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Abstract

Rare diseases are individually uncommon, but cumulatively affect 1 in 17 people.
Development of next generation sequencing technologies including whole genome
sequencing (WGS) and whole exome sequencing (WES), and associated data analysis
algorithms allow the identification of rare and novel genetic variants that underly rare
inherited diseases. However, for many patients diagnosis is challenging due to the
complexity involved in predicting effect of novel variants in non-coding regions and genes
that are poorly described. The aim of this work is to identify novel genomic variants which
contribute to monogenic disease in patients with rare diseases, and to characterise any
novel mechanisms of disease. We carried out analysis of WGS or WES data from several
individuals affected by different rare diseases.

In an individual with atypical urofacial syndrome WES analysis identified a variant in EBF3,
which causes hypotonia, ataxia, and developmental delay syndrome, within which urological
phenotypes are common. WGS analysis was carried out for a cohort of foetuses with
urorectal septum malformation sequence following detailed foetal autopsy. WGS was not
diagnostic in this cohort, but did identify candidate variants in HOXD9, NALCN, SLIT6,
TMEM132A, implying an oligogenic model of disease.

WGS data were reanalysed from a family with a variable occipital horn syndrome
phenotype, leading to identification of a novel deep intronic ATP7A variant. Analysis of
splicing in a minigene assay and patient RNA revealed a leaky splicing effect predictive of
protein truncation.

Autozygosity mapping and WES analysis of a consanguineous family with several children
affected by acute necrotising encephalopathy secondary to febrile infection identified a
novel homozygous variant in RCC1. Further patients were identified though reverse
phenotyping. Enzymatic and stability assays using recombinantly expressed protein refuted
a hypothesis of thermolability. Immunofluorescent imaging suggests delocalisation of Rccl
from chromatin, prompting further investigation into the involvement of nucleocytoplasmic
transport dysfunction.

This work displays the value offered by undertaking genomic analysis of patients in a
research setting and highlights the challenges that remain in detecting genomic variants in

patients with complex phenotypes.
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Lay Abstract

Diseases that occur in fewer than 1 in 2000 people are defined as rare diseases. Added
together, different rare diseases affect 1 in 17 people. The genetic cause for rare diseases
can be identified by sequencing either a patient’s whole genome, or part of the genome
which contains only genes. However, many tools used to analyse genomic data have
limitations. This prevents many patients affected by rare diseases from getting a diagnosis.
This work aims to identify genetic changes which have not been seen before in patients with
rare disorders, and to discover how these genetic changes result in disease.

Analysis of a patient with a bladder disorder called urofacial syndrome identified a genetic
change in the EBF3 gene. This gene is already known to cause a disorder that mostly affects
nerve function and movement, but sometime causes problems with bladder nerves that are
similar to patients with urofacial syndrome.

Genome analysis of foetuses with severe impaired bladder development as well as multiple
other developmental complications did not identify genetic changes in genes previously
identified. The cause of this complex disorder is likely to result from multiple genetic
changes having a combined effect that are difficult to detect.

In a family where males are affected by a copper uptake disorder resulting in abnormal
bone and joint growth, digestive problems, and wiry hair, genome analysis revealed a
change outside of the regions which contains genes. This genetic change causes the ATP7A
gene to be read incorrectly resulting in incomplete expression of the gene.

In a large family, multiple children were affected by a brain degenerative disorder triggered
by a fever. Genetic analysis identified a change in the RCC1 gene. By looking at a national
genome database, we identified other patients with changes in RCC1 with similar
symptoms. By expressing the altered Rccl protein from the RCC1 gene, we found that the
genetic change did not affect the stability of the protein when heated to simulate a fever. By
looking at patient cells under a microscope we found that the Rccl protein changes its
location after fever simulation. This suggests that transport of other proteins in the cell may
be impaired, and we plan to investigate this further in the future. Overall, these
investigations have shown the value in taking a deeper look into the genomes of patients
with rare disease, and the challenges that remain in detecting certain kinds of genetic

changes.
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Chapter 1: Introduction

1.1 Rare disease

1.1.1 Rare disease and the diagnostic odyssey

A rare disease is defined as a condition which has very low prevalence in the general
population. Numerically, this is defined by the European Commission as one which affects
fewer than one in 2,000 people (Eurordis, 2020), and in the United States as one which
affects fewer than 1 in 5,000 people (Alvaro-Sanchez et al., 2021; Nguengang Wakap et al.,
2020). There are more than 8,000 different rare diseases, involving all organs and tissues of
the body, ranging from rare cancers to autoimmune disorders, and neuromuscular
syndromes. Rare diseases may be congenital or develop at any stage of life. Although rare
diseases are uncommon individually, at some point in their lives, 1 in 17 people will be
affected by a rare disease (Eurordis, 2020). The cumulative burden of rare diseases on
society is therefore substantial. Management of rare diseases varies, with different care

pathways, support, and therapies to consider.

The biggest barrier to care for individuals with rare diseases is diagnosis, which typically
takes 5-10 years or more, and often requires referral to numerous different specialists
(Austin et al., 2018). Termed the ‘diagnostic odyssey’, the time from symptom onset to
diagnosis is difficult for patients and their wider support environment, and incurs
considerable healthcare costs. In a report by Mendelian (Angelis et al., 2015), an
organisation which advocates for rare disease patients, £ 3.4 billion was spent by the UK
National Health Service on care of rare disease patients in the ten years prior to diagnosis
(Angelis et al., 2015). One important finding which contributes to this is that rare disease
patients are more likely to visit Accident and Emergency departments, outpatient clinics and
be admitted to hospital wards than the general population (Angelis et al., 2015).
Streamlining diagnostic pathways for individuals with rare disease is therefore important for

patient welfare.

Providing an accurate diagnosis in a shorter amount of time may also lead to a reduction in

unnecessary medical procedures and treatments, by better targeting therapies or
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interventions to patients. However, with 94 % of rare diseases lacking approved treatments
(Austin et al., 2018), more research is necessary to enable faster diagnosis and greater
targeting of therapies for rare disease patients. Indeed, a socioeconomic analysis suggests
that greater investment should be made in the management and treatment of rare
diseases, as the direct healthcare cost of treatment is outweighed by the reduction of
indirect costs associated with patient quality of life and productivity (Fernandez-Marmiesse

et al., 2018).

For rare diseases to be managed most effectively by patients, carers, and healthcare teams,
a molecular diagnosis is necessary. A molecular diagnosis describes the specific genetic
variant (genotype) which causes a disease’s traits or characteristics (phenotype). A genetic
cause is expected in most cases of rare diseases, and it is estimated at least 80 % of rare
diseases display a genetic origin (Eurordis, 2020; Rajasimhaet al., 2014). Genetics therefore

plays an important part in the diagnostic journey for most patients.

1.1.2 Aetiology of rare disease

Transmission of common familial traits - such as eye colour or facial appearance - through
generations has been remarked since well before the rise of genetic science. The thesis of
Gregor Mendel in the 19th century fostered a culture for the observation of heredity, which
precipitated the understanding of dominant and recessive traits (Bateson and Mendel,
2013; Singh, 2021). This concept of trait inheritance applies just as much to the study of rare
diseases. Indeed in monogenic diseases, where a disease phenotype is associated with a
genetic variant in a single gene that can be transmitted either in a dominant or recessive

manner is described as mendelian as a result of these seminal observations.

Inherited autosomal rare diseases, which affect genes on chromosomes 1-22, may be
transmitted either in a dominant or recessive manner. In autosomal dominant conditions
only one disease allele is required for disease penetrance, such as transmission of a genetic
variant from an affected parent to an affected child. Arrhythmogenic right ventricular

cardiomyopathy (Mendelian Inheritance in Man (MIM): 107970) is an example of an
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autosomal dominant disease, caused by heterozygous variants in various genes involved in

cell-cell binding, such as DSP (MIM: 125647) (McNally et al., 1993; Norgett et al., 2000).

Alternatively, diseases which are transmitted in a recessive manner, where two disease
alleles (biallelic) are necessary for disease penetrance usually requires inheritance of one
disease allele from each unaffected carrier parent by an affected child. Autosomal recessive
transmission can be exemplified with cystic fibrosis where typically disease occurs in
individuals who carry biallelic variants in the CFTR gene (MIM: 602421) (Savant et al., 1993).
In recessive disease, an affected individual can be homozygous for a pathogenic variant
where the same variant is inherited from each heterozygous parent. Alternatively, an
affected individual can be compound heterozygous, where different pathogenic variants are

inherited from each parent.

Sex-linked disorders - in which genes on the X or Y chromosomes are affected - have
different pattens of transmission, resulting from female possession of XX chromosomes and
male possession of XY chromosomes (Lau, 2020). The most common mechanism of sex-
linked disorder is X-linked recessive disorders. These are more commonly identified due to
their penetrance in hemizygous males who only inherit one X-chromosome from their
mothers. A male that is hemizygous for an X-linked recessive disorder will be affected, and
there is a 50 % chance of a carrier female having an affected son. One example of X-linked
disease is haemophilia type A, where inheritance of a pathogenic variant in X-chromosome
coagulation factor VIII gene F8 (MIM: 300841) causes disease predominantly in males
(Antonarakis et al., 1995; Konkle and Nakaya Fletcher, 1993). For females to be affected by
an X-linked recessive disorder, X-linked variants in the same gene must be inherited from
each parent. Additionally, skewed X-chromosome inactivation in females can lead to
variable penetrance of X-linked recessive phenotypes (Ross et al., 2005). Y-linked disorders
only affect males and are less commonly identified likely due to the reduced gene content
of the Y-chromosome compared to the X-chromosome (Lau, 2020). Y-chromosome
instability, and microdeletions affecting numerous genes on the Y-chromosome are
associated with spermatogenic failure (MIM: 415000) and male infertility (Zhu et al., 2020).

So, inheritance of Y-chromosome disorders is unusual, and usually only possible following
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participation of clinically affected fathers in in vitro fertilisation using intracytoplasmic

sperm injection (Fan and Silber, 1993).

Finally, maternally inherited disorders can occur as a result in variants in genes located in
the mitochondrial genome. Mitochondria are organelles which are the major source of
energy production by facilitating the biochemical process of oxidative phosphorylation. As
intracellular organelles, mitochondria are inherited by offspring via the maternal ovum, and
so mitochondrial disorders display a characteristic maternal inheritance. Genetic variants in
mitochondrial gene MT-ATP6 are associated with maternally inherited Neuropathy, ataxia,
and retinitis pigmentosa (NARP) and Leigh Syndrome (MIM: 516060) (D’Aurelio et al., 2010;
Heuer and Seibert, 2022).

Understanding inheritance patterns of a rare disease is important for two reasons. Firstly, it
is useful to be able to predict risk of future offspring being affected by a familial disease
during genetic counselling (Abacan et al., 2019). Secondly, knowledge of the expected mode
transmission is useful to incorporate into diagnostic workflows when trying to identify a

causal variant.

1.1.3 De novo variants

Rare diseases by definition occur very infrequently in a population, however a rare disease
can occur for the first time in a previously unaffected family due to spontaneous genetic
mutation. These are termed de novo genetic variants and are often identified in patients
where there is no family history of disease. Mutation of germline DNA that results in the
formation of de novo variants results from the numerous rounds of cell division during the
process of gametogenesis (Conrad et al., 2011). The average mutation rate for single
nucleotide variants (SNVs) per generation is 1.18x10® per nucleotide, which produces ~74
de novo variants in an individual’s genome (Veltman and Brunner, 2012). De novo variants
are less stringently exposed to evolutionary selection compared to inherited variants, which
contributes to the tendency of de novo variants to be more deleterious on average than
inherited variants (Eyre-Walker and Keightley, 2007). Identification of de novo variants in an

individual with a negative family history of disease is therefore a priority when conducting
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genetic analysis. This approach is possible by sequencing the genome or exome of both
biological parents in addition to the affected child in order to establish which variants are
inherited, and which are de novo. This is a powerful approach available as a result of the
introduction of massively parallel next-generation sequencing (NGS) methods, which allow
detection of novel variants and to formulate novel mendelian gene-disease associations

(Gilissen et al., 2011).

1.1.4 Consanguinity and Endogamy: drivers of rare disease in South Asia

Individuals born from consanguineous relationships are predisposed to transmission of
recessive conditions following inheritance of a rare damaging variant from an ancestor
common to both parents. This effect is illustrated in ‘founder’ population groups, where
factors such as the geographical isolation of the non-European Finnish population (Lim et
al., 2014), or the cultural and religious practice in the Ashkenazi Jewish population (Cox et
al., 2018) contribute to the formation of communities with little gene admixture that are
predisposed to propagation of specific de novo variants. Both these example populations
suffer disproportionately from disease-causing loss-of-function variants, making them useful

cases for understanding the generation of novel genetic diseases.

Similarly, some populations in south-Asia are highly endogamous. Endogamy is the isolation
of a population as a result of cultural and ethnic differences. In India, the adoption of the
caste structure over many generations has given rise to a multitude of communities which
are characterised by a high degree of reproductive isolation (Majumder and Basu, 2014).
Four main castes among the Hindu population are subdivided into more than 4000 sub-
castes, plus the co-existence of Muslim, Christian and Sikh minorities have led to the
development of a heterogeneous population characterised by high rates of endogamy
(Mastana, 2014). This genetic phenomenon is neglected in many Caucasian-centric studies,
and publicly available population-level genetic datasets such as gnomAD
(https://gnomad.broadinstitute.org/) (Karczewski et al., 2019) regard the south-Asians as a

homogeneous population group.
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The unique heredity architecture among south-Asians has led to a higher predisposition of
founder events compared to the Ashkenazi Jewish population (Nakatsuka et al., 2017).
Indeed, an estimation by Organisation for Rare Diseases India (ORDI) predicted that 56
million individuals (4.67 % of the population) may suffer from monogenic diseases in India
(Rajasimha et al., 2014). The establishment for the Genomics for Understanding Rare
Diseases: India Alliance Network (GUaRDIAN) consortium, which oversees genetic research
to diagnose patients in India with rare and unique disorders (Bajaj et al., 2019), has led to
molecular diagnoses unique to Indian populations. Novel KRT5 (MIM 148040) (Vellarikkal et
al., 2014) and KRT14 (MIM: 148066) (Yenamandra et al., 2017) variants associated with
Epidermolysis Bullosa in Indian pedigrees, and rare variants in MLC1 (MIM: 159552) were
identified in nine patients from a single north-Indian community with leukodystrophy
(Vellarikkal et al., 2018). Given the number of individuals predicted to suffer from rare
disease in India, there remain a lot of unsolved and unreached cases, which represents a
great endeavour for genomics in India. Analysis of these cases will likely yield novel insights

into the aetiology and mechanism of rare and unknown diseases.
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1.2 Genomic approaches in rare disease diagnosis

1.2.1 Advances in genomics

Initial sequencing of the 3.2 billion nucleotides that make up the human genome (Lander et
al., 2001) represented a huge step forward in being able to understand human biology at a
fundamental level. By harnessing the original Sanger sequencing method, a plethora of
alternative methods now offer massively parallel sequencing of more individuals, in less
time, than ever before. From 2010, the cost of sequencing started to decline, and next-
generation sequencing (NGS) methods started to become a tool available to many research
and diagnostic laboratories. Genetic diseases are relevant to all medical specialities, and
rare diseases represent a continuous global healthcare challenge (Brittain et al., 2017).
Advances in NGS technologies provide scope for assessing diagnosis of rare conditions on an
individual, patient-by-patient, or family-by-family basis. This section describes the advances
in genomics, associated NGS analytical pipelines, and implementation in a diagnostic

setting.

NGS platforms are particularly valuable when considering monogenic diseases with low
incidence rates, such as Juvenile Arthritis (1 in 20,000, MIM: 618795) (Bernatsky et al.,
2007), or Epidermolysis bullosa (1 in 40,000, MIM: 226650) (Angelis et al., 2015). In certain
cases, NGS technologies, which include targeted gene sequencing panels, whole exome
sequencing (WES) and whole genome sequencing (WGS) are able to provide the data
necessary to reach a molecular diagnosis and end a long ‘diagnostic odyssey ’that patients
often face (Fernandez-Marmiesse et al., 2018). Prior to the introduction of NGS
technologies, it would not be uncommon for rare disease patients to undergo multiple
diagnostic investigations, re-diagnoses, being passed between clinical services. The
paradigm shift resulting from the application of NGS, particularly introduction of exome-
wide sequencing of the protein-coding parts of the genome to the diagnostic pathway has
had a major impact on patient diagnosis. Before the advent of NGS, targeted sequencing of
exons in known disease-causing genes did not easily allow novel identification of gene-
disease associations in patients with rare disease (Samocha et al., 2014). This change in
diagnostic ability is exemplified in numerous early studies which implemented WES,

demonstrating utility as a diagnostic tool (Deciphering Developmental Disorders Study,
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2015; Gilissen et al., 2014; Yang et al., 2014). One example this in practice is the Canadian
Finding Of Rare Disease GEnes (FORGE) study, which was able to implement WES in order to
diagnose 105 of 362 families with rare disease (diagnostic rate 29 %) (Sawyer et al., 2016).
Of the patients who were diagnosed 72 % were diagnosed by WES after their first clinic visit,
which reinforces WES as a powerful diagnostic tool in terms of patient time-to-diagnosis
and healthcare costs (Sawyer et al., 2016). Current clinical approaches in the UK including
the Deciphering Developmental Disorders (DDD) study and 100,000 genomes project are

outlined further in Section 1.2.9.

Furthermore, the proliferation of microarray-based comparative genomic hybridisation
(aCGH) methods for detecting single nucleotide polymorphisms (SNPs) also represented a
cost and time-effective mode of determining specific genetic features in patient cohorts
with a view to identifying chromosomal changes such as copy number variants (CNVs).
Additionally, SNPs were identified that could be used at markers to aid in diagnosis of
common diseases, particularly in cancer (Pant et al., 2014). The use of different technologies
to assess genetic susceptibility or make a genetic diagnosis is being adapted as WES/WGS
becomes cheaper. Polygenic risk scores for common diseases such as breast cancer or
coronary artery disease can be determined from WGS data with similar imputation
accuracy, while also overcoming the intrinsic ascertainment bias of selecting variants to
include in a certain genotyping array (Homburger et al., 2019). Similarly, mapping of
genome-wide data in WGS permits the more accurate detection of CNVs breakpoints
compared to microarray methods, as well as the possibility to detect other structural
variants including inversions or translocations (Rapti et al., 2022). This represents a shift
from retrieving targeted genotyping data for specific analyses, to sequencing whole

genomes and conducting genotyping analyses post-hoc.

Moreover, WES and WGS offer an unbiased approach to gene discovery. WES has been
preferred historically due to the ease of interpretation of variants within coding regions of
the genome, and feasibility studies such as one conducted by Columbia University Medical
Center established that WES has clinical use in precipitating medical interventions and
improving patient and family education through genetic counselling (Iglesias et al., 2014).

Over time, aided by reduction in cost, WGS has become increasingly applied to rare disease
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studies because of the comprehensiveness of the data provided (Brittain et al., 2017). WGS
is now more affordable, and when investing in sequencing it makes more sense to have
genomic data available rather than be limited to exome data, as WGS also has the
advantage that exome data can still be analysed as per similar analysis conducted with WES

(Fernandez-Marmiesse et al., 2018).

1.2.2 Strategies for NGS analysis

When considering genetic analysis of patients with rare diseases, there are different options
for structuring the process of identifying the aetiological variant. Initially, a hypothesis will
be determined, and if the phenotypes have previously been associated with a disease, a
gene-specific hypothesis can direct genetic analysis. When a patient has phenotypes which
are not associated with a specific gene, or testing for variants in a known gene has returned
a negative test, a gene agnostic approach is justified (MacArthur et al., 2014). In a gene
agnostic approach different frameworks can be applied depending on the number of
affected family members, the hypothesised mode of transmission, presence of non-related

individuals with the same phenotypes, and participation of unaffected family members.

If there is a positive family history of disease, a family linkage approach can be used to
identify variants inherited by affected individuals, and not inherited by unaffected family
members. Autozygosity mapping is particularly useful in identifying the cause of recessive

diseases in consanguineous families (Carr et al., 2013).

Where there is no family history of disease, parent-child trios can be analysed to identify de
novo variants. In this scenario, the cause of disease is hypothesised to be a dominant de
novo variant. Inherited variants are assumed to be non-pathogenic, reducing the pool of
variants for consideration (Fernandez-Marmiesse et al., 2018). If no causal de novo variant is
identified, trio sequencing also permits the identification of genes with biallelic variants
inherited from each parent. This makes the trio approach effective in identifying causative
variants compared to patient-only analyses (Farwell et al., 2015). In situations where trio
analysis has either not successfully identified a variant, or where trio analysis is not possible

as a result of parental non-participation, an intersection approach can be devised if a cohort
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of non-related individuals have been identified. In this approach, intersection of pathogenic
variants in the affecting the same gene in multiple individuals can be particularly
advantageous in the identification of novel gene-disease relationships (Fernandez-

Marmiesse et al., 2018).

With numerous approaches to identify variants in cases where there is no previous disease-
gene association to form a hypothesis, diagnosis of rare disease patients can be challenging.
Many cases remain unsolved, often decades after initial investigations begin. Reanalysis of
patient data, and re-sequencing of patient DNA using WGS and implementation of updated
bioinformatic pipelines can be useful for investigating unsolved cases (Liu et al., 2019). It is
important when considering probands with rare - or potentially unique - phenotypes that
the diagnostic approach does not rely on analysis of coding regions. Methods of
investigating non-coding variants are often underused, partly due to the inability to
confidently interpret the consequences of a genetic variant which may not directly impact

protein structure or function.

1.2.3 Processing and analysis of NGS data

Since the adoption of NGS into genetic research, the workflow bottleneck has shifted from
the cost of sequencing to the processing of large sets of genomic data (H. Y. Chen et al.,
2019). The workflow for processing genomic sequencing data, depicted in Figure 1, outlines
the main steps in converting raw sequencing data of usually small reads (<200 base pairs) to
a meaningful and appropriate list of genetic variants. For standardisation of bioinformatic
pre-processing of NGS data and calling of SNVs and structural variants (SVs), best practice is
outlined by Genome Analysis Toolkit (GATK; https://gatk.broadinstitute.org/hc/en-us).
Following variant calling and exporting of files as Variant Call Files (VCFs), computational
annotation and filtering of genetic variants is necessary to provide the context for

interpretation (Butkiewicz and Bush, 2016).
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Figure 1.1: Overview of a standard WGS/WES bioinformatics workflow. Raw reads are
assessed for quality and aligned to a reference genome to produce a Binary Alignment Map
(BAM) file. Aligned reads in the BAM file can then be used to call variants and are exported
to Variant Call Files (VCF), which allow annotation and filtering of variant data to identify

variants of interest. Based on figure from GATK (https://gatk.broadinstitute.org/hc/en-us).

Multiple tools are available for annotation, including open-source tools such as Variant
Effect Predictor (VEP) (McLaren et al., 2016) and Annotate Variation (ANNOVAR) (Yang and
Wang, 2015), and licensed software such as VarSeq
(www.goldenhelix.com/products/VarSeq/) and Alamut Visual
(https://www.sophiagenetics.com/platform/alamut-visual-plus/). Annotation allows for
genetic variants to be described within a biological and disease context. In order to narrow
down the amount of putative diagnostic variants, filtering strategies are implemented based
on annotation of genetic variants. Initially this includes annotation of basic gene ontological
features including gene names and cDNA positions through catalogues such as ENSEMBL
(www.ensembl.org/index.html) or RefSeq (www.ncbi.nlm.nih.gov/refseq/) (Pabinger et al.,
2014; Pruitt et al., 2007). Genetic variants can be annotated with further relevant metadata
from additional databases such as the minor allele frequency (MAF) of the variant in the
general population (section 1.2.4), in silico modelling of protein function using bioinformatic

tools (section 1.2.5), and whether variants have previously been associated with disease or
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specific phenotypes (section 1.2.6) (Butkiewicz and Bush, 2016). The overall annotation and
filtering approach can be refined depending on factors such as the expected mode of
transmission or incidence rate of disease, however standardisation across different rare

disease patients allows for more consistent reporting of findings.

1.2.4 Population databases

A key principle in identifying causative genetic variants in rare disease patients is that rare
diseases result from genetic variants that are rare, or unique, in the wider healthy
population. In order to determine if a variant is rare, it is useful to annotate genomic
variants with allele frequency data from the general population. Absence or scarcity of a
variant in a large control dataset supports its putative involvement in rare disease.
Sequencing projects such as the 1000 genomes sequencing project allowed for
discrimination of polymorphisms, or variants that were observed in more than 1% of the
population (1000 Genomes Project Consortium et al., 2010). This approach was used in
large clinical sequencing programmes such as the Deciphering Developmental Disorders
(DDD) study to filter out polymorphisms, using a minor allele frequency cut off of 1 %
(Wright et al., 2015). The sequencing of more and more exomes and genomes improves the
use of allele frequency data as a metric in rare variant identification. This encouraged the
use of low coverage sequencing approaches which sacrifice individual genotyping accuracy
to allow for sequencing of more individuals, thus maximising determination of population
allele frequency (1000 Genomes Project Consortium et al., 2012). Additionally, completion
of the 1000 genome project saw mapping of genomes of 2,504 individuals form 26
populations, allowing for determination of polymorphisms unique to diverse population
groups (1000 Genomes Project Consortium et al., 2015). Analysis of the finalised 1000
genomes project dataset identified that 1-4 % of variants in the genome of an average
individual have a frequency in the population of < 0.5 %, representing between 40,000-

200,000 rare variants per genome (1000 Genomes Project Consortium et al., 2015).

As more sources of data from control from control individuals became available,
aggregation of data from different institutions was necessary to provide better

determination of minor allele frequency reporting, particularly for minority ethnic
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populations. The establishment of the exome aggregation consortium (ExAC) was an
important development which allowed anonymised exome sequencing-derived genetic
variants to be deposited in a central database freely accessible to researchers working to
identify variants in individuals with rare mendelian disease (Lek et al., 2016). Exome
sequencing data from 60,706 individuals enabled some key observations in the field of rare
disease genetics. Objective metrics of pathogenicity could be assessed, and 3,230 genes
were identified which could be characterised by depletion of predicted loss-of-function
variants (Lek et al., 2016). Crucially, 72 % of these genes had no established involvement in
human disease, opening up many avenues for research into mechanisms of rare disease
(Lek et al., 2016). This supports previous findings that variants are more likely to be
deleterious if a gene is depleted of functional variation in a control population, which is to
say that genes that are more constrained for nonsense or missense variants are more likely

to be mutated in disease (Samocha et al., 2014).

The most recent iteration of EXAC, which combines exome and whole genome data from
dozens of sources is the genome aggregation database (gnomAD), which contains exome
and genome data for more than 150,000 individuals unaffected by inherited disease
(Karczewski et al., 2019). The scale of the data available through gnomAD allow highly
accurate estimates of allele frequency, including for rare variants < 0.01 % (Gudmundsson et
al., 2022). Using gnomAD-derived data is therefore useful when filtering genomic variants to
identify rare SNVs. One caveat of the use of gnomAD data is possible inclusion of individuals
with late-onset genetic diseases, or individuals with low penetrance of rare disease
phenotypes (Rexach et al., 2019). Additionally, it is important to consider that rare variants
may be benign as well as pathogenic, and so the use of allele frequency should only

comprise part of a more sophisticated bioinformatic filtering pipeline.

Large-scale aggregation of genetic data has permitted a more accurate quantitation of
selective pressure, allowing systematic identification of genes which are predicted to be
intolerant to heterozygous loss of function (LoF) variants (Karczewski et al., 2020; Lek et al.,
2016). This assumes that LoF variants will be depleted in disease-causing genes among a
cohort of disease-free individuals. The pLI (probability of LoF intolerance) metric is an

estimation derived from EXAC data of the probability that a gene is LoF-intolerant (Lek et al.,
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2016). A pLI score > 0.9 indicates that LoF variants are observed in fewer than 10 % of cases
than are expected based on the size of the gene (Lek et al., 2016). Utility of intolerance
metrics are demonstrated in systematic gene-driven approaches to identify variants of
interest in individuals with rare disease, such as identification of pathogenic variants in 22
histone lysine transferase genes with pLI >0.9 in DDD study participants with developmental
disorders (Faundes et al., 2018). The pLI metric was refined using data from >140,000
exomes and genomes available in gnomAD to allow more reliable predictions for small
genes, and to consider the variability in selective pressure that results from different types
of variation on different genes (Karczewski et al., 2020). The loss-of-function
observed/expected upper bound fraction (LOEUF) metric produces continuous estimates of
LoF effect based on a confidence interval around the observed/expected ratio (Karczewski
et al., 2020). The use of constraint metrics is an important tool that has evolved from
aggregation of genomic data that can contribute to the refinement of putative pathogenic

variants in individuals with rare disease.

1.2.5 In silico modelling of genomic variants

The goal of bioinformatic filtering of variants is to identify variants which cause a deleterious
change in protein expression or function. In order to assess the impact of genetic variation
on protein function, bioinformatic tools have been developed to enable in silico prediction
of deleterious effects (Peterson et al., 2013). Approaches have also been designed to
indicate changes in splicing effects (see section 1.2.5.1). Various tools are available which
use different approaches to predict conservation and pathogenicity of SNVs (Table 1.1)
(Adzhubei et al., 2013; Desmet et al., 2009; loannidis et al., 2016; Jaganathan et al., 2019;
Kircher et al., 2014; Reva et al., 2011; Schwarz et al., 2010; Shihab et al., 2015, 2014;
Tavtigian et al., 2006; Vaser et al., 2016). These include FATHMM (Functional Analysis
Through Hidden Markov Models; fathmm.biocompute.org.uk/index.html) which
discriminates between disease-causing and neutral polymorphisms based on sequence
conservation using hidden Markov models (Shihab et al., 2014), and MutationTaster
(www.mutationtaster.org/) which provides a probability of an SNV being pathogenic based
on known SNVs derived from the human gene mutation database (HGMD) and 1000

Genomes Project (Schwarz et al., 2010). These are useful in providing an immediate view of
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the potential impact of variants being considered during analysis of WES/WGS data.

However, the disparity between functional prediction tools’ ability to correctly predict effect

has been remarked in various studies. One key criticism is the inadequate reflection of

biological networks, including protein-protein interactions or relative functional importance

of different proteins domains in predictions (Ganakammal and Alexov, 2019). As prediction

tools are imperfect, and each assesses the impact of genetic variation differently, tools such

as CADD and REVEL (see 1.2.5.2) have been developed in order to aggregate predictions

from different predictors in order to offer a more reliable prediction.

Table 1.1: In silico tools for functional predictions of variant effect.

In silico prediction | Functionality Output Reference
tool

Align-GVGD (Align | Predicts functional changes in | Risk estimate score agvgd.hci.uta
Grantham amino acid substitutions based | 0.00-4.00, divided h.edu/about.
Variation and on Grantham scoring for into seven categories | php

From Tolerant For

protein function. Assesses

Deleterious)

Grantham biophysical properties of based on likeliness of | (Tavtigian et

Deviation) amino acids and multiple mutation to interfere |al., 2006)
protein alignments. with function.

SIFT 4G Predicts consequence of Classification system | sift.bii.a-

(Sorting Intolerant | amino acid substitution for (Tolerated or star.edu.sg/;

(Vaser et al.,

of missense variants via
analysis of homology
alignment, CpG context,

protein structural changes in

(Unknown, benign,
possibly damaging,
probably damaging)

Genomes) protein conservation and 2016)
severity of amino acid
substitution.

PolyPhen2 Assesses likely pathogenicity | Classification system | genetics.bwh

.harvard.edu
[pph2/;
(Adzhubei et
al., 2010)
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hydrophobicity and surface

area

MutationTaster

Assesses pathogenicity based
on evolutionary conservation,
changes in splice sites, mRNA
and protein structure and

function

Classification system
(Disease causing,
Disease causing
automatic,
polymorphism,
polymorphism

automatic).

www.mutati

ontaster.org/

; (Schwarz et

al., 2010)

MutationAssessor

Assesses evolutionary

conservation of amino acids

Functional impact
score with scores
>1.935 classed as

pathogenic.

mutationasse

ssor.org/r3/;

(Reva et al.,

2011)

FATHMM
(Functional
Analysis Through
Hidden Markov

Uses Hidden Markov Models
to evaluate a variant using
disease-specific weighting. Can

choose from inherited disease,

Classification system
(Pathogenic, or

Benign).

fathmm.bioc

ompute.org.u
k; (Shihab et

al., 2014)

Models) cancer or disease-specific
analyses.
FATHMM-MKL As for FATHMM but integrates | Classification system | fathmm.bioc

(Multiple Kernel

Learning)

functional annotations from
kernel matrices including
databases such as ENCODE to
make predictions for coding

and non-coding variants

(Pathogenic, or

Benign) alongside a

confidence measure.

ompute.org.u
k/fathmmMK

L.htm;
(Shihab et al.,
2015)
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Human Splicing

Predicts changes to splicing

Probability of splicing

www.umd.be

Finder (HSF) signals using previously being altered, ESE HSF/;
generated stand-alone and ESS predictions (Desmet et
matrices to analyse 5" and 3’ integrated into single |al., 2018)
splice sites, branchpoints, and | pathogenicity
cis-acting exon enhancers and | prediction score, and
silencers (ESE and ESS). graphical output.

SpliceAl Assesses likelihood of a variant | Delta-score of spliceailooku
leading to formation of splice | likelihood of effect, p.broadinstit
donor or acceptor site, or with reference effect | ute.org/
disruption of an existing splice | on local splice sites. (Jaganathan
site. Applicable to non-coding etal., 2019)
variants as well as coding
variants and canonical splice
sites.

REVEL (Rare Integration of 18 existing Scores range on a sites.google.c

Exome Variant tools, trained specifically on scale of 0-1 with 1. om/site/revel

Ensembl Learner) |rare pathogenic and rare genomics/
benign coding variants. (loannidis et

al., 2016)

CADD
(Combined
Annotation-
Dependent

Depletion)

Assesses pathogenicity based
on scores from a combination
of in silico tools which include
evolutionary conservation,
allelic diversity, variant
annotation, splice score

perdition, functional data.

Phred-scale (Log10-
based score)
pathogenicity ranking
based on all possible
SNVs in the whole

genome.

cadd.gs.wash
ington.edu/;

(Kircher et

al., 2014)
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1.2.5.1 Splicing models

There is similar availability of bioinformatic tools to assess the impact of variants on
messenger RNA (mRNA) splicing. Changes in splicing that result in disease include disruption
of canonical donor and acceptor splice sites, branch sites, cis-acting exonic splicing
enhancers (ESE) and silencers (ESS), and introduction of novel splice sites within intron or
exon regions (Cormier et al., 2022; Leman et al., 2020; Ohno et al., 2018). Numerous
diseases have been associated with splicing disruption (Anna and Monika, 2018; Cunha et
al., 2016; Li et al., 2018; Parthasarathy et al., 2022), and it is estimated that 9-11 % of
pathogenic variant in patients with rare disease result from splicing changes (Jaganathan et
al., 2019). Currently, splicing variants only make up 8.5 % of the disease-causing genes

catalogued by HMGD (https://www.hgmd.cf.ac.uk/ac/index.php as of 24" November 2022),

which suggests that although variants which affect splicing are a significant driver of genetic
disease, more effort is required to ensure adequate assessment and detection of

pathogenic splicing variants.

Largely consequential following its development, Human Splicing Finder (HSF) integrated
analysis of motifs evaluated by stand-alone tools including branch points, and cis-acting
elements, and generating easily interpretable predictions (Desmet et al., 2009). More
recently, deep learning approaches have greatly influenced development of latest tools
(Rowlands et al., 2019). One additional widely used example is SpliceAl, which utilises a
deep neural network to predict splice site junctions and allow accurate prediction of splicing
probability arising from non-coding variants (Jaganathan et al., 2019). Validation of this
model using RNA-sequencing led to the finding that many of the rare non-coding splicing
variants identified are highly deleterious, often leading to nonsense protein products.
Additionally, more recent approaches that consider the constraint of non-coding regions to
splicing variants can also be helpful when prioritising variants predicted to affect splicing
(Cormier et al., 2022). These examples illustrate how ability to sensitively predict splicing
changes in non-coding regions is improving at great speed, and therefore potentially allows

a major uplift in diagnostic yields.
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1.2.5.2 Aggregating in silico predictions

While in silico tools offer immediate information as to the likelihood of a variant being
deleterious, few combine data which reflect evidence from biological assays. As a result,
many benign variants are often erroneously classed a disease-causing (false positive). One
approach taken to ensure that fewer false positive variants are identified is by using tools
which aggregate predictions from separate prediction tools. One such example is the
development of CADD (Combined Annotation-Dependent Depletion) scoring (Kircher et al.,
2014), which allowed ranking pathogenicity of all possible SNVs genome-wide by integrating
data from >60 annotation tools including Ensembl Variant Effect Predictor (McLaren et al.,
2016), epigenetic information from the ENCODE Consortium (ENCODE Project Consortium,
2012), Grantham Distance scoring (Grantham, 1974), SIFT/Polyphen2 scoring (Vaser et al.,
2016), and splicing predictions (Rentzsch et al., 2021). CADD derives a single score using a
machine learning model that is transformed on to a PHRED-like scale, producing a single
meaningful output (Table 1.2). Although there is no set or recommended threshold for a
variant to be classed as pathogenic, it is broadly accepted among users that a CADD-Phred
score < 20 is unlikely to be pathogenic, and so can be regarded as benign (Rentzsch et al.,
2019). While this arbitrary cut off is useful when analysing multiple variants from WGS/WES
data, variants falling below this threshold should not be entirely ignored. For example,
sensitivity is using a CADD score of 20 to predict pathogenicity declined to 75 % when non-
coding variants more than four nucleotides form canonical splice sites are evaluated in

patients with congenital hypothyroidism (Albader et al., 2022).
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Table 1.2: Interpretation of CADD-PHRED scores. Scores rank all possible genomic variants

by predicted pathogenicity, from (Kircher et al., 2014).

CADD score Variant pathogenicity ranking
>10 Bottom 90%

10-20 Top 10%

20-30 Top 1%

30-40 Top 0.1%

40-50 Top 0.01%

>50 Top 0.001%

Development of REVEL (Rare Exome Variant Ensembl Learner) also represents a key
development in the prediction of rare-disease specific SNVs (loannidis et al., 2016). This
approach integrates predictions from distinct tolls as achieved by CADD, but random forest
algorithms are trained using newly identified rare pathogenic and rare benign variants. This
addresses the overlooking of rare variants, and the predisposition of stand-alone tools to
inaccurately mark ultra-rare or novel variants as pathogenic due to their absence from
databases such as the 1000 genomes project (Li et al., 2013). Unlike CADD however, REVEL
does not incorporate splicing predictions, and does not assess non-coding variants. The
advantages and drawbacks of the in silico tools available therefore requires the use of
multiple different methods when attempting to predict the effect of different types of rare

variants identified in NGS data (Butkiewicz and Bush, 2016; Richards et al., 2015).

1.2.6 Functional and disease annotation

In order to improve annotation and interpretation of rare, putatively damaging genetic
variants identified from NGS approaches, is can be useful to consider databases of variant-,
gene-, or phenotype-specific functional data. As most ontological and functional terms tend
to be verbose, they permit the incorporation of experimental data into the consideration
stage of variants post-filtering (Ejigu and Jung, 2020). Catalogues of human variants such as

40



HGMD (Stenson et al., 2012) or the Single Nucleotide Polymorphism database (dbSNP) (Kitts
and Sherry, 2011) provide variant-level data on phenotype associations (Pabinger et al.,
2014). Meanwhile molecular and cellular functional data can be integrated using the Kyoto
Encyclopaedia of Gene and Genomes (KEGG) pathway database and gene ontology (GO)
terms (Kanehisa et al., 2016). Compiled by the GO Consortium, GO terms provide a
description of the molecular function, cellular component, and biological processes
associated with a particular gene product, based on experimental data (Gene Ontology
Consortium, 2015). Data regarding gene expression across different human tissues and cell
types, provided by Genotype-Tissue Expression (GTEx) project
(https://gtexportal.org/home/) can also be useful when linking a variant in a poorly

characterised gene to expression within an affected tissue (Aguet et al., 2017).

To provide better context of human phenotypes, databases such as Online Mendelian
Inheritance in Man (OMIM) (Amberger et al., 2009), ClinVar (Landrum et al., 2014), and the
Genome Wide Association (GWAS) catalog (Hindorff et al., 2009) provide a catalogue of
disease-gene relationships. ClinVar annotation also annotates information regarding the
pathogenicity or non-pathogenicity of variants that are present in the database, allowing for
previously characterised rare pathogenic or benign variants to be flagged. OMIM is a
curated database which describes over 16,000 genes, 6,514 mendelian phenotypes with
known molecular basis, and an additional 1,510 mendelian phenotypes which are yet to be
associated with a molecular basis (as of 23" November 2022, https://www.omim.org/).
Phenotype and genomic data available through OMIM can be useful in establishing if a gene

has previously been associated with a phenotype.

Finally, phenotypes identified in model organisms can add a further layer of insight, such as
The Mouse Genome Informatics (MGI) database (http://www.informatics.jax.org/) which
integrates genomic, gene expression, and phenotype data relating to wild-type and
genetically engineered mice. Animal model databases can be particularly useful when

identifying novel gene-phenotype associations not previously observed in humans.
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1.2.7 Classifying variants

In order for variant pathogenicity to be consistently reported in a clinical setting, a standard
variant classification system and terminology is necessary (MacArthur et al., 2014). This
allows for genetic testing and molecular diagnoses to support clinical decision making. The
first use of a classification system in the interpretation of genetic tests was in predicting
cancer susceptibility (Plon et al., 2008). In 2015, the American College of Medical Genetics
and Genomics (ACMG) produced guidelines for classification of genetic variants involved in
Mendelian disease into five categories: Pathogenic, Likely Pathogenic, Uncertain
Significance, Likely Benign, and Benign (Richards et al., 2015). Classification was based on
multiple criteria which provide support for either a pathogenic or benign classification. This
system considers the strength of variant-specific evidence including variant population
frequency, presence in disease databases, computational in silico modelling, functional data,
and family segregation data (Richards et al., 2015). Criteria and evidence strength are

summarised in Table 1.3.

In cases where criteria for pathogenic classification are not met, or where criteria
supporting benign or pathogenic classification is contradictory, a variant is classed as a
variant of unknown significance (VUS). In such cases, additional evidence is required to
make a classification. For example, if one affected family is identified, identification of
further unrelated individuals can support a pathogenic classification. Furthermore, it is
often necessary to undertake new functional investigations to provide greater molecular
evidence of variant pathogenicity. Further investigations might include more detailed
phenotyping, imaging studies, in vitro molecular assays, or modelling of disease using an

animal model.
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Table 1.3: Overview of criteria for variant pathogenicity classification. Guidelines as

recommended by ACMG and the Association of Molecular Pathology, Richards et al., (2015).

Evidence Strength Criterion | Description
strength
Null variants (nonsense, frameshift, splice site)
Very strong | PVS1
where LOF is known cause of disease.
PS1 Amino acid change observed previously in disease.
De novo variant in patient with no family history of
PS2
disease.
Strong b3 In vitro or in vivo functional data support damaging
effect on gene or gene product.
Prevalence of variant in affected individuals is
PS4 significantly increase compared to unaffected family
members.
Located in mutational hotspot and/or critical and
Pathogenic PM1 well-established functional domain without benign
variation.
PM2 Absent from controls.
For recessive disorders, detected in trans with
PM3
pathogenic variant.
Moderate Protein length changes due to in-frame
PM4 deletions/insertions in non-repeat region or stop-loss
variants.
Novel missense change at AA residue where different
PM5
change has been determined to be pathogenic.
Assumed de novo, but without confirmation of
PM6

paternity or maternity.
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Co-segregation with disease in multiple affected

PP1 members of the family, where the gene has
previously been associated with the disease.
Missense variant in constrained gene, where
PP2 missense variants are a known mechanism of
disease.
Supporting Prediction of deleterious effect among multiple in
PP3 silico computational predictive models
(conservation, evolutionary, splicing impact).
Phenotype is highly specific for a disease with a
PP4
monogenic aetiology.
Reported as pathogenic, but functional data is not
PP5
available to perform independent evaluation.
Missense variant in a gene where truncating variants
BP1
are known mechanism of disease.
Observed in trans with pathogenic variant in a fully
BP2 penetrant dominant disorder; observed in cis with
pathogenic variant in any inheritance pattern.
Inframe indel in repetitive region without a known
BP3
function.
Benign Supporting
Prediction of benign effect among multiple in silico
BP4 computational predictive models (conservation,
evolutionary, splicing impact).
Variant identified in case with alternative molecular
BP5
basis of disease.
Reported as benign, but evidence is not available to
BP6

perform independent evaluation.
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Synonymous variant which is not predicted to have
BP7
an effect on canonical splicing.
BS1 Allele frequency is greater than expected for disease.
BS2 Observed in health adult individual.
Strong In vitro or in vivo functional data support benign
BS3
effect on gene or gene product.
BS4 No segregation in affected members in a family.
Very strong | BAl Polymorphism, allele frequency >5 %.

1.2.8 Analysis of structural variants

Analysis of structural variants (SVs) is another form of variation in the human genome, and a
crucial aspect when assessing patients with rare genetic diseases (Sanchis-Juan et al., 2018).
Classically, structural variants (SVs) could be detected using targeted assays including
fluorescent in situ hybridisation (FISH), and array comparative genomic hybridisation (CGH)
(Kannan and Zilfalil, 2009). The advent of NGS technologies and particularly WGS offer a
new approach to identify SVs, which include large (> 50 bp) insertions and deletions, copy
number variant (CNV) duplications and deletions, and genomic rearrangements (inversions,
translocations) (Alkan et al., 2011). Different options are available for calling SVs, such as
generating de novo genome assemblies (Igbal et al., 2012), assessing differences in read
depth (Plagnol et al., 2012), and analysing alignment of read pairs (Jiang et al., 2012). These
techniques are optimised for using WGS data due to the comprehensive unbiased coverage.
Determination of some structural variants such as CNVs can be accomplished using WES by
identifying exonic regions that have higher or lower depth of coverage relative to other

sequenced regions (Ellingford et al., 2017; Krumm et al., 2012).

Just as for SNV data, annotation of SV data is essential when considering pathogenicity.
Many of the population databases discussed in section 1.2.4 also contain data relating to

SVs identified in the population, allowing filtering of rare SVs. The Database of Genomic
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Variants (DGV) is one SV-specific catalogue of SVs from > 75 studies (Ejigu and Jung, 2020;
MacDonald et al., 2014). Databases such as ClinVar and DECIPHER (Firth et al., 2009) contain
SVs identified in rare disease patients. Functional annotation of SVs is more complicated
compares to SNVs. Specific stand-alone bioinformatic tools can be used for SV-specific data
annotation, including defining genes affected by the SV. Implementation of SV analysis
remains an area of active research, with new pipelines and analysis tools continuing to

emerge. The challenges in SV detection are further described in section 1.3.2.1.

1.2.9 Current clinical approaches

In the last decade, numerous large scale clinical NGS initiatives have been initiated in order
to harness the ability of sequencing for benefit of patients with rare disease. Some key
advances in the integration of NGS into clinical diagnostic services within the United
Kingdom are described. Common developments from the DDD study and the 100,000
genomes project have been the utility in standardisation of approaches across multiple
diagnostic centres. These include the use of Human Phenotype Ontology (HPO) terms
(Kohler et al., 2014) to accurately and reliably describe rare diseases identified in different

referral centres.

DDD

The Deciphering Developmental Disorders (DDD) study began recruiting patients with rare
diseases in 2011, focusing on patients with neurodevelopmental disorders, congenital
anomalies, and dysmorphic features. In the DDD study, recruitment of patient-patent trios
was a key approach to maximise the chances of pathogenic variant identification (Firth et
al., 2011). Using this approach, streamlining and standardisation of bioinformatic
approaches was necessary. In order to narrow down the number of putatively diagnostic
variants, a filtering strategy is utilised: variants with a minor allele frequency > 1%, and

variants not predicted to be protein-altering were filtered out (Wright et al., 2015).

During the study, the release of a large dataset of genetic data for individuals with
developmental phenotypes allowed new approaches to identify novel genes and improve

diagnostic rates. Using a genotype-driven approach to identify novel genes in 1,133
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participants with complex phenotypes, novel variants from 35 participants were identified
in 12 genes previously associated with developmental disorders, allowing a rise in the
diagnostic rate of the whole DDD study from 28 % to 31 % (Deciphering Developmental
Disorders Study, 2015). More recent publication of genetic findings indicated an increase in
diagnostic rate to 41 % (Wright et al., 2023). Factors which contributed to increased
likelihood of a diagnosis being reported included recruitment of family trios, which was
associated with lower amounts of candidate variants compared to patients recruited alone
(Wright et al., 2023). This exemplifies the value of recruiting family trios in the detection of
de novo autosomal dominant disorders. Anonymised genetic and phenotype data from the
DDD study is available through the DECIPHER portal, allowing researchers to support or
discount novel diagnoses. This will ensure that the diagnostic yield of participants in the

DDD study continues to rise as new analysis pipelines are established.

100,000 Genomes Project

Established in 2013, the 100,000 Genomes Project (100kGP) aimed to improve clinical
diagnostic detection rates in rare diseases and cancer using WGS (100,000 Genomes Project
Pilot Investigators et al., 2021). This has been possible by the reduction in cost of genome
sequencing from £2 billion for the initial genome sequence to less than £ 500 in the last 20
years (Turnbull et al., 2018). The project includes tracking and integration of phenotype data
to improve variant interpretation. In the long-term, accelerated molecular diagnosis though
100kGP enables delivery of targeted treatments, enables reproductive planning, offers
opportunities for carrier testing, and more appropriate genetic counselling of affected

individuals and families (Griffin et al., 2017; Snape et al., 2019).

In order to streamline interpretation of clinically relevant genetic variants, a tiering
approach is used (100,000 Genomes Project Pilot Investigators et al., 2021). Initially,
variants are selected for the tiering system if that variant is: rare in the healthy population,
is protein altering in at least one transcript, follows the relevant mode of inheritance, and
segregates appropriately in the family. If the variant is not in a gene listed on an applies
virtual disease gene panel, the variant is placed in Tier 3, and is not usually reviewed for
clinical interpretation. Of the remaining variants in genes pre-specified by virtual panels,

protein altering variants are placed in Tier 2, and de novo and truncating variants and
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previously reported pathogenic variants are placed in Tier 1. The diagnostic rate is 22 %
from variants placed in tier 1 and 2 (Turnbull et al., 2018). Although Tier 3 variants are not
considered during clinical interpretation, availability of de-identified data through the
Genomics England virtual research environment for research use (Turnbull et al., 2018). This
allows independent assessment in research settings of Tier 3 variants, and variants which
were not selected for the tiering system, such as non-coding variants. This approach is
particularly valuable to identify novel mechanisms of disease. Review of the 100kGP pilot
study which utilised this interpretation pipeline revealed that 14 % of molecular diagnoses
made resulted from a combination of research and automated processes, and that was
research involvement was particularly critical in identification of non-coding, structural, and

mitochondrial variants (100,000 Genomes Project Pilot Investigators et al., 2021).
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1.3 Challenges in rare disease genomics

1.3.1 Missing heritability

The concept of “missing heritability” was described over a decade ago by Manolio et al.,
(2009) and has come to represent the major ongoing challenge faced in rare disease
diagnostics. In genetics, heritability is defined as the proportion of a disease that results
from genetic variants. By definition, missing heritability therefore is the proportion of
disease phenotype which is not attributable to detectable genetic variants or environmental
factors. The missing heritability can be addressed by improvements in the ability to

effectively (i) detect and (ii) interpret genetic variants.

Variants that have limited detectability include structural variants, non-coding variants and
changes in epigenetic signatures such as DNA methylation in regions of the genome which
are poorly characterised. Additionally, the cumulative influence of different genetic variants
with variable effect sizes in several genes can contribute to penetrance of rare disease
phenotypes in a non-monogenic disease model (Manolio et al., 2009). Diagnosis of rare
monogenic diseases where there is a direct gene-disease relationship assumes that variants
with large effect sizes result in high phenotypic penetrance (Manolio et al., 2009). However,
the aetiology of more common diseases such as coronary heart disease or schizophrenia
derives from a combination of common variants with low effect sizes and environmental
factors, each of which impart an increased risk of developing disease. Identifying
uncommon variants (MAF > 1 %) which segregate with disease is possible, but requires large
cohorts of affected and unaffected individuals to provide adequate statistical power

(Neumeyer et al., 2019; Wellcome Trust Case Control Consortium, 2007).

Aside from challenges in variant detection, variants for which interpretation is limited are
commonly termed as variants of unknown significance (VUS) and occur within both
characterised and new genes. Variants which are difficult to interpret can also be
considered as a consequence of limited detectability of poorly characterised mutational
mechanisms, such as non-coding variants which result in regulatory changes. These can
result in non-mendelian inheritance patterns, adding an additional layer of complexity.

These may cause changes in epigenetic status such as DNA methylation or histone
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modifications (Zhang and Pradhan, 2014), and effect expression of known or yet

uncharacterised genes.

1.3.2 Challenges in detecting poorly characterised genetic mechanisms in disease

1.3.2.1 Structural variants

While WGS offers the ability to acquire an individual’s entire genome, different sequencing
chemistries need to be considered when assessing SVs compares to SNVs. Short read
sequencing is optimal for SNV detections due to high accuracy of base calling, and while the
use of paired short reads also allows SVs to be detected, effective calling and mapping of
large and complex structural variants from short reads (often around 200 base pairs) is
limited (Mitsuhashi and Matsumoto, 2020). Long read sequencing enables complex SVs,
such as translocations and inversions to be identified and for breakpoints to be established,
however, base calling accuracy is reduced compared to short sequencing alternatives
(Eichler, 2019; Rang et al., 2018; Weirather et al., 2017). Long read sequencing approaches
are therefore used when there is a priori hypothesis of complex SV involvement, usually in
individuals with complex or heterogeneous disorders (Jenko Bizjan et al., 2020; Pauper et

al., 2021).

In addition to effective SV detection from a technological viewpoint, it is also important to
consider challenges in detecting variants which are likely to be disease-causing. Tools are
continually being developed and optimised to ascertain and classify variants for
interpretation. One such tool, ClinSV, uses metrics based on combinations of discordancy
mapping of read pairs, split-read mapping, and changes in read depth coverage to identify
SVs to overcome some of the disadvantages inherit to short read data (Minoche et al.,
2019). This approach has been used to identify rare SVs in various rare disease cohorts
including familial dilated cardiomyopathy (Minoche et al., 2019), and dystonia (Kumar et al.,
2019). ClassifyCNV (Gurbich and llinsky, 2020) is a similar CNV-specific tool with extended
functionality to annotate and classify CNVs according to a recent extension to the ACMG
framework (Riggs et al., 2020). In order to implement the ACMG classification criteria,
ClassifyCNV uses a scoring system with variants receiving higher pathogenic scores for

specific attributes such as the inclusion of > 35 protein-coding genes, the presence of
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dosage-sensitive genes, or low population frequency (< 1 %) (Gurbich and Ilinsky, 2020). This
tool has provided a useful means for ensuring that SVs that are detected are novel and rare,

and therefore of interest when considering interpreting the effect of such SVs.

In terms of SV interpretation, assessment of Topologically Associated Domains (TADs) can
provide important regulatory context during SV analysis. TADs are functional units of self-
interacting chromatin, often containing groups of co-regulated genes (McArthur and Capra,
2021). Disruption of boundaries between TADs as a result of SVs can therefore disrupt gene
expression and is observed in rare disease patients (de Bruijn et al., 2020). ClinTAD is a
bioinformatic tool for assessing the impact of CNVs on TADs and was successfully
implemented to identify deletion of a TAD boundary between two cardiac-related genes
MCTP2 and NR2F2 (MIM: 107773) in a patient with complex cardiac anomalies (Spector and
Wiita, 2019). Improvements in ability to detect and interpret SVs continue at great pace and
provide great promise in improving the evaluation of SVs, particularly for rare disorders that

are complex in nature.

1.3.2.2 Non-coding variants

While SV detection is limited by methodological approach use for WGS, one crucial benefit
of WGS compared to WES is access to discerning variants in non-coding regions of the
genome. However, due to the extent of non-coding variant present in each individual’s
genome, determining which are relevant when considering a molecular diagnosis is
enormously challenging. Firstly, non-coding variants in introns and intergenic regions have
the potential to induce novel splicing acceptors and donors, potentially disrupting
processing of transcribed genes (Bauwens et al., 2019). Tools which enable improved in

silico prediction of non-coding variants continue to emerge (Sullivan et al., 2023).

Secondly, variants in non-coding regulatory elements of the genome such as enhancers
(Green et al., 2021) and promoters (Wood et al., 2022) have also been associated with rare
diseases. SNVs within regulatory regions may impair binding of regulatory machinery or
alter the binding of transcription factors. For example, non-coding variants in non-coding
regulatory elements upstream of TBX3 (MIM 601621) have been associated with cardiac
conduction (van Weerd et al., 2020). Deletion of the associated non-coding regulatory

element in a mouse model resulted in increased expression of Thx3 and dysfunctional
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cardiac conduction (van Weerd et al., 2020). In order to successfully considering non-coding
variants, tissue specific databases of gene expression, DNA modification are necessary.
Additionally, targeting regions around known genes can be a useful method of reducing
overall variants for consideration. Further integration and adoption of these methods will

identify further non-coding variants which are associated with rare disease.

1.3.2.3 DNA methylation

In addition to differential gene expression resulting from non-coding variants, DNA
methylation signatures are an additional heritable element which might explain missing
heritability (Guimardes et al., 2022; Moore et al., 2013). However, methylation of CpG
dinucleotides, associated with transcriptional repression, cannot be determined using
standard WGS (Zhang and Pradhan, 2014). Genomic methylation profiling relies on bisulfite
sequencing, where unmethylated cytosine bases are converted to uracil followed by DNA
sequencing (Adusumalli et al., 2015). Bisulfite sequencing of patient DNA is therefore key in
detecting changes in methylation patterns which may underly disease segregation and
indicate the influence of environmental factors in missing heritability of disease (Adusumalli

et al., 2015; Xu et al., 2022).

Combining genotype data with bisulfite sequencing, as well as other functional genomic
tools is challenging in terms of data processing, but an area of interest when considering the
challenge of variant interpretation. The challenge of including epigenetic changes can be
useful when considering potential mechanisms of variable disease penetrance within
families affected by often complex phenotypes (Herlin et al., 2019). One such example is the
association between occurrence of congenital heart disease in children affected by Down’s
syndrome and maternal methylation status of the promoter of the
Methylenetetrahydrofolate Reductase (MTHFR; MIM 607093) gene (Asim et al., 2017). This
illustrates how determining complex phenotype heredity can be complex and require a
combination of different functional genomic approaches. The added complexity in capturing
modifications to DNA bases, rather than changes to the DNA sequence holds back the

integration of genomic DNA methylation mapping into rare disease diagnostic pipelines.
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1.3.2.4 Variants in non-monogenic disease

The missing heritability hypothesis suggests that rare diseases may also derive from a
combination of genetic variants with variable effect sizes and environmental factors
(Manolio et al., 2009). Sometimes termed a polygenic disease model, this concept suggests
that inheritance of a few uncommon, but not rare, variants with intermediate effect sizes
may contribute to rare disease in an additive manner. This can lead to non-Mendelian ratios
of affected individuals within families making identification and segregation of such variants
in affected families by family association methods challenging (McCarthy et al., 2008). In
addition, the uncommon nature of such variants (MAF < 2 %), and the low numbers of
affected individuals means that cohorts cannot be constructed for GWAS approaches
(Visscher et al., 2017). For example, polycystic ovary syndrome (PCOS) has a complex model
of heritability (Dapas and Dunaif, 2020), and several GWAS have identified > 20
susceptibility loci. Analysis for gene-level associations of rare variants from aggregated WGS
data from 261 affected individuals supported a model of rare variant inheritance in genes
regulating relevant disease pathways such as DENND1A, C90RF3, and BMP6 (MIMs: 613633,
619600, 112266) (Dapas and Dunaif, 2020). Some of the rare variants from the DENND1A
locus were predicted to disrupt transcription factor binding or RNA-binding protein motifs,
suggesting a regulatory effect (Dapas and Dunaif, 2020). This highlights the importance of
both conducting WGS, and of acquiring cohorts of rare disease patients to conduct

statistical analyses where possible.

Another example is that of an oligogenic model of inheritance. This is an intermediate
between polygenic diseases, where many variants with small effect sizes contribute to
disease, and monogenic diseases. In a family affected by left ventricular non-compaction
(LVNC), three affected offspring were found to have inherited three heterozygous variants,
two from the father (in genes MKL2 (MIM: 609463) and MYH7 (MIM: 160760)) and one
from the mother (in gene NKX2-5 (MIM: 600584)) (Gifford et al., 2019). This pattern,
confirmed to be disease causing via CRISPR-Cas9-generated murine models, suggests that
the father has asymptomatic LVNC, and that the variant inherited from the mother acts as a
modifier, resulting in a highly penetrant form of the disease (Gifford et al., 2019). These
examples describe inheritance patterns which are more likely to be observed in ultra-rare

disease settings, and although it cannot be assumed that complex forms of segregation may
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be involved in every rare disease case, it is important to retain the possibility of such

underlying mechanisms.

A hypothesis of oligogenic interaction is seldom suitable during initial analysis of genomic
data. In order to determine pathogenicity relating to a combination of variants from two or
genes, large cohorts of unresolved cases are required to provide sufficient statistical power

to enable a robust diagnosis (Sackton and Hartl, 2016; Singh, 2021).

1.3.3 Challenges in interpreting variants of unknown significance

1.3.3.1 Variants of Unknown Significance

One key ongoing challenge in medical genetics is the question of variants of uncertain
significance regardless of whether a gene has previously been associated with disease. The
Richards et al., (2015) ACMG framework argues that variants with weak or contradictory
evidence should be classified as VUS. Labelling a variant as VUS means that it cannot be
reported to patients or families as a causative variant. Often VUS-classified variants are
ignored due to inability of interpretation. In order to make more diagnoses, it is important
to consider VUS where there is no adequate molecular diagnosis. There are multiple factors
which could improve the resolution of VUS such as improving classification of non-coding
and structural variants, removing biases from current datasets, conducting functional
evaluation of VUS, and intermittent reassessment of genomic variants from individuals

without a molecular diagnosis.

Standardisation of reporting and classification systems is a crucial ongoing development
(DiStefano et al., 2022). As outlined in section 1.2.7 and 1.2.8, guidelines have been
published for interpretation coding SNVs and CNVs. Evaluation of CNVs is complex, and the
authors of the classification framework recommend a nuanced approach to CNV evaluation,
given the potential complexity of the gene regulatory nature of CNVs (Riggs et al., 2020).
The ability to functionally characterise the effect of CNVs and SVs more generally, such as
use of Hi-C mapping of chromatin interactions, is allowing for more SVs to be resolved, but

often implications difficult to interpret (Shinkai et al., 2020).
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The current classification approach is limited by inherent biases of the databases and
metrics used to assess variant pathogenicity. One example of an annotation bias occurs with
gnomAD, where there is potential inclusion of variants from individuals affected by rare
disease but with reduced phenotypic penetrance, or with late-onset genetic disease
(Gudmundsson et al., 2022). Additionally, there is a disparity in acquisition of genetic
sequencing data from non-European populations. This may allow rare variants to be
overlooked in patients from other ethnicities (Austin et al., 2018; Gudmundsson et al.,

2022).

One further source of VUS misclassification is the contradictions in pathogenicity predictions
from different in silico tools, and the over reliance on such algorithms (Ernst et al., 2018). By
modelling the pathogenicity of CFTR variants in cases of cystic fibrosis, Pereira et al. showed
the low specificity and positive predictive value of computational algorithms are sometimes
inadequate, due to their inability to reflect the complexity of biological networks (Pereira et
al., 2019). The use of neural networks which combine individual bioinformatic approaches
do go some way to bridging this gap, however, the challenge remains to integrate gene-
specific epidemiological data that can facilitate a more comprehensive assessment of

idiosyncrasies in disease mechanisms.

1.3.3.2 Functional evaluation

Where functional evidence of pathogenicity is unavailable, such as when investigating novel
phenotypes or a characterising a ‘new’ gene previously not associated with disease, it is
necessary to generate functional data in order to support a pathogenic variant classification
(Gando et al., 2019). Functional evaluation can take different forms, and multiple
techniques and approaches are available depending on the context of the genetic variant,

the hypothesised molecular mechanism of disease, and access to patient tissues (Table 1.4).
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Table 1.4: Examples of models available for evaluation of genetic variant functional effect.

Model Use/Example Advantages Disadvantages

In silico Identifying Low cost. Can be computationally

protein potential changes | Can indicate if a variant is intensive.

modelling |in functional likely to affect structure of Requires availability of
domains within a | key functional domains, or published crystal
protein structure |interactions with other structure.

proteins/molecules.

In vitro gPCR, enzymatic | Low cost. Low physiological

assays reporter assays, Quick to establish. context.
protein-protein Highly reproducible.
binding.

Cell lines Viability, splicing | Low cost. RNA/protein processing
assays, protein/ Can assess dynamic changes | may be different to
transcription in eg localisation, expression. | human/mammalian
factor bindingto | No requirement for patient depending on model
DNA, localisation. | material. selected.

Use of patient-derived cells Invasive if using patient-
allows for assaying of variant | derived cells.

impact in appropriate Can be time intensive.
genomic context.

Model Characterisation | Phenotypes are more Cost.

organism | of tissue-level or | relevant Time to establish.
systemic Allows assessment of Ethical approval
phenotype phenotypes which cannot be |required.

confirmed in cell models e.g.,
neurological/ behaviour.
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Along with data processing and storage, functional evaluation represents a further
bottleneck, largely due to time and resource constraints. In order to identify VUS which are
good candidates for further study, linking patients acquired from different centres can be

useful. Platforms such as GeneMatcher (genematcher.org/), MIMmatch (Amberger et al.,

2009), or Matchmaker Exchange (www.matchmakerexchange.org/) can be invaluable in

linking clinical teams which each have patients with diseases so rare that there are only a
handful previously described (Philippakis et al., 2015). This system is also beneficial for
describing novel rare diseases and accelerating the delineation of new disease-gene

associations.

1.3.3.3 Reassessment of unresolved data

A further consequence of undertaking functional evaluation of VUS is the ability to adjust
variant classifications in further affected individuals. In this way, monitoring change in
classification can also be useful when conducting reanalysis of genetic variants because as
evidence evolves, application or disapplication of supporting criteria may change (Richards
et al., 2015). For example, greater availability of sequencing data among controls in
databases such as gnomAD allows variants at one time classified as VUS to be reclassified as
‘benign’ based on their greater frequency in a healthy population, compared to the
occurrence rates of the disease (Yauy et al., 2022). Interestingly, Tavtigian et al., (2018)
identified that the ACMG classification system was highly Bayesian in its approach to variant
interpretation. This implies that the current primarily subjective classification framework is
adequate in classifying variants, and that it can evolve to adopt a quantitative Bayesian
basis, which has the benefits of reduced subjectivity and improved tracking of variant

classification and reclassification over time (Tavtigian et al., 2018).

Tracking of changes in ClinVar classification over an 18-month period identified 1,247
changes in variant classification (Yauy et al., 2022). This underlines this importance of
continuing to generate new functional data for gene-disease associations and the usefulness
of intermittent reanalysis of unsolved cases. Identification of a molecular cause of disease in

unsolved rare disease cases is the aim of the Solve-RD project (http://solve-rd.eu/). Solve-

RD is a pan-European consortium of clinicians, geneticists, research and diagnostic
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infrastructures, patient organisations, and leading experts in the fields of bioinformatics and
data management (Matalonga et al., 2021). This approach exemplifies the need and benefit

for patients of reanalysis and identification of novel disease genes.
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1.4 Research aims and objectives
The field of genomics has progressed extensively since the advent and implementation of
NGS in clinical pipelines, however many patients remain undiagnosed. The two aims of this
thesis are to:

(i) identify novel genetic variants in patients with rare monogenic diseases, and

(ii) characterise novel disease mechanisms identified.
Novel genetic variants will be identified by reanalysis of clinical data where available, and by
undertaking new WGS or WES analysis. Patients analysed will include individuals with
complex or novel phenotypes who have received a negative genetic test if available.
Functional characterisation of novel genetic variants, or variant in genes without an existing
known mechanism of disease will be conducted using methods and models appropriate to
the variants and genes identified. Characterisation of novel gene involvement in disease is a
useful conduit to improve understanding basic biology in human disease and permits the

identification of affected individuals in the future.

These objectives will be achieved in a case-study approach. Analysis will focus on families
and cohorts with undiagnosed Mendelian disorders. Given the timeline of the diagnostic
journey for patients with rare diseases, the cases within this project fall at different points
along the diagnostic timeline. An overview of the aim and objective of the cases studied in

subsequent chapters is summarised below:

Chapter 3:

e Aim: To identify a novel genetic variant in a case of suspected Urofacial syndrome.

e Objective: Undertake trio WES of the affected individual and screening in other
unsolved cases with Urofacial syndrome.

Chapter 4:
e Aim: To identify a monogenic cause of URSMS in a cohort of affected foetuses.
e Objective: Undertake WGS analysis of affected foetuses.

Chapter 5:

e Aim: To identify the causative genetic variant in a family with a variable form of
Occipital Horn syndrome.
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e Objective: Undertake reanalysis of clinical WES and WGS data and undertake
functional characterisation to explain phenotypic variability.

Chapter 6:

e Aim: To characterise a novel monogenic disorder of encephalopathy secondary to
infection.

e Objective: Undertake reanalysis of clinical WES data and undertake functional
characterisation of the disease mechanism.
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Chapter 2: Methods and Materials

This chapter details the methods and materials relating to sample handling and genetic
analysis used in multiple experimental chapters of this thesis. Details relating to specific

functional studies are available within each experimental chapter.

2.1 Ethics approval

All patients provided written and informed consent in accordance with local regulations in
the countries were ascertainment and recruitment took place. Ethical approval for this
study was granted by the National Health Service (NHS) Ethics committee (IRAS:64321) and

The University of Manchester.

2.2 Patient samples

Patient samples were provided by the referring clinician as blood, DNA, or primary fibroblast
cultures. Patient DNA was extracted and stored at -80 °C by the NHS Genomic Diagnostic
Laboratory at The Manchester Centre for Genomic Medicine, an accredited medical
laboratory. Similarly, patient primary fibroblast cultures were established and stored in

liquid nitrogen by the NHS Genomic Diagnostic Laboratory.

2.2.1 DNA extraction from patient blood samples

M-PVA Magnetic Bead Technology was employed using the chemagic MSM | instrument
(PerkinElmer, MA, USA) to extract DNA from peripheral blood lymphocytes from affected
individuals by the NHS Genomic Diagnostic Laboratory at The Manchester Centre for

Genomic Medicine following manufacturer’s instructions.

2.2.2 RNA extraction from patient cells

Frozen patient cell pellets for RNA extraction were provided by Specialised Cell Culture
Services at the The Manchester Centre for Genomic Medicine NHS Genomic Diagnostic
Laboratory. To extract RNA, cell pellets were thawed on ice prior to extraction using the
RNeasy RNA extraction kit (Qiagen), following manufacturer’s instructions, including the

optional DNase digestion step. 1 ug RNA was reverse transcribed to cDNA using High-
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Capacity RNA-to-cDNA kit (Applied Biosystems), following manufacturer’s instructions.

Patient cDNA was stored at -20 °C until further use.

2.2.3 DNA and RNA quantification

Extracted nucleic acids were quantified using the NanoDrop 8000 seprometer

(ThermoFisher).

2.3 Next generation sequencing

NGS data was sequenced using various platforms as per standard operation at the time.
2.3.1WGS

Whole genome sequencing (WGS) was conducted using patient DNA samples sent to the
Beijing Genomics Institute (BGI) facility, Shenzen, China. Libraries of DNA nanoballs (DNBs)
were prepared using rolling circle amplification. Sequencing data were generated to an

average 30x depth with pair-end 100bp sequencing using the BGI-Seq500 platform.
2.3.2 WES BGl

Whole exome sequencing (WES) was also conducted using patient DNA samples sent to the
Beijing Genomics Institute (BGlI) facility, Shenzen, China. For WES, library preparation was
conducted using the BGI exome kit, version 4 (59M) 6G. Sequencing data were generated to

an average 100x depth with pair-end 100bp sequencing using the BGI-Seq500 platform.

2.3.3 WES lllumina

WES was also conducted using the lllimuna HiSeq 2500 platform (lllumina, UK) as previously
described (Smith et al., 2014). The Agilent SureSelect Human All Exon Kit v4 (Aligent
Technologies, UK) was used for library preparation, and sequencing was performed on the

HiSeq 2500 system (lllumina, UK).
2.3.4 NGS data processing

Following sequencing on each platform, reads were aligned to the genomic reference
sequence (hg19) via Burrows-Wheeler Aligner (BWA v.0.6.2; http://bio-
bwa.sourceforge.net). Genome Analysis Tool Kit software (version 2.4.7;

https://www.broadinstitute.org/gatk) was used for base quality score recalibration and the

62



unified genotype (https://www.broadinstitute.org/gatk) was used for variant calling. Data
generated by BGl underwent mapping and variant calling at the sequencing facility.

[llumina-generated WES data were processed locally.

2.3.5 Analysis of single nucleotide variants

Analysis and annotation of genome data was performed in-house using VarSeq™ v2.2
(Golden Helix, Inc., Bozeman, MT, USA). Variant filtering strategy (Figure 2) began with
exclusion of variants with a genotype quality (GQ) score lower than 20. Variants in
intergenic regions were filtered out. Rare variants (< 0.01 %) were identified from
population frequencies observed in the Genome Aggregation Database (gnomAD,
https://gnomad.broadinstitute.org/) and using population frequencies from in-house exome
sequencing. Remaining variants were annotated with data from dbNSFP v4.0 (Liu et al.,
2011), a compendium of data from RefSeq Genes 105 v1
(https://www.ncbi.nlm.nih.gov/refseq/), OMIM (https://www.omim.org/), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), and data from in silico models, including Polyphen-
2 (http://genetics.bwh.harvard.edu/pph2/), Mutation taster
(http://www.mutationtaster.org/), Mutation Assessor (http://mutationassessor.org/r3/),
SIFT (Sorting Intolerant From Tolerant) (http://sift.bii.a-star.edu.sg/), CADD (GRCh37-v1.4)
(Rentzsch et al., 2019), and REVEL (loannidis et al., 2016). Variants categorised as
“pathogenic” or “likely pathogenic” by ClinVar were also retained. Variants were exported
as an excel file format for further filtering according to expected mode of inheritance. Rare
variants with potential splicing effects in candidate genes were assessed using SpliceAl
(Jaganathan et al., 2019). Analysis of variants of interest on different transcripts was
conducted using Alamut™ VisualPlus software (SOPHiA GENETICS). Visualisation of variants

in associated BAM files was facilitated by Integrative Genomics Viewer software

(https://igv.org/).
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Figure 2.1: Default filtering strategy used to analyse WGS and WES data. Availability of

patient-parent trio sequencing data permitted filtering of variants according to expected

mode of inheritance. VCF files are filtered by genotype quality (GQ), before annotation with

metadata for further filtering.

2.3.6 Analysis of copy number variants

Copy number variants (CNVs) were detected from aligned WGS data using CNVnator
(Abyzov et al., 2011). CNVs were annotated using ClassifyCNV (Gurbich and llinsky, 2020).

ClassifyCNV annotates CNVs with haploinsufficiency and triplosensitivity data from ClinGen

and annotates scores following guidelines recommended by ACMG (Riggs et al., 2020).
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2.4 Sanger sequencing

Sanger sequencing was performed in order to confirm variants identified from WES or WGS

analysis and conduct segregation analysis as appropriate.
2.4.1 Designing primers

Primers were designed using Primer3 v4.1.0 software (https://bioinfo.ut.ee/primer3-0.4.0/)
using default settings. Primers were checked to ensure no SNPs were present within
genomic DNA by using the SNPCheck software
(https://genetools.org/SNPCheck/snpcheck.htm). Primers were ordered from Sigma-Aldrich
(St Louis, MO, USA) at a concentration of 100 uM and stored at -20°C.

2.4.2 Polymerase chain reaction

Polymerase chain reaction (PCR) was conducted in advance of Sanger sequencing to amplify
the targeted region. PCR reactions contained GoTaq G2 Green 2X Master Mix (Promega), 10
ng DNA, and 10 uM primers (forward and reverse). Reactions, made up to 25 ul underwent
PCR amplification using standard thermal cycles (Table 2.1) using the Veriti 96 well Thermal

Cycler (Applied Biosystems).

Table 2.1. Thermal cycler program for PCR amplification.

1 2 3 4
Activation
Stage . . . .
of Denaturation | Annealing | Elongation | Extension | Storage
polymerase
Number
1 35 1 1
cycles
Temperature 95°C 95°C 56-60°C 72°C 72°C 4°C
Time 3 min 30 sec 30 sec 30 sec 5 min hold

2.4.3 Agarose gel electrophoresis

The product of the PCR reaction was confirmed via agarose gel electrophoresis. Agarose gels

were prepared by dissolving 1 g agarose powder in 100 ml Tris-Borate-EDTA (TBE) and
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adding 1:1000 SafeView nucleic acid stain (NBS Biologicals Ltd.). 7 ul PCR product was run
onal% (w/v) agarose gel in an electrophoresis tank containing 1x TBE buffer at 120 V for

20 min. Sample bands were visualised using an ultraviolet transilluminator.

2.3.4 PCR product purification

The remaining 18 pl of the PCR reaction product was purified using Agencourt AMPure XP
paramagnetic beads (Beckman Coulter). 32.4 ul AMPure beads were added to PCR products
and processed using a Biomek NX robotics instrument (Beckman Coulter) following
manufacturer protocol. Purified PCR product was eluted in 100 ul dH,0, and stored at -20
°C.

2.3.5 Sanger sequencing reactions

Sanger sequencing reactions contained BigDye™ Terminator v3.1 Cycle Sequencing Kit
(Thermo Fisher Scientific). Each 10 pl reaction contained 1 pl purified PCR product, 0.25 pl
Big Dye Ready Reaction mix, 1.875 pl 5X Sequencing Reaction buffer, 1.6 pl of 2 uM forward
or reverse primer, and 4.275 pl dH20. Sequencing reactions were run in Veriti 96 well

Thermal Cycler (Applied Biosystems) using the protocol described in table 2.2.

Table 2.2. Sequencing reaction cycles

1 2 3

Stage . - X X
Incubation | Denaturation | Annealing Extension Storage

Number

1 32 1
cycles
Temperature 96 °C 96 °C 55°C 60 °C 4°C
Time 1 min 10 sec 10 sec 4 min Hold

2.3.6 Sequencing reaction product purification and capillary electrophoresis

Sequencing products were purified using Agencourt CleanSeq paramagnetic beads
(Beckman Coulter). 5 pl beads were added to each 10 pl reaction and processed using a
Biomec NX robotics instrument (Beckman Coulter) following manufacturer protocol.

Purified sequencing reactions were resuspended in 10 pl Hi-Di formamide, and capillary
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electrophoresis was performed using a 3730 Genetic Analyser instrument (Thermo Fisher

Scientific).
2.3.7 Sanger sequencing analysis

Sanger sequencing traces were analysed using either GeneScreen software (Carr et al.,
2011) or Staden Software package (https://staden.sourceforge.net/). Sequencing files were
added to databases created using PreGap4 software and compared with control DNA

processed as the reference sequence.
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INTRODUCTION

everal decades ago, Bernardo Ochoa' described a
S rare but potentially devastating inherited disease
that is now called urofacial, or Ochoa, syndrome (UFS).2
UFS is characterized by 2 features. First, a so-called
“non-neurogenic neurogenic” dyssynergic bladder in
which functional bladder outflow obstruction causes
incomplete voiding, vesicoureteric reflux (VUR),
ascending urosepsis, pyelonephritis, and renal failure.
Second, a grimace where the corners of the mouth
become downturned on smiling, so that the face ap-
pears to be crying. Severe constipation is reported in
approximately two-thirds of cases." Ochoa’s' cohort
was from Colombia, but UES has subsequently been
reported worldwide and cases totaled at least 150.” UFS
is an autosomal recessive disorder and most cases are
caused by biallelic pathogenic variants in either of 2
genes: HPSE2 (Mendelian Inheritance in Man (MIM)
613469) * encoding heparanase-2, which inhibits the
enzymatic activity of classical heparanase, or LRIG2
(MIM 615112)° encoding leucine-rich repeats and Ig-like
domains, a protein that may modulate growth factor
signaling. Heparanase 2 and LRIG2 proteins are present
in pelvic ganglia and in bladder autonomic nerves
emanating from these ganglia,”’ and the patterns of
bladder nerves are abnormal in mice carrying biallelic
variants in either Hpse2 or Lrig2.” Thus, UFS features a

Kidney International Reports (2020) 5, 1823-1827

peripheral neuropathy affecting the bladder, whereas the
cause of the grimace requires further study.

A minority of people with an apparent clinical diag-
nosis of UFS do not carry variants in HPSE2 or LRIG2.”
The current report draws attention to a different genetic
syndrome, which can mimic UFS and be associated with
renal failure. We describe one such individual with a
heterozygous missense predicted pathogenic variant in
early B-cell factor 3 (EBF3), a gene encoding a transcription
factor and associated with hypotonia, ataxia, and devel-
opmental delay syndrome (HADDS; MIM 617330).%""'
We proceeded to seek variants in EBF3 in a UK cohort
with familial primary nonsyndromic VUR® and reviewed
the published literature of HADDS to determine whether
other such individuals had renal tract disease.

CASE PRESENTATION

A 3-year-old Malaysian girl was assigned a presump-
tive clinical diagnosis of UFS. Antenatal history of the
proband was unremarkable but, after a normal de-
livery, she developed sepsis neonatally followed by
recurrent urinary tract infections throughout her
childhood. In the first year of life, investigations
demonstrated a neurogenic bladder (in the absence of
spinal cord damage) with a thickened wall, bilateral
VUR, and bilateral hydroureter and hydronephrosis,
the latter persisting on scans throughout childhood.
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Figure 1. Face and family tree of the index case. (a) Proband face at rest (left frame) and the horizontal smile (right frame). (b) Pedigree showing
affected proband with clinically unaffected mother, father, and elder siblings. Only the index case, II:5, carried the EBF3 p.(Arg209GIn) variant.

When her face was at rest, the ends of her mouth were
downturned and they failed to become upturned on
smiling (Figure la), so producing an “abnormal hori-
zontal smile” rather than the classical UFS grimace that
features a downturned mouth.

The abnormal smile became less obvious as she grew
up, perhaps due to improving myopathic face. She also
suffered from constipation through childhood.
Although the combination of renal tract disease, con-
stipation, and abnormal smile were broadly compatible
with UFS, other features were present that were atyp-
ical for UFS, including severe short stature and
microcephaly; a deep philtrum, broad chin with
midline cleft, and high arched palate; hypotonia with
global developmental delay, being unable to walk
independently and speak more than 2 words aged 3;
tapering digits and fusion between the second and
third toes; and a ventricular septal defect and patent
ductus arteriosus that resolved spontaneously. Her
brain magnetic resonance imaging scan was normal.
These additional clinical features raised the possibility
of a blended phenotype of UFS and another diagnosis
co-occurring in the same individual®’ or of an alter-
native diagnosis with clinical overlap with UFS.

She died aged 17 years, after a brief illness featuring
metabolic acidosis and acute kidney injury, with a
plasma creatinine of 687 UM (7.77 mg/100 ml), treated
with hemodialysis; blood cultures were negative and
her urine showed a mixed growth of gram-negative
rods.

Genetic Analyses of the Family

Parental consent was obtained for genetic analyses.
Sanger sequencing of HPSE2 and LRIG2 exons failed to
identify relevant pathogenic variants in these genes.
Whole exome sequencing of the proband was then
undertaken (see Supplementary = Methods and
Supplementary Figure SI), and no further variants
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were identified in other genes (BCN2, CHRMS3, the
smooth muscle genes ACTA2, ACTG2, MYHI11, MYLK,
MYL9, LMODI, or MYOCD) implicated in congenital
bladder outflow obstruction.®* *° Instead, we identified
a  heterozygous  missense C.626G>A,
p-(Arg209Gln) in EBF3 predicted to cause a missense
change in a DNA-binding domain of the encoded
transcription factor protein. This variant had been re-
ported previously in an individual with HADDS,® and
it was absent from gnomAD control databases."’ Sanger
sequencing of parental DNA confirmed variant
€.626G>A was de novo, being absent in the clinically
unaffected nonconsanguineous parents (Figure 1b). The
proband’s 4 siblings were also assessed as clinically
unaffected, and so they were not tested for the variant.
Of 8 in silico prediction tools used to consider the
possible pathogenicity of p.(Arg209Gln), all but 1
predicted that the

(Supplementary Table S1).

variant

variant was  deleterious

Sequencing EBF3 Exons in a Cohort With
Primary Nonsyndromic VUR

A previous linkage study using patient cohorts from
the United Kingdom, the Republic of Ireland, and
Slovenia indicated a susceptibility locus for familial
primary nonsyndromic VUR on chromosome 10q26.SS
Given that EBF3 is located at the edge of the 9 Mb
region, we hypothesized that variants in EBF3 may be
enriched in such cases. Accordingly, we undertook
Sanger sequencing of EBF3 exons in 80 individuals
randomly selected from the UK cohort™ but did not
identify =~ any  predicted deleterious  variants
(Supplementary Table S2).

DISCUSSION

Heterozygous variants in EBF3 result in the rare
developmental ~disorder, HADDS.”” The clinical

Kidney International Reports (2020) 5, 1823-1827
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Table 1. Pathogenic EBF3 variants associated with the renal tract and/or smiling, as reported in this study and in the published literature

EBF3 coding variant EBF3 protein variant Renal fract anomaly Facial features relevant to smiling Reference
€.280_283del p.(Glu94Lysfs*37) Neurogenic bladder, VUR, recurrent UTIs Not recorded Sleven ef al.®"'
¢.469_477dup p.(His157_lle159dup) Recurrent UTls Not recorded Harms ef al.°
c.471C>A p.(His157GIn) Neurogenic bladder, VUR Not recorded Tanaka ef al®
c.487C>T p.(Arg163Trp) Atonic bladder, urethral stricture, bilateral VUR and hydronephrosis, Downturned corners of the mouth Blackburn ef al.>°
recurrent UTIs
.488G>A p.(Arg1636GIn) Impaired bladder control Triangular-shaped facies Chao ef a/'°
c.4886>T p.(Arg163Leu) Incomplefe bladder emptying, VUR Triangular-shaped facies Chao et a/'°
¢.5126>A p.(Gly171Asp) Neurogenic bladder, bilateral VUR Facial asymmetry Harms ef al.’
c.554+16>T - VUR, recurrent UTIs, renal dysplasia Normal Sleven ef al.®'
¢.579G6>T p.(LysT193Asn) VUR Downturned corners of the mouth, minimal facial Sleven ef al.®"'
expression
c.616C>T p.(Arg206*) Hydronephrosis, recurrent UTls Not recorded Tanaka ef al®
€.626G>A p.(Arg209GIn) Normal Lack of social smile Tanaka ef al®
€.626G>A p.(Arg209GIn) Neurogenic bladder with bilateral VUR and hydronephrosis, Abnormal horizontal smile Proband in the current

recurrent UTIs

¢.1402_1414del13 p.(Thr464Profs*10) Recurrent UTIs

study

Not recorded Tanaka ef al®

UTI, urinary tract infection; VUR, vesicoureteric reflux.

Each row represents a single nonrelated case. The renal tract features are as described in the original publications. In addition, facial features relevant to smiling are indicated.

features vary among individuals, and a subset of cases
has urinary tract defects and facial features, including
downturned corners of the mouth. Of the 30 cases with
pathogenic EBF3 variants recorded in the liter-
ature,””*"*"*'" 10 (33%) were reported to have
structural or functional urinary tract defects, including
neurogenic bladder and VUR (Table 1). Given that VUR
can be asymptomatic, and that it was not evident that
all individuals with variants in EBF3 reported in the
literature had undergone urinary tract investigations,
this proportion may be an underestimate. Indeed, the
proportion rises to 40% when cases with recurrent
urinary tract infections are included (Table 1), and
whether these additional cases have functional or
structural defects of the urinary tract requires further
investigation. Of these individuals with EBF3 variants
and urinary tract disease, a subset had facial features
(Table 1) that we believe, as in the current case, could
have led to confusion with UFS. On the other hand,
UFS disease is confined to the urinary tract and the
face, whereas EBF3 variants resulting in HADDS can
feature developmental delay and more widespread
dysmorphology (Table 2), as evidenced by the current
proband.

All but one of the known pathogenic variants in
EBF3 associated with urinary tract disease, fall within

Table 2. Key teaching points

1. When an individual has vesicoureteric reflux (VUR) and/or dysfunctional urinary
voiding plus an abnormal smile, clinicians should consider urofacial syndrome (UFS)
and seek biallelic variants in HPSE2 or LRIG2.

2. When a patient has an apparent UFS phenotype plus features such as developmental
delay and broader dysmorphology, clinicians should consider hypotonia, ataxia, and
developmental delay syndrome (HADDS) syndrome and seek variants in EBF3.

3. UFS is an autosomal recessive disease, in confrast to HADDS, which is aufosomal
dominant.

Kidney International Reports (2020) 5, 1823-1827

the DNA-binding domain of EBF3, as does the variant
identified in our proband (Figure 2). Variants in the
DNA-binding domain, and more specifically the zinc
knuckle motif, have previously been associated with a
reduction in EBF3 binding affinity for DNA,’ and are
therefore likely to alter downstream gene expression,
compromising normal development.

As outlined in the introduction, HPSE2 and LRIG2,
the genes altered in UFS, are expressed in bladder
autonomic nerves, and pathogenic variants in mutant
mice lead to abnormal patterns of nerves in the bladder
outflow tract and the organ’s body.” Thus, UFS features
a bladder peripheral neuropathy that correlates with
the functional outflow obstruction in this disease.
Future studies are required to understand how EBF3
affects the biology of the urinary tract. We note,
however, that in the GUDMAP gene expression data-
base,”'**"” Ebf3 transcripts are detected in the em-
bryonic mouse bladder and urethral region, and in the
urorectal septum of the nascent organ (https://www.
gudmap.org/id/Q-48NJ@2T7-SRMW-5H12). It s
currently unclear whether they are expressed in
particular tissue compartments such as the nerves,
muscle, or urothelium.

Aristaless-Related Homeobox (ARX) is an upstream
translational repressor of }EBF},S“)’SM’Sls and ARX
variants have been linked to a wide variety of devel-
opmental disorders, including epileptic encephalopa-
thy (MIM 308350), Partington X-linked mental
retardation syndrome (MIM 309510), and Proud syn-
drome (MIM 300004).*°'**'” There is overlap in the
range of phenotypes of individuals with ARX variants
and those with EBF3 variants. We speculate that the
ARX-EBF3 interaction may lie upstream of HPSE2 and
LRIG2, which are directly implicated in the
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Figure 2. Domains and exons of the transcription factor protein encoded by EBF3. Numbers correspond to amino acids. Red arrowhead in-
dicates the variant in the current proband. Black arrowheads point to positions of published variants associated with renal tract and facial
anomalies, as detailed in Table 1. Zinc knuckle motif is contained within the DNA-binding domain IPT (lg-like/plexins/transcription factor

domain).

pathobiology of UFS. Perhaps yet other genes associ-
ated with UFS-like disease lie downstream of the ARX-
EBF3 pathway, likely with a restricted pattern of
expression within key neurological pathways involved
in innervation of bladder and facial muscle.

As recently reviewed,®* the several decades search
for genes implicated in primary nonsyndromic VUR, a
common condition affecting at least 1% of infants,
has yet to yield definitive answers, apart from TNXBI
in a small subset of familial cases.”'® The condition is
most likely genetically heterogeneous, but parametric
analyses of 460 affected families comprising 1062
affected individuals showed linkage to rs7907300
located at chromosome 10q24.°° EBF3 is 1 of 69 genes
that fall within the wider 9 Mb region surrounding
rs7907300, making EBF3 a plausible candidate for
conferring VUR susceptibility. Nevertheless, we failed to
detect likely pathogenic variants in EBF3 in 80 index
cases from the UK, themselves comprising approximately
half of the total group analyzed in the 10924 linkage
study. Previously, we had analyzed the UK cohort by
sequencing HPSE2” and LRIG2,” with similar negative
results. However, it should be noted that patients with
VUR associated with neuropathic-type bladders were
excluded from this particular collection.®” In contrast, we
have identified potentially pathogenic biallelic LRIG2
variants in 3 individuals with both severe bladder void-
ing dysfunction and renal failure.”” Thus, we suggest
that the latter population may be enriched for individuals
with Mendelian genetic causes of their urinary tract
disease.

1826

CONCLUSION

The association of urinary tract disease, especially a
neuropathic bladder and VUR, with an abnormal
smile should alert clinicians to the possibility of
not only UFS, but also HADDS (Table 2). These
insights have implications for genetic counseling
given that UFS is autosomal recessive, whereas
HADDS is a dominantly inherited disease. HPSE2
and LRIG2, the genes implicated in UFS, pattern
bladder nerves. The mechanism whereby EBF3 af-
fects urinary tract biology requires further study
(Table 2).
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1 | INTRODUCTION
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Abstract

Urorectal septum malformation sequence (URSMS) is characterized by a spectrum of
anomalies of the urogenital system, hindgut and perineum. It is presumed to be a
constellation of an embryonic defect. Herein, we analyzed the clinically diverse syn-
dromes associated with URSMS in our perinatal evaluation unit. We reviewed fetuses
with URSMS in referrals for perinatal autopsy over a period of 3 years. Chromosomal
microarray and genome sequencing were performed whenever feasible. Literature
was reviewed for syndromes or malformations with URSMS. We ascertained URSMS
in 12 of the 215 (5%) fetuses. Nine fetuses (75%) had complete URSMS and remain-
der had partial/intermediate URSMS. Eleven fetuses had malformations of other sys-
tems that included: cerebral ventriculomegaly; right aortic arch with double outlet
right ventricle; microcephaly with fetal akinesia deformation sequence; ventricular
septal defect and radial ray anomaly; thoraco-abdominoschisis and limb defects; mye-
lomeningocele; spina bifida and fused iliac bones; omphalocele; occipital encephalo-
cele; lower limb amelia and cleft foot. We report on six fetuses with recurrent and
five fetuses with unique malformations/patterns where URSMS is a component.
Exome sequencing (one family) and genome sequencing (eight families) were per-
formed and were nondiagnostic. Additionally, we review the literature for genetic
basis of this condition. URMS is a clinically heterogeneous condition and is a compo-
nent of several multiple malformation syndromes. We describe several unique and

recurrent malformations associated with URSMS.

KEYWORDS
ambiguous genitalia, imperforate anus, persistent cloaca, urorectal septum malformation
sequence

This sequence is described as complete, partial, intermediate, and uro-

genital sinus anomaly based on the persistent cloaca and perineal

Urorectal septum malformation sequence (URSMS) refers to a spec-
trum of anomalies involving urogenital system, hindgut and perineum.
It is hypothesized that URSMS results from deficiency of the caudal
end of the mesoderm or defect in the cloacal endoderm, peri-cloacal
mesenchyme, and genital ectoderm arising during early embryogene-

sis (Jain et al., 2008). However, a definitive cause is not yet identified.

openings (Huang et al., 2016; Wheeler & Weaver, 2001).

Often, other malformations are also observed with URSMS
(Tennant et al., 2014). Recurrence in families (vertical and horizontal),
though extremely rare, has also been reported (Aggarwal &
Phadke, 2013; Mills & Pergament, 1997) suggesting the existence of
yet undetermined monogenic etiology. Hsu et al. provided the first
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evidence by identifying de novo variants in Caudal Type Homeo Box
Transcription Factor 2 (CDX2) in patients with persistent cloaca (Hsu
et al., 2018). Herein, we describe 12 fetuses with syndromic and non-
syndromic URSMS depicting the clinically diverse perinatal lethal

malformations.

2 | SUBJECTS AND METHODS

We reviewed fetuses with URSMS in referrals for perinatal autopsy
over a period of 3 years at our perinatal genetics services clinic. The
study has the approval of the institutional ethics committee and
informed consents were taken from the families. Perinatal evaluation
was performed (Khong & Malcomson, 2015; Nayak et al., 2015) in all
the fetuses. Family history of the couple, antenatal details, exposure
to teratogens, consanguinity, three-generation pedigree, findings on
antenatal ultrasonography and fetal echocardiography, results of labo-
ratory tests, mode of delivery, and gestational age were systematically
documented. Fetal weight, total length, foot length, head circumfer-
ence, chest circumference, and other measurements were taken and
compared with available standard growth charts (Khong &
Malcomson, 2015). Anteroposterior and lateral views of the fetus
were radiographed to rule out skeletal abnormalities. Additionally,
magnetic resonance imaging of the fetal brain/whole body was per-
formed whenever possible. We collected appropriate samples such as
skin biopsy, liver, muscle, bone marrow, or umbilical cord from the
fetuses. They were used to obtain DNA/RNA/cell lines. An external
examination was done from head to toe to document dysmorphism/
anomalies. Dissection of the whole body was performed using stan-
dard perinatal autopsy procedures (Khong & Malcomson, 2015;
Osborn & Lowe, 2017). All internal organs/structures were examined
carefully. The normal anatomy and anomalies observed were docu-
mented with photographs. Careful examination of placenta was car-
ried out to rule out the cause of fetal demise. Histopathological
examination of fetal tissues/organs was performed as appropriate.
Chromosomal microarray, karyotype, exome sequencing, and
genome sequencing were performed using fetal genomic DNA when-
ever possible. For whole genome sequencing (WGS), DNA library
preparation and sequencing was performed using DNBSeq platform
at Beijing Genomics Institute (BGI), China with standard 30x
sequencing depth. Reads were aligned to hgl9 human reference
genome via Burrows-Wheeler Aligner (BWA v.0.6.2). Variants were
called using Genome Analysis Toolkit (GATK) 4.0. Annotation was per-
formed using VarSeqTM v2.2 (Golden Helix Inc., Boseman, MT, USA).
Rare variants (<0.01%) were identified from population frequencies
observed in the Genome Aggregation Database (gnomAD) and using
population frequencies from in-house exome sequencing. In silico var-
iant predictions were modeled using Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/), Mutation taster (http://www.mutationtaster.org/),
Mutation Assessor (http://mutationassessor.org/r3/), SIFT (Sorting
Intolerant From Tolerant) (http://sift.bii.a-star.edu.sg/), CADD
(GRCh37-v1.4), and REVEL (loannidis et al., 2016). Rare intronic and
splice site variants were assessed using SpliceAl (Jaganathan et al.,
2019). Fetal sex was inferred by non-pseudoautosomal region

X-chromosome genotype analysis using the bcftools guess-ploidy
plugin, allowing for genotyping error rate of 0.1.

A careful delineation of the URSMS subtypes and anomalies in
other systems was carried out. Literature was reviewed for syndromes
or the phenotypes associated with URSMS. We searched PubMed,
Online Mendelian Inheritance in Man and other databases with the
phrases “urorectal septum malformation sequence,” “persistent

”

cloaca,” “cloacal dysgenesis,” and “cloaca” to look for the associated

malformations.

3 | RESULTS

We observed URSMS in 12 fetuses (5%) in our cohort of 215 fetal
losses. The gestational age ranged 13-36 weeks. Ambiguous genitalia
with no perineal openings and persistent cloaca characterizing the
complete URSMS was observed in nine (9/12, 75%) fetuses. There
was persistent cloaca with a single perineal opening (partial URSMS)
in two fetuses and the other fetus had intermediate type (complete
partition of the persistent cloaca without perineal openings) of
URSMS. Oligohydramnios (4/12, 33%) or renal agenesis/anomaly
(4/12, 33%) or megacystis (1/12, 8%) were observed prenatally in the
cohort. The clinical details of all the fetuses are provided in Table 1.
Overall, we could identify sex in five fetuses based on external and
internal examination and histopathology. Recurrence of the condition
was not observed in any of the families in our cohort.

Eleven (11/12, 91.6%) fetuses had malformations (Table 1) out-
side the urinary tract, internal and external genital and hindgut. Anom-
alies of vertebrae (10/12, 83%), limbs (8/12, 66%), central nervous
system (5/12, 41%), umbilical cord (4/11, 36%), heart (3/12, 25%),
and ventral body wall (3/12, 25%) were frequently noted in our

cohort.

3.1 | Unique malformations with URSMS

After reviewing the literature for syndromes or conditions with multi-
ple malformations where URSMS is a component, we note, five
fetuses had a rare or unique pattern of multiple malformations in our

cohort. These rare presentations are described here.

3.1.1 | Complete URSMS with cerebral
ventriculomegaly (Fetus 2)

The fetus was ascertained at 18 weeks of gestation in view of oligo-
hydramnios and bilateral renal agenesis. The fetus had normal anthro-
pometric measurements (weighed 175 g, measured 22 cm in length
with head circumference of 15 cm). Depressed nasal bridge, micro-
retrognathia, proximally placed left thumb, contractures across
elbows, hips and knees, calcaniovalgus of right foot and two vessels
umbilical cord were seen. Ambiguous external genitalia with a small
phallus like structure and absence of perineal openings was noted.
Dilated lateral cerebral ventricles were evident on gross examination
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(Continued)

TABLE 1

Fetus 10 Fetus 11 Fetus 12

Fetus 9

Fetus 4 Fetus 5 Fetus 6 Fetus 7 Fetus 8

Fetus 2 Fetus 3

Fetus 1

Features

Not done Not done Not done

Not done

Done (Normal) 46, XX Not done Not done Not done Not done

Not done

Not done

Fetal karyotype

Not done Not done

Not done Normal Not done Not done Not done Not done Not done Not done

Not done

Not done

Chromosomal

microarray

Not done Not done

Not done

Not done Singleton Singleton

Trio

Singleton Trio (Also Singleton

Trio

Genome sequencing  Singleton

underwent

singleton exome)

Not done Not done

Male Female Not done

Not done

Male

Female Female

Male

Male

Inferred genomic sex Female

medical genetics B-WILEY-L_°

and magnetic resonance imaging of fetal brain (Figure 1). Kidneys
were multicystic and fused, with narrow ureters draining into blind-
ending cloaca. Rudimentary allantois and indifferent gonads were
observed. Radiographs of the fetus showed the absence of ossifica-

tion of sacral vertebrae.

3.1.2 | Intermediate URSMS, right aortic arch with
double outlet right ventricle (Fetus 3)

A third gravida with diabetes mellitus and hypothyroidism was noted
to have anhydramnios, symmetric early onset of growth retardation
and cardiac defect in the fetus antenatally. Evaluation of fetus showed
normal anthropometry (corresponding to 18 weeks of gestation) with
short nose, long philtrum, retrognathia, imperforate anus, small phallus
with small scrotum, and single umbilical artery. Right aortic arch with
double outlet right ventricle, sub-aortic ventricular septal defect,
hypoplastic left ventricle, and nonlobulated lungs were evident
(Figure 2). Both kidneys were hypoplastic and ureters draining into
the urinary bladder. The urethral opening was absent and gonads
appeared to be testes. There was absence of ossification centers for

sacrum.

3.1.3 | Partial URSMS, microcephaly, and fetal
akinesia deformation sequence (Fetus 4)

The fetus weighed 256 g (—3.1 SD) measured 17 cm (—6.8 SD) in
length with head circumference of 15 cm (—4.5 SD) at 24 weeks of
gestation. Trigonocephaly was noted with fused anterior fontanel and
excessive skin on the occipital and neck region, sloping forehead, dys-
morphic ears, hypertelorism, midface protrusion, wide mouth, and
micro-retrognathia. The fetus also had short neck with webbing, pte-
rygia across the axillae, elbows, hips and knees, camptodactyly, over-
riding of fingers, bilateral congenital talipes equinovarus, ambiguous
external genitalia with common urogenital opening and atresia of anal
canal (Figure 3).

Further examination disclosed underdeveloped brain, ankyloglos-
sia, severely hypoplastic lungs, absence of muscle mass in upper and
lower limbs, atresia of terminal portion of hindgut, presence of ova-
ries and uterus, vesicovaginal fistula with common perineal opening.
Scoliosis, crowding of ribs, hyper mineralized cranium, and small head
were noted on radiography. Fetal karyotype and chromosomal micro-
array were normal. Exome sequencing from fetal DNA was

nondiagnostic.

3.1.4 | Partial URSMS with amelia (Fetus 11)

Prenatal diagnosis disclosed bilateral renal agenesis with absent uri-
nary bladder, malformed left lower limb and intrauterine growth retar-
dation in a fetus. The fetus weighed 223 g (—0.3 SD) measured 19 cm
(-2 SD) in length at 19 weeks of gestation. Hypertelorism,
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(a)

FIGURE 1 Depressed nasal bridge, micro-retrognathia, contractures in upper and lower limbs (a), proximally placed left thumb (b), ambiguous
external genitalia with absent perineal openings (c) and multicystic and fused kidneys with narrow ureters and hindgut (black asterisk, d) draining
into common, blind cloaca (arrow, d) were observed in Fetus 2. Imaging revealed cerebral ventriculomegaly (white asterisk, e) and absence of

ossification of sacral vertebrae (f).

FIGURE 2 Fetus 3 had short nose, long philtrum, retrognathia (a), small phallus with scrotum and imperforate anus (b), right aortic arch (black
asterisk, c), hypoplastic kidneys, separate rectum (arrow) and urinary bladder (white asterisk) with no perineal openings (d) and poorly ossified

sacral vertebrae (e).

retrognathia, proximally placed right thumb, and complete absence of
left lower limb were evident. There was a phallus-like structure with a
single perineal opening. Persistent vitellointestinal duct (Meckel's
diverticulum), bilateral renal agenesis, and absent ureters with

rudimentary urinary bladder were noted in the fetus (Figure 4). The
rectum was communicating with the lower part of bladder and was
drained by a common perineal opening. Gonads were confirmed to be
testes on histopathology.
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FIGURE 3 Microcephaly, sloping forehead, dysmorphic ears, hypertelorism, midface protrusion, macrostomia and micro-retrognathia, short
neck with webbing, pterygia across axillae, elbows, hips and knee joints, ambiguous external genitalia (a, b), ankyloglossia (white arrow),
hypoplastic lungs (black arrow, c), premature closure of fontanelle (asterisk, d), small brain (e) and scoliosis, crowding of ribs and hyper-mineralized
cranium (f) were evident in Fetus 4.

(a) ' - ] Wi L

FIGURE 4 There was amelia of left lower limb (a), phallus-like structure with single perineal opening (white arrow, b), Meckel's diverticulum
(black arrow, c), bilateral renal agenesis (white asterisk, d), incomplete separation of rectum, and rudimentary bladder with common outlet (black
asterisk, e) in Fetus 11.

3.1.5 | URSMS, abdominal wall defect, limb interruption at 12 weeks of gestation. Anterior abdominal wall defect
contractures with cleft foot (Fetus 12) with herniation of liver, cystic area in lower portion of abdomen, and
posterior bending of lower limbs were observed on ultrasonography.
A primigravida with history of laminectomy for scoliosis, polycystic Growth parameters of the fetus were within normal limits. There
ovarian disease and hypothyroidism underwent pregnancy was an anterior abdominal wall defect with herniation of liver,
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stomach, spleen, pancreas, and loops of small and large intestine par-
tially covered by peritoneum. Severe kyphoscoliosis at the thoraco-
lumbar region, short right lower limb with joint contractures across
hip, knee, and ankle were noted (Figure 5). Right cleft foot was
observed with absence of two central digits. Imperforate anus, ambig-
uous external genitalia, indifferent gonads, a defect in diaphragm,
agenesis of right kidney and right adrenal gland, persistent cloaca with
hindgut and left ureter draining into it, and atresia of cloacal opening
were additional findings.

3.2 | Recurrent malformations with URSMS

We observed several recurrent malformations that are already known
to occur with URSMS in six fetuses of our cohort. They include radial
ray defect, unilateral renal agenesis, and ventricular septal defect sug-
gestive of vertebral defects, anal atresia, tracheoesophageal fistula
with esophageal atresia and radial or renal dysplasia (VATER) (Fetus
5); thoraco-abdominoschisis and limb defects (Fetus 6); myelomenin-
gocele/occipital encephalocele, renal agenesis with vertebral segmen-
tation defect (Fetuses 7 and 10); spina bifida and fused iliac bones
(Fetus 8) and omphalocele and scoliosis (Fetus 9). The antenatal his-
tory, pedigree, clinical findings, and images of the fetuses with recur-
rent phenotypes are provided in supplementary information S1.

3.3 | Genomic testing

Genomic testing was performed in eight (8/12) families. Fetal karyo-

type was available for Fetus 3 and Fetus 4 following prenatal invasive

FIGURE 5 Images depict
anterior abdominal wall defect
with herniation of abdominal
viscera, kyphoscoliosis (a),
contractures and spilt right foot
(white arrow, b) and ambiguous
external genitalia with absent
perineal openings (black arrow, c)
in Fetus 12.

testing and showed normal chromosomes. In Fetus 4, chromosomal
microarray did not reveal any clinically significant copy number varia-
tions. Singleton exome sequencing (nondiagnostic) was carried in
Fetus 4. Fetuses 1, 3, 5, 8, and 9 underwent singleton genome
sequencing, whereas Fetuses 2, 4, and 6 underwent trio-genome
sequencing. Genetic analysis inferred Fetuses 1, 4, 5, and 9 were
female, and Fetuses 2, 3, 6, and 8 were male. Data analysis did not
identify any pathogenic single nucleotide variants in known genes
associated with the URSMS phenotype, but variants of interest have
been identified in Fetuses 1, 3, 8, and 9 (Table 2).

4 | DISCUSSION

In this study, we report on 12 (5%) fetuses with URSMS and describe
the associated pattern of malformations in them. We note complete
URSMS in the majority of the fetuses (9/12, 75%), partial URSMS in
two fetuses, and intermediate URSMS in one fetus. Eleven fetuses
(91.6%) had multiple malformations affecting other systems and one
had isolated URSMS. Overall, six fetuses had recurrent and five
fetuses had unique malformations in our cohort. We identified vari-
ants of interest in four fetuses (Table 2).

There have been reports in the literature on the clinical presenta-
tion of fetuses with URSMS (Jain et al., 2008; Patil & Phadke, 2006;
Tennant et al., 2014; Wheeler et al., 1997; Wheeler & Weaver, 2001)
and a previous cohort from our center (Shah et al., 2016). The rate of
associated anomalies of other systems ranges from 65% to 89% (Jain
et al., 2008; Patil & Phadke, 2006; Tennant et al., 2014; Wheeler
et al.,, 1997; Wheeler & Weaver, 2001). Limb malformations (e.g., club
foot, polydactyly, limb reduction defects, absent/hypoplastic thumb,
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TABLE 2 Variants of interest identified from WGS of eight fetuses with URSMS

GnomAD

south

GnomAD missense

ACMG

Mutation

Align
GVGD taster

GnomAD
AF

z-score (observed/

expected)

CADD REVEL ACMG classification  evidence

SIFT

Polyphen2

Asian AF

cDNA Protein

Zygosity GRCh37 coordinate

Fetus Gene

Uncertain Significance PM2, PB4

0.13

Possibly Damaging Tolerated 23.6

Benign

co

0.8 (590/647) 0

p.Glu534Gly

c.1601A > G

NM_017870.2:

11:60701998A > G

TMEM132A Het

1

(0.27)

(0.787)

0.864 Uncertain Significance PM2, PP2, PP3

233

Deleterious Possibly Damaging Deleterious

co

0

L p.GIn1589Leu 4.96 (563/1005.1)
cA4766A > T

13:101712309 T > A NM_052867.4:

NALCN Het

3

(0.01)

(0.93)

0.383  Uncertain Significance PM1, PM2, BP4

Possibly Damaging Tolerated 229

Benign

co

0

0.58 (147/168)

p.Ser93Gly

c.277A > G

NM_014213.4:

2:176987773A > G

HOXD9 Het

8

(0.10)

(0.789)

Uncertain Significance PM1, PM2, PP3

0.51

29.6

Deleterious Probably Damaging Deleterious

C55

2.1 (687/860) 0

p.Gly1467Ser

c4399G > A

NM_004787.4:

4:20620441G > A

SLIT2 Het

8

(0.00)

(1.00)

27.7 0.805 Uncertain Significance PM2, PP3

Deleterious Probably Damaging Deleterious

co

0

4.96 (563/1005)

p.Gly19Cys

c55G>T

13:102051423C > A NM_052867.4:

NALCN Het

9

(0.01)

(0.999)

Abbreviations: AF, allele frequency; URSMS, urorectal septum malformation sequence, WGS, whole genome sequencing.
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absent fibula, hip dislocation, cubitus valgus, genu valgum, clinodac-
tyly, and simian creases) and cardiac anomalies (atrial septal defect,
ventricular septal defect, tetralogy of Fallot, tricuspid stenosis, pulmo-
nary valve stenosis, truncus arteriosus, atrioventricular canal defect,
anomalous venous return, and patent ductus arteriosus) appear to be
the most frequent (in 32% each) followed by vertebral anomalies,
mainly affecting the lumbar spine in 22.8%; central nervous system
anomalies (neural tube defects and holoprosencephaly) in 16.5%; gas-
trointestinal anomalies (tracheoesophageal fistula, esophageal atresia,
small gut atresia or stenosis, Meckel's diverticulum and atresia of bile
duct) in 15.7%,; ventral body wall defect/omphalocele in 8.6%,; single
umbilical artery/urachal cyst in 7% and others (congenital diaphrag-
matic hernia, congenital cystic adenomatoid malformation of lung,
cleft palate, perineal hernia) very rarely.

The recurrent malformations or phenotypes observed in our
cohort were VATER association, limb body wall defect, neural tube
defects and abdominal wall defect. Neural tube defects were more
common in our small cohort. Prune-belly sequence and vertebral-
anal-cardiac-tracheoesophageal fistula-renal-limb (VACTERL) associa-
tion were also observed with URSMS earlier (Tennant et al., 2014).
Patterns of severe ventral body wall defects were studied by Vauthay
et al. and they report cloacal anomalies in 76.9% (Vauthay
et al., 2007). Heyroth-Griffis et al. (2007) proposed that exstrophy of
cloaca, URSMS and limb body wall complex (LMBW) represented a
continuous spectrum of anomalies in view of overlapping features
(Heyroth-Griffis et al., 2007). LMBW, Mullerian duct aplasia-renal
anomalies-cervicothoracic somite dysplasia (MURCS), oculoauriculo-
vertebral spectrum (OAVS), omphalocele-exstrophy-imperforate anus-
spinal defects (OEIS) complex, pentalogy of Cantrell (POC) and
VATER/VACTERL are developmental disorders occurs during early
embryogenesis (Adam et al., 2020). They are termed as recurrent con-
stellation of embryonic malformations (RCEM) and constitute a spec-
trum and are likely to be causally related. We hypothesize that the
URSMS also likely belongs to RCEM based on the overlapping fea-
tures with LMBW, MURCS, and VACTERL. The highlight of our work
is documentation of some of the rare malformations associated with
URSMS such as cerebral ventriculomegaly, right aortic arch with dou-
ble outlet right ventricle, fetal akinesia deformation sequence, amelia
and limb contractures with spilt foot that are not described earlier, to
the best of our knowledge.

Many dysmorphic features and contractures could be caused by
oligohydramnios. Antenatally oligohydramnios or anhydramnios was
noted in four fetuses (Fetuses 2, 3, 7, and 10) in our cohort. Fetus
2 had contractures of all major limb joints; Fetus 10 had contractures
of limb joint along with short thigh, whereas facial dysmorphism was
observed in Fetuses 3 and 10, which may be secondary to
oligohydramnios.

One of the twins from a monochorionic diamniotic pregnancy
(Fetus 9) had URSMS and associated malformations. Twinning with
URSMS was noted previously in the literature (Achiron et al., 2000).
The familial occurrence of URSMS is very rare and has been reported
in two families (Aggarwal & Phadke, 2013; Mills & Pergament, 1997).
One of them had a dominant inheritance, where the mother had mild
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manifestations and the child had severe URSMS (Mills &
Pergament, 1997), whereas the other family had prune belly in the
first sib and URSMS in the second sib suggesting a recessive pattern
of inheritance (Aggarwal & Phadke, 2013). These observations suggest
the existence of a (mono) genetic etiology, at least for a proportion of
patients with URSMS.

The cloaca is an embryonic structure evident by the fourth week
of development and is divided to form urogenital sinus and primitive
rectum by sixth week of intrauterine life. Hence, we speculate the
genes involved in the early development of cloaca—Sonic hedgehog
(Shh), SOX2 and CDX2, which express in the cloacal epithelium; Six1
and Ey1 intrinsic regulator of mesenchyme surrounding cloaca; Gli2
and Gli3 downstream mediator of Shh and BMP signaling are likely to
play a role in pathophysiology (Runck et al., 2014).

The TMEM132A missense variant identified in fetus 1 may be rel-
evant to the persistent cloaca observed in this fetus. Tmem132a~/~
mice have impaired hind limb growth and spina bifida in addition to
bladder and kidney defects (Li et al., 2022). Whole embryo staining of
Tmem132a~'~ mice revealed Cdx2 is notably downregulated in the
hindgut (Li et al., 2022). The importance of CDX2 signaling in the nor-
mal development of the cloacal epithelium is supported by the identi-
fication of damaging de novo variants in CDX2 in two unrelated
patients with persistent cloaca (Hsu et al., 2018). Recently, variants in
CDX2 have also been reported in two familial aggregations with phe-
notype ranging from sirenomelia with different degrees of urogenital
malformations to isolated imperforate anus indicating its role in caudal
malformations (Lecoquierre et al., 2020). Moreover, the identification
of a missense variant in HOXD9 in Fetus 8 is also relevant to the Shh/
CDX2 pathway. Reduction in Hoxd9 expression observed in embry-
onic limb buds of rats supplemented with all-trans-retinoic acid corre-
lated with impaired Shh/GIli3 signaling and reduced Sox9/Col2a11
signaling (Hong et al., 2021). Both Shh (Seifert et al., 2009) and Gli3
(Mo et al., 2001) expression are reduced in rats with anorectal malfor-
mations (Liu et al., 2016). Additionally, a disorganization-like syndrome
was noted with persistent cloaca, having an incomplete duplication of
left lower limb (Al Kaissi et al., 2008), suggesting an overlap in signal
defects can cause deficiencies in both tissues. The normal limb devel-
opment observed in Fetus 8 suggests the HOXD9 c.277A > G variant
would only urorectal development would be affected in this case,
despite the association of HOXD9 with limb defects.

Moreover, The SLIT2 variant identified in Fetus 8 may relate to
the unilateral renal agenesis observed during fetal evaluation. Slit2~/~
mice develop multiple ureters and fused dysplastic kidneys as a result
of ureteric buds, which remain inappropriately connected to the neph-
ric duct during development (Grieshammer et al., 2004). Furthermore,
heterozygous missense SLIT2 variants were identified in three unre-
lated patients from a cohort with congenital anomalies of the kidney
and urinary tract (CAKUT), one patient with bilateral subcortical renal
cysts, one patient with right multicystic dysplastic kidneys, and one
patient with right renal agenesis (Hwang et al., 2015).

In Fetus 8, the identification of concomitant HOXD9 and SLIT2
missense variants prompts the hypothesis that the etiology of URSMS
in this fetus is oligogenic. URSMS has been identified as a component
in a few syndromes/phenotypes, which are listed in Online Mendelian

Inheritance in Man along with their genetic bases: persistent cloaca
and prune belly syndrome with tricho-rhino-phalangeal syndrome
type Il (MIM#150230) associated with 8q interstitial deletion (Ramos
et al, 1992); Fanconi anemia, complementation group A (MIM#
227650) (Farrell et al., 1994); sacral agenesis with vertebral anomalies
(MIM# 615709) due to biallelic variants in TBXT (Postma et al., 2014);
Omphalocele-Exstrophy-Imperforate Anus-Spinal Defects (OEIS com-
plex, MIM 258040) associated with 1p36 deletion (El-Hattab
et al., 2010) and a heterozygous variants in Uroplakin 3A associated
with renal dysplasia and persistent cloaca (Jenkins et al., 2005). The
London Medical Database has following entities listed with exstrophy
of cloaca: caudal duplication syndrome; caudal regression; diphallus
plus; femoral duplication; frontonasal dysplasia-exstrophy of bladder
or cloaca; Gollop-Wolfgang complex caused by BHLHA9; sirenomelia;
urorectal septal defects and VATER association.

Several researchers explored the genetic basis of URSMS and
related anomalies. Patients with anorectal malformations and VAC-
TERL association or cloacal exstrophy were analyzed for variants in
FGF10 following a reproducible phenotype of urorectal defect in mice;
however, the data obtained were not supportive (Kriiger et al., 2008).
Isochromosome 18qg was observed in a fetus with congenital mega-
cystis, cloacal dysgenesis sequence and median cleft lip and palate by
karyotype (Chen et al., 1998). Array comparative genomic hybridiza-
tion in 17 females with cloaca identified novel copy number variations
(paternally inherited duplication on 16p13.2 and a de novo deletion
on 1g32.1g32.3) in two patients (Harrison et al.,, 2014). The latter
deletion included a plausible candidate, hedgehog acyltransferase
(HHAT); however, Sanger sequencing of independent patients with
cloacal defects did not identify any significant variants in this gene.
Prenatal diagnosis by chromosomal microarray in a pregnancy sus-
pected with URSMS detected paternally inherited 111.8Kb deletion
at 16p13.3 in the affected fetus (Pei et al., 2016). Similarly, ZNF157,
SP8, ACOTY, and TTLL11 are thought to be associated with VATER/
VACTERL following exome sequencing in a cohort of 21 families
(Kolvenbach et al., 2021). However, further studies are required to
explain the causality.

We identified heterozygous missense NALCN variants in Fetuses
3 and 9. NALCN encodes the nonselective sodium leak channel, and
homozygous knockout is incompatible with life in mice (Cochet-
Bissuel et al, 2014). Previously, de novo NALCN variants were
observed in 14 unrelated probands with congenital contractures of
the limbs and face, hypotonia and developmental delay (CLIFAHDD,
MIM#616266) (Chong et al., 2015). NALCN is primarily expressed in
the nervous system, suggesting its role is in movement coordination
and intellectual development, rather than tissue patterning and devel-
opment (Kasap et al., 2017). Phenotypes in Fetuses 3 and 9 are do not
feature contractures, while hypotonia and developmental delay were
not discernible in this cohort. However, scoliosis, clubfoot, and
omphalocele observed in Fetus 9 are reminiscent of the additional
phenotypes observed among the CLIFAHDD cohort (Chong
etal., 2015).

We assume that the presence of various malformations with
URSMS represent clinically diverse spectrum of perinatal lethal syn-
dromes with URSMS. Our observations call for a concerted effort for
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delineation of clinically and likely etiologically heterogeneous condi-
tions with URSMS. Genome sequencing and analysis did not identify
variants in known URSMS genes, but it identifies novel candidate vari-
ants that provide the basis for future investigations. However, in some
cases, no variant of interest was identified, which suggests that these
fetuses may have a more complex oligo/polygenic etiology with envi-

ronmental influences.
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5.1 Abstract

Rare variants in ATP7A are associated with a spectrum of X-linked disorders. In descending
order of severity, these are Menkes disease, occipital horn syndrome, and X-linked distal
spinal muscular atrophy. After 30 years of diagnostic investigation, we identified a deep
intronic ATP7A variant in four males from a family affected to variable degrees by a
predominantly skeletal phenotype, featuring bowing of long bones, elbow joints with
restricted mobility which dislocate frequently, coarse curly hair, chronic diarrhoea, and
motor coordination difficulties. Analysis of whole genome sequencing data from the
Genomics England 100,000 Genomes Project following clinical re-evaluation identified a
deep intronic ATP7A variant, which was predicted by SpliceAl to have a modest splicing
effect. Using a mini-gene splicing assay, we determined that the intronic variant results in
aberrant splicing. Sanger sequencing of patient cDNA revealed ATP7A transcripts with exon
5 skipping, or inclusion of a novel intron 4 pseudoexon. In both instances, frameshift leading
to premature termination are predicted. Quantification of ATP7A mRNA transcripts using a
gPCR assay indicated that the majority of transcripts (86.1 %) have non-canonical splicing,
with 68.0 % featuring exon 5 skipping, and 18.1 % featuring the novel pseudoexon. We
suggest that the variability of the phenotypes within the affected males results from the
stochastic effects of splicing. This deep intronic variant, resulting in aberrant ATP7A splicing,

expands the understanding of intronic variation on the ATP7A-related disease spectrum.

5.2 Introduction

Menkes disease (MIM 309400) is a rare X-linked copper metabolism disease caused by
pathogenic variants in ATP7A (MIM 300011). Incidence rates of Menkes disease vary with
conservative estimates suggesting 1 in 300,000 affected live births (Tgnnesen et al., 1991;
Vairo et al., 2019). ATP7A encodes the ubiquitously expressed Cu?*-transporting ATPase, a
transmembrane protein which has dual functions as an ATP-dependent Cu?* efflux channel,
and a biomolecular loader of copper-dependent enzymes (cuproenzymes) in the trans-Golgi

network (TGN) (Mgller, 2015).

Menkes disease is the most clinically severe disease on an allelic spectrum of ATP7A-related

disorders, which includes occipital horn syndrome (OHS; MIM 304150), and X-linked distal
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spinal muscular atrophy type 3 (SMAX3; MIM 300489) (Fradin et al., 2020; Zlatic et al.,
2015). The severity of disease largely correlates to the deleteriousness of the causal ATP7A
variant (Mhaske et al., 2020). Nonsense variants and large deletions correlate with an
absence of functional protein, and cause Menkes disease, which manifest from the first few
months of life. Menkes disease is primarily regarded as a neurodevelopmental disorder,
featuring moderate to severe intellectual disability, epilepsy, and progressive
neurodegeneration (Kaler and DiStasio, 1993; Rangarh and Kohli, 2018). Additionally,
connective tissue anomalies, such as restricted bone growth, osteoporosis, and joint
hyperflexibility, and ectodermal changes, including pili torti (kinky hair) and cutis laxa, and
bladder diverticula are common from childhood. Patients may also experience chronic
diarrhoea. If untreated, death usually occurs by three years of age. Early treatment with
copper complexes such as copper-histidine offers the possibility to modify the onset of the
severest phenotypes and extend life expectancy into adulthood (Christodoulou et al., 1998;

Nadal and Baerlocher, 1988; Timer et al., 2017; Vairo et al., 2019).

Less functionally deleterious variants such as missense variants and small inframe deletions,
which permit residual ATP7A protein function, result in less-severe phenotypes associated
with OHS (Dagenais et al., 2001; Mgller, 2015). OHS features are similar to Menkes disease,
but with absent or mild neurodegenerative changes, while non-neurological phenotypes can
vary in severity (Kaler and DiStasio, 1993; Skjgrringe et al., 2017). Typically described are
occipital horns, which are wedge-shaped calcifications at the site of attachment of the
trapezius and sternocleidomastoid muscles to the occipital bone (Gérard-Blanluet et al.,
2004). Connective tissue anomalies are commonly described, alongside dysautonomia,
which may cause chronic diarrhoea, syncope, and orthostatic hypotension. Early treatment
of OHS patients with copper-histidine can reduce developmental anomalies associated with

connective tissues to reduce the burden of disease (Vairo et al., 2019).

Finally, specific missense variants in ATP7A gene are associated with late onset distal spinal
muscular atrophy (SMAX3). This form of the disease features slowly progressive distal limb
weakness and muscle wasting (Kaler and DiStasio, 1993; Takata et al., 2004), with occasional
description of minor connective tissue anomalies (Gualandi et al., 2019). Although four

different ATP7A variants (Gualandi et al., 2019; Kennerson et al., 2010; Shibuya et al., 2022)
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have been reported in cases of SMAX3, these all cluster in the terminal portion of the gene.
Serum copper and caeruloplasmin are usually normal or slightly reduced in SMAX3 patients,
suggesting that ATP7A variants causing SMAX3 are the mildest on the ATP7A-related

phenotype spectrum (Fradin et al., 2020).

The function of ATP7A as a copper transporter is essential for copper dietary absorption via
duodenal enterocytes into the portal circulation, and across the blood-brain barrier into the
central nervous system (CNS) (Lutsenko et al., 2007; Maung et al., 2021). Inactivity of the
ATP7A copper transporter therefore results in severe copper deficiency which particularly
affects the brain, and accounts for the severest neurological phenotypes in Menkes disease
(Zlatic et al., 2015). ATP7A-related copper deficiency impairs the activity of cuproenzymes,
including cytochrome c oxidase (respiratory electron transport chain), and superoxide
dismutase (maintenance of redox homeostasis), the dysfunction of which contribute to
neurodegeneration identified in severely affected Menkes disease patients. At low copper
concentrations, ATP7A localises to the trans-Golgi network, where it has a secondary
function in the direct loading of copper to specific cuproenzymes. These cuproenzymes
include lysyl oxidase (LOX) and lysyl oxidase-like (LOXL) proteins involved in collagen and
elastin crosslinking (Trackman, 2018), copper-binding monooxygenases which contribute to
catecholamine synthesis, and copper-dependent tyrosinases essential for biogenesis of
signalling molecules such as melanin (Lutsenko et al., 2007). The reduced activity of
LOX/LOXL proteins underlies the connective tissue manifestations of Menkes disease and
OHS, such as cutis laxa and joint hyperflexibility (Horn and Wittung-Stafshede, 2021).
Dysregulated trafficking of ATP7A between the TGN and the plasma membrane during high
copper concentrations may also lead to dysfunction in copper homeostasis, rather than

direct impairment of ATP7A copper transport (Skjgrringe et al., 2017).

Here, we present four males from a single family affected by OHS with a novel deep intronic
ATP7A variant, which leads to mis-splicing in a majority of ATP7A transcripts, leading to
OHS. Phenotypes vary in severity between individuals, likely owing to the leaky effect of

altered splicing.
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5.3 Results:

5.3.1 Clinical features

A three-week old male (Figure 1A, IV:2) was referred to the paediatric clinic due to bilateral
inguinal herniae. At the initial assessment, it was noted that he was failing to thrive and had
diarrhoea. A sweat test performed at five weeks of age was reported as positive. His
brother, IV:1 was assessed at the same time and in view of the similar history of chronic
diarrhoea and failure to thrive, was investigated for cystic fibrosis. Both brothers had
abnormal fecal elastase levels and although a molecular diagnosis of cystic fibrosis was not
made, both patients responded to pancreatic enzyme replacement therapy. Their mother
(111:6) had noticed that both boys had similar bony problems and had an unusual appearance
of their elbows. Their maternal female cousin, IV:5, has two sons with similar appearances
of elbows (V:2 and V:3, Figure 1B-E) and a summary of the clinical features is presented in

Table 1.

The possibility of an underlying skeletal dysplasia was considered in view of the appearance
of their elbows, pectus excavatum in IV:2 and V:2, and a skeletal survey noting flared
metaphyses and that the bone age was delayed by 2 years compared to chronological age
for both boys. In view of the chronic diarrhoea and skeletal anomalies, a differential
diagnosis of Schwachman-Diamond syndrome was considered, but was not confirmed by

genetic testing.

IV1 and IV:2 both remain on pancreatic enzyme replacement supplements. 1V:1 has required
revision of his inguinal herniae repair due to recurrence. Joint hypermobility impacts on his
fine motor skills as interphalangeal joints lock and subluxate easily. There is a history of
recurrent knee dislocation and all affected males have needed multiple surgery of the lower
limbs. Notably, none of the affected males have occipital protuberances evident on clinical

examination.

The maternal uncle of the proband (l11:9) is deceased and did not pursue clinical assessment,
so limited clinical details are available, but was reported to have similar problems with

diarrhoea and with his joints to affected males in his family. Three females in the family
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(11:6, 111:12, 1V:7) also had prominent ribs or prominent elbows, traits which the family

associates with the phenotypes in the affected males.

11 ﬁ

14 15 1 17
Spina Osteogenic
Bifida Sarcoma

- op
G o

Hypothyroidism

O D Unaffected female/male
3

. Affected male \Y

@ Carrier female

/" Principal proband
O Prominent ribs V
O Prominent elbows

/ Deceased Vi

Figure 1: Family with X-linked skeletal dysplasia. (A) Pedigree of large family with five
affected males (III:9, IV:1, IV:2, V:2 and V:3). (B) Photograph of V:2 indicating broad

forehead with frontal prominences, and prominent elbows unable to pronate/supinate. (C)

Cigarette paper scar on lower leg of V:2. (D) Photograph of V:3 indicating narrow thorax,

and prominent elbows unable to pronate/supinate. (E) Left hand of V:3 indicating tapered

fingers.
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Table 1: Phenotypes observed in five related individuals. CPK, Creatine Phosphokinase.

