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ABSTRACT

The evolving next-generation sequencing technology accelerates the identification of
disease-associated genetic variants. However, interpretation of these variants remains
challenging, especially variants with subtle effects such as missense variants. Missense variants
account for a large proportion of genetic variants in human diseases, including autism spectrum
disorder (ASD). The causal relationship of most missense variants in the pathogenesis of ASD
has not yet been demonstrated, and an experimental method systematically prioritizing missense
alleles can gain crucial insight into the molecular basis for disease pathology. Therefore, I
developed an in vivo multi-cellular system using Caenorhabditis elegans to systematically
evaluate the functional consequences of disease-associated missense variants. I identified highly
conserved human ASD-associated missense variants in their C. elegans orthologs, used a
CRISPR/Cas9-mediated homology-directed knock-in strategy to generate missense mutants, and
analyzed their impact on behaviors and development via several broad-spectrum assays. Overall,
I generated 60 ASD-associated missense variants and characterized these missense mutant strains
using a fecundity assay, an automated locomotor tracking system, and a chemotaxis assay. |
found that 19% of the human disease-associated alleles have conserved loci in their C. elegans
orthologs. Among the genes I tested, 64-70% of the missense variants predicted to perturb protein
function showed detectable phenotypic changes in morphology, locomotion, or fecundity. Our
results also revealed that missense mutants in different gene networks displayed distinct
phenotypic profiles. Moreover, I focused on studying the genetic properties of missense variants
on two ASD risk genes. I discovered the developmental defects in the ALDH1A3 C174Y
missense mutation involved in the retinoic acid signaling pathway. I also identified a conserved
missense residue 1in-45(K565N), orthologous to human BRAF(K499N), which displayed a
hypersensitive non-dominant phenotype in the diacetyl chemotaxis assay that was capable of

being inhibited by RNAi. The finding suggests a potential gain-of-function allele in BRAF,



vi
especially in the sensory function. To sum up, I established a working pipeline to systematically
identify and generate evolutionarily conserved ASD-associated missense mutants in C. elegans.
This approach will help assess the impact of a single missense mutation in the whole organism
and prioritize consequential missense variants for further intensive analysis in vertebrate models

and human cells.
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NOMENCLATURE

Autism spectrum disorder (ASD). A neurodevelopmental disorder characterized by the

impaired social ability and repetitive behaviors.

Caenorhabditis elegans (C. elegans). A free-moving transparent nematode commonly used

to genetic study.

Missense variants. A type of non-synonymous mutation where the nucleic acid change results

in an amino acid difference in the protein sequence.

Clustered regularly interspaced short palindromic repeats (CRISPR). A gene-editing
system adapted from the bacterial defense system that can be programmed to introduce double-

strand breaks at precise DNA locations in the genome.



Chapter 1

GENERAL INTRODUCTION

1.1 What is autism spectrum disorder?

Autism was first described as a trait of “enclosure in one’s self” by Doctor Leo Kanner in
1943. In his paper, Dr. Kanner documented a cohort of 11 children with “extreme desire for
aloneness and sameness and lack of direct affective contact” (Kanner, 1943). Although the
clinical description of these 11 children varied, they all shared a combination of symptoms:
severe social deficits, language dysfunction, and the presence of repetitive restrictive behaviors.
Over the past decades, broader diagnosis criteria have been adapted to include those with normal
intelligence and language (Asperger syndrome) and those almost meeting the strict diagnostic
criteria in all three domains (pervasive development disorder — not otherwise specified, PDD-
NOS) as autism spectrum disorders (ASD) (American Psychiatric Association, 2013). Ever since
the first documentation of autism, intense efforts have been attempted to study the
physiopathology underlying this complex disorder. However, current diagnoses still rely solely
on expert observation and assessment of behavior and cognition. Due to the high heritability
shown in ASD, more evidence point to the understanding of genetic risk variants can help

untangle the heterogeneity of ASD.

1.1.1 Impact of ASD

ASD is one of the most prevalent neurodevelopmental disorders. The reported prevalence of
autism has increased over the past decades, partly due to better knowledge of the disease
variability, broader diagnosis with a higher degree of public and professional awareness of the

disorder. Currently, ASD affects 1 in 54 children in the US, and it is 4.3 times more common



among boys than girls (Maenner et al., 2020). According the Surveillance Summaries from
Centers for Disease Control and Prevention (CDC), ASD prevalence varies slightly by each
state but it impacts identically on all ethnic groups, except for the Hispanic group. Hispanic
group shows lower ASD prevalence (approximately 15.4) compared to the prevalence of 18.5
per 1,000 children in the general population. Globally, ASD affects 52 million people and
accounts for 7.7 million disability-adjusted life years (DALY's), which indicates the number of
years lost due to the disability (Baxter et al., 2015). It is estimated that about 30% of children
with ASD remain minimally verbal throughout life, even after receiving years of interventions
and a range of educational opportunities (Tager-Flusberg & Kasari, 2013). The burden of ASD
commences in infancy and persists through their lifespans.

There are multiple challenges in identifying and quantifying ASD cases. First, it is difficult
to detect ASD in young children without verbal capability. Only half of the children with ASD
have their first evaluation by the age of 36 months, and the overall median age of ASD diagnosis
is higher in black children (Maenner et al., 2020). Interestingly, higher ASD prevalence is
reported among more socioeconomically advantaged groups, which is unique among
developmental disorders. The second challenge comes from the high comorbidity of ASD and
other psychiatric disorders. As many as 85% of individuals with ASD have other comorbid
psychiatric diagnoses. The most common diagnosed comorbidities are seizure, attention-deficit/
hyperactivity disorder (ADHD), anxiety, and depression (Doshi-Velez et al., 2014). In addition,
33% of individuals with ASD also display intellectual disabilities (ID, intelligence quotient [1Q]
<70) (Maenner et al., 2020), indicating a sharing disease mechanism between ASD and other

mental disorders.



1.1.2 Symptoms of ASD

According to the latest version of Diagnostic and Statistical Manual of Mental Disorders
(DSM-5), ASD is characterized by two core features: (1) persistent deficits in social
communication and social interaction across multiple contexts; and (2) restricted, repetitive
patterns of behavior, interests, or activities (American Psychiatric Association, 2013). In addition
to the core domains, individuals with ASD also display a wide range of symptoms, such as sleep
disruption (80%), gastrointestinal problems (70%), motor abnormalities (79%), intellectual
disability (45%), or epilepsy (30%) (Lai et al., 2014). Additionally, language delays are
frequently co-occurring with ASD and were even included in the DSM-IV diagnostic criteria
(Rylaarsdam & Guemez-Gamboa, 2019). These strikingly clinical heterogeneities were reflected
in the DSM-5 by introducing the idea of a “spectrum” of symptoms and severity (Chaste et al.,
2017).

To date, diagnosis of ASD relies mostly on clinical behavioral assessments, including
administration of the Autism Diagnostic Observation Schedule 2 (ADOS-2) (Catherine Lord
et al., 2012) and the Autism Diagnostic Interview-Revised (ADI-R)(C Lord et al., 1994).
Although these behavioral assessments show high sensitivity and specificity in diagnosing
ASD cases as young as 12 months old (Charman & Gotham, 2013), they require well-trained
examiners to carry out the interviews, which can be subjective and time-consuming. Moreover,
research showed that the presence of shared symptoms of ADHD and sensory processing in
children with ASD could delay the ASD diagnosis for three years (Miodovnik et al., 2015).
Therefore, we are in need of more reliable biomarkers for earlier and more accurate diagnoses.

Over the past few decades, countless efforts have been devoted to finding a reliable
biomarker for ASD. The first set of evidence came from the analyses of postmortem ASD brain
tissues. Studies on ASD postmortem brains revealed both global and cellular changes,

including disorganized gray and white matter, increased number of neurons, decreased volume



of neuronal soma, and increased neuropil, as well as changes in densities of dendritic spines
and cerebral vasculature (Varghese et al., 2017). Given the fruitful findings from postmortem
studies, the consistency in conclusions is dampened, and studies with larger sample size are
desired to validate the findings. Fortunately, recent advances in magnetic resonance imaging
(MRI) provided more lines of evidence with the information of the developmental timeline in
the pathogenesis of ASD. An MRI study detected an enlargement of cortical surface area in
infants as early as 6-12 months of age, and the authors conclude that the brain volume
overgrowth accurately align with the autistic social deficits in later life (Hazlett et al., 2017).
In addition, functional imaging studies highlighted the altered activation patterns in brain
regions involved in processing social cues and regulating emotions, such as fusiform gyrus and
anterior cingulate cortex, during cognitive tasks in individuals with ASD (Minshew & Keller,
2010). Moreover, a meta-analysis of resting-state functional magnetic resonance imaging (rs-
fMRI) revealed reduced local connections in brain regions guarding attention and sensory
integration (e.g., dorsal posterior cingulate cortex and right medial paracentral lobule (Lau et
al., 2019). Given the fruitful findings from imaging studies, the consistency in conclusions is
limited by technical challenges, such as low temporal resolution and the need for higher
functioning ASD individuals as subjects, and thus studies with larger sample size are desired

(Varghese et al., 2017).

1.1.3 Etiology of ASD

Despite the considerable efforts to study the pathogenesis of ASD, the majority of ASD
cases belong to idiopathic ASD, which refers to cases without known specific causes. Scientists
proposed the contribution of both genetic factors (nature) and environmental factors (nurture)
to the etiology of ASD, and twin and family studies provided clues to the “nature or nurture”

debate. Early twin studies reported a 70-90% concordance rate in ASD diagnosis in



monozygotic twins compared to the 10% concordance rate shared in dizygotic twins,
suggesting a high heritability of about 90% (Bailey et al., 1995; Steffenburg et al., 1989). A
higher sibling recurrence rate of 7-20% is also documented in the siblings of ASD individuals,
depending on study design and whether half or full siblings were considered (Ozonoff et al.,
2011; Palmer et al., 2017). Recent studies calculated a more precise estimation of ASD
heritability decreased to 83%, meaning that 83% of the variation in autistic traits in a population
can be explained by genetic factors (Sandin et al., 2017). Overall, the high heritability
implicated in ASD highlights the strong components of genetic variants, yet it also indicated
the involvement of environmental factors in the pathogenesis of ASD.

Multiple environmental risk factors for ASD have been proposed, including parental
ages, pregnancy-related factors, maternal medications and diseases, nutrition, environmental
toxins, etc. Recent studies suggested that environmental risk factors may determine up to 40—
50% of variances in ASD liability. However, investigations on ASD environmental risk factors
often produce inconsistent results. In order to resolve the inconsistency in previous studies,
Modabbernia et al. performed a systematic review and meta-analyses of 663 studies, and they
found strong links of advanced parental ages and birth complications (e.g., birth trauma or
ischemia and hypoxia showed) to ASD. They also discovered modest (but significant)
associations between pregnancy-related risk factors (e.g., maternal obesity, maternal diabetes,
and caesarian section) and prenatal exposure to heavy metals with ASD. Other environmental
risk factors such as nutrition elements (e.g., folic acid, omega 3, and vitamin D), maternal
immune activation, and maternal nicotine and thimerosal exposures showed inconsistent results
across studies (Modabbernia et al., 2017). These environmental risk factors potentially influence
neurodevelopment through epigenetic mechanisms. Indeed, a histone acetylome-wide
association study (HAWAS) using chromatin immunoprecipitation sequencing (ChIP-seq)

discovered that 68% of syndromic and idiopathic ASD cases shared a common acetylome



signature in patients with both rare mutations and common “epi-mutations”, suggesting a
convergence into common signaling pathways in ASD (W. Sun et al., 2016). Therefore, defining
the molecular pathologies underpinning ASD will allow for a more precise establishment of
subgroups that are consistently linked to a specific biomarker, enabling the discovery of new
therapeutic targets (McCammon & Sive, 2015).

The known genetic factors contribute to about 20-30% of ASD cases (De Rubeis &
Buxbaum, 2015; Pinto et al., 2014). The earliest understanding of ASD genetic origin came
from truncated mutations identified in individuals with Mendelian genetic syndromes (e.g.,
Fragile X, Rett, and Angelman Syndromes, tuberous sclerosis). These ASD-liked mental
disorders share some autistic characteristics and have a high comorbid rate with ASD. The
familial studies of these Mendelian genetic syndromes enabled identifying large truncated
protein on single genes, such as FMR1, MECP2, UBE3A, TSC1, and TSC2 (Chung et al., 2014;
Y. S. Kim & Leventhal, 2015). It is estimated that these inherited mutations account for 5% of
ASD cases (Varghese et al., 2017).

With rapidly evolving next-generation sequencing (NGS) technologies, there has been
an explosion in the discovery of smaller pieces of ASD genetic variants. One such category is
copy number variations (CNVs), which refers to the repeated DNA segments with kilobase to
several mega-bases in range present in various numbers of copies between individuals. These
CNVs can result in gain-of-function (duplication and insertional transposition), loss-of-
function (deletion), and complex chromosome rearrangement (inversions and chromosome
translocation). The application of NGS and chromosome microarray (CMA) has identified
numerous CNVs and cytogenetically visible chromosomal anomalies (e.g., 15q11-13, 22q11.2)
that affect almost all chromosomes (Chung et al., 2014). Since the first publications of CNV

studies (Iafrate et al., 2004; Sebat et al., 2007, 2004), it has helped identify more than 100



disease genes and over 40 genomic loci among patients with ASD. Overall, CNVs comprise
approximately 10% of ASD cases (Varghese et al., 2017).

The breakthrough on whole-exome sequencing (WES) in the last decade facilitates the
discovery of polygenetic single nucleotide variants (SNVs) that existed in individuals with
ASD. Scientists can distinguish the origin of the SNVs using samples from simplex families
(i.e., sequencing one affected individual and both of his/her parents) or quartet families (i.e., a
simplex family plus one unaffected sibling). Some of the SNVs are inherited, whereas others
are de novo mutations (i.e., mutations arising in the germline that are not present in the parental
somatic genome). A serial of studies using WES to investigate the ASD trios in the Simons
Simplex Collection documented a vast increase of gene-disruptive de novo mutations
(nonsense, splice-site, or frameshift) and a smaller increase of de novo missense variants and
transmitted nonsense mutations in ASD probands (lossifov et al., 2012; Neale et al., 2012;
O’Roak et al., 2012; Sanders et al., 2012) as well as patients with other psychiatric conditions
(Kenny et al., 2014). Another WES study identified that 16% of ASD probands carry a de novo
loss-of-function mutation, whereas 9% of their unaffected siblings also carry such mutations
(De Rubeis et al., 2014). Interestingly, an analysis using simplex cases in the Simons Simplex
Collection revealed a negative association between de novo loss-of-function (LOF) mutation
rate and intellectual quotient (IQ), meaning that individuals with ASD and IQ<100 harbor
excess of de novo loss-of-function mutations in comparison to their higher functioning
counterparts. The study also pointed out that individuals with ASD and high IQ were more
likely to have family histories of psychiatric disease and thus a more significant familial burden
(Robinson et al., 2014).

Overall, these WES studies consistently showed that affected ASD subjects have roughly twice
as many gene-disruptive de novo loss-of-function variants than would be expected by chance,

and at least half of the de novo loss-of-function have some impact on ASD liability (Chaste et



al., 2017). Noticeably, these de novo mutations displayed strong origins with paternal germline
mosaicism, and the rate of de novo mutations was positively correlated with paternal ages
(Tossifov et al., 2012; O’Roak et al., 2012; Sanders et al., 2012). This gave an example of how
environmental risk factors impacted genetic components and shape the ASD pathogenesis

trajectory.

1.2 Missense variants (MS) in ASD
1.2.1 Types of ASD genetic variants

In addition to their origins sizes, genetic variants can be categorized by their allele
frequency in a given population. Common variants (population frequency >1%), also known
as single nucleotide polymorphism (SNPs), contribute to the pathogenesis of ASD. Compared
to rare variants, common variants are under strong selection pressure and are less likely to have
a strong negative effect on early survival or fecundity (reproductive fitness) (Geschwind &
State, 2015). Overall, these common variants accounted for 52.4% of ASD etiology when they
were additively considered (Gaugler et al., 2014). However, early genome-wide association
studies (GWAS) detected few genome-wide significant risk loci, and these studies were of low
statistical power due to the low effect size (Anney et al., 2010; Ma et al., 2009; Weiss et al.,
2009). Subsequent large-scale GWAS study performed a meta-analysis with over 15,000
samples and revealed 93 significant genome-wide markers, many of which were replicated in
independent cohorts (Autism Spectrum Disorders Working Group of The Psychiatric
Genomics Consortium, 2017; Grove et al., 2019). Some SNPs implicated in these studies
overlapped with schizophrenia and other psychiatric disorders, suggesting shared genetic

underpinnings among psychiatric disorders.



Most de novo mutations belong to rare (population frequency <1%) or very rare
(population frequency < 0.01) genetic variants. The advance of NGS arouses the interest in
finding de novo mutations associated with ASD. Several studies identified thousands of ASD-
associated de novo missense variants in hundreds of genes utilizing the WES data from the
Simon Simplex Collection, which consists of a set of 2,517 simplex families (Fischbach &
Lord, 2010). Each of these genes harbors two or more dnLoF mutations identified in separate
probands, corresponding to a statistically significant false discovery rate (FDR) of 0.1 (Iossifov
et al., 2012; Neale et al., 2012; O’Roak et al., 2012; Sanders et al., 2012). A complete list of
missense variants can be found on the Simon Foundation Autism Research Initiative (SFARI)

website (https://gene.sfari.org/database/human-gene/) (Fischbach & Lord, 2010).

1.2.2 Contribution of missense variants to ASD

A recent project done by the Autism Sequencing Consortium (ASC) examined 6430
individuals with ASD and revealed 7131 de novo variants in protein-coding exons, among
which 4503 (63.1%) were missense variants and 972 (13.6%) were protein-truncating variants
(Satterstrom et al., 2020). Indeed, individuals with ASD showed a slightly higher de novo
mutation rate than the 1.18*108 rate identified in the general population (Alonso-Gonzalez et
al., 2018; Conrad et al., 2011). The enrichment of gene-disrupting de novo loss-of-function
mutations was consistently found in individuals with ASD. Heterozygous loss-of-function de
novo mutations presented in 20% of ASD probands but only in 10% of unaffected siblings
(Iossifov et al., 2012; Ronemus et al., 2014; Sanders et al., 2012). In particular, de novo
missense mutations, especially the most damaging types, were more enriched in ASD probands
than in their unaffected siblings, and these missense mutations contributed to at least 10% of

ASD diagnoses (lossifov et al., 2014).
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1.2.3 Gene network and pathway analysis

Over decades, large-scale exome sequencing studies have uncovered hundreds of genes
associated with ASD (Coe et al., 2019; lossifov et al., 2012; Kaplanis et al., 2020; Neale et al.,
2012; O’Roak et al., 2012; Sanders et al., 2012; Satterstrom et al., 2020). Given the heterogeneity
of ASD, it would be valuable to find some molecular convergence in ASD risk genes. Indeed,
studies combining gene expression, protein-protein interactions (PPIs), and other systematic gene
annotation resources suggested that ASD-associated genes clustered in two major gene network:
those regulated gene expression during early fetal development and those involved in synaptic
functions during late fetal development (Ben-David & Shifman, 2013; Chaste et al., 2017;
Gilman et al., 2011; Sakai et al., 2011; Voineagu et al., 2011).

To identify the genetic network, few groups discovered enrichments of ASD risk genes
in chromatin remodeling complexes. These chromatin modifier genes encode proteins, such as
histone demethylase and fragile X mental retardation protein (FMRP), transcriptionally regulated
gene expression during early fetal development (De Rubeis et al., 2014; Parikshak et al., 2013).
Notably, these chromatin modifier genes harboring missense and protein disrupting de novo
mutations were dosage-sensitive, reflecting the heterozygous state observed in ASD probands
(Parikshak et al., 2013). In addition, some highly-confidence ASD-associated genes converged
in the development of layer 5/6 glutamatergic cortical neuron projection (Parikshak et al., 2013;
Willsey et al., 2013). These disrupted cortical cytoarchitecture may lead to behavioral
abnormalities implicated in ASD models (G. B. Choi et al., 2016). Indeed, the disorganized
cortical microstructure was reported in the postmortem brain samples from children with ASD
(Stoner et al., 2014).

Transcriptome analysis in ASD brains revealed a down-regulation in genes of extended
length (>100 kb) (King et al., 2013). These long genes, which often encode synaptic proteins and

ion channels, are more susceptible to changes in the transcriptional machinery (Sullivan et al.,
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2019). For example, Zhao et al. identified a set of long genes containing broad enhancer-like-
chromatin domains (BELDs) associated with high transcriptional activities and frequent
chromatin interactions. These BELDs genes are enriched in synaptic genes during late fetal and
early postnatal development (Parikshak et al., 2013; Zhao et al., 2018). Moreover, Wen et al.
created a tool called Gene Set Enrichment Analysis (GSEA), which combined the gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database, to classify significantly
enriched or depleted ASD candidate genes. They found a substantial overlap of GO and KEGG

terms in genes involved in the calcium and MAPK signaling pathways (Wen et al., 2016).

1.3 Modeling disease-associated missense mutations
1.3.1 Challenges for studying the functional consequences of missense variants

Decades of GWAS and NGS studies produced a vast amount of genetic variation
implicated in human diseases with complex traits. On average, a healthy individual carries 250-
300 disease-associated variants, and each variant can be found as heterozygous or homozygous
state (Cooper et al., 2013; The 1000 Genomes Project Consortium, 2010). Overall, 4.6 million
missense variants have been identified in about 140,000 individuals yet only 2% of the missense
variants have a clinical annotation in the ClinVar database (Landrum et al., 2014; Lek et al.,
2016). Unfortunately, over half of the clinical interpreted variants showed unknown or
controversial clinical outcomes, so-called variants of uncertain significance (VUS) (Starita et al.,
2017). As aresult, spotting the subtle functional deteriorating variants from the immense pool of

missense variants has been an enormous challenge.

1.3.2 Prioritizing missense variants using computational inference tools
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Since the completion of Human Genome Project (HGP) at the beginning of the 21*
century, scientists have dedicated countless efforts to decipher the genomic codes and
distinguish the disease-causing mutations in the human genome. The early studies focused on
the allele frequency and how these haplotype blocks changed the human population structures
(Belmont et al., 2005; The 1000 Genomes Project Consortium, 2012). Recent approaches
analyzed the data from the Exome Sequencing Project (ESP) and calculated a “residual
variation intolerance score” (RVIS) by comparing the number of common missense and
truncated variants observed against the number of all variants observed, including the
synonymous and rare variants (Petrovski et al., 2013). This approach used the excess of rare
versus common missense variation within the human genome to highlight functional
significant intolerant genes. Samocha et al. captured the functional deteriorating missense
variants by comparing the rare missense variants with the enumerating set of all possible
variants in each gene (Samocha et al., 2014). The revolutionary concept of selective “constraint”
proved to be a powerful tool for identifying the region in a gene where de novo variants are
more likely to be functional impactful (Samocha et al., 2017).

In addition to identifying the functional deteriorating genes and regions (Samocha et
al., 2017; Silk et al., 2019), several computational inference tools are available for predicting
the pathogenicity of a given missense variant. One of the popular features is sequence
conservation. These methods, such as SIFT, compare protein multiple alignments and prioritize
residues based on the assumption that amino acid substitutions in highly conserved regions are
more likely to be damaging (Ng & Henikoff, 2003). Algorithms in this category have
reasonable predictive values for loss-of-function missense variants but they are not accurate in
predicting gain-of-function or edgetic variants (Yi et al., 2017). Another type of interference
tool integrates the three-dimension protein structure with sequence information. These

algorithms (e.g., PolyPhen-2) assume missense mutations located in the protein active sites or
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specific structural regions are more likely to affect the protein functions (Adzhubei et al., 2010).
Most algorithms in this category predict mutational effect only for mutations in the protein-
coding genes (Yi et al., 2017). The third type of computational inference tools explore the
function of missense variants in regulatory regions and their effect on target genes’ interaction.
Adapting from the experimental data in the Encyclopedia of DNA Elements (ENCODE)
project, these tools, such as CADD, consider the genetic and epigenetic regulation to prioritize
the pathogenic missense variants (Dunham et al., 2012; Kircher et al., 2014). Furthermore, the
fourth type of computational inference tools takes the gene network and pathway features into
consideration. These algorithms, such as SuSPect and Eigen, integrate sequence and structural
information with gene ontology similarity and highlight genes with high topological centrality
(Ionita-Laza et al., 2016; Yates et al., 2014).

Despite considerable efforts, computational inference tools’ performance is limited by
the existing experimental training data (Grimm et al., 2015; Miosge et al., 2015). Few studies
evaluated the performance inference algorithms and estimated a 30% false prediction rate due
to the proximity with common SNPs, sequencing errors, or lack of evidence of pathogenicity
(Bell et al., 2011; S. Sun et al., 2016). In most cases, in silico methods tend to overpredict
pathogenic missense changes and give low specificity (Y. Choi et al., 2012), and the accuracy
is even less reliable in missense variants with milder effects (Richards et al., 2015). The poor
performance and lack of consistency hampered these computational inference tools’ credibility
and presented a need for direct evidence using functional assays in the biological systems

(Richards et al., 2015; Starita et al., 2017).

1.3.3 Characterizing missense variants in system-level experimental platforms
A couple of high throughput functional assays use cell-based systems to study the

function of variants in a comprehensive manner. For example, Gespirini et al. established a
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multiplexed functional assays for variant effect (MAVEs) using yeast to directly study each
missense variant to its impact on protein function, regulation, splicing, and RNA stability
(Gasperini et al., 2016). Chen et al. detected protein interaction-disrupting de novo missense
variants using the yeast two-hybrid system. They discovered that the ASD-associated missense
variants were more likely to affect proteins with many interactions (i.e., hub genes), and their
interacting partners tend to be ASD risk genes (Chen et al., 2018). Generally speaking, the in
vitro approach enables high throughput screening at the scale of 10* -10° variants per
experiment, and the results are readily comparable to each other (Gasperini et al., 2016).
However, these cell-based functional assays take proteins out of their endogenous genomic and
cellular contexts, and this may lead to neglection of the effect caused by cell-type-specific
chromatin states (Ernst & Kellis, 2015; Starita et al., 2017).

The advance in gene-editing technology enables disease-associated genetic variants to be
generated and tested in their endogenous genomic and cellular contexts. For example, Miosge et
al. generated missense mutant mice using the N-ethyl-N-nitrosourea (ENU) mutagenesis method
and compared the predicting and actual deleterious effects in immune functions (Miosge et al.,
2015). Recently, few groups utilized the lentiviral library to introduce mutations in disease-
associated genes and studied the cell-type effects in vivo. With this in mind, Jin et al. introduced
frameshift mutations in 35 ASD risk genes in utero and performed postnatal single-cell
transcriptomic analysis (Perturb-Seq) in the offspring. They described cell-type-specific
functional impact in neural development consistent with single-cell data from ASD patients (Jin
et al., 2020). Similarly, Wertz et al. conducted the first unbiased genome-wide knock-down
screening in the mammalian central nervous system by injecting short hairpin RNA (shRNA)
directly to the striatum of the mouse brains, and they discovered genes and cellular processes
essentials in neurons and associated novel druggable candidate genes in neurological disorders

(Wertz et al., 2020).
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The genome-wide screening in rodent models allows studying the disease candidate gene
in its endogenous context. However, each missense variant can be found in the heterozygous or
homozygous state, and there are effectively infinite combinations between missense variants.
Generating all disease-associated missense changes in rodent models is not practical. As a result,
many research groups, including our laboratory, examined the functional consequences of human
variants by knocking-in the equivalent amino acid substitution into an orthologous gene in
Caenorhabditis elegans (C. elegans). These studies analyzed the phenotype and genetic
properties of candidate genes implicated in human diseases (Bai et al., 2020; S. Kim et al., 2017a;
Levitan et al., 1996), especially in ASD (Buddell et al., 2019; Gonzalez-cavazos et al., 2019;
Lipstein et al., 2017; McDiarmid et al., 2018, 2020; Post et al., 2020; Wong et al., 2019). In
particular, Wong et al. systematically evaluated the effects of 20 missense alleles that were
predicted to be phenotype altering and found that only 70% of them displayed phenotypic
changes in morphology, locomotion, and fecundity (Wong et al., 2019). McDiarmid et al.
quantified tactile sensitivity and habituation learning phenotypes in ASD-associated missense
mutants and found the phenotypic defect can be rescued by adult neuroligin re-expression

(McDiarmid et al., 2020).

1.3.4 The advantages of studying missense variants in C. elegans
C. elegans has proven to be an advantageous system to model disease-associated human
genetic variants. It enhances our understandings in disease gene functions, the consequences of

genetic variants, and embedding genes into functional pathways (www.wormbase.org;

www.wormbook.org ). Compared to other model organisms, the C. elegans nervous system is
highly amenable to cellular level resolution analysis of neural circuits and behavior given its
numerically simple nervous system, known connectome, and relatively weak dependence on the

nervous system for organism viability. Additionally, C. elegans share 60-80% orthologous genes
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as the human genome and functional conservation in essential signaling pathways (Kaletta &
Hengartner, 2006; Shaye & Greenwald, 2011). Over the decades, C. elegans research has
facilitated our understanding of many human diseases, including the discovery of presenilin and
its druggable targets in human Alzheimer’s disease (Levitan et al., 1996; Levitan & Greenwaldh,
1995; Strooper et al., 1999; Sundaram & Greenwald, 1993), the mechanism of action of the
antidepressant fluoxetine (Ranganathan et al., 2001), and negative regulators of the insulin
signaling pathway in diabetes research (Ogg et al., 1997). Moreover, C. elegans also accelerates
the screening of functional variance of unknown significance (VUSs) with the readily accessible
gene editing techniques and the relatively short life cycle (Brenner, 1974; Engleman et al., 2016;
S. Kim et al., 2017b). Phenotypic analyses of transgenic animals are routinely done to determine
the mechanism of disease-associated mutations. Recent advances in gene editing technology, like
CRISPR/Cas9 system, further expedite the causality studies of variants with large quantities,
such as de novo missense variants. The precise gene editing by CRISPR in C. elegans genome
avoids the confounding effects caused by mosaic overexpression of extrachromosomal arrays or
specialized genetic backgrounds in the traditional methods (Chiu et al., 2013). Therefore, the C.
elegans model presents an opportunity to determine subtle effects of missense variants and
impede the use of these transgenic strains in large-scale drug screens (Kaletta & Hengartner,

2006).

1.4 Thesis chapter summary

I joined the Ph.D. program at Caltech with the intention to study the molecular
mechanisms underlying ASD. I was fortunate to meet Paul, who happened to have a grant
matching my research interest. We came up with a plan to study ASD genetics using the C.

elegans model. I aim to investigate the functional consequences of ASD-associated missense
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variants in different physiological functions, especially in sensory modulation. In this Ph.D.
dissertation, I present my findings in several papers and manuscripts, and these papers are
summarized as follow.

In Chapter 1, I review the history, symptoms, and etiology of ASD. I summarize the
current progress in in silico, in vitro, and in vivo methods for prioritizing ASD-associated
genetic variants. The growing number of genetic variants implicated in ASD proposes a niche
for a more accurate and efficient method to identify missense variants with functional
consequences and prioritize them for future functional studies in other models. C. elegans, with
its short lifespan and readily accessible genome, offers a powerful tool to model human disease
and facilitate the screening process.

Chapter 2 presents a paper published in Human Molecular Genetics in 2019. This study
describes our working pipeline for screening functional impactful missense alleles implicated
in ASD. We identified highly conserved human ASD-associated missense variants in their C.
elegans orthologs, used a CRISPR/Cas9-mediated homology-directed knock-in strategy to
generate 20 missense mutants, and analyzed their impact on behaviors and development via
several broad-spectrum assays. Additionally, we compared our screening results to existing
computational inference tools and found only 70% of them showed detectable phenotypic
changes in morphology, locomotion, or fecundity. This paper points out a need for in vivo
screening platform and prioritizes 14 phenotypic changing missense variants in 11 human
genes.

In Chapter 3, I present a manuscript on the second half of the screening project. This
paper expands on the previous collection and characterizes 28 more ASD-associated missense
variants, focusing on genes involved in synaptic functions and gene regulation. We use
morphology, fecundity, and an automated locomotor tracking system to examine the changes in

neurodevelopment. We identify 18 of the 28 (64%) missense variants that exhibit phenotypic
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changes. Specifically, missense variants in the gene regulatory cluster are more likely to
influence fecundity whereas missense variants in the synaptic gene cluster impact morphology
and locomotor patterns. This study proves that missense mutants in different gene clusters display
distinct phenotype profiles and lay the foundation for future systematic characterization of
disease-associated variants.

Chapter 4 presents a micropublication on one missense variant of an ASD risk gene,
ALDHIA3. The ALDH1A3 is the key enzyme in the retinoic acid signaling pathway, and
missense mutations in ALDHI1A3 have been identified in family studies of ASD and other
developmental disorders. However, there has been no evidence from animal models that verify
the functional consequence of missense mutations in ALDHI1A3. Therefore, we introduce the
equivalent of the ALDHIA3 C174Y variant into the C. elegans ortholog, alh-1, at the
corresponding locus. Mutant animals with this missense mutation exhibit decreased fecundity
by 50% compared to wild-type animals, indicating disrupted protein function. To our
knowledge, this is the first ALDH1A3 C174Y missense model, which may be used to elucidate
the effects of ALDHIA3 C174Y missense mutation in the retinoic acid signaling pathway
during development. This manuscript is accepted and published on microPublication Biology
in January 2021.

In Chapter 5, I present a manuscript on the functional characterization of BRAF, one of
the ASD risk genes. BRAF is a critical kinase linking canonical NMDAR signaling to the MEK-
ERK cascade at the synapse. The role of BRAF in sensory modulation has been demonstrated in
both human and animal studies. In this study, we inspect the sensory function of three ASD-
associated missense variants in BRAF. We use a previously established platform to identify
conserved missense variants and introduced them in the orthologous gene in C. elegans. We then
characterize the functional consequences of the missense variants using the chemotaxis assay in

C. elegans. Our results reveal a conserved missense residue orthologous to human BRAF K499N
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displays a hypersensitive phenotype in the diacetyl chemotaxis assay. This phenotype is not
dominant but can be inhibited by /in-45 RNAi. We also check the expression of the lin-45 protein
and confirm the strong expression of /in-45 in the RIC interneurons. Overall, this study suggested
a potential gain-of-function allele in the orthologous gene of BRAF, especially in the sensory
function.

In Chapter 6, I give a general discussion of my Ph.D. project. I summarize the essential
findings and significance of these studies. I point out the advantages and limitations of using C.
elegans as a model to study ASD. Finally, I reflect on my Ph.D. journey and gives out some
advice for my past self and the next-generation researchers who plan to embark on this ASD

project or projects with a similar approach.
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Chapter 2

AUTISM-ASSOCIATED MISSENSE GENETIC VARIANTS IMPACT
LOCOMOTION AND NEURODEVELOPMENT IN CAENORHABDITIS
ELEGANS

Wong, W. R., Brugman, K. I., Maher, S., Oh, J. Y., Howe, K., Kato, M., & Sternberg, P. W.
(2019). Autism-associated missense genetic variants impact locomotion and

neurodevelopment in Caenorhabditis elegans. Human Molecular Genetics, 28(13), 2271-

2281. https://doi.org/10.1093/hmg/ddz051

2.1 Abstract

Autism spectrum disorder (ASD) involves thousands of alleles in over 850 genes but the
current functional inference tools are not sufficient to predict phenotypic changes. As a result,
the causal relationship of most of these genetic variants in the pathogenesis of ASD has not yet
been demonstrated, and an experimental method prioritizing missense alleles for further intensive
analysis is crucial. For this purpose, we have designed a pipeline that uses C. elegans as a genetic
model to screen for phenotype-changing missense alleles inferred from human ASD studies. We
identified highly conserved human ASD-associated missense variants in their C. elegans
orthologs, used a CRISPR/Cas9-mediated homology-directed knock-in strategy to generate
missense mutants, and analyzed their impact on behaviors and development via several broad-
spectrum assays. All tested missense alleles were predicted to perturb protein function, but we
found only 70% of them showed detectable phenotypic changes in morphology, locomotion, or

fecundity. Our findings indicate that certain missense variants in the C. elegans orthologs of
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human CACNA 1D, CHD7, CHDS, CUL3, DLG4, GLRA2, NAA15, PTEN, SYNGAPI, and TPH2
impact neurodevelopment and movement functions, elevating these genes as candidates for
future study into ASD. Our approach will help prioritize functionally important missense variants

for detailed studies in vertebrate models and human cells.

2.2 Introduction

Many psychiatric disorders such as autism spectrum disorder (ASD, OMIM: 209850)
have been linked to genetic variants that disrupt but do not necessarily eliminate protein functions.
Missense variants in particular account for approximately half of the genetic changes known to
cause disease (Andrews et al., 2013) but most studies focus on identifying likely gene-disruptive
(LGD) mutations (e.g., nonsense, frameshift, or splice-site) instead of missense variants. The
severity of ASD is thought to be correlated with the average contribution of familial influences
and de novo mutations (Robinson et al., 2014); individuals with ASD are more likely to carry a
de novo missense mutation (Iossifov et al., 2014). Missense mutations account for a large number
of variants of uncertain significance (VUS), which are genomic variants that have unclear effect
on protein function and clinical significance due to inadequate or conflicting information (Han,
2013; Petrucelli et al., 2002). Given that some missense alleles have been validated, one
challenge is to identify the subset of ASD-associated mutations that are deleterious.

Because missense variants are numerous, functional inference tools are widely used to
predict the damaging effects of specific missense variants. Most current software relies heavily
on sequence conservation to predict the potency of missense variants as conserved regions are
considered more likely to be affected by purifying selection (Alfoldi & Lindblad-toh, 2013) but
only 27% of missense mutations predicted by sequence conservation showed disrupted protein

function in a recent rodent study (Miosge et al., 2015). Given that any gene carries a certain
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chance of containing a missense mutation and every individual will have a different subset of
missense mutations in their genome, computational analyses are insufficient for predicting the
functional importance of such mutations (Miosge et al., 2015). Additionally, interpretation of
these data is inadequate due to variable penetrance, dosage sensitivity, and functional redundancy
of mutated proteins, and can result in a high false-positive rate of prediction (Andrews et al.,
2013; Tennessen et al., 2012). On the other hand, variants that scored as neutral/benign may
impact other physiological functions which were not hypothesized/expected (Billack &
Monteiro, 2004). Therefore, the functional inference tools used to predict damaging effects are
not accurate enough to be used as the sole basis for a conclusion, and a test of broad biological
phenotypes is necessary to understand the nature of missense variants with uncertain significance.

Evaluation of missense variants in vivo is essential to accurately interpret available data
as only 13% of identified de novo missense variants are suspected to contribute to the risk of
ASD (lossifov et al., 2014, 2012). Due to the large number of missense variants, an efficient
pipeline is needed to evaluate the functional consequence of all residues in vivo. There have only
been a few studies conducted to validate the functional consequence of missense variants in vivo.
Chen et al. evaluated the disruptiveness of a mutation exclusively on its capacity to disrupt
protein interactions using the yeast two-hybrid method (Chen et al., 2018). Another study by
Miosge et al. compared the deleterious effects predicted computationally to the actual ENU
mutant rodent models (Miosge et al., 2015). Despite such exciting findings, a comprehensively
targeted screen to test whether ASD-associated missense mutations are function-disrupting in a
multi-cellular model organism has not yet been done. The short life cycle and easily accessible
genome in Caenorhabditis elegans (C. elegans) make it an useful tool to rapidly evaluate whether
a particular disease-associated missense variant results in phenotypic consequences (Brenner,

1974; Engleman et al., 2016; Kim et al., 2017).
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In this study, we established a pipeline for identifying ASD-associated protein-disrupting
missense residues in the orthologous C. elegans proteins (Figure 1A). First, the C. elegans
residues corresponding to human missense variants were identified based on sequence
conservation. The C. elegans equivalents of human missense mutants were generated using
Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Cas9 and homology-
directed genome editing (“knock-in’). We then analyzed the effects of these autism-associated
missense alleles by comparing observable phenotypes from these missense mutants to the wild-
type and to known loss-of-function mutant controls. Missense mutants with phenotypic changes
reflect alteration in protein function, indicating the importance of these alleles. We found that
19% of the ASD-associated missense variants are conserved in C. elegans. We evaluated the
effects of 20 missense alleles that were predicted to be phenotype altering and found that only
70% of them displayed phenotypic changes in morphology, locomotion, and fecundity. Our
method demonstrates our ability to screen for subtle phenotypic changes and in doing so,

illustrate the functional importance of the effect of missense mutations on human disease.

2.3 Materials and Methods

Mapping locations of human residues to the C. elegans genome

ASD missense variants were obtained from the SFARI Gene—Human Gene Module (Fischbach
& Lord, 2010) (Table S1). We used the comparative genomics resources provided by Ensembl
(release 90), which integrates in-house annotation for nearly 100 vertebrate genomes (e.g.,
human, mouse, and zebrafish) with reference annotation for selected invertebrate model
organisms (e.g., C. elegans, with genome and annotation provided by WormBase). Ensembl
provides a protein multiple alignment and evolutionary trees for each gene family, and asserts

orthology and paralogy relationships between pairs of genes (Herrero et al., 2016). These data
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were organized with a custom automated pipeline (Yates et al., 2015): for a given human genome
coordinate, (a) identify which human protein-coding gene (if any) coincided with the provided
coordinate; (b) obtain the amino acid coordinates in that protein; (c) check if the human gene has
a C. elegans ortholog; (d) if so, use the multiple alignment associated with the orthology assertion
to identify the orthologous amino acid in the C. elegans protein; and (e) from the protein

coordinates, obtain the corresponding position in the C. elegans reference genome.

Strains

The Bristol N2 C. elegans strain was used as the wild-type control and background for all
CRISPR experiments(Brenner, 1974). The control strains for functional assays were obtained
from lab stock, the Caenorhabditis Genetics Center (CGC), and the National BioResource
Project- C. elegans (NBRP). Loss-of-function mutant controls were JD105 avr-15(ad1051)
(Dent et al., 1997), FX17094 chd-7(tm6139), PS3071 egl-19(n2368sd) (Lee et al., 1997), SD464
mpk-1(gall7) (Lackner et al., 1994), and PS3156 tph-1(mg280) (Sze et al., 2000). All strains
were maintained on nematode growth medium (NGM) agar plates seeded with Escherichia coli

OP50 at room temperature (20-22 °C).

Generation of missense mutant strains

The Cas9 protein-based CRISPR knock-in protocol was adapted from Paix et al. (Paix et al.,
2015). The sgRNA sequences were selected using the C. elegans CRISPR guide RNA tool (Au
et al., 2018). Single-stranded donor oligonucleotides contained 35 bp of flanking homology on
both sides of the mutated region. An online tool for restriction analysis, WatCut, was used to
assist in designing restriction sites that did not affect protein sequence. The crRNA, tracrRNA
and donor oligonucleotides were commercially synthesized and dissolved in Nuclease Free

Duplex Buffer (Integrated DNA Technologies Inc., Coralville, [A). Purified Cas9 protein was a
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kind gift from Dr. Tsui-Fen Chou (LA BioMed). gRNA duplexes were generated by mixing
crRNA and tracrRNA at 1:1 ratio and incubating at 94°C for 2 minutes. The Cas9 protein (25
uM final concentration) and gRNA duplex (27 pM final concentration) were mixed and
incubated at room temperature for 5 minutes before adding donor oligonucleotides (0.6 uM final
concentration). To facilitate screening, dpy-10(cn64) or unc-58(e665) was used as a co-
conversion marker and made up part of the crRNA and donor oligo used (Arribere et al., 2014)
(Figure 1B). A crRNA ratio [marker: target gene] of 1:4 and 2:3 were used for dpy-10 and unc-
58, respectively. A donor ratio [marker: target gene] of 1:2 was used for both dpy-10 and unc-
58.

The F1 offspring displaying the co-conversion phenotype were genotyped as follows: About 5
worms were picked into 10 pL lysis buffer (10 mM Tris, 50 mM KCl, 2 mM MgCl2, pH 8.0)
with proteinase K (500 ng/mL; Invitrogen, Carlsbad, CA) and incubated at 65°C for an hour to
extract genomic DNA. The genomic prep was amplified in a PCR reaction and then treated with
a restriction enzyme (NEB, Ipswich, MA) to check the presence of targeted missense mutation.
Mutants with the correct length were confirmed by sequencing (Laragen, Culver City, CA).
When available, we saved two independent missense mutant lines. While there are little to no
off-targets effects of Cas9 (Chiu et al., 2013), C. elegans N2 suffers approximately one mutation

per generation so it was useful to have more than one strain for each locus.

Fecundity assay

Well-fed C. elegans were synchronized at the L4 stage. Individual L4 hermaphrodites were
placed on separate NGM plates seeded with OP50 and these animals were subsequently
transferred to a new plate every day. The number of newly hatched larvae progeny was counted
for every plate 1 day after the adult was transferred. The total fecundity consisted of the sum of

progeny produced for three days per animal.



44

Locomotion tracking

Well-fed L4 hermaphrodites were picked at about 16 hours before the experiment to provide
synchronized young adults. On the day of the experiment, 8 young adults were picked onto NGM
plates freshly seeded with a 50-uL drop of a saturation-phase culture of OP50. The worms were
given 30 min for habituation and then tracked for 4 min. Strains were tracked between 1 p.m.
and 6 p.m. across several days. WormLab (MBF Bioscience, Williston, VT) equipment and
software were used for tracking and analyses. The camera was a Nikon AF Micro 60/2.8D with
zoom magnification. A 2456x2052—-resolution, 7.5-f.p.s. camera with a magnification that results
in 8.2 um per pixel and an FOV of roughly 2 x 2 cm? was used. Approximately 8-10 plates were
tracked per experimental strain. The mean of each plate was first calculated and then the total

mean of all plates of the same genotype was computed.

Statistical analysis

The fecundity assay was analyzed using a non-parametric bootstrap analysis (D. Angeles-
Albores & P.W.S., unpublished). Initially, the two datasets were mixed, samples were selected
at random with replacement from the mixed population into two new datasets, and then the
difference in the averages of these new datasets were calculated; this process was iterated 10°
times. We reported the p-value as the probability when the difference in the average of simulated
datasets was greater than the difference in the average of the original datasets. If p <0.01/(total
testing number), we rejected the null hypothesis that the average values of the two datasets were
not equal to each other. Morphology and locomotion were analyzed by one-way ANOVA using
GraphPad Prism version 6 (GraphPad, La Jolla, CA). Dunnett multiple comparisons were

performed between wild-type and mutant strains. The significant level was defined as p < 0.01.
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2.4 Results
Identifying C. elegans analogs of ASD-associated missense mutations

In order to identify the functionally important missense variants implicated in complex
human diseases, we established a pipeline to screen for functional changes in orthologous
proteins in C. elegans (Figure 2-1A). Of 1811 human ASD-associated missense variants from
423 human genes, 778 alleles (43%) from 221 human genes were identified in C. elegans
orthologs. Most of the human genes were aligned to one C. elegans ortholog, but approximately
20% of the genes (47 of 221) had more than one orthologous protein in C. elegans (Figure 2-
2A). In some cases, human genes from the same family share the same C. elegans orthologous
protein (e.g., both human CHD7 and CHDS genes share the same C. elegans orthologs chd-7).
Our goal was to identify each orthologous protein and corresponding equivalent residue based
on sequence conservation. To achieve this, our software utilized comparative genomics and
multiple alignments to ensure that the detected residue reflects conservation across the
evolutionary tree and gene family. We found that 345 (19%) of missense loci from 157 human
genes not only have orthologs in C. elegans but also had at least one conserved amino acid
residue between human and C. elegans (Figure 2-2A). Sometimes, one human residue could be
matched to multiple orthologs in C. elegans (37 of the 345 conserved residues). For example,
GLRA?2 has multiple orthologous proteins in C. elegans, glc-1, glc-2, glc-3, glc-4, avr-14, and
avr-15. In these cases, we picked the worm residue candidate that had the sgRNA sequence most
likely to produce an efficient CRISPR-Cas9 double strand break based on an online sgRNA
prediction tool (Au et al., 2018). For each allele, we identified the corresponding C. elegans
ortholog, assessed the residues affected by missense mutations for evolutionary conservation,
and selected genes with a known phenotype for their loss-of-function mutation in C. elegans
(from existing mutants or RNAi). To prioritize genes for functional screening, we focused on

those genes with multiple missense variants as the chance of one causing a phenotypic defect
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increases when multiple missense mutations are observed in a single gene (Geisheker et al.,
2017). We also prioritized genes involved in multiple biological pathways (Krumm et al., 2014)
or genes with other mutations resulting in a stop codon.

To capture the impacts of missense mutations in diverse physiological functions, we
sampled 20 ASD-associated missense changes in residues conserved in the C. elegans orthologs
of 11 human genes (Table 2-1; Figure S1). These ASD-associated missense mutations were
identified in genes that were known to have a role in synaptic function (i.e., DLG4, SYNGAPI,
CACNAID, and GLRA2), gene expression regulation (i.e., CHD7, CHDS, and CUL3) or
neuronal signaling and cytoskeleton functions (i.e., PTEN, MAPK3, TPH2, and NAAIS).
Multiple aspects of physiological functions were examined, including morphology, locomotion,
and fecundity. These well-established quantitative assays enabled us to detect subtle changes in
morphology, movement, and coordination, as well as reproduction and completion of embryonic

development (Bono & Villu Maricq, 2005; Engleman et al., 2016).

Morphology of missense mutants

To examine changes in morphology, we utilized a quantitative tracking system to
measure the length, width, and body area of these missense mutants under freely moving
condition. Alterations in size were detected in, avr-15/GLR2, chd-7/CHD7 or CHDS, cul-
3/CUL3, daf-18/PTEN, gap-2/SYNGAPI, egl-19/CACNA 1D, hpo-29/NAA1S5, and tph-1/TPH2
(Table 2-2). Every chd-7 mutant tested showed a significant decrease in body width and area.
A null mutant, chd-7(sy956), displayed the most severe defects. Other missense alleles, chd-
7(L1220P), chd-7(L1487R), chd-7(G1225S), and chd-7(P253L) showed milder degree of
defects. One of the eg/-19 missense mutants, egl-19(Y333S), displayed a smaller decrease in
body length, width and areas compared to the semidominant allele, egl-19(n2368) (Lee et al.,

1997). Another egl-19 mutant, egl-19(V331M), showed a similar body size as the N2 wild-type
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strain. Similarly, the tph-1(R2590) mutant showed a decrease in body length and area, and the
change was milder in the missense mutant as compared to the null mutant #ph-1(mg280) (Sze
et al., 2000). One missense mutation in avr-15, avr-15(R364Q), caused a decrease in body
length, width, and area, similar to its null mutant, avr-15(ad1051) (Dent et al., 1997). Another
avr-15 missense mutant, avr-15(N347S), showed no morphological changes. Missense mutant
hpo-29(L575S) exhibited shorter body length. Missense mutants cul-3(H728R), daf-
18(H168Q), and gap-2(C417Y) displayed increased body width and area. Missense mutants of

dlg-1/DLG4 and mpk-1/MAPK3 did not show morphological changes.

Movement and coordination of missense mutants

To examine movement and coordination in these missense mutants, a quantitative
tracking system was used to measure moving speed, reversal rate, and sinusoidal wavelength
and amplitude (Supplemental Movie). Locomotion defects were found in missense mutants of
chd-7/CHD7 or CHDS, daf-18/PTEN, gap-2/GLRA2, and hpo-29/NAAI1S5 (Figure 2-3; Table
S2). Less severe than null mutant, all missense mutants in chd-7, except chd-7(P253L),
exhibited decreased speed. Missense mutant 4po-29(L575S) also showed a significant decrease
in speed. In terms of reversal rate, most chd-7 mutants, except chd-7(P253L), showed a
significant reduction in turns per minute. Missense mutants daf-18(H138R) and gap-2(C417Y)
displayed an increased reversal rate. Missense mutations in avr-15/GLRA2, cul-3/CUL3, dlg-
1/DLG4, egl-19/CACNA 1D, mpk-1/MAPK3, and tph-1/TPH?2 did not result in differences in
speed and reversal rate.

Locomotion in C. elegans is typically expressed as the wavelength and amplitude of a
sinusoidal wave (Cronin et al., 2005). Motor coordination defects have been associated with
ASD (Fournier et al., 2010) and were found in missense mutants of avr-15/GLRA2, chd-

7/CHD7 or CHDS, daf-18/PTEN, and tph-1/TPH?2 (Figure 2-3; Table S2-2). The tph-1(R259Q)
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mutant exhibited significantly lower wavelength and higher amplitude, indicating a more curvy
sinusoidal wave similar to but less severely than its null mutant (Figure S2-2). One of the avr-
15 missense mutants, avr-15(R364Q), showed a decrease in wavelength, slightly milder than
the null mutant, avr-15(ad1051) (Dent et al., 1997). Another avr-15 mutant, avr-15(N347S),
showed normal sinusoidal shape. All missense mutants in chd-7, except chd-7(P253L),
displayed a decreased wavelength and/or amplitude. The mutation in chd-7(L1220P) resulted
in a decrease in both wavelength and amplitude. Mutations in chd-7(G1225S) and chd-
7(L1487R) led to a decrease in wavelength and amplitude respectively. A null mutant of chd-7
also displayed a decrease wavelength. Two of the daf-18 missense mutants, daf-18(H138R)
and daf-18(H1680), exhibited an increase in amplitude and wavelength respectively. Missense
mutations in cul-3/CUL3, dlg-1/DLG4, egl-19/CACNAID, gap-2/SYNGAPI, hpo-29/NAAIS,

and mpk-1/MAPK3 did not lead to differences in the sinusoidal wave.

Fecundity of missense mutants

We used the fecundity assay to examine larvae viability in genes with reported sterile or
lethal phenotypes in null mutants. Fecundity defects were found in missense mutants of chd-
7/CHD7 or CHDS, cul-3/CUL3, and dlg-1/DLG4 (Figure 2-4). Three of four missense
mutations in the chromatin modifier gene chd-7 displayed a reduced fecundity phenotype
compared to the wild-type control strain N2. Specifically, the chd-7(L1220P) allele had a
median fecundity of 119 (p < 10°%); chd-7(G1225S) had a median fecundity of 176 (p = 1.2*10"
3); chd-7(L1487R) had a median fecundity of 168 (p = 4.4*107); and chd-7(P253L) had a
median fecundity of 254.5 compared to a median fecundity of 228 for N2 control. These
missense alleles showed weaker fecundity defects compared to its deletion (chd-7(tm6139)) or
frameshift (chd-7(sy956)) controls, which had median fecundity of 38 and 47, respectively (p

< 10%). Missense variants in the DNA replication gene, cul-3(H728R), also displayed a
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decreased fecundity of 168.5 (p = 10°). In addition, the missense variant dlg-1(V9641) showed
a reduced median fecundity of 154.5 (p < 10°), which is slightly less severe than the 67%
reduction in a previous RNAi study (Pilipiuk et al., 2009). We did not observe changes in
fecundity in missense mutants in other genes, namely avr-15/GLRA2, daf-18/PTEN, egl-

19/CACNAID, gap-2/SYNGAP1, hpo-29/NAA1S, mpk-1/MAPK3, and tph-1/TPH?2.

Comparison with phenotype-predicting software

To examine the accuracy of our biological platform, we compared our results to the
existing prediction software Sorting Intolerant From Tolerant (SIFT) and Polymorphism
Phenotyping v.2 (PolyPhen-2) (Table 2-3). SIFT emphasizes sequence conservation and the
physical properties of amino acids (Ng & Henikoff, 2003) whereas PolyPhen-2 considers both
the analysis of multiple sequence alignments and protein 3D-structures (Adzhubei et al., 2010).
Both software programs are commonly used to predict the effects of non-synonymous amino
acid changes. For SIFT, all the alleles tested were predicted to be damaging due to having a
similar approach of analyzing sequence conservation as our software. Our phenotypic assays
identified six residues (among the 20 predictions) that did not align with the prediction. As
compared to PolyPhen-2’s prediction, 35% (7/20) of the phenotypic results do not agree with
the predictions. Among the seven strains that did not match, five were predicted to have
damaging effects but had no phenotypic change in our functional assays (false positive), and
two were predicted to be benign but displayed phenotypic changes (false negative). Overall,
our results demonstrated that 70% (14 of 20) missense alleles predicted to be damaging by at
least one functional inference tool actually showed detectable phenotypic changes in

morphology, locomotion, and fecundity.
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2.5 Discussion

In this study, we have developed a fast and tractable pipeline to comprehensively screen
for ASD-associated missense mutations. Our analysis finds that 43% of the human disease-
associated alleles have an ortholog in the genome of C. elegans, which is consistent with
previous estimates (Markaki & Tavernarakis, 2010). Among the 19% conserved loci, we
evaluated 20 missense alleles that were predicted to be damaging, and found 70% of them
actually cause detectable phenotypic changes. We have successfully prioritized 14 missense
variants that are functionally significant in C. elegans orthologs of human genes. These are the
first animal models with deliberately engineered missense mutations in these loci. Our
approach is useful for characterizing novel missense alleles that are potentially relevant to
human disease and be used as a tool to identify functionally consequential alleles.

Compared to null mutants, most of the phenotypically altered missense alleles displayed
milder phenotypes, indicating that our assays can detect relatively subtle changes in protein
functions. For example, the chd-7 missense mutants and #ph-1(R259Q) displayed hypomorphic
phenotypes less severe than their null mutants (Yemini et al., 2013). The cul-3(H728R) and
dlg-1(V9641) missense mutants displayed a smaller reduction in fecundity compared to
previous RNAI studies (Maeda et al., 2001; Pilipiuk et al., 2009; Sonnichsen et al., 2005). avr-
15(R364Q) showed defects in morphology and locomotion similar to its null mutant, avr-
15(ad1051), even though it did not recapitulate the spontaneous reversal rate defect
documented in a RNAI study (Cook et al., 2006). The functional consequences of missense
alleles can vary in different assays. For instance, the egl/-19(Y333S) showed milder
morphological changes similar to its null mutant (Yemini et al., 2013) but displayed normal
functions in locomotion and fecundity. Missense mutants hpo-29(L575S) and gap-2(C417Y)
displayed defects in morphology and locomotion, but they did not show the fecundity defects

reported in RNAI studies (Maeda et al., 2001; Rual et al., 2004). The daf-18(H138R) and daf-
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18(H168Q) missense mutants showed defects in morphology and locomotion, which were not
documented before, suggesting a role for our biological screening platforms to detect subtle
phenotypic changes in different physiological functions.

As pointed out in previous literature, computational inference tend to have a higher false-
positive rate of identifying protein function-disrupting missense alleles (Andrews et al., 2013).
This study demonstrated that predictions based solely on sequence conservation did not
effectively distinguish missense mutations that cause phenotypic changes from ones that
exhibit no observable phenotype. Only 70% of our behavioral results agreed with the
predictions from two commonly used computational programs, PolyPhen-2 and SIFT. Most of
the discrepancies are false positive predictions. Absence of a phenotype in vivo may occur due
to genetic redundancy and robust gene networks compensating for the inhibition of a single
component, especially in tightly regulated cellular networks involving in signaling, metabolic,
and transcriptional pathways (El-Brolosy & Stainier, 2017), or, that we simply did not observe
every possible phenotype. More pointedly, our study showed that two missense alleles,
predicted by PolyPhen-2 as benign, presented phenotypes. The fecundity defect found in dig-
1(V9641) can be recapitulated by RNAi whereas the ph-1(R259Q) displayed hypomorphic
phenotypes similar to its null mutant (Pilipiuk et al., 2009). The false negatives predicted by
the software indicate a void in current prediction algorithms, suggesting a need for a screening
platform in a multicellular model organism such as our own. Our in vivo screening platform
not only selects for genes that display sequence conservation across evolution, it also reflects
the complex nature in biological system, such as redundancy and compensation. Our
phenotypic results can also provide feedback to improve the accuracy of prediction algorithm.

In contrast with previous studies on the phenotypic consequences of missense mutations,
our platform examines gene functions in its endogenous multicellular context. Compared to a

previous study using yeast two-hybrid to verify the effects of missense mutations in protein
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interaction experimentally and computationally (Chen et al., 2018), our strategy captures the
overall readout of mutation effects and intercellular interaction. Furthermore, our use of
endogenous proteins allow all other molecular interactions to remain intact, and thus avoids
potential confounding factors, such as intron disruption and isoform imbalance (Reble et al.,
2018; Robison, 2014). As a result, our approach may more accurately reflect the consequence
of a variant than does a “humanized” model organism (Baruah et al., 2017; McDiarmid et al.,
2018; Walsh et al., 2017), and CRISPR knocking-in a DNA missense template is more efficient.
Our high throughput screening strategy occupies an unusual niche in primary screening for the
consequence of missense mutations in vivo.

Using C. elegans as a model for psychiatric disorders has some limitations, including a
lack of highly complex behaviors and some neurotransmitter systems (e.g., norepinephrine).
However, C. elegans and humans share essential physiological pathways (e.g., insulin
signaling, Ras/Notch signaling, p53, and many miRNAs), neurotransmitter systems, and
receptor pharmacology (Engleman et al, 2016; Markaki & Tavernarakis, 2010). The
transparency and easy access genetic tools make C. elegans a powerful model for dissecting
the mechanisms of pathological conditions and drug target identification. The short generation
time of C. elegans enable high-throughput screening for numerous targets (such as missense
variants) before embarking on less efficient and more costly animal models (Markaki &
Tavernarakis, 2010). In addition, with the tissue-specific promoters and conditional knockout
techniques available in C. elegans, it is possible to decipher the effects of these disease-
associated missense mutations spatially and temporally (Hubbard, 2014; Shen et al., 2014;
Voutev & Hubbard, 2008). For genetic candidates that show correlated expression, our platform
also can be used to investigate the interaction between missense variants by generating
double/multiple missense mutations model.

The discovery of novel genetic variants associated with human diseases has accelerated
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due to technical improvements and decreasing costs of next-generation sequencing. However,
it is difficult to assess the impact of single missense mutations due to the complexity of human
genetic backgrounds. One solution is to test variants in a model organism with an isogenic
background to quickly identify variants producing changes in protein function. Here, we
developed an experimental pipeline to investigate the functional consequences of ASD-
associated missense variants in C. elegans. Our approach will help prioritize consequential
missense variants for detailed studies in vertebrate models or human cells. This pipeline will
serve as a stepping stone for defining molecular mechanisms in complex human diseases such

as ASD.
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Web Resources

SFARI Gene-Human Gene Module, https://gene.sfari.org/database/human-gene/

Ensembl, www.ensembl.org

WormBase, www.wormbase.org

C. elegans CRISPR guide RNA tool, http://genome.sfu.ca/crispr/

WatCut, http://watcut.uwaterloo.ca

PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/

SIFT, http://sift.bii.a-star.edu.sg
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2.8 Tables and figures

Table 2-1. Strain information.

20 ASD-associated missense alleles and their corresponding mutant strains in C. elegans.

62

Human gene Human cDNA Human Inheritance pattern C. elegans gene C. elegans  Strain name
change* protein change (allele) protein change
CACNAID  c¢.1105G>A V369M unknown egl-19(sy849) V33IM PS7085
CACNAID c.1112A>C Y371S unknown egl-19(sy850) Y333S PS7156
CHD7 c.2986G>A G996S de novo chd-7(sy861) G1225S PS7293
CHD7 c.3770T>G L1257R de novo chd-7(sy855) L1487R PS7317
CHDS c.2501T>C L834P de novo chd-7(sy859) L1220P PS7318
CHDS c.494C>T P165L unknown chd-7(sy1049) P253L PS7267
CUL3 c.2156A>G H719R de novo cul-3(sy874) H728R PS7387
DLG4 c.2281G>A V7611 unknown dlg-1(sy872) Vo641 PS7343
GLRA2 c.407A>G N136S de novo avr-15(sy873) N347S PS7384
GLRA2 c.458G>A R153Q de novo avr-15(sy851) R364Q PS7257
MAPK3 c.833G>A R278Q de novo mpk-1(sy870) R332Q PS7382
NAAIS c.1319T>C L440S familial hpo-29(sy877) L575S PS7394
PTEN c.66C>G D22E familial daf-18(sy879) D66E PS7439
PTEN c.208C>G L70V unknown daf-18(sy887) L115V PS7432
PTEN c.278A>G H93R de novo daf-18(sy881) HI38R PS7436
PTEN c.369C>G H123Q unknown daf-18(sy885) H168Q PS7430
PTEN c.392C>T T1311 de novo daf-18(sy882) T176l1 PS7434
SYNGAPI  c.698G>A C233Y de novo gap-2 (sy889) C417Y PS7433
SYNGAPI  c.1288C>T L430F familial gap-2(sy886) L660F PS7457
TPH?2 c.674G>A R225Q familial tph-1(sy878) R259Q PS7395

* The virtual cDNA was provided by the SFARI database.



Table 2-2. Morphological phenotypes of missense alleles and their controls

Gene Length (um)  Width (um) Area (um?)

N2 1105 £5 87.8+0.7 98798 + 1147
avr-15(N347S5) 1101 £7 879+1.5 98214 + 1273
avr-15(R3640) 989 +7* 77.3+09 * 77860 + 1457 *
avr-15(ad1051) 1033 +10 * 78.5+0.8* 82468 + 1410 *
chd-7(P253L) 1110+9 78.9+0.9 * 86572 £ 1815 *
chd-7(L1220P) 978 +£10 * 76.2+1.0* 75909 + 1432 *
chd-7(G12255) 1038+11* 80.8+1.3* 85400+ 1977 *
chd-7(L1487R) 1033 +13 * 81.7+£13* 86060 + 2277 *
chd-7(sy956) 954+ 6 * 75.4+09% 73201 + 1254 *
cul-3(H728R) 1111 £9 96.1 £2.8 * 108771 £ 3865 *
daf-18(D66E) 1125+ 14 91.5+1.1 104804 + 2496
daf-18(L115V) 1128 +9 942+ 1.1 108208 + 1902
daf-18(HI38R) 1130+6 946+ 1.2 108706 + 1366
daf-18(H168Q) 1148 +6 103.3+£2.7* 120936 +3535 *
daf-18(T1761) 1135+9 93.1+14 107395 £ 1711
dlg-1(V9641) 1129 +4 83.16 £ 0.9 95502 + 1210
egl-19(V33IM) 1082 +4 83.1+1.1 91504 + 1448
egl-19(Y333S) 1052 £ 8 * 81.2+0.7 * 86896 + 1310 *
egl- 639+10 * 68.1+£08* 44402 £ 1104 *
19(n2368sd)

0ap-2(C417Y) 112814 987+2.6% 113351 £3713 *
gap-2(L660F) 1120 £ 13 89.0+1.7 101634 + 3020
hpo-29(L575S) 1044 £ 12 * 94.0+24 99849 + 3111
mpk-1(R332Q) 1145+7 88.0+1.7 104188 + 1889
tph-1(R259Q) 1026 £ 9 * 84.5+1.1 88238 + 1151 *
tph-1(mg280) 993 £ 20 * 80.9+13* 81918 £ 2765 *

All values are presented as mean + SEM.

*p < 0.01 via one-way ANOVA and multiple comparison
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Table 2-3. Comparison of behavioral results to software prediction

Human gene C. elegans gene PolyPhen-2? (1-SIFT)? Phenotype

CACNAID(V369M)  egl-19(V331M) 0.995 0.99 no

CACNAID(Y371S)  egl-19(Y333S) 1 1 morphology changes

CHD7(G996S) chd-7(G1225S) 0.998 1 morphology changes, locomotion variants, reduced fecundity
CHD7(L1257R) chd-7(L1487R) 1 1 morphology changes, locomotion variants, reduced fecundity
CHDS(L834P) chd-7(L1220P) 1 1 morphology changes, locomotion variants, reduced fecundity
CHDS8(P165L) chd-7(P253L) 0.996 0.86 morphology changes

CUL3(H719R) cul-3(H728R) 1 0.96 morphology changes, reduced fecundity

DLG4(V7611) dlg-1(V9641) 0.001 0.84 reduced fecundity

GLRA2(N136S) avr-15(N3475S) 0.979 1 locomotion variants

GLRA2(R1530) avr-15(R3640) 0.997 1 locomotion variants

MAPK3(R278Q)  mpk-1(R332Q) 0.997 1 no

NAA15(L440S) hpo-29(L5758) 0.999 0.96 morphology changes, locomotion variants

PTEN(D22E) daf-18(D66E) 0.297 0.93 no

PTEN(L70V) daf-18(L115V) 0.999 1 no

PTEN(H93R) daf-18(HI138R) 1 0.97 locomotion variants

PTEN(HI23Q) daf-18(H1680) 1 1 morphology changes, locomotion variants

PTEN(T1311) daf-18(T1761) 1 0.82 no

SYNGAPI1(C233Y)  gap-2(C417Y) 0.94 1 morphology changes, locomotion variants

SYNGAPI(L430F)  gap-2(L660F) 1 1 no
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TPH2(R2250) tph-1(R2590) 0.162 0.92 morphology changes, locomotion variants

2 PolyPhen-2 and SIFT prediction score were based on human sequence (*: 1=probably damaging)
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Figure 2-1. Generation of ASD-associated missense variants in C. elegans.

(A) Experimental pipeline. First, we used bioinformatics to identify human ASD-associated
missense variants conserved in C. elegans protein sequences. We generated the C. elegans
missense mutants using CRISPR/Cas9 and homology-directed knock-in technique. We then
analyzed the effects of these autism-associated alleles by comparing observable phenotypes from
these alleles to both wild-type and known loss-of-function mutant controls. (B) Mutant strain
screening process. Three days after injection (P0), F1 offspring expressing co-conversion marker,
such as dumpy (black), were selected into individual plates. We genotyped the F2 offspring to
identify the heterozygous plates. For each heterozygous plate containing the successful knock-in
target missense residue, we randomly selected 16-20 F2 offspring and separated them into
individual plates (F3). A second round of genotyping process was then conducted to identify
homozygous plates, which were cryo-preserved for future studies.
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Figure 2-2. Detection of conserved ASD-associated missense residues in C. elegans.

(A) For each missense allele, the C. elegans ortholog of the corresponding human gene was
identified using the Ensembl Compara method. Each Ensembl ortholog pair was underpinned by
a protein multiple-sequence alignment, which can be used to identify the putative orthologous C.
elegans amino acid for a given human amino acid. 43% of the human missense variants had at
least one C. elegans ortholog. 130 of the 778 orthologous missense variants had more than one
C. elegans ortholog (black bar). Overall, only 19% of the missense residues were orthologous
and conserved in C. elegans. (B) Section of the protein multiple alignment for human (Hsa)
CHD?7 and its orthologs in mouse (Mmu), zebrafish (Dre) and C. elegans (Cel). Residues in the
alignment have been colored by JalView (PMID:19151095) using the Clustal X coloring scheme.
Circled are two ASD-linked missense variants in CHD?7 that occur in a highly conserved region
across all the species.
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Figure 2-3. Locomotion phenotypes of missense alleles and their controls.

(A) Speed and (B) reversal rate are measurement of locomotion while (C) wavelength and (D)
amplitude represent sinusoidal shape of movement. avr-15(R3640Q) mutant showed decreased
wavelength. Most chd-7 missense mutants displayed a weaker version of the null mutant
phenotypes in all measurements. daf-18(H138R) and daf-18(H168Q) exhibited larger sinusoidal
wavelength and amplitude. gap-2(C417Y) showed higher reversal rate. hpo-29(L575S) displayed
slower speed. tph-1(R2590) exhibited changes in sinusoidal movement. Bars were presented as
the mean + SEM. Each dot represented the average of one plate containing 8-10 worms. *: p <
0.01 via one-way ANOVA and multiple comparison to wild-type. Horizontal line indicated the
mean of wild-type.
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Figure 2-4. Fecundity phenotype of missense alleles and their controls.

Most chd-7 mutants displayed decreased fecundity. The defects were more subtle than its
deletion(tm6139) or frameshift(sy956) null controls. cul-3(H728R) and dig-1(V9641) also
showed decrease in fecundity. Each dot represented total number of living larvae from one
animal. Approximately 20 animals were tested in each strain. Wild-type (N2) and its median
value (dotted vertical line) was shown in blue. Mutants significantly different (sig) from wild-
type were shown in red. p < 0.01/(total test number) via non-parametric bootstrap analysis.
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Chapter 3

FUNCTIONAL SCREENING OF ASD-ASSOCIATED MISSENSE VARIANTS IN C.
ELEGANS

3.1 Abstract

Evolving next-generation sequencing technology has accelerated the identification of
disease-associated genetic variants. However, interpretation of these variants remains
challenging, especially for genetic variants with subtle effects such as missense variants. There
is a dire need for more comprehensive and efficient methods to test these variants’ functional
consequences in vivo. Therefore, we utilized a previously developed in vivo screening platform
using Caenorhabditis elegans to systematically evaluate the functional consequences of disease-
associated missense variants. This study expanded on the previous collections and generated 28
more autism-associated missense variants in their C. elegans orthologous genes, focusing on
genes in synaptic function and gene regulatory networks. We characterized these missense
mutant strains on their morphology, fecundity, and locomotor functions. Our results
demonstrated that 18 of the 28 missense variants displayed phenotypic changes in one of the
functions. Missense mutant strains in different gene clusters also showed distinct phenotypic
profiles. Specifically, missense variants in the gene regulatory cluster were more likely to
influence fecundity whereas missense variants in the synaptic gene cluster had more of an impact
on morphology and locomotor patterns. Overall, we prioritized 18 functional changing missense
variants for future studies on disease mechanisms and point out the general phenotypic assays

for detecting gene network-specific functional impacts.
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3.2 Introduction

The advance of next-generation sequencing has facilitated the rapid discovery of disease-
associated genetic variants and adequate interpretation of sequence results has become a new
challenge. A series of studies conducted whole-exome sequencing on the samples of Simons
Simplex Collection and revealed a vast amount of gene-disruptive de novo mutations (nonsense,
splice-site, or frameshift), de novo missense variants, and transmitted nonsense mutations in
individuals with autism spectrum disorder (ASD) (Iossifov et al., 2012; Neale et al., 2012;
O’Roak et al., 2012; Sanders et al., 2012). Another recent project done by the Autism Sequencing
Consortium (ASC) also discovered 7,131 de novo variants in protein-coding regions, among
which 63.1% were missense variants (Satterstrom et al., 2020). Indeed, de novo missense
mutations, particularly the most damaging types, were more enriched in ASD probands than in
their unaffected siblings, and these missense variants contribute to at least 10% of ASD diagnoses
(Iossifov et al., 2014). Despite the rapid discovery of missense variants in genetic testing, only
2% of the missense variants have a clinical annotation in the NCBI ClinVar database (Landrum
et al., 2014; Lek et al., 2016). Even for those missense variants annotated in the database, over
half of them showed unknown or controversial clinical outcomes, so-called variants of uncertain
significance (VUS) (Starita et al., 2017). Therefore, there is a dire necessity for a better system
to distinguish missense variants with functional impacts.

Hundreds of risk genes have been implicated in ASD (Coe et al., 2019; lossifov et al.,
2012; Kaplanis et al., 2020; Neale et al., 2012; O’Roak et al., 2012; Sanders et al., 2012;
Satterstrom et al., 2020). Most of these genes are involved in multiple physiological functions
(Lord et al., 2020), but they converge to two major gene networks: genes in gene expression
regulation and genes in synaptic functions (Ben-David & Shifman, 2013; Chaste et al., 2017;
Gilman et al., 2011; Sakai et al., 2011; Voineagu et al., 2011). Chromatin modification controls

cell fates and function, and misregulation, particularly during early fetal development, may
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impair neurodevelopment and lead to cognitive deficits (van Bokhoven, 2011; Jakovcevski and
Akbarian, 2013; Ronan et al., 2013). Dozens of chromatin remodeling genes have been
implicated in ASD, such as histone demethylase and fragile X mental retardation protein
(FMRP) (De Rubeis et al., 2014; Parikshak et al., 2013). Notably, these chromatin modifier
genes harboring missense and protein disrupting de novo mutations in a dosage-sensitive
manner, reflecting the heterozygous state observed in ASD probands (Parikshak et al., 2013).
In addition, many ASD risk genes have been characterized as synaptic genes. The complex and
dynamic synaptic structures contain thousands of proteins, such as NRX1, SHANK3, MAPK3,
etc. These proteins regulate the formation and maturation of synapse, spine structural
remodeling and morphogenesis, and the formation of neural circuits. Malfunction of synaptic
proteins may result in autistic phenotypes, and disruption in the functional molecular network
has been linked to many neurodevelopmental disorders. Furthermore, Zhao et al. identified a
set of synaptic-enriched genes containing broad enhancer-like-chromatin domains (BELDs),
and these BELDs genes were susceptible to the disruption of ASD-associated chromatin
regulators (Zhao et al., 2018). Together, this evidence pointed to the combinatory effect of gene
regulatory and synaptic functions in ASD.

To better predict the pathogenicity of disease-associated missense variants, several
computational inference tools have been developed. These in silico tools integrate a variety of
predicting features, such as evolutionary sequence conservation, protein structure, regulatory
effect, and gene ontology, to predict the likelihood of a given missense variant as deteriorating
(disease-causing) or benign (tolerant). Despite considerable efforts in developing various
computational tools, these prediction algorithms were only 60-82% accurate, for their accuracy
is affected by the proximity with common SNPs, sequencing errors, or lack of evidence of
pathogenicity (Bell et al., 2011; Miosge et al., 2015; Sun et al., 2016; Thusberg et al., 2011;

Wong et al., 2019). In most cases, in silico methods tend to overpredict pathogenic missense
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changes and give low specificity (Choi et al., 2012). The in silico prediction tool is even less
accurate in variants with milder effects, such as missense variants (Richards et al., 2015).

To overcome the omission and false predictions from computational inference tools, both
in vitro and in vivo platforms have been developed to characterize functional consequences of
missense variants. Most high throughput functional assays study the impacts of missense variants
using cell-based systems. For example, Gasperini et al. and Chen et al. utilized yeast to detect
missense variants disrupting protein biochemical functions, protein-protein interactions, splicing,
and RNA stability (Chen et al., 2018; Gasperini et al., 2016). These in vitro pipelines screen for
functionally significant missense variants at the scale of 10* -10° variants per experiment and
prioritized interactome-disrupting genes (i.¢., risk genes with many interaction partners, so-called
hub genes) (Chen et al., 2018; Gasperini et al., 2016). However, these cell-based functional
assays take proteins out of their endogenous genomic and cellular contexts, which can neglect
the effects caused by cell-type-specific chromatin states (Ernst & Kellis, 2015; Starita et al.,
2017). Therefore, multiple studies have attempted to evaluate the functional consequences of
missense variants in vivo. Recently, Jin et al. utilized lentivirus to introduce frameshift mutations
in 35 ASD risk genes in utero and observed the cell-type-specific functional impacts in the neural
development of offspring is consistent with single-cell data from ASD patients (Jin et al., 2020).
Likewise, Wertz et al. conducted the first unbiased genome-wide knock-down screening in the
mammalian central nervous system using a pooled lentiviral library with short hairpin RNA
(shRNA) and CRISPR, which led to the discovery of essential neuronal genes, cellular processes,
and novel druggable candidate genes in neurological disorders (Wertz et al., 2020). In addition,
several groups introduced the ASD-associated missense variant into its orthologous gene in
invertebrate model organisms, such as Caenorhabditis elegans (C. elegans), and prioritized
variants that impact sensory and neurodevelopmental phenotypes (Gonzalez-cavazos et al., 2019;

McDiarmid et al., 2018, 2020; Post et al., 2020; Wong et al., 2019).
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In a previous study, we developed an in vivo pipeline to screen conserved ASD-associated
missense variants for functionally impactful residue changes (Wong et al., 2019). This study
expands on previous research (Gonzalez-cavazos et al., 2019; McDiarmid et al., 2020; Wong et
al., 2019, 2021) and examined 28 more ASD-associated missense variants in their corresponding
loci in C. elegans orthologs. We evaluated the functional consequences of the animals bearing
ASD-associated missense mutations at the system level (whole body change, involving many
assays and functions). We found that 18 of the 28 missense mutations resulted in phenotypic
changes in the fecundity, morphology and locomotion. In particular, missense mutations in the
chromatin remodeling and nucleotide cycle gene clusters were more likely to affect embryonic
germline development, as indicated by the fecundity assay. Comparatively, missense mutations
in the synaptic development and regulation gene subsets impacted both survival (fecundity,
morphology) and movement (locomotion). In addition, whole-animal functional evaluation
revealed 8 missense variants displayed phenotypic changes in multiple functional assays,
indicating impacts on broader circuit and tissue types. Overall, we identified 18 novel functional
changing missense variants, and 8 of them caused system-level changes. We prioritized these
phenotypic changing missense variants for future studies on functional validation and disease

mechanisms.

3.3 Materials and methods

Strains

The Bristol N2 C. elegans strain was used as the wild-type control and background for all
CRISPR experiments (Brenner, 1974). The control strains for functional assays were obtained
from lab stock, the Caenorhabditis Genetics Center (CGC), and the National BioResource
Project- C. elegans (NBRP). All strains were maintained on nematode growth medium (NGM)

agar plates seeded with Escherichia coli OP50 at room temperature (21 £ 1°C).
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Generation of missense mutant strains

ASD-associated missense variants were extracted from the SFARI database-Human Gene
Module (Fischbach & Lord, 2010). Ensembl compara were used to generate protein multiple
alignment and determine the conserved residues. Targeted missense variants were introduced
into the C. elegans genome using CRISPR/Cas9 and homology-directed repair as described
before (Wong et al., 2019). Additional restriction enzyme sites were also introduced via
synonymous mutations to facilitate the screening process. Mutant genotypes were determined by
the correct PCR and digested products length, and then confirmed by commercial Sanger
sequencing company (Laragen, Culver City, CA). When available, we saved two independent
missense mutant lines. While there are little to no off-targets effects of Cas9 (Chiu et al., 2013),
C. elegans N2 suffers approximately one mutation per generation so it was useful to have more

than one strain for each locus.

Functional assays

In the fecundity assay, well-fed C. elegans were synchronized at the L4 stage. Individual L4
hermaphrodites were placed on separate NGM plates seeded with E. coli OP50, and these
animals were subsequently transferred to a new plate every day. The number of newly hatched
larvae progeny was counted for every plate one day after the hermaphrodite was transferred. The
total fecundity consisted of the sum of living progeny produced for four days per hermaphrodite.
In the morphology and locomotion tracking assay, 6 young adults were picked on NGM plates
freshly seeded with a 50-uL drop of a saturation-phase culture of E. co/i OP50. The animals were
given 30 min for habituation and then tracked locomotor activity for 4 min using the automated

WormLab tracking system (MBF Bioscience, Williston, VT). The camera was a Nikon AF Micro
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60/2.8D with zoom magnification. A 2456x2052-resolution, 7.5-f.p.s. camera with a

magnification that results in 8.2 um per pixel and an FOV of roughly 2 x 2 cm? was used.

Statistical analysis

The fecundity assay was analyzed using a non-parametric bootstrap analysis. Initially, the two
datasets were mixed, samples were selected at random with replacement from the mixed
population into two new datasets, and then the difference in the averages of these new datasets
was calculated; this process was iterated 10° times. We reported the p-value as the probability
when the difference in the average of simulated datasets was greater than the difference in the
average of the original datasets. If p < 0.01/(total testing number), we rejected the null hypothesis
that the average values of the two datasets were not equal to each other.

Morphology and locomotion were analyzed by one-way ANOVA analysis in the scipy
module of the Python 3.7 program. Tukey-paired multiple comparisons were performed between
the wild-type group and mutant strains. The significant level was defined as p < 0.01.
Approximately 10 plates were tracked per strain. The mean of each plate was first calculated,
and the total mean of all plates of the same genotype was computed. Due to the laboratory safety
practices during COVID-19, a second batch of experiments were tested in a different room, with
1-2°C increase in room temperature. This temperature difference has resulted in variations in
some movement-related parameters, namely speed, reversal rate, and maximum amplitude.
Therefore, for these three parameters, we compared the values of mutant strain with the values

of wild-type animals recorded in the same batch (experimental conditions).

3.4 Results
Hundreds of genes have been implicated in ASD. These genes participate in diverse

physiological functions and can be categorized into two major functions: gene regulation and
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synaptic function (Satterstrom et al., 2020). In a previous study in our laboratory, we established
a working pipeline to identify conserved human disease-associated missense variants and screen
for functionally impactful variants (Wong et al., 2019). As can be seen in Figure 1, we identified
345 conserved missense residues from thousands of missense variants documented in Simon
Foundation Autism Research Initiative (SFARI) database. We sampled 126 of the 345 conserved
residues and generated missense mutations into the genome of C. elegans using CRISPR/Cas9
and homology-directed repair. We characterized these ASD-associated missense variants in a
series of assays, targeting their neurodevelopmental functions. This study expanded on the
previous collections (Gonzalez-cavazos et al., 2019; McDiarmid et al., 2020; Wong et al., 2019,
2021) and studied more ASD-associated missense mutants in genes involved in synaptic and
gene regulatory functions.

In this study, we sampled 28 ASD-associated missense variants in 19 genes and studied
their impacts on embryonic survival and locomotor activities. We classified these genes in two
clusters: gene regulation and expression as well as synaptic function (Figure 2). The human genes
(listed along with their C. elegans orthologs) involved in gene expression and regulation are:
TBRI(tbx-8), PAX6(vab-3) in transcriptional regulation; BCLI1A(bcl-11), ELAVL3(exc-7),
EP400(ssl-1), KDM6B(utx-1), and KMT2C(set-16) for chromatin remodeling; ADSL(adsl-1),
AMPDI(ampd-1) in nucleotide cycle. The genes affecting synaptic functions include
MAPK3(mpk-1), P4HA2(dpy-18), SPARCLI(ost-1), TRIO(unc-73) in synaptic transmission;
SHANK3(shn-1), NRXNI(nrx-1), SLC6A1(snf-11), EFR3A(efr-3) in synaptic development and
regulation; and ATP2B2(mca-3) and GNAS(gsa-1) in calcium signaling. The details of the 29
missense variants and their corresponding loci in its C. elegans orthologs can be found in Table
1.

To study the functional impacts of these ASD-associated missense mutations on

embryonic/germline development, we conducted a fecundity assay, which measures the number
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of viable progeny per hermaphrodite (Figure 3). The C. elegans germline development is a highly
sensitive process, which reflects subtle changes in sensory perception, feeding behavior, and
metabolism (Hubbard et al., 2013). We used the C. elegans fecundity assay as a screening tool
to identify functional changing missense mutations, as defects in germline development will
result in a decreased brood size. For the cluster of genes involved in gene regulation and
expression, our results showed impaired fecundity in five missense mutants in the subset of genes
in chromatin remodeling. Compared to N2 controls, missense mutant bcl-11(CI12F), exc-
7(Y85F), ssl-1(G130IR), set-16(P967R), and utx-1(A9767) showed decreased fecundity
(Median: N2=241.0, bcl-1(C112F) = 61.0, exc-7(Y85F) = 162.5, ssl-1(G1301R) = 187.0, set-
16(P967R) = 147.0, utx-1(4976T) = 173.0; p < 0.0001 for all mutants). Interestingly, missense
mutants in two genes involved in the purine nucleotide cycle showed the opposite effect on
fecundity. The orthologous missense mutation in the adenylosuccinate lyase (ADSL) gene,
which participates in the purine biosynthesis, resulted in increased fecundity whereas one of the
orthologous missense mutations in the adenosine monophosphate (AMP) deaminase, which
recycles AMP, led to decreased fecundity (Camici et al., 2018) (Median: N2 = 241.0, adsl-
1(E76D) = 252.0, ampd-1(R566C) = 181.5; p < 0.0001 for both mutants). As for genes in the
synaptic gene cluster, all the fecundity phenotype changing missense mutations belonged to the
synaptic development and regulation gene subset. Both missense mutations in the C. elegans
ortholog of SPARCLI exhibited a reduction in fecundity (Median: N2=241.0, ost-1(T142M) =
139.0, ost-1(W249R) = 58.0 ; p <0.0001 for both mutants). One of the missense mutants in the
TRIO orthologous gene, unc-73(V2062L), displayed a reduced fecundity phenotype whereas two
other unc-73 mutants we sampled showed normal fecundity function (Median: N2=241.0; unc-
73(V2062L) = 177.0, p=5*10; unc-73(G1930S) = 247.0; unc-73(K2046R) = 243.0).
Additionally, one missense mutation in the C. elegans orthologous gene of MAPK3, showed an

increase in fecundity (Median: N2=241.0, mpk-1(P410S) = 292.5; p = 1.9x10%).
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To evaluate the effects of the missense mutations, an automated tracking system was used
to evaluate changes in morphology and movement patterns. We first examined the morphology
of the ASD-associated missense mutant strains using three parameters: length, width, and area
(Figure 4, Table 2). We found the missense mutants in the gene expression and regulation cluster
did not display any statistically significant differences from the morphology of the wild-type. In
contrast, the gene group associated with synaptic function showed some morphological changes
when compared to N2 wild-type animals. In particular, four missense mutant strains, ost-
1(W249R), mpk-1(P410S), dpy-18(Y413C), and mca-3(T763M) in the synaptic development and
calcium signaling clusters appeared to be more dumpy, indicated by decreases in length and area
(Length: N2 = 1109 + 5, ost-1(W249R) = 937 + 17, mpk-1(P410S) =991 + 9, dpy-18(Y413C) =
914 + 11, mca-3(T763M) = 1051 = 7; p = 0.001 for all strains. Area: N2 =100 301 + 1152, ost-
1(W249R) =77 431 + 2731, mpk-1(P410S) = 86 549 + 822, dpy-18(Y413C) = 851 967 + 2721,
mca-3(T763M) =91 434 £ 1761; p =0.001 for all strains). Additionally, ef-3(G2564) displayed
an increase in width (N2 = 88.8 + 0.8, ef-3(G2564) = 98.1 £ 2.0; p = 0.0299) and area (N2
=100301 £ 1152, ef-3(G256A4) = 114918 £ 3385; p=0.0058). In conclusion, missense mutations
in genes for synaptic function had significant impacts on the dimensional measurements of the
organisms while those in the gene regulation and expression cluster had no effect on morphology.

To quantify coordination of the movement, we analyzed three parameters representing
the sinusoidal waveform patterns of the worm, namely wavelength, mean amplitude, and max
amplitude (Figure 4, Table 3). In the gene cluster of gene regulation and expression, four
missense mutant strains, tbx-8(K3I1E), exc-7(Y85F), ampd-1(R566C), and ampd-1(P638S),
displayed more curvy sinusoidal waveforms, showing as decreased wavelengths and increased
mean amplitudes (Wavelength: N2 = 595.6 + 4.5, thx-8(K31E) = 558.1 £ 6.1, exc-7(Y85F) =
544.3 £ 9.4, ampd-1(R566C) = 553.6 + 7.0, ampd-1(P638S) = 562.6 + 4.1; p < 0.001 for all

mutants. Mean amplitude: N2 = 60.0 + 0.8, thx-8(K31E) =80.4 £ 1.8, exc-7(Y85F) =81.9 £2.3,



80

ampd-1(R566C) = 91.8 + 2.6, ampd-1(P638S) = 82.8 = 0.9; p < 0.001 for all mutants). No
significant difference was detected in maximum amplitude in any gene regulation-related
mutants. With regards to the gene group that controls synaptic function, two missense mutants,
efr-3(D497G) and mca-3(T763M), showed more curvy sinusoidal waveforms (Wavelength: N2
=595.6 £4.5, efr-3(D497G) = 561.3 + 2.0, mca-3(T763M) = 533.9 £ 3.7; mean amplitude: N2
=60.0£0.8, efr-3(D497G) = 82.2 + 1.3, mca-3(T763M) = 72.1 £ 1.7; p = 0.0001 for all). The C.
elegans ortholog of TRIO, unc-73(G1930S), showed an increase in mean amplitude with respect
to wild-type (N2 =60.0 + 0.8, unc-73(G1930S) = 85.3 = 1.3; p = 0.001). Other than those genes,
four missense mutant strains exhibited changes in the waveform parameters that were consistent
with their morphological changes. For example, the decreased wavelength and maximum
amplitude phenotypes observed in the dpy-18(Y413C) and ost-1(W249R) missense mutants may
reflect their dumpy morphology (Wavelength: N2 = 595.6 + 4.5, dpy-18(Y413C) =522.0 + 7.7,
ost-1(W249R) = 493.6 + 9.1; maximum amplitude: N2 = 204.9 + 3.0, dpy-18(Y413C) = 167.9 +
3.0, ost-1(W249R) = 171.2 £ 2.5; p = 0.001 for all). Similarly, efi-3(G256A) and mpk-1(P410S)
exhibited changes in amplitude, which may also be dependent upon their morphological changes
(Mean amplitude: N2 =60.0 + 0.8, ef-3(G2564) = 89.1 £ 1.8; p = 0.001. Maximum amplitude:
N2 =204.9+3.0, mpk-1(P410S) = 184.3 £3.1, p =0.0082). In general, we detected six missense
mutant strains in both gene regulation and synaptic function clusters displayed more curvy
sinusoidal waveform patterns. We also observed some small changes in waveform patterns that
were independent of the morphology.

To study the effects of missense mutations on locomotor activity, we measured speed and
reversal rate, which record the continuity of a worm’s movement (Figure 4, Table 3). In the
measurement of speed, we identified three missense mutants in the synaptic function cluster, ef-
3(D497G), ost-1(W249R), and mca-3(T763M), with decreased speed phenotypes. (N2 of the first

batch = 56.4 + 2.3; ost-1(W249R) = 30.4 + 4.4, p = 0.0102; mca-3(T763M) = 40.6 + 2.7, p =
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0.0375. N2 of the second batch = 169.9 £ 8.2; efr-3(D497G) = 126.9 + 8.2, p=0.0138. All strains
were compared to the wild-type controls of the same experimental condition.) Missense mutants
in the gene expression and regulation clusters did not show any difference in speed. As for the
measurement of reversal rate, which we defined as the frequency of omega turns within the
tracking duration, we detected higher reversal rates in two missense mutant strains, thx-8(K31E)
and dpy-18(Y413C) (N2 of the first batch = 14.4 £ 0.3, thx-8(K31E) =19.4+ 1.1, p =0.001; N2
of the second batch = 8.9 £ 0.5, dpy-18(Y413C) = 15.8 = 2.1, p=0.001). Overall, these data
suggested five ASD-associated missense mutant strains with movement phenotypes, most of

whom belonged to the synaptic function gene cluster.

3.5 Discussion

In this study, we evaluated the functional consequences of 28 ASD-associated missense
variants in their C. elegans orthologs. Our results revealed that 18 of the 28 (64%) conserved
missense variants exhibited functional impacts on fecundity, morphology, or locomotor patterns
(Table 4). The phenotypic changing rate presented in this study was similar to the rate (70%) in
a previous study with the same approach (Wong et al., 2019). In addition, we also discovered
that different physiological functions were more susceptible to mutations in different gene
clusters. For example, most of the fecundity changing variants belonged to genes in chromatin
remodeling, nucleotide cycle, and synaptic development and regulation. Morphological
differences were only detected in missense mutant strains in the synaptic gene cluster. Sinusoidal
waveform changes were found in both gene regulatory and synaptic function clusters whereas
movement phenotypes such as speed were only displayed in the missense mutants in the synaptic
function cluster. Notably, our phenotypic assay also reflected the direction of changes. Missense
mutants in genes involved in opposite physiological functions showed opposite functional

changes. For instance, missense variant in the adenylosuccinate lyase (ADSL) gene, which
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converts inosine monophosphate (IMP) to adenosine monophosphate (AMP), and missense
variant in the adenosine monophosphate deaminase 1 (AMPD1) gene, which recycles AMP to
IMP, displayed the opposite effect on fecundity (Camici et al., 2018). Overall, we identified 18
functional changing missense loci, especially 8 of them caused multi-system functional changes.
We prioritized these phenotypic changing missense variants for future studies on functional
validation and disease mechanisms.

ASD is a heterogeneous disease with functionally diverse genes and various clinical
descriptions. The relationship between genotype and functional outcomes can be defined on
the basis of phenotype profiles of multiple genes across a standard battery of behavioral assays
(Iakoucheva et al., 2019). Indeed, the genotype-phenotype correlation was used to distinguish
the clinical subtype in common diseases (Luo et al., 2019), and factoring the analysis of
phenotype data was proposed to further categorize clinical subtypes of ASD (Georgiades et al.,
2013). With this in mind, recent studies applied a standard battery of assays to characterize
ASD-associated genetic variants in various model systems in a comprehensive manner (Chen
et al., 2018, 2020; Deneault et al., 2018; McDiarmid et al., 2020; Wong et al., 2019). Taking a
similar approach, we conducted a set of behavioral assays to missense mutants in two gene
clusters. We discovered that missense mutations in different gene clusters contributed to
distinct phenotypic profiles. Moreover, we identified a proportion of missense variants causing
phenotypic changes in multiple assays, indicating physiological changes at the system level.
According to the genomic analysis in humans, the most highly constrained variants showed
higher expression levels and broader tissue expression (Ardlie et al., 2015; Lek et al., 2016).
Our results suggested these missense loci may locate in the constraint region that were less

tolerant to sequence changes.
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We used two standard functional assays to screen the phenotypic changing missense
variants. In the fecundity assay, most phenotypic changing missense variants belonged to the
gene expression and regulation cluster. This result indicated that changes in genes involved in
chromatin remodeling and nucleotide cycle impacted developmental functions significantly. In
fact, some of the genes have been documented to affect organism survival. For instance, histone
demethylase activity of Utx was shown to impact viability in Drosophila (Copur & Miiller,
2018). Similar to our finding of reduced fecundity in the exc-7 missense mutant strain, the
Drosophila fne™" mutant, one of the paralogs in ELAV family, also displayed reduced fecundity
(Zanini et al., 2012). In addition, we examined the contribution of missense variants in the
synaptic function cluster. We discovered that genes in the synaptic function cluster have more
significant impacts on morphology and locomotor patterns. The effect in size was consistent with
previous large-scale analyses of inactivating mutations in constrained genes in the humans
genome and ASD-associated models in C. elegans (Ganna et al., 2018; McDiarmid et al., 2020).
We detected a change in one of the constraint genes, unc-73, which is the C. elegans ortholog of
human 7RIO. Consistently, loss-of-function of 7R/O impaired motor coordination and synaptic
function in rodents and individuals with mild intellectual disability and (Ba et al., 2016;
Katrancha et al., 2019). It is proposed that a single genetic variant can be widespread through
inter-connecting gene networks and have emergent effects on specific phenotypes (Iakoucheva
et al., 2019). Our findings proved this concept and highlight the importance of phenotypic
specificity in different gene networks and fine-grained dimensional phenotyping.

The problem of a large amount of genetic variants with unknown significance presents a
massive challenge for ASD studies. We attempted to solve this problem with a multi-cellular
screening platform in C. elegans. We introduced the disease-associated missense variants in the
endogenous C. elegans protein. This approach allows us to inspect the functional consequence

of missense variants in its original genomic and cellular content, eliminating the effect caused by
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cell-type-specific chromatin states (Ernst & Kellis, 2015; Starita et al., 2017). Besides, using the
endogenous C. elegans protein preserves the original content, such as protein-protein
interactions, intronic regulation, and isoform balance (Reble et al., 2018; Robison, 2014). The
endogenous protein approach can avoid possible confounding effects such as mismatched
heteromeric complexes presented in the “humanized” models as well (Bend et al., 2016; Prior et
al., 2017) (Baruah et al., 2017; McDiarmid et al., 2018; Walsh et al., 2017). Furthermore, the
short lifespan and well-developed genetic tools allow rapid generation of targeted mutation and
double mutants before embarking on less efficient and more costly animal models (Markaki &
Tavernarakis, 2010). Overall, our approach and model organism facilitates the dissection of the
mechanisms of pathological conditions and drug target identification (Schmeisser et al., 2017).
Using C. elegans as a model to study psychiatric disorders has some limitations. Unlike
rodent models, the C. elegans model lacks complicated behaviors. However, C. elegans and
humans share essential physiological pathways (e.g., insulin signaling, Ras/Notch signaling, p53,
and many miRNAs), neurotransmitter systems, and receptor pharmacology (Engleman et al.,
2016; Markaki & Tavernarakis, 2010). The disruption of protein functions can be reflected in
multiple well-developed behavioral assays, such as locomotion and habituation learning.
Another limitation is that the evolutionary distance between humans and C. elegans restricts the
subject to C. elegans orthologous genes. Fortunately, C. elegans and humans share 60% of gene
orthologs (Kaletta & Hengartner, 2006; Shaye & Greenwald, 2011) and disease-associated genes
are particularly conserved throughout evolution (Lopez-Bigas & Ouzounis, 2004; Shpigler et al.,
2017). Furthermore, for genetic candidates that show correlated expression, C. elegans models
facilitate the study of interaction between missense variants by rapidly generating double or

multiple missense mutation models.
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With the accelerated identification of disease-associated variants, the challenge of
interpreting their functional outcomes persists. To date, most preclinical research is biased
toward experimentally well-accessible genes due to our limited knowledge of disease
mechanisms (Stoeger et al., 2018). With the advance in data science, broad-scale phonemic
analysis will be the future trend. Our study proved that missense mutants in different gene clusters
displayed distinct phenotypic profiles and laid the foundation for future systematic

characterization of disease-associated variants.
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Table 3-1. List of missense variants tested and strain information
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Human Human ¢cDNA Human protein Inheritance C. elegans C. elegans Strain
gene change ? change pattern gene protein change number
ADSL 242A>C E80D familial adsl-1(sy1067) E76D PS7765
AMPDI 1498C>T R500C familial ampd-1(sy925) R566C PS7572
AMPDI 1714C>T P572S de novo ampd-1(sy939) P638S PS7613
ATP2B2 2453C>T T818M de novo mca-3(sy930) T763M PS7600
BCLI114 143G>T CA48F de novo bel-11(sy932) CI112F PS7603
EFR34 728G>C G243A familial efr-3(sy917) G256A PS7550
EFR34 1511A>G D504G unknown efi-3(sy915) D497G PS7548
ELAVL3 245A>T Y82F de novo exc-7(sy914) Y85F PS7547
EP400 2131C>T R711C unknown ssl-1(sy955) R212C PS7707
EP400 5923G>A G1975R de novo ssl-1(sy1064) G1301R PS7760
GNAS 2254G>A A752T de novo gsa-1(sy11006) A93T PS7890
KDM6B 4420G>A Al1474T unknown utx-1(sy348) A976T PS7623
KMT2C 5006C>G P1669R familial set-16(sy1102) P967R PS7886
KMT2C 14621G>A R1487Q familial set-16(sy1098) R2438Q PS7879
MAPK3 934C>T P312S unknown mpk-1(sy871) P410S PS7883
NRXNI 53T>A L18Q - nrx-1(sy869) L16Q PS7330
P4HA?2 458G>A G153E de novo dpy-18(sy344) GI150E PS7618
P4HA2 1262A>G Y421C de novo dpy-18(sy946) Y413C PS7996
PAX6 136C>G L46V familial vab-3(sy894) L47V PS8064
SHANK3 203T>C L68P familial shn-1(sy865) L67P PS7259
SLC6A1 1078G>A G360S de novo snf-11(sy1073) G369S PS7773
SPARCLI G/A T391M unknown ost-1(sy922) T142M PS7569
SPARCLI A>G WS522R familial ost-1(sy921) W249R PS7568
TBRI 682A>G K228E de novo tbx-8(sy890) K31E PS7454
TBRI 813G>T W271C de novo thx-8(sy891) W74C PS7459
TRIO 502G>A G168S familial unc-73(sy892) G1930S PS7475
TRIO 5673A>G K1891R unknown unc-73(sy898) K2046R ps7479
TRIO 6658G>C V2220L de novo unc-73(sy896) V2062L PS7477

* The virtual cDNA number was provided by SFARI database.
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Table 3-2. Morphology of missