostrup, Denmark). Thereafter, the slides with
incubated with the respective DAKO polymer (rabbit or mouse) for 1 h at RT.
After washing 3 x 3 min in PBS-T DAB development was performed. Samples
were rinsed 5 min in tap water to stop the reaction. Nuclei were stained with
hemalaun for 3-5 min, briefly rinsed in 3% HCI-EtOH and blueing was done for
10 min in running tap water. After dehydration in isopropanol and xylol mounting

was done in Histokit (Kaiyrzhanov et al., 2022a).
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Spectrophotometric determination of the OXPHOS enzyme activity

Muscle 600 x g homogenates or isolated fibroblast mitochondria were used for
the determination of enzymatic activities of the OXPHOS complexes. Enzyme
activities of the OXPHOS complexes were determined as previously described
(Ku g ? ket al§ 2021). Rotenone-sensitive complex | activity was measured
spectrophotometrically as NADH/decylubiquinone oxidoreductase at 340 nm.
The activities of citrate synthase, complex IV (ferrocytochromec/oxygen
oxidoreductase), and oligomycin-sensitive ATP synthase activity of the F1FO
ATP synthase (complex V) were determined as previously described (Rustin et
al., 1994). The reaction mixture for the ATPase activity measurement was
treated for 10 s with an ultra-sonifier (Bio cell disruptor 250, Branson, Vienna,
Austria). The reaction mixture for the measurement of complex Il activity
contained 50 mM potassium phosphate buffer pH 7.8, 2 mM EDTA, 0.3 mM KCN,
100 €M cytochr ome c, -u#qoifol. Ehéreacterdwasstarted d e c y |
by the addition of the 600 x g homogenate. After 3i 4 min the reaction was
i nhi bited with 1 €M antimycin A. Al spe

922, Kontron, Mi | an, l'taly) were perfor m

Plasmid and LETM1 point variants

Full-length human LETM1 cDNA fused to C-terminal Hemagglutinin (HA)-tag and
subcloned into the multi-copy plasmid pVT-103U (Nowikovsky et al., 2004)
served as a template to introduce the LETM1 variants by site-directed
mutagenesis. Amino acid replacements and deletions were performed with non-
overlapping back-to-back annealing mutagenic primers, using the Q5 site-
directed mutagenesis kit (NEB #E0552S) with NEB 5-alpha competent E. coli
cells (NEB #C2987). All primers were from Microsynth (Balgach, Switzerland)
and all the identified variants were confirmed by DNA sanger sequencing. To
distinguish the phenotypes of disease-associated LETM1 variants and non-
pathogenic variants, two non-disease-associated LETM1 (NM_012318.3)
missense variants (rare LETM1 variants but with homozygotes in gnomAD
v3.1.1), c.913A>C, p.lle305Leu and ¢c.1760A>G, p.Lys587Arg, were included in
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this study. A list of variants studied in yeast and primers used for site-directed
mutagenesis is given Supplementary Table 4.3 (Kaiyrzhanov et al., 2022a).

Yeast transformation

W303 (ATCC 201239) Saccharomyces cerevisiae strainmd m3 8 / | @gatkind e
the open reading frame YOLO027c, which encodes the yeast LETM1 homolog)
(Nowikovsky et al., 2004) was transformed with the multicopy vector pVT-103U,
either empty or containing wildtype human LETM1 (Nowikovsky et al., 2004) or
LETM1 variants using the lithium acetate/single-stranded carrier
DNA/polyethylene glycol method (Gietz and Schiestl, 2007) and grown on
selective media (SD-URA) to ensure the retention of the plasmids. Yeast growth
media were described in Zotova et al., (2010)

Yeast serial dilution

All strains were grown overnight in selective media (SD-URA, synthetic dextrose
media lacking uracil media following the protocol of Nowikovsky et al. (2004)
and diluted to final OD600 of 1; transferred 1:1, 1:10, 1:100 and 1:1000 to a
microtiter plate, stamped onto YPD (2% glucose) and YPG (3% glycerol) plates
and incubated at 30 or 37°C. YPD plates were incubated 2-4 days, YPG 30°C
4-6 days, and YPG 37°C 7-9 days (Kaiyrzhanov et al., 2022a).
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Mitochondrial isolation and KOAc-induced swelling assay

Mitochondria were isolated from yeast cells logarithmically grown in SD-URA by
homogenization and differential centrifugation method as described in
Nowikovsky et al. (2004) and immediately used for KOAc-induced swelling
assays. The protocols of Nowikovsky et al. (2004) were adapted to smaller
volumes. Briefly, isolated yeast mitochondria suspended in breaking buffer (0.6
M sorbitol, 20 mM Tris-HCI pH 7.4) were de-energized with antimycin A (2.5 uM)
for 10 min at room temperature (25 C), washed and resuspended in breaking
buffer at a concentration of 200 pg/20 pl. As Mg?* is a brake to the KHE (Lee and
Yoon, 2014), mitochondria were depleted from Mg?* with A23187 (0.5 pM) and
EDTA (10 mM) and transferred onto 96 well plates for measurement (200
pug/well). When indicated, quinine (200 uM) served as a control to inhibit KHE-
mediated swelling. The 96 well plates were placed in the Thermo Scientific
Varioskan LUX Multimode Microplate Reader. The swelling was initiated by
injection of KOAc media (55 mM KOAc, 5 mM TES, 0.1 mM EDTA) to a final
volume of 200 pl/well and the optical density changes at ODsa0 were immediately
recorded at 25 C. Each measurement was performed in 3 independent

replicates. Raw swelling data were fitted into a curve showing changes in

absorbance versus time to quantify the swelling rate (Kaiyrzhanov et al., 2022a).

RNA sequencing

Primary skin fibroblasts from patient S3 from Family 10 were used for RNA-
sequencing as described in Yepez et al. (2021). In short, RNA was isolated from
the cells using the RNeasy mini kit (Qiagen, Hilden, Germany) according to the
manufacturer 6s protocol . RNA integ
measured with the Agilent 2100 BioAnalyzer (RNA 6000 Nano Kit, Agilent
Technologies, Santa Clara, CA, USA). Library preparation for the strand-specific
RNA-sequencing was done according to the TruSeq Stranded mRNA Sample
Prep LS Protocol (lllumina, San Diego, CA, USA). The library’s quality and
guantity were determined with the Agilent 2100 BioAnalyzer and the Quant-iT
PicoGreen dsDNA AssayK:it (Life Technologies, Carlsbad, CA, USA). The library
was sequenced a-sndiufs®n thegllunprea HiSeg4000 platform.
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Reads from RNA-seq were demultiplexed and mapped with STAR v2.7.0ato the
hgl9 genome assembly (Dodin et al., 2013). Upon alignment, data were

analyzed using the computational workflow DROP (Yepez et al., 2021).

Statistical analysis

All statistical analyses were done for independent experimental replicates using

GraphPad (La Jolla, CA) Prism v8.0.1. for Windows. Tests and individual p

values are indicated in the figure | egent
unless other specified (Kaiyrzhanov et al., 2022a).

4.5 Results
Clinical findings

The summary of the core phenotypic features of 18 affected individuals from 11
independent families with bi-allelic LETM1 variants is provided in Table 23,

Figure 24C, and Supplementary Table 4.1. Detailed clinical history is provided in

the Supplemental case reports. The cohort comprises 10 males and 8 females,

9 of whom are currently alive with a median age of 15 years (range 1-39) at the
latest available follow-up (Figure 25A). Half of the persons (9/18) succumbed to
their rapidly progressing disease at an early age, ranging between 2 months and
8 years old. The ethnic composition of the cohort is diverse including families of
Pakistani, Transcaucasia, Middle Eastern, European, and Mexican origin, with
67% of the individuals (12/18) being from consanguineous unions. Only limited
clinical data were obtainable from 6 deceased persons belonging to families 3
and 10.

The cohort members had unremarkable prenatal histories with full-term birth in
14/15 persons (93%). Admission to the special care baby unit was necessary for
5/15 affected individuals (33%) due to respiratory, cardiac, and feeding issues
during the neonatal period. Most of the persons (14/18, 78%) had an infantile-
onset disease manifestation, and 4/18 (22%) presented first symptoms between

the ages of 1.5 and 2 years. The common presenting symptoms were GDD/ID,
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https://www.dropbox.com/scl/fo/jxn0si99j36e70izoae9b/h/Chapter%204_Case%20reports.docx?rlkey=u4ej39zcm54qk12t0j3szkkbh&dl=0

cognitive and motor regression, failure to thrive, central hypotonia, respiratory
distress, and feeding difficulties. The disease progressed rapidly in 9/18 (50%),
moderately fast in 4/18 (22%), and slowly in 5/18 (28%) affected individuals.
Developmental regression was later present in 9/13 (69%) affected individuals
with loss of independent ambulation by a mean age of 5.4+£3.2 years (range 2-
12).

On the most recent follow-up, the affected individuals displayed clinical features
suggestive of a mitochondrial disorder. Impaired vision (10/10, 100%) with a
mean onset age of 5.2+3.1 years, which was confirmed to be due to optic atrophy
in 5/6 (83%), and bilateral sensorineural hearing loss (11/14, 78%) diagnosed at
a mean age of 2.6+1.9 years (range from congenital up to 6 years) with hearing
aids fitted in 7/10 (70%) persons were the common neurosensory abnormalities.
While cognitive delay and intellectual disability (7/8, 87.5%%) and impaired
speech acquisition (6/9, 67%) were among the common neurodevelopmental
symptoms, more than half of the individuals displayed neuromuscular features
including spasticity (8/15, 53%), hypotonia (11/18, 61%), muscular wasting (7/10,
70%), and cerebellar ataxia (7/9, 78%). Other frequent neurological symptoms
were nystagmus (7/13, 54%), myopathy (6/12, 50%), hyperkinetic movement
disorders (4/12, 33%), and spastic-ataxic gait (3/9, 33%) combined with brisk
deep tendon reflexes (4/10, 40%), upgoing plantar response (4/9, 44%), and
peripheral neuropathy (3/9, 33%).

Ten of the fifteen affected individuals (67%) developed epileptic seizures by a
median age of 5 years (range 0.5-14). The seizure type ranged from infantile
spasms and myoclonic jerks to absences, focal, and generalized tonic-clonic
seizures. Individuals with younger ages of seizure onset had frequent episodes
spanning from hourly clusters of spasms at peak to seizures once per day. Two
affected siblings from family 1 with seizure onset after age 9 and 14 years
respectively, had seizures recurring either in clusters 2-3 times every 2-3 months
(F1:S2) or once in 2 years (F1:S1). Pharmacoresistance and epileptic
encephalopathy were confiimed in one person from family 9.
Electroencephalograms, available from 4 individuals, showed background
slowing (F5:S1), excessive sharp transients (F6:S1), single 3-4 Hz potentials and

short trains (F2:S1), and continuous spike-and-slow wave activity, with bursts of
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faster activity observed during sleep, consistent with epileptic encephalopathy
(F9:S1).

Other features consistent with a mitochondrial phenotype included bilateral
cataracts (5/11, 45%) cardiomyopathy (5/14, 36%) with pericardial effusion
(3/11, 27%), and diabetes (3/11, 27%). Craniofacial abnormalities included
occipitofrontal circumference below the 3rd percentile in 2/6 persons (33%) and
facial dysmorphism (4/10, 40%) with a long thin face, prominent nose, low-set
ears, micrognathia, high arched palate, and teeth abnormalities (Figure 24A).

Whilst, not every person had available electrophysiological investigations,
biochemical, metabolic studies, and muscle histochemical analysis, the
obtainable tests suggested the presence of mitochondrial dysfunction in the
affected individuals. Hence, electromyography and nerve conduction studies
available from 5 individuals showed neurogenic (3/5) and myopathic changes
(2/4). Elevated serum lactate was confirmed in 8/12 (67%) affected individuals.
Plasma amino acids were abnormal in 4/9 tested with mildly elevated alanine
(501-597 pumol/l, normal range 232-494), glycine, and serine. CSF-alanine was
tested and mildly increased in 2 probands. Urine amino acids were tested in 4
persons, and only one person showed abnormal results including increased
levels of aspartic, serine, and glycine. Urine organic acids were analyzed in 11
affected individuals and were abnormal in 9 of them with 3-methylglutaconic acid
excretion (5/11), moderately elevated beta-hydroxybutyrate and acetoacetate
(1/11), and significant elevation of adipic acid (1/11). Muscle biopsy was
available from 7 persons and of these, 5 had abnormal findings including
scattered necrotic and regenerating COX-deficient fibers with an excess of
internal nuclei, lipid depositions within fibers and prominent mitochondrial pattern
in vacuolated fibers (F3:S2), COX-deficient multiple ragged-red fibers with
increased fiber unisometry (F8:S1), type | fiber predominance with mild glycogen
storage (F9:S1) and COX-deficient fibers (F11:S1). Respiratory chain enzyme
(RCE) analysis was performed in 11 individuals showing isolated or combined

mitochondrial respiratory chain deficiencies in all persons tested (Table 23 and

Supplementary Table 4.1, Figure 26C).

Brain MRI investigations were available for 6 persons, performed between 6

days and 32 years of age (Figure 24B). In some persons, only a few sections or
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low-quality images could be reviewed. In 4/6 affected individuals optic nerve and
chiasm atrophy were present and in two persons optic nerves were normal.
Three individuals showed infratentorial abnormalities, with severe pontine
hypoplasia and cerebellar atrophy in a proband from family 1, and mild vermian
hypoplasia in 2 probands from family 3 and family 6. Other minor and non-
specific findings were mild supratentorial atrophy and mild ventricular dilatation

noted in 2 persons each.

The affected individual from family 8 was the oldest member of the cohort
showing a phenotype consistent with the rest of the individuals that survived into
adulthood (Kaiyrzhanov et al., 2022a).
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Table 23. Clinical Features of Affected Individuals with Bi-allelic LETM1 Variants

Family ID F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Subject ID S1 S2 S1 S1 S2 S3 S1 S1 S1 S1 S2 S1 S1 S1 S2 S3 S1 S2

Epidemiology and medical history

Sex F M M F M M M M F M M F F F M F F M

Current age/death age 35y 25y 24y D D 2.7y D D 8y 11y 17m 15y 8y 3%y ly D D D D 6y D 4.5m
1y 1y 10m 2m 2m

Age at onset ly 1.5y 25y 4m 6m 4m 4m m bith 1.5y 2y 10m birth  4m Im birth  birth birth

Type of progression S S S R R R MD MD S MD MD S R R R R R R

GDD/ID + + + + + + + - + + + + + + + + + +

Regression in + + + NA - NA - - - + + + + NA NA NA + +

development

Loss of ambulation +, 12y +, 6y NA NA NA NA +, - na +,5y +,5y +,2y na NA NA NA NA NA

(age) 2.5y

Main clinical features

Age at last examination 35y 25y 24y  >ly >1y >ly  NA 11y 2m 15y 8y 37 1 NA NA NA Sy NA

Small  weight and + + + NA NA NA NA + - + + + + NA NA NA - -

height

Facial dysmorphism + + - NA NA NA - - + - - + - NA NA NA NA NA

Optic atrophy/impaired + + + NA + NA + + NA + + + NA NA NA NA + NA

vision
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Cataract + NA NA NA + - NA - - + - NA NA NA + +
Sensorineural + NA + NA + + - - - + + + NA NA + +
deafness

Hypotonia - + + + + + - - - + + - + + + +
Spasticity/ hypertonia + NA NA NA - - - + + - - + + + - -
Cerebellar ataxia NA NA NA NA - - na + + + na + NA NA + NA
Myopathy - NA + NA + + NA - - + - NA NA NA + +
Hyperkinetic + NA NA NA NA - - - - - - + NA NA - -
movement disorders

Peripheral neuropathy NA NA NA NA - - NA - - - - NA NA NA + NA
Impaired + NA NA NA - - - + + + na NA NA NA NA NA
speech/language

abilities

Impaired/spastic/ataxic + na na no - - na + + + na NA NA NA NA NA
gait

Seizures + NA NA NA - - - + + - + + + + + -
Cardiac involvement - NA NA + + - - - - - - NA + NA + +
Diabetes - NA NA NA NA + - - - - - NA NA NA - -
Lactic acidosis - NA + NA + + NA NA NA NA - + + + + +
Raised urinary 3-MGA + NA - NA - - - NA NA + - + + + NA NA




Investigations

MRC deficiencies CLILII, ClLIV Cll NA Cl, 1, NA NA Cl, I, NA NA NA ClI, 1, Clv Cl, NA Cl Cl, CLIV
v 1,1V \Y) v,V v Clv
Muscle histochemistry + + NA NA + NA NA + NA NA NA + + NA NA NA + -
Brain MRI findings CA, PA NA UR VM UR NA BA ONA, CVH NA ONA, BA, UR NA NA NA CVH, NA
CHA CHA CA BSH,
VM,
DM

Abbreviations: F(number), family; S, subject; F, female; M, male; y, year; m, months; D, deceased; +, yes; -, no; NA, not available or not performed; S, slow; MD, moderate; R, rapid; na, not applicable; GDD,
global developmental delay; ID, intellectual disability; MCR, mitochondrial respiratory complex; C, complex; UR, unremarkable; 3-MGA, 3-methylglutaconic aciduria; CA, cerebellar atrophy; PA, pontine atrophy;
VM, ventriculomegaly; BA, brain atrophy, ONA, optic nerve atrophy; CHA, chiasmal atrophy, CVH, cerebellar vermis hypoplasia; BSH, brain stem hypoplasia; DM, delayed myelination

Adapted from Kaiyrzhanov et al., (2022a).
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Figure 24. Clinical features and neuroimaging findings of the individuals with
bi-allelic LETM1 variants

(A) From left to right, facial photos of the affected individuals F1:S1, F1:S2, F5:S1, and F8:S1. All persons
wear glasses due to bilateral optic atrophy. All persons have prominent noses. F1:S1 and F1:S2 show long
thin faces, low-set ears, and teeth abnormalities.

(B) In (i) (F1:S1), severe cerebellar atrophy (arrows) and pontine hypoplasia (arrowheads) are shown, while
in (ii) (F6:S1), only mild vermian hypoplasia is noted. In (jiii) arrowheads point at the severe optic nerve and
chiasm atrophy in 2 different individuals (F5:S1 and F7:S2). Mild ventricular dilatation is present in (iv)
(F3:51).

(C) Clinical features of the affected individuals with bi-allelic LETM1 variants. GDD, global developmental
delay; ID, intellectual disability; MRI, magnetic resonance imaging; MRC, mitochondrial respiratory chain.
Adapted from Kaiyrzhanov et al., (2022a).
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Figure 25. Pedigrees with the segregations of the LETM1 variants and LETM1
protein architecture with a partial sequence alignment of the variants

(A) Family trees of the individuals with bi-allelic LETM1 variants. Square, male; circle, female; black
symbols, affected individuals; white symbols, unaffected individuals.

(B) Schematic representation of the human LETM1 organization in introns, shown as a line, and exons,
shown as boxes, and of LETM1 domains as indicated by the residue numbers and the color code: coiled-
coil matifs, light yellow; transmembrane helices, blue; LETM/ribosomal-binding like domain, lavender; and
putative EF-hands, green. All identified missense variants in the affected individuals (black) and non-
pathogenic variants (blue) are mapped according to their positions. The amino acid sequence of human
LETM1 was aligned with LETM1 orthologs using Clustal Omega and alignments with LETM1 from other
species are shown for all segments that contain missense variants, indicated in bold red letter. Residue
conservation is shown below the alignment as fully conserved (*), highly conserved (:), or partially conserved
(). UniProt accession numbers for H.s.
(H. sapiens), M.m.(M. musculus), S.c. (S. cerevisiae), D.r. (D. rerio), C.e. (C. elegans), D.m.
(D. melanogaster), and A.t. (A. thaliana) LETM1 used in this alignment are 095202, Q92210, Q08179,
Q1LY46, Q9XVMO, P91927, and F4J9GS6, respectively. Adapted from Kaiyrzhanov et al., (2022a).
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Molecular genetic findings

In all probands, ES at the local genetic centers did not identify causative variants
in known disease-associated genes. Filtering for novel and rare protein-altering
variants identified bi-allelic variants in LETM1 (NM_012318.3) in probands from
all families (Table 21). Segregation by Sanger sequencing in families with
proband only ES and where available trio ES supported LETM1 as a candidate
gene (Figure 25A). The proband from family 6 carried a homozygous
€.1178G>A, p.Arg393His variant in LETM1 resulting from maternal uniparental
disomy. Known pathogenic variants in mtDNA and mtDNA rearrangements were

excluded in all families.

The LETML1 variants (Table 21 for variant characterization and Figure 25B)
comprised missense variants causing changes in amino acid charge, size,
hydrophobic or Anhelix breakero properti
premature or delayed termination. All detected missense variants were located
specifically within the conserved LETM domain, while the frameshift variants
were localized to the C-terminal part of LETM1 (Figure 25B). Of all the amino
acid changes, the only fully conserved amino acid across mammals, vertebrates,
invertebrates, plants and yeast is Asp358, and the semi-conserved ones are
Lys252 and lle293 (Figure 25B). The arginine Arg294 affected by the missense
variant c.881G>A, p.Arg294Gin is conserved in all sub-families excluding yeast,
and it was found in two independent persons (F4:S1 and F8:S1) of Egyptian and
Italian origin, respectively. The proline Pro300 affected by the variant c.898C>T,
p.Pro300Ser is conserved in mammals and zebrafish. Four variants affect the C-
terminal stretch of human LETM1 that is absent in the yeast LETM1 homolog
(Letm1p/Mdm38p) as its protein sequence is shorter. The splice variant ¢.2071-
9C>G, p.Val691fs4* (Supplementary Figure 4.2), affects two residues conserved
across mammals, zebrafish, worm, and plants and introduces a premature stop
codon before the second EF loop. Variant c.2094del removes Asp699, a
negatively charged residue, well-conserved in mammals, fish, worms, and plants
that locates close to the second EF loop and prematurely terminates the protein
sequence. The stop-loss variant ¢.2220G>C, p.*740Tyrext26 leads to an
elongation of 26 amino acids. This variant was present in two independent
families of Pakistani origin suggesting a possible founder effect. Five of the ten

identified LETM1 variants were absent across a number of large genetic
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databases ( 1 pillion alleles), whereas the remaining four variants appear to be
ultra-rare (Table 21) (Kaiyrzhanov et al., 2022a).

Genotype-phenotype correlation

A remarkable interfamilial phenotypic variability was observed in the present
cohort. Four persons from families 1, 2, and 8 have survived into adulthood albeit
with a significant disability, while 10 individuals from families 3, 4, 9, 10, and 11
had a rapidly progressing disease course leading to early death in 9 of them.
Affected individuals from family 5 (age 11 years), family 6 (age 17 months), and
family 7 (ages 8 and 15 years) displayed less severe phenotypes. Affected
individuals from family 4 and family 8 carrying the recurrent missense LETM1
€.881G>A, p.Arg294GlIn variant exhibited a similar range of symptoms, though
F4:S1 displayed more rapid disease progression with significant cardiac
involvement and early mortality. Persons of Pakistani origin from family 2 and
family 7 with loss-of-function (LoF) LETM1 ¢.2220G>C, p.*740Tyrext26 variant
were reported with a similar phenotypic range, which was more severe in family
2, possibly due to older age and longer disease course. No significant

intrafamilial phenotypic variability was observed in the cohort.

Effects of the LETM1 variants on patient-derived fibroblasts and muscle

tissue

Loss of mitochondrial volume homeostasis is the most characteristic and
universally accepted phenotype of LETM1 deficiency in human, animal models,
plants, and yeast, which leads to mitochondrial fragmentation, matrix swelling,
and disorganized cristae as reviewed in Austin and Nowikovsky (2019).
Therefore, we first evaluated the mitochondrial morphology in the available
fibroblasts. Compared to fibroblasts from healthy donors (C1-C4), fibroblasts
from F1:S1 and F1:S2 (compound heterozygotes for c.878T>A; c.2094del,
p.lle293Asn; p.Asp699Metf*13), F10 (homozygote for ¢.2071-9C>G,
p.Val691fs4*), F2 (homozygote for ¢.2220G>C, p.*740Tyrext26), F5
(homozygote for ¢.1072G>A, p.Asp358Asn), and F11:S2 (homozygote for
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c.898C>T, p.Pro300Ser) displayed mitochondrial alterations, with significantly
increased fragmented shapes seen as donut segments and punctate and
enlarged units often separated from the main network (Figure 26A and
Supplementary Figure 4.1A-C). Elongated mitochondrial shapes were restored
by ketone bodies and by nigericin, as both reverted the ratio of elongated tubules
versus fragmented units to control levels (Supplementary Figure 4.1C). The use
of the membrane potential-dependent mitochondrial dye Mitotracker Red (MTR)
revealed an irregular polarization pattern of the mitochondrial network of all
affected individuals, with partly depolarized tubules and hyperpolarized patches,
as well as a markedly reduced electric potential of mitochondria in F10 and trend-
wise also in F5 (Figure 26A and Supplementary Figure 4.1A,C). Impaired KHE
activity in LETM1-deficient cells leads to uncompensated electrophoretic K+
uptake and consequent mitochondrial swelling (Dimmer et al., 2008). Treatment
with the synthetic KHE nigericin to counteract the loss of K* homeostasis
reverted the decreased membrane potential to control levels in F10 and F5
(Supplementary Figure 4.1A, C), while the addition of ketone bodies had no
beneficial effect. Consistent with the electrophoretic K* influx rate exceeding the
K* release rate due to a lack of KHE activity, mitochondria in F11:S2 cells readily
underwent swelling and depolarization (as assessed by in situ staining with the
potentiometric probe TMRM) upon the addition of low concentrations of
valinomycin, a selective K* ionophore that allows electrophoretic K* uptake,
unlike mitochondria of control fibroblasts. Treatment of F11:S2 fibroblasts with
the ionophore nigericin restored the mitochondrial sensitivity to valinomycin, a
strong indication that the response to valinomycin was indeed due to a lack of
KHE activity (Supplementary Figure 4.1D). Based on the protective effect of
ketone bodies as an energy source for LETM1-deficient cells (Durigon et al.,
2018), we tested next whether a tubular network could be better maintained as a
result. Ketone bodies suppressed MTR fluorescence in fibroblasts from F1 and
F2 and attenuated its intensity in F10:S1. However, increasing the laser intensity,
an elongated tubular shape of the mitochondrial network also became apparent
in the samples of F1:M and F5:S1 (Supplementary Figure 4.1A). Thus, the
elongation of mitochondrial tubules was accompanied by a reduced inner
membrane potential, a phenomenon previously described in the context of
transient matrix contraction (Lee and Yoon, 2014). Replacement of glucose with

galactose, known to suppress glycolytic ATP production, in F1:S1 and F11:S2
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for up to 5 days produced a more dramatic morphological phenotype, in some
persons resembling LETM1 siRNA (Supplementary Figure 4.1B) and Durigon et
al. (2018) and it caused cell death after only 48-72 hoursin F11:S2. Transmission
electron microscopy was performed for F5 and F10 fibroblasts as well as control
fibroblasts and confirmed ultrastructural mitochondrial changes associated with
LETM1 variants compared to the elongated tubular shapes of the healthy control
mitochondria (Figure 26B). Different morphological stages of mitochondrial
alterations were associated with LETM1 ¢.2071-9C>G, p.Val691fs4* (F10),
including short tubules containing enlarged sections with reduced cristae,
swollen matrix devoid of cristae, and perinuclearly distributed spherical ghost
shapes resembling a mixture of mitochondrial remnants and vacuoles. Similarly,
fibroblasts with the variant LETM1 ¢.1072G>A, p.Asp358Asn (F5) showed
broad, short, and electron-luce mitochondria, partly devoid of cristae and
intermediate shapes between mitochondria and vacuoles.

Pathological variants frequently lead to altered expression or stability of the
encoded proteins, and so we assessed LETM1 protein levels via immunoblotting.
The steady-state levels of LETML1 in fibroblasts from F10 were comparable to
controls. Instead, LETM1 was significantly decreased in bi-allelic LETM1 variant
fibroblasts F1:S1 and F1:S2, and F11:S2, and more drastically in F2 (Figure 26C-
D).

Because LETM1 dysfunction restricts mitochondrial respiratory capacity in yeast
and mammals (Durigon et al., 2018; Bauerschmitt et al., 2010), and the clinical
and metabolic findings in the affected individuals were consistent with a
mitochondrial disorder, the abundance of the OXPHOS subunits were next
investigated. Fibroblasts of affected individuals harboring bi-allelic LETM1
variants, displayed reduced steady-state levels of selected respiratory chain
proteins of Complex | and 1V, in opposite to increased levels in F10 (c.2071-
9C>G, p.val691fs4*) (Figure 26C-D). OXPHOS proteins NUDUFB8 and
NDUFA9 were decreased in F1:S1 and F1:S2 fibroblasts and to a higher extent
in F11:S2 (Figure 26C-D). Since mitochondrial defects can limit cellular growth,
the proliferation rates of the fibroblast cell lines were assessed. While
proliferation was comparable for fibroblasts with the single or compound
heterozygous variants (F1), extension variant (F2), or wild type LETM1 (LETM1

WT), it was significantly slowed down in LETM1 ¢.2071-9C>G, p.Val691fs4*
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(F10) and absent in LETM1 c.1072G>A, p.Asp358Asn (F5) fibroblasts
(Supplementary Figure 4.3).
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Figure 26. Effects of LETM1 variants on mitochondrial morphology and
proliferation in fibroblasts

(A) LETM1 variants perturb the mitochondrial network. Confocal images of fibroblasts stained

with Mitotracker Red. Shown is a representative overview of the cells (bars 5 & m, except F1
10e m) and details magni fam)d fClomandc eCd,0xh galatrtsy ¢
€.878T>A (p.lle293Asn) and c.2094del (p.Asp699Metfs*13); F2, ¢.2220G>C (p.*740Tyrext26);

F5, c.1072G>A (p. Asp358Asn) ; F 1).0 Arrowc indictés1 1 9 C> G
representative fragmented mitochondria. For statistics, see Supplementary Figure 4.1C.

(B) LETM1 variants cause swollen mitochondria and loss of cristae. The ultrastructure of control

(C1) and affected individual (F5 and F10) fibroblasts was investigated by transmission electron
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microscopy and images show overviews (left panels, bars2e m) and details (righ
500 nm). Arrow indicates swollen mitochondria.

(C and D) Variants differently affect LETM1 stability and OXPHOS proteins in fibroblast samples.

Total lysates of fibroblasts were analyzed by immunoblotting using the indicated antibodies,

GA P DH, -aairas Ibading control: C2 and C3, healthy donors; F1:S1 and F1:S2, c.[878T>A,;

2094del], p.[lle293Asn; Asp699Metfs 13]; F2, ¢.2220G>C (p>7 4 0 Ty r ext 26 ) ; F10, c .
(p.Vale91fs4®); F11, c.898C>T (p.Pro300Ser) (C). Quantitative graphs from independent

experiments representing the protein bands, normalized to the housekeeping proteins, and
calculated as a percentageof control s; data are expressed as n
experiments) (D). Adapted from Kaiyrzhanov et al., (2022a).

Similar to fibroblasts, LETM1 was significantly reduced in the muscle of F11
(Figure 27A-B). NDUFA9 (Complex I) was reduced in muscle samples from F11
while SDHB (Complex Il) displayed a strong tissue-specific upregulation (Figure
27A-B). The immunohistochemistry and western blotting analysis from F5
muscle tissue (Figure 27C-E) revealed even greater reductions for components
of Complexes I, Ill, and IV, increased SDHA, accompanied by decreased
enzyme activity of Complex I, and upregulated activity of Complex Il and citrate
synthase and increased mtDNA copy number (Supplementary Table 4.2).
Proteins of the ATP synthase remained not significantly changed in all tested cell

lines and tissue samples.