EMG, Electromyography. LFT, Liver Function Test. NAD, Nicotinamide Adenine Dinucleotide.

NCV, Nerve Conduction Velocity. OFC, Occipital Frontal Circumference. VLCFA, Very Long

Chain Fatty Acids.

Pedigree ID vV:1 IV:2 V:2 V:3

Biometry:

Age (years) at last 43 39 25 20

assessment

Height centile 10th 9-25th 50t 50t

Weight centile ND <0.4% 50t 25t

OFC ND ND 50t 9gth

Birth weight (g) 2637 2098 3629 3289

Ectodermal:

Skin Soft, thin, elastic | Soft, thin, Soft, thin, Soft, thin,

elastic elastic elastic

Papyraceous scars | Yes Yes Yes Yes

Keratosis pilaris Yes Yes Yes No

Teeth Deciduous teeth | Extra teeth Normal Unknown
retained

Hair Coarse Sparse, coarse | Sparse, wiry | Coarse, wiry

Inguinal hernia Bilateral Bilateral None Right

Skeletal:

Bone age BA3 CA6 BA3 CA5.5 BA4 CA5 ND
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Skull Bony lumps — Normal Broad 2 calcified
temporal bone forehead, 2 cephalo-
and over coronal frontal heamatoma,
structure prominences | unilateral skull

prominence

Narrow thorax Yes Yes No Yes

Pectus excavatum No Yes Yes No

Winged scapulae Yes Yes No Yes

Prominent elbows | Yes Yes Yes Yes

Dislocated radial Yes Yes Yes Yes

head

Bowed forearm Yes Yes Developing No

Tapered fingers Yes Yes No Yes

Genu valgum Yes Yes Yes Yes

Talipes Yes Yes Yes Yes

Frequent joint Knees, wrists, Knees Knees Knees

subluxation phalanges

Other:

Intellectual No No Mild Mild

disability

Thin musculature Yes Yes No No

Diarrhoea Yes Yes Yes Yes

Pancreatic Yes Yes Unknown Unknown

insufficiency
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Investigations:

Chromosomes ND 46, XY 46, XY ND
Creatinine kinase ND Normal ND ND
LFTs ND Normal ND ND
VLCFA ND Normal ND ND
Serum copper ND ND 10.9 umol/L |ND
(reference) (13-26)
Caeruloplasmin ND ND 137 mg/L ND
(reference) (200-600)
White cell enzyme | ND Normal ND ND
Pancytopenia ND No ND ND
Neutropenia ND No ND ND
Anaemia ND No ND ND
Thrombocytopenia |ND No ND ND
Muscle biopsy ND Normal ND ND
EMG/NCV ND Normal ND ND
Sweat test/CF ND Normal/none ND ND
pathogenic variant
Treatments Pancreatic Pancreatic

enzyme enzyme

replacement;

Copper-histidine

supplementation

replacement
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5.3.2 Genetic analysis

Linkage analysis of Affymetrix SNP array data from IV:1 and V:2 revealed three shared
regions totalling 25.6 Mb (GRCh37; X:2,694,240-6,691,422 at Xp22.33-p22.31; X:53,887,456-
58,107,416 at Xp11.22-p11.21 and X:69,445,677-86,811,737 at Xq13.1-g21.3). No copy
number variants of note were identified. Exome sequencing analysis of IV:1 revealed several
rare coding variants within the linked regions, but no compelling candidate (Supplemental
data, Appendix Ill). Alongside his affected brother (1V:2), and their mother (llII:6), IV:1 was
recruited to the 100,000 Genomes Project for whole genome sequencing (WGS) analysis.
Review of the clinical phenotype at this time noted the wiry hair and the possibility of an
ATP7A related phenotype. Rare (< 0.01) coding and non-coding variants present at the
ATP7A locus in the three individuals were filtered according to the expected X-linked mode
of inheritance. One deep intronic ATP7A variant c.1544-872C>G (GRCh38 X:78002201C>G),
within the previously linked region, was identified. Segregation analysis by Sanger
sequencing (Figure 2A) confirmed hemizygosity of the ¢.1544-872C>G variant among the
four affected males on whom samples were available (1V:1, IV:2, V2, and V3), and
heterozygosity in their respective mothers (l11:6 and IV:5). The effect of the variant on
splicing was modelled using SpliceAl (Jaganathan et al., 2019), which predicted the
introduction of splice acceptor and donor sites 106 bp and 5 bp upstream of the variant,
respectively (Figure 2B). This modelling suggests the c.1544-872C>G variant may introduce

of a pseudoexon in ATP7A.

5.3.3 Intronic ATP7A variant results in altered splicing

Minigene assays were performed, as described previously (Thomas et al., 2020), to
determine the effect of the intronic variant on splicing activity. Minigene vectors were
constructed with an ATP7A fragment from 1V:1 genomic DNA, or the wild type (WT) allele
from the proband’s mother (IV:6). The ATP7A fragment contained the region from exon 4 to
exon 5 of ATP7A, plus 200 bp flanking sequence. HEK293 cells were transfected with
minigene-ATP7A vectors and RNA was extracted. Evaluation of reverse transcribe minigene
assay products via gel electrophoresis indicated that proband ATP7A-minigene vector

transcription products were larger compared to the WT vector (Figure 2C). Sanger
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sequencing of these products confirmed the inclusion of the predicted novel ~100 bp

pseudoexon (Figure 2D).

A B
| Control gDNA | Vit || |v2 | ms X:77237698C>G
TTIIET T 128 ZTIT% ATP7A:c.1544-872C>G
C>G
Prediction Model 2 2]
— - it IREER Exon ¢  Exon 5 JLLE
TET ; T TIX I; T Splice acceptor 106 bp Splice donor 5 bp 5
5’ of variant (A=0.3) of variant (A= 0.46)
C
1:6 IV:1 Empty ) e — —
wT c>G Vector In:6
! V1
2500 bp - | B 1500 20 2500 3000 - 3500 =
A minigene-fragment 1 ()
rat insulin exon 2 pGexF rat insulin exon 3
- pGexR poly-a-site-rat
- -
1000 bp == ATP7A
— - [
- €.1544-872 C>G ATP7A
- possible activation of splice acceptor site
500 bp W - - . .
-

Figure 2: Evaluation of splicing changes from the ATP7A c.1544-872C>G intronic variant. (A)
Sanger sequencing showing ATP7A c.1544-872C>G variant in affected individuals, which
confirm the expected X-linked segregation. (B) Diagram of SpliceAl in silico prediction. (C)
Image of minigene assay reverse transcription product gel electrophoresis indicating larger
transcripts are generated from the vector with the ATP7A c.1544-872C>G variant. (D)
Alignment of minigene product sequencing alignment using SnapGene software, red box

highlights alignment of pseudoexon in an assay with the ATP7A ¢.1544-872C>G variant.
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5.3.4 Proband ATP7A RNA analysis

To validate these splicing changes, RNA was extracted from blood lymphocytes derived from
V:2. RNA was reverse transcribed and exon 4-6 of ATP7A cDNA was sequenced to confirm
presence of the novel ATP7A pseudoexon. We identified transcription products of two sizes,
indicating the novel splice variant has a leaky effect (Figure 3A). The larger fragment
contained the predicted pseudoexon between exons 4 and 5. The smaller fragment did not
contain the pseudoexon, but indicated skipping of exon 5 (Figure 3B). Inclusion of the novel
pseudoexon is predicted to create a frameshift p.(lle515Serfs*26). Similarly, skipping of
exon 5 is predicted to create a different frameshift p.(lle515Glufs*11) (Figure 3C). In both
cases, premature termination at residue 526 or 541 is predicted to result in truncated
isoform of the ATP7A protein, consisting of only of the copper-binding heavy-metal
associated domains within the N-terminal cytoplasmic domain (aal-653) with absent
transmembrane domains (aa654-1406) and C-terminal cytoplasmic domain (aa1407-1500).
These truncated products are therefore predicted to be either non-functional for copper

transportation across plasma membranes or targeted for nonsense-mediated decay.

In order to establish the proportion of ATP7A transcripts disrupted by splicing, we
performed quantitative PCR. TagMan probes specific to ATP7A cDNA exon boundaries 1-2,
4-5, and 5-6 were used to quantify the relative proportion of transcripts which contained
either the novel pseudoexon, or exon 5 skipping. Probes binding across exon boundaries at
exon 4-5 and exon 5-6 were compared to total ATP7A transcripts (exon 1-2 boundary) to
quantify the relative proportion of transcripts affected by mis-splicing (Figure 4A). In V:2
lymphocyte derived RNA, gPCR analysis determined 13.9 % of all ATP7A transcripts were
canonical, with 68.0 % of transcripts featuring exon 5 skipping and 18.1 % transcripts
featuring the modelled pseudoexon between exons 4 and 5 (Figure 4B and 4C). This
suggests the majority of ATP7A transcripts in lymphocyte-derived RNA have splicing altered
by the ATP7A ¢.1544-872C>G variant, which is likely to reduce global ATP7A function.
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Figure 3: Analysis of ATP7A transcripts from V:2 lymphocyte-derived reverse transcribed

RNA. (A) Electrophoresis of products from PCR of ATP7A exon 4-6 in 1V:2 cDNA indicates two

products are amplified. (B) Sanger sequencing traces of two PCR products from V:2. (C)

Predicted effect of splicing changes on ATP7A translation products.
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Figure 4: Quantitative PCR of ATP7A transcripts from V:2 lymphocyte cDNA. (A) Design of
assay using three TagMan probes specific to ATP7A exon boundaries to quantify proportions
of transcripts affected by splicing. (B) QPCR of ATP7A exons in P3-derived lymphocyte cDNA,
relative to GAPDH. (C) Determination of proportion of ATP7A transcripts with pseudoexon
and exon 5 skipping relative to total ATP7A transcripts. ATP7A and GAPDH expression was
quantified from a healthy control using a standard curve by plotting log cDNA concentration

against Ct, in two experiments each with three triplicate reactions.
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5.4 Discussion:

Here, we describe four males with a homozygous novel intronic variant in ATP7A. Despite
the variable phenotypes the four males with normal intellect are each affected by dislocated
elbows, genu valgum, soft stretchy and poor healing skin with papyraceous scars and wiry,
coarse hair. Some of the males also have a narrow thorax, inguinal herniae, keratosis pilaris,
pectus excavatum, and chronic diarrhoea. These clinical features plus biochemical evidence
of low serum copper and caeruloplasmin levels are consistent with a diagnosis of OHS.
Notably, pancreatic insufficiency is not described as a feature of the ATP7A-related disease
spectrum. No alternative explanation has been determined for this feature and should be

screened for in other individuals determined to have ATP7A-related disease.

The majority of variants identified in ATP7A have been identified in patients with Menkes
disease. Following variant classification analysis based on ACMG guidelines, of the
pathogenic and likely pathogenic variants in ATP7A, 89% were identified in patients with
Menkes disease, with just 4 % in OHS (Mhaske et al., 2020). This difference likely results
from a clinical ascertainment bias against the less severe OHS phenotype. There are similar
proportions of patients with missense, nonsense, indel, and splice site variants (Mgller,
2015), however very few deep intronic variants have been identified in patients consistent
with ATP7A-related disease to date. We have identified a family affected by OHS with a
deep intronic variant in ATP7A. This intronic variant introduces a novel splicing donor site
and results in mis-splicing of a majority of ATP7A transcripts, either by skipping exon 5 or by
inclusion of a novel pseudoexon. In both cases, transcripts are predicted to cause frameshift

likely results in nonsense mediated decay.

The first patients to receive a molecular diagnosis of OHS due to deep intronic ATP7A
variants were identified in a cohort in Denmark (Yasmeen et al., 2014). Intronic variants in
intron 10 (c.2406+1117A>G), intron 14 (¢.2916+2480T>G) and intron 16 (c.2916+2480T>G)
were identified by performing overlapping RT-PCR reactions of the entire cDNA ATP7A
sequence. In each case, the novel intronic variant led to inclusion of a pseudoexon into

ATP7A transcripts and creation of a premature stop codon. Yasmeen et al., (2014) proposed
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that severity of phenotypes correlated with the relative proportion of transcripts containing
the pseudoexon. In the most severely affected Menkes disease patient, just 0.2 % of ATP7A
transcripts were canonical. The proportions of canonical transcripts in the less severely
affected patients were 11 % and 2 %, suggesting that the proportion of canonical transcripts
required to prevent the onset of the severest phenotypes lies below a 2 % threshold. This
hypothesis was supported by the subsequent investigation of five patients with splice-site
variants leading to exon skipping (Mgller et al., 2021). In one patient with Menkes disease,
0.5 % of transcripts were canonical, which increased to 3.5 % canonical transcripts in
patents with OHS. These findings suggest the relative strength of the non-coding variant

resulting in splicing changes is important in predicting phenotypic severity.

Analysis of RNA from V:2 showed a higher proportion of canonical ATP7A transcripts (13.9
%) compared to the cases reported by Yasmeen et al. (2014) and Moeller et al. (2021), with
the majority of the non-canonical transcripts featuring exon 5 skipping, rather than
pseudoexon inclusion, as a result of the ATP7A ¢.1544-872C>G variant. The milder ATP7A
related phenotype in the affected males presented here is consistent with this higher level
of the canonical transcript. The analysis of transcripts from lymphocyte-derived RNA is one
limitation of our analysis, as lymphocyte expression of ATP7A is lower compared other cell

types more relevant to the connective tissue phenotype, such as fibroblasts.

The phenotypic variability of patients analysed here can be attributed to the inherent
‘leakiness’ of splicing, a feature of the stochastic variation resulting from competition
between acceptor sites of the pseudoexon and the downstream exon in affinity for binding
of the spliceosome (Anna and Monika, 2018; Chin et al., 2022). This phenomenon has been
characterized previously in other diseases, such as disease severity in cystic fibrosis in
patients correlating with the degree of intron 19 pseudoexon inclusion resulting from the
CFTR c.3718-2477C>T variant (Sobczyriska-Tomaszewska et al., 2013). The family reported
here have a progressive disease, with onset in early childhood. Changes in the proportion of
transcripts affected by mis-splicing in different tissue types over time may account for

differences in onset and phenotypic variability in this family. Additionally, the phenotypic
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differences observed in our patients are biased by age at clinical assessment. The oldest pair
of brothers (IV:1 and 1V:2) are mature adults, while their cousins (V:2 and V:3) are young
adults. The younger patients may develop additional or progressive phenotypes as observed
in the older pair of brothers. Age of OHS onset ranges from early childhood to early
adulthood, and phenotypes are usually progressive (Timer and Mgller, 2010). Discussion of
phenotypic variability between these individuals would be better informed by tracking

phenotype progression over time.

Finally, it is important to consider that there are factors aside from splicing which may affect
phenotype severity. Previously, analysis of an ATP7A missense variant identified in brothers
with variable phenotypes indicated that 17 % of wild type activity was maintained
(Donsante et al., 2007). Variability in phenotype between the brothers was attributed to
greater upregulation of ATP7A transcription in fibroblasts from the more mildly affected
brother with the OHS phenotype, compared to his more severely affected brother with a
Menkes syndrome phenotype. The authors suggested that the increased ATP7A expression
compensated for lost ATP7A channel function, and that differences in overexpression
underlay the phenotypic variability (Donsante et al., 2007). Factors influencing ATP7A

expression may also facilitate the variation in phenotypes of the family reported here.

The identification of this family with a novel deep intronic ATP7A variant contributes to the
understanding of OHS as a variable disease and illustrates the value in conducting WGS to
identify deep intronic variants. Future work should establish how leaky splicing variants can
lead to life-long variability in disease severity in different tissues to better understand

disease progression and improve clinical management.
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5.5 Methods
All participants provided informed written consent in accord with a protocol approved by
the South Manchester Ethics committee (11/H1003/3, IRAS 64321). Genomics England has

approval from the HRA Committee East of England — Cambridge South (REC Ref
14/EE/1112).

5.5.1 SNP Array Genotyping

SNP array analysis was performed with Genome-Wide Human SNP Array v.6.0 (Affymetrix)
according to the manufacturer’s protocol. Genotypes and copy number data were
generated within the Affymetrix Genotyping Console (v.4.1.3.840) via the Birdseed V2
algorithm and SNP 6.0 CN/LOH algorithm, respectively.

5.5.2 Exome Sequencing

Exome sequencing was carried out for one affected individual (1V:2) using the SureSelect
Human All Exon Kit v4 (Agilent Technologies, Edinburgh UK) for the Illumina HiSeq 2500
system (lllumina, Cambridge, UK). Sequence data were mapped to the hgl9 reference
human genome using the Burrows—Wheeler aligner software (version 0.6.2; http://bio-
bwa.sourceforge.net). Genome Analysis Tool Kit software (version 2.4.7;
https://www.broadinstitute.org/gatk) was used for recalibration of base quality score and
for indel realignment before using the unified genotyper

(https://www.broadinstitute.org/gatk) for variant calling.

5.5.3 Whole Genome Sequencing

Whole genome sequencing (WGS) was conducted as part of the 100,000 Genomes Project
(Genomics England). Blood samples, consent, clinical indication and HPO terms were
collected for patients at their local hospital. Blood samples were sent to the Manchester
regional genetic laboratory and DNA was extracted and sent to lllumina for WGS. Library
preparation was performed using TruSeq DNA PCR-Free Library Prep, with 250 bp paired-
end reads generated from the HiSegX sequencer. Data were passed through Genomic

England’s bioinformatics pipeline. All variants within ATP7A locus (GRCh38:X:77910690-

87



78050395) were filtered on the basis of quality control, allele frequency, and hypothesised

allele segregation.

5.5.4 Sanger Sequencing

Sanger sequencing was completed using Big Dye Terminator c.3.1 Cycle Sequencing Kit
following manufacturer’s instructions, and products were analysed with 3730 Genetic
Analyser instrument (Thermo Fisher Scientific). Primers for amplifying ATP7A intron 4 from
genomic DNA were CTGTCACACATGGTGCATTG (forward) and GAGGGCAGATCGCTTGAGTC

(reverse).

5.5.5 Minigene Assay

A minigene vector was assembled to assess the effect of the intronic variant on splicing on
upstream and downstream ATP7A exons. An SK3 vector was used, which is a derivative of
the pSpliceExpress vector used previously (Thomas et al., 2020). A fragment of proband
genomic ATP7A DNA, including the region from exon 4 to exon 5, plus 100 bp flanking
sequence, was cloned into the SK3 minigene vector. Additionally, a DNA fragment was
amplified from genomic DNA of the mother M1 was used to construct a WT ATP7A
minigene vector for use as a control. The SK3 minigene backbone was isolated by digestion
with restriction enzymes Nhel and BamH1. The genomic ATP7A DNA fragment was
amplified by PCR using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific)
using primers (forward
gtacgggtgaccacgegtccatgggTGGATTCTTTGCTACAATTATGATTTCATAAGTGCAT, reverse
CCGGATCgagctgcatgtgtcagagGAATTTATTCAATTACATGCTACTAGATAGGAATCA) designed to
produce fragments which overlap with the digested SK3 minigene backbone. The ATP7A
fragment and the SK3 minigene backbone were assembled via the Gibson method [Gibson
2011], and transformed into ultra-competent bacteria. Assembled ATP7A minigene vectors
were isolated from bacterial colonies, and correct vector assembly was validated by Sanger

sequencing performed by EuroFins Genomics.

HEK293 cells were cultured to 50 % confluency in 2 ml of Dulbecco’s modified Eagle’s high-

glucose medium (DMEM Sigma-Aldrich), supplemented with 10 % foetal bovine serum
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(Sigma-Aldrich) in tissue-culture treated six-well plates at 37°C with 5 % CO,. Cells were
transfected with 1 pug of proband or maternal WT ATP7A minigene vector using
Lipofectamine LTX reagent (Thermo Fisher Scientific) following manufacturer’s instructions.
Following 24 hours incubation (37°C, 5 % CO2), RNA was extracted from cells using TRI
Reagent (Sigma-Aldrich) according to manufacturer’s instructions. Extracted RNA was
purified using RNeasy column clean-up kit (Qiagen), including the optional DNase digestion
step. 5 ug of RNA was reverse transcribed to cDNA using Superscript Reverse Transcriptase
(Thermo Fisher Scientific). cDNA was amplified by PCR using minigene specific primers
(forward GCACCTTTGTGGTTCTCACT, reverse GGGCCTAGTTGCAGTAGTTCT), and products
were run on 1% agarose gels supplemented with SafeView nucleic acid stain (NGS
Biologicals). Gels were visualized using a blue-light transilluminator, and bands of interest
were excised. DNA from excised fragments was extracted and purified using QlAquick gel
extraction kit (Qiagen). Splicing products were confirmed by Sanger sequencing performed

by EuroFins Genomics.

5.5.6 RNA extraction from patient cells

Patient derived lymphocyte cell line cultures, and fibroblast cultures were established by
Specialised Cell Culture Services at St Mary’s Hospital, Manchester following local
procedures. Cells were harvested and centrifuged at 200 xg for 5 mins, and pellets were
stored at -80 °C until RNA extraction. To extract RNA, cell pellets were thawed on ice prior
to extraction using the Rneasy RNA extraction kit (Qiagen), following manufacturer’s
instructions, including the optional Dnase digestion step. 1 ug RNA was reverse transcribed
to cDNA using High-Capacity RNA-to-cDNA kit (Applied Biosystems), following

manufacturer’s instructions. Patient cDNA was stored at -20 °C until further use.

5.5.7 Quantitative RT-PCR

Quantitative real time PCR was used to quantify exon junctions in the ATP7A transcript.
Predesigned ATP7A probes Hs00921963_m1 (exon 1-2 boundary), Hs00921969 _m1 (exon 4-
5 boundary), and Hs00921970_m1 (exon 5-6 boundary) were used. A predesigned probe for
GAPDH (Hs02786624_g1) was used as an endogenous control. All probes were 6-carboxy-

fluorescein labelled and were purchased from ThermoFisher Scientific. 20 pl reactions
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containing cDNA, 20x FAM-labelled probe, and 2x TagMan™ Gene Expression Master Mix
(Applied Biosystems). PCR reactions were quantified using StepOnePlus™ Fast Real-Time
PCR machine (Applied Biosystems). Standard curves of Crvalues compared with log cDNA
concentration were constructed by measuring tenfold serial dilutions of control cDNA from

100 to 0.01 ng/ul with each probe.
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6.1 Abstract

Acute necrotising encephalopathy (ANE) is a rare disease characterised by rapid onset of
neurological features, including seizures, cognitive impairment, and in some cases death,
following febrile illness. Previously genetic variants in RANBP2 and NUP214 have been
identified in inherited forms of ANE. We identified a large consanguineous British Pakistani
family with four children affected by rapid onset axonal neuropathy following infection with
features overlapping ANE. A novel c.127G>A:p.(Gly43Ser) homozygous missense variant in
RCC1 which segregated with the phenotype was identified by autozygosity mapping and
exome sequencing. Two further unrelated individuals biallelic for RCC1 missense variants
were identified through reverse phenotyping. Secondary to infection, one individual was
affected by encephalopathy and the other had axonal neuropathy similar in presentation to
Guillain-Barré syndrome.

Rccl protein binds Ran, a small nuclear GTPase which controls nucleocytoplasmic transport
and binds to RANBP2. Rcc1%%% had mildly reduced thermostability compared to Rcc1™T,
with no effect on GTPase activity when assessed over a physiological temperature gradient.
Immunofluorescence staining of patient fibroblasts cultured at 42 °C for 4 hours indicated
delocalisation of Rccl from chromatin. Further research will explore the effects of biallelic
missense variants on nucleocytoplasmic transport. We describe a novel form of autosomal
recessive ANE due to biallelic RCC1 variants, potentially providing an insight into the

aetiology of other acute neuropathies.
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6.2 Introduction

Acute necrotising encephalopathy (ANE) is a rare degenerative brain disorder characterised
by the rapid onset of severe neurological symptoms following a viral infection (Levine et al.,
2020). After 1-3 days of febrile infection a variable set of neurological symptoms begin to
present including: seizures, hallucinations, ataxia, and loss of consciousness (Levine et al.,
2020). Radiographically, these symptoms are typically associated with symmetrical
multifocal brain lesions affecting the thalami, and may affect the periventricular white
matter, brainstem, and cerebellum (Singh et al., 2015). ANE shares significant overlap with
similar infection-triggered encephalopathy-related disorders such as acute disseminated
encephalomyelitis (ADEM). Both ANE and ADEM are initiated following viral infection, and
both result in severe neurological deficiencies (Singh et al., 2015). However, in ADEM
multifocal lesions are spread across the central nervous system (CNS) including the brain
and spinal cord, and are characterised by demyelination, leading to loss of white matter

(Tenembaum et al., 2007).

Although the aetiology of ANE is unknown in many cases, ANE with a hereditary or genetic
basis has been reported (Singh et al., 2015). Heterozygous missense variants in Ran-binding
protein 2 (RANBP2; MIM: 601181) have been identified in several affected families (Chew
and Ngu, 2020; Neilson et al., 2009; Ohashi et al., 2021; Shibata et al., 2021) with autosomal
dominant ANE designated ANE1 (MIM: 608033) (Levine et al., 2020; Neilson et al., 2009;
Singh et al., 2015). A recent review of 96 ANE1 cases revealed variability in age of onset,
with 63.7 % diagnosed below the age of four years (Jiang et al., 2022). The mortality rate
among ANE1 cases was 25.4 %, with 52.1 % experiencing long-term neurological and
cognitive disability (Jiang et al., 2022). Biallelic variants in NUP214 (MIM: 114350) have been
identified in patients with acute febrile encephalopathy (Fichtman et al., 2019; Shamseldin
et al., 2019). Patients with NUP214 variants presented with mild developmental delay,
microcephaly, and transient episodes of febrile illness-related regression featuring

encephalopathy and ataxia (Fichtman et al., 2019).
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In ANE1, onset of disease is not associated with infection by specific pathogen. Commonly
ANE1 is caused by influenza (Mariotti et al., 2010; Martin and Reade, 2010), but other viral
pathogens including Human Herpes Virus 6 (HHV6) (Huang et al., 2020; Skelton et al., 2008),
varicella (Tran et al., 2001), and coronavirus (Pongpitakmetha et al., 2022; Poyiadji et al.,
2020) have been associated with ANE1 symptom onset (Jiang et al., 2022). Additionally, one
case was associated with infection by the bacterium Mycoplasma pneumoniae (Lee et al.,
2017). This implies that host factors are the main driver of the symptom onset, precipitated
during the innate response to infection. ANE1 is therefore distinct from other
encephalopathic diseases such as herpes-specific acute encephalitis, which is characterised
by neuron-specific reaction to herpes virions (Lafaille et al., 2019) and associated with
variants in toll-like receptor (TLR) 3 pathway genes (Zhang, 2020) such as UNC93B1
(Casrouge et al., 2006), IRF3 (Andersen et al., 2015), and SNORA31 (Lafaille et al., 2019).

RanBP2 (also called Nup358) and Nup214 both act as nucleoporins in the export of cargoes
from the nucleus to the cytoplasm via the Nuclear Pore Complex (NPC) (Jiang et al., 2022;
Yokoyama et al., 1995). Nucleocytoplasmic transport (Figure 1) relies on the action of Ran, a
small nuclear GTPase. In the nucleus, GDP-bound to Ran is exchanged for GTP by the Ran-
specific guanine exchange factor (GEF) Rccl (Regulator of chromatin condensation 1)
(Chatterjee and Paschal, 2015; Seki et al., 1996). Rccl binds to chromatin, effectively
anchoring Ran-GTP production in the nucleus (Chen et al., 2007; Clarke and Zhang, 2008;
Ohtsubo et al., 1987; Ren et al., 1993). This forms a Ran-GTP gradient which facilitates Ran-
GTP-dependent export of nuclear cargoes that contain nuclear export signals to the

cytoplasm (Hamed et al., 2021; Hutten and Kehlenbach, 2006).

Here we describe a large consanguineous family with multiple individuals severely affected
with ANE. We identify a novel homozygous variant in the RCC1 gene and report a further
unrelated individual with compound heterozygous RCC1 variants associated with
encephalopathy and axonal neuropathy secondary to recurrent viral infection. The aim of
this study is to characterise the effect of the homozygous RCC1 variant on ANE-related

cellular processes to establish the mechanism of disease.
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Figure 1. Schematic of Ran GTPase action in nucleocytoplasmic transport. In the nucleus,
Rccl, bound to chromatin acts as a guanine exchange factor (GEF) for Ran, catalysing GDP to
GTP exchange. Ran-GTP binds exportins and cargo with nuclear export signals for transport
through the nuclear pore complex (NPC), which contains RanBP2/Nup358 and Nup214. In
the cytoplasm, RanBP2 binding permits Ran GTPase activation, facilitating exportin complex
disassembly. During the GTPase reaction, GTP is converted to GDP and Phosphate. Ran-GDP
is reimported to the nucleus by formation of importin complex. Upon re-entry, Ran-GDP
undergoes GTP exchange from chromatin-bound Rccl. Schematic produced using

BioRender.com based on schematic by Holzer and Antonin (2022).
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6.3 Results:

6.3.1 Clinical findings

Family A

The proband (Family A IV:2, Figure 2A) is a 2-year-old female from a large consanguineous
British Pakistani family. She was assessed as having mild motor delay at age 14 months,
having sat at one year and crawled at 13 months. At 17 months of age she started to cruise
with the aid of furniture but not walking independently. Aged 18 months she developed a
fever associated with an upper respiratory tract infection. There was no improvement after
four days of treatment with amoxicillin, and she began to develop weakness resulting in
attendance at the Emergency Department before admission to the paediatric intensive care
unit. Following admission, she developed stridor, had a Glasgow coma scale score of 13/15
(E4,M5,V4), and was assessed as having progressive hypotonia characterised by motor
weakness and poor swallow. Four days after admission, she developed respiratory arrest,
possibly with loss of cardiac output, and was intubated and ventilated.
Electroencephalogram indicated abnormal background waves suggesting encephalopathy.
An MRI soon after admission showed subtle restricted diffusion involving the lateral aspect

of the left cerebellum.

In the days following admission, the proband developed profound weakness and hypotonia
affecting four limbs, with loss of tendon reflexes, bulbar paralysis, and autonomic
dysfunction. She was treated with intravenous immunoglobulin and plasma exchange. She
remained on the paediatric intensive care unit for 10 months with little progress during
which time brain MRl indicated progressive cerebral and cerebellar atrophy. Muscle biopsy
indicated neurogenic atrophy with a group atrophy pattern suggesting anterior horn cell
involvement. There was no evidence of respiratory chain defect in patient dermal
fibroblasts. Care was stepped down to paediatric high dependency unit, and she was

subsequently discharged with home ventilation.

Family history indicated presence of infection-related encephalopathy among three second

cousins (IV:3, IV:4 and 1V:6). These were all affected by rapid onset of motor weakness
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within the first year of life, resulting in death between four (IV:4 and 1V:6) and ten months

(IV:3) after symptom onset (Table 1).
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Figure 2: Pedigrees and genetic investigations of individuals with ANE. (A) Pedigree of Family
A, a large consanguineous family with 4 individuals affected by ANE (filled shapes). Parents
[11:12 and 111:13 of affected individuals 1V:3, IV:4, IV:6 are described by the family as “distant
relatives”, but the relationship is unknown. (B-C) Pedigrees of families B and C ascertained
following identification of (B) 11:3 and (C) Ill:1 with biallelic RCC1 variants through the
100,000 genomes project. (D) Regions of autozygosity shared by 1V:4 and IV:6 from Family A
(coordinates in GRCh38). (E) Sanger sequencing of proband 1V:2 from family A with

homozygous RCC1:c.127G>A variant. ANE, acute necrotising encephalopathy.
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Table 1. Summary of clinical findings in family A. CFS, chronic fatigue syndrome. EBV,

Epstein-Barr Virus.

Pedigree ID IV:2 IV:3 IvV:4 IV:6
Sex Female Male Male Female
Initial Mild motor Normal Normal Normal
development | delay
Age at onset | 18 months 8 months 7 months 7 months
Preceding Upper Diarrhoea for six | 5 day generally | Fever and rash
illness respiratory tract | weeks, febrile unwell and (possibly
infection, no illness for three reduced feeding | roseola
improvement weeks infantum)
with amoxicillin
after four days
Course Rapid onset Rapid onset Rapid onset Rapid onset
weakness and ascending flaccid | ascending ascending
hypotonia. paralysis. flaccid paralysis. | flaccid paralysis.
Respiratory Flickering of toes | Flickering of Some eye
arrest with and eyes only. toes, fixing, and | opening only.
possible loss of | Long term following. Ventilated.
cardiac output. | ventilation. Regained Areflexic
Progressive Areflexic. smiling.
weakness of Areflexic
four limbs with
hypotonia and
loss of reflexes,
bulbar paralysis,
and autonomic
dysfunction.
Recurrent None Second febrile None None
episodes. illness at 17
months
associated with
loss of eye
movement and
respiratory
disease.
EEG finding Abnormal Initially normal,
background repeat
waves, encephalopathic
encephalopathy
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MRI finding Subtle restricted | Progressive Generalised Not done
diffusion cerebral and cerebral
involving lateral | cerebellar atrophy.
aspect of left atrophy.
cerebellum at
admission,
subsequent
progressive
cerebral and
cerebellar
atrophy.

Virology Not done CSF virology Not done CFS virology
negative. EBV negative.
serology
consistent with
infection more
than 8 weeks
previously.

Additional Muscle biopsy: Nerve None None

findings neurogenic conduction: no

atrophy with response.

group atrophy Brain histology:

pattern. widespread
microvacuolation
of neutrophil and
neuronal
depletion, gliosis,
axonal swelling
(thalamus,
pallidum, nigra,
brainstem).

Current Alive, Death at 18 Death at 11 Death at 11

status ventilated. months months months
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6.3.2 Genetic analysis of Family A

The identification multiple individuals and consanguinity in Family A suggested a monogenic
basis of disease. Clinical whole exome sequencing (WES) of 1V:4 revealed no variants in
known encephalopathy-related genes. Autozygosity mapping analysis of affected individuals
IV:4 and IV:6 and their unaffected sibling I1V:5 identified regions of autozygosity shared by
affected individuals on chromosome 1, 5, and two regions on chromosome 15 (Figure 2D).
Targeted reanalysis of WES data from 1V:4 identified a homozygous RCC1
€.127G>A:p.(Gly43Ser) missense variant (NM_001381865.2, GRCh38 1:28531856G>A).
Sanger sequencing (Figure 2E) confirmed homozygosity of 1V:2 and IV:4 (no sample available
for IV:3). Parents Il1:12 and 111:13, and unaffected sibling IV:5 were heterozygous for the
RCC1 c.127G>A variant (unshown). Testing has not been undertaken in either IV:1 or IV:7 at
the request of the parents. The RCC1 variant was not previously identified in gnomAD and
had a CADD score of 29.4. This variant is classified as a variant of unknown significance
(VUS) according to classification guidelines from the American College of Medical Genetics

and Genomics (Richards et al., 2015).

6.3.3 Identification of further affected individuals in the 100,000 genomes project

InTo support description of a novel RCCI-related pathology, further individuals were sought
from data available in the 100,000 genomes project. Analysis of patients with biallelic RCC1
variants identified two individuals from other centres in the UK, with clinical features
overlapping that of the proband (Table 2). Both these individuals were from consanguineous
families (Family B and Family C) where there was a history of individuals affected by acute-

onset neurological phenotypes.

Individual 11:3 in Family B (Figure 2B) was identified with the same novel homozygous RCC1
c.127G>A:p.(Gly43Ser) variant as the proband (1V:2 from Family A). He died aged 12 months
after onset of demyelinating polyneuropathy and severe encephalopathy featuring
hypotonia and myopathy following infection with lobular pneumonia. 11:3 is the youngest of
three siblings from a British Pakistani family. Two older siblings Il:1 and 11:2 were also
affected by rapid onset severe motor neuropathy. The sister II:1 died aged 4 following mild

infection and neurological decline, while the brother II:2 acquired four-limb motor
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neuropathy following mild infection and is on home ventilation. Given the large
consanguineous nature of this family and the identification of the same novel homozygous
RCC1 variant, we suspect that Family B is highly likely to be related to Family A, though it has
not yet been possible to establish a definitive connection through consultation with the

families.

A further unrelated individual, 1lI:1 in Family C (Figure 2C), was identified with compound
heterozygous RCC1 variants. One heterozygous ¢.238G>A:p.(Val80Met) variant was
inherited from Cypriot mother, while the other heterozygous ¢.1195C>T:p.(Arg399Cys)
variant inherited from a British father. lll:1 is a 26-year-old British Cypriot male and has
been affected by multiple episodes of recurrent severe axonal polyneuropathy since the age
of 18 months. Transient polyneuropathic episodes which coincide with periods of febrile
illness in this individual were characterised initially by severe lower limb motor weakness. In
subsequent episodes upper limb weakness is also described. Respiratory chain analysis was
normal. There is consanguinity among the maternal Cypriot family, and a positive history of
severe neurological phenotype onset in the context of infection among maternal second
cousins. Sequencing of affected cousin (l11:6) identified homozygosity for the

c.238G>A:p.(Val80Met) variant.

Table 2: Identification of unrelated probands with biallelic RCC1 variants from 100,000

Genomes Project Exomiser data. AF allele frequency, HPO human phenotype ontology.

Identifier Family B II:3 Family C Ill:1
Zygosity Homozygous Heterozygous Heterozygous
Variant €.127G>A:p.(Gly43Ser) | c.238G>A: c.1195C>T:
p.(Val80Met) p.(Arg399Cys)
Mother Heterozygous Heterozygous Reference
Father Heterozygous Reference Heterozygous
gnomAD Unseen 2 het, AF 0.00092682 | Unseen
%
CADD 29.4 28.0 32.0
Conservation C. elegans Zebrafish Drosophila
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Development

Jaundice at birth, mild
developmental
hypotonia/myopathy
Congenital
laryngomalacia,
congenital deformity
of feet.

Normal, walking at 9 months

Age at onset

11 months

18 months

Infection

Lobular pneumonia

Episode onset coincides with illness

Disease
characteristics

Hypotonia, abnormal
involuntary
movements,
respiratory failure,
tachycardia,
demyelinating
polyneuropathy,
encephalopathy.

Recurrent Guillain-Barré-like severe
demyelinating axonal polyneuropathy, lower
and upper limb weakness, neuromuscular
scoliosis, hydronephrosis relating to ureteral
obstruction, fatigable weakness of respiratory
muscles, sleep apnoea.

Mitochondrial
respiratory
chain analysis

Mitochondrial
complex 1 deficiency.
No variants identified
from sequencing of
mitochondrial genes.

Negative for respiratory chain defects.

QOutcome

Death aged 12
months

Alive aged 26.

Family history

Consanguinity

Maternal side consanguinity and history of
infection-related polyneuropathy.

6.3.4 Rcc1%% retains Ran GEF activity

As RCC1 variants have not previously been observed in monogenic disease, we sought to

undertake further functional characterisation of Rccl protein activity to establish the

molecular basis for pathogenicity in this case of acute encephalopathy. Rccl is a chromatin-

binding protein and acts as a guanine exchange factor (GEF) for Ran GTPase. Assessment of

Rccl protein structure indicated that the Gly43 residue lies at the interstrand loop within

blade 1 of the 7-blade B-propeller structure, on the same face that interacts with Ran

(Figure 3A). Gly43 represents a highly conserved residue position: among 84 of 88 Rccl

orthologues. The adoption of a Glycine residue (the smallest amino acid) at position 48 likely
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enables close packing required within the Rccl propeller blade and may facilitate
interaction with helix 4 of Ran (Figure 3B). A Glycine to Serine substitution may not be
tolerated due to the larger sidechain of the Serine residue and could possibly destabilise the

propeller blade and impact its interaction with Ran, impairing GTP exchange.

To assess Ran-Rccl binding in vitro, we performed a GTPase activity assay using purified
recombinant wild-type (Rcc1VT) and p.Gly43Ser mutant (Rcc14%). In the GTPase assay a
GEF-specific buffer was used to ensure GTP-loading of Ran is Rccl-dependent. GTPase
activity was quantified based on conversion of residual GTP from GTPase reactions to
luminescence, where luminescence is inversely proportional to GTPase activity. A mild
reduction in residual GTP was observed from reactions containing Rcc1%4%®, compared to
RccaIWT (Figure 3C) which suggests the Rcc14% has slightly higher GEF activity, albeit not

statistically significant.

Due to the thermosensitivity characterised in the Rccl mutant tsBN2 cell line (Ohtsubo et al.,
1987), we considered that the Gly43Ser variant may induce thermolability in Rccl.
Thermostability of Rccl was assessed using a thermal shift assay. Rec1WT displayed a
relatively low melting point (Tm) at 51.7 °C, however the T, of Rcc1%4%® was 4.9 °C lower,
indicating increased thermolability compared to Rcc1VT (Figure 3D). Addition of purified Ran
GTPase increased Tm in both reactions, indicating Ran interaction with Rcc1W™ and Rcc16435,
however the Tn, for the reaction with Rcc1%43° remained 3.7 °C lower compared to Rcc1WV. In
order to assess the impact of reduced thermal stability on GTPase activity, further GTPase
assays were performed over a physiological temperature gradient of 35-42 °C. Arise in
temperature led to a mild increase in GTP consumption in reactions with either Rcc1"T or
Rcc1%43 (Figure 3E). However, similarly to initial GTPase assays conducted at ambient
temperature, Rcc194% displayed only a mild nonsignificant increase in GTPase activity
relative to Rcc1W'. The continuous activity of Rcc1943%° over a physiological range indicates
increase in body temperature associated with febrile infection does not explain the
molecular dysfunction resulting from the Gly43Ser variant identified in the proband (IV:2 of

Family A).
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represents one triplicate reactions from one assay). (E) Ran GTPase activity assay with
Rcc1™WT and Rcc194% conducted over a physiological temperature range (35-42 °C). (C,E)
Results represent an average of two repeats each containing three individual reactions,

Kruskall-Wallis p>0.05 (ns).

6.3.5 Reccl localisation changes in fibroblasts of individuals with ANE

To better understand the effect of the Gly43Ser variant in a cellular context, we obtained
dermal fibroblasts from the proband (IV:2 of family A). We hypothesised that Rccl-
dependent functions may be impaired as a result of altered Rccl localisation in cells
cultured at high temperature. Febrile conditioned were modelled by assaying cells

incubated at the nonpermissive temperature of 42 °C for 4 hours.

Using this heat-shock approach, we fixed and stained cells with immunofluorescent markers
for Rccl, chromatin, and active caspase-3 (Figure 4). Imaging of cells following heat-shock
stimulation indicated that Rccl remains mainly localised to chromatin in control cells, with
limited formation of perinuclear foci. However, heat-shock stimulation of proband
fibroblasts led to a greater degree delocalisation of Rccl from chromatin, forming a more

diffuse perinuclear pattern.

Despite the changes in Rccl localisation, no predisposition for chromatin condensation was
noted in fibroblasts either under standard culture conditions or following heat-shock.
Increase in active caspase-3 recognition indicates greater apoptotic activity in proband
fibroblasts compared to control cells under standard culture conditions, while exposure to
heat-shock leads to activation of caspase-3 to the same extent in control and proband

fibroblasts.
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Figure 4: Immunofluorescence of heat-shocked fibroblasts. Proband (Family A, IV:2) dermal
fibroblasts and control-derived dermal fibroblasts were fixed and stained after standard
culture at 37 °C, or following four hours 42 °C heat-shock. Cells were stained with DAPI

(blue), anti-RCC1 (green), and anti-Active Caspase-3 (red).
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6.4 Discussion

This description of RCC1-related autosomal recessive ANE is the first identification of
monogenic RCC1-related disease. No deleterious homozygous RCC1 variants are recorded in
gnomAD, while homozygous missense variants are only seen in six individuals. RCC1 is well-
constrained according to gnomAD (pLI 0.93, missense Z 1.68), and there is complete
absence of homozygous nonsense variants (Karczewski et al., 2019). The identification of
further affected families, particularly the affected individuals in family C support the notion
that biallelic variants in RCC1 are deleterious. RCC1 encodes regulator of chromatin
condensation 1, which is a multifunctional nuclear protein, with principal function as a
guanine exchange factor (GEF) for Ran, a small GTPase involved in coordinating mitosis and

nucleocytoplasmic transport (Seki et al., 1996).

6.4.1 Implications of Rccl chromatin delocalisation

Our findings indicate that Rccl-directed Ran GTP exchange is unaffected by the Gly43Ser
variant across a range of physiological temperatures (Figure 3E), and that Rccl is delocalised
from chromatin in heat-shocked proband cells (Figure 4). This suggests that while Ran-GTP
exchange continues, Ran-GTP gradients may be disrupted by delocalisation from chromatin,
rather than inhibition of GTP-charging of Ran. This is supportive of an acute response to a
stimulus rather than a congenital deficiency in Rccl activity, which is consistent with the
acute nature of the phenotype described in the affected individuals. The segregation of
GTP-loading within the nucleus, from Ran GTPase activity in the cytoplasm is essential for

cellular processes orchestrated by Ran-GTP activity (Clarke and Zhang, 2008).

The observation of Rccl delocalisation from chromatin in fibroblasts from an affected
individual allows a hypothesis of Ran-GTP gradient disruption in response to a stimulus of
cellular stress. This is consistent with molecular changes in nucleocytoplasmic transport
activity observed in patients affected by ANE with NUP214 or RANBP2 variants (Levine et al.,
2020). Nup214 is a key nucleoporin which facilitates the nucleocytoplasmic export of
cargoes complexed with Ran-GTP and CRM1 (chromosomal maintenance 1) from the
nucleus (Hamed et al., 2021), while the four Ran-GTPase-binding domains of RanBP2

facilitate activation of Ran GTPase activity, and disassembly of the transport complex
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following efflux from the nucleus (Levine et al., 2020). Defects in nucleocytoplasmic export
and proteostasis are observed in a murine Ranbp2 conditional Thy1l* motor neuron
knockout model of amyotrophic lateral sclerosis (Cho et al., 2017). Additionally, fibroblasts
from patients with NUP214 variants are characterised by an increase in dysmorphic nuclei
(Shamseldin et al., 2019), increased susceptibility to apoptosis following heat shock
exposure, and impaired transport of poly(A)-RNA from the nucleus to the cytoplasm
compared to controls (Fichtman et al., 2019). To date, nucleocytoplasmic export changes
have not been identified in relation of Rccl defects, however nucleocytoplasmic import was
assessed in temperature-sensitive hamster kidney cell line tsBN2, which carry a homozygous
Rcc1 Ser256Phe variant (Nishijima et al., 2000; Ohtsubo et al., 1987). Culture of tsBN2 cells
at the non-permissive temperature of 39.5 °C impaired import of a nuclear localisation
signal-tagged proteins (Tachibana et al., 1994). Further work is therefore required to
compare defects in nucleocytoplasmic transport in Rccl-mutant cells and compare the
effects to the changes observed in cells with RANBP2 and NUP214 variants to elucidate the

mechanism of cellular dysfunction in ANE.

6.4.2 Induction of Rccl dysfunction

Although initial characterisation of Rccl related to temperature-sensitivity, culture at non-
permissive temperature is not the only stimulus to induce Ran-related dysfunction in tsBN2
cells. Stimulation of cell stress with ultraviolet laser, or oxidative stress by supplementation
of cell cultures with oxidants such as diamide, hydrogen peroxide, or menadione, also
generated impaired Rccl-associated Ran-GTP loading and led to a reduction in Ran protein
gradient (Chatterjee and Paschal, 2015). This more complex interaction was not considered
during our analysis of changes in GTPase activity using recombinant protein (Figure 3D),
which may explain why no reduction of GTPase activity was observed with Rcc194%. This
therefore suggests that an increase in core body temperature during febrile illness is not a
prerequisite for phenotype onset in patients with biallelic RCC1 variants. In RANBP2-related
ANE, multiple hypotheses exist for the precipitation of disease, including cytokine-storm
(Pongpitakmetha et al., 2022), and mitochondrial dysfunction (Hu et al., 2022; Levine et al.,
2020).
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Onset of oxidative stress during inflammatory processes, such as during infection, may
contribute significantly to the pathology, rather than temperature alone. This is contrary to
the thermolability resulting from CPT2 polymorphisms in acute encephalopathy observed
among East Asian patients, where a temperature rise causes structural and functional
disruption to the CPT2 protein (Kumakura et al., 2011; Shinohara et al., 2011). The interplay
between metabolic stress and ANE1 is observed in Ranbp2 knockout mice, which display a
reduction in ATP, and hexokinase 1 (Aslanukov et al., 2006). Crucially, RanBP2 also regulates
mitochondrial metabolism by binding to regulator of ATP production Cox11 (Shibata et al.,
2021). RanBP2-Cox11 binding is reduced in lymphoblasts of ANE1 patients with RANBP2
variants (Shibata et al., 2021). Diagnostic testing of the proband (IV:2 of family A) and
individual 1ll:1 of family C revealed no defects in mitochondrial respiratory chain analysis,
indicating no innate dysfunction of mitochondrial activity. Although this analysis did not
consider the context of exogenous cell stress stimulation necessary for Rccl-related
dysfunction, the mitochondrial actions of RanBP2 are functions independent of RanGTPase
activation (Patil et al., 2013). The identification of Rccl-related ANE suggests the
pathogenesis of RANBP2 variants results from RanGTPase-dependent functions in

nucleocytoplasmic exchange.

Induction of disease among individuals diagnosed with ANE1 is usually secondary to febrile
infection. The role of cytokine storm, and specifically interleukin-6 (IL-6) is proposed as a key
element of disease induction (Levine et al., 2020; Singh et al., 2015), with excessive cytokine
secretion observed in 40 % of individuals with ANE1 (Shen et al., 2021). In a case of ANE1
induced following SARS-CoV-2 infection, marked elevation of IL-6 in addition to ferritin,
procalcitonin, and high sensitivity C-reactive protein were recorded four days after
admission (Pongpitakmetha et al., 2022). This patient carrying a heterozygous RNABP2
missense variant went on to develop urinary tract infection-related septic shock, acute
cerebral infarction, ANE, and multiorgan failure with COVID-19. Although there was no
significant pulmonary involvement, the patient died six days after admission
(Pongpitakmetha et al., 2022). RanBP2 depletion has implicated in inhibition of translational
silencing of IL-6, as a result of RanBP2’s role in directing degradation of IL-6 messenger
ribonucleoprotein-associated Argonautes (Shen et al., 2021). Despite this interaction,

assaying of RanBP2 with ANE1-relevant missense variants remained able to silence IL-6
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MRNA (Shen et al., 2021). The absence of the hypothesised mechanism may be explained by
the lack of stress stimulus in this model, which suggests that innate IL-6 regulation errors by

RanBP2 do entirely explain the pathogenesis.

6.4.3 Ran-related dysfunction in hereditary neuropathies

The episodic demyelinating nature of the polyneuropathy in individual II:1 of family C was
similar to the presentation of Guillain-Barré syndrome (GBS). A similar pattern of
demyelinating neuropathy was also observed in Family B. GBS is a post-infectious
inflammatory demyelinating polyneuropathy typically arising 10-14 days after infection with
Campylobacter jejuni (Lunn, 2022). In 60 % of GBS cases, molecular mimicry of gangliosides
by C. jejuni structures results in generation of autoantibodies against axonal glycolipids
(Kaida, 2019). Rare occurrences of familial GBS suggests a genetic basis for susceptibility
(Bar-Joseph et al., 1991; Korn-Lubetzki et al., 2002), however the genetic aetiology appears
either elusive or complex in many cases. Genetic variants affecting myelin proteins (PO, P2,
and PMP22), and immunological genes including human leukocyte antigens (HLA), cluster of
differentiation (CD) molecules, tumour necrosis factor alpha (TNF-a), interleukin-17 (IL-17),
intracellular adhesion molecule-1 (ICAM1) have been associated with familial forms of GBS

(Khanmohammadi et al., 2021).

Dysregulation of myelination was identified in conditional motor neuron Ranbp2”~ mice,
which were used to generate disease resembling amyotrophic lateral sclerosis (ALS) (Cho et
al., 2017). This model was characterised by dysregulation of nucleocytoplasmic transport
and proteostasis as previously reported in patients with RANBP2 variants (Cho et al., 2014),
but also indicated dysregulated chemokine signalling, likely responsible for a paracrine
dysregulation of heterogeneous nuclear ribonuclear protein H3 (hnRNPH3) and matrix
metalloproteinase 28 (Mmp28) in Schwann cells (Cho et al., 2017). In ALS, proteostasis
defects account for the accumulation of neurotoxic protein substrates relating to C9orf72
repeat expansions (MIM: 614260) (Westergard et al., 2019). Defects in proteostasis are also
implicated in multiple diseases associated with regulation of eukaryotic translation initiation
factor 2 subunit A (elF2A). The elF2a protein subunit acts as a global repressor of protein

translation in response to cellular stress but upregulates translation of neurotoxic dipeptide
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repeats which accumulate into stress granules and impair nucleocytoplasmic transport (Guo
et al., 2022; Zhang et al., 2018). Variants in elF2A kinase genes are associated with a group
of genetic leukoencephalopathies (Guo et al., 2022). Of specific interest to our work is the
onset of severe neurologic decompensation secondary to fever associated with

heterozygous missense variants in EIF2AK2 (MIM: 176871) (Mao et al., 2020).

By considering other genetic causes of acute onset neurological deficits, a molecular
framework emerges whereby cellular stress-related disruption of nucleocytoplasmic
transport and proteostasis are implicated in RANBP2-related ANE1 and ALS-like disease, and
EIF2AK2-related leukoencephalopathy. The appearance of GBS-like demyelinating disease in
individuals identified here with biallelic RCC1 missense variants suggests pathology
underlying these patients could result from dysfunctional nucleocytoplasmic transport and
proteostasis, possibly contributing to myelination defects which also underlie the

pathogenesis of GBS.

Here we describe a novel form of autosomal recessive acute necrotising encephalopathy
associated with homozygous RCC1 missense variants, which is characterised by
delocalisation of Rccl from chromatin following exposure to heat-shock. We propose a
mechanism whereby cellular stress associated with febrile illness leads to the disruption
Ran-dependent processes involved in nucleocytoplasmic transport, ultimately leading to
neuronal cell dysfunction. Further research should aim to establish the effect of biallelic
RCC1 variants on nucleocytoplasmic transport, and implications in neuronal signalling to
establish the relationship between Ran-related dysfunction and other acute onset

neuropathies.
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6.5 Materials and Methods

Informed written consent was provided by the parents of the affected children and by the
parents themselves for their inclusion in the study under the NHS ethics approval reference

(11/H1003/3) and the University of Manchester ethics committee.

6.5.1 Autozygosity mapping

Autozygosity mapping was performed on DNA from two affected individuals (IV:4 and 1V:6)
from Family A using the Affymetrix Genome-wide SNP 6.0 microarray (Affymetrix, UK).
Genotypes were generated using Birdseed v2 algorithm with a confidence threshold of 0.01
within the Affymetrix Genotyping console. Autozygosity mapping was performed using the

AutoSNPa software (http://dna.leeds.ac.uk/autosnpa/) (Carr et al., 2006).

6.5.2 Exome Sequencing

Whole exome sequencing was performed on DNA from IV:6 of family A. The Agilent
SureSelect Human All Exon Kit v4 (Aligent Technologies, UK) was used for library preparation
and sequencing was performed on the HiSeq 2500 (lllumina, UK). Sequence data were
mapped to the hgl9 human reference genome using Burrows-Wheeler aligner software

(version 0.6.2; http://bio-bwa.sourceforge.net). Genome Analysis Tool Kit software (version

2.4.7; https://www.broadinstitute.org/gatk) was used for base quality score recalibration

and the unified genotyper (https://www.broadinstitute.org/gatk) was used for variant
calling. Genetic variants were annotated and filtered using VarSeq™ c2.2 software (Golden

Helix Inc., MT).

6.5.3 Generation of constructs for expression of recombinant Rccl and Ran proteins

To conduct in vitro assays, constructs were generated for the expression of recombinant
Rccl and Ran proteins. RAN and RCC1 cDNA was amplified from control cDNA using primers
designed to introduce 3’ His-tags (RAN:
GCCGGGATCCCATATGGCTGCGCAGGGAGAGCCCCAGG and GCGCGGATCC
TCACAGGTCATCATCCTCATCC; RCC1:
GGGGGGATCCCATATGTCACCCAAGCGCATAGCTAAAAGAAGG and
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GGGGGGATCCTCAGCTCTGTTCTTTGTCCTTGAC). cDNA fragments were ligated into a high
copy number pBlueScript (pBS) vector to permit blue/white colony selection following
transformation into E. coli XL-1 blue ultra-competent bacteria (XL-Gold, Aligent
Technologies). Plasmids were extracted from white colonies using the GenElute Plasmid

miniprep Kit (Sigma) and sequences were confirmed by DNA sequencing.

6.5.4 Production of single-stranded DNA for site-directed mutagenesis

To produce a construct to express the RCC1 variant, pBS-RCC1 ssDNA was produced as a
template for site-directed mutagenesis by growing up a single pBS-RCC1 colony with the
VCSM123 helper phage (Aligent Technologies) for 24 hours at 37 °C. 2ug/ml uridine was
added to the culture to ensure that WT ssDNA templates would degrade during subsequent
amplification of the mutagenized construct. ssDNA was extracted from the aqueous phase

by phase separation with TE-buffered Phenol:Chloroform:isoamyl alcohol.

6.5.5 Site-directed mutagenesis of RCC1

Site-specific mutagenesis of RCC1 was facilitated by designing a synthetic oligonucleotide
containing the ¢.127G>A variant (ACACTAGGCCAGAGCGACGTGGGCC). The
oligonucleotide was 5’-phosphorylated to ensure unidirectional extension, then hybridised
to pBS-RCC1 ssDNA. The mutagenesis oligonucleotide was then extended with T4 DNA
polymerase to produce a pBS-RCC1-G43S construct. pBS-RCC1-G43S was amplified in E. coli
XL-1 blue ultra-competent bacteria (XL-Gold, Aligent Technologies). The ¢.127C>G variant

was confirmed by DNA sequencing.

6.5.6 Expression and purification of recombinant Rccl and Ran

His-tagged RAN, RCC1-WT, and RCC1-G43S c.DNA fragments from pBS constructs were
cloned into low copy pET-28a plasmid suitable for protein expression. Protein was
expressed in in E. coli Rosetta2 (DE3) bacteria (Novagen) in 500ml Overnight Express media
(Novagen) for 36 hours at 37 °C (Ran and Rcc1-WT) or 19 °C (Rcc1-G43S). Cultures were
pelleted by centrifugation at 7000 rpm for 15 min at 4 °C, and cells lysed in lysis/wash buffer
(20 mM Tris-Cl pH 7.4, 150 mM NacCl, 0.1 M DTT, 0.02 % Tween-20, 10 mM imidazole, 15 %
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glycerol). Cell lysis was completed with 3x sonication for 10 sec at 30 % amplitude. Lysate
was cleared by centrifugation at 17000 rpm for 15 min at 4 °C. His-tagged proteins were
column-purified using His-Select Nickel Affinity Gel (Sigma). Purified proteins were eluted in
4x 1 mL fractions with elution buffer (20 mM Tris-Cl pH 7.4, 150 mM NaCl, 0.1 M DTT, 0.02
% Tween-20, 250 mM imidazole, 15 % glycerol), and purification was evaluated via SDS-
PAGE. Once purity was confirmed protein fractions were dialysed in dialysis buffer (20 mM
Tris-Cl pH 7.4, 150 mM NacCl, 0.1 M DTT, 15 % glycerol) overnight at 4 °C to facilitate removal

of imidazole. Proteins were aliquoted and stored at -80 °C until use.

6.5.7 GEF assay

To establish ability of recombinant Rccl to facilitate guanine exchange with Ran GTPase,
GEF assays were performed using the GTPaseGlo™ Assay kit (Promega). Addition of GEF
buffer containing Mg?* ensures nucleotide loading is catalysed solely by the GEF (Rccl).
Assays were conducted with 7.5 pg Ran protein, combined with 5 pl Rcc1"T or Rcc164%% in 10
uL reactions with 10 puM GTP and 1 mM DTT. GTPase reactions were incubated for one hour
at a range of physiological temperatures between 35-42 °C using Bio-Rad C1000 Touch
Thermal Cycler (Bio-Rad). Residual GTP was converted to ATP by addition of 10 uL GTPase-
Glo Reagent and incubation at room temperature with agitation for 30 min.
Bioluminescence was generated from converted ATP by addition of 20 pl Ultra-Glo™
Recombinant Luciferase Detection Reagent. Luminescence was read using Infinite 200 PRO
microplate reader (Tecan) 10 min after addition of detection reagent. Luminescence values
were normalised to reactions without Ran or Rccl. Reactions were conducted in triplicate

within each assay and results represent mean of three assays + standard deviation.

6.5.8 Thermal Shift Assay

In order to assess thermal stability of recombinant Rccl proteins, thermal shift assays were
conducted using Protein Thermal Shift™ Dye Kit (Applied Biosystems). 0.3 ug recombinant
RccI™WT or Rcc194% protein was combined with Protein Thermal Shift™ Dye Kit Buffer and 8x
Dye in 20 L reactions in a 96 well PCR plate. Reactions were also conducted with the

addition of 0.3 pug recombinant Ran protein. ROX reporter dye fluorescence was measured

117



using a StepOnePlus™ Real-Time PCR System (Applied Biosystems) after each 1 % increase in
temperature between 25 °C and 99 °C. Melting temperature (Tm) was derived from the peak
in fluorescence from plotting melt curves of fluorescence against temperature. Reactions

were conducted in triplicate within each assay. Results represent the mean of three assays

standard deviation.

6.5.9 Culture of patient fibroblasts

Patient and control fibroblasts were obtained from the Cell Bank at the Genomic Medicine
Department, Manchester University HNS Foundation Trust. Cells were maintained under
standard conditions (37.0 °C, 5.0 % CO;) using Dulbecco’s Modified Eagle Medium (DMEM)
with high glucose (Sigma) supplemented with 10 % foetal bovine serum (Gibco) and 1 %

Penicillin-Streptomycin (Gibco).

6.5.10 Immunofluorescence Imaging

To assess Rccl localisation and response to heat shock, immunofluorescence of patient and
control fibroblasts was conducted. 10,000 cells were seeded on sterile glass coverslips in 24
well plates. After 24 hours cells were subject either to heat shock by placing in an incubator
set to 42.0 °Cfor 2 or 6 hours or kept under standard culture conditions. Following heat
shock, cells were returned to standard 37.0 °C culture conditions for recovery for 2 hours.
To stain active mitochondria, cells were stained with 500 nM MitoTracker Red CMXRos
probe (Invitrogen) diluted in DMEM for 30 min prior to fixation. Cells were washed twice
with warm phosphate buffered saline (PBS, Gibco), fixed with 3.8 % formaldehyde (Sigma)
for 15 min at room temperature, then permeabilised with 0.1 % Triton-X 100 solution
(Sigma). Cells were washed twice in PBS and were blocked with 1.0 % bovine serum albumin
(BSA, Sigma) for 30 min at room temperature. Cells were incubated anti-Rcc1 rabbit
monoclonal antibody (ab181155, Abcam) and anti-Active Caspase-3 mouse monoclonal
antibody (bsm-33199M, Bioss Antibodies) diluted 1:250 in 1.0 % BSA for 1 hour at room
temperature. Cells were washed twice with PBS before applying secondary Alexafluor-488
Goat anti-Rabbit (AB_2338046, Jackson ImmunoResearch) and AlexaFluor-647 Goat anti-

Mouse (AB_2535804, Invitrogen) antibodies diluted 1:500 and 1:1000 respectively in 1.0 %
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BSA for 1 hour at room temperature in the dark. Cover slips were washed twice with PBS to
remove unbound antibody, then adhered to glass microscope slides with ProLong Gold Anti-
fade Mountant with DAPI (Invitrogen) overnight at room temperature in the dark. Slides
were imaged within one week of staining using a Zeiss Axio Imager.D2 upright microscope
using a 63x objective and captured using a Coolsnap HQ2 camera (Photometrics) through
Micromanager software v1.4.23. Images were processed and analysed using Fiji Image)

(http://imagej.net/Fiji/Downloads).
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Chapter 7: Discussion

The overall objective of this work was to identify and characterise novel genetic variants in
patients with rare disease. By reanalysis of existing clinical genomic data, and by
undertaking new genomic sequencing, | identified molecular diagnoses in patients with rare

diseases and provided novel genetic and molecular associations relevant to future analyses.

Undertaking WES in a patient with suspected urofacial syndrome provided an interesting
insight into the penetrance of urological phenotypes in HADDS. Analysis of WGS in foetuses
with URSMS did not yield any variants in previously ascertained genes but did provide
candidates for further investigation. Reanalysis of WGS data from patients with variable
OHS allowed to identification of a deep intronic variant with a leaky effect on ATP7A splicing
which likely explains the phenotypic variability of the affected family members. Analysis of
WES based on autozygosity mapping and reanalysis of 100kGP data established a novel
association between biallelic variants in RCC1 and autosomal recessive ANE, which may

provide insights into Ran-related neuropathies and Guillain-Barré syndrome.

These cases demonstrate both the challenges and opportunities presented during the
consideration of missing heritability of rare diseases. Ongoing challenges in variant
identification occur at multiple levels. First, if a patient with a suspected genetic condition is
identified, eligibility for and participation in genome-wide screening is the first barrier to
identifying rare disease-associated genetic variants. Secondly, identifying and adequately
describing complex phenotypes can prevent or impede adequate genomic analysis. Thirdly,
many genetic disease mechanisms such as non-coding or structural variants, or oligogenic
disease models are not widely considered in current bioinformatic analysis pipelines. Finally,
characterisation of candidate variants with unknown significance also imposes a limitation
in resolving cases of rare disease. This discussion outlines these challenges in relation to the
results presented and describes approaches and advancements which will improve

identification of novel variants in the future.
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7.1 Eligibility and participation in genetic screening programmes

The initial barrier to identifying rare variants is access of patients with rare diseases to
genetic screening, either as part of a diagnostic pipeline or in a non-diagnostic research-
centred programme. For rare diseases with uncertain aetiologies WES and WGS are useful
approaches. However, performing NGS analysis often requires the affected individual (and
perhaps their parents for trio analysis) to be recruited to a programme offering genomic
sequencing. One of the first NGS studies specific to rare diseases with the DDD study in the
UK, which recruited affected children from 2011 to 2015 primarily with developmental
disorders but also genetic disorders of significant impact where there was no known
molecular basis (Firth et al., 2011). This established the feasibility for the integration of
large-scale genetic testing into clinical care (Mayor, 2014). Since 2019, implementation of a
genomic medicine service in the UK has aimed to provide WGS as part of clinical care,
building upon the foundation laid by the 100kGP (Griffin et al., 2017). Two components of
the work presented in this thesis relied on genetic analysis conducted entirely on a research

basis.

