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The structural organization and maturation of the brain are the result of a precisely
orchestrated series of developmental processes with complex genetic regulation that occur during
embryonic gestation and are critical for neuronal identity, wiring and connectivity. Mutations
affecting any of the cellular processes involved in proper human brain development can lead to
altered neurodevelopment and result in a number of different neurological diseases. Such
diseases arising as a consequence of a biallelic mutation in a single gene are much more

prevalent among offspring of consanguineous marriages, increasing the odds that a deleterious
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mutation will be inherited on both chromosomes. The identification of a disease-causing gene in
families with inherited brain disorders is one of the most useful methods for gaining insight into
human brain development, function, and pathology. This study largely focuses on identifying
novel mutations in both known and novel recessive pediatric brain diseases using next-
generation sequencing approaches in combination with in vitro and in vivo modeling. By taking
advantage of the large number of consanguineous families in our cohort, we are not only able to
explore the cause of disease directly in humans, but also able to determine genetic disease risk
and identify novel disease-causing variants with a high level of certainty. A total of 88 affected
individuals were identified and studied from 46 families displaying a range of Structural Brain
Defects (SBDs) including neurodegeneration (i.e. cortical and cerebellar atrophy),
microlissencephaly, Pontocerebellar Hypoplasia, and Joubert syndrome, among other symptomes.
A total of six disease-causing genes, ADPRHL2, TMX2, TRAPPC4, HEATR5B, HPDL, and
ARMCY9 were identified, four of which had never been implicated in disease prior to this study.
We were further able to model disease in vivo for three out of the six genes (ADPRHL?2,
HEATRS5B, and HPDL) using either fly or mouse models. Taken together, this study not only
provides further knowledge in identifying novel causes of both previously unknown diseases as
well as known diseases with unknown cause, but also provides further promise to the application
of NGS in revealing the full spectrum of mutations associated with these diseases and in further

delineating the relevant molecular pathways involved.
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CHAPTER 1

Introduction

1.1 Overview of Neurodevelopment and Neurodevelopmental Disease

The human cerebral cortex is made up of approximately 20 billion neurons, each of
which makes an average of 7,000 connections.! This complex circuitry of the human brain is
further exacerbated by the equally complex network of genes required to facilitate its self-
assembly.? Thus, the structural organization and maturation of the brain are the result of a
precisely orchestrated series of developmental processes with complex genetic regulation that
occur during embryonic gestation and are critical for neuronal identity, wiring and connectivity.
The process of neurodevelopment begins in the early prenatal stages with a complex process that
starts with proliferation of distinct cell types, followed by differentiation into various fates,
migration to their appropriate locations, and formation of integral circuitries.>* The utmost
precision is required to ensure all four processes are properly established. To understand how
each of these steps occur, physicians and scientists have often focused on disorders of brain
function. By studying how brain development and function go awry, we can better understand
the critical components of normal development and function.

Mutations affecting any of the cellular processes involved in proper human brain
development can lead to altered neurodevelopment and result in a number of different
‘neurodevelopmental diseases.’>® These diseases comprise a group of complex and heterogenous

disorders characterized by impairments or delays in developmental milestones (i.e. cognition,



communication, adaptive behavior) and psychomotor skills due to abnormal brain
development,>® and are among the most difficult to treat in comparison to other organ systems.
Only with a better understanding of the development and function of the nervous system will we
be able to improve the quality of life of those who suffer from such disorders.

1.2 Structural Brain Defects (SBDs)

Structural Brain Defects (SBDs) represent a large subset of neurodevelopmental diseases
leading to disruption of the cerebral, cerebellar or deep brain structures and are major causes of
severe neurological disability including epilepsy, intellectual disability, and chronic motor
disability, often leading to death.”® Among SBDs, the three largest categories are structural
disorders of: 1] forebrain (i.e. cerebral cortex) (Figure 1.1); 2] midbrain (i.e. upper brainstem)
and 3] hindbrain (i.e. lower brainstem and cerebellum).*?

1.2.1 Forebrain SBDs

As the cerebral cortex is by far the largest and most anatomically distinct, defects are
further subdivided into those caused by defective neuronal proliferation, neuronal migration, and
neuronal organization and connectivity. Diseases affecting each stage have been identified

(Figure 1.1).%
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Figure 1.1: Schematic showing how SBD mutations affect genes that function at different stages of
cortical development.

Defects in the proliferation of progenitors in the ventricular zone or the cortex can lead to microcephaly
or hemimegalencephaly, respectively. Defects affecting the migration of neurons from the ventricular
zone to the cortex give rise to lissencephaly. Connectivity defects are thought to underlie autism,
intellectual disability, and neuropsychiatric disorders (adapted from W.F. Hu, et al. 2014).

For example, microcephaly (“small brain”) is caused by defects in neuronal proliferation,
resulting in a pathological state defined by a decreased number of neurons and a head
circumference smaller than three standard deviations (SDs) below the mean (Figure 1.2).!° The
reduced brain size is caused by defects in neuronal progenitor cells, resulting either in a
reduction of the output of progenitors or an increase in apoptosis during development.'!
Depending on the severity, it is associated with mental retardation, delayed motor functions,
hyperactivity and epileptic seizures, with the majority of cases arising from genetic defects.'?

Recessive genetic mutations in a number of genes have been identified as causative of

microcephaly, including 4SPM, MICROCEPHALIN, CDK5RAP2, CENPJ, and STIL.!3-1



A Normal Microcephaly

Figure 1.2: Anatomical features of primary microcephaly.

(A) Children with microcephaly have a reduced head circumference beginning at birth and a small,
although architecturally normal, brain as compaired to a healthy control. (B) MRI scans of a healthy child
and a child with microcephaly. Microcephalic brain shows reduced brain volume, with the largest volume

loss seen in the cortical areas (Figure and caption adapted from T. Dixon-Salazar, et al. 2010).

Disorders of neuronal migration, such as Lissencephaly (“smooth brain”) and other cortical
gyration defects, show a wide variety of phenotypes and range in their severity.'® Lissencephaly
is defined as a loss in gyri and sulci patterning due to defective neuronal migration, resulting in a
cortex that is thick, disorganized and contains only four layers instead of the usual six (Figure
1.3).2° Children with lissencephaly present with significant developmental delays, mental

disability, psychomotor impairment, and epileptic seizures; however, the severity of such

phenotypes varies from case to case depending on the degree of brain malformation and



intractable epilepsy that develops.?®?! Several genes have been identified as causing this

condition, including LISI, DCX (male-specific) and TUBA1A4.2%

Normal Lissencephaly

Figure 1.3: Canonical features of human lissencephaly.
MRI scans of a healthy child and a child with classical lissencephaly. Lissencephalic (‘smooth’) brains
lack folds and risges in the outer cortical layers and typically have a smaller head size compared to
healthy controls (wm, white matter) (Figure and caption adapted from T. Dixon-Salazar, et al. 2010).

Finally, defects in axon guidance and proper connectivity present with a series of
symptoms such as intellectual disability, autism spectrum disorders, epilepsy, and movement
disorders, in any combination.?’” One classic example of an axon guidance disorder is complete
or partial agenesis of the corpus callosum, in which axons fail to cross the midline as a result of
deficient neurogenesis or migration or directly by impaired axon guidance and growth.?® This is
often part of a more general neurological syndrome and is often seen in patients suffering from
cortical malformations due to mutations in TUBA1A or FOXG1B.?-3°

1.2.2 Midbrain and Hindbrain SBDs

Malformations of the midbrain and hindbrain, containing structures including the

cerebellum and brain stem were nearly impossible to identify until MRI became a commonly

used tool in clinical diagnosis.*! However, with advances in neuroimaging, developmental



biology and molecular genetics, the number and complexity of recognized malformations of
these structures has been steadily increasing.’!

Disorders involving hypoplasia, or underdevelopment, of the cerebellum include
Pontocerebellar Hypoplasia (PCH), where patients exhibit severe atrophy of the cerebellum and
pons;*? Dandy-Walker malformation, which consists of an enlarged posterior fossa that is filled
with a dilated cystic-appearing ventricle;*' diencephalon-mesencephalon (DM) junction
dysplasia, which results in a poorly-defined junction between the midbrain and diencephalon
leading to a ‘butterfly’ appearance in the upper midbrain;*' and Joubert syndrome (JBTS), a
group of disorders consisting of abnormalities with white matter tracts in the brainstem and

dysplasia of the cerebellar vermis among additional accompanying abnormalities, ultimately

giving rise to a radiological ‘molar tooth sign’ (Figure 1.4).3!

Normal Pontocerebellar Dandy-Walker S. Cerebellar DM Joubert S.
Hypoplasia Hypoplasia junction dysplasia

b

Figure 1.4: Classification of cerebellar and hindbrain SBDs according to brain MRI
appearance.

Pontocerebellar hypoplasia has reduction of pons and cerebellar volume. Dandy-Walker syndrome
has cystic dilation of the posterior fossa. Cerebellar hypoplasia has reduced cerebellar volume but intact
brainstem volume. DM (Diencephalic-Mesencephalic) junction dysplasia has a ‘butterfly’ appearance of

the upper midbrain. Joubert syndrome has a ‘molar tooth’ sign.

1.3 Pediatric-onset Neurodegenerative Disease
As opposed to neurodevelopmental disorders, which are characterized by defects
involved in the organization and maturation of the brain during prenatal development,

neurodegenerative disorders are characterized by progressive loss of selectively vulnerable



populations of neurons.** The most common types of neurodegenerative disorders are
amyloidoses, like Alzheimer’s disease; tauopathies, such as chronic traumatic encephalopathy;
synucleinopathies, including Lewy body disorders; and TDP-43 Proteinopathies, such as
Amyotrophic lateral sclerosis.’* Although the majority of these neurodegenerative diseases do
not manifest until late adulthood and arise sporadically, a wide range of neurodegenerative
syndromes are being identified in early-infantile or childhood years, with Mendelian inheritance
documented.** As opposed to neurodevelopmental SBDs, which are stable over time, patients
harboring pediatric-onset neurodegenerative diseases display progressive atrophy across a wide
range of brain structures including the cortex,*’ pons,*® cerebellum,3®37 spinal motor neurons,?’

and peripheral nerves,’” indicating targeted cellular death of these neuronal populations.

_ Cortical atrophy Cerebellar atrophy

Figure 1.5: Examples of pediatric-onset neurodegenerative disorders according to brain MRI
appearance.
Cortical atrophy has loss of cortical white matter, as indicated by the increased fluid surrounding the
area of neuronal loss (red asterisks). Cerebellar atrophy, is a progressive loss of cerebellar volume over
time due to loss of neurons in that region (white asterisk).

1.4  Mendelian Gene Inheritance and Consanguinity

Classical Mendelian patterns of inheritance are often used to describe diseases that can be
linked to a single causative gene. Mendelian inheritance refers to the inheritance of phenotypes
controlled by a single gene with two alleles.*® Inheritance patterns depend on whether the genes
are on autosomes or sex chromosomes, and whether the gene is dominant or recessive. If a gene

resides on any one of the 22 pairs of human autosomes (all the chromosomes except the X or Y



chromosome), the inherited phenotype is considered to be ‘autosomal’ and is inherited in the
same way regardless of the sex of the parent or offspring. Genes on autosomes can be dominant
or recessive by nature. Autosomal dominant disorders only require one mutated copy of the gene
for a person to be affected; however, autosomal recessive disorders require the gene to be
mutated on both alleles (biallelic) for a person to be affected (Figure 1.6). If both parents are
carriers of a recessive gene for a disorder, thus each having only one copy of the mutated gene,
there is a 25% chance that their child will inherit the gene from each parent and have the
disorder. There is a 50% chance that the child will be a carrier of the disorder. Carrier screening
can be performed before or during pregnancy to determine whether one or both parents carries a
gene for certain genetic disorders to determine risk of having a child with a genetic disorder.
Much of what is known about the relationship between gene function and human
phenotypes is based on the study of rare variants underlying Mendelian phenotypes. The study of
human phenotypes that result from inherited, mutated alleles is the most direct evidence for the
requirement of a gene in normal human physiology. Thus, the study of Mendelian central
nervous system (CNS) diseases can be an extremely powerful approach to not only elucidate
genotype-phenotype correlations, but also to increase our understanding of how the human brain

develops.
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Figure 1.6: Mendelian inheritance patterns for autosomal dominant and recessive disorders.
For autosomal dominant inheritance, one mutated copy of the gene is inherited from an affected parent
and is sufficient to cause disease. In autosomal recessive inheritance, the parents of an individual with
disease each carry one copy of the mutated gene, but typically do not show symptoms of the condition
themselves (Figure adapted from https://en.wikipedia.org/wiki/Dominance (genetics)).

Autosomal pathogenic alleles are introduced at a rate proportionate to the human mutation
rate of 1.2 in 108 per nucleotide per generation,?® suggesting that unaffected individuals carry a
number of disease-causing recessive alleles in the heterozygous state. Monogenic diseases are
conditions causally related to genome change(s), or variant(s), in a single gene.*’ These variants
interfere with the efficient functioning of a gene product and may be inherited from a parent or
occur de novo as a mutation in the germ cell of one of the parents.*® While not uncommon in the
US population,*! diseases arising as a consequence of a biallelic mutation in a single gene are
much more prevalent among offspring of consanguineous marriages, who are homozygous
across 6% of the genome on average.*’ A consanguineous marriage is defined as a union between

two individuals who are related as second cousins or closer.** Such consanguinity increases the



odds that a deleterious mutation will be inherited on both chromosomes, and results in a higher-
than-expected recurrence risk for future pregnancies in these families, compared to diseases
caused by de novo mutatons, which can arise spontaneously in the offspring during development.

The prevalence of consanguinity varies from one population to another depending on
ethnicity, religion, culture and geography,* and confers a major public health concern on
newborns.** In addition to the risk of acquiring a recessive genetic disease, the offspring of
consanguineous parents are at an increased risk of preterm birth, congenital defects, and
mortality.** In the Middle East, Central Asia, and North Africa, the occurrence rates are doubled
where consanguinity rates approach 60%.%
1.5  Impact of Next-Generation Sequencing (NGS) on Recessive Disease

Advances in genetic tools and sequencing technology in the past few years have vastly
expanded our understanding of the genetics of neurological disorders. Molecular diagnosis,
carrier screening, prenatal diagnosis and developing new therapies are major goals for the health
care system and society. Thus, the ability to unravel the variants underlying rare diseases
potentiates new avenues for intervention, prevention, and treatment. Historically, successful
approaches of identifying disease-causing Mendelian genes required mapping disease genes to
their physical location in the human genome without any prior knowledge about their biological
roles. One of the best strategies of positional mapping is linkage analysis, which analyzes the
tendency for genes and other genetic markers to be inherited together.*> However, these
approaches present a major bottleneck limited by the number of affected individuals and the
pedigree structure of a family.
The advent of next-generation sequencing (NGS), which enables sequencing at the scales

of genomes, has largely bypassed this bottleneck and thus ushered in an era of unprecedented
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pace of Mendelian disease gene discovery, replacing the need of positional mapping.*®
Monogenic diseases are most amenable to diagnosis through NGS because the disease-cuasing
variants frequently involve one or a few DNA nucleotides in one or a handful of genes.*’
Arguably, NGS works best in consanguineous families with recessive disease, because of the
ability to filter all but the rare homozygous variants. Thus, recessive disease-causing genes are a
great target, since the expected pedigree stuctures within the families are known and recurrence
rates can be measured. Using NGS, the underlying causative genes are directly distinguished via
a systematic filtering, in which the identified gene variants are checked for novelty and
functionality. Thus, the pace of discovery of new genes for SBDs was substantially accelerated
with the advent of NGS in the research arena, especially in the area of recessive disease with
parental consanguinity.

Whole-genome sequencing (WGS), one of the NGS technologies, allows for the
detection of a full range of common and rare genetic variants of different types, covering almost
the entire genome (Figure 1.7).4” Whole-exome sequencing (WES), unlike WGS, focuses only
on the exons (i.e. protein-coding regions) of the genome (Figure 1.7). Exons account for 1.5% of
the DNA, comprising of approximately 22,000 genes.*® In most cases, WES is preferred over
WGS due to a number of reasons: 1) most identified genes implicated in Mendelian disease
involve exons, 2) WES is more cost-effective than WGS, 3) the ability to interpret intronic

regions of the genome is still limited.*’
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Figure 1.7: Schematic of whole genome and whole exome sequencing.

Whole genome sequencing allows for sequencing of the entire genome and can identify all kinds of
variants. Whole exome sequencing allows for sequencing of just the coding regions (i.e. exons) of the
genome and can identify all kinds of variants in the coding regions only (Figure adapted from
http://www.genomesop.com/somatic-mutations/).

As costs for sequencing continue to drop, identification of inherited disease-causing
genes is rapidly accelerating. In fact, numerous gene mutations underlying recessive SBDs have
already been identified using these NGS techniques.’7 30-33
1.6  Rationale and Aims of this Study

The identification of a disease-causing gene in families with inherited brain disorders is
one of the most useful methods for gaining insight into human brain development, function, and
pathology. Through our worldwide recruitment effort, we have identified and sampled about
8000 families with neurodevelopmental or pediatric-onset neurodegenerative disorders, ~2/3 of
which have SBDs. From these, we have identified the cause of disease in about 2500 (either a
known gene or a high-confidence candidate gene), leaving 5500 families with an SBD of
unknown cause.

This study largely focuses on identifying additional novel mutations in both known and
novel recessive pediatric brain diseases using NGS approaches in combination with in vitro and
in vivo modeling. By taking advantage of the large number of consanguineous families in our
cohort, we are not only able to explore the cause of disease directly in humans, but also able to

determine genetic disease risk and identify novel disease-causing variants with a high level of

certainty. This approach also allows us to create appropriate, translationally relevant cell-based

12



and animal models for studying the mechanisms that underlie a given genetic disorder and the
normal brain process it disrupts. A total of 88 affected individuals were identified and studied
from 46 families displaying a range of SBDs including neurodegeneration (i.e. cortical and
cerebellar atrophy), microlissencephaly, PCH, and JBTS, among other symptoms. A total of six
disease-causing genes, ADPRHL2, TMX2, TRAPPC4, HEATR5B, HPDL, and ARMC9 were
identified, four of which had never been implicated in disease prior to this study. We were
further able to model disease in vivo for three out of the five genes (ADPRHL2, HEATR5B, and
HPDL) using either fly or mouse models.

Taken together, this study not only provides further knowledge in identifying novel
causes of both previously unknown diseases as well as known diseases with unknown cause, but
also provides further promise to the application of NGS in revealing the full spectrum of
mutations associated with these diseases and in further delineating the relevant molecular

pathways involved.
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CHAPTER 2

Biallelic Mutations in ADPRHL?2, Encoding ADP-Ribosylhydrolase Like-2,

Lead to a Lethal Pediatric Neurodegenerative Epilepsy Syndrome

2.1  Abstract

ADP-ribosylation, the addition of poly-ADP ribose (PAR) onto proteins, is a response
signal to cellular challenges, such as excitotoxicity or oxidative stress. This process is catalyzed
by a group of enzymes referred to as poly(ADP-ribose) polymerases (PARPs). Because the
accumulation of proteins with this modification results in cell death, its negative regulation
restores cellular homeostasis: a process mediated by poly-ADP ribose glycohydrolases (PARGs)
and ADP-ribosylhydrolase proteins (ARHs). Using linkage analysis and exome or genome
sequencing, we identified recessive inactivating mutations in ADPRHL? in six families. Affected
individuals exhibited a pediatric-onset neurodegenerative disorder with progressive brain
atrophy, developmental regression, and seizures in association with periods of stress, such as
infections. Loss of the Drosophila paralog Parg showed lethality in response to oxidative
challenge that was rescued by human ADPRHL?2, suggesting functional conservation.
Pharmacological inhibition of PARP also rescued the phenotype, suggesting the possibility of

postnatal treatment for this genetic condition.

2.2 Introduction
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ADP-ribosylation is a tightly regulated posttranslational modification of proteins
involved in various essential physiological and pathological processes, including DNA repair,
transcription, telomere function, and apoptosis.' The addition of poly-ADP-ribose (PAR) is
mediated by a group of enzymes, referred to as poly(ADP-ribose) polymerases (PARPs), in
response to cellular stressors, such as excitotoxicity or reactive oxygen species. PARylated
proteins can subsequently initiate cellular stress response pathways. After resolution of the
original insult, ADP-ribose polymers are rapidly removed.*> Although PAR modification can
protect the cell from death in the setting of cellular stress, excessive PAR accumulation or failure
to reverse PAR modification can trigger a cell-death response cascade.®’

Humans have two genes encoding specific PAR-degrading
enzymes: ADPRHL2 (MIM: 610624) and PARG (MIM: 603501). Both are capable of
hydrolyzing the glycosidic bond between ADP-ribose moieties and are ubiquitously
expressed.®’ ADPRH (MIM: 603081) and putatively ADPRHLI (MIM: 610620) encode proteins
that can cleave mono-ADP-ribosylated residues and thus are not functionally redundant
with ADPRHL?2 and PARG.®? Studies of in situ hybridization have shown
high Adprhi2 expression in the developing mouse forebrain and that its expression remains high
in the cerebellum, cortex, hippocampus, and olfactory bulb in early postnatal ages and persists
into adulthood.'® Parg™~ mice die embryonically as a result of PAR accumulation and cellular
apoptosis.!! There are no reports of Adprhl2”~ animals, but Adprh/2~~ mouse embryonic
fibroblasts (MEFs) engineered to express the catalytic domain of nuclear PARP1 in mitochondria
show PAR accumulation, as well as longer mitochondrial PAR polymers.'!?

Drosophila melanogaster has a single Parg-like gene, and null flies are lethal in the

larval stage; however, when grown at a permissive temperature, a few can survive. The surviving
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flies display PAR accumulation, neurodegeneration, reduced locomotion, and premature

death,'* suggesting increased neuronal vulnerability to PAR accumulation. Although mutations
in enzymes PARG and PARP have not been reported in human disease, other members of this
pathway have been implicated in human phenotypes.'> For example, mutations in XRCCI (MIM:
194360), encoding a molecular scaffold protein involved in complex assembly during the repair
of DNA-strand breaks, lead to PARP-1 overactivation and are associated with cerebellar ataxia,

ocular motor apraxia, and axonal neuropathy.'¢

2.3  Materials and Methods
2.3.1 Linkage Analysis and Exome Sequencing

This study was approved by the Institutional Review Board at the respective host
institutions. All study participants signed informed consent documents, and the study was
performed in accordance with Health Insurance Portability and Accountability Act (HIPAA)
Privacy Rules. DNA was extracted from peripheral blood leukocytes with salt extraction and
genotyped with the Illumina Linkage IVb mapping panel.!” LOD scores were calculated using
easyLinkage-Plus software using genotype results of all consenting family members in the
parental and affected generations.'® Fine mapping of selected individuals was performed using
the Affymetrix 250K Nspl SNP array and results analyzed using identity-by-descent mapping.
Exome capture was performed using the Agilent SureSelect Human All Exome 50Mb Kit and
paired-end sequenced on an Illumina instrument.!® Depth of coverage was 30+16 (s.d) per exome
and exome data was analyzed as previously described.?’ Whole exome sequencing for case I1-1
family 3 was performed on an Illumina Hiseq 4000, using the SureSelect Human All Exon V6

enrichment kit and a paired-end 75bp sequencing protocol and data analysis and
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filtering for autosomal recessive inheritance was performed as previously described.?!
2.3.2 Whole Genome Sequencing (WGS)

Both affected siblings from family 4 underwent whole genome sequencing. In brief,
sample prep (TruSeq DNA, input 250 ng) and the [llumina’s HiSeqX sequencing platform were
used according to manufacturer’s instructions to perform WGS with 2x150bp read length.
[llumina data were processed with the inhouse developed pipeline
(https://github.com/hartwigmedical/pipeline), with settings validated for clinical genetics version
1.12 (https://github.com/hartwigmedical/pipeline/blob/master/settings/KG.ini). The 20x coverage
of the exome target sequence was >95% for all samples. Variants present in the protein coding
region or those that potentially affect splicing, +/- 6 base pairs into the intron were prioritized
using Cartagenia Bench Lab NGS (Agilent Technologies, Santa Clara, USA) based on
population allele frequency and anticipated inheritance patterns. Further interpretation was
performed based on predicted functional impact of the variants and literature.

For case II-3 from family 6, the DNA libraries for Trio-Whole Genome Sequencing were
prepared for WGS using [llumina’s TruSeq PCR-Free sample preparation kit according to
manufacturer instructions. In short, 1pug of gDNA was fragmented to a mean target size of 350-
450 bp using a Covaris E220 instrument, followed by end-repair, 3’-adenylation and ligation of
indexed sequencing adaptors. The quality and concentration of all sequencing libraries was
assessed using a LabChip GX instrument (Perkin Elmer), followed by further quality control
using a MiSeq sequencer (Illumina) to obtain optimal cluster densities, insert size and library
diversities. Sequencing libraries (one sample per lane) were hybridized to the surface of HiSeqX
flowcells (v2 or v2.5) using the [llumina cBot™. Paired-end sequencing-by-synthesis (SBS) was

performed on Illumina HiSeqX sequencers, using 2x150 cycles of incorporation and imaging.
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Real-time analysis involved conversion of image data to base-calling in real-time. All steps in
the sample preparation and sequencing workflow were monitored using an in-house laboratory
information management system (LIMS) with barcode tracking of all samples and reagents.