Overall, altered LETM1 and OXPHOS protein levels in fibroblasts and muscle
samples were observed in most of the individuals. Fibroblasts cell culture data
indicated that bi-allelic LETM1 variants result in aberrant mitochondrial
morphology, which was more pronounced under galactose challenge
(Supplementary Figure 4.1B), and often lethal for Fll-derived fibroblasts.
Consistent with the frequently observed effect of mitochondrial defects on
cellular functions and growth, cell proliferation was retarded in F10 and more
drastically in F5 fibroblasts. The synthetic KHE nigericin restored mitochondrial
morphological aberrations and membrane depolarization, coupling mitochondrial

dysfunctions and impaired K* homeostasis (Kaiyrzhanov et al., 2022a).
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Figure 27. LETM1 variants affect the stability of LETM1 and OXPHOS
components in muscle samples

(A and B) Western blot analysis of LETM1 and components of the OXPHOS complexes |, II, llI;
and IV in muscle samples from F11 and quantitative graphs. Total lysates of muscle samples
from healthy donors (C4, C5) and F11 c.898C>T (p.Pro300Ser) (S1, S2) were analyzed by
immunoblotting using the indicated antibodies; VDAC served as a loading control (A).
Quantitative graphs represent the protein levels relative to controls and normalized to VDAC.

Data are expressed as mean N SEM; n O 3 independ

(C) Immunohistochemical staining of OXPHOS subunits and VDAC of the muscle of F5 and
control subjects. Muscle samples from healthy donors (C6, C7) and F5 c.1072G>A
(p.-Asp358Asn) were stained for each of the five OXPHOS subunits using the indicated
antibodies; VDAC served as a control. Magnification 400x.

(D and E) Western blot analysis of subunits of the OXPHOS complexes, citrate synthase, and
GAPDH of the muscle of F5 and control subjects. Total lysates of muscle samples were analyzed
by immunoblotting using the indicated antibodies; VDAC, GAPDH, and CS served as loading
controls. C6, healthy donor; F5, ¢.1072G>A (p.Asp358Asn) (D). Quantitative graphs representing
the protein | evels percentage relative to
experiments. Adapted from Kaiyrzhanov et al., (2022a).
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Functional compensation analysis in yeast

Considering that LETM1 controls mitochondrial volume by regulating KHE,
LETM1 variants or wild-type in the yeast S. cerevisiae letmlD strain were
ectopically expressed to explore the functional impact of LETM1 variants on
mitochondrial KHE activity. All LETM1 variants listed in Suplementary Table 4.3
were included in this analysis. The loss of KHE activity in yeast letm1 deletion
mutants, the complementation by re-expression of the homologous human
LETM1 WT, and the absence of a Ca?" transport system in S. cerevisiae
mitochondria make the system ideally suited for functional complementation
analysis of LETM1 variants and determination of their pathogenicity with respect
to KHE defects.

Light scattering recording of KOAc-induced swelling is a well-established method
to measure the mitochondrial electroneutral exchange of K* for H* (Mitchell and
Moyle, 1969). Exposure of de-energized mitochondria to hypotonic KOAc buffer
elicits the rapid uptake of protonated acetic acid, acidification of mitochondrial
matrix, and thereby activation of KHE, which results in mitochondrial K+ influx,
water uptake and thus swelling (Bernardi, 1999). Isolated mitochondria from S.
cerevisiae LETM1 wild-type cells and S. cerevisiae letm1D cells overexpressing
human LETM1 WT or variants or the empty control vector were subjected to
KOACc-induced swelling experiments. Recording KHE activity by measuring the
decrease in optical density (OD) using light scattering techniques allows
discrimination of its main determinants: initial OD, indicating the osmotic state of
mitochondria before KOAc addition, and KHE exchange rate per second,
indicated by the amplitude from initial to final OD as a function of the time
required to achieve it. As shown in Figure 28A, KOAc-induced swelling was
sensitive to the KHE inhibitor quinine, confirming the correlation of optical density
with KHE activity. Knockout of S. cerevisiae LETM1 (S. cerevisiae letml1D)
entirely abolished KHE activity, as illustrated by low initial OD and swelling
amplitude, which was restored by expression of LETM1 WT. The non-pathogenic
variants (p.lle305Leu and p.Lys587Arg) performed as well as LETM1 WT for the
initial OD, and almost as well for the kinetics values. LETM1 with the variant
p.Val691lfs4* (F10) almost restored the initial OD, and so did LETM1
p.Lys587Arg (F9) and p.Arg393His (F6) but their swelling amplitudes were very

low. Expression of LETM1 variants c¢.754-756del, p.Lys252del (F3), c.878T>A,
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p.lle293Asn (F1:M), or ¢.2220G>C, p.*740Tyrext26 (F2, F7) marginally
compensated K* fluxes with extremely slow swelling kinetics; Swelling traces for
S. cerevisiae letm1D transformed with LETM1 ¢.881G>A, p.Arg294GIn (F4, F8)
or LETM1 c.2094del, p.Asp699Metfs*13 (F1:F) suggested uncontrolled cation
leakage (Figure 28A). Overexpression of LETM1 ¢.1072G>A, p.Asp358Asn did
not rescue KHE. Taken together, these results suggest that mitochondrial
reduced K* flux dynamics and swollen matrix are indicative of the functional

impact of disease-associated LETM1 variants.

LETM1 protein levels associated with LETM1 variants were examined using total
cell lysates and isolated mitochondria. In comparison to the mitochondrial
loading control (Porin, Porlp), LETM1 total protein levels from ectopic LETM1
WT or variant expression were similar, except those from F1:S1-S2 (LETM1
C.878T>A; c.2094del, p.lle293Asn; p.Asp699Metfs13*), F2, F7 (both LETM1
€.2220G>C, p.*740Tyrext26) and F11 (LETM1 c.898C>T, p.Pro300Ser) which
showed reduced LETML1 levels in mitochondria (Figure 28B upper panel). The
levels of LETM1 from the F5 LETM1 variant (c.1072G>A, p.Asp358Asn) were
also low, but not when normalized to Porlp, which was similarly decreased
(Figure 28B). LETML1 levels from the variants identified in F3 (c.754-756del,
p.Lys252del) and in F4, F8 (both c.881G>A, p.Arg294GIn) were detectable in
total lysates and mitochondria prepared from a large-scale intracellular
fractionation (Figure 28B right lower panel) but were also reduced. None of the
ectopic expressions of LETM1 variants however affected the mitochondrial

subcellular localization.

As previously noticed (Frazier et al., 2006; Nowikovsky et al., 2007; Lupo et al.,
2011) and shown here (Figure 28B), Cox2p (subunit of CIV) is reduced in S.
cerevisiae letm1D strains. Cox2p levels were restored upon ectopic expression
of human LETM1 WT or LETM1 c.878T>A, p.lle293Asn (F1:M), LETM1 c.2071-
9C>G, p.val69lfs4* (F10) or LETM1 c.878T>A; c.2094del, p.lle293Asn;
p.Asp699Metfs13* (F1:S1, F1:S2), but remained absent upon expression of
LETM1 c.754-756del, p.Lys252del (F3), LETM1 ¢.881G>A, p.Arg294GIn (F4,
F8) or LETM1 ¢.1072G>A, p.Asp358Asn (F5) (Figure 28B) (Kaiyrzhanov et al.,
2022a).
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S. cerevisiae letm1D shows poor growth on non-fermentable (YPG) substrate
(Nowikovsky et al., 2004). To determine the significance of the LETM1 variants
in rescuing the growth defects of S. cerevisiae letm1D compared to human
LETM1 WT, serial dilutions of S. cerevisiae letml1D strains overexpressing an
empty plasmid or LETM1 variants or WT were spotted onto fermentable (YPD)
and non-fermentable (YPG) plates and grown at 30 or 37°C (Figure 29). A
detrimental effect of the mutant phenotype by ectopic expression of LETM1
€.1072G>A, p.Asp358Asn (F5) variant was found; this strain was able to grow
on selective media but showed worsened growth defect on complete media.
Growth was also slowed down at 37°C on YPD by LETM1 c¢.898C>T,
p.Pro300Ser (F11). On YPG, a marginal rescue was obtained by ectopic
expression of LETM1 ¢.881G>A, p.Arg294GIn (F4, F8), LETM1 c.2071-9C>G,
p.Val691lfs4* (F10) or LETM1 c¢.878T>A; c.2094del, p.lle293Asn;
p.Asp699Metfs13* (F1:S1, F1:S2) variants (Kaiyrzhanov et al., 2022a).

YPD 30°C YPD 37°C YPG 30°C YPG 37°C

WT

empty

€.754-756del, p.Lys252del
Cc.878T>A, p.lle293Asn
¢.881G>A, p.Arg294GIn
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c.913A>C, p.lle305Leu
¢.1072G>A, p.Asp358Asn
¢.1139G>C, p.Arg380Pro
¢.1178G>A, p.Arg393His
¢.1760A>G, p.Lys587Arg
€.2071-9C>G, p.Val691fs4*
¢.2094del, p.Asp699Metfs*13
c.878T>A, ¢.2094del, p.lle293Asn; Asp699Metfs13*

€.2220G>C, p.*"740Tyrext26

Figure 29. Figure Growth phenotype of S.cer evi si ae | et ml@p expr ¢
human LETM1 wild-type or variants.
Seri al dilutions of S. cer ev i-193Ueemptyl (& brntdrpngs t r ai n

LETM1 WT, or LETM1 with the indicated variants were spotted onto fermentable (YPD) and non-
fermentable (YPG) media and grown at 30°C or 37°C. Adapted from Kaiyrzhanov et al., (2022a).
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In summary, ectopic expression in S. cerevisiae letmlD of human LETM1
variants associated with clinical presentations phenocopied S. cerevisiae letml1
loss-of-function, whereas expression of wild-type LETM1 restored the yeast

deletion defects in non-fermentable growth and mitochondrial KHE exchange.

4.6 Discussion

The function of LETML1 is required for the maintenance of mitochondrial cationic
and osmotic balance, and swelling of the matrix due to impaired LETM1 has far-
reaching consequences. Matrix swelling is supported by the unfolding of inner
membranes and loss of cristae invaginations which results in the dilution of
metabolic substrates. Here, | found that bi-allelic LETM1 variants identified in the
affected individuals with severe clinical features differently affected the LETM1
levels and led to the typical aberrant mitochondrial morphology previously
described for LETM1-deficient cells. Several OXPHOS subunits were
downregulated in fibroblasts or muscle tissue, enzymatic activities were reduced,
and the mtDNA copy number increased. The fact that nigericin, the synthetic
KHE, restored morphological aberrations interconnects these phenotypes to
impaired K+ homeostasis. Decreased membrane potential or increased
sensitivity to valinomycin and normalization of this sensitivity by nigericin
supports the presence of a defect in K+/H+ exchange. Moreover, it is tempting
to speculate that OXPHOS decreases proportionally to cristae loss. The finding
that loss of KHE activity in LETM1 defective yeast was restored by ectopic
expression of wild-type LETM1 but not LETM1 variants strongly support the
notion of deregulated mitochondrial K+ homeostasis caused by the LETM1
variants. Whether and how Ca2+ handling is also perturbed will need to be
determined in future studies. Together with the fibroblasts, muscle biopsy, and
yeast analyses, and with the prior knowledge that the mitochondrial phenotypes
in cells match those caused by LETM1 haploinsufficiency, knockdown, or
deletion in other eukaryotic species, the present findings amount to compelling
evidence that the bi-allelic LETM1 variants are the cause of the disease in the

pedigrees reported in this study.
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Diseases of mitochondrial morphology and dynamics

Defects in non-OXPHOS genes responsible for mitochondrial homeostasis
including mitochondrial fission and fusion have been suggested to cause primary
MD (PMD) (Wortmann et al., 2017). Primarily targeting the non-bioenergetic
capabilities of the mitochondria, non-OXPHOS gene defects could indirectly
affect the OXPHOS system (Niyazov et al., 2016) leading to a phenotype
mimicking the inactivation of RCE (McQuibban et al., 2010).

Whilst there is a plethora of non-OXPHOS genes accounting for PMD (Burté et
al., 2015; Wortmann et al., 2017; Navaratnarajah et al., 2021) examples relevant
to the context of the present study are the genes regulating mitochondrial shape
and interorganellar communication. They regulate mitochondrial dynamics
through fusion and fission processes. Defects in these genes have been
emerging as a cause of a novel class of inherited neurodegenerative disorders
with variable onset ranging from infancy to adulthood (Burté et al., 2015;
Navaratnarajah et al., 2021). Residing in the outer and inner mitochondrial
membranes or the cytosol, upon misregulation, they cause altered mitochondrial
morphology including matrix swelling, fragmentation, elongation, and abnormal
cristae structure, similar to what has been observed in abnormal LETM1 function
(Ryu et al., 2010; Burté et al., 2015; Nasca et al., 2017; Navaratnarajah et al.,
2021). Reviews of the disease-causing genes responsible for mitochondrial
dynamics are provided by Burté, et al. (2015) and Navaratnarajah et al. (2021).
To date, affected individuals diagnosed with diseases of mitochondrial dynamics
present first and foremost with neurological symptoms (Burté et al., 2015;
Navaratnarajah et al., 2021). Being essential for the survival of all organisms
tested so far and having important control over the mitochondrial osmotic
balance, morphology, and dynamics, before now, bi-allelic variants in LETM1

have not been associated with any Mendelian disorder in humans.

Bi-allelic LETM1 variants present with aphenotypic spectrum of MD largely

involving the central nervous system

Here | report on the association of bi-allelic LETM1 variants with a spectrum of
predominantly infantile-onset neurological, metabolic, dysmorphic, and multiple
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organ dysfunction syndromes in a cohort of 18 affected individuals from 11
unrelated families. Overall, the disease had a progressive course, though with
variable rates of deterioration. Hence, the disease progression varied from rapid,
as in families 3, 4, and 9-11 to a slow deterioration as in the oldest persons from
families 1, 2, and 8. Similar to the clinical presentation of the defective
mitochondrial dynamics genes, bi-allelic LETM1 variants were associated with
an infantile-onset neurodegenerative disorder with a complex phenotype as
described for DNM1L/DRP1 (Dynamin 1 like [MIM: 603850]), OPAl1 (OPA1l
mitochondrial dynamin-like GTPase [MIM: 605290]), OPA3 (Outer mitochondrial
membrane lipid metabolism regulator OPA3 [MIM: 606580]), MFF (Mitochondrial
fission factor [MIM: 614785]) and MSTO1 (Misato Mitochondrial Distribution And
Morphology Regulator 1 [MIM: 617619]) (Ryu et al., 2010; Burté et al., 2015;
Nasca et al., 2017; Navaratnarajah et al., 2021). The shared phenotype mainly
included global developmental delay, regression, and neurosensory impairment
combined with neuromuscular symptoms, cerebellar ataxia, seizures, and early
mortality. Akin to defects in OPA3, 3-methylglutaconic aciduria was a frequent
finding in the subjects with bi-allelic LETM1 variants (Wortmann et al., 2013).
Bilateral cataracts and facial dysmorphism observed in the present LETM1
cohort have also been reported in individuals with defective OPA3 and MSTO1

respectively (Ryu et al., 2010; Nasca et al., 2017).

All persons with RCE analysis results in the present study showed defects in the
OXPHOS system suggesting that LETM1 defects can affect the mitochondrial
ability to generate ATP. This in turn might have mimicked the clinical presentation
of OXPHOS MD. Therefore, distinguishing the LETM1 phenotype from OXPHOS
MD or the aforementioned diseases of mitochondrial dynamics can be
challenging without the help of genetic testing, particularly in affected individuals

with a rapidly progressive disease course.

The phenotype of defective LETM1 and WHS

Monoallelic LETM1 deletion has been suggested to be responsible for epilepsy
and neuromuscular features in WHS (Zollino et al., 2003; Schlickum et al., 2004;
Zhang et al., 2014; Austin and Nowikovsky, 2019). Indeed, the current LETM1
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cohort presented with hypotonia and epilepsy. Additionally, though, persons with
bi-allelic LETM1 variants showed a milder spectrum of WHS signs that have not
been previously ascribed to the LETM1 deletion. These included thin habitus,
low-set ears, microcephaly, micrognathia, and low body weight (Wilson et
al.,1981; Yamamoto-Shimojima et al., 2019). It has been previously speculated
t hat the most probabl e cause of gr
characteristic facial features i n WHS
region located far from LETM1 (Zollino and Doronzio, 2018). The expression of
mild non-neurological symptoms of WHS in our cohort could be due to either
putative interaction between LETM1 and WHSC1 or other undiscovered

mechanisms, including those intrinsically caused by LETM1 deficiencies.

| have observed some degree of clinical overlap between the presentation of
defective LETM1 and small interstitial deletions in WHS presenting with a milder
phenotype. The latter presents with a variable degree of growth and
neurodevelopmental delay, microcephaly, thin faces with dysmorphic features,
intellectual disability, language impairment, and seizures (Van Buggenhout et al.,
2004; Okamoto et al., 2013; Zollino et al., 2014). Interestingly, persons with small
4p16.3 deletions encompassing LETM1 suggested that LETM1 might not be
responsible for seizures in WHS as some individuals with LETM1 deletion did
not have seizures by the age of 4 and 9 years, whereas persons with preserved
WSHCR-2 including LETM1 developed seizures (Zollino et al., 2014). Previous
retrospective analysis suggests that several other genes in the terminal 4p region

might potentially be involved in seizures in WHS (Austin and Nowikovsky, 2019).

Clinical features including lactic acidosis, diabetes, cataract, neuropathy, and
proximal myopathy combined with cerebellar ataxia, progressive spastic-ataxic
gait, hyperkinetic movement disorders, and pontine/cerebellar atrophy were
among the signs of defective LETM1 phenotype that are not typical of WHS;

instead, they are more typical of archetypal mitochondrial disorders.

Although there have been a handful of reports on microdeletions in WHS
describing genotype-phenotype correlations, the association between the
specific symptoms of WHS and LETM1 remains to be fully determined. To
understand the full contribution of LETM1 in WHS cases, further studies would

be needed to investigate which phenotypes of WHS can be restored by the re-
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expression of LETM1. Apart from this, the identification of phenotypes that were
consistent with both LETM1 haploinsufficiency in WHS and LETM1 bi-allelic

variants will advance our understanding of the contribution of LETM1 in WHS.
Genotype-phenotype correlation of bi-allelic LETM1 variants

The general distribution of the missense and frameshift variants to the highly
conserved LETM domain and the C-terminal coiled coils, together with their
comparable deleterious effects on mitochondrial morphology and KHE function
support the correlation of mitochondrial morphologic defects and imbalanced
cation homeostasis. Previous variant analysis of the LETM domain found that
Asp359 or the triple combination of Arg382, Gly383, and Met384 is necessary
for the organization of cristae structure and growth complementation of S.
cerevisiae | et ml e @\akamuranes al.,, 2020). The missense variant
€.1072G>A, p.Asp358Asn identified here in family 5, which impaired
mitochondrial morphology and KHE activity, is adjacent to Asp359. Based on
cell-free data showing that the reconstituted LETM domain was sufficient to
induce cristae invagination, Nakamura et al. (2020) concluded that cristae
disorganization due to the single or triple variant occurred independently of ion
homeostasis. My findings are not in contradiction but propose that a regulatory
contribution to cristae architecture by the LETM domain may depend on the

swelling state of mitochondria in the cellular context.

Given the growing consensus that the hallmark of LETM1 deficiency is
mitochondrial cation imbalance, yeast was used as a model organism to analyze
the mitochondrial KHE activity of LETM1 variants from affected individuals and
LETM1 variants not associated with the disease. Based on the results, it was
proposed that light scattering experiments that capture mitochondrial volume
status and kinetics of K*/H* exchange are useful to predict the pathogenic
potential of LETM1 variants (Figure S5).

Linking clinical features with in vitro data, | found that fibroblasts expressing
LETM1 variants ¢.878T>A,; c.2094del, p.lle293Asn; p.Asp699Metfs13*, which
were identified in the individuals F1:S1 and F1:S2 affected with epilepsy,
neurosensory deficiencies, and diabetes, displayed mitochondria with disturbed

morphology and membrane potential, reduced LETM1 levels and a severe
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decrease in respiratory proteins of Cl and CIV. Ectopic expression of the variants
in yeast marginally rescued mitochondrial KHE activity. Persons harboring the
variant ¢.2071-9C>G, p.Val691fs4* (F10) showed rapid clinical progression and
died before reaching 1 year of age. Fibroblasts from this person displayed high
LETM1 protein levels, indicating that the pathogenic variant and not the lack of
protein was associated with the severe phenotypes. Ectopic expression of this
variant failed to rescue wild-type KHE activity. The abundance of this non-
functional LETM1 variant suggests that it likely escaped the nonsense-mediated
decay as the gained stop codon falls into the last exon (Maquat, 1995). The
variant ¢.898C>T, p.Pro300Ser was identified in family 11 leading to a severe
early infantile disease in the homozygous state. Fibroblasts and muscle lysates
from those individuals showed reduced CI and CIV proteins. Drastic growth
defects and lack of KHE activity were induced by this variant in yeast, which
could somehow explain the severe clinical conditions caused by this variant.
LETM1 ¢.2220G>C, p.*740Tyrext26 was identified in several subjects from F2
and F7 with developmental delay, walking difficulties, and seizures. Fibroblasts
from F2:S1 exhibited swollen and fragmented mitochondria and hardly
detectable LETM1 protein levels. Ectopic expression in yeast displayed
somewhat reduced LETML1 protein levels and poorly improved KHE activity.
Since the KHE uses the proton gradient generated by the respiratory chain to
drive K* flux, and LETML1 is likely involved in the insertion of mitochondrial-
encoded OXPHOS proteins into the membrane, it is surprising that the reduction
of this LETM1 variant did not correlate with decreased OXPHOS components.
There are several possible explanations for this. The OXPHOS damages could
be secondary to LETM1 deficiency, the OXPHOS components, although not
reduced, may not assemble as efficiently, or genetic compensatory mechanisms
are involved. The affected individual carrying the homozygous variant LETM1
c.1072G>A, p.Asp358Asn (F5) presented defects in neurosensory functions and
Type 3 diabetes. We found a severely impaired proliferation of F5-derived
fibroblasts was found. Similarly, yeast growth was also repressed by this variant,
and mitochondrial KHE activity could not be restored. Compared to the other
variants, ¢.1072G>A, p.Asp358Asn had the most deleterious effects on
mitochondrial morphology, cell proliferation, and KHE activity, predicting this
variant to have the most severe consequences. However, the viable state of the

affected individual also here raises the possibility of a potential genetic
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compensatory background. In this respect, increased mtDNA copy number, often
considered an efficient way to overcome OXPHOS deficiencies in diseases and
aging, or elevated citrate synthase activity found in muscle specimens may
indicate such a compensatory pathway (Figure 27C). Further examination will be

required to clarify molecular compensatory mechanisms.

Other LETM1 variants were analyzed in yeast, as fibroblasts from affected
individuals were not available. Yeast data revealed poor complementation of S.
cerevisiae | et tBEINA cli5A-756del,malys252del, a variant
identified in affected individuals with a neurological, neuromuscular, and
craniofacial presentation, rapid progression, and eventually death (F3). Ectopic
expression of LETM1 ¢.881G>A, p.Arg294GiIn, identified in persons with variable
disease progression (F4, F8) but similar neuromuscular deficiencies was not
able to restore the activity of the mitochondrial KHE, since the swelling traces
revealed continuous but very slow kinetics indicating minimal KHE activity per
time unit, thus suggesting leaky mitochondrial membranes. Yeast growth was
also impaired by overexpression of this variant. Phenotypic data were rather

consistent with severe clinical presentation and early demise in F4.

The affected individual from family 9 was homozygous for the LETM1 variant
€.1139G>C, p.Arg380Pro and presented respiratory insufficiency, epileptic
encephalopathy, neuromuscular disorder, and rapid disease progression. The
missense variant is located in the middle of the LETM domain, in proximity to the
three highly conserved amino acid residues: Arg382, Gly383, Met384 described
in Nakamura et al.(2020) (Figure 25B), supporting an essential functional role of
the LETM stretch between residues 380 and 384.

LETM1role in cation homeostasis and neurodegenerative phenotype of the

cohort.

Among the mitochondrial EF-hand-containing proteins, LETM1 has been
identified as essential across several cell lines in genome-wide essentiality
screens (Blomen et al.,, 2015; Wang et al.,, 2015). Functionally, LETM1 is
required for maintaining mitochondrial homeostasis of K* and was considered an
essential component of the KHE. After LETM1 was identified in a genomic

Drosophila RNAI screen for mitochondrial Ca?*/H* exchanger (CHX), it has been
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suggested to catalyze the exchange of Ca?* against H* in both directions in a
ruthenium red-sensitive pattern (Jiang et al., 2009), which is difficult to reconcile
with the CHX, and has been i mplicated
disease through interaction with PINK1 (PTEN-induced kinase 1 [MIM: 608309])
(Huang et al., 2017). The mitochondrial CHX is part of the mitochondrial Ca?*
release system, which compensates for electrophoretic mitochondrial Ca?*
uptake mainly through H*- or Na*-dependent Ca?* extrusion. While the role of
LETM1 as a mitochondrial KHE or CHX has remained controversial, deregulation
of the mitochondrial KHE has been shown to affect mitochondrial Ca?* buffering
by impacting the Na*-dependent Ca?* release pathway (Austin et al., 2017).
Proper maintenance of mitochondrial Ca?* levels is critical to neurons, synaptic
function, and neurodevelopment with mishandled mitochondrial Ca?* levels
posing a risk of synaptopathies. In turn, synaptopathies may be a harbinger of
neurodegenerative disorders (Datta and Jaiswal, 2021). The neurodegenerative
phenotype observed in the present LETM1 cohort could partially be explained by
impaired mitochondrial Ca?* buffering and ensuing glutamate excitotoxicity,
generation of reactive oxygen species, and apoptosis (Doonan et al., 2014).
Consistent with previous studies (Nowikovsky et al., 2007; Dimmer et al., 2008;
Hashimi et al., 2013; Durigon et al., 2018), exposure to nigericin or ketone bodies
improved the mitochondrial morphological phenotypes of fibroblasts from
affected individuals, supporting the link between LETM1 variant and impaired
cation homeostasis. While nigericin enables K*-H* exchange and prevents the
accumulation of matrix K*, ketone bodies may bypass the deficient Ca2*-

dependent catalytic function of the pyruvate dehydrogenase.

Unlike yeast LETM1, LETM1 orthologs of more complex organisms possess EF-
hands, which may implicate LETM1 in Ca?* sensing or regulation (Natarajan et
al., 2021). Focusing on K* analysis using yeast, the impact of the reported bi-
allelic LETM1 variants on the mitochondrial Ca?" homeostasis was not
investigated. This would need to be investigated in further studies as it might

have future therapeutic implications (Datta and Jaiswal, 2021).

Collectively, the study results demonstrate that bi-allelic pathogenic LETM1
variants are associated with defective mitochondrial K* efflux, swollen
mitochondrial matrix structures, and a reduction in protein levels and activity of

the electron transfer chain. The former highlights the implication of perturbed
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mitochondrial osmoregulation caused by bi-allelic LETM1 variants in
neurological and mitochondrial pathologies. Data showing that mitochondrial
KHE activity is maintained above a functional threshold in non-pathogenic
variants suggest that such functional yeast assays could be implemented to
routinely determine the pathogenicity of a variant. While the beneficial effect of
nigericin strengthened the link to KHE defects, that of ketone bodies, consistent
with Durigon et al. (2018) supports the promising therapeutic role of ketogenic-
based diets (Kaiyrzhanov et al., 2022a).

4.7 Future plans

A study published almost simultaneously with our LETM1 report has shown that
homozygous LETM1 knockout in zebrafish results in the generation of
malformed (non-compensators) and healthy (compensators) developers (Dao et
al., 2022). Non-compensators compared to compensators showed significant
overexpression of the genes related to innate immune and inflammatory
responses. This mainly included the induction of chemokines, cytokines, and
receptors in non-compensators. This tentatively suggested that the overshoot of
the innate immune system could be a potential biomarker of LETM1 deficiency
in patients with a rapid disease progression or severe phenotype. We are
currently checking the immunological profile of the patient from LETM1 family 9,
based in the UK, who has a severe-to-profound condition. We are also planning
toscreen for a range of cvy wal likete gerforma
multiplex cytokine bead assay. If the findings are positive, we would like to
replicate them in other LETM1 patients. This will allow us to potentially apply
early intervention in patients with biallelic variants in LETM1 to modify their
disease course. Additionally, we would like to introduce a ketogenic diet to
patients. We applied for research grants to continue our study on patients with

biallelic genetic defects in LETML1.
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Chapter 5. Bi-allelic variants in SPATA5L1 lead to isolated and syndromic
hearing loss

In this chapter, | will describe another novel gene-disease association found in
the CAT cohort and later reported as a part of an international cohort in a gene
discovery paper (Richard et al., 2021).

5.1 Background

A family with 3 affected siblings with undiagnosed genetic disease was recruited
to my study from Kazakhstan. The index case is a 10-year-old girl born full-term
to non-consanguineous Kazakh parents. She was a product of a second
pregnancy, which was on the background of mild iron-deficiency anemia in her
mot her . The motherds first pregnancy res
due to a non-developing fetus. The delivery in the index case was normal
spontaneous vaginal with complicated labor resulting in hypoxia and
cephalohematoma. She was born with a small OFC (31cm /3rd centile) and
normal weight and length (3 600gram/75th centile and 56 cm/99.6 centiles). She
did not cry at birth and her Apgar score was 6-8. Upon birth, she was found to
have spasticity in all limbs, and from the age of 3 months, she developed truncal
hypotonia. Around the same age, she was noticed to have a severe visual
impairment. This was followed by profound psychomotor retardation and
sensorineural deafness coupled with partial seizures with secondary
generalization. She used to react to voice at an early age but later her hearing
had gradually deteriorated. There was progressive microcephaly and her OFC
at the age of 6 years was 45cm (below the third centile). She is currently bed-
bound with little spontaneous movements and requires 24-hour care. Her mother

had reported poor sleep patterns in the index case with bruxism and constant

crying.

Upon examination at the age of 10 years, she was microcephalic and non-verbal

with significant growth failure and dysmorphic features including lower frontal

hairline, deep V-shaped point in the hairline in the center of the forehead, and

big ears combined with teeth deformity and high palate. She had a bilateral

convergent squint and bilaterally impaired vision and hearing. Visual acuity was

a perception of light only, and there was a suspicion of probable cortical
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blindness. Audiometry conducted at the current age revealed bilateral level 1V
sensorineural hearing loss. Severe spastic quadriplegia and limb dystonia were
the most conspicuous features. There were flexion joint contractures more
prominent in the wrists and elbows. She had no head control with little
spontaneous movements. Scoliosis, thin distal lower limbs, and equinovalgus
feet deformity were present. The rest of the physical examination was
unremarkable. Her EEG showed a diffuse slowing of the background cortical
rhythm and she is currently on valproic acid 100 mg tds for seizure control. Brain
MRI at the age of 10 years old showed a paucity of the peritrigonal and
periventricular white matter bilaterally, with patchy confluent areas of T2/Flair
hyperintensity. There were profound hypoxic changes, white matter
dysmyelination, thin corpus callosum, and generalized cortical atrophy.

The index case had similarly affected younger brothers currently aged 7 and 6
years old. They had similar progressive microcephaly with bilateral blindness and
sensorineural deafness combined with spastic quadriplegia. Audiometry and
brain MRI findings in affected siblings were akin to the findings in the index case.
One of them had additional mild dysphagia and another sibling did not present

with seizures.

| performed exome sequencing in the index case and SNP genotyping in all
affected siblings. Exome sequencing data filtering has not revealed any
pathogenic/likely pathogenic variants or rare/novel predicted-deleterios variants
in any known disease-associated genes. However, my data filtering approach
revealed a homozygous ultra-rare missense variant in SPATASL1
(NM_024063.3): ¢.1199C>T, p.Thr400lle, which was predicted to be damaging
(Figure 30). The variant was in a large region of homozygosity in the proband
and in the shared ROH within all affected and confirmed by Sanger (Figures 30
and 31). SPATA5L1 has not been associated with any human Mendelian
disease, and since there were no other rare/novel predicted deleterious/LoF
variants in known disease-genes and other candidate disease-genes, |
prioritised the identified SPATA5L1 variant. This family was included in the case
series investigating the role of SPATA5L1 variants in a large cohort of patients
with undiagnosed genetic conditions. Clinically significant variants in other genes

were excluded.
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Figure 30. Genetic data of the family from Kazakhstan with a biallelic
SPATASL1 variant

Figure 31. Sanger sequencing results and shared homozygosity region
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