Diagnostic WES or WGS in the UK would have permitted the identification of the de novo
EBF3 variant in the individual investigated in chapter 3, however, this patient was from
Malaysia, where exome sequencing was unavailable as part of the local diagnostic pipeline.
In Malaysia there is no national-scale genomic sequencing programme comparable to
100kGP. However, work is being undertaken to establish a precision medicine initiative
(Jamal, 2021). Although the suspicion of UFS was unfounded, a diagnosis of HADDS in this
patient would not have been possible without conducting WES as part of a research effort
to understand the missing heritability of UFS (Beaman et al., 2022). This raises the value of
cross-institution initiatives which permit and promote the sharing of research resources and

pipelines to improve definition of molecular mechanisms in rare disease.

The families enrolled in the URSMS study reported on in chapter 4 would not be eligible for
diagnostic genetic screening. There are two reasons for this, firstly there was no history of
foetal malformations among the families described. Secondly, the lack of monogenic

association with URSMS means that genetic testing is not likely to be informative for the
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family concerned (Wojcik et al., 2020). The participation of such families in research
however is beneficial to identifying mechanisms which may expand the use of prenatal
screening (Zhang et al., 2019). Recruitment of families with complex phenotypes is also
necessary to probe further into molecular mechanisms underlying complex phenotypes,
including structural variation, and complex forms of inheritance such as oligogenic

transmission or epigenetic changes.

These examples demonstrate the importance of sharing genetic and phenotype data within
research networks. Ongoing projects aim to strengthen and standardise existing research
relationships to enable wider engagement of teams with different specialities and improve
the connection between research and clinical pipelines to make access better for patients
with rare diseases. For example, the benefits of data sharing in projects such as Solve-RD
demonstrate the value of improved standardisation of heterogeneous data from different
sequencing platforms across data from patients in 15 European countries (Zurek et al.,
2021). By combining multiomic approaches with massive data reanalysis, the intended aim
of creating a resource similar to gnomAD is to improve variant interpretation within the rare
disease community, including clinicians, scientists, and rare disease patient organisations
(Zurek et al., 2021). However, the criticism that data from non-Caucasian populations is
under-represented in gnomAD can be echoed within the European-centred Solve-RD
resource. When considering polygenic or oligogenic variants in complex diseases in
individuals from non-European populations, such as our cohort of south Asian foetuses with
URSMS, biases in data may hinder the ability to detect and interpret variants that may be
rare in European populations, but relatively more common in south Asian populations which
are characterised by a high degree of endogamy (Nakatsuka et al., 2017; Pham et al., 2022).
Encouraging more diverse participation in genomic screening programmes would help
address these challenges and will ensure that power to improve detection and annotation
of data is maintained for rare disease patients from non-European populations (Hindorff et

al., 2018).
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7.2 Identifying rare disease aetiology in patients with complex phenotypes
Detection and description of rare phenotypes identified in patients with rare diseases is an
essential component in the identification of novel disease-associated genetic variants.
Traditionally, genomic disease research projects have focused on recruiting children with
rare diseases because early onset of rare symptoms is suggestive of a congenital condition
with a genetic basis (Firth et al., 2011; Sawyer et al., 2016). Complexity in identification and
description of rare phenotypes with a likely genetic basis can arise from phenotypes that are

progressive in character.

Among the individuals affected by OHS in chapter 5, phenotype onset began in late
childhood, with occipital horns typical of OHS only identified among the younger affected
individuals in late adolescence and early adulthood. The lack of occipital horns in these
individuals led to a preliminary diagnosis of Shwachman-Diamond syndrome (SDS, MIM
260400). Overlapping phenotypes included short stature, bone formation and growth
abnormalities, narrow thorax, pancreatic insufficiency, and severe diarrhoea (Nelson and
Myers, 1993). Although this phenotypic complexity did permit 100kGP recruitment for WGS,
a hypothesis of intronic ATP7A variant involvement in disease was only formed following
identification of occipital horns in one of the affected family members and confirmed by
detection of low serum copper and caeruloplasmin. Alternative hypotheses considered
could have related to a blended phenotype, where the presence of two monogenic diseases
causes phenotypic heterogeneity (Pérez-Torras et al., 2019). For example, in siblings
affected by neurofibromatosis type 1 (NF1, MIM 613113) with discordant phenotypes, one
sibling was affected by hypotonia and ataxic gait which related to identification of a de novo
variant in CASK (MIM 300172) (Murakami et al., 2019). This demonstrates a challenge of the

phenotype-driven hypothesis approach used in this investigation.

Similarly, in chapter 3 phenotyping of the patient with suspected UFS also led to phenotype-
biased hypothesis of biallelic variants in HPSE2 or LRIG2. The presence of a hypotonia,
developmental delay, short stature, and microcephaly were inconsistent with classical
phenotype of UFS which is defined as a dyssynergenic bladder and characteristic facial

grimace while smiling (Newman and Woolf, 2013; Ochoa, 2004). Identification of a
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heterozygous missense variant in EBF3 which had previously been identified in a patient
with HADDS (Tanaka et al., 2017) provided an insight into penetrance of urological
phenotypes in HADDS. Our sequencing analysis of individuals with familial vesicoureteral
reflux did not detect further pathogenic variants in EBF3. This suggests that it is unlikely that

EBF3 explains the missing heritability of UFS.

A phenotype-driven approach was also employed in our analysis of foetuses with URSMS in
chapter 4, which occurred as part of a research effort outside of diagnostic pathways.
Phenotyping of 12 foetuses with perinatal lethal malformations identified significant
phenotypic heterogeneity of URSMS-associated malformations including limb, cardiac,
vertebral, central nervous system, and gastroesophageal anomalies. WGS analysis in eight
cases did not identify SNVs in genes previously associated with urorectal anomalies.
Variants identified in HOXD9 and TMEM132A are considered candidates for CDX2-related
signalling defects involved in cloacal patterning and development (Hsu et al., 2018), based
on findings from rodent knockout (Li et al., 2022) and pharmacological induction (Hong et
al., 2021) respectively. Moreover, variants identified in SLIT2 and NALCN relate to URSMS-
associated phenotypes identified in each foetus. These variants do not explain the entire
phenotype, suggesting that our hypothesis of a monogenic aetiology of URSMS is somewhat
weakened. The heterogeneity of the phenotypes identified among this cohort suggests an
oligogenic disease model could be considered, where multiple rare variants with variable
effect sizes contribute to the different and/or multiple aspects phenotype (Zaghloul and

Katsanis, 2010).

While three of the projects in this work featured a phenotype driven approach, the severity
and rarity of the ANE phenotype described in chapter 6 was advantageous to that
investigation. The novelty of the phenotype, plus history of disease within a consanguineous
family permitted undertaking of a family association approach. Autozygosity mapping did
not require consideration of the patient phenotype until a locus was identified. Although
RCC1 had not previously been associated with monogenic disease, the clear mechanistic link
to RANBP2 (Levine et al., 2020; Yokoyama et al., 1995) permitted further functional
evaluation to be carried out. Our analysis and presentation of the gene-disease association

between RCC1 and autosomal recessive acute necrotising encephalopathy permitted the
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identification of subsequent probands with acute onset neurological symptoms from the

100kGP and will facilitate identification of new patients in the future.

The cases described in this thesis demonstrate some of the pitfalls inherent to phenotype-
driven approaches to explain the missing heritability of rare disease. Distillation of the
complex heterogenous phenotypes of foetuses with URSMS facilitated a hypothesis of
monogenic aetiology, which was not supported in our findings. Genetic investigations can
be biased by prioritising certain aspects of an individual’s phenotype, demonstrated by the
identification of HADDS in a patient with suspected UFS. However, the genetic identification
of a deep intronic splicing variant in ATP7A was enabled by dialogue with clinicians to
construct a clearer picture based on detailed phenotyping and other molecular testing.
These findings therefore advocate for nuance when conducting phenotype-driven analyses,
as particular aspects of an individual’s phenotype can be useful in informing direction of

genomic analyses but must not be permitted to bias genetic investigation.

7.3 Detection of novel variants associated with rare disease

Ability to confidently detect pathogenic variants has improved significantly with the advent
of NGS. By integrating population-level genomic data, and the implementation of predictive
algorithms to assess nucleotide conservation, protein physicochemical changes, and splicing
predictions, the ability to identify rare and novel variants in rare disease patients has grown
at an astonishing rate (Chen et al., 2019; Ganakammal and Alexov, 2019; Pabinger et al.,
2014). However, as more variants are identified in coding regions, in genes with defined
functions, and in patients with monogenic disease aetiologies, it is becoming more
challenging to identify novel causes of disease. During the course of the projects described
in this thesis, there have been several novel and emerging technological and analytical
advances which have enabled new approaches which were not possible to consider during
the planning stage of this project. These represent an exciting development in the field of
genomic medicine and have a huge potential to contribute to the improvement in detection

of novel variants for patients with rare disease.
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7.3.1 Splicing

In chapter 5, by expanding the search for a molecular aetiology of OHS in a family with
variable phenotypes to include non-coding variants in ATP7A, we detected a novel deep
intronic variant strongly predicted to affect splicing of ATP7A mRNA. This family was
originally referred for genetic testing over 30 years ago, and despite ATP7A variants being
well-characterised in Menkes disease (Mhaske et al., 2020), the intronic variant was not
identifiable through the 100kGP tiering pipeline (100,000 Genomes Project Pilot
Investigators et al., 2021). The tiering approach does not consider non-coding variants more
than 2 base-pairs away from canonical splice sites (“Rare disease tiering - Genomics England
Research Environment User Guide”, 2019). Although the variant identified is novel, the
identification of ATP7A non-coding variants is not unprecedented in OHS (Mhaske et al.,
2020; Yasmeen et al., 2014). Additionally, other instances where deep intronic splice
variants have been detected several times include ATP7B in Wilsons disease (Woimant et
al., 2020) (MIM: 606882), CFTR in cystic fibrosis (Sobczyriska-Tomaszewska et al., 2013)
(MIM: 602421), and COL4A5 in X-linked Alport syndrome (Horinouchi et al., 2019) (MIM:
301050). Considering the precedence of deep intronic variants in previous rare disease
investigations, and from our analysis, integration of intronic splicing predictions into 100kGP

analysis pipelines should be considered.

Guidelines for intronic variant assessment in X-linked Alport syndrome recommend
conducting reverse transcriptional PCR analysis in COL4A5 without undertaking WGS
(Yamamura et al., 2022). This is analogous to the initial approach taken to identify ATP7A
intronic splicing variants in OHS patients following Sanger sequencing of ATP7A cDNA
(Mgller et al., 2021; Yasmeen et al., 2014). The ability to detect deep intronic variants in
candidate genes relatively quickly via WGS would allow more informed targeting of
downstream approaches such as minigene assays or reverse transcription analysis. This
would permit for example the identification of ATP7A-spectrum diseases underlying the
presentation of cases with complex phenotypes similar to the connective tissue changes
observed in OHS. In the case of OHS or SMAX3, identification of patients is vanishingly rare
(Mhaske et al., 2020), and often milder non-Menkes ATP7A-related disease is not initially
considered, as with the family described in chapter 5. However, integrating intronic splice

predictions may have the drawback of overlooking variability in disease severity exhibited in
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our cohort and in others (Donsante et al., 2007), which identified that variability in patients
with the same variant resulted from differences in ATP7A overexpression. Mechanisms such

as this demonstrate the uncertainty of predicting disease from splicing changes.

In combination with WGS, methods such as RNA sequencing can be useful for determining
the effects of intronic variants on the transcriptome. Progress has been made in disease-
specific studies, including in Charcot-Marie-Tooth (CMT) disease where RNA sequencing
data have been used to identify variants affecting splicing and variation in gene expression
(Pipis et al., 2019). Furthermore, microRNA-140 was shown to act as a modifier of onset age
and severity of CMT (Nam et al., 2018). The use of RNA sequencing data to derive the
functional impact of genomic variation on RNA transcription is an important advancement.
The use of RIVER (RNA-Informed Variant Effect on Regulation) scoring is a good example of
this in practice, allowing determination of allele-specific expression, including effects on
splicing (Li et al., 2017). One drawback of the implementation of RNA sequencing is the
requirement for collection of RNA which is not part of standard clinical NGS pipelines.
Depending on the patient and disease concerned, this option may have inherent limitations,
as expression patterns in RNA derived from blood cells will differ from expression patterns
in other phenotype-relevant organ systems (Li et al., 2017). Until the capabilities in terms of
sample collection, storage and analysis permit this multi-omic approach, flagging deep
intronic variants with strong predictions to affect ATP7A splicing would be useful when

considering candidates to characterise in downstream functional assays.

7.3.2 Oligogenic disease

Improving assessment of variants that may contribute to an oligogenic disease model is
another aspect which could benefit novel variant identification in rare disease. An oligogenic
model of disease was initially proposed after identification of digenic inheritance in
individuals with Bardet-Biedl syndrome (Dallali et al., 2021; Fauser et al., 2003). However,
availability of NGS data acquisition has not greatly expanded the ability to detect which may
contribute to oligogenic disease. For example, the NEPTUNE study concerned with
identification of the missing heritability among patients with nephrotic syndrome failed to

detect an increased burden of protein-altering variants across 21 nephrotic syndrome
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related genes in a cohort of 303 patients (Crawford et al., 2017). Our study of foetuses with
URSMS aimed to identify a monogenic form of disease so did not explicitly consider
oligogenic transmission during analysis of WGS data. Given the number of genes associated
with urorectal malformations, and the complexity of the phenotypes observed in this
cohort, applying a pipeline to assess oligogenic inheritance should be considered in future
analyses. Recently machine learning algorithms including OligoPVP (Boudellioua et al.,
2018), VarCoPP (Papadimitriou et al., 2019), and ORVAL (Renaux et al., 2019) have been
devised to address the current methodological challenge in assessing the potential effect of

oligogenic variants (Rahit and Tarailo-Graovac, 2020; Setty et al., 2022).

7.3.3 Structural variation

One aspect of genomic analysis that has not been considered in the work presented is the
impact of structural variation on rare disease. SV identification in complex common diseases
such as schizophrenia or intellectual disability was enabled by the availability of microarrays
useful in detection of CNVs (Stankiewicz and Lupski, 2010). Identification of different classes
of SV from short read data is challenging, as different detection algorithms have different
sensitivities in the detection of different SVs, such as CNVs, inversions, or translocations,
requiring the implementation of several bioinformatic pipelines (Gu et al., 2021).
Improvements in base calling accuracy will facilitate the implementation of long-read
sequencing. This technology allows detection of SVs up to 10 kb and offers improved
performance in detecting complex SVs (Gu et al., 2021). The use of Pacific Biosciences
Sequel | System demonstrated success in a study investigating the implementation of long
read sequencing in five family trios affected by intellectual disability [Pauper 2021]. This
study describes the benefits of using long-read sequencing in terms of increased genome
coverage, and nearly five times greater sensitivity in the detection of SVs, compared to

short-read sequencing using the Illumina NovaSeq 6000 platform [Pauper 2021].

As more long-read data sets become available, alignment of long-read sequence data and
detection of complex SVs will be improved, allowing long-read sequencing to become the
tool of choice to detect structural variants (Jenko Bizjan et al., 2020). One particular

accomplishment facilitated by long-read sequencing has been the telomere-to-telomere
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sequencing and mapping of the X-chromosome using the Oxford Nanopore MinlON
sequencing platform to generate ultra-long reads greater than 100 kb (Miga et al., 2020).
This allows improvement in genomic mapping and assessment of structural variants in

previously poorly or incompletely mapped regions (Miga et al., 2020).

One additional confounder when assessing rare SVs in a gene-agnostic approach is the
difficulty in predicting the functional consequences of rare structural rearrangements.
Assessment of rare structural variation in human brain tissue has been possible by
integrating SV data with transcriptomic analysis from RNA sequencing data, which
permitted the quantification of dosage and regulatory effects associated with SVs affecting
regulatory regions of the genome (Han et al., 2020). Assessing consequence is essential
when classifying SVs in terms of pathogenicity. In the past year recommendations have
been made to include classification of non-coding variants into the existing ACMG
framework (Richards et al., 2015), allowing detection of variants that affect regulatory
regions including non-coding RNAs, promoters, enhancers, and other cis-regulatory
elements (Ellingford et al., 2022). Broadening the spectrum of variants that can be classified
is a further factor that can improve the ability to interpret genomic data in a clinically useful

way.

7.3.4 Non-coding variants

The emphasis on describing the effect of coding variants has led to great improvements,
however as more coding variants - both SNV and SV - are described and their effects are
characterised, the limitations in the understanding of non-coding variant impact on disease
become more apparent. In order to appreciate the functional consequences of rare non-
coding variants greater integration of functional genomic technologies is required to provide
strong evidence of genotype-phenotype correlations, and ultimately address the missing
heritability of rare disease. Functional genomic approaches including transcriptomic,
epigenetic, and DNA-RNA-protein interactions (Zhang and Lupski, 2015) can provide useful

evidence of non-coding variant involvement in rare disease.

Efforts to understand the effect of non-coding variants affecting regulatory regions of the

genome have received attention in research setting but are not currently employed in
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clinical diagnostics. Techniques such as Hi-C to map genome-wide interactions between
non-contiguous regions of open transcriptionally active chromatin (McArthur and Capra,
2021; Zhang and Lupski, 2015). In the case of one patient with 46,XY gonadal dysgenesis, Hi-
C was used to characterise changes in chromatin structure arising from a duplication at
locus Xp21.2 (Meinel et al., 2023). Introduction of a new topologically associated domain

(TAD) resulted in enhancer hijacking and ectopic expression of NROB1 (Meinel et al., 2023).

Aside from SVs, complementing genotype data from WGS with transcriptomic and
epigenomic data can be powerful in detecting the effect of intronic variants (as discussed in
relation to splicing in section 7.3.1), but also allows the possibility of detecting the effect of
SNVs within regulatory non-coding functional elements of the genome. Changes in gene
expression can arise as a result of disrupted transcription factor binding and dysregulation
in epigenetic regulation (Martin-Trujillo et al., 2020). For example, a de novo SNV in a
CCCTC-binding factor (CTCF) motif has been shown to result in defective DNA methylation in
an individual from a cohort of patients with neurodevelopmental disorders and congenital
anomalies (Barbosa et al., 2018). Integration of different functional technologies in a
coordinated approach will facilitate increased diagnostic yield in the future. However,
currently there is insufficient capacity to undertake and integrate different functional data
in a diagnostic setting. Applying these technologies to smaller cohorts of unresolved cases,
such as the URSMS cohort in Chapter 4 may be an interesting avenue for future study and

demonstrate the utility in integrating different approached to leverage additional diagnoses.
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7.4 Characterisation of variants of uncertain significance

The current approach to variant classification rightly relies on evidence of pathogenicity,
however in many unsolved cases, the current system also hinders the consideration of many
variants (Starita et al., 2017). Variants categorised as VUS comprise over 50 % of rare
variants that have been interpreted to date, including most novel missense variants
(Cooper, 2015). Ensuring models are developed to correctly assess functional effect of VUS
and developing tools that can increase the capacity to assess variant effect remain a
challenge to identifying and reporting novel variants and disease mechanisms (Cooper,
2015). Furthermore, understanding the biological function of disease genes is also essential

in developing targeted therapies (Stoeger et al., 2018; Wangler et al., 2017).

Using an effective model is an important element of characterising functional effect of
variant of unknown significance. In this thesis, in vitro methods were used to interrogate
effects of ATP7A splicing, characterise the stability and protein activity of Rccl protein, and
probe the changes in Rccl localisation in proband-derived fibroblasts. In these
investigations, the experimental approach taken was determined principally by sample
availability. For example, a limitation of the splicing investigation conducted in OHS proband
with ATP7A variant in chapter 5 was the lack of availability of a cell type with good
expression of ATP7A. Blood lymphocyte-derived RNA was used to confirm the splicing effect
in a patient system, however previous studies evaluated ATP7A expression and splicing in
patient-derived dermal fibroblasts (Yasmeen et al., 2014). While our findings from
lymphocyte-derived RNA are supported my minigene assay findings, optimal determination
of ATP7A transcript splicing would be ameliorated by using dermal fibroblasts. Although
ATP7A is expressed in cultured lymphocytes according to the Genotype-Tissue Expression
(GTEx) project (https://gtexportal.org/home/gene/ATP7A), dermal fibroblasts are a more
relevant cell type when considering the cutis laxa phenotype present in OHS patients. The
connective tissue phenotype in OHS results from decreased LOXL crosslinking of collagen
fibres as a result of impaired Cu?* transport and loading by defective ATP7A (Horn and
Wittung-Stafshede, 2021). Assessment of transcript proportions in different cell types may

also inform the basis for phenotype variability in this family.
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Expression of recombinant Rccl was selected as the model to conduct initial functional
evaluation in chapter 6. Thermal stability and GTPase activity were both considered critical
to the pathogenesis of ANE. The identification of RCC1 from thermosensitive hamster cell
line tsBN2 (Seki et al., 1996), plus the identification of thermolabile CPT2 polymorphisms in
acute encephalopathy cases (Shinohara et al., 2011) prompted a hypothesis that RCC1
missense variants may result in a thermolabile product. Expressing recombinant Rccl using
a bacterial culture permitted the thermal stability of Rccl to be assessed, and measurement
of Rccl GEF activity. Multiple different GTPase reactions occur within the cellular
environment, so expressing a recombinant form of Rccl permitted a more reliable
quantification of activity in vitro. However, this reductionist model did not consider
interaction of proteins other than Rccl and Ran GTPase (Loose et al., 2022). Inclusion of
GTPase activating protein RanGAP, or chromatin to facilitate Rccl tethering are examples of
how this model may be altered to provide a more relevant output. Enzymatic assays such as
GTPase assays are a useful approach when assessing multiple variants. The ease by which
subsequent variants can be expressed using the same system allows for multiple variants in
the same gene to be evaluated in parallel, without requirement for patient-derived

material.

Establishing a suitable model for functionally characterising variants identified in genomes
of rare disease patients can be resource and time intensive. Determining biological
functions of genes associated with rare diseases therefore remains a bottleneck in the field
of rare diseases (Boycott et al., 2020). Forming relationships between clinical teams and
research scientists with relevant disease models is one approach offered by the rare disease
models and mechanisms (RDMM) network active in Canada, Australia, Europe, and Japan
(Boycott et al., 2020). This network has enabled functional characterisation of rare disease
genes including characterisation of pyridoxine-dependent epilepsy related gene ALDH7A1
(MIM 107323) in a zebrafish model more than 60 years after the initial disease description

(Pena et al., 2017).

However, establishing connections between clinicians and researchers with relevant model
organisms is only part of the solution. Analysis of publications relating to functional genetic
studies identified an ongoing research bias towards genes whose function has already been
described, resulting in suppressed efforts in poorly described genes (Stoeger et al., 2018).
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This supports the notion that efforts to identify novel disease-gene relationships are
hindered by lack of biological knowledge relating to the function of many genes (Haynes et
al., 2018). Additionally, evaluation of variants using in silico tools often gives contradictory
assessments of pathogenicity (Grimm et al., 2015). Approaches for mass-screening of gene
functions using RNAi or model organism knockouts do provide insight into the function of
genes but not necessarily the effect of variants which can result in gain or loss of function

(Stoeger et al., 2018).

Systematic screening of variants in specific genes can be useful for identifying variants which
are likely to be pathogenic, providing the strongest type of evidence for variant classification
(Richards et al., 2015). Technological developments allow high throughput deep mutational
scans and multiplexing of assays to establish the effect of variants of unknown significance
in coding regions, splice sites, and regulatory regions (Gasperini et al., 2016; Starita et al.,
2017). Multiplexing of minigene assays is an example of how massively parallel analysis of
synthetic sequences can inform alternative splicing (Rosenberg et al., 2015). Similarly,
saturation genome editing allows the measurement of functional splicing consequences at
specific genic loci (Findlay et al., 2014). Furthermore, conducting parallelised enzyme
reporter assays can facilitate an assessment the effect of variants in enhancer regions on
expression of reporter genes (Inoue and Ahituv, 2015). Building on these innovations, recent
developments permit generation of user-defined variant libraries, facilitating use of these
techniques in genes that are poorly defined (Barbon et al., 2021). When combined
systematically within a rare disease network of clinicians and scientists, these approaches
pave the way for implementation of multiplexing tools to ameliorate functional

characterisation of rare and novel genetic variants identified in individuals with rare disease.
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7.5 Limitations of approach and study

In this thesis, the case-study approach undertaken permitted a broad evaluation of different
disease types and mechanisms. The prioritisation of this breadth was intended as a
reflection of the varied and stochastic nature of rare disease genetics. The breadth of this
work however did prevent pursuing each individual study in greater depth. A limitation of
this overall approach was the inability to pursue all possible analytical pipelines available. In
chapter 4, no analysis of SVs was attempted despite availability of WGS data. There are two
factors which led to the delay in the completion of this work. Firstly, analysis of genes
previously associated with anorectal malformations failed to identify a common monogenic
aetiology. Identification of a genomic change in more than one family would be necessary to
undertake further analysis. Secondly, the overall strategy for this thesis led to prioritisation
of elements which were more likely to yield clinically and biologically relevant data. As a
result, laboratory work for the staining of proband fibroblasts in Chapter 6 was prioritised
over SV analysis to complement the published work in Chapter 4. Undertaking further
functional genomic analyses in the URSMS cohort would be of great interest in analysis of

non-coding changes relevant to the phenotype.

Prioritisation of immunofluorescence staining of patient fibroblasts in chapter 6 was
enabled by availability of patient material. This is in contrast the work carried out in chapter
5, where culturable cell lines were not accessible due to delays in elective surgery during
which fibroblasts were to be collected from the patient. Availability of patient fibroblasts
would have improved analysis of ATP7A splicing defects by allowing the evaluation of Atp7a
protein expression. Protein expression would confirm if mis-spliced transcripts are stable or

are degraded.

In Chapter 6, the identification of additional affected families and the Rcc1V80M and
Rcc11R399C variants were made after undertaking the in vitro stability and functional
analyses using recombinant Rcc1G43S. As a result, analyses were not extended to include
additional variants identified in new patients. This will be a consideration during future
analyses. Additionally, the in vitro approach taken in Chapter 6 could have been improved
by considering complementary approaches to the GTPase luminescence assay. One example

is the radioactive nucleotide exchange assay demonstrated by Chatterjee et al., (2015).
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Alternatively, use of fluorescent N-Methylanthraniloyl (MANT)-Guanine nucleotides (Holzer
et al., 2021; Kanie and Jackson, 2018) could be used to quantify changes in Ran GTPase rate
constants in reactions with different Rccl mutant proteins. This approach would enable
quantification changes in reaction kinetics and permit a more specific characterisation of

the functionality of Rccl with different missense variants.

7.6 Further work

This work has highlighted opportunities for conducting future studies. Our description of
autosomal recessive ANE associated with RCC1 variants requires further evaluation to
define the molecular mechanism underlying Ran disruption following fever. Specifically,
interrogating the effects of Rccl dysfunction on nucleocytoplasmic transport, which is
known to be involved in RANBP2- and NUP214-related pathologies (Fichtman et al., 2019;
Shamseldin et al., 2019). We plan to establish model to assess the effect of RCC1 variants on
nucleocytoplasmic import and export. The use of digitonin to permeabilise the plasma
membrane, but not the nuclear envelope, will allow for the delivery of exogenous
fluorescently labelled cargoes which can be examined using fluorescence microscopy
(Cassany and Gerace, 2009). Export of poly(A)+ RNA from the nucleus can also be assessed
by hybridisation (Fichtman et al., 2019). We also plan to use tsBN2 cell lines to investigate
the ability of variants identified in several patients to rescue their innate temperature-
sensitive phenotype. This will enable us to screen future variants identified in patients with

acute-onset neurological symptoms.

Moreover, undertaking further analysis of WGS data from the foetuses with URSMS would
allow for novel tools to be assessed in a cohort with complex phenotypes. Focusing on
identifying possible oligogenic candidates using machine learning approaches such as
ORVAL (Renaux et al., 2019), or identification of complex structural variants using long-read
sequencing and additional functional genomic approaches may reveal variants which can be

associated with these complex cases and may provide further molecular insight.
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7.7 Final Summary

In this thesis, the phenotype-driven approach used to identify variants in individuals with
rare diseases has had mixed success. Although this approach was less successful in
identifying a monogenic cause of URSMS, we have identified candidates for future studies,
and have the opportunity to conduct further genomic analyses to assess the role of non-
monogenic disease mechanisms. This work also highlights the current challenges posed by
the incomplete functional annotation of many genes and non-coding regions which hinders

the ability to assign a pathogenic classification to rare variants identified in patients.

Identification of causal variants in EBF3, ATP7A, and RCC1 highlight the value and utility of
genomic approaches in the identification of a molecular aetiology in patients with complex
phenotypes. Further research triggered by our identification of autosomal recessive RCC1-
related encephalopathy will provide a novel insight into the molecular cause of Ran-related

neuropathies and facilitate screening of RCC1 variants identified in subsequent individuals.
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Appendix |: Supplementary data for Chapter 3

Early B-cell Factor 3-Related Genetic Disease Can Mimic Urofacial Syndrome.

Supporting Information.

System Phenotype

Craniofacial Synophrys, bushy strait eyebrows, long eyelashes, high arched palate, deep
philtrum, downturned corner of mouth, broad chin with midline cleft,
hirsutism.

Eyes Alternating squint from early childhood, myopia.

Urogenital Ballotable kidneys during infancy, neurogenic bladder, left grade 4
vesicoureteral reflux (VUR), right grade 5 VUR, bilateral tortuous hydroureters,
bilateral grossly hydronephrotic kidneys, recurrent UTls,.

Skeletal Tapering digits with thick palmar and solar skin, 2-3 toes syndactyly, unfused

L5.

Gastrointestinal

Bowel obstruction from young age, proscribed lactulose until age 12,
constipation is since resolved.

Developmental

Hypotonia and weak cry

Age 3: Unable to walk independently, speech limited to two words

Age 6: Independent but unsteady walking, impaired motor function. Able to
perform adequate self-care and read and write simple sentences.

Supplementary Table I-1: Patient developmental abnormalities.

Tool Prediction
SIFT Damaging
PolyPhen2 Probably damaging

Mutation Taster

Disease Causing

Mutation Assessor

Predicted functional

FATHMM

Tolerated

FATHMM-MKL

Damaging

CADD Phred score

35 (Pathogenic cut-off >20)

REVEL

0.724 (Pathogenic cut-off >0.6)

Supplementary table I-2: In silico predictions for EBF3 variant c.626G>A.

Patients | cDNA and protein EBF3 RSID gnomAD allele | gnomAD
(n) coding variants Exon count/number | allele
Frequency

N=5 €.229A>C 2 rs75074888 | 16766/265108 | 0.0632
p.Arg77Arg

N=1 €.639T>G 8 rs141973685 | 149/234652 0.000635
p.Val213Vval

N=1 c.134+40_134+45dup | Intron | rs767692640 | 215/55380 0.003882
N/A 1

Supplementary table I-3: Variants detected in EBF3 targeted exome sequencing of VUR cohort

(n=80). RSID (reference SNP cluster ID).
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Supplementary figure I-1: Screenshot of microarray data for EBF3 in the developing murine lower
urinary tract. Sourced from GUDMAPS2, Red cells indicate higher expression and blue cells indicate
lower expression. Red boxes indicate high expression of EBF3 in ureter at embryonic stage E15, and
in the bladder mesenchyme neck at E13.
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Methods:
Supplementary Methods

Whole exome sequencing (WES):

DNA samples were prepared and sent to Beijing Genomics Institution (BGl) for WGS. Sequencing was
performed using a BGIl exome kit, version 4 (59M) 6G BGI-Seq500. Exome read data were aligned to
the genomic reference sequence (hg19) by the in-house bioinformatics team, Genetic Medicine, St
Mary’s Hospital. Analysis and annotation of genome data was performed in-house using VarSeq™
v2.2 (Golden Helix, Inc., Bozeman, MT). During analysis, variants were filtered for Individual 1 and 2
as stated in Figure 2.

All entries

All variants passing quality control J

Minor allele frequency <0.00005% of gnomAD dataset
1

(
(
[
( Variant allele frequency >0.2 )
[
[

1
Mutation type loss-of-function/missense/stop-gain ]

Exclude synonymous, non-coding and 3’UTR variants ]

[ Predicted damaging/pathogenic in >3 /6 in silico tools ]

Supplementary figure 1-2: Filtering strategy used for whole exome sequencing data analysis.
Resulting variants were considered based on their association with clinical data.

Variant analysis:
Variants of interest were identified using entries from OMIM (https://www.omim.org/), GeneCards

(https://www.genecards.org/) and PubMed (https://www.ncbi.nlm.nih.gov/pubmed/).

In silico prediction tools:
Six in silico prediction tools were used to analyse mutation pathogenicity: Polyphen-2
(http://genetics.bwh.harvard.edu/pph2/), Mutation taster (http://www.mutationtaster.org/),

MutationAssessor (http://mutationassessor.org/r3/), SIFT (Sorting Intolerant From Tolerant)
(http://sift.bii.a-star.edu.sg/), FATHMM (Functional Analysis Through Hidden Markov Models)
(http://fathmm.biocompute.org.uk/inherited.html), and FATHMM-MKL (Math Kernel Library)
(http://fathmm.biocompute.org.uk/fathmmMKL.htm).

Sanger sequencing:

PCR reactions were set up according to the volumes of patient, parent, or control DNA stated in
Table 2. Primers were all designed and optimised in house. Reactions were carried out using the
Veriti 96-Well Thermal Cycler (applied Biosystems) according to standard reaction conditions. PCR
product was purified by addition of Agencourt AMPure XP beads and submitted to the NHS
diagnostic laboratory at St Mary’s Hospital. Purified product was prepared for Sanger sequencing
(Table 3), according to standard conditions. Sequencing products were purified by addition of
Agencourt CleanSEQ beads, and submitted to the NHS diagnostic laboratory, St Mary’s Hospital for
purification and sequencing using the automated Applied Biosystems 3730 XL DNA Analyzer
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sequencer. Analysis was performed using the Staden Software package. Sequencing files for patient,
parent and control DNA were added to databases created using PreGap4 software, with control DNA
processed as the reference sequence. Visualisation of aligned traces allowed for comparative
analysis between patient and control or patient and parent sequences.

GoTaq Green Mix 12.5
Forward and Reverse primer mix 2.5
Sterile Water 7.5
DNA 2.5
Total 25

Supplementary table I-4: PCR reaction components.

PCR product 1.2
Forward or Reverse primer (2uM) 1.6
Sterile Water 1.8
Sequencing buffer 0.2
Sequencing kit v3.1 5.2
Total 10

Supplementary table I-5: Sequencing reaction components.
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Appendix Il: Supplementary data for chapter 4

A clinically diverse spectrum of perinatal lethal phenotypes with urorectal septum malformation
sequence
Supporting information

Fetus 1 (Complete urorectal septum malformation sequence)

Pedigree:

38 yrs 31yrs

13 weeks

Supplementary figure II-1: Clinical images of fetus 1. Images show short nose with depressed nasal

root, anteverted nares, long philtrum and retrognathia (a, b), protuberant abdomen with thin and
transparent wall (a, d), ambiguous external genitalia with imperforate anus (c), multi-cystic and fused
kidneys (white asterix) with narrow ureters, fallopian tube (white arrow) and hind gut draining into
blind cloaca (black arrow, e) and absent ossification of sacrum (f).

Clinical findings: The fetus was examined at 13 weeks of gestation in view of megacystis on antenatal
ultrasonography. Fetus weighed 31 g (normal), measured 12 cm in length (normal) with head
circumference of 8.5 cm (normal). Fetus had short nose with depressed nasal root, anteverted nares,
long philtrum and retrognathia. Protuberant abdomen was observed with thin and transparent
abdominal wall. Ambiguous external genitalia with a small phallus-like structure with no perineal
openings were noted. Multi-cystic and fused kidneys were observed with ureters running anterior to
the fused part of kidney. The ureters, fallopian tubes and hind gut were connected to the enlarged
and persistent blind cloaca (Supplementary figure 1). Radiographs of the fetus showed absence of
ossification centers for sacrum.
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Fetus 5 (Radial ray defect, unilateral renal agenesis, urorectal septum malformation sequence and

ventricular septal defect)
o -O 1O
O HO O

Pedigree:

Dy
Spertaneoss sbotion o 2 monihs of «
reg 20 wea ks fotus win muliple
norales

Intrauterine insemination pregnancy

Supplementary figure II-2: Clinical images of fetus 5. We observed facial asymmetry with
hypertelorism, short nose, anteverted nares, long philtrum, retrognathia (a), right upper limb with
small radius and rudimentary thumb (b, c), left upper limb with complete absence ray 1 and 2 with
absent radius (d, e), ambiguous genitalia (f), unilateral renal agenesis with blind ending cloaca
(asterisk, g) and ventricular septal defect (arrow, h) in fetus 5.

Clinical features: Abortion in a second gravida at 20 weeks of gestation with hypoplastic nasal bone,
upper limb defects, small ventricular septal defect, enlarged, echogenic and cystic right kidney in fetus
on ultrasonography. Fetal anthropometry was within normal limits. Fetus had facial asymmetry,
hypertelorism, short nose, anteverted nares, long philtrum, retrognathia, bilateral radial deviation of
hands with bowed forearms, rudimentary right thumb and absence of two digits (ray defect - F1 and
F2) on left hand. Female external genitalia was noted with no perineal openings and presence of single
umbilical artery.

174



Membranous ventricular septal defect, unilateral (left) renal agenesis with absent left ureter, normal
right kidney, ?ovaries, no uterine tissue, blind-ending persistent cloaca with right ureter and hindgut
draining into it were documented on visceral examination. Infantogram showed absent radius on left
side and rudimentary radius on right side, absence of metacarpals and phalanges of first and second
digits on left hand and absent metacarpal and phalanges of right thumb (Supplementary figure 2).

Fetus 6 (Thoraco-abdominoschisis, limb defects and urorectal septum malformation sequence)

Pedigree:

- A 470

A A

14 weeks

»

yrs

Supplementary figure 11-3: Clinical images of fetus 6. 14 weeks fetus (6) had anterior lower thoracic
and abdominal wall defect with herniation of liver and intestine, kypho-scoliosis (a, b). Short right
lower limb with contractures and reduction defect of left lower limb below the knee (arrows),
ambiguous genitalia with absent perineal openings (b, c), absent left kidney and adrenal with blind
ending persistent cloaca (arrow, d) were also noted. Radiographs show kypho-scoliosis at thoraco-
lumbar region and absence of ossification of lower lumbar and sacral vertebrae and bent left femur
(arrow) and underdeveloped long bones of right lower limb (e).

Clinical features: The pregnancy was interrupted at 14 weeks of gestation with anterior abdominal
wall defect and herniation of liver in fetus. On evaluation, fetus measured 8.4 cm (-2.9 SD) in total
length with anterior lower thoracic and abdominal wall defect, herniation of stomach, spleen,
pancreas, liver and loops of small intestine covered by peritoneum, kypho-scoliosis at thoraco-lumbar
region, short right lower limb with joint contractures across hips, knees and ankles with bowing of
thighs and legs, transverse deficiency of left lower limb below the knee with rudimentary stem like
structure (Supplementary figure 3). There was imperforate anus with ambiguous external genitalia.
On internal examination, we note dextrocardia with a defect in lower portion of sternum through
which the portion of left lung and apex of heart protruded into the abdominal cavity with absent left
dome of diaphragm. Agenesis of left kidney and adrenal gland was noted. There was urorectal septum
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malformation sequence with persistent cloaca. The colon and right ureter drained into cloaca with
atresia of cloacal outlet. Indifferent gonads, kypho-scoliosis at thoraco-lumbar region, absence of
ossification of lower lumbar and sacral vertebrae, bowed left femur, short and bowed right femur,
short right tibia and absence of right fibula were observed.

Fetus 7 (Myelomeningocele, urorectal septum malformation sequence, bilateral renal agenesis and

vertebral segmentation defect)

o 7o
OO T o

Pedigree:

My |
e
. A
2 merltd SA o, 36 Wi
]

Supplementary figure l11-4: Clinical images of fetus 7. Evaluation of fetus 7 revealed dysmorphic ears,
short trunk, scoliosis, unilateral radial deviation of right hand, contractures across axillae, elbows, hips
and knees joints, bilateral clubfeet and rhizomelia of left lower limb (a), ambiguous external genitalia
with no perineal openings (b), bilateral renal agenesis (c, asterisks), meconium filled hindgut (d) and
segmentation defects of thoracic and lumbar vertebrae, absent ossification of sacral vertebrae and
short left femur (e).

Clinical features: A stillbirth was referred for detailed examination at 36 weeks of gestation following
ultrasound findings of intrauterine growth retardation, large open neural defect at lower half of spine
and anhydramnios. Anthropometry suggested [weighed 1131 g (-3SD to -4SD) measured 33 cm (-4SD)
in length with head circumference of 27.5 cm (-2SD to -3SD)] fetal growth retardation. Dysmorphic
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ears, short trunk, scoliosis at lumbar region, lipomeningomyelocele, unilateral radial club hand on
right side, bilateral clubfeet and rhizomelia of left lower limb, bilateral contractures across axilla,
elbow, hip and knee were evident in the fetus. Ambiguous external genitalia with phallus-like structure
and absent perineal openings were observed.

There were pulmonary hypoplasia, bilateral renal agenesis with absent ureters, short small intestine,
enlarged hind gut filled with feces draining into the blind cloaca with no intra-abdominal gonads in
fetus (Supplementary figure 4). Segmentation defects of thoracic and lumbar vertebrae, absent
ossification of sacral vertebrae, short left femur and herniation of dural sac at sacral region with spinal

cord were reported on fetal imaging.

Supplementary figure 11-5: Clinical images of fetus 8. Intrauterine demise of fetus 8 was noted with
phallus-like structure (asterisk) with no perineal openings (a, b), spina bifida at lower lumbar region
(c), left renal agenesis with blind ending cloaca (black arrow, d) and fused iliac bones (white arrow)
and absence of ossification for lower lumbar vertebrae (e).

Clinical features: The fetus was examined following intrauterine demise and with an umbilical cord
cyst. The fetus had open neural tube defect at lower lumbar region, ambiguous external genitalia with
phallus-like structure and imperforate anus. Unilateral (left) renal agenesis was noted with right ureter
and hindgut opening into blind cloaca. There were indifferent gonads. Radiographs of the fetus
revealed fused iliac bones and absence of ossification of lower lumbar vertebrae (Supplementary
figure 5).
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Fetus 9 (Omphalocele, partial urorectal septum malformation, imperforated anus and scoliosis)

- 070

A 1

Omphaloéele. 2scolioss

0,0
(1O O
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NOTES
Monochorionkc diamniotic twins. 14 weeks

A%

Supplementary figure 11-6: Clinical images of fetus 9. Omphalocele, scoliosis (a), ambiguous external

genitalia with no perineal openings (arrow, b) and partial separation of urogenital sinus and primitive
rectum (arrow, c) were observed in fetus 9.

Clinical features: A twin from monochorionic diamniotic pregnancy weighed 20g (-2SD to -3SD) and
measured 9 cm (-2SD to -3SD) in length at 14 weeks of gestation was evaluated in view of omphalocele
and scoliosis. Postnatal examination of fetus confirmed omphalocele and scoliosis at lumbar region.
In addition, ambiguous external genitalia with phallus-like structure, imperforate anus and unilateral
club foot on left side were noted (Supplementary figure 6). There was partial separation of urogenital
sinus and primitive rectum in fetus.
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Fetus 10 (Occipital encephalocele, renal agenesis and urorectal septum malformation sequence)

Pedigree:
1 2
| O

35 yrs 30 yrs

—

1yr 6 month /SB, 30 weeks

- -
i ¥
B

Supplementary figure II-7: Clinical images of fetus 10. Occipital encephalocele (asterisk, a), small

phallus-like structure with absent perineal openings (a, b) and segmentation defects of lumbar
vertebrae (arrow, c) were noted in 30 weeks’ fetus (10).

Clinical features: Stillbirth was noted at 30 weeks of gestation. Imaging findings of occipital
encephalocele, bilateral echogenic kidneys and anhydramnios were noted antenatally. The fetus
weighed 718 g (-2SD to -3SD) measured 29 cm (-55D) in total length with frontal sloping, flat nasal tip,
micrognathia, dysmorphic ears, short neck and occipital encephalocele (Supplementary figure 7).
Ambiguous external genitalia was noted with no perineal openings. Bilateral pulmonary hypoplasia
was observed. There were bilateral renal agenesis with absent ureters, the rudimentary bladder and
hindgut draining into a blind, persistent cloaca. Indistinct gonads were noted with persistent left
mesonephric cord. Radiographs of the fetus showed segmentation defect in lower lumbar vertebrae
and absence of ossification of sacrum.
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Appendix lll: Supplementary data for Chapter 5

Deep Intronic Variant Causes Aberrant Splicing Of ATP7A In A Family With A Variable

Occipital Horn Syndrome Phenotype

Supplementary table IlI-1: Rare variants identified in exome sequencing of 1V:1

Chr | Start End Gene Notimes | Comments
seen

X 334,257 334,388 PPP2R3B 8

X 1,497,621 1,497,711 IL3RA 1 Pseudoautosomal
region

X 2,418,315 2,418,627 ZBED1 17

X 2,609,409 2,609,592 CD99 7

X 3,772,984 3,773,085 ENST00000456563 8 In region

X 8,699,931 8,700,103 KAL1 14

X 9,754,625 9,754,818 SHROOM?2 5

X 17,393,878 17,394,444 NHS 10

X 19,533,285 19,533,411 MAP3K15 9

X 20,206,470 20,206,590 RPS6KA3 5

X 21,958,955 21,959,077 SMS 15

X 21,959,261 21,959,551 SMS 5

X 47,003,838 47,003,958 NDUFB11 12

X 49,020,098 49,020,422 MAGIX 4

X 49,772,917 49,773,037 CLCN5 1 Within small shared
region (0.6 Mb);
chloride channel
mutated in Dent
disease (progressive
proximal renal
tubulopathy with
hypercalciuria, low-
molecular-weight
proteinuria, and
nephrocalcinosis). Not
an exon on Alamut

X 49,773,042 49,773,162 CLCN5 6
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X 55,513,621 55,514,979 USP51 17 In region

X 57,618,454 57,618,710 ZXDB 5 In region

X 70,586,296 70,586,416 TAF1 9 In region

X 100,268,662 |100,268,753 | TRMT2B 9

X 101,093,015 |101,093,203 | NXF5 19

X 101,581,338 |101,581,463 | NXF2B 11

X 103,231,281 |103,231,429 | H2BFXP 15

X 103,231,489 |103,231,579 | H2BFXP 14

X 106,243,090 |106,243,214 | MORC4 15

X 115,568,919 | 115,569,154 |SLC6A14 6

X 120,504,772 120,505,002 | hsa-mir-3672 1 Not within a shared
region

X 152,751,165 152,751,576 | HAUS7 1 Within a small shared
region (0.74 Mb). Part
of the mitotic spindle
assembly. Not an exon
on Alamut

X 153,285,281 | 153,285,402 | ENST00000369980 5

X 153,520,375 |153,520,470 | TEX28 22

X 153,872,142 | 153,872,280 | ENST00000453062 7
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Appendix IV: Supplementary data and updates for Chapter 6

Biallelic Variants in RCC1 result in fever-associated axonal neuropathy with

encephalopathy

The data presented in chapter 6 are the product of the initial stages of characterising the
novel acute neuropathy associated with biallelic RCC1 variants described. Chapter 6 was
prepared in a manuscript style to conform with other chapters in the thesis, so omitted a
detailed account of the cloning and purification undertaken to express recombinant Rccl for
in vitro stability and functional assays described in section 6.3.4 Figure 2C-E. Additionally,
during the time of thesis submission, further investigations into the characterisation of Rccl
involvement in acute neuropathy were being planned and undertaken. This appendix
provides a contextual narrative to provide further supplementary data to describe the initial
expression of recombinant Rccl (section IV-1) and update the current and future work

(section IV-2).

IV-1 Supplementary data for expression of recombinant Rccl and Ran

Initial studies to characterise the function of Rccl were undertaken by expressing
recombinant Rccl and Ran in a bacterial system in order to undertake in vitro studies. This
approach required cloning of expression vectors for Ran and Rccl, and the mutagenesis of
the Rccl vector to produce a Recl protein harbouring the p.(Gly43Ser) variant. Detailed

methods are provided in sections 6.5.3-6.5.6.

Following expression of His-tagged Ran and Rccl proteins in Rosetta (2E3) protein
expression bacteria for 36 hours at 37 °C, bacterial cells were lysed, and crude lysates were
purified using purification column containing His-select agarose beads. To test purity of the
His-tagged proteins following column purification, samples underwent SDS-PAGE separation
using 12 % gels. Figure IV-1(A) and IV-1(B) indicate strong expression of Ran, and Rccl
proteins. Due to the poor expression of Rcc194%%, expression was repeated with cultures
incubated at 19 °C to improve protein product solubility. Purification following adjustment

of culture temperature (Figure IV-1(C)) indicated improved Rcc1443° protein concentration.
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Fractions 1-4 of each protein elution were dialysed overnight to remove imidazole present
in the elution buffer. Protein concentrations were ascertained, and proteins were aliquoted
and stored at -80 °C until use. Purified proteins were thawed on ice for use in thermal shift

assays and GTPase assays.

A

Ran Rcc16438 C Rcc1643s

Figure IV-1: Assessment of purification of recombinant Ran and Rccl proteins. pET28a-Ran
(A), pET28a-Rccl-wt (B), and pET28a-Rcc1-G43S (B and C) vectors in Rosetta 2E3 bacteria.
Bacterial cultures were grown for 24 hours at 37 °C (A,B) or at 19 °C (C). Molecular weights:

Ran 25 kDa, Rccl 45 kDa.

IV-2 Ongoing and future work

Following identification of families B and C (Section 6.3.3) from reverse phenotyping
100,000 genomes project participants, further families (D and E) affected by axonal
neuropathy secondary to infection have been identified. Both families have a history of
consanguinity. Two children from an Iranian family (Figure IV-2, Family D) were identified
with a homozygous RCC1:c.280A>G;p.(Asn94Asp) variant. Sanger sequencing undertaken
locally confirmed parents were heterozygous for this variant. Additionally, two children
from a Turkish family (Figure IV-2, Family E) were identified following reassessment of
clinical exome data locally. Both affected children from Family E were homozygous for
RCC1:c.330G>A;p.(Met110lle). Similarly, segregation analysis confirmed both parents as

heterozygous.

Figure IC-2 indicates variants from all families cluster in exons 6 and 7 of RCC1, except the

paternally inherited c.1195C>T variant in Family C located in exon 13. Assays are planned for
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expression of recombinant forms of Rccl protein containing additional variants identified to

extend the in vitro characterisation of Rccl stability and function.

|:| RCC1-214/ENST00000683442.1 (MANE) 1 Patient variant

RCC1 cDNA

i RCC1-201/ENST00000373831.7 Exon 3

f tsBN2 cell line variant

201-3 6 7 8 9 10 11 12 13
c.127G>A1 ‘ ‘ 1c.330G>C c.1195C>T1
c.238G>A c.280A>G c.767C>T

c.127G>A, p.Gly43Ser €.238G>A, p.Val80Met c.280A>G, p.Asn94Asp ¢.330G>C, p.Met110lle ¢.1195C>T, p.Arg399Cys
Family Family A (Hom) Family C (Maternal) Family D (Hom) Family E (Hom) Family C (Paternal)
Family B (Hom)
Conservation C. elegans (11/13) D. rerio (10/13) C. elegans (12/13) Tetraodon (6/13) D. melangoster (11/13)
gnomAD Unseen 2 hetin 107894 (EUR) Unseen 7 hetin 248452 (EUR) (no 1 het in 123942 (EUR) (no
hom) hom)
CADD v1.6 289 285 28.6 11.55 32

Figure IV-2: Diagram of RCC1 cDNA variants identified in patients with fever-associated
axonal neuropathy. Schematic shows RCC1 MANE transcript (ENST00000683442.1) coding
exons in blue and non-coding exons in grey. Coding exon for an alternative non-functional
exon included in ENSTO0000373831.7 is shown in green. Orange arrows indicate variants
identified in individuals with acute-onset axonal neuropathy. Purple arrow indicates
homozygous missense c.767C>T;p.(Ser256Phe) present in the tsBN2 cell line. Conservation
described the most distantly conserved model organism, and the number of species where

the amino acid residue is conserved.

The RCC1:c.767C>T variant (Figure IV-2, purple arrow) previously identified in tsBN2 cells
derived from hamster kidney is associated impaired nucleocytoplasmic transport following
exposure to non-permissive temperature of 39.5 °C (Nishijima et al., 2000; Ohtsubo et al.,
1987). In addition to high temperature, exposure to oxidants and ultraviolet light can induce

defects in nucleocytoplasmic transport (Chatterjee and Paschal, 2015). Nucleocytoplasmic
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transport defects can be rescued in tsBN2 cells by transfection with wildtype human RCC1

(Chatterjee and Paschal, 2015; Chen et al., 2007).

This forms the basis for further characterisation of Rccl variants. In addition to fibroblasts
from family A, fibroblasts have been procured from families C and E. Currently, nuclear
localisation of eGFP tagged with a nuclear localisation signal (eGFP-NLS) is being assessed in
primary dermal fibroblasts from individuals with biallelic RCC1 missense variants following
exposure to heat shock, or H,0,. Assays are also being prepared to enable characterisation
of tsBN2 cells transfected with wildtype RCC1, and variants identified in individuals affected
by axonal neuropathy (c.127G>A, ¢.238G>A, c.280A>G, ¢.330G>C, and c.1195C>T). In this
model, the hypothesis will be that variants identified in patients with axonal neuropathy will

not permit rescue of the defects in nucleocytoplasmic transport.

Three additional models are also being considered to permit extension of molecular
characterisation. Firstly, production of induced pluripotent stem cells (iPSCs) from primary
patient fibroblasts would allow co-culture of motor neurons with Schwann cells to
characterise the effect of RCC1 variants on dysregulation of myelination identified in
conditional motor neuron Ranbp2”/ mice (Cho et al., 2017). Secondly, vectors produced to
undertake rescue experiments in tsBN2 cells can be repurposed for modelling in Drosophila
melanogaster. Deletion of 15bp from D. melanogaster RCC1 homolog Bj1 results in lateral
central nervous system differentiation defects (Shi and Skeath, 2004). Extending these
studies with missense variants identified in patients will enable assessment of
neurodevelopment and phenotyping following infection. Thirdly, production of a transgenic
mouse model will permit immunophenotyping to assess immune response in mice with
homozygous Rccl variants. This will provide greater insight into the mechanisms

precipitating the acute onset neuropathy associated with biallelic RCC1 variants.
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Appendix V: Data from an additional investigation

Characterising heterozygous WARS1 missense variants in patients with variable

neurodevelopmental phenotypes.
J. Robert Harkness, Leigh Demain, John McDermott, Raymond O’Keefe, Siddharth Banka

This appendix sets out additional investigations carried out relating to identification of heterozygous
variants in WARS1 among patients with variable phenotype consisting of either intellectual disability
and developmental delay or peripheral neuropathy. The results presented here form part of larger
body of ongoing work, including characterisation in model organisms (Caernorhabditis elegans,
Danio rerio) being conducted with external collaborators. For adequate interpretation of variant

effect on neurodevelopment, further data from animal models is required, but is not yet available.

My contribution to this work is the undertaking of aminoacylation and thermal shift experiments
and associated data and statistical analysis. LD prepared constructs for and undertook expression of
Wars1 proteins. JM and SB phenotype and identified patient variants. RO and SB guided the planning

and supervision of this work.

Background

Tryptophanyl-tRNA synthetase 1 (Wars1, or TrpRS) encoded by the WARS1 gene (MIM 191050) is
the enzyme responsible for tryptophan-tRNA aminoacylation, allowing incorporation of tryptophan
residues during protein synthesis (Shen et al., 2006). Heterozygous WARS1 variants have previously
been associated with a juvenile-onset, slowly progressive form of pure motor neuropathy termed
distal hereditary motor neuropathy (dHMN) type IX (MIM 617721) (Li et al., 2019; Tsai et al., 2017,
Wang et al., 2019). One patient with heterozygous missense variants was identified with a more
heterogeneous phenotypic spectrum consisting of microcephaly, hypotonia, severe intellectual

disability with delayed myelination, but absence of peripheral neuropathy (Okamoto et al., 2022).

Additionally, biallelic variants in WARS1 have been identified in patients with various phenotypes.
Lin et al., (2022) identified three patients with heterogeneous phenotypes. One patient had a
syndromic neurodevelopmental phenotype, one patient had defects in craniofacial and skeletal
development, sensorineural hearing loss, hypotonia, and walking/gait abnormalities, and a family
was identified with multiple brain anomalies, microcephaly, hypotonia, adrenal insufficiency,

osteopenia, and global developmental delay (Lin et al., 2022).
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These cases indicate variants in WARS1 can cause autosomal dominant or autosomal recessive
disease, both of which are characterised by phenotype heterogeneity. The purpose of this study is
to determine functional differences which result from heterozygous WARS1 genetic variants

which underly the phenotypic heterogeneity.

Methods

Protein purification

Rosetta 2 (DE3)-transformed bacteria were grown for 24 hours at 37°C in 500ml cultures containing
Overnight Express media to ensure high level of protein expression. To purify the expressed
proteins, cultures were centrifuged, and cells lysis initiated by storing cell pellets overnight at -80°C.
Cells were thawed on ice and suspended in lysis/wash buffer (20mM Tris-Cl pH7.4, 150mM NaCl,
0.1M DTT, 0.02% Tween-20, 10mM imidazole, 15% glycerol). Cell lysis was completed by sonication
3x 10 second bursts at 30% amplitude. Lysate was cleared by centrifugation, and His-tagged Wars
column-purified using His-Select beads (Sigma). Following elution of 4x 1ml fractions using elution
buffer (20mM Tris-Cl pH7.4, 150mM NaCl, 0.1M DTT, 0.02% Tween-20, 250mM imidazole, 15%
glycerol), purification was evaluated via SDS-PAGE. Once purification was confirmed protein
fractions were dialysed in dialysis buffer (20mM Tris-Cl pH7.4, 150mM NaCl, 0.1M DTT, 15% glycerol)

to remove imidazole from the elution buffer. Proteins were aliquoted and stored at -80 °C until use.

Tryptophan-tRNA transcription

Prior to performing the Aminoacylation assay, tryptophan-tRNA was transcribed. Briefly, human
tryptophan tRNA top and bottom oligomers were hybridised by heating to 95°C, and slowly cooling
to 4°C. The annealed DNA template was then transcribed using Ribomax Express T7 enzyme for 2 hrs
ay 37°C. 10x DNase enzyme as added to the reaction for 15 min to degrade remaining DNA
template. The tRNA was then purified using RNA purification kit (New England Bio), and

concentration was evaluated using spectrophotometry.

Aminoacylation assay

This assay is used to quantify the Aminoacylation activity of tRNA synthetase enzymes, including
Wars, which facilitates binding of Tryptophan to tryptophan-tRNA molecules. This assay relies upon
guantification of free phosphate generated during this reaction as set out by Cestari and Stewart (2-
13, PMID 23134734). Malachite green binds free phosphates and produces a colour change from

yellow to green. The extent of colour change can be measured with a spectrophotometer.
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In order to establish aminoacylation efficiency of WARS1 mutants, aminoacylation assays were
conducted. A master mix of reagents was prepared containing 10x assay buffer (0.5M Tris, 0.1M
MgCly, 0.4M KCl, 0.01M DTT, 0.01M ATP), 10x Trp stock (0.04% in water), 0.1U/ul inorganic yeast
pyrophosphatase, 8uM tryptophan-tRNA. 20 ug Wars protein was added to each well of a flat-
bottomed 96 well plate, followed by master mix and water reaching a total reaction volume of 50 pl.
The reaction was incubated at 37°C for 30 min. Following incubation, 100ul BIOMOL Green was
added, and absorbance of each well was measured at 600nm at 15 min and 30 min. Reactions
containing 50 pL water were used to establish a background BIOMOL absorbance, which was used to
normalise reaction data. Reactions without WARS1 protein were used to determine baseline activity.
Three repeats were conducted, each containing two replicate wells, and data are represented as

mean * standard deviation.

Thermal shift assay

In order to assess stability of expressed WARS1 mutant proteins, thermal shift assays were
conducted using Protein Thermal Shift™ Dye Kit (AppliedBiosystems). 0.3 ug WARS1 protein was
combined with Protein Thermal Shift™ Dye Kit Buffer and 8x Dye in 20 pL reactions in a 96 well PCR
plate. Reactions were also conducted with the addition of 200 uM tryptophan and 8 uM tryptophan-
tRNA. ROX reporter dye fluorescence was measured using a StepOnePlus™ Real-Time PCR System
after each 1 % increase in temperature between 25 °C and 99 °C. Melting temperature (Tu) was
derived from the peak in fluorescence from plotting melt curves of fluorescence against

temperature.

Results

We ascertained multiple individuals with heterozygous missense WARS1 variants, all of which occur
within the Wars1 catalytic domain (Figure V-1). These individuals were ascertained though DDD,
100kGP, or GeneMatcher. These individuals have a spectrum of neurodevelopmental phenotypes.
Patients identified with T160M, R162W, G163V, Q194K and D193N variants have developmental
delay and intellectual disability (DD/ID). Patients identified with H257R, D313G and D314V variants

also have peripheral neuropathy (PN).
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TrpRS Catalytic Domain (154-362)

Variants:
TrpRS Functional motifs: T160M
. R162W
(170-173): G163V
ATP and tRNA stabilisation during aminoacylation.
. Q194K
(310-313): D198N
Confirmational change upon Trp binding.
. H257R
(349-353): D314G/\V
ATP binding.

154 KPFYLYTGRGPSSEAMHVGHLIPFIFTKWLQDVFNVPLVIQM 195
197 TDDEKYLWKDLTLDQAYSYAVENAKDIIACGFDINKTFIFSDL 238
239 DYMGMSSGFYKNVVKIQKHVTFNQVKGIFGFTDSDCIGKIS 279
281 FPAIQAAPSFSNSFPQIFRDRTDIQCLIPCAIDODPYFRMTRD 322
323 VAPRIGYPKPALLHSTFFPALQGAQTKMSASDPNSSIFLT----- 362

Figure V-1. Wars1/TrpRS catalytic domain amino acid sequence (aa 154-362). Conserved functional
motifs are highlighted in yellow and amino acid substitutions identified in patients are highlighted in

red.

To determine the relationship between phenotype severity and WARS1 missense variants, we
conducted enzymatic and stability assays using recombinantly expressed Wars1. Ability of Wars1
with variants identified in patients to aminoacylate Trp-tRNA indicated no correlation between
variant and phenotype (Figure V-2). R162W, G163V and Q194K variants identified in patients with
DD/ID demonstrated large reductions in aminoacylation activity, whereas T160M and D198N
variants identified in DD/ID patients retained more than 70 % of wild type activity. Similar variability
was observed among variants identified in patients with peripheral neuropathy, with H257R
indicating no reduction in aminoacylation activity compared to WT. Both variants at residue D314

indicate reduced aminoacylation activity, but by different extent.
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Figure V-2: Aminoacylation activity of recombinant Wars1 with variants identified in patients with
ID/DD (intellectual disability and/or developmental delay) or neuropathy. Activity was quantified by
change in Biomol absorbance following conversion of pyrophosphate by-product of aminoacylation
to free phosphates. Data are averages of two replicate wells across three assays (n=6) + SD,

expressed as a proportion of WT activity. * p<0.01, Kruskal-Wallis test.

Next, the stability of Wars1 variants was established by determining the melting temperature (Tm) in
a Protein Thermal Shift™ assay. Wars1 proteins were assayed in reactions with and without Trp-
tRNA and tryptophan amino acid to establish the effect of tRNA binding on protein stability.
Compared to Wars1"T, the thermal shift curves of the mutant proteins varied considerably (Figure V-
3A). There was little change in the curve “fingerprint’ from WT in Wars1 proteins with the T160M,
R162W, and G163V mutations. The Q194 and H257R curves both had an additional earlier peak,
indicating one part of the protein unfolds at a lower temperature compared to WT. A shift in the
peak of fluorescence to the left in the Q194K and D198N assays indicates a lower melting
temperature (Tm) compared to WT (Figure V-3B), suggesting stability is affected more by these
variants. Both D314G and D314V variants had curves non-typical of the WT Wars1 protein (Figure V-
3A), suggesting protein folding is dramatically altered or impaired as a result of these variants. The
D314G mutant did not produce a fluorescence peak, suggesting protein is already aggregated at
room temperature, leading to high variability in Tr, quantification (Figure V-3B). A fluorescence peak
was produced at very low temperatures in reactions with the D314V mutant, leading to
guantification of a low Tn. Addition of tryptophan and Trp-tRNA to the reaction had little effect on

Tm of the WT, and stable mutants, however among the unstable mutants D314G and D314V,
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addition of tryptophan and Trp-tRNA resulted in small rises in average Tr, suggesting the stability of

these mutants is increased when assessed during a reaction with functional activity (Figure V-3C).
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Figure V-3: Temperature stability of recombinant Wars1 with variants identified in patients with
ID/DD or neuropathy. (A) Thermal shift assay fluorescence peaks for WT and mutant Wars1. Stability
was assessed with and without addition of tryptophan and Trp-tRNA. Graphs display average of
duplicate reactions from one reading, representative of three repeats conducted. (B) Average Tn,
SD of Wars1 WT and mutants, quantified from the peak in Protein Thermal Shift™ assay dye

fluorescence (n=6). (C) Change in average Wars1 Tn, on addition of tryptophan and Trp-tRNA.
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