The GRCh37 reference sequence was used to map reads. The raw sequences were aligned
to reference sequence using BWA version 0.7.10. The sequences in the BAM files were
realigned around indels with GATKLite version 2.3.9 using a public set of known indels. PCR
duplicates marked with Picard tool version 1.117. We filtered out the variants with low map
quality, low read depth (<6x), low Phred-scaled SNP quality score (<20) and strong strand bias.
Variants were analyzed using the Clinical Sequence Miner application (DeCODE Genetics,
Iceland). Low-quality variants, variants with call ratios of less than 20%, and variants with
global allele frequencies higher than 0.01 were excluded from analysis according to Exome
Aggregation Consortium (ExAC), Genome Aggregation Database (GnomAD) and Greater
Middle East Variome project (GME Variome). Variants were analyzed under the assumption of
being present or homozygous in the affected individual and absent or heterozygous in the
unaffected parents. Variants were prioritized according to in silico pathogenicity score using
Phred-scaled score provided by Combined Annotation Dependent Depletion (CADD).
2.3.3 Reverse Transcription (RT) PCR

Fibroblasts from affected individuals were harvested from punch biopsy and grown as
previously described.?? For the relative quantification of mRNA expression, total RNA from
quantified subject and control fibroblasts was reverse-transcribed using the Superscript II1 First-
Strand cDNA Kit (Invitrogen). PCR analysis of cDNA was performed using dHPLC-purified
primers designed against exons 4-6 of ADPRHL2 excluding introns and PCR products were

visualized using standard techniques.
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2.3.4 Antibodies

ADPRHL2 (Sigma HPA027104); Tubulin (Sigma T6074).
2.3.5 Western Blot

Patient and healthy control fibroblasts were grown to 90% confluence, pelleted, and lysed
in the treatment buffer (20mM Tris-HCI pH 8, 137mM NaCl, 1% Triton X-100, 2mM EDTA)
with a cocktail of protease inhibitors (Complete Protease Inhibitor CocktailTablets, Roche).
Protein quantification was performed with the BCA Protein Assay Kit (Pierce), 25 ug of the
protein samples were run on standard 10% SDS-PAGE gels, and transferred to a PVDF
membrane. Membranes were then blocked in either 5% non-fat milk powder or 4% BSA in Tris-
buffered saline Tween (TBST), incubated overnight in the primary antibody solutions, washed,
and incubated in the HRP-conjugated secondary antibody solutions for 1 hour. Bands were
visualized using an appropriate chemiluminescence detection reagent.
2.3.6 Protein Purification

Wildtype ADPRHL?2 cDNA was cloned into pET15b vector and mutations were
introduced via mutagenesis with NEB Q5 mutagenesis kit. Recombinant proteins were purified
with Escherichia coli BL21-CodonPlus (DE3)-RIPL competent cells (Agilent) according to
previous study.??
2.3.7 Thermofluor Assay

6 ug of purified protein was re-buffered in Hepes buffer (10 mM Hepes; 1 mM MgCl2;
5% Glycerol; pH 7.0) and mixed with 10 x SYPRO™ Orange Protein Gel Stain in DMSO
(Invitrogen™) to a total volume of 25 pul. 100 uM ligands (adenosine diphosphate ribose (ADPr);
adenosine triphosphate (ATP); ribose-1-phosphat (r-1-P); ribose-5-phosphat (r-5-P)) were added

to test their influence on the thermal stability. Triplicates were pipette in a 96 well plate, heated
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up to different temperatures in a rage of 15-70 °C and measured the fluorescence with Applied
Biosystems 7500 Real-Time PCR System, using the ROX filter. Data were analyzed with Protein
Thermal Shift™ Software (Thermo Scientific™).
2.3.8 Circular Dichroism (CD) Spectroscopy

40-50 pg purified protein were re-buffered in NaPO4 (10 mM; pH 7.0) and diluted in a
total volume of 200 pl. Proteins were heated from 10°C to 70°C in 5-10°C steps in the range of
180-260 nm or with variable temperature from 10-70 °C (1°C/minute) while measuring the 0
mdeg with the Jasco J-715 CD-spectrometer at 221 nm. Data were collected in cuvette with 1
mm path length and analyzed with DichroWeb using the CONTINLL algorithm and the
reference set 7 (25;26). Data were normalized for molarity to obtain the mean residual elipticity.
2.3.9 Drosophila Stocks and Crosses

UAS-Dicer 2 (#24650), daughterless (da)-Gal4 (#5460), and elav-Gal4 (#458) were
obtained from the Bloomington Stock Center (Indiana). Parg?’! was kindly provided by A. Tulin
as described.'* UAS-parg RNAi (#23964GD) was obtained from VDRC (Vienna). All Gal4 and
UAS strains were out-crossed into w1118 at least 6 times. Flies were maintained at room
temperature. Experiments were performed at 25°C. Dicer-2 (Dcr) was included in RNAi
experiments together with da>Gal4 or elav-Gal4 to enhance RNAI effects. Homozygous elav-
Gal4; UAS-Dcr and da-Gal4;UAS-Dcr stocks were established by standard genetic crosses, then
crossed to either to UAS-parg RNA1 for RNA knock-down or to w1118 for control in respective
experiments.?*
2.3.10 Quantitative PCR (qPCR)

Total RNA was isolated from whole flies, heads, or bodies using Trizol (Invitrogen) and

the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. cDNA synthesis was
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performed with oligo-dT and random primers using SuperScript III first-strand synthesis system
(Invitrogen). qPCR was performed in duplicate using SYBR Green on an ABI 7900HT qPCR
system (Applied Biosystems) according to the manufacturer’s protocol. All samples were
analyzed from at least 3 independent experiments. Data was normalized to the level of rp49
mRNA prior to quantifying the relative levels of mRNA between controls and experimentally
treated samples.
2.3.11 Oxidative Treatment

Four- to five-day old males, grouped with 20 flies per vial, were fed on a 3mm Whatman
paper soaked with 1% hydrogen peroxide (Sigma) in 5% sucrose/PBS. Control flies were fed 5%
sucrose/PBS. Under this condition, flies live up for 10 days without consequence. Scores were
generated every 12 hours for the number of dead flies. Fresh hydrogen peroxide was added daily.
For Minocycline experiments, flies were fed first with 5% sucrose/PBS or 5%
sucrose/PBS/Minocycline for 24 hours prior to adding hydrogen peroxide (n=160 flies per
genotype for all experiments).
2.3.12 Hypoxic Treatment

Male flies were collected within 24 hours of eclosion, placed at a density of 20 flies per
vial, and aged for 2-3 days before subject to hypoxia. Flies were fed with standard food,
maintained in a hypoxic chamber (COY Laboratory Products INC) filled with 2% oxygen at
22°C, and transferred every 2 day to new vials within the chamber without exposure to air,

therefore avoiding re-oxygenation. The number of dead flies was scored daily (n=200 flies per

genotype).
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2.3.13 Lifespan

Parg?’! and w1118 flies were allowed to produce eggs and develop until second instar
larvae at 25°C. The larvae were then transferred to an incubator at 29°C until eclosion. Adult
flies were collected within 24 hours of eclosion, grouped 10 males per vial on standard fly food,
and placed back at 25°C. Flies were passed every day and dead flies were scored until all Parg?’!
flies were dead (n=60 Parg?’! and n=120 w1118 flies).
2.3.14 Statistical Analyses

Survival was analyzed by Kaplan—Meier Log-rank Test, and gene expression was
analyzed by the Student’s t-test or One-way ANOV A with Dunnett’s posttest using Graph Pad

Prism4 software. p < 0.05 was considered statistically significant.

2.4 Results

2.4.1 Clinical Presentation of Families Harboring ADPRHL2 Mutations

In this study, we show that mutations in ADPRHL?2 underlie an age-dependent recessive
epilepsy-ataxia syndrome initiating with sudden severe seizures in otherwise healthy individuals
followed by progressive loss of milestones, brain atrophy, and death in childhood. We describe
six independent families carrying ADPRHL?2 mutations leading to a nearly identical epilepsy-
ataxia syndrome (Figure 2.1A). One of the six families (family 2) lacked documentation of
parental consanguinity, and the parents from this family were from the same small village. The
clinical details of subjects from all included families are shown in Supplemental File 1. The
emerging clinical picture is one of a stress-induced neurodegenerative disease of variable
progression with developmental delay, intellectual disability, mild cerebellar atrophy (Figure

2.1B), and recurring seizures. Individuals with mutations in this gene are asymptomatic early
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after birth but gradually develop a cyclic pattern of illness-related spontaneous epileptic seizures
or present with a neurodegenerative course including weakness, ataxia, and loss of milestones
followed by clinical deterioration that ultimately leads to premature death. Most of the subjects
succumbed to sudden

unexpected death in epilepsy (SUDEP) or an apnoic-attack-like clinical presentation, suggesting
a hyperacute presentation prior to the family’s recognition of a predisposition. We could not
establish an obvious genotype-phenotype correlation given that we show below that the missense
mutation also leads to a severe loss of function. Thus, the clinical variability in the age of onset
might occur because the genetic background or environmental challenges lead to variable
susceptibility to illness-related cellular stress.

The differential diagnosis for this condition was based upon the presentation of a
recessive condition with recurrent exacerbations and predominant features of global
developmental delay, intellectual disability, seizures, neurogenic changes on electromyography,
hearing impairment, regression, and mild cerebellar atrophy but not microcephaly or cataracts.
The differential diagnosis in our families included mitochondrial disorders, spastic ataxia, and

peripheral neuropathy.
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Figure 2.1: Pedigrees of families with mutations in ADPRHL?2 and their clinical presentation.
(A) Pedigrees of families 1-6 show consanguineous unions (double bar) and a total of 16 affected
individuals. Slashes represent deceased individuals. Black shading indicates affected individuals. Gray
shading indicates individuals who passed away from SUDEP; however, no DNA is available. (B) Panels
show midline sagittal MRI for one affected individual from each of the six families. White arrows
indicate cerebellar atrophy, evidenced by widely spaced cerebellar foci.

2.4.2 Identification of Truncating and Missense Mutations in ADPRHL?2

Genome-wide linkage analysis of 14 members of family 1 mapped the disease locus to an
11 Mb locus in chromosomal region 1p36 with a genome-wide-significant multipoint LOD score
of 3.4 (Figure 2.2). Exome sequencing of individual II-IV-6 at >30x% read depth for 96.9% of the

exome revealed a single rare (allele frequency < 1:1,000) potentially deleterious variant within
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the linkage interval: a frameshift ADPRHL2 mutation that segregated with the phenotype

according to a recessive mode of inheritance.

Logarithm of Odds (LOD) Score

1 2 3 4 5 6 7 8 9 10 11 121314 1516 17 1819202122 X
Chromosome

Figure 2.2: Linkage analysis for family 1.
Multipoint linkage plot for family 1 shows a peak on chromosome 1 with a maximum LOD score of 3.4
(black arrow) and lower peaks on chromosomes 4 and 20.

Using GeneMatcher, this international collaborative group of authors identified further
pathogenic alleles in ADPRHL2.> After obtaining informed consent from all participating
individuals in accordance with the ethical standards of the responsible committee on human
experimentation at the University of California, San Diego, we identified a total of six distinct
mutations in ADP-ribosylhydrolase-like 2 (ADPRHL2 [NCBI Gene ID: 54936]) in the six
families by whole-exome or genome sequencing. All variants were prioritized by allele
frequency, conservation, blocks of homozygosity, and predicted effect on protein function, and
in all families the homozygous variant in ADPRHL?2 was the top candidate. Variants were
confirmed by Sanger sequencing and segregated with the phenotype according to a recessive
mode of inheritance. All variants were predicted to be disease causing by
MutationTaster.?® These variants were not encountered in dbGaP, the ExAC Browser, 1000

Genomes, genomAD, or the Greater Middle East Variome.
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ADPRHL? contains six coding exons, yielding a single protein-coding transcript, ADP-
ribosylhydrolase 3 (ARH3) (Figure 2.3A). The encoded 363 amino acid ARH3 is predicted to
have a mitochondrial localization sequence and single enzymatic ADP-ribosyl-glycohydrolase
domain (Figure 2.3B). Family 1 carried the homozygous exon 6 mutation ¢.1000C>T
(GenBank: NM_017825), which introduces a premature stop codon (p.GIn334Ter) predicted to
truncate the highly conserved last 30 amino acids of the protein, including part of the ADP-
ribosylhydrolase domain. Family 2 harbored the homozygous exon 3 mutation ¢.316C>T
(GenBank: NM_017825), which also introduces a premature stop codon (p.GIn106Ter) in the
ADP-ribosylhydrolase domain. Family 3 revealed the homozygous exon 2 missense mutation
c.235A>C (GenBank: NM _017825), which leads to an amino acid change (p.Thr97Pro) in a
residue that is highly conserved among vertebrates (Figure 2.4A). Using a previously published
crystal structure of ARH3, we localized this residue to an a-helical loop within the ADP-
ribosylhydrolase domain and the substrate binding site, which is defined by the position of two
Mg?" ions located in adjacent binding sites; thus, the residue is predicted to affect
protein structure and enzymatic activity (Figure 2.4B).?” Family 4 carried the homozygous 5 bp,
exon 3 deletion c.414 418TGCCC (GenBank: NM_017825), which results in a frameshift
(p.Alal39GlyfsTer5) in the ADP-ribosylhydrolase domain. Family 5 carried the homozygous
exon 4 missense mutation ¢.530C>T (GenBank: NM_017825), which leads to an amino acid
change (p.Ser177Leu) that is also highly conserved among vertebrates. It is localized in a critical
a-helical loop within the ADP-ribosylhydrolase domain, also suggesting an effect on protein
structure and activity. Family 6 carried the homozygous exon 1 missense mutation ¢.100G>A

(GenBank: NM_017825), which leads to an amino acid change (p.Asp34Asn) that is highly
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conserved among vertebrates. This change is also localized in a critical a-helical loop within the

ADP-ribosylhydrolase domain, suggesting a potential impact on protein structure and activity.
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Figure 2.3: Truncating and missense ADPRHL?2 mutations in six independent families are predicted
to be inactivating.

(A) Schematic of ADPRHL2 depicts the coding sequence spanning six exons and the 5” and 3’ UTRs.
Black arrows indicate the positions of the six identified mutations and their coordinates within the cDNA
(Gene ID: 54936). (B) Schematic of ARH3 depicts the mitochondrial localization sequence (MLS) and
the ADP-ribosyl-glycohydrolase domain. Black arrows indicate the position and coordinates of the impact
of the described mutations. (C) Western blot of fibroblasts from an unrelated control individual (C), the
unaffected carrier father (U), and affected individuals IV-11-6 and IV-II-7 from family 1 shows the
absence of ARH3 in affected fibroblasts. a-tubulin was used as the loading control. Western blot of
fibroblasts from an unrelated control individual (C) and affected individual II-1 from family 3 and the
unaffected carrier mother (U) and affected individual 1I-3 from family 2 shows significantly reduced
amounts of ARH3. a-tubulin was used as the loading control.
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Figure 2.4: Families 3, 5 and 6 carry ADPRHL?2 missense mutations that affect conserved amino
acid residues.
(A) The amino acid missense mutations in Families 3, 5, and 6 are conserved in almost all vertebrates. (B)
Cartoon model of ADPRHL?2 as solved at 1.6 Angstrom resolution.”® Depicted are the mutated residues,
Ser177, Thr79, and Asp34 in red within alpha-helical domains. Mg”" ions are shown in blue.

2.4.3 ARH3 Mutations Display Improper Folding and Impaired Binding Activity

To determine the impact of these mutations on protein folding and binding activity, we
generated recombinant proteins in E.coli and purified them by His-tag affinity chromatography.
Our results showed that the p.GIn334Ter protein was not evident in the soluble fraction, whereas
the wild-type (WT) was recovered with good purity (Figure 2.5A). The p.Thr79Pro protein was

expressed and soluble, although possibly recovered with slightly less purity than WT ARH3. We
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studied the deleterious impact of p.Thr79Pro by using circular dichroism spectroscopy (Figure
2.5B and C). Compared with the WT, this mutant exhibited reduced a-helical content and an
altered secondary structure, in agreement with the fact that p. Thr79Pro occurred within an a-
helical domain. Further, the melting temperature (Twm) of p.Thr79Pro was reduced by more than
10°C, confirming destabilization of the mutant (Figure 2.5D-F). We also found that in contrast to
WT ARH3, the p.Thr79Pro protein was not stabilized by ligands such as adenosine diphosphate
ribose (ADPr) (Figure 2.5G-I). We confirmed the specificity of this assay by using adenosine
triphosphate (ATP) and ribose-5-phosphate as negative controls, which were not predicted to
bind or stabilize ARH3. Together, these data suggest that both disease-causing, truncating

mutants and amino acid substitutions should be destabilized when expressed in cells.
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Figure 2.5: Biochemical characterization of wildtype ARH3 and mutants on protein stability and
substrate binding.

Recombinant protein purification of ARH3 Wildtype (WT) and mutants with His-tag affinity
chromatography. TL: total lysate, SF: soluble fraction, IB: inclusion body, E: elution of pure proteins,
UBF: unbound flow through. (B-C) CD-spectroscopy measurement of secondary structure of ARH3-

Wildtype and mutants. (B) Normalized exemplary presentation of the CD-spectra of recombinant ARH3-
Wildtype and ARH3-p.Thr79Pro. Molar ellipticity (6) measured at 10°C in a range of 190-260nm.

(C) Experimentally determined composition of the secondary structural elements of ARH3-Wildtype and
ARH3-p.Thr79Pro. Comparison of Uniprot data and CD-derived data from ARH3-Wildtype and ARH3-
p.Thr79Pro. The data analysis was carried out with DichroWeb and is based on the algorithm
CONTINLL.*®* The mean values and standard deviation of the CD-data analysis are tabulated in percent.
ARH3-Wildtype n=3 NRMSD >0.05; ARH3-p.Thr79Pro n=3 NRMSD >0.08 (NRMSD=Normalized
root-mean-square deviation). (D-I) Thermal stabilities of ARH3-Wildtype and ARH3-Thr79Pro measured
via the thermofluor assay. Measured using 6 pg protein, ROX filter (575-602nm) and SYPRO orange dye.
(D) Thermofluor melt curves of recombinant ARH3-Wildtype and ARH3-p.Thr79Pro. Average melting
temperatures: ARH3-Wildtype= 44.79 °C; ARH3-p.Thr79Pro= 28.37 °C. (E) Thermofluor melt curves of
recombinant ARH3-Wildtype with different ligands (100 uM). Average melting temperatures: ARH3-
Wildtype= 45.74 °C; ARH3-Wildtype+ATP=44.57°C; ARH3-Wildtype+ribose-5-phosphate=45.75 °C;
ARH3-Wildtype+ADPr= 54.52°C. (F) Normalized and (G) derivative ARH3-Wildtype melt curve in the
presence of adenosine diphosphate ribose (ADPr). Average melting temperatures: ARH3-Wildtype=
43.87 °C; ARH3-Wildtypet+ADPr= 54.59 °C. (H) Normalized and (I) derivative ARH3-p.Thr79Pro melt
curve. Average melting temperatures: ARH3-p. Thr79Pro= 28.37 °C; ARH3-p.Thr79Pro + ADPr= 31.05
°C.
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Because the ¢.1000C>T (p.GIn334ter) mutation of family 1 was in the last exon, we first
excluded nonsense-mediated decay (NMD) of the mutant mRNA. We collected skin biopsies
from the father (III-1T) and two affected individuals (II-IV-6 and I1-IV-7), generated primary
fibroblasts, and then performed RT-PCR by using primers designed to amplify the last three
exons of ADPRHL?2 (Figure 2.6). The father’s and affected individuals’ cells revealed a band of
the expected size and of similar intensity to that of a healthy control individual, arguing against
NMD, as expected. However, when we used an antibody recognizing amino acids 231-245,
lysates derived from the affected individuals showed no detectable ARH3 (Figure 2.3C),
consistent with a null effect of the truncating mutation. Further, western blot analysis of
individual I1-2 from family 2 showed an absence of the protein, as predicted by the early stop
codon. Fibroblasts from individual II-1 from family 3 showed a severely reduced amount of
ARH3 (Figure 2.3C), consistent with the thermal instability of this mutant protein (Figure 2.5D-

F) and the severe alteration of its secondary structure (Figure 2.5B and C).

cDNA
C U IV-ll-6 IV-IlI-7

ADPRHL2

TUBATA

Figure 2.6: RT-PCR analysis for family 1.

RT-PCR results from fibroblasts from unrelated control (C), unaffected carrier Father (U), and affected
individuals (IV-1I-6 and IV-II-7) from Family 1 shows normal ADPRHL2 mRNA levels.

2.4.4 Premature Death and Locomotor Defects in Drosophila Parg Mutants
Whereas humans have two known genes with specific PARG activity
(PARG and ADPRHL?2; Figure 2.7A), Drosophila have a single gene that regulates this

process: Parg. Using the Gal4-UAS system to drive RNA1 expression, we found
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that Parg knockdown led to a 60% decrease in total Parg mRNA for flies with the

ubiquitous da promoter and a 50% decrease with the neuron-specific promoter, elav (embryonic
lethal abnormal visual system) (Figure 2.8A). Whereas the da-Gal4 and Parg®NA! lines showed
normal survival, crossing the two together led to daughterless (da)-mediated expression

of PargtNAi

, which reduced survival substantially (Figure 2.8B). Ubiquitous knockdown

of Parg also led to decreased survival when animals were exposed to stress with either hydrogen
peroxide (H20») in their water or environmental hypoxia (2% O) (Figure 2.8C and D).
Furthermore, knockdown of Parg specifically in neurons largely recapitulated this phenotype by
using the same two environmental stressors (Figure 2.8E and F). These data provide evidence
that stress leads to premature death in the absence of Parg and that neurons play an important
role in this phenotype.

However, lethality of these flies was not as severe as in the Parg?’' line, which carries a
p-element insertion that deletes two-thirds of the open reading frame (nucleotides 34,622-36,079
of GenBank: Z98254)'4, suggesting that Parg®™*i is partially inactivating. These mutant flies
with Parg loss of function lack the protein Parg and show elevated amounts of PAR, especially
in nervous tissue.'* Mutant flies die in larval stages, but 25% of the animals survive when grown
at the permissive 29°C temperature. These adult flies display progressive neurodegeneration,
reduced locomotion, and reduced lifespan,'* consistent with the individuals’ phenotypes in our
families. We confirmed lethality of the Parg?’’ line and found that forced expression
of Drosophila Parg under the ubiquitous da promoter in the mutant background increased both

survival and motor activity as measured by an established “climbing index” (Figure 2.7B and

C).*° Likewise, expression of the human ADPRHL?2 under the same da promoter showed a nearly
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identical degree of rescue of both survival and locomotor activity (Figure 2.7B and C). These

results suggest that human ADPRHL? is a functional paralog of Drosophila Parg.
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Figure 2.7: Premature death and locomotor defects in Drosophila parg mutants are rescued by
human ADPRHL2.

Schematic of a poly-ADP-ribosylated protein and the location of cleavage. PARG and ADPRHL?2 both
remove poly-ADP-ribose (PAR) from proteins and cleave the same site. Drosophila melanogaster has
one PAR-removing enzyme, Parg. (B) Parg’”' mutant flies (black) show a severe climbing defect,
which was rescued by ubiquitous forced expression of Parg (red) or mis-expression of human ADPRHL2
in two different transgenic lines (green and blue). (C) Parg’”! mutant flies (black) displayed decreased
survival, which was rescued with ubiquitous forced expression of Parg (red) and two different transgenic
lines expressing human ADPRHL?2 (green and blue). Data represent the mean + SEM of eight
experiments.

We next tested whether this phenotype might be ameliorated by inhibition of protein
PARylation. We reasoned that the requirement for dePARylation should be reduced by the
blockage of stress-induced PARylation. Minocycline displays PARP inhibitory activity with an
ICso of 42 nM in humans?! and is well tolerated in flies.>’> We fed flies with a range of

concentrations from 0 to 1 mg/mL minocycline for 24 hr before stress and measured survival
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rates 96 hr after stress induction. Drug treatment of flies with ubiquitous knockdown

of Parg revealed a dose-dependent partial rescue of the lethality (Figure 2.7G). This rescue was
also seen when the drug was given to flies with neuron-specific knockdown of Parg (Figure
2.7H), providing evidence that PARP inhibition can rescue lethality in vivo. Although we expect
that the effect of minocycline on survival in this assay was due to its effect on PARP, we cannot

exclude off-target or non-specific effects.
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Figure 2.8: Drosophila mutants display increased survival with PARP inhibition.

Relative parg expression in ubiquitous knockdown animals under the daughterless (da) promoter shows
that RNAi leads to an ~60% in parg mRNA levels. Relative parg expression in neuron-specific
knockdown animals under the elav promoter shows that RNAi leads to an ~50% in parg mRNA levels in
the head of the animal only. (B) Mutant flies with a ubiquitous decrease in parg by RNAI die prematurely
(red) compared with parental stocks (black). (C,E) Flies with ubiquitous knockdown of parg under the
daughterless (da) promoter display decreased survival when exposed to oxidative stress or low oxygen.
(D,F) Flies with knockdown of parg under the neural elav promoter display decreased survival when
exposed to oxidative stress or low oxygen. (G,H) Flies with ubiquitous and neuronal knockdown of parg
can show increased survival in the presence of hydrogen peroxide when pre-treated with Minocycline.
Kaplan—Meier Log-rank Test. Data is mean + s.e.m. of n=8 experiments.
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2.5 Discussion

Given that PARP inhibitors are currently in trials for various types of cancer, it is
possible that these drugs could be tested for clinical effectiveness in this orphan disease, where
they could have a positive effect. Potentially clinically relevant PARP inhibitors include (1)
minocycline, an FDA-approved tetracycline derivative that displays PARP inhibitory activity;
(2) dihydroisoquinoline (DPQ), a non-FDA-approved potent PARP-1 inhibitor used in
experimental research; and (3) veliparib (ABT: 888), a potent PARP-1 and PARP-2 inhibitor
currently in clinical trials for the treatment of various type of cancers (ICso =42, 37, and 4.4 nM,
respectively).?!33

The extent to which ADPRHL?2 and PARG functionally diverge or converge is not well
understood, partly because of a lack of detailed comparative expression analysis and biochemical
function. PARG demonstrates greater specific activity than ARH3 for removing PAR from
proteins,® and loss of Parg in mice is embryonically lethal.'* Together, these data suggest
that PARG is likely to be the major contributor to PAR removal in cells that express both genes
under basal conditions. One possibility is that ADPRHL?2 acts as a backup for PARG to remove
excessive PAR moieties under stress conditions. This would be consistent with the clinical
pesentation of individuals with loss of ADPRHL?2, where phenotypes appear to be induced by
environmental stress. Recent studies have shown that ARH3 acts on a recently discovered form
of Ser-ADP ribosylation.** For example, studies have illustrated an excessive accumulation of
Ser-poly-ADP-ribosylated enzymes in ADPRHL2"~ cell lines and that ARH3 acts mainly on Ser-
ADPr removal.® This would be consistent with the phenotype we see in subjects with loss of
ARH3, where phenotypes do not emerge until environmental stress insults are encountered.

Finally, ARH3 contains a mitochondrial localization signal, and thus another possibility is that
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ARH3 functions as a mitochondrial-specific glycohydrolase that is required after the induction of
oxidative stress.!3

PAR signaling has been shown to play a role in a number of cellular processes—
including the regulation of transcription, telomere function, mitotic spindle formation,
intracellular trafficking, and energy metabolism—in addition to apoptosis-inducing-factor (AIF)-
mediated apoptosis.>? Although we hypothesize that the disease mechanism is through cell
death, it is possible that PAR accumulation could affect other cellular processes before this.
Further work is needed to characterize these effects in the context of this disease.

Chapter 2, in full, is a reprint of the material as it appears in American Journal of Human
Genetics 2018. Ghosh, Shereen G.; Becker, Kerstin; Huang, He; Dixon-Salazar, Tracy; Chai,
Guoliang; Salpietro, Vincenzo; Al-Gazali, Lihadh; Waisfisz, Quinten; Wang, Haicui; Vaux,
Keith K.; Stanley, Valentina; Manole, Andreea; Akpulat, Ugur; Weiss, Marjan, M; Efthymiou,
Stephanie; Hanna, Michael G.; Minetti, Carlo; Striano, Pasquale; Pisciotta, Livia; De Grandis,
Elisa; Altmuller, Janine; Nurnberg, Peter; Thiele, Holger; Yis, Uluc; Okur, Tuncay D.; Polat,
Ayse 1.; Amiri, Nafise; Doosti, Mohammad; Karimani, Ehsan G.; Toosi, Mehran B.; Haddad,
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CHAPTER 3

Recurrent homozygous damaging mutation in 7MX2, encoding a protein

disulfide isomerase, in four families with microlissencephaly

3.1 Abstract

Protein disulfide isomerase (PDI) proteins are part of the thioredoxin protein superfamily.
PDIs are involved in the formation and rearrangement of disulfide bonds between cysteine
residues during protein folding in the endoplasmic reticulum and are implicated in stress
response pathways. In this study, we recruited eight children from four consanguineous families
residing in distinct geographies within the Middle East and Central Asia for study. All probands
showed structurally similar microcephaly with lissencephaly (microlissencephaly) brain
malformations. DNA samples from each family underwent whole exome sequencing, assessment
for repeat expansions and confirmatory segregation analysis. An identical homozygous variant
in TMX2 (c.500G>A), encoding thioredoxin-related transmembrane protein 2, segregated with
disease in all four families. This variant changed the last coding base of exon 6, and impacted
mRNA stability. All patients presented with microlissencephaly, global developmental delay,
intellectual disability and epilepsy. While TM X2 is an activator of cellular COORF72 repeat
expansion toxicity, patients showed no evidence of C9ORF'72 repeat expansions.
The TMX2 ¢.500G>A allele associates with recessive microlissencephaly, and patients show no
evidence of C9ORF72 expansions. TMX?2 is the first PDI implicated in a recessive disease,

suggesting a protein isomerisation defect in microlissencephaly.
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3.2  Introduction

Lissencephaly (LIS, lissos means smooth in Greek) refers to a smooth surface of the
cerebral cortex.! Previously termed ‘type I’ and ‘type II” to refer to the absence or presence of
coexistent microcephaly,' respectively, recent lissencephaly molecular classification has
identified eight recurrently mutated genes in recessive forms of
disease: RELN (MIM:600514), NDE1 (MIM:609449), LAMB1 (MIM:150240), KATNBI1 (MIM:6
02703), CDK5 (MIM:123831), TMTC3 (MIM:617218).%7 Primary microcephaly (MPCH) refers
to reduced head size with reduced cerebral volume; and at the more severe end of the spectrum,
there is often a reduction in the complexity of the folding of the cerebral cortex, termed
‘simplified gyral pattern.® Therefore, most cases with microcephaly show only mild disruption
of the gyral folding on brain MRI, but at the severe end of microcephaly spectrum the cerebral
cortex can show gyri paucity, and can be difficult to distinguish from forms of lissencephaly. A
distinct entity termed ‘microlissencephaly’ describes the combination of lissencephaly with
microcephaly.® Of the recessive causes for lissencephaly only a few show notable additional
microcephaly: RELN, NDEI, KATNBI, and a few chromosomal deletion syndromes.?*>!° This
suggests the existence of genetic conditions in which the degree of lissencephaly is greater than
would be expected from the degree of microcephaly alone, supporting the use of the term
microlissencephaly for appropriate conditions.

Some genes linked to microcephaly with lissencephaly, such as TMTC3, are implicated in
the endoplasmic reticulum (ER) stress response, which is activated upon misfolding of secretory
proteins or calcium balance perturbation.!"!'> Overload of ER protein folding capacity can lead to
an accumulation of misfolded proteins, ER stress and subsequent cell death. Protein disulfide

isomerases (PDIs) are resident transmembrane ER proteins that catalyze thiol-disulfide
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interchanges, which are critical for proper protein folding.'? There are 21 known genes encoding
PDlIs, including three members of the Thioredoxin-related transmembrane (TMX) family, TMX-
1 (MIM:610527), =2 (MIM:616715), and —3 (MIM:616102). Each TMX family member
encodes an N-terminal signal peptide, single-pass transmembrane domain, C-terminal
thioredoxin (Trx)-like domain, and a Di-lysine ER retention signal domain, but how they

maintain protein homeostasis in the ER remains unknown.'#

3.3 Materials and Methods
3.3.1 Patient Recruitment

The procedures followed for recruitment and data collection were in accordance with the
ethical standards of the responsible committee on human experimentation at the University of
California, San Diego.
3.3.2 DNA Extraction and Whole Exome Sequencing

This study was approved by the Institutional Review Board at the respective host
institution. All study participants and/or their guardians signed informed consents, and the study
was performed in accordance with Health Insurance Portability and Accountability Act (HIPAA)
Privacy Rules. DNA was extracted from peripheral blood leukocytes with salt extraction. DNA
from the probands was subjected to Agilent Sure-Select Human All Exon v2.0 (44Mb target) and
[llumina Rapid Capture Enrichment (37Mb target) library preparation and sequenced on Illumina
HiSeq 2000 or 4000 instruments.'’
3.3.3 Computational Analysis

Variant calling and filtering were performed according to a previously described whole

exome sequencing pipeline.'> Variants were filtered if not present in all affected individuals in
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the family, with zygosity based upon the presumed mode of inheritance. For all families, variants
were filtered for minor allele frequency (MAF) >1:1000, PolyPhen-2 scores of <0.9 or GERP
score <4.5. Variants were assessed with MutationTaster, and runs of homozygosity were defined
with HomozygosityMapper.'6-13
3.3.4 Sanger sequencing

Sanger sequencing of PCR products covering exon 6 of TMX2 was performed using
standard procedures. Sequencing tracks were visualized with SnapGene Viewer (SnapGene).
3.3.5 GTEx and Brainspan

Data was obtained from the GTEx and BrainSpan (© 2010 BrainSpan Atlas of the
Developing Human Brain. Available from brainspan.org) portals and processed using Python
(3.64) with Pandas (0.22.0).
3.3.6 Repeat-primed PCR

Repeat-primed PCR was performed using 100ng of genomic DNA from the following
individuals: 1673-111-1, 2525-111-1, and 3501-111-7 as previously described.’
3.3.7 TMX2 mRNA Assessment

Total RNA was extracted from fresh frozen blood on available parents and probands
using TRIzol™, quantified by spectrophotometry, and reverse-transcribed using the Superscript

IIT First-Strand cDNA Kit (Invitrogen). PCR analysis of cDNA was performed using dHPLC-

purified primers, visualized using the BioRad GelDoc™ and quantified by Azure™ software.

34 Results

3.4.1 Identification of Four Consanguineous Families Segregating with Microlissencephaly
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We studied eight affected individuals with neurological phenotypes consistent with
microlissencephaly from four unrelated consanguineous families. Family 1673 presented with
one affected child (1673-III-1) from a first-cousin marriage. The individual was born at full term
with a significantly reduced head circumference (—2SD) and exhibited generalized tonic-clonic
(GTC) seizures from birth (Figure 3.1A, Supplemental File 2). At her last evaluation, she
exhibited severe intellectual disability, hypertonia, absence of motor skills, and increased deep
tendon reflexes. Brain MRI revealed a thickened cerebral cortical mantle, with diminished gyral
folds, with an appearance of pachygyria/lissencephaly, cortical atrophy, corpus callosum
hypogenesis, and ventriculomegaly (Figure 3.2A and B).

Family 2525 had two affected children (2525-111-2, and 2525-111-3) from a
consanguineous marriage (Figure 3.1B). Both children were born full term with significantly
reduced head circumference (—3SD and —2SD, respectively). They also exhibited GTC seizures
in the neonatal period with an onset of 2 weeks and 3 weeks, respectively. At their last
evaluation, they were diagnosed with severe intellectual disability, increased deep tendon
reflexes, delayed gross motor development, and absence of fine motor and language
development (Supplemental File 2). Brain MRI assessment of the older sibling revealed
lissencephaly, reduced white matter volume, cortical atrophy, corpus callosum hypogenesis, and
ventriculomegaly. (Figure 3.2C and D).

Family 4984 had three affected children (4984-111-1, 4984-111-3, and 4984-111-4) and one
healthy sibling from a consanguineous marriage (Figure 3.1C). The oldest affected child was
born at full term with a reduced head circumference (—1SD). He was also diagnosed with severe
intellectual disability, delayed gross motor and language development, absent fine motor

development, and epilepsy. He died at 5 years of age due to pneumonia. His younger two
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affected siblings (4984-111-3, and 4984-111-4) were both born at 36 weeks and showed reduced
head circumference at last evaluation (—4SD and —3SD, respectively). They exhibited similar
symptoms as their older sibling. Brain MRIs were obtained from one child (4984-111-3), and
showed lissencephaly, corpus callosum hypoplasia, reduced white matter volume,
ventriculomegaly, and cerebellar atrophy (Figure 3.2E and F).

Family 3501 had two affected children (3501-I11-6 and 3501-II1-7) and five healthy
siblings from a consanguineous marriage (Figure 3.1D). Both affected individuals were born at
full term with significantly reduced head circumferences (—2SD). They also exhibited neonatal
epilepsy, which predated their diagnoses of severe intellectual disability, delayed/absent
psychomotor development, and increased tendon reflexes at last evaluation. Brain MRIs for both
children showed lissencephaly, cerebral mantle thickening, ventriculomegaly, reduced white

matter volume, cerebellar atrophy, and corpus callosum hypoplasia (Figure 3.2G and H).
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Figure 3.1: Consanguineous families with a homozygous recessive mutation in TMX2.
(A-D) Pedigrees of all four families showing first-cousin consanguineous marriages (double bar) with a
total of eight affected children. All unfilled members are without neurological disease.

3501-l1-7

F

Figure 3.2: MRIs from affected children display lissencephaly, microcephaly, and brain atrophy.
Top row: Midline saggital MRI. Bottom row: Axial MRI. Subject ID provided at top. All images are T1-
weighted ecept (B, E, H), which are T2 weighted, selected to best demonstrate the main imaging defects.

The lack of cortical folding is apparent in both frontal and occipital regions, consistent with lissencephaly

Red asterisk in top row highlights ventriculomegaly and increased extra-axial fluid accumulation,
consistent with brain atrophy and microcephaly. Bottom row shows paucity of cortical gyri and thickened
gray matter, which was measured at 10.07mm (green bracket) in (B), which is roughly twice the width of

normal.
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3.4.2 Identification of a Homozygous TMX2 c.500G>A Variant in Families with
Microlissencephaly

Whole exome sequencing (WES) was performed on blood-derived DNA from the
affected child in Family 1673. For variant identification Genome Analysis Toolkit (GATK)
workflow identified variants that were intersected with identity-by-descent blocks from
HomozygosityMapper.'®2° Rare potentially deleterious variants were prioritized against an in-
house exome database consisting of over 4,000 ethnically matched individuals, in addition to
publicly available exome datasets, cumulatively numbering over 10,000 individuals. From this
analysis, we identified three variants that passed these filter parameters in the
genes RAB3GAP2 (MIM:609275), TMX2, and MOCOS (MIM:613274). Patient phenotypes did
not match the phenotypes reported for RAB3GAP2 and MOCOS, leaving a single, homozygous
hg38:Chrl11:2.57739039G>A (GenBank: NM_001347898.1) variant in TM X2, located at the last
base of exon six of eight (c.500G>A), as the sole candidate. We then performed WES on one
affected child each from Families 2525 and 4984, and both affected children from Family 3501,
based on matching phenotypic features between the families. Interestingly, we identified the
same TMX?2 variant recurring in all three families. Further, each of the four consanguineous
families showed a run of homozygosity that contained 7MX2, consistent with the parental
consanguinity (Figure 3.3), although the haplotype blocks showed no commonality of shared
SNPs of any size (Figure 3.4). This suggests that the variant arose independently in each family
on separate haplotypes, or was so distantly derived that a common haplotype could not be

identified.
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Figure 3.3: Homozygosity plots for all four families display homozygosity surrounding the 7TMX2
gene.
(A-D) Graphical representation of regions of homozygosity, generated by HomozygosityMapper for all
22 autosomes for the affected individual in Family 1673 (IlI-1, A), one affected individual from Family
2525 (I11I-2, B), one affected individual from Family 4984 (I11-3, C), and both affected individuals from
Family 3501 (III-6 and I1I-7, D). Red peaks indicate homozygosity scores above the given cutoff at 0.8x
of the maximum. All plots show a region of homozygosity containing the TMX2 gene (green box).
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Patient ID
CHR POS RS REF|ALT |1673-lI-11  (2525-111-2 |4984-11-3  |3501-IV-6  |3501-IV-7
1" 57369951 |rs2276038 [ C | T
1" 57379543 | rsh40687 | A | G
" 57380702 | rs669661 | A | G
" 57380725 [rs116078737| C | T
1" 57387528 | rsh36455 | G | A
1" 57389932 | rs490358 | A | G
" 57423979 |rs113953954| C | A
1" 57467940 |[rs11229040| G | A
" 57542834 |rs80123614| A | G
" 57545996 |rs12223229| C | G
1" 57611697 | rs2511988 | A | G
1 57696028 | rs1783978 | T | C
11 57739039 ys370455806) G | A
1" 57796519 |[rs10896644 | C | T
" 57803760 |rs11229137| C | T
1" 58031251 | rs921135 | A | G
1" 58031470 | rs2513726 | A | G
1" 58031711 | rs7123727 | C | T
1" 58031899 | rs1374570 | G | C
1" 58118518 |rs78218902| C | G
1" 58179691 |[rs111629598| G | A
" 58179792 |rs11229273| C | G
" 58191025 |rs34337292| T | C
1" 58191303 |rs7120468 [ C | T
1" 58191324 |rs73470064| C | T

Figure 3.4: Haplotype blocks of the four families containing the 7MX2 ¢.500G>A mutation.
Haplotypes from all individuals resulting from WES. Single nucleotide polymorphisms (SNPs) are
highlighted based on their family (1673-1I1I-1: red, 2525-111-2: orange, 4984-I11-3: blue, 3501-1V-6: pink,
3501-1V-7: green). The shared region is boxed. CHR: chromosome. POS: coordinate position on
chromosome. RS: reference SNP. REF: reference allele. ALT: alternate allele. 0/0: homozygous for the
REF allele. 0/1: heterozygous for the ALT allele. 1/1: homozygous for the ALT allele.
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Figure 3.5: Sanger sequencing traces for all four families.

(A-D) Sanger sequencing traces for Families 1673 (A), 2525 (B), 4984 (C), and 3501 (D) depicting the
G>A conversion resulting in the missense variant. Shown are traces for father, mother, unaffected siblings
(Unaff.) and affecteds (Aff.) depicting the G>A conversion. All parents are heterozygous and the affected
child is homozygous for the variant. Two unaffected siblings are heterozygous (I1I-1 and I1I-4), while the

other two are homozygous wildtype (III-2 and III-3) in Family 3501.
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This variant was confirmed by direct Sanger sequencing analysis, and testing of all
available family members demonstrated segregation with the phenotype according to a recessive
mode of inheritance (Figure 3.5). We found no additional families in our own cohort of over
5000 individuals, or in the GeneMatcher website, of patients displaying likely causative variants
in this gene. The variant was also not identified in the Greater Middle Eastern (GME) Variome
(consisting of 2,497 individuals) or any other public database.?! These analyses made TMX2 the
top candidate for pathogenesis.

TMX2 encodes for Thioredoxin-related transmembrane protein 2, and the variant
introduced an amino acid substitution in the Trx-like domain of the protein (p.Arg205GIn, Figure
3.6A and B). The p.Arg205GIn substitution was also predicted to be disease-causing by
MutationTaster.!” TMX2 has two protein-coding isoforms, isoform 1 and 2
(NP _001334827.1 and NP_057043.1), which differ in the length of the Extracellular Topological
Domain (TAD) and absence of the transmembrane domain in isoform 2 (Figure 3.6B), but
functional differences between these isoforms are not reported.

As this homozygous variant occurred in the last nucleotide of exon 6 (Figure 3.6D), we
considered a potential impact on TMX2 splicing or mRNA stability. In addition to the two
canonical protein-coding isoforms, 7MX2 is also predicted to undergo alternative splicing at the
exon 6-7 junction, which is a particularly small intron (Figure 3.6C). Approximately 95% of
observed transcripts from NCBI conform to a 91 bp intron, with the amino acid sequence reading
...DVSTRYKYVS.... One minor isoform, representing approximately 2% of transcripts, contains
a 69 bp intron, with the sequence reading ...DVSTRYELSGPCRYKYVS..., due to the use of an
alternative 3’ splice acceptor site. The other minor isoform, representing approximately 3% of

transcripts, conforms to a 102 bp intron, with the sequence reading ...DVQSE... (Figure 3.6E),
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yet contains a premature stop codon approximately 26 amino acids downstream, suggesting a
non-functional isoform. Whether or not these isoforms are found in nature or encode for protein

has yet to be elucidated.
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Figure 3.6: TMX2 gene and predicted protein isoforms.

(A) Schematic of TMX2 depicting the genomic map spanning eight exons. Red line indicates the position
of the identified variant in exon six in all four families and coordinates within the cDNA map (RefSeq
NM_001347898.1). (B) Schematic of the two protein-coding isoforms of Thioredoxin-related
transmembrane protein 2 (TMX2) depicting the location of the ‘signal peptide’ (black), extracellular
topological associated domain (TAD), transmembrane domain (purple), Thioredoxin (Trx)-like domain
(blue), and Di-lysine motif (green). Isoform 2 is 38 amino acids shorter than isoform 1 due to the absence
of the transmembrane domain and part of the extracellular TAD. Red line indicates the position and
coordinates of the amino acid change in affected individuals from all four families within the Trx-like
domain. (C-D) Illustration of partial wildtype (C) and mutant (D) residues from exons six and seven
surrounding the variant shown in blue and red in wildtype and mutant, respectively. (E) Schematic of the
affitional splice isoforms of the exon6-7 junction of TMX2, based on the UCSC Genome Browser with
predicted percent existence of each isoform in human tissues from GenBank. The percentage of each
isoform was calculated based on the average number of Expressed Sequence Tags (ESTs) available,
displaying that particular isoform (e.g. BI764082, BG170274, and BI561678, respectively).
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3.4.3 The TMX2 c.500G>A Mutation Results in Reduced mRNA Levels in Affected

Individuals

TMX2 is ubiquitously expressed in adult human tissues (GTEx data, Figure 3.7).

Additionally, TMX2 is expressed in human brain during development at all assessed stages

(Figure 3.8), consistent with a role in this phenotype.
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portal. TMX2 shows ubiquitous expression across all tissues. Expression is shown as Transcripts per

Kilobase Million (TPM). Shown are standard violin plots with an inner box plot.
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Figure 3.8: TMX2 expression in human brain across development (BrainSpan data).
Expression analysis of TMX2 transcripts in developing and adult brain, using data derived from RNA-
Sequencing data from BrainSpan. TMX2 shows ubiquitous expression across all time points. Expression
is shown as Reads Per Kilobase of transcript, per Million mapped reads (RPKM). The mean + standard
deviation (SD) and individual data points are shown for each time point. Pcw: post-conception weeks;
mos: months; yrs: years.

Because the variant alters the last base of an exon, we considered whether splicing or
RNA stability could be impacted. Thus, RNA was extracted from frozen whole blood obtained
from the father and one affected individual from Family 2525 as well as both parents and one
affected from Family 4984. mRNA transcript levels were assessed using RT-PCR across various
regions flanking the variant (Figure 3.9A) and compared to an unrelated control sample. Three
primer pairs were designed: 1] the region between exons five and seven, 2] the region between
exon six and seven, 3] the region between exons six and eight (Figure 3.9B). We did not observe
evidence of any novel splice isoforms, such as might result from exon skipping or intron

inclusion; however, TMX2 mRNA levels were reduced to 15-50% of control in both samples

from affecteds compared with the healthy control, whereas unaffected obligate carriers showed
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levels between 50-90% of normal (Figure 3.9C and D). The reduced mRNA levels in patients
and carriers is consistent with an effect of 7MX2 ¢.500G>A on splicing or RNA stability, and the
absence of novel bands in the affected and carrier individuals suggests nonsense mediated decay

of aberrantly spliced mRNA.
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Figure 3.9: TMX2 ¢.500G>A allele associates with reduced mRNA levels in carriers and affected
individuals.
lustration of TMX2 with an expanded view of exons five through eight. Red line indicates the location of
the variant. (B) Schematic of primer pairs designed for RT-PCR analysis and expected base pair sizes for
the corresponding products. Black arrows indicate the approximate location of the primers. Red line
indicates the location of the variant. (C) RT-PCR analysis of RNA extracted from whole blood derived
from an unrelated control (C), the unaffected father (II-1) and one affected individual (I1I-2) from Family
2525, and both parents (II-1 and 11-2) and one affected individual (I1I-3) from Family 4984. There
was reduction of TMX2 mRNA levels in affected individuals (red) compared to the normalized expression
of 1.0 in the unrelated control (n=3). TMX2 levels of parent carriers (grey) were intermediate compared
with unrelated control. GAPDH was used as a loading control. (D) Quantification of RT-PCR results
displaying relative mRNA expression normalized to GAPDH. n=3 independent experiments. Bars show
mean = standard deviation (SD) and individual data points.
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3.4.4 Lack of C9ORF72 Repeat Expansion in TMX2 Mutated Samples

C90ORF72 gene mutations are the most common cause of Amyotrophic Lateral Sclerosis
(ALS, MIM:105400) and Frontotemporal Dementia (FTD, MIM:600274).222* The damaging
mutation in C9ORF'72 associated with these diseases is an expanded noncoding hexanucleotide
repeat (GGGGCC), leading to repeat-associated non-ATG (RAN) translation of a dipeptide
repeat protein (DPR).?>23 Previous transcriptomic analysis using C9ORF72-mutant ALS brain
tissue revealed upregulation of genes involved in ER stress,?* suggesting failed ER stress
response in C9ORF72 pathogenesis. Following a CRISPR-Cas9 KO screen for genetic modifiers
of DPR toxicity, TMX2 emerged as one of the two strongest protective modifier genes
identified.!® In these experiments, loss of TMX2 suppressed the toxic effect of
the C9ORF72 DPR, suggesting that TMX2 is an activator of DPR toxicity. Therefore, we wanted
to test the possibility that the 7TMX2 mutation occurred in the genetic background
of C9ORF72 expansion.

To test this, we performed repeat-primed PCR using a previously validated detection
method to screen all available DNA samples from three families for the presence of the
GGGGCC hexanucleotide repeat expansion (Family 3501 failed analysis due to insufficient
amounts of DNA available).?? All remaining samples were absent for the expanded C9ORF72
repeat, as compared to the negative control and an unrelated positive control sample (Figure

3.10)
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Figure 3.10: Repeat-primed PCR for families 1673, 2525, and 3501 depicts absence of COORF72
repeat expansion.
(A) Negative control (B) Positive control (C-E) Repeat-primed PCR analysis on genomic DNA from
three affected individuals from Families 1673 (I1I-1, C), 2525 (I1I-1, D), and 3501 (I1I-7, E). Family 4984
was not included in the analysis due to insufficient amounts of DNA available.

3.5 Discussion

Here we demonstrate a recurrent variant in 7MX2 associated with a severe, recessive
neurological disease characterized by microcephaly with lissencephaly. All affected individuals
in four families carried an identical homozygous ¢.500G>A variant in 7TMX2 and displayed
microlissencephaly, global developmental delay, intellectual disability, and epilepsy. The variant

led to decreased mRNA steady-state levels, and was not associated with expansion in
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the C9ORF'72 hexanucleotide repeat. Our results implicate a relatively common single allele as a
cause for microlissencephaly in humans.

TMX2 is arguably the least studied member of the PDI family. 7TMX2 was cloned in
2003, and encodes a multidomain transmembrane protein that is enriched on the mitochondria-
associated membrane (MAM) of the ER via palmitoylation of two of its cystolically-exposed
cysteines.!>? The MAM is a domain of the ER that mediates the exchange of ions, lipids and
metabolites between the ER and mitochondria, suggesting a potential function in either
mitochondria, ER, or both. TMX2 shows ubiquitous expression, with highest levels detected in
heart, brain, liver, kidney and pancreas.'?!32 Whether TMX2 displays catalytic activity remains
unclear, given that the canonical CXXC motif required for oxioreductase activity is replaced by
an SXXC motif.?’

There was one prior mention of 7MX2 in human disease, where a cohort of patients with
malformations of cortical development was sequenced to identify causes.?® One family was
identified with two children affected with lissencephaly where two candidate genes emerged, one
being TMX2.%8 In this family, TMX2 showed compound heterozygous mutations [(¢.326A>G;
p-Aspl09Gly) and (c.691C>T; p.Arg231Trp)], but brain MRI was not available to allow
comparisons with our cases. Our results, linking 7MX2 to lissencephaly, suggest that, in the
previous family, TMX2 was likely the relevant gene.

Mutations in genes that encode ER stress response proteins have been implicated in a
range of neuroprogressive disorders among other human diseases, including Parkinson’s disease,
Huntington’s disease, and ALS, the latter of which has been studied in connection with ER stress
response pathways and apoptosis.?®-3? TMX2 knockdown or CRISPR targeting was able to rescue

the cell death and ER stress response toxicity induced by application of the DPR encoded by
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the C9ORF'72 expansion. CRISPR targeting of 7TMX2 in DPR-expressing human cells showed
upregulation of prosurvival unfolded-protein-response-pathway genes including A#/3, and
downregulation of calcium-binding and apoptotic proteins.'® We found no evidence of expansion
of the C9ORF'72 repeat in patient cells, suggesting that loss of TMX2 was not secondary to
effects of C9ORF72, but it is possible that the mutated 7MX?2 allele is under positive selection, as
it appears to have arisen independently on four separate haplotypes. It would be interesting as a
next step to understand mechanism by generating an animal model of disease; however, initial
attempts indicate that homozygous 7mx2 null mutations in mouse are lethal prior to weaning,
with complete penetrance.

The presence of a Trx-like domain in TMX2 suggests a role regulating redox pathways,
specifically in relation to the ER stress response. Partial or complete loss of TMX2 may thus
predispose to cell death. While we have not linked the phenotypes from our cases to a molecular
function in this study, increased ER stress during neurodevelopment has been linked to aberrant
neuronal maturation and the subsequent development of neurodevelopmental disorders caused by
abnormal neuronal differentiation and maturation.’**> We hypothesize that loss of TMX2 in
humans may lead to cell-death mediated depletion of neural progenitor cells in the developing
cerebral cortex during embryogenesis, producing microlissencephaly. Whether correct, or
whether there are secondary effects of 7MX2 in neurogenesis or neuronal migration, remain to be
explored.

Chapter 3, in full, is a reprint of the material as it appears in Journal of Medical Genetics
2019. Ghosh, Shereen G.; Wang, Lu; Breuss, Martin W.; Green, Joshua D.; Stanley, Valentina;

Yang, Xiaoxu; Ross, Danica; Traynor, Bryan J.; Alhashem, Amal M.; Azam, Matloob; Selim,
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Laila; Bastaki, Laila; Elbastawisy, Hanan I.; Temtamy, Samia; Zaki, Maha S.; Gleeson, Joseph

G. The dissertation author was the primary investigator and author of this paper.
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CHAPTER 4

A Relatively Common Homozygous TRAPPC4 Splicing Variant is Associated

with an Early-Infantile Neurodegenerative Syndrome

4.1 Abstract

Trafficking protein particle (TRAPP) complexes, which include the TRAPPC4 protein,
regulate membrane trafficking between lipid organelles in a process termed vesicular tethering.
TRAPPC4 was recently implicated in a recessive neurodevelopmental condition in four unrelated
families due to a shared c.454+3A>G splice variant. Here we report 23 patients from 17
independent families with an early infantile-onset neurodegenerative presentation, where we also
identified the homozygous variant hg38:11:119020256 A>G (NM_016146.5:¢.454+3A>QG) in
TRAPPC4 through exome or genome sequencing. No other clinically relevant TRAPPC4 variants
were identified among any of over 10,000 patients with neurodevelopmental conditions. We found
the carrier frequency of TRAPPC4 c.454+3A>G was 2.4-5.4 per 10,000 healthy individuals.
Affected individuals with the homozygous TRAPPC4 ¢.454+3A>G variant showed profound
psychomotor delay, developmental regression, early-onset epilepsy, microcephaly and progressive
spastic tetraplegia. Based upon RNA sequencing, the variant resulted in partial exon 3 skipping
and generation of an aberrant transcript due to use of a downstream cryptic splice donor site,
predicting a premature stop codon and nonsense mediated decay. These data confirm the
pathogenicity of the TRAPPC4 c.454+3A>G variant, and refine the clinical presentation of

TRAPP(C4-related encephalopathy.
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4.2  Introduction

Trafficking protein particle (TRAPP) complexes play a vital role in regulating membrane
trafficking from the ER to the Golgi and plasma membrane. There are two TRAPP complexes
identified in mammalian cells, TRAPPII and TRAPPIII, sharing core subunits TRAPPCI,
TRAPPC2, TRAPPC3, TRAPPC4, TRAPPCS5, TRAPPC6, and TRAPPC2L, with additional
unique subunits specific to each of the complexes.! Biallelic variants in genes encoding human
TRAPP subunits cause a range of disorders known as TRAPPopathies, including encephalopathy
(TRAPPC2L, MIM:610970; TRAPPC6B, MIM:610397; TRAPPCI2, MIM:614139),
neurodevelopmental  disorders (7RAPP6A, MIM:610396; TRAPPCY9, MIM:611966),
encephalomyopathy (TRAPPCI11, MIM: 614138) and spondyloepiphyseal dysplasia tarda
(TRAPPC2, MIM:300202).2® However, the phenotypic heterogeneity remains poorly understood.

Very recently, a homozygous, variant in a well-conserved splice donor site
(hg38:11:119020256 A>G (NM_016146.5:¢.454+3A>@G) within TRAPP(C4 (trafficking protein
particle complex, subunit C4, (MIM:610971)) was identified in 8 affected individuals from four
independent families presenting a neurodevelopmental disorder characterized by severe-to-
profound developmental delay/intellectual disability, microcephaly, early-onset seizures, and
spastic quadriparesis.”® The TRAPPC4-related phenotype acronym is known as NEDESBA
(MIM:618741), which stands for NEurodevelopmental Disorder with Epilepsy, Spasticity, and
Brain Atrophy. Here we report 23 additional cases from 17 independent families with an early
infantile-onset neurodegeneration harboring the same homozygous TRAPPC4 splice site variant,
recurring in all the families from different ethnicities, and resulting in decreased TRAPPC4

expression due to aberrant splicing.
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4.3 Materials and Methods

4.3.1 Participant Recruitment and Sequencing

The institutional review boards of the University of California, San Diego, as well as the
respective host institution approved this study. All study participants and/or their parents or
guardians signed informed consent forms allowing for participation and to publishing of
photographs and other identifying information. Genomic DNA was extracted from peripheral
blood leukocytes using a QIAamp DNA blood Midi kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. For families 1-6, 16 and 17, exome sequencing and data analysis were
performed as previously described.” For families 7-10, exome sequencing and analysis were
conducted at CENTOGENE AG and for families 12-15, exome sequencing and analysis were
conducted at GeneDx.!®!! For family 15, genome sequencing was performed through the
Undiagnosed Diseases Network. In families 11 and 12, trio genome sequencing and proband-only
RNA sequencing were performed. Sequencing for the remaining families was performed at the
Broad Institute (Cambridge, Massachusetts, United States of America). The candidate variant was
confirmed, and segregation analysis was performed by Sanger sequencing. Further details are
available in the Supplementary Material.
4.3.2 RNA Preparation and Short Read RNA Sequencing

RNA was isolated from cultured fibroblasts obtained from a skin biopsy from patient 15,
in addition to 24 unrelated controls. RNA sequencing was performed at the Broad Institute
(Cambridge, Massachusetts, United States of America). Libraries were prepared using a TruSeq
Stranded mRNA Library Prep Kit (Cat. No. RS-122-2101, RS-122-2102, and RS-122-2103).
Paired-end sequencing was performed using a read length of up to 100bp on an Illumina

HiSeq4000 instrument to achieve a minimum sequencing depth of 50 million paired-end reads.
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RNA sequencing reads were processed using a Bpipe (Version 0.9.9.6, release 21/07/2018)
pipeline for quality control checks, trimming, and alignment.'? FastQC and Trimmomatic were
used for sequencing quality checks and trimming of poor-quality reads.'* Alignment was
performed using STAR (version 2.7.3a, release 08/10/2019), in two-pass mode for read
alignment to the Human Reference Genome Build 38 (excluding “ALT” contigs).'* Duplicate
reads were marked with Picard MarkDuplicates and quantification was performed using
FeatureCounts from the R Subread package Version 1.34.7, release 03/01/2019).'5 Differential
expression analysis was performed using the DESeq2 package (version 1.25.9, release
31/07/2019) comparing expression of the affected individual to 24 unrelated control samples.'®

Sashimi plots were prepared using ggsashimi.!”

4.4 Results

We report a cohort of 23 patients from 17 families with a TRAPPC4-related
neurodevelopmental disorder (Fig.1A). The families are of different ancestries (Iranian, Egyptian,
Portuguese, English, mixed European-American) and were identified through collaboration among
the involved study centers.
4.4.1 Identification of a Homozygous TRAPPC4 c.454+3A>G Variant

Among a collective cohort of over 10,000 patients with mostly recessive
neurodevelopmental disease from the University of California, San Diego and University College
London cohorts, approximately 50% remain unsolved after whole exome sequencing. Among
these, there were 23 patients from 17 families where both university groups independently
identified the homozygous c¢.454+3A>G variant (hg38:11:119020256 A>G (NM _016146.5,

rs375776811) in intron 3 of TRAPPC4, among a search for potential variants affecting splicing
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(Figure 1B-D). TRAPPC4 encodes for Trafficking Protein Particle Complex Subunit 4
(TRAPPC4). No other clinically relevant variants in TRAPPC4 were identified in any of the
remaining unsolved families. This variant had been initially filtered out from exome analysis
because the allele frequency (AF) rose above our 0.02% AF-cutoff. It was encountered as
homozygous only in affected members, and not in any unaffected members, and segregated with
the phenotype consistent with a recessive mode of inheritance with full penetrance in each of the
17 families. Comparison of the exome calls among the probands of these families did not identify
any shared haplotype, suggesting that either it is recurrently mutated or is an ancient genetic

variant.”
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Figure 4.1: Pedigrees, chromatogram, and TRAPPC4 gene and protein.

(a) Pedigrees of the 17 families, including an extended Iranian family composed of three smaller distantly
related subfamilies (family 5). Double bar: consanguinity. Slash: deceased. (b) Sanger sequence
chromatograms with the ¢.454+3A>G variant (NM_016146.5) in a healthy control (Healthy Ctrl),
heterozygous carrier (Father) and patient from family 5 (Affected). (¢) Schematic of NM_016146.5
TRAPPC4 transcript with 5 predicted exons and the ¢.454+3A>G variant (red) identified in the 17
families. Exons were numbered using the UC Santa Cruz (UCSC) Genome Browser as a reference. (d)
TRAPPC4 219 amino acid length protein (NP_057230.1) with predicted beta strands (B1-B13) and alpha
helices (A1-A5).

4.4.2 Search for the TRAPPC4 c.454+3A>G Variant in clinical exome and genome databases

The gnomAD (v2.1.1) reports the minor allele frequency (MAF) of the TRAPPC4
¢.454+3 A>G variant to be 0.024% with 68 heterozygotes reported with representation in the South

Asian, European, and African populations. In the GeneDx® database of patients referred for
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molecular diagnostics, there were four individuals that were homozygous for the TRAPPC4
¢.454+3 A>G variant (Supplemental File 3, families 12, 13, 14, and 15), all of whom consented to
publication. In the Centogene® database, comprising clinically ascertained exomes from 47,811
individuals, there were eight individuals homozygous for the TRAPPC4 ¢.454+3 A>G variant, and
amongst these, consent to publish was obtained for four (Supplemental File 3, families 7, 8, 9, 10).
All known individuals homozygous for the variant were found to be clinically affected, suggesting

full penetrance, and bringing the total number of patients reported here to 27.

In addition to the patients carrying a homozygous TRAPPC4 ¢.454+3A>G variant, the
same variant was found heterozygous in two individuals in our Middle Eastern cohort of over 5000
individuals (MAF = 0.040%) who underwent whole exome sequencing, and in whom a causative
gene other than TRAPPC4 was identified or families remain unsolved.'®!” In the GeneDx®
unaffected adult cohort, TRAPPC4 c.454+3A>G was heterozygous in 64 out of 189,846 alleles
(MAF =0.033%). In the 100K Genomes Project, the variant was seen in 64 of 59,464 participants
(all heterozygous, MAF = 0.054%). In the NHLBI Exome Sequencing Project database the MAF
=0.046%, and in the UK10K database the MAF = 0.03%. The Centogene® database comprising
clinically ascertained exomes of 47,811 individuals, we identified 14 carriers from unrelated
families, with MAF = 0.026%. In the Baylor Genetics Laboratories database, of 14,775 sequenced
individuals, 13 heterozygous individuals were identified (MAF = 0.088%). Six further
heterozygous individuals were found in the dataset of ~15,500 exomes of the Queen Square
Genomic Center database (MAF = 0.039%). Accordingly, the carrier frequency of the TRAPPC4
¢.454+3 A>G variant ranges from 2.4-5.4 per 10,000 individuals in our collective cohort consisting
mostly of individuals with neurological disease. There was no reported health consequence of

carrying the heterozygous variant.
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4.4.3 TRAPPC4 mRNA Analysis Reveals Defective Splicing

The ¢.454+3A>G variant occurred immediately following exon 3, suggesting defective
splicing may result. RNA sequencing of dermal fibroblasts from patient 15 revealed TRAPPC4 as
the only genome-wide significant differentially expressed gene, compared to 24 similarly
sequenced controls (Adjusted p-value = 0.016) (Fig. 4.2A), a finding that helped identify the
TRAPPC4 c.454+3A>G variant as the cause in these families. Inspection of reads mapping to
TRAPPC4 revealed exon 3 skipping in approximately 46% (7 of 15) of transcripts utilizing the
acceptor splice site of exon 4 (Fig. 4.2B). This splice junction was also observed at low levels in
the sequenced control samples where it was utilized by an average 3% of transcripts. A further
small percentage (13%) of reads in the patient contain the NM_016146.5; c¢.454+3A>G variant
and use a novel donor splice site at position ¢.454+41, resulting in a 40-nucleotide extension of
exon 3. In summary, more than half (59%) of expressed TRAPPC4 transcripts from patient 15
fibroblasts display aberrant splicing while wild-type splicing of exon 3 was supported by 41% of
reads. Both of the aberrant transcripts detected predict a frameshift and nonsense mediated decay,
consistent with the observed decrease in TRAPPC4 expression. RT-PCR and subsequent Sanger

sequencing analysis of the RT-PCR fragments have been described by Van Bergen et al.’
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Figure 4.2: TRAPPC4 mRNA analysis.

(A) Volcano plot illustrating total RNA transcript level of all transcripts mapped to the reference genome
for fold change vs. adjusted p-value of RNA sequencing from fibroblasts derived from Patient 15
compared to 24 control fibroblasts lines. TRAPPC4 (red dot) was the only gene significantly differentially
expressed with a log,-fold change between 2-4 and a minus-logio adjusted P value above genome wide
significance (gray dashed line) between 1-2. (B) Sashimi plot depicting individual reads from patient 15
(top) compared with sum of 24 controls (bottom) mapped to the reference genome from exon 2 to exon 4
of TRAPPC4. Site of location is shown with arrow. In control, splicing from exon 2 to 4 occurs in only
3% of reads in control but 46% of reads in patient 15. A novel splice donor site 40 bp downstream of the
canonical site in exon 3 was seen in 13% of reads in patient 15, and not seen in control. Splicing from the
canonical exon 3 donor site was seen in 97% of transcripts in controls but 41% in patient 15.

4.4.4 Clinical Evaluation of the Affected Individuals

Following a generally uncomplicated pregnancy and neonatal course, in the first few
months of life all affected individuals developed a severe, progressive encephalopathy

characterized by motor, language, and social developmental stagnation. Psychomotor regression
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was further observed in some cases (Table 4.1) With disease progression, patients experienced a
critical cognitive decline and demonstrated acquired microcephaly. The degree of microcephaly
was generally severe, with a mean occipito-frontal circumference of -5.77 standard deviations
(SDs) at around 5 years of age as a mean. Subtle and non-specific facial dysmorphic features,
including bitemporal narrowing, thick eyebrows, full cheeks, long philtrum, wide mouth, thin and
tented upper lip, and pointed chin (Fig. 4.3A) were observed in most cases, in addition to all
previously reported cases over two years of age.”® In all patients, seizure onset was in the first 6
months of life with highly variable seizure types (e.g., infantile spasms and focal, tonic-clonic,
atonic, and tonic seizures) and frequencies. In most cases, there was a partial response to
antiepileptic drugs (AEDs), including levetiracetam and clobazam, but seizures were refractory in
patients 9 and 19. Electroencephalographic features were not specific, showing generalized
disorganization and epileptiform discharges. Neurologic examination revealed spastic tetraplegia
and hyperreflexia in all subjects, similar to previously reported subjects where data was
available.”® Abnormal movements mainly consisting of ataxia and dystonia were observed in
patients 5, 6, 16, and 18. Patients 14, 15, and 18 showed bilateral cataracts. Despite the presence
of visual fixation in most individuals, visual pursuits were almost invariably absent, suggesting
impaired visual function probably independent of cataracts. Hearing loss was observed in patients
11 and 12. Early death due to infections occurred in five out of the 23 reported individuals at a
mean of 8.8 years.

Brain MRIs showed a variable degree of cerebral atrophy in all cases (Fig. 4.3B). This was
also evident in five out of the eight previously reported cases where MRIs were available.”® In
many subjects, loss of white matter, ventriculomegaly, and cerebellar atrophy were also dramatic,

and appeared more severe in older children, suggestive of progressive atrophy. The degree of
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ventriculomegaly varied considerably, but all subjects showed enlarged subarachnoid spaces and
widely spaced cortical gyri. Hypoplasia of the corpus callosum (CCH) and brainstem were also
observed (Supplemental File 3).
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Figure 4.3: Clinical and radiological characterization of TRAPPC4 patients.

(A) Bar graph showing the distribution of the most relevant clinical features from the 17 ascertained
families and the eight patients identified from clinical testing facilities. Orange: number of patients out of
27 showing each feature. Gray: data not available. (B) Brain MRI scans showing global cerebral atrophy

in all patients, including cortex, corpus callosum (arrow in Patient 1), cerebellum (double arrows in

patient 4) and ventricular enlargement (asterisk in patient 17).
4.5 Discussion
This study supports the pathogenicity of the recurrent ¢.454+3A>G variant in TRAPPC4
as the cause of a severe developmental encephalopathy characterized by a profound global

developmental delay, and frequent psychomotor regression and lethality, and delineates the carrier

frequencies throughout sampled populations. Affected individuals developed debilitating motor
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impairments, with spastic tetraplegia, cognitive decline, and movement disorders. Common facial
dysmorphism includes bitemporal narrowing, thick eyebrows, full cheeks, long philtrum, wide
mouth, thin and tented upper lip, and pointed chin. Our report of additional affected individuals
helps clarify the expressivity in NEDESBA.

Early-onset epilepsy with variable seizure phenotypes and electroencephalographic
findings is a feature of NEDESBA. In most subjects, there is a partial response to AEDs, however
refractory seizures were observed in some patients. Interestingly, two affected siblings with
gelastic seizures and episodes of temperature dysregulation have been previously reported, one of
whom also had premature adrenarche and osteopenia.” These findings, suggestive of hypothalamic
dysregulation, have not been observed in the other cases or in our cohort. Similarly, dystonia or
ataxia were only observed in some affected individuals. Accordingly, NEDESBA might have a
wide phenotypic spectrum, and variable expressivity. The report of our further cases helps to
clarify the expressivity of these rare features.

An additional critical aspect of NEDESBA involves psychomotor regression. In previous
reports, this condition was mainly described as a progressive encephalopathy. Most subjects from
our cohort showed absent development of motor, verbal, and social skills. Although, some children
attained developmental milestones in the first few months of life, these were invariably lost with
disease progression. Psychomotor regression was observed in all phenotyped individuals,
representing a cardinal feature of this disorder (Supplemental File 3). Together with the
progressive course of the neuroimaging abnormalities, this observation suggests that TRAPPC4
encephalopathy displays early onset neurodegenerative features.

An individual with TRAPPC4 variant displaying severe muscle involvement associated

with biochemical alterations suggestive of episodic rhabdomyolysis (increased plasma lactate,
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creatine phosphokinase, and transaminases) has been very recently reported, resembling the
progressive early-onset encephalopathy with episodic rhabdomyolysis (PEERB, MIM:618331)
caused by recessive TRAPPC2L variants (MIM:618331).28 Muscle wasting was observed in our
cohort, most likely secondary to the profound limitation of voluntary movements. In one case
(patient 19), blood tests revealed elevated lactate on one occasion (level 424 U/L, reference range
20-200 U/L), but this was not observed on repeat testing. Although primary muscle involvement
is still possible, many TRAPP(C4 subjects also present clinical manifestations which might lead to
a transient increase in serum muscle enzymes (e.g., seizures, spasticity, and dystonia).
Accordingly, the assessment of biochemical alterations for creatine kinase and other muscle
enzymes on a case-by-case basis is essential.

Although not pathognomonic, the neuroimaging features of TRAPPC4 subjects
demonstrate consistent cerebral atrophy with predominant involvement of subcortical white matter
and ventricular enlargement, often in association with basal ganglia, cerebellar and brainstem
atrophy. The remarkable white matter involvement is also supported by observation of thin corpus
callosum evident in most patients. However, in contrast to cases from a previous report,” a
significant sparing of the basal ganglia was not noted in our cohort. Accordingly, the exact
progression of the neurodegenerative process and the temporal relationship between cerebral basal
ganglia, brainstem and cerebellar atrophy remain to be elucidated.

The ¢.454+3 A>G variant is relatively common across populations worldwide, as shown by
the relatively high carrier frequency in public and private databases. This is also supported by the
absence of consanguinity in some of our families (9, 11, 12, 13, and 15) and in one previously
reported family.!” This variant might have derived from a possible shared common ancestor,

however, neither our study nor previous studies were able to detect a shared haplotype. We showed
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that this variant leads to a failed splicing based on the presence of TRAPP(C4 aberrant transcripts.
These findings support the pathogenicity of the TRAPP(C4 variant as the cause of the disorder in
the studied subjects. Furthermore, the identification of the ¢.454+3A>G variant in RNAseq data
in patient 15 stresses the power of RNAseq as an ancillary diagnostic tool in individuals with

undiagnosed rare diseases, especially in cases where exome sequencing yields negative results.?

Table 4.1: TRAPP subunit subcomplex components and clinical syndrome so far associated with
disease.
Most TRAPP subunits are part of both TRAPPII and III complexes except for C10, which is exclusively
part of TRAPPCII, and TRAPPC11 ,-12, and -13, which are exclusively part of TRAPPIII. All
conditions are autosomal recessive except the TRAPPC2 gene which is X-linked.

Subunit Complex Clinical Condition OMIM#
Cl 11 and I11
C2 I and 111 Spondyloepiphyseal dysplasia tarda, X-linked 313400
Encephalopathy, progressive, early-onset, with
C2L 11 and I11 episodic rhabdomyolysis 618331
C3 11 and I11
Neurodevelopmental disorder with epilepsy,
C4 11 and I11 spasticity, and brain atrophy 618741
C5 11 and I11
C6A 11 and I11
Neurodevelopmental disorder with microcephaly,
C6B I and III epilepsy, and brain atrophy 617862
C9 II and III Mental retardation, autosomal recessive 13 613192
Cl10 11
Muscular dystrophy, limb-girdle, autosomal
Cl1 111 recessive 18 615356
Encephalopathy, progressive, early-onset, with
Ci12 111 brain atrophy and spasticity 617669
Cl13 111
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A range of conditions are now described in the TRAPPopathies primarily involving the
developing brain and muscle (Table 4.1). Our study highlights the involvement of this relatively
common single allele as the cause for a severe recessive neurological disease characterized by
progressive microcephaly, profound cognitive decline, infantile-onset epilepsy, and progressive
spastic tetraplegia. Our observations expand the spectrum of TRAPPopathies, supporting the
existence of phenotypic overlap in this complex group of disorders. To date, around 23 families of
European, Mediterranean, Middle-Eastern, and Indian ancestries are known to be homozygous for
the ¢.454+3 A>G variant in TRAPPC4. The highest frequency of this variant is found in individuals
with European and Mediterranean ancestries, whereas it appears to be rare in African and East
Asian populations. The commonality of the c.454+3A>G variant in the general human population
warrants the search for TRAPPC4 variants in children with microcephaly, especially when
associated with neurodegenerative features. The frequency of this variant in European and
Mediterranean basin populations suggests that a genetic screening-based approach might prove
useful in early carrier detection.

Chapter 4, in full, is a reprint of the material as it appears in European Journal of Human
Genetics 2020. Ghosh, Shereen G.; Scala, Marcello; Beetz, Christian; Helman, Guy; Stanley,
Valentina; Yang, Xiaoxu; Breuss, Martin W.; Mazaheri, Neda; Selim, Laila; Hadipour, Fatemeh;
Pais, Lynn; Stutterd, Chloe; Karageorgou, Vasiliki; Begtrup, Amber; Crunk, Amy; Juusola, Jane;
Willaert, Rebecca; Flore, Leigh A.; Kennelly, Kelly; Spencer, Christopher; Brown, Martha;
Trapane, Pamela; Hurst, Anna C.E.; Rutledge, S. Lane; Goodloe, Dana H.; McDonald, Marie T.;
Shashi, Vandana; Schoch, Kelly; Undiagnosed Diseases Network; Tomoum, Hoda; Zeitoun,
Raghda; Hadipour, Zahra; Galehdari, Hamid; Pagnamenta, Alistair T.; Mojarrad, Majid;

Sedaghat, Alireza; Dias, Patricia; Quintas, Sofia; Eslahi, Atiyeh; Shariati, Gholamreza; Bauer,
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Peter; Simons, Cas; Houlden, Henry; Issa, Mahmoud I.; Zaki, Maha S.; Maroofian, Reza;

Gleeson, Joseph G. The dissertation author was the primary investigator and author of this paper.
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CHAPTER 5

Biallelic Hypomorphic Mutations in HEATR5B, Encoding HEAT repeat-

containing protein 5B, Lead to Pontocerebellar Hypoplasia

5.1  Abstract

HEAT repeats are 37-47 amino acid flexible tandem repeat structural motifs occurring in
a wide variety of eukaryotic proteins with diverse functions. Due to their ability to undergo
elastic conformational changes, they often serve as scaffolds at sites of protein interactions. Here,
we describe four affected children from two families presenting with pontocerebellar hypoplasia
manifest clinically with neonatal seizures, severe intellectual disability and motor delay. Whole
exome sequencing identified biallelic variants at predicted splice sites in intron 31 of HEATRS5B,
encoding the HEAT repeat-containing protein 5B segregating in a recessive fashion. Aberrant
splicing was found in patient fibroblasts, which correlated with reduced levels of HEATRS5B
protein. HEATRSB is expressed during brain development in human, and we failed to recover
live-born homozygous Heatr5b knockout mice. Taken together, our results implicate loss of

HEATRS5B in pontocerebellar hypoplasia.

5.2  Introduction

Pontocerebellar hypoplasia (PCH) refers to a group of recessive neurodevelopmental
disorders characterized by loss of parenchymal volume of the pons and cerebellum. PCH
frequently follows a degenerative course, with clinical hallmarks including defects in brainstem

and cerebellar function, evident by difficulty with swallowing, oculomotor defects, spastic
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quadriparesis, epilepsy, frequent pulmonary infections, and early death.! Currently, there are
eleven overlapping clinical subtypes and seventeen PCH-related genes that have been described,
implicating genes involved in RNA processing or protein translation.?

HEAT (Huntingtin, Elongation factor 3, the PR65/A subunit of protein phosphatase 2A,
and TOR) repeats (HEATRs) are 37-47 amino-acid motifs consisting of duplicated anti-parallel
a-helices linked by flexible inter-unit loops.? Structurally related to armadillo repeats, HEATRs
occur in a variety of eukaryotic proteins mediating protein interactions involved in processes
such as cytoplasmic and nuclear transport, microtubule dynamics, or chromosome segregation.*
Upon interaction with binding partners HEATRs are capable of undergoing flexible and elastic
changes.’ Although HEAT repeats occur in dozens of proteins, a total of ten different genes are
designated with the name HEATR in the human genome (HEATR 1, 2, 3, 4, 5A, 5B, 6, 7A, 7B1
and 8), and none yet have been linked to human disease, except in a single family with primary

ciliary dyskinesia with a homozygous HEATR2 missense allele (CILD18; MIM: 614874).°

5.3  Materials and Methods
5.3.1 Patient Recruitment

The Institutional Review Board at the University of California, San Diego, approved this
study. All study participants signed informed consent documents, and the study was performed
in accordance with Health Insurance Portability and Accountability Act (HIPAA) Privacy Rules.
The procedures followed for recruitment and data collection were in accordance with the ethical
standards of the responsible committee on human experimentation at the respective, participating

institute and proper informed consent was obtained.
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5.3.2 DNA Extraction and Whole Exome Sequencing

DNA was extracted on an Autopure LS instrument (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. Samples of the three affected individuals and their unaffected
parents were subjected to Agilent Sure-Select Human All Exon v2.0 (44Mb baited target) library
preparation sequencing on an [llumina HiSeq 2000 with v2 chemistry (Read Length: 151). The
accession number for these data is dbGAP: phs000288.v1.pl. The Genome Analysis Toolkit
(GATK) workflow was used to identify variants that were homozygous in the children.’
5.3.3 Computational Analysis

Variant calling and filtering were performed according to an established whole exome
sequencing pipeline.” Runs of homozygosity were assessed using HomozygosityMapper.®1°
Variants were filtered if not consistent with recessive monogenic inheritance and if the minor
allele frequency (MAF) was >1:10,000 in gnomAD or >1:1,000 in our in-house ethnically
matched exome database consisting of 7,000 sequenced individuals. Missense variants were
prioritized by their conservation scores in GERP++ and PhyloP and deleterious or pathogenic
scores in at least two of the following in silico pathogenicity prediction tools: Combined
Annotation Dependent Depletion (CADD), MutationTaster, Polyphen-2, and SIFT.
5.3.4 Reverse Transcription (RT) PCR

Patient fibroblasts for Family 2610 were harvested from a skin dermal punch biopsy as
described.!! Total RNA from quantified patient and control fibroblasts was reverse-transcribed
using the Superscript I1I First-Strand cDNA Kit (Invitrogen, Cat: 18080051). PCR analysis of
cDNA was designed against exons 22-23, 30-31, and 33-34 of HEATRS5B, excluding introns
using GoTaq Master Mix (Promega, Cat: M7833). Quantification of band intensity was

performed using Image J software and normalized to loading control.
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5.3.5 Gel Extraction

DNA was purified from agarose gels following RT-PCR and recovered using the
Zymoclean Gel DNA Recovery Kit as per manufacturer’s instructions (Zymo Research, Cat:
D4001).
5.3.6 Western Blot

Cells were lysed with ice-cold RIPA buffer (150mM sodium chloride, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, SOmM Tris pH 8.0) and assessed by
Western blot using standard protocols. Primary antibodies used were anti-beta-Actin (Santa
Cruz, sc-47778, 1:2000), and anti-HEATRSB (Sigma-Aldrich, HPA055639, 1:200). Western
blot signal intensity (area of peaks) was analyzed using ImageJ and normalized to the loading
control for quantification. N=3 independent extractions used for quantification.
5.3.7 Mouse

Animal use followed NIH guidelines and was approved by IACUC at the University of
California, San Diego. The guide 5’- GGATTGTTCATTGCTCTCTT-3’ was co-injected with
recombinant CRISPR/Cas9 into C57Bl/6 zygotes according to standard protocols at the UCSD
Transgenic Mouse Core. We recovered several damaging alleles and focused on a Heatr5b
frameshift allele in constitutively spliced exon 28 of 36 (Refseq NM_001081179.1;
c.4384 4385insA; p.Asp1462GlufsTerl5). Mice were genotyped by PCR followed by Sanger
sequencing (mHeatr5b_F/R; Table S1). Heterozygous mice were backcrossed to wildtype
C57Bl/6 for at least five generations prior to intercross of heterozygotes to generate homozygous
animal. Timed pregnant animals were obtained by plug checks, where the day of the observed

vaginal plug was determined to be EQ.5.
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5.3.8 Statistical Analysis
Statistical analysis was done as indicated in figure legends using GraphPad Prism 7.

Visualization of data was performed using GraphPad Prism 7.

54 Results

5.4.1 Clinical Evaluation of Four Affected Individuals from Two Families with Similar
Neurological Phenotypes.

We identified four affected members from two unrelated families with similar
neurological phenotypes. Family 2610 had documented parental consanguinity and presented
with two affected children (II-1 and II-2) with severe global motor and cognitive delays and
frequent neonatal-onset seizures (Figure 1, Table 5.1). The older sibling was born at 36 weeks of
gestation and showed intractable convulsions and hypocalcemia in the neonatal period. Absence
of meconium led to a diagnosis of aganglionic megacolon that required surgery at 11 days of
age. Physical examination showed growth retardation, severe intellectual disability, and gross
motor delay with absent head control. There was also microphthalmia, low set ears, talipes
equinovarus, increased deep tendon reflexes, and limb spasticity. The younger sibling showed
similar features, without megacolon, but instead showed transient polycythemia. Brain MRI for
both children revealed pontocerebellar and corpus callosum hypoplasia with a greater degree of
ventriculomegaly in the older child, suggesting a progressive course. The older sibling passed
away at 3 years of age, while the younger sibling is still living.

Family 3195 had two affected children (III-3 and III-4) and two healthy siblings from a
first-cousin marriage. Both children had severe global motor and cognitive delay with seizure

onset at 3 and 7 months of age, respectively. Brain MRI for the younger sibling revealed
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pontocerebellar hypoplasia, defective myelination, mild cortical atrophy, corpus callosum
hypoplasia, and mild ventriculomegaly. Both children passed away at 4 years of age. DNA or
MRIs for one of the affected children (I11-4) could not be obtained, however phenotypic

similarity between the two siblings suggested a single genetic etiology.

A B
Family 2610 Family 3195

Il
1 2
=D B
1 2 3 4
hg38:2:9.37002573 C>T hg38:2:9.37003538 T>C

Family 2610 II-2 Family 3195 1lI-4

G
Ex1 Ex5 Ex10 Ex15 Ex20 EX30 Ex35
HEATR5B
Family 3195  Family 2610
NM_019024.2 NM_019024.2
H ¢.5060+4A>G ¢.5051-1G>A
1 848 885 1062 1099 1290 1327 1682 1683 2071 aa
| | Exon 31/32
HEAT Repeats boundary

Figure 5.1: Clinical and genetic information for families 2610 and 3195.

(A-B) Family pedigrees for families 2610 and 3195. Hash line: deceased. Triangle: deceased pregnancy at
1.5 months gestation. Double line: reported consanguinity. (C-F) MRIs for individuals 2610-11-2 (C-D)
and 3195-111-4 (E-F). Shown are midline sagittal (C, E) and coronal (D, F) images. Asterisk: mega
cisterna magna. White arrow: cerebellar hypoplasia. Green arrow: pontine hypoplasia. (G) HEATR5B 36
exons with genomic position. Red lines: position of intron 31 pathogenic variants (RefSeq
NM 019024.2). (H) Schematic of the HEATRS5B protein with location of the three HEAT repeat domains
(RefSeq NP_061897.1). Red dashed line highlights the exon 31/32 boundary at amino acids 1682-1683,
between which the two splicing variants were present. aa: amino acid.
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Table 5.1: Clinical information for families harboring HEATR5B mutations.

Mutation gDNA (hg19) hg38:2:2.37002573C>T hg38:2:2.37002573C>T N/A hg38:2:2.37003538T>C
Mutation cDNA ¢.5051-1G>A ¢.5051-1G>A N/A ¢.5050+4A>G
Mutation Protein p.? p.? N/A p.?

Zygosity homozygous homozygous N/A homozygous
Gender Female Male Male Female

Ethnic origin Turkey Turkey Egypt Egypt

Consanguinity none reported none reported 1st degree cousins 1st degree cousins
Pregnancy duration (weeks) 36 39 39 38
Weight at birth (g) 1900 3000 2800 3000

OFC at birth (cm) 32 33 34.5 34

OFC at last examination (cm) 43.5 (-2SD) 39.1 (-2SD) 35(-2SD) 32.5(-2SD)
Deceased at age (years) 3 3 4 4

Regression

Gross motor Absent Absent Delayed Absent
Fine motor Absent Absent Delayed Absent
Language Absent Absent Absent Absent
Social Absent Absent Delayed Absent
Y Y Y Y

Onset Birth Birth 3 months 7 months
Type Focal and Generalized Focal Myoclonic Focal and Myoclonic
Frequency Daily Daily Daily Daily

Reflexes

Cognitive functions Severe ID Severe ID Severe ID Severe ID
Brainstem findings Dysphagia Dysphagia Apenic spells Dysphagia and apnea
Cerebellar deficits Nystagmus Nystagmus Nystagmus Nystagmus
Vision Impaired Impaired Impaired Impaired
Muscle tone Axial hypotonia Axial hypotonia Axial hypotonia Axial hypotonia
Increased Increased Increased Increased

Cerebellum Hypoplasia Hypoplasia N/A Hypoplasia
Pons Hypoplasia Hypoplasia N/A Hypoplasia
Cerebral cortex Atrophy Atrophy N/A Atrophy
Ventriculomegaly Y Y N/A Y
White matter Volume loss Volume loss N/A Volume loss
Corpus callosum Hypoplasia Hypoplasia N/A Hypoplasia

EEG

Epileptiform

Epileptiform

Epileptiform

Eye Micropthalmia - - -

Immunodeficiency Recurrent infections Recurrent infections Recurrent infections Recurrent infections
| Respiratory Recurrent aspirations Recurrent aspirations Recurrent aspirations Recurrent aspirations

Gastrointestinal Aganglionic megacolon Gallbladder stone - -

Epileptiform

Metabolic (UOA, PAA)

Negative

Polycyhtemia

Negative

Negative
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5.4.2 Homozygous HEATR5B Damaging Variants in Pontocerebellar Hypoplasia

Following informed consent from all participating individuals (or their guardians), whole
exome sequencing (WES) was performed on blood-derived DNA from the father, mother, and
both affected children of Family 2610, as well as the father, mother and the affected girl from
Family 3195. Rare, potentially deleterious variants were prioritized using an in-house exome
database consisting of over 5,000 ethnically matched individuals, in addition to publicly
available exome datasets, cumulatively numbering over 10,000 individuals.'>!3 In family 2610,
only one candidate passed filters and segregated with the phenotype, which we identified as a
homozygous variant predicted to affected splicing in HEATRS5B (Table S2). In Family 3195, the
variant in HEATRS5B was the only splicing variant we identified, among additional missense
variants in other genes (Table S2). Thus, both families showed homozygous variants adjacent to
canonical splice sites (¢.5051-1 G>A for Family 2610 and ¢.5050+4 A>G for Family 3195) in
intron 31 of HEATR5B (RefSeq NM_019024.2), predicted to impair splicing.

Neither HEATRS5B variant was present in the gnomAD database, or in our in-house
exome database. The predicted genotypes from next generation sequencing were confirmed

through Sanger sequencing for all individuals where DNA was available (Figure 5.2).
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Figure 5.2: Sanger sequencing traces for families 2610 and 3195.
(A) Sanger sequencing traces depicting the C>T nucleotide change present in Family 2610.
Shown are heterozygous traces for father, mother, and homozygous traces from both affected
members (Aff.1 and 2). (B) Sanger sequencing traces depicting the T>C conversion present in Family
3195. Shown are heterozygous traces for father, mother, and homozygous traces from the affected
individual (ITI-4).

Furthermore, both variants were adjacent to or within a stretch of extended homozygosity

(HomozygosityMapper, Figure 5.3), and were predicted as ‘disease-causing’ by

MutationTaster.3'® HEATR5B is ubiquitously expressed in adult human tissues (GTEx data,

Figure 5.4) and during human brain development (BrainSpan data, Figure 5.5) at all assessed

stages. The genetic support, the similar location of the variants, as well as the matching

phenotypes rendered the HEATRS5B variants as the most likely cause of disease.
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Figure 5.3: Homozygosity plots for families 2610 and 3195.

(A-B) Graphical representation of the homzygosity plots generated by HomozygosityMapper of all 22
autosomes for the affected individuals in Families 2610 (A) and 3195 (B). Red peaks indicate
homozygosity scores above the cutoff at 0.8x of the maximum. There is an extensive stretch of
homozygosity on chromosome 2. Arrowheads in the lowest panel indicate the positions of the mutations.
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Expression analysis of HEATRS5B transcripts across various adult tissues. HEATRS5B shows ubiquitous
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was derived from the GTEx portal.'*!> Shown are standard violin plots with inner boxplots.
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Figure 5.5: HEATR5B expression in the human cortical region along the developmental trajectory
(BrainSpan data).

Expression analysis of HEATRS5B transcripts in the developing (red) and postnatal (blue) brain.
HEATRSB shows ubiquitous expression across all time points. Expression is shown as the log2 of Reads
Per Kilobase of transcript, per Million mapped reads (RPKM). Data used was derived from RNA-
Sequencing data from BrainSpan.'® Shown are mean + SD and individual data points for each time point.
pcw: post-conception weeks; mos: months; yrs: years.

5.4.3 Pathogenic variants in HEATR5B result in aberrant splicing and subsequent reduced

protein levels

To functionally assess splicing defects that may result from these variants, we generated
dermal fibroblast cultures from the affected girl and both parents in Family 2610 following
informed consent. We assessed the presence of HEATR5B mRNA using RT-PCR from exon 22
to 23, which are upstream of the variant in Family 2610, and observed no differences in
expression level compared with control (Figure 5.6A,D). Primers located in exon 31 and 32,
which flank the variant, demonstrated a lower band corresponding to spliced mRNA, which was
of decreased intensity in the affected compared with control or parents after normalization of

PCR to a GAPDH loading control (P<0.0001, Fig. 5.6B,E). Additionally, in the affected there

was a new upper band, corresponding to a product in which intron 31 failed to splice out of the
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transcript (P<0.0001, Fig. 5.6B,F). Primers located in exon 33 and 34, which are downstream of
the variant, showed no difference in expression level. The data suggest that the variant in intron
31 can lead to aberrant splicing of the transcript.

We extracted DNA from both the upper and lower bands of the affected individual
following RT-PCR. Sequencing of the extracted DNA confirmed intron retention in the upper
band (Figure 5.6H-I), and showed a loss of six nucleotides (Figure 5.6H, J) in the lower band.
This suggests that loss of the original splice site resulted in two new splicing events: 1] usage of
a weaker splice site six base pairs downstream of the start of exon 32/36. 2] failure to splice the
intron completely. These result in the loss of two amino acids in the final protein, or higher

levels of intron retention, respectively.
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Figure 5.6: Pathogenic variants in HEATR5B result in mRNA intron retention.

(A and C) RT-PCR from fibroblasts from unaffected Father (F), Mother (M), and affected child (A2)
from Family 2610, for primers located in exons 22 and 23 or exons 33 and 34. Results show
indistinguishable band intensities and molecular weight in all. (B) RT-PCR for primers located in exons
31 and 32, spanning the variant, showing reduced intensity of wildtype band (lower band) and presence of
a novel upper band, suggesting intron retention in A2 (arrowhead). NTC: Negative Template Control. (D-
G) Band quantification of RT-PCR analyses. (H) RT-PCR of sample A2 showing upper and lower bands
used for Sanger sequencing. (I) Sequence trace from the upper band revealed retention of intron 31. (J)
Sequence trace from the lower band revealed a loss of six nucleotides from the start of exon 32, resulting
in the predicted loss of two amino acids in the encoded protein, indicating use of the alternative splice site
within exon 32. Red asterisk indicates the new splice site location resulting from the variant. (K)
Schematic of HEATRS5B pre-mRNA sequence of intron 31 of 35. Black asterisk indicates the location of
the canonical splice site affected by the variant in Family 2610. Statistical analysis in D-G was done using
a one-way ANOVA and Tukey’s multiple comparisons test. Unless indicated, differences were not
significant between the categories. ****P<(0.0001. N=3 independent experiments and graphs show
individual data points as well as mean = SEM.
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We next performed Western analysis for HEATRSB protein in whole cell lysates from
Family 2610 and observed significantly reduced protein in the sample from the affected

compared to both parents and an unrelated control (P<0.0001, Fig. 5.7A-B).
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Figure 5.7: Primary dermal fibroblasts from affected member of family 2610 show reduced
HEATRS5B protein level.

(A) Western blot for HEATRSB full-length protein and B-actin using the same sample input. Full-length
HEATRSB signal is reduced in the proband. (B) Band quantification of Western blot analyses. Statistical
analysis done using a one-way ANOVA and Tukey’s multiple comparisons test. Unless indicated,
differences were not significant between the categories. ****P<(.0001. N=3 independent experiments
and graph shows individual data points as well as mean + SEM.

5.4.4 Embryonic Lethality of Heatr5b Mouse Model of Disease

To investigate the importance of HEATRSB in development, we generated a frameshift allele
(Refseq NM_001081179.1; ¢.4384 4385insA; p.Asp1462GlufsTerl5) in the mouse homolog
Heatr5b using CRISPR/Cas9 pronuclear injection (Figure 5.8). While heterozygous animals
were healthy and fertile, we failed to recover any homozygous mutant mice at PO. We thus
established timed-pregnant matings but also failed to recover any healthy embryos genotyped as
homozygous mutants at embryonic day (E) 12.5 or 14.5 (0/21 embryos total; P=0.0041). These
results are consistent with an essential role in embryonic development and supported

pathogenicity of HEATRSB function perturbation.
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Homozygous Wildtype

Heterozygous

Figure 5.8: Sanger sequencing traces for wildtype and heterozygous mice.
Sanger sequencing traces depicting the frameshift allele generated in the heterozygous Heatr5b
embryonic mice following CRISPR/Cas9 pronuclear injection. The A nucleotide insertion is shown in red
and the shared wildtype sequence is shaded in grey.

5.5 Discussion

Here, we describe two unrelated families with four affected individuals that exhibited a
similar phenotypic spectrum comprising severe global motor and developmental delay,
pontocerebellar hypoplasia, and epilepsy. Both families harbored unique splice site variants in
HEATRS5B that segregated with the phenotype in affected individuals, likely impaired splicing,
and resulted in reduced steady-state levels of the encoded HEATRSB protein in a fibroblast
culture. Embryonic lethality of Heatr5b knockout mice further supports the significance of this

protein in development. This severe phenotype in the knockout mouse suggests that these patient
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splice site variants are hypomorphic, which is supported by the residual expression of protein in
fibroblasts that are homozygous for one of these variants.

While the cellular role of the HEATRSB protein in mammals remains unclear, recent
studies on the yeast homolog of this protein, Laal, have provided evidence for its importance in
endocytosis; this is based on its interaction with the adaptor protein complex-1 (AP-1),!7 a highly
conserved clathrin adaptor involved in membrane trafficking.!®!° This association of HEATRS
proteins with endocytosis is evolutionarily conserved from yeast to mammals.?’-?* Although
disruption of the HEATRS family causes strong defects in AP-1 recruitment in all systems tested
so far, it remains unclear whether HEATRSB plays a direct role in AP-1 function.?2 At the
minimum, the identification of deleterious splice site variants in patients with pontocerebellar
hypoplasia and epilepsy, suggests that its function is important for mammalian
neurodevelopment.

Eleven subtypes of PCH have been described thus far, with two subtypes (PCH 3 and
PCH 11) previously implicated in intracellular vesicle transport or vesicle formation.?*?” Due to
the proposed role of HEATRSB in endocytosis, it is possible that this newly-associated
HEATRSB functions in endocytosis although more work is required to assess function, and there
1S no obvious convergence on a subtype-specific set of phenotypes, due to the limited number of
cases reported in the literature.

Chapter 5, in full, has been submitted for publication of the material as it may appear in
European Journal of Human Genetics 2020. Ghosh, Shereen G.; Breuss, Martin W.;
Schlachetzki, Zinayida; Chai, Guoliang; Ross, Danica; Stanley, Valentina; Sonmez, F.Mujgan;
Topaloglu, Haluk; Zaki, Maha S.; Hosny, Heba; Gad, Shaimaa; Gleeson, Joseph G. The

dissertation author was the primary investigator and author of this material.
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CHAPTER 6

Biallelic Variants in HPDL, Encoding 4-Hydroxyphenylpyruvate

Dioxygenase-Like Protein, lead to an Infantile Neurodegenerative Condition

6.1  Abstract

Dioxygenases are oxidoreductase enzymes with roles in metabolic pathways necessary for
aerobic life. 4-hydroxyphenylpyruvate dioxygenase-like protein (HPDL), encoded by HPDL, is
an orphan paralogue of 4-hydroxyphenylpyruvate dioxygenase (HPD), an iron-dependent
dioxygenase involved in tyrosine catabolism. The function and association of HPDL with human
diseases remains unknown. We applied exome sequencing in a cohort of over 10,000 individuals
with neurodevelopmental diseases. We identified biallelic variants in HPDL in 8 families
displaying recessive inheritance. Effects of HPDL loss were investigated in vifro and in vivo, and
through mass spectrometry analysis. Evolutionary analysis was performed to investigate the
potential functional separation of HPDL from HPD. Knockout mice closely phenocopied humans
and showed evidence of apoptosis in multiple cellular lineages within the cerebral cortex. HPDL
1s a single exonic gene that likely arose from a retrotransposition event at the base of the tetrapod
lineage, and unlike HPD, HPDL is mitochondria-localized. Metabolic profiling of HPDL mutant
cells and mice showed no evidence of altered tyrosine metabolites, but rather notable
accumulations in other metabolic pathways. The mitochondrial localization, along with its
disrupted metabolic profile, suggests HPDL loss in humans links to a unique neurometabolic

mitochondrial infantile neurodegenerative condition.
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6.2 Introduction

Disorders involving neurometabolism can lead to both structural and functional
disturbances of the nervous system through multiple mechanisms that include abnormal
accumulation of toxic substrates, depletion of key energy or metabolic intermediates, or cell
death.! Although pediatric-onset brain diseases are often associated with genetic abnormalities,
the link between metabolic impairments and brain disease has been associated with relatively
common disorders of the nervous system.? Especially in highly consanguineous populations,
congenital malformations of the nervous system and neurometabolic disorders are often linked.?
Genes involved in inborn errors of metabolism often encode enzymes that catalyze specific
biochemical reactions or required cofactors.* Absent or abnormal functioning of such proteins
leads to an accumulation of upstream substrates or deficiency of downstream products, with
detrimental disease-causing effects.

Dioxygenases are oxidoreductase enzymes that utilize dioxygen (i.e., O2), most often
complexed with iron, in oxidation reactions involved in metabolic pathways or as oxygen
sensors.” To date, 15 dioxygenases have been linked to diseases that are mostly autosomal
recessive including encephalopathy, alkaptonuria (MIM: 203500), and intellectual disability.>®
Dioxygenases can oxidize either small molecules, as in tryptophan dioxygenase,’ or residues on
macromolecules, as in EGLN1, a HIF proline dioxygenase acting as an oxygen sensor.'?

4-hydroxyphenylpyruvate dioxygenase (HPD, MIM: 609695) is a non-heme Fe(II)-
dependent dioxygenase that catalyzes the second of four steps in L-tyrosine catabolism in nearly
all aerobic cells: the conversion of 4-hydroxyphenylpyruvate into homogentisate.'! Biallelic loss
associates with recessive tyrosinemia type III (MIM:276710), the least frequent form of three

genetic tyrosinemias.!? Clinical features are milder than those of other genetic forms, and can
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include seizures, intellectual disability, and intermittent ataxia.'>'* Serum tyrosine level is
variably elevated by 5- to 20-fold (148-1,769 umol/L, reference 29-86 umol/L).!4!7

In addition to biallelic variants, a particular gain-of-function HPD variant (p.Ala33Thr)
associates with the dominant disease hawkinsinuria (MIM: 140350),'3 as mutant HPD can
convert the normal substrate into a reactive epoxide intermediate but cannot rearrange the
intermediate to homogentisate. As a result, the reactive epoxide is detoxified to either hawkinsin
or hydroxycyclohexyl acetate by glutathione transferase and epoxide hydrolase, respectively.
Hawkinsinuria manifests clinically with metabolic acidosis in early childhood, but most patients
have normal long-term outcome.

HPDL encodes 4-hydroxyphenylpyruvate dioxygenase-like protein (HPDL), the only
mammalian paralogue of HPD, and shares 44% sequence similarity. The origin and function of
HPDL is not known, and the gene has not been linked to human disease previously. Here we
describe that HPDL biallelic loss leads to a unique neurometabolic, infantile neurodegenerative

condition.

6.3  Materials and Methods
6.3.1 Patient Recruitment

The Institutional Review Board at the University of California, San Diego, approved this
study. All study participants signed informed consent documents, and the study was performed
in accordance with the Health Insurance Portability and Accountability Act (HIPAA) Privacy
Rules. The procedures followed for recruitment and data collection were in accordance with the
ethical standards of the responsible committee on human experimentation at the respective

participating institute, and proper informed consent was obtained.
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6.3.2 DNA Extraction Sequencing

Samples of the probands were subjected to exome sequencing. DNA was extracted on an
Autopure LS instrument (Qiagen, Valencia, CA) with Autopure chemistry according to the
manufacturer’s instructions. Samples of the probands were subjected to Agilent Sure-Select
Human All Exon v2.0 (44Mb baited target) library preparation sequencing on an Illumina HiSeq
2000 with v2 chemistry (Read Length: 151). The accession number for these data is dbGAP:
phs000288.v1.pl.
6.3.3 Computational Analysis

Variant calling and filtering were performed according to an established exome
sequencing pipeline.!® Variants were filtered if not consistent with recessive monogenic
inheritance, if the minor allele frequency (MAF) of gnomAD was >1:10,000, if MAF of local
cohort was > 1:1,000, if not moderate or high impact, if CADD PHRED score <20, or if not
predicted as damaging by either SIFT, PolyPhen, or MutationTaster.
6.3.4 Sanger Sequencing

Sanger sequencing of PCR products was performed using standard procedures. Individual
allele sequences were obtained by PCR according to standard protocols. Sequencing tracks were
visualized with ApE software.
6.3.5 Cell Culture

HEK293T cells (ATCC) were transfected with expression vectors using Lipofectamine
2000 according to manufacturer’s protocol (100 ng of DNA and 0.5 ul of Lipofectamine 2000

per well) and immunostained 48h after transfection.
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6.3.6 Cloning Mammalian Expression Vectors for HPD and HPDL

Open reading frame (ORF) of human HPD was extracted by reverse transcription PCR of
total RNA extracted from donated human liver tissue using Trizol (primer:
human_HPD cloning, Table S1). The ORF of human HPDL was obtained by direct
amplification of HPDL from human genomic DNA (primer: human HPDL cloning, Table S1).
A stop codon was removed from reverse primers for C-terminal tags for both HPD and HPDL.
ORFs of HPD or HPDL were shuttled into pENTR vector using pENTR™/D-TOPO™ Cloning
Kit (Thermo Fisher Scientific, Cat #: K240020). ORFs in pENTR vectors were transferred to
pEZYmyc-His (Addgene, Cat #: 18701) or pDEST-CMV-C-EGFP (Addgene, Cat #: 122844)
using LR clonase II (Thermo Fisher Scientific, Cat #: 11791100) to produce C-terminal Myc-His
or EGFP-tagged HPD or HPDL expression vectors in mammalian cells.
6.3.7 HEK293T Cell Culture and Plasmid Transfection

HEK?293T cells (ATCC) were seeded in 8-well chamber slides (Thermo Fisher Scientific,
Cat #: 154534PK) at a density of 5 x 10° cells per well and maintained in MEM (Gibco Life
Technologies, Cat #: 11095-080) supplemented with 10% Fetal Bovine Serum (FBS, Gemini
Bio-Products, Cat #: 100-106) and 1% penicillin and streptomycin (Thermo Fisher Scientific,
Cat #: 15140-122). 24h after plating, the cells were transfected with the expression vectors using
Lipofectamine 2000 according to manufacturer’s protocol (100 ng of DNA and 0.5 pl of
Lipofectamine 2000 per well). 48h after transfection, cells were washed with PBS, fixed with 4%
PFA for 15 min, washed with PBS, and incubated for 1h in blocking solution. Cells were
incubated overnight with TOMM?20 (Santa Cruz Biotechnology, sc-17765, 1:500) and c-Myc
(Santa Cruz Biotechnology, sc-788, 1:100) antibodies in blocking solution. Cells were then

washed in PBS, incubated with secondary antibodies (Alexa Fluor™ 647 donkey anti-mouse
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IgG (H+L), Thermo Fisher Scientific, Cat# A-31571, 1:1000; AlexaFluor™ 568 donkey anti-
rabbit [gG (H+L), Thermo Fisher Scientific, Cat# A10042, 1:1000) for 1h at room temperature,
stained with DAPI (ThermoFisher Scientific, D1306, 1:5000) for 15 min, washed in PBS, and
mounted in Fluoromount Aqueous Mounting Medium (Millipore Sigma, Cat#: F4680). Single
plane images were taken on a Zeiss 880 Airyscan Confocal microscope equipped with 405, 488,
568, 647 nm laser lines and 20x objective. Image processing was in ImageJ."”

6.3.8 CACO-2 Cell Culture, Generation of HPDL Knockout Line using CRISPR/Cas9
Technology, Immunofluorescence Stainings, and Imaging

CACO-2 cells were maintained in MEM (Gibco life technologies, Cat#: 11095-080)
supplemented with 20% FBS, 1% MEM NEAA (Gibco life technologies, Cat#: 11140-050), and
1% penicillin and streptomycin (Thermo Fisher Scientific, Cat #: 15140-122). To obtain HPDL
KO CACO-2 cell line, ribonucleoprotein complex of Cas9 and single-guide RNA (sgRNA,
sequence: CGU CCG CCA CGU CGA AGC AC) was introduced into the cell by electroporation
using Lonza Cell Line NucleofectorTM Kit V (Lonza, Cat#: VVCA-1003) and Nucleofector®
2b Device according to manufacturer’s instruction. Transfected cells were plated on a cell culture
plate and incubated for 24h. Cells were trypsinized, diluted, and seeded on 96-well plates with a
concentration of 0.5 cells/well. Cells with a single colony were expanded and genotyped using
Sanger sequencing.

For immunofluorescent analysis, WT and KO cells were seeded onto a 24-well plate
(VWR, Cat#: 353047) with Poly-D-Lysine-treated coverslips (Fisher Scientific, Cat #: 08-774-
384) at a density of 1 x 10° cells/well. 24h after, cells were washed PBS, fixed with 4% PFA for
15 min, washed with PBS, and incubated for 1h in blocking solution. Cells were incubated in

primary antibodies in blocking solution at the following dilutions: HPDL (Proteintech, Cat#:
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207771-AP, 1:100), HPD (Proteintech, Cat#: 17004-1-AP, 1:100), TOMM?20. Cells were washed
in PBS and incubated with fluorophore-coupled secondary antibodies (AlexaFluor™ 488 donkey
anti-mouse IgG (H+L), Cat#: A-21202,1:1000; AlexaFluor™ donkey anti-rabbit IgG (H+L),
Cat#: A-21206, 1:1000) for 1h in blocking solution, stained with DAPI for 15 min, washed in
PBS, and mounted in Fluoromount Aqueous Mounting Medium for imaging. Single plane
images were taken on a Zeiss 880 Airyscan Confocal microscope equipped with 405, 488, and
568 nm laser lines and 20x objective. Image processing was in Image J."°
6.3.9 Tissue Preparation, Immunofluorescence Staining, and Imaging of Mice

For histological analysis, postnatal day 0, 5, and 9-day old mice were anesthetized with
isoflurane before cranial dislocation, and transcardially perfused with PBS followed by 4% PFA
in PBS. Brain tissue was post-fixed with 4% PFA for 4h and dehydrated in 30% sucrose solution
before sectioning. Sections used for immunofluorescence stainings were washed in PBS before
Tris-Based Antigen Unmasking solution (Vector Laboratories, Cat#: H-3301) to 90°C. The
sections were incubated at room temperature for 30 min, washed in PBS for 5 min and once in
PBS-T for 10 min, and incubated in blocking solution (0.3% PBS-T and 5S NDS) for 1h at room
temperature. Sections were incubated with primary antibodies at the following dilutions: CC3
(Cell Signaling Technology, Cat#: 9664, 1:200; CTIP2 (Abcam, Cat#: ab28448, 1:400); OLIG2
(Millipore Sigma, Cat#: MABNS50, 1:200); GFAP (Abcam, Cat#: ab4674, 1:1000) overnight at
4°C, then washed with PBS-T for 10 min, incubated with secondary antibodies (Alexa Fluor™
488 donkey anti-rabbit IgG (H+L), Cat# A-21206, 1:1000; AlexaFluor™ 568 donkey anti-mouse
IgG (H+L), Cat#: A-10037, 1:1000; AlexaFluor™ 568 goat anti-chicken IgY (H+L), Cat#: A-
11041, 1:1000) in blocking solution together with DAPI (ThermoFisher Scientific, Cat#: D1306,

1:5000) for 1h at room temperature, washed with PBS-T for 5 min, and mounted in Fluoromount
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Aqueous Mounting Medium (Millipore Sigma, Cat#: F4680). Confocal single-plane images were
generated at a Zeiss 880 Airyscan Confocal microscope. Image processing was in Image J."”
Three mice were analyzed and 2 sections per mouse were counted for statistical analysis.
6.3.10 Animal Experiments

Animal use followed NIH guidelines and was approved by IACUC at the University of
California, San Diego. The frameshift variant in Hpd/ (NM_146256.3:¢.59 65del) was
introduced using CRISPR/Cas9 (sgRNA sequence: CUU CCA GCC CCU GGC GGU GA)
according to standard protocols at the UCSD Transgenic Mouse Core. Mice were genotyped by
PCR followed by Sanger sequencing, and those with correct genotypes were backcrossed for at
least five generations prior to experimental crosses of heterozygous animals. Timed pregnant
animals were obtained by plug checks, where the day of the observed vaginal plug was
determined to be E0.5. All mice were group-housed under a 12 hr light/dark cycle with access to
chow and water. Methods used for histological analysis, immunofluorescence staining, and
imaging are described in Supplementary Methods.
6.3.11 Oxygen Consumption Rate Measurements

The oxygen consumption rate was measured using the Agilent Seahorse XFe96 Analyzer.
Forty thousand cells were seeded in poly-D-lysine coated XF96 cell culture plates per well and
incubated over night at 37°C with 5% CO.. Before starting the assay, all wells were washed once
with 200 pL XF base media (unbuffered DMEM supplemented with 2 mM L-glutamine, 11 mM
glucose, 1 mM sodium pyruvate, pH 7.4) and equilibrated for 1 h at 37°C. During OCR
measurement, following inhibitors were used: 2 uM oligomycin, 0.9 uM carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazon (FCCP) and 1 uM rotenone with 1 uM antimycin A. For

each, control and knockout cells, ten technical replicates were measured (n = 10) and for each
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condition cycles were performed in triplicates with 3 min mixing followed by 3 min
measurement. After the assay, normalization was performed by determination of the protein
content for each well by employing a Bradford assay (Roti-Quant). The absorption was measured
at 595 nm using a CLARIOstar plate reader (BMG Labtech).
6.3.12 Collection of Cell Lysates and Mouse Brain for Metabolomics

HPDL WT and KO CACO-2 cells were plated in 6-well plates and cultured until
confluent. The medium was refreshed 24h after plating and 24h before cell collection. Cell
collection was done by washing cells with cold PBS (4°C), followed by cell scraping in 1 ml ice-
cold methanol. Mouse brain tissue was homogenized in methanol using a bullet blender,
transferred into 1.5 ml Eppendorf tubes, and centrifuged (16,200 g for 10 min at 4°C), and then
supernatants were transferred to new 1.5 ml Eppendorf tubes. The samples were evaporated at
40°C under nitrogen until dry, and reconstituted with 500 pl of UPLC-grade methanol (room
temperature). The reconstituted samples were stored at -80°C until analysis was performed. All
the experiments were performed with three replicates for each condition.
6.3.13 Direct-Infusion Based Metabolomics

A non-quantitative Direct Infusion-High-Resolution Mass Spectrometry metabolomics
method was used as previously described with minor adaptations for cell and tissue extracts.?’ In
brief, 70 ul of cell lysate in methanol was diluted with 60 ul 0.3% formic acid (Emsure,
Darmstadt, Germany) and filtered using a methanol preconditioned 96 well filter plate (Acro
prep, 0.2 um GHP, NTRL, 1 ml well; Pall Corporation, Ann Arbor, MI, USA) and a vacuum
manifold. The sample filtrate was collected in a 96 well plate (Advion, Ithaca, NY, USA).
Samples were analyzed using a TriVersa NanoMate system (Advion, Ithaca, NY, USA)

controlled by Chipsoft software (version 8.3.3, Advion). Data acquisition was performed using
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Xcalibur software (version 3.0, Thermo Scientific, Waltham, MA, USA). A peak calling
pipeline, developed in R programming language, annotated the raw mass spectrometry data
according to the Human Metabolome DataBase (HMDB).
6.3.14 Evolutionary Model Construction

Three gene evolution models in codeml (PAML) were used to test for differences in
evolutionary rate. The 1 model indicates one omega value for the full tree. The 2 model indicates
one omega value for HPD and one omega value for HPDL. The 4 model indicates one omega
value for HPD, one for HPD in tetrapods, one for HPDL, and one for HPDL in tetrapods.
Parameters for the test are indicated below each phylogeny and the Inl value for the model. 1
model vs 2 model (p-value <.001), 2 model vs 4 model (p-value <<<.001). (Top) dN/dS ratios
for three models tested using codeml. Branches scaled by dN/dS ratio values. (Bottom) dN
estimates of the three models. Branches scaled by dN estimates.
6.3.15 Gene Order and Synteny

Syntenic regions were visualized using GEve on the comparative genomics online
platform using the LastZ alignment algorithm. The HPDL gene was used as the center for
synteny in Homo sapiens, Xenopus tropicalis, and Danio rerio. For HPDL, syntenic regions
were extended 110000 bps to the left and right of the HPDL gene in Danio rerio
(NP _001103178.1), Homo sapiens (NP_116145.1), and Xenopus tropicalis (XP_004914037.1).
6.3.16 Phylogenetic Tree Reconstruction

Amino acid sequences were aligned using PROMALSs3d.?! Three alignments were
computed (1) all sequences, (2) HPD sequences, and (3) HPDL sequences. We used a maximum

likelihood method using RAXML.?> on XSEDE via CIPRES to obtain the gene tree topology
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using the JTT model and 1000 bootstrap replicates. The gene tree was visualized using iTol,?
and the final rooted topology was obtained rerooting the tree with a midpoint root.
6.3.17 Estimates of Evolutionary Rates

Branch lengths were obtained directly from the phylogenetic trees. To calculate dN/dS
ratios over the tree and subtrees (HPD and HPDL), we used CODEML in the PAML package
(version 4.8).2% To test multiple rates on the tree on CODEML, we used the model = 2 parameter
to estimate an HPD, HPDL, HPD tetrapod, and an HPDL tetrapod rate. Pairwise dN estimates
were used using the runmode = -2 parameter. To perform the CODEML analysis, the CDS
alignment was performed using TranslatorX.?> The ‘dist.alignment’ function was called in seqinr
to compute the pairwise distance matrix using the amino acid alignment using both identity and

similarity.?¢

6.4  Results
6.4.1 Identification of an Infantile-onset Neurodegenerative Condition in 8 Families with
Biallelic Mutations in HPDL

We identified eight independent consanguineous families carrying HPDL biallelic
variants leading to a range of neurological phenotypes, which included spastic tetraplegia,
microcephaly, brain atrophy, epilepsy, and severe intellectual and motor disability (Figure 6.1A
and Supplemental File 4). After obtaining informed consent from all participating individuals in
accordance with the ethical standards set by the University of California San Diego IRB, we
identified a total of eight distinct variants in H/PDL in the eight families by exome sequencing.
We recruited Family 1 with three affected siblings showing limb spasticity and mild motor and

intellectual disability. Although parental consanguinity suggested the presence of a homozygous

128



variant as the cause, no homozygous variants in any gene passed filter criteria. Instead, we
identified compound heterozygous p.Gly50Asp; p.Tyr118* variants in HPDL, which was the
only candidate identified by exome sequencing and segregated in the family. Family 2 was
recruited with documented parental consanguinity with one affected girl showing a nearly
identical clinical pattern as Family 1. We identified a homozygous p.Gly50Asp variant in the
affected individual as the most likely cause of disease, one of the same variants identified in
Family 1.

Through collaboration with colleagues, we identified four additional families (3, 4, 5, and
8) with homozygous missense variants and two additional families (6 and 7) with homozygous
truncating variants in HPDL independently identified as likely most pathogenic based upon
inheritance pattern, computational prediction, population allele frequency, and segregation
(Tables 6.1). These variants included homozygous p.Ala78Thr (Family 3), p.Gly126Ser (Family
4), p.Leul64Pro (Family 5), p.Gly319Argfs*15 (Family 6), p.GIn32* (Family 7), and
p.Gly301Val (Family 8). Thus, we identified a total of 8 families comprising 17 individuals with
biallelic HPDL damaging variants with variable phenotypes. Because HPDL is encoded by a
single exon, and thus not subject to alternative splicing, the presence of homozygous early
truncating variants suggests HPDL loss of function as the mechanism of this infantile-onset
neurodegenerative disease.

Affected children were born full-term without complications during pregnancy or
delivery (Supplemental File 4). Where data was available, birth weight and head circumference
were not remarkable. However, most affected individuals showed a trend toward smaller head
circumference by 5-years of age; and 7 out of 14 affected individuals, where data was available,

met criteria for microcephaly, defined as a head circumference <3 standard deviation (SD) below
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mean (Supplemental File 4). 6 out of 14 affected individuals also displayed nonspecific facial
dysmorphisms. Most individuals presented with minimal to absent psychomotor development,
including gross motor skills, language, and social skills. Most displayed spontaneous epileptic
seizures starting by 1 year. Seizures were typically myoclonic, focal, or tonic and occurred daily
to weekly. Neurological findings included hypertonia, hyperreflexia, spastic gait, and positive
Babinski sign, features that became more pronounced over time, suggesting a progressive course.
Many individuals were unable to walk and displayed absent language skills. In six severely
affected individuals, brain MRIs were available for review, demonstrating cortical atrophy, white
matter hyperintensity, corpus callosum thinning, reduced size of the cerebellum,
ventriculomegaly and increased extra-axial fluid (Figure 6.1B), suggesting loss of brain
parenchyma. Brain atrophy and the progressive course were consistent with neurodegeneration.
HPDL encodes 371 amino acids containing a mitochondrial targeting sequence (MTS),
two vicinal oxygen chelate (VOC) domains, and three iron-binding sites. The locations of all the
variants occurred within the two VOC domains (Figure 6.1C), thus predicted to impact
enzymatic function. Of note, the phenotypes between homozygous truncating variants (p.GIn32*
and p.Gly319Argfs*15), destroying at least one iron-binding site, and three of the missense
variants (p.Ala78Thr, p.Gly126Ser, and p.Leul 64Pro), were indistinguishable, suggesting that
the missense variants cause loss of function of HPDL. The p.Gly50Asp variant was found only
in Families 1 and 2, and was associated with milder phenotypes compared to the more severely
affected individuals in other families with brain atrophy and epilepsy, suggesting that this variant
has a milder impact on HPDL function. The variants were unique in our dataset of >5,000
exomes from individuals with neurodevelopmental phenotypes, were predicted to be disease-

causing, and were not represented (p.Ala78Thr, p.Leul 64Pro, p.Gly301Val, and
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p-Gly319Argfs*) or very rare {p.GIn32* [allele frequency (AF) = 8.46e-6], p.Gly50Asp [AF =
1.02e-5], p.Tyr118* [AF = 3.19¢-5], and p.Gly126Ser [AF = 8.67¢-6]}, in the gnomAD
database.?’ No instances of biallelic damaging variants in HPDL among over 100,000 sequenced
individuals occur in gnomAD (Fisher exact test P< 0.00001). Additionally, all missense variants
are highly conserved among vertebrates (Figure 6.1D). All variants were confirmed by Sanger
sequencing and segregated according to a recessive mode of inheritance, with carriers showing

no apparent clinical features (Figure 6.2).
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Figure 6.1: Variants in HPDL in eight independent consanguineous families lead to microcephaly
and brain atrophy.

(A) Pedigrees of families 1-8 showing consanguineous marriages (double line) with a total of 17 affected
children. All unfilled members are without neurological disease, epilepsy, or neurodegeneration. Dashed
line: deceased. (B) Panels show MRI scans for six affected individuals from five different families.
Shown are sagittal and axial images demonstrating enlarged ventricles, thin corpus callosum, and severe
cortical and cerebellar atrophy. (C) Schematic of the HPDL protein structure depicting a predicted
Mitochondrial Targeting Sequence (MTS, green), two vicinal oxygen chelate (VOC) domains from amino
acids 7-135 and 160-328 (shown in blue) and three iron (Fe) binding sites (shown in green). Red lines
indicate the locations of the variants. (D) Amino acid alignments for all identified missense variants
across different vertebrate species. Amino acids highlighted in yellow indicate conserved residues. H.s.:
Homo sapiens; M.m: Mus musculus; O.c.: Oryctolagus cuniculus; B.t.: Bos taurus; G.g.: Gallus gallus;
A.m.: Alligator mississippiensis; X.1.: Xenopus laevis; D.r.: Danio rerio.
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Figure 6.2: Sanger sequencing traces for families 1-6.

(A) Sanger sequencing traces in Father, Mother, and Affected (Aff., I1I-2) in Family 1 showing
heterozygosity in the Affected for both the G>A nucleotide change and the T>TA insertion. Note the
G>A nucleotide change was heterozygous in the father, but not the mother, while the T>TA insertion was
heterozygous in the mother, but not the father. Both alleles are shown to highlight the additional
nucleotide insertion in the affected individual. *: reverse strands are shown. All other traces are forward
strand sequences. (B) Sanger sequencing traces for Father, Mother and Affected (Aff., I1I-2) in Family 2
depicting the G>A nucleotide change. (C) Sanger sequencing traces for Father, Mother, and Affected
(Aff., II-1) in Family 3 depicting the G>A nucleotide change. (D) Sanger sequencing traces for Father,
Mother, and Affected (Aff., I1I-2) in Family 4 depicting the G>A nucleotide change. (E) Sanger
sequencing traces for Father, Mother, and Affected (Aff., I1I-2) in Family 5 depicting the T>C nucleotide
change. (F) Sanger sequencing traces from Father, Mother, and Affected (Aff., I11-6) in Family 6
depicting the T>TA insertion. Both alleles are shown to highlight shift in the Affected caused by the
nucleotide insertion.
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6.4.2 HPD and HPDL Have Differing Tissue-wide Expression and Subcellular Localization
To functionally distinguish between HPDL and the paralogous HPD, we sought
differences in tissue expression and subcellular localization patterns. The GTEx database
indicates that HPD is almost exclusively expressed in the liver and kidney, whereas HPDL is
widely expressed in most organs (Figure 6.3).2% Importantly, the expression level of HPDL is
much higher than HPD, specifically in the brain (Figure 6.4).28 Publicly available human and
mouse brain single-cell RNA-seq data suggests that HPDL transcripts are encountered ~5x more
commonly than HPD in the brain, with brain astrocytes as the major source of HPDL

transcripts.?’-3!
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Figure 6.3: HPD and HPDL expression across various tissues in adult humans (GTEx data).
Expression analysis of HPD and HPDL transcripts across various adult tissues. HPDL shows ubiquitous
expression across all tissues, while HPD expression is restricted to the kidney and liver. Expression is
shown as Transcripts per Kilobase Million (TPM). Data used was derived from the GTEx portal.> Shown
are standard violin plots with inner boxplots.
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Figure 6.4: HPD and HPDL expression across various brain regions in adult humans (GTEx data).
Expression analysis of HPD and HPDL transcripts across various adult brain regions. Note that HPDL
expression is higher than HPD in all brain regions. The expression is shown as Transcripts per Kilobase
Million (TPM). Data used was derived from the GTEx portal.”® Shown are standard violin plots with
inner boxplots.

Protein databases suggest HPD localizes to the cytosol while HPDL localizes to
mitochondria.? We used Mitofates, an online mitochondrial targeting sequence (MTS)
prediction tool, to assess for an N-terminal mitochondrial presequence or cleavable localization
signal.’* While HPD had no predicted MTS, HPDL contained three different recognition motifs
for TOMM?20, a mitochondrial import receptor subunit responsible for the recognition and
translocation of cytosolically synthesized mitochondrial preproteins. In addition, there was a

region of maximum positively charged amphiphilicity, another essential feature for
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mitochondrial presequence function (Figure 6.5A).3 To confirm this experimentally, we utilized
CACO-2 cells, a human colon adenocarcinoma cell line expressing levels of HPDL higher than
most other cell lines.? To validate the specificity of the anti-HPDL antibody, we generated
HPDL knockout (KO) CACO-2 cells using CRISPR/Cas9, and confirmed correct biallelic
targeting.

Immunofluorescence in WT cells confirmed the co-localization of TOMM20 and HPDL
within mitochondria (Figure 6.5B), while staining in the KO cells confirmed absent HPDL signal
(Figure 6.5C). HPD showed no co-localization with TOMM20, but instead was localized
diffusely to the cytoplasm (Figure 6.5D). To assess localization of tagged versions of the
proteins, we co-transfected HEK293T cells with C-terminally Myc-tagged HPDL and C-
terminally EGFP-tagged HPD and co-stained with anti-TOMM20. We used C-terminally tagged
vectors to ensure that any N-terminal MTS would not be disturbed. Again, TOMM20 overlapped
in localization with HPDL, but not HPD. We also flipped the vectors and repeated the
experiment (C-terminally Myc-tagged HPD and C-terminally EGFP-tagged HPDL) to ensure
that that the tag did not affect localization, which provided further confirmation (Figure 6.5E).
We utilized a Seahorse assay to compare the oxygen consumption rate in these cells, which
illustrated slightly lower OCR activity in the HPDL KO cells compared to WT (Figure 6.6).
Together, these results demonstrate that HPDL, but not HPD, localizes to mitochondria,
suggesting that these enzymes act in different locations on either the same or on different
substrates. The slightly reduced OCR activity in the KO cells further suggests that the absence of
HPDL may have an effect on mitochondrial metabolic function; however, this difference was not

significant and further characterization is required.
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Figure 6.5: HPD and HPDL display different subcellular localization patterns.

(A) Schematic of HPD and HPDL N-terminal amino acid sequences highlighting the presence or absence
of a predicted Mitochondrial Targeting Sequence (MTS) as predicted by Mitofates. HPD has no predicted
MTS, while HPDL has three different TOMM?20 recognition motifs (yellow) and a region of max
positively charged amphiphilicity (green). (B) Immunofluorescent staining of HPDL WT CACO-2 cells
with DAPI (blue), HPDL (red), and TOMM?20 (green). Scale bars: 10 um (upper panels) and 2um (lower
panels). (C) Immunofluorescent staining of HPDL KO CACO-2 cells with DAPI (blue), HPDL (red), and
TOMM20 (green). Scale bars: 10 um (upper panels) and 2um (lower panels). (D) Immunofluorescent
staining of HPDL WT CACO-2 cells with DAPI (blue), HPD (red), and TOMM?20 (green). Scale bars: 10
um (upper panels) and 2um (lower panels). (E) Immunostaining for TOMM?20 (cyan) and DAPI (blue) of
HEK?293T cells transfected with both HPDL-Myc (red) and HPD-EGFP (green) or HPD-Myc (red) and
HPDL-EGFP (green) to determine the subcellular localization of HPD and HPDL. White arrows: cells
with mitochondrial localization of HPDL. Scale bar: 10 um.
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Figure 6.6: Seahorse assay of CACO-2 WT and HPDL KO cells.
Oxygen consumption rate of CACO-2 WT and HPDL KO cells after indicated treatments. Data are
represented as + standard error of the mean (n = 10; FCCP, carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone).
6.4.3 Hpdl KO Mice Display Epilepsy, Early Lethality, Smaller Brain Sizes, and Cellular
Apoptosis in the Brain

To investigate the physiological role of HPDL, we created a KO mouse model with a

homozygous frameshift deletion of Hpdl generated using CRISPR/Cas9 (Figure 6.7).
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Figure 6.7: Sanger sequencing traces for WT and Hpdl heterozygous mice.

(A) Sanger sequencing trace from a WT mouse using the following primers: Hpdl KO F/R
(Supplementary Table S3). (B) Sanger sequencing trace depicting a heterozygous 7bp deletion generated
with the following sgRNA guide sequence: CUU CCA GCC CCU GGC GGU GA, ultimately giving rise
to a frameshift variant in Hpdl (NM_146256.3:¢.59 _65del). Primers used for sequencing: Hpdl KO F/R

(Supplementary Table S3).

KOs were born healthy and at Mendelian ratios (WT:heterozygote:homozygote = 30:68:26, test
for Hardy-Weinberg equilibrium P=0.368). Although KOs were indistinguishable at birth, by
postnatal day 5 (P5), KOs exhibit lethargy and spontaneous movements suggesting of epileptic
seizures. Almost all KOs died by P10, and none survived to P15 (Figure 6.8A). Although body
weights and brain size were similar at birth, by P9-10 KO mice weighed approximately half that
of littermates (Figure 6.8B and C). Immunostaining of P9 brain tissue sections for DAPI and
Cleaved Caspase 3 (CC3) demonstrated significant cellular apoptosis (CC3+ cells) in the KO
brains compared to WT pups (23 vs. <1 CC3+ cell per 500um column), which correlated with
smaller brain size (Figure 6.8C-E). To determine the cellular identity of CC3+ cortical cells, we

performed co-immunostaining with CTIP2 (upper layer cortical neurons), OLIG2

(oligodendrocytes), and GFAP (astrocytes). CTIP2/CC3 staining revealed the most co-
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localization compared with OLIG2/CC3 and GFAP/CC3 (5.9% vs. 1.9% and 3.8%, respectively,
Figure 6.8F-G). Taken together, this data suggests cellular apoptosis in the brain occurs in the

absence of HPDL function.
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Figure 6.8: Hpdl KO mice display early lethality, smaller brain sizes, and cellular apoptosis.

(A) Kaplan-Meyer curve displaying the survival probability of Hpd! heterozygous mice (n=10, blue)
versus Hpdl KO mice (n=6, red). (B) Graph depicting body weight measurements of Hpd! heterozygous
mice versus Hpdl KO mice at postnatal days 0, 2, 5, and 9. P-values were obtained by an independent t-
test. (C) Whole-brain images of WT versus Hpdl KO mice at PO and P10. Scale bar: 1 mm (D) Coronal

sections of P9 WT and KO mouse brain were stained for DAPI (blue) and Cleaved Caspase 3 (CC3,
green). The P9 KO shows strong CC3+ immunoreactivity. Note the absence of CC3 immunoreactivity in

the P9 WT. Scale bar: 5S0um (E) Quantification of CC3+ cells in Hpdl WT vs KO mouse brain per 500um
column. Statistical analysis (two-way ANOVA) was performed between the categories. N=3 independent
experiments with two sections per mouse quantified (****P<0.0001). (F) Coronal sections of P9 KO
mouse brain were stained for DAPI (blue) and CC3 (green) in combination with either CTIP2 (red),
OLIG2 (red), or GFAP (red). White arrows depict co-localization of the cell identity markers with CC3.

Scale bar: 50 um. (G) Quantification of the number of CTIP2+, OLIG2+, or GFAP+ cells which were

also CC3+. Analysis shows CTIP2+ cells to be most affected, followed by GFAP+ cells, followed by

OLIG2+ cells. N=2 independent experiments. Two sections per mouse were used for quantification.
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6.4.4 Metabolomic Analysis Reveals Disrupted Metabolic Signature but Normal Tyrosine
Catabolism

Deficiencies of specific enzymes of the tyrosine catabolism pathway are known to give
rise to a number of severe metabolic disorders in humans. In the oxidative degradation of
tyrosine by vertebrates, the first conversion step is to 4-hydroxyphenylpyruvate in a reaction
catalyzed by tyrosine transaminase (Figure 6.9A).3¢ HPD then catalyzes the oxidation of 4-
hydroxyphenylpyruvate to homogentisate.'? Defects in these two steps in tyrosine catabolism
lead to tyrosinemia type II and type III, respectively. Normally, homogentisate is further
catabolized by the next enzyme in the pathway, homogentisate 1,2-dioxygenase.® In
alkaptonuria, however, the enzyme is deficient, leading to this rare hereditary metabolic disorder.
In tyrosinemia type I, fumarylacetoacetate hydrolase is mutated, causing the subsequent buildup
of byproducts.’” Because both HPD and HPDL have highly similar amino acid homology, we
speculated that HPD and HPDL may have similar substrates. To test this, we performed mass
spectrometry analysis on HPDL WT and KO CACO-2 cell extracts and conditioned cell culture
media. The analysis revealed several significantly downregulated and upregulated metabolites in
both the cell extracts and culture media of KO cells compared to WT; however, we did not detect
an abnormal accumulation of any metabolites involved in tyrosine catabolism (Figure 6.9B and
C, Table 6.1). We then performed a similar analysis in both Hpdl WT and KO mouse brain
extracts and serum at P5, which again showed no abnormal accumulation of tyrosine catabolites
(Figure 6.9D and E, Table 6.1). Taken together, this data suggests that HPDL likely acts on a
different substrate than HPD, and perhaps on a different cellular pathway than tyrosine

catabolism.
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Figure 6.9: In vitro and in vivo metabolomic analysis reveals significant metabolic differences, yet
no differences in tyrosine catabolism markers.

(A) Schematic of tyrosine catabolism pathway. Diseases caused by deficiencies at each step are shown in
red. (B-C) MS analysis from HPDL KO CACO-2 shows significant metabolic disruption, but no
abnormal accumulation of tyrosine metabolites. (D-E) MS analysis from P5 WT and KO mouse brain
extracts and blood serum shows significant metabolic differences, but no abnormal accumulation of
tyrosine metabolites. Red circles indicate >2-fold change in KO compared to WT and statistical
significance (P<0.05).
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Table 6.1: Mean ‘counts’ of tyrosine metabolites in HPDL WT vs KO CACO-2 cells and

Hpdl WT vs KO mice.
CACO-2 P5 mouse
Tyrosir_ne Cell extract Conditioned media Brain Plasma Remarks
metabolites
WT KO WT KO wWT KO WT KO
Indistinguishable
FAA/MAA 15567.4 | 20433.4 19695.0 14308.4 6403.5 6097.1 9514.5 6521.5 due to same
M.W.
Acetoacetic acid 407491.4 | 494147.4 | 1977801.0 | 1619625.0 | 495181.7 | 511316.1 |1264628.8|1809750.0
cis/trans-4- Indistinguishable
Hydroxycyclohexyla | 607928.2 | 580355.2 | 530035.9 | 602645.4 | 988736.2 | 1110786.0 | 1387685.7 |1425584.1| due to same
cetic acid M.W.
:é‘;roxyphe”y"ac“c 190195.7 | 158948.5 | 383484.9 | 2743511 | 146728.6 | 1729315 | 260558.4 | 255488.6
Indistinguishable
4-HPPA/ CoHgO4 75601.0 | 54318.5 | 110473.7 | 1042725 | 198197.8 | 409628.2 | 77549.5 | 61367.7 | due to same
M.W.
L-Tyrosine 6844628.5 | 4884269.3 | 10956105.8 | 12427637.2 | 2846352.0 | 2880003.3 |6094334.1 (4219806.8
4-Hydroxy
phenylacetylglutami | 15896.7 | 10874.1 13008.5 19637.9 75640.7 | 566155 | 25710.9 | 25689.5
ne

6.4.5 Independent HPD Duplication Events Gave Rise to HPDL in Vertebrates

HPD, conserved in all eukaryotes, is encoded on human chromosome 12, with its major

isoform consisting of 14 coding exons (Figure 6.10A). One alternative splice isoform is

described, however, the major isoform encodes a protein 393 amino acids long. HPDL, on the

other hand, is a single-exon gene located on chromosome 1, with no alternative splice isoforms

reported, encoding 371 amino acids, apparent in Xenopus tropicalis (frog) but not in lower

species like Danio rerio (zebrafish) (Figure 6.10B). There are no other HPD paralogues in

mammals, suggesting that HPDL arose as a result of a retrotransposition event at the base of the

tetrapod lineage (Figure 6.10C). However, there is an HPDL paralogue in other lower

deuterostomes, including Ciona intestinalis (sea vase) and zebrafish, but this HPDL contains

introns. Thus, other models are possible by which HPDL arose from HPD during evolution.
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Several lines of evidence suggest that mammalian H/PDL arose as a separate gene
duplication event from the event that yielded HPDL in lower deuterostomes. First, only
mammalian HPDL contains a predicted MTS. Second, mammalian HPDL shows evidence of
stronger positive selective pressure than fish ipdl, as evidenced by faster accumulation of
nonsynonymous to synonymous base changes (Figure 6.10D and 6.11A). Third, mammalian
HPDL is in a region of conserved synteny in frog but not in zebrafish (Figure 6.11B). Lastly, and
most convincingly, it is more likely that a retrotransposition event yielded an intronless gene
than removal of introns from an intron-containing gene. Human HPDL is more similar to
zebrafish hpdl than to human HPD (40% vs 25% amino acid sequence identity). The data suggest
that lower deuterostome HPDL was lost contemporaneously with its retrotransposition to
intronless HPDL, which subsequently acquired an MTS and amino acid changes that provided a

new essential function.
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Figure 6.10: HPD and HPDL evolutionary analysis reveals two separate, yet significant,
evolutionary events leading to the emergence of vertebrate HPDL with novel function.

(A) Schematic of the major human HPD isoform depicting the coding sequence spanning 14 exons using
the UCSC Genome Browser as a reference. (B) Schematic of human HPDL depicting the coding
sequence spanning a single exon and the 5* and 3’ UTRs using the UCSC Genome Browser as a

reference. Scale bars are shown in red. (C) Species tree of genomes used in this analysis. Arrows indicate

HPD gene duplication and a possible retrotransposition event leading to the loss of exons in HPDL. (D)

Gene tree for the HPD and HPDL genes constructed with RAXML with the JTT model. Branch lengths
are on top of each branch, bootstrap support of 65 and above are shown below branches. Gray box
indicates a loss of HPDL exons in tetrapods. dN/dS ratios are estimated using codeml and the model
showing four different dN/dS ratios is shown (Figure 6.11).
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Figure 6.11: dN/dS ratios for three models tested using codeml and HPDL synteny analysis.

(A) The 1 model indicates one omega value for the full tree, speculating that all HPD and HPDL genes
have one rate of evolution. The 2 model indicates one omega value for HPD and one omega value for
HPDL, suggesting two different rates of evolution: one for HPD and another for the resulting gene
following the gene duplication event of HPD. The 4 model indicates one omega value for HPD, one for
HPD in tetrapods, one for HPDL, and one for HPDL in tetrapods. These different omega values suggests
that only genes resulting after the loss of HPD introns have their own rate of evolution, and all other HPD
and HPDL genes evolved under a different evolutionary rate. Parameters for the test are indicated below
each phylogeny and the Inl value for the model. (B) HPDL Synteny (right) and gene order (left) for Danio

rerio, Xenopus tropicalis, and Homo sapiens.

6.5 Discussion

Here, we implicate HPDL in a recessive infantile-onset neurodegenerative disease,

characterized by intellectual and motor disability, epilepsy, spastic tetraplegia, and brain atrophy.

Radiographic phenotypes include severe cortical and cerebellar atrophy, thinning of corpus

callosum, and ventriculomegaly. There are likely a range of developmental brain phenotypes

resulting from loss of HPDL, although our subjects are likely to be at the most severe end of the
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spectrum given the nature of the alleles. HPDL is not the first mitochondrial dioxygenase to be
implicated in a neurometabolic disorder. ETHEI1, another mitochondrial dioxygenase, is linked
to ethylmalonic encephalopathy, an inherited disorder defined by elevated excretion of
ethylmalonic acid, leading to developmental delay, seizures and hypertonia.*® Future studies will
be required to elucidate the full range of phenotypes, genotype-phenotype correlations, and
mechanisms of pathogenicity.

We demonstrate that HPD and HPDL not only have different tissue-wide expression
patterns, but also show different subcellular localizations. In addition to showing much higher
expression in the brain, HPDL also displays notably high expression in lymphocytes, suggesting
a potential role of this dioxygenase in activating or inhibiting immune responses. It is possible
that HPDL’s activity in cells of the immune system can critically alter their responses to
immunological insults, as shown with other dioxygenase pathways.* Localization of HPDL to
mitochondria, together with the disrupted metabolomes in /PDL knockout cells and mice,
implicates this disease not only as mitochondrial neurodegenerative condition, but also as a
likely neurometabolic condition. In a direct comparison between Hpdl/ WT and KO mice, we
highlight the pathophysiological importance of the HPDL enzyme for neurodevelopment and
survival. Interestingly, the fact that the mice are born healthy and begin regressing soon after
birth, suggests that the mice lacking Hpdl may depend on an environmental or some other factor
provided by their mother to stay well. Further, although astrocytes have been shown to express
HPDL at the highest levels in the brain at the cellular level,>-*! in HPDL KO brain we found
more neurons than glia with evidence of apoptosis, suggesting that neurons are ultimately more

sensitive to HPDL loss.
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There are several possible reasons why we were unable to identify a specific substrate for
HPDL despite comprehensive metabolic profiling. First, the metabolite may be unidentifiable by
the current approach, where we focused on small molecules that have been pre-annotated in
public databases. Second, the amount of the potential substrate may have been too small to detect
due to large sample volume. Therefore, future work should aim towards more targeted
approaches (i.e., analyzing specific brain regions rather than the whole brain, or analyzing
mitochondrial-specific extracts rather than whole-cell extracts). Lastly, it is still possible that
HPDL is not an enzyme, since we did not confirm its enzymatic activity. However, given its
close sequence similarity to the enzyme HPD, presence of iron-binding motifs, disease caused by
biallelic null variants, and metabolic dysregulation seen in the cell and mouse models, this
hypothesis is less likely.

This finding was further supported by our evolutionary analysis which supported that
HPDL and HPD are likely functionally different. We have shown that the HPDL found in
humans, likely emerged through a series of HPD gene duplication events, the last of which
probably involved a retrotransposition event at the transition from deuterostomes to tetrapods.
This suggests that at some point in time, HPDL existed as a multi-exonic gene before losing its
introns and gaining an MTS.

Taken together, we describe a novel, early-onset neurodegenerative disorder caused by
variants in HPDL, and also illustrate the importance of this protein for proper neurodevelopment
and survival. Through evolutionary modeling and analysis, we illustrate the route by which
human HPDL emerged as a paralogue of HPD, with proposed novel biochemical functions.

Although further work is needed to identify the specific function of mitochondrial HPDL, we
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believe our work is a significant cornerstone to elucidate the downstream mechanisms of HPDL,
and to potentially lead to a treatment for this disease.

Chapter 6, in full, has been submitted for publication of the material as it may appear in
Genetics in Medicine 2020. Ghosh, Shereen G.; Lee, Sangmoon; Fabunan, Rudy; Chai,
Guoliang; Zaki, Maha S.; Abdel-Salam, Ghada; Sultan, Tipu; Ben-Omran, Tawfeg; Alvi, Javeria
R.; McEvoy-Venneri, Jennifer; Stanley, Valentina; Patel, Aakash; Ross, Danica; Ding, Jeffrey;
Jain, Mohit; Pan, Daqiang; Lubbert, Philipp; Kammerer, Bernd; Wiedemann, Nils; Verhoeven-
Duif, Nanda M.; Jans, Judith J.; Murphy, David; Toosi, Mehran B.; Ashrafzadeh, Farah;
Imannezhad, Shima; Karimiani, Ehsan, G.; Ibrahim, Khalid; Waters, Elizabeth R.; Maroofian,
Reza; Gleeson, Joseph G. The dissertation author was the primary investigator and author of this

material.
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CHAPTER 7

Mutations in ARMCY, Encoding Armadillo Repeat-Containing Protein 9,

cause Joubert Syndrome with Frequent Corpus Callosal Defects

7.1  Abstract

Joubert syndrome (JS), is characterized by cerebellar hypoplasia and neurological features,
including ataxia, psychomotor delay, and oculomotor apraxia, with frequent association with
retinal dystrophy and nephronophthisis. Corpus callosal defects were reported in a minority of
patients with JS, but the genetic basis of the association has not been determined. Through review
of a JS cohort of 300 families, we identified 10 patients from 9 families with biallelic mutations in
ARMCY, a gene recently reported to associate with JS. From these 10 patients, 8 demonstrated
thinning or misshapen corpus callosum. All variants segregated with the disease and affected
individuals exhibited classical JS including the molar tooth sign on axial MRI, hypotonia, ataxia,
and psychomotor delay with oculomotor apraxia and nystagmus. These data suggest ARMC9 as a
contributor to cases of JS with coexistent callosal defects, and joins a growing list of genotype-

phenotype correlations in JS.

7.2 Introduction

Cilia are microtubule-based structures found on almost all vertebrate cells, responsible for
mechanoreception and locomotion, either of the cell itself or of fluids on the cell surface.!
Ciliopathies are disorders caused by defects of the nonmotile (i.e. primary) cilium, which acts as

a signaling hub and a focus of cell polarity. A range of phenotypes are associated with ciliopathies,
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reflecting their organ-specific and cell-type-specific roles throughout the body. Over 80 different
genes are mutated collectively in the ciliopathies, nearly all of which are inherited in a recessive
fashion. Despite shared phenotypes involving the most commonly involved organs of kidney, eye
and brain, important genotype-phenotype correlations can suggest specific syndromes, or even hint
at which of the potential genes is most likely to be mutated for a given presentation.?

Joubert syndrome (JS) is one of the ciliopathies, characterized by ataxia, hypotonia, and
mental retardation with a pathognomonic ‘molar tooth sign’ on axial brain magnetic resonance
imaging.? Associated phenotypes include oculomotor apraxia, ptosis, polydactytly, retinal
blindness, nephronophthisis, and breathing dysregulation, with partial penetrance. Occasional
mention of corpus callosal defects appear in the literature, but the genetic basis remains mostly
unexplored. Biallelic or X-linked mutations in more than 35 genes are associated with the
condition, and for nearly all of them, the protein product of the gene is located at or near the
primary cilium.* Loss of these genes typically impacts ciliary growth and stability, seemingly
acting on the ‘transition zone,” a domain of the cilium between the basal body and the axoneme,
which separates the ciliary membrane from the plasma membrane.’

Recently, biallelic variants (stop-gain, missense, splice-site, and single-exon deletion)
within ARMCY9 (MIM:610971) were identified in 14 affected individuals from nine independent
JS families. Most showed JS features limited to brain, but a few patients showed retinal dystrophy,
pituitary insufficiency, Dandy-Walker malformation and/or synpolydactly.®” Here, we report 10
additional cases from nine independent families with classical JS harboring deleterious biallelic
variants in ARMC9, and demonstrate frequent association with defects of the corpus callosum, thus

further refining the clinical presentation of ARMC9-related JS.
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7.3 Materials and Methods

7.3.1 Participant Recruitment and Whole Exome Sequencing

The institutional review boards of the University of California, San Diego, as well as the
respective host institution approved this study. Whole exome sequencing was performed on one
affected member, or sometimes both parents and affected member per JS family. Genomic DNA
was subject to Agilent Human All Exon 50Mb kit library preparation, then paired-end
sequencing (2x150bp) on Illumina HiSeq 2000 instrument. For each patient sample, >96% of the
exome was covered at >12x. GATK was used for variant identification. We tested for
segregating rare structural variants using XHMM. We then prioritized homozygous variants,
removed alleles with >0.1% MAF in the sequenced population and ExAC, and prioritized highly
conserved variants identified by high scores to likely damage the protein function. Variants with
CADD score of >20 and SIFT score of <0.1 were considered as damaging and tested for
segregation with a disease.
7.3.2 Reverse Transcription (RT) PCR and Gel Extraction

Patient fibroblasts for Family 2612 and an unrelated control were harvested from a skin
dermal punch biopsy as described.? Cells were cultured in serum free conditions for 36h to
promote ciliogenesis prior to harvest. Total RNA from quantified patient and control fibroblasts
was reverse-transcribed using the Superscript 111 First-Strand cDNA Kit (Invitrogen, Cat:
18080051). PCR analysis of cDNA was designed against exons 8-11 of ARMC9, using GoTaq
Master Mix (Promega, Cat: M7833). DNA was purified from agarose gels following RT-PCR
and recovered using the Zymoclean Gel DNA Recovery Kit as per manufacturer’s instructions

(Zymo Research, Cat: D4001). Sanger sequencing was performed on purified DNA for analysis.
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7.4 Results

7.4.1 Clinical Evaluation of the Affected Individuals

We report a cohort of 10 patients from nine families of different ancestries (Turkish,
Egyptian, Iranian) with an ARMC9-related neurodevelopmental disorder characterized by classical
JS (molar tooth sign in cranial MRI, hypotonia, ataxia, and psychomotor delay) and additional
features of oculomotor apraxia and nystagmus (Fig.7.1A-B, Supplemental File 5). Similar to the
previously reported patients, all affected individuals displayed classical features of JS including
hypotonia, psychomotor delay and intellectual disability, with none of the affected individuals
noting kidney or liver involvement. Additional isolated phenotypes were also present in most
individuals including oculomotor apraxia and nystagmus in eight out of 10 patients, and neonatal
periodic breathing abnormalities in six of the 10 patients (Supplemental File 5). None noted a
history of seizure activity.

Brain MRIs showed thickened and mal-oriented superior cerebellar peduncle, deepened
interpeduncular fossa, and vermis hypoplasia, consistent with the ‘molar tooth sign’ in all patients
(Fig. 7.1B). The ‘molar tooth sign’ was also evident in all previously reported cases where MRIs
were available.®” In eight of the 10 patients of our patients, a thin corpus callosum was also evident
(Fig. 7.1B and Supplemental File 5). In these patients, the corpus callosum was either dramatically
thinned, as in the affected member from family 1693, both children from families 2007, 2611,
3083 3202 and 3961 or was foreshortened or excessively rounded in appearance in family 2594.
There were no notable clinical differences in cognition in patients with and without corpus callosal
defects.

In our cohort of ~300 patients with JS, many with molecular diagnosis, there are a total of

20 with notable callosal defects, including the 10 reported here. Three of these 20 were previously
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diagnosed with acrocallosal syndrome, and displayed K/F'7 mutations, but the remainder had been
without a molecular diagnosis. Thus, among our cohort, ARMC9 accounts for ~ 3% of all JS cases,

and accounts for ~50% of all JS cases with callosal defects.

Family 257 Family 1693 Family 2007 Family 2594

|
same village
]
1 2 3 1 2 1 2 3 4 1 2

Family 2611 Family 2612 Family 3083 Family 3202 Family 3961

|
3rd cousins

Il
1} é

1 2 1 2 1 2

B Normal 257-111-3 1693-111-2 2007-111-4 2594-111-1

Figure 7.1: Pedigrees and radiological characterization of ARMC9 patients.

(A) Double bar: consanguinity. Slash: deceased. (B) Brain MRI scans from a healthy individual and
patients with ARMC9 biallelic mutations, showing thickened and mal-oriented superior cerebellar
peduncle (upper, red ‘arrows’), deepened interpeduncular fossa constituting the ‘molar tooth sign’ on
axial images (lower, red arrowheads). Corpus callosal defects (green arrows) were noted in all but case
257 and 2612, demonstrating thinning and excessive foreshortening and rounding.
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7.4.2 Identification of Deleterious ARMCY9 Variants

After obtaining informed consent from all participating individuals in accordance with the
ethical standards set by the University of California, San Diego IRB, we identified a total of five
distinct variants in ARMC9 in nine independent families by exome sequencing, two of which have
not been identified previously. Families 257 (c.1027C>T, p.Arg343Cys), 1693 (¢.51+5G>T, p.?),
2007 (¢.51+5G>T, p.?), 3961 (c.51+5G>T, p.?), 2611 (c.879G>A, p.lle261 Thr293del), 2612
(c.879G>A, p.lle261 Thr293del), and 3202 (c.1027C>T, p.Arg343Cys) carried mutations
previously reported.*” We then recruited Family 3083 with one affected female showing classical
JS phenotypes. No homozygous variants in any gene passed filter criteria. Instead, we identified
compound heterozygous c.51+5G>T, c.1307T>C variants in ARMC9, which was the only
candidate identified by exome sequencing and segregated in the family. Family 2594 was recruited
with documented parental consanguinity with one affected male showing a nearly identical clinical
pattern as the other eight families. We identified a novel homozygous variant in ARMC9 in the
affected individual as the most likely cause of disease (c.1528C>G, p.Leu510Val and ¢.1307T>C,
p. Leud436Pro) (Fig. 7.2A).

ARMCY protein is predicted to have a Lissencephaly type-1-like homology (LisH) motif,
and armadillo repeats (Figure 7.2A). Two of the missense variants occur within the armadillo
repeat domain, while the remaining variants are not located in known domains. All missense
variants identified alter evolutionarily conserved residues among vertebrates (Figure 7.2B).

7.4.3 ARMCY9 RT-PCR Analysis Reveals Defective Splicing
The ¢.879G>A variant occurs at the last base of exon 9, suggesting defective splicing may result.
We therefore examined the effect of the splicing mutation (c.879G>A, p.lle261 Thr293del) by

designing primers flanking the exon 9 region harboring the mutation (Figure 7.2C). RT-PCR
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analysis from patient-derived fibroblasts confirmed skipping of exon 9 in ARMCY transcripts

(Figure 7.2D-E).
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Figure 7.2: Locations and conservation of ARMC9 mutations and splicing analysis.

(A) Genomic structure (NM_025139, top panel) and protein structure (Q7Z3E5-2, lower panel) of
ARMCY full-length isoform with 24 exons and 665 amino acids. The locations of the mutations are
indicated below. (B) Missense mutations (boxed in red) occur at evolutionally conserved residues in all
species shown. (C) RT-PCR primers relative to ARMC9 genomic structure and the predicted amplicon
size (bp). (D) RT-PCR results performed on cDNA from patient-derived fibroblasts. 50bp ladder (Lane
1). Fibroblasts from carrier (M, mother) and affected (A) patients from family MTI-2612, cultured in
serum-free condition for 36 hours (Lane 2&3), or non-serum-free medium (Lane 4&5). Fibroblasts from
unaffected individual, cultured in serum-free condition for 36 hours (Lane 6). (E) Chromatograms depict
skipped exon 9 in cDNA of ARMCY transcript from affected MTI2612 patient fibroblasts.
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7.5 Discussion

This study supports the pathogenicity of deleterious variants in ARMC9 as the cause of a
severe neurodevelopmental disorder characterized by classical JS (molar tooth sign in cranial
MRI, hypotonia, ataxia, and psychomotor delay) and additional features including oculomotor
apraxia and nystagmus. Through whole exome sequencing, we identified additional families
harboring similar variants as previously reported, in addition to identifying two novel deleterious
variants in ARMC9. We also confirmed the c.879G>A variant as leading to skipping of exon 9,
as previously shown.”

Together with those previously reported, the ARMC9 phenotype can be described a
classic JS with variably observed postaxial polydactyly, seizures, and neonatal periodic breathing
abnormalities. Neuroimaging features demonstrate consistent molar tooth sign; however, in
contrast to cases from previous reports,®’ we also note remarkable thin or dysmorphic corpus
callosum, observed in most of our patients. We postulate that these callosal defects represent a
developmental rather than a degenerative origin, although serial MRIs were not available to
address this question.

Defects in the corpus callosum have been occasionally observed in association with JS
and other ciliopathy conditions, but in an inconsistent pattern, and without a clear genetic
association, but more often in patients with other midline defects such as Dandy-Walker,
encephalocele, midline lipomas or cysts.?!! In a study of 71 patients with JS, there was evidence
of dysgenic CC in 6 patients (8.45%), but specific genes were not correlated with these
findings.'? The gene C50rf42 is the major gene responsible for Oro-Facial-Digital syndrome type
VI (i.e. Varadi-Papp syndrome), which includes midline features such as tongue hamartomas,

frenulum and/or upper lip notch, mesaxial polydactyly and hypothalamic hamartomas, but
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corpus callosal defects were observed in a single case.'> The gene MKSI (MIM: 609883) was
reported in a single JS case with callosal agenesis.!'* Although acrocallosal syndrome can show
both corpus callosal defects and JS-like features (in fact, it is considered JS type 12), it can
usually be clinically differentiated based upon other associated malformations.!>!'® Therefore, of
the genes linked to JS to date, we suggest mutations in ARMC9 to be most consistently
associated with corpus callosal defects in relation to JS, with this phenotype presenting in 25%
(8/24) of all previously and newly identified ARMC9 patients.

Future studies will be required to characterize the full range of phenotypes, genotype-
phenotype correlations, and mechanisms of pathogenicity; however, two previous studies have
not only revealed mutations in ARMC9 leading to JS in humans, but also illustrated ciliopathy
features using Zebrafish modeling and yeast 2-hybrid screening, providing functional evidence
supporting ARMCY as a ciliopathy-associated gene.®!” These studies confirmed localization of
ARMC?9 to the ciliary basal body (similar to other JS-associated proteins), illustrated ciliopathy
phenotypes in CRISPR-engineered zebrafish harboring armc9 mutations, and used ARMC9 in
tandem-affinity purification and yeast 2-hybrid screens to identify a ciliary module whose
dysfunction underlies JS,*!7 thus providing further evidence linking ARMC9 with the biological
mechanisms underlying JS.

ARMCY is not the first ARM-containing protein to be implicated in a ciliopathy. ARMC4
(OMIM: 615408), a protein required for a late step in anchoring dynein outer arms, is linked to
autosomal recessive primary ciliary dyskinesia (OMIM: 615451), a disorder resulting from
defective ciliary motility leading to respiratory distress and recurrent airway infections.':1?

Although the exact role of ARMCD9 in causing JS remains to be elucidated, revelation of these
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deleterious variants further extends the genetic and phenotypic heterogeneity of JS, while also
expanding on the types of genes implicated in various ciliopathies.

Chapter 7, in full, has been submitted for publication of the material as it may appear in
American Journal of Medical Genetics 2020. Ghosh, Shereen G.; Hsiao, Katie K.; Gregor, Anne;
Shimazu, Junko; Musaev, Damir; Stanley, Valentina; Roosing, Susanne; Silhavy, Jennifer L.;
Issa, Mahmoud Y.; Elbendary, Hasnaa; Sahin, Yasin; Kariminejad, Ariana; Zaki, Maha S.;
Gleeson, Joseph G. The dissertation author was the primary investigator and author of this

material.
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CHAPTER 8

Discussion

The structural organization and maturation of the brain are the result of a precisely
orchestrated series of developmental processes with complex genetic regulation that occur during
embryonic gestation.! Thus, the utmost precision is required to ensure all functional connections
are properly established. Mutations affecting any of the cellular processes involved in proper
human brain development can lead to altered neurodevelopment and result in a number of
different ‘neurodevelopmental diseases.’>? Structural Brain Defects (SBDs) represent a large
subset of neurodevelopmental diseases leading to disruption of the cerebral, cerebellar or deep
brain structures and are major causes of severe neurological disability including epilepsy,
intellectual disability, and chronic motor disability, often leading to death.*>

As opposed to SBDs, which are stable over time, patients harboring pediatric-onset
neurodegenerative diseases display progressive atrophy across a wide range of brain structures.®®
SBDs and pediatric-onset neurodegenerative diseases which arise as a consequence of a biallelic
mutation in a single gene are much more prevalent among offspring of consanguineous
marriages, who are homozygous across 6% of the genome on average.’ Such consanguinity
increases the odds that a deleterious mutation will be inherited on both chromosomes, and results
in a higher-than-expected recurrence risk for future pregnancies in these families, compared to
diseases caused by de novo mutations, which can arise spontaneously in the offspring during
development.'? The advent of next-generation sequencing (NGS), enabling sequencing at the

scales of genomes, has ushered in an era of unprecedented pace of Mendelian disease gene
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discovery.!! Therefore, by taking advantage of the large number of consanguineous families in
our cohort, in combination with NGS and experimental techniques, we were not only able to
explore the cause of disease directly in humans, but also to determine genetic disease risk and to
identify novel disease-causing variants with a high level of certainty.
8.1 Summary of Findings

Through this work, it is evident that the genes that cause these recessive brain defects
when mutated fall on a broad spectrum of various cellular and molecular pathways, illustrating
the high sensitivity of the developing CNS compared with other organ systems, making it more
susceptible to disease. Of the six genes examined in this study, we illustrate ADPRHL?2 and
HPDL as causing novel early-onset neurodegenerative syndromes with previously unknown
cause, while TMX2 and HEATR5B were found to cause neurodevelopmental diseases,
microlissencephaly and PCH, respectively. Although TRAPPC4 was linked to disease prior to

our study,'>!3

our identification of 23 additional cases from 17 independent families with similar
phenotypes, harboring the same homozygous TRAPPC4 splice site variant, highlights the
involvement of this relatively common single allele as the cause for a severe recessive
neurological disease. Additionally, ARMC9 was also linked to Joubert syndrome prior to our
study;'*!> however, we extended the phenotype by the occurrence of a thin or dysmorphic corpus
callosum, observed in 8/10 assessed patients. Thus, of the genes linked to JBTS to date, we
suggest mutations in ARMC9 to be most consistently associated with corpus callosal defects.
Prior to our study, defects in the corpus callosum had only been occasionally observed in this

syndrome and other ciliopathy conditions, but in an inconsistent pattern, and without a clear

genetic association.
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Although individuals harbor mutations in the same gene, our observations show that their
phenotypes can still differ drastically, even among siblings from the same family, which cannot
always be explained genetically. The sources of such phenotypic variability may include both
additional genetic factors in conjunction with non-genetic or environmental factors.'® Thus,
translating this work into the clinic may require personalized regimens catered to each patient
individually based on epigenetic factors. Using genomics is essential to understand both the
normal and disease-related functions of the genetic and epigenetic contributors to disease and the
cellular pathways and biological processes in which they are involved.!” Such an understanding
is critical to the development of improved strategies for diagnosis, prevention and therapeutic
intervention.

Our work also highlights WES to be among the most useful approaches in the
identification of novel causal mutations.'®* WGS further elucidates the role of non-coding
mutations in the development of SBD phenotypes, adding an extra dimension to the already
complex etiology of these diseases. Through application of WGS in some of our families in this
study, we were able to identify causative mutations that would have otherwise remained
unknown with the sole use of WES. Therefore, WGS should be considered whenever exome
analyses do not yield candidate mutations in SBD phenotypes. The vast information obtained
from NGS has changed the lives of many individuals who suffer from these disorders without
knowing the exact cause, and empowered families to make more informed decisions, a trend that
is only likely to accelerate in the future.

8.2  Detection of Congenital Disorders
Congenital malformations occur in 2-4% of all births, and are the leading cause of infant

mortality in the United States,'! with many of these being monogenic.?? Currently, newborns
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and infants with congenital malformations, syndromes, and inherited disorders typically undergo
an extensive diagnostic process, with relatively low rates of diagnosis.?* As a result, decisions
regarding management of care for such patients are often made in the absence of a definitive
diagnosis, either leading to delays in effective treatment regimens, or to the use of ineffective
treatments, which can often times have adverse effects and/or exacerbate symptoms.?* Thus,
prenatal or early perinatal diagnosis of such malformations provides families with information
for decisions during pregnancy and appropriate treatment perinatally, improving both perinatal
and long-term outcomes.

Over the years, prenatal diagnosis has greatly benefited from advances in ultrasound and
other screening technologies and in our ability to detect single gene disorders, leading to
significant improvements in detecting such congenital anomalies.?® In a European multicenter
study involving 3,686 malformed fetuses, congenital anomalies of the CNS represented 16% of
all anomalies studied and ranked highest in detection sensitivity,?® specifically highlighting the
importance of such screening in providing families like the ones studied here with accurate
information regarding etiology, prognosis, and recurrence risk for future pregnancies.

As disease progression is rapid in patients with SBDs, establishing an etiologic diagnosis
must be equally fast to inform possible interventions that can lessen suffering and mortality.
Traditionally, chromosomal microarray analysis is the recommended first-tier genomic test for
children with genetic diseases,?”*® with additional testing including newborn screening panels,
metabolic testing, and single-gene sequencing, among others. Over the last few years, WGS and
WES have started to gain broad use for diagnosis of infants and children with suspected genetic
diseases, yet can still take weeks to return results. Most recent technological advances through

the use of rapid whole-genome sequencing (rWGS) have led to the ability to sequence and
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interpret the entire genome of a neonate in less than 50 hours.?* Thus, in cases where diagnosis
leads to palliation of symptoms or effective treatments, compared to WES or WGS, rWGS has
the potential to shorten hospital stays and minimize ineffective treatment regimens, improving
the overall outcome for these patients.

8.3 Therapeutic Strategies and Future Implications

As we have shown in these studies, taking advantage of unique family structures in
conjunction with mutation modeling in a dish or in animals can begin to provide useful insights
into pathogenic mechanisms. Few other approaches allow for such direct insight into the human
brain; and identifying genes in families with inherited CNS disorders has led to a critical
understanding of the genetic control of human brain development and function. Although most
of these diseases are still far from therapeutic targeting, our approach and findings offer many
benefits which can ultimately translate to clinical practice, including 1) the diagnosis of brain
disorders with previously unknown cause 2) the ability to determine carrier status and provide
genetic counseling 3) the potential to design new, gene-specific therapeutic targets, providing
further accessibility to personalized genomic medicine in the future.

Although our list of genetic causes of SBDs is far from being exhaustive, significant
advances have been made in parallel with elucidating the specific biological pathways that are
underlying the molecular mechanisms of these illnesses. Discerning these underlying
pathological mechanisms and the identification of therapeutic strategies to treat individuals
affected with rare neurological diseases has proven challenging due to a host of factors. One key
challenge is that most identified genes are not readily targeted with current small-molecule
therapeutics, with the blood-brain barrier posing a major challenge from a drug-discovery

perspective.?’ In hopes of overcoming this challenge, the recent discovery of antisense
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therapeutics using synthetic RNA-binding oligonucleotides is providing promise in the ability to
bind to targeted RNA and modulate its function by several different mechanisms.?*-3! One
successful example of the use of this therapy, in conjunction with genome sequencing, is
milasen: a splice-modulating antisense oligonucleotide drug specifically tailored to a particular
patient with a novel mutation leading to neuronal ceroid lipfuscinosis 7, a rare and fatal
neurodegenerative disease.’? Identification of the mutation was followed by the development and
administration of the personalized drug within 1 year, significantly extending the patient’s
lifespan and quality of life.>> However, thus far, this approach has only shown potential in
diseases that are neurodegenerative in nature, as opposed to pre-existing SBDs present at birth
due to a neurodevelopmental defect.

In summary, our work provides a profound positive impact for the families that were
studied and future families harboring similar mutations. Knowledge of the genetic etiology in
such cases will help the health care system provide meaningful distinctions in genetic risk of
great importance to individuals and their families, while providing clinicians with a roadmap to
treating such patients whose diagnoses were previously unknown. The ability to offer a diagnosis
frequently holds power for a family, regardless of the impact on clinical management. Currently,
for many genetic diseases like the ones studied here, there is not an evidence-based therapeutic
literature available. These diseases are very rare and often times progress rapidly, leaving a very
narrow window for implementing investigational new treatments. The ultimate hope is to use
genetic discoveries like ours to learn enough about the underlying neurobiology to generate
novel and patient-specific therapeutic approaches for these common and devastating disorders,

and our work provides a significant platform in this direction.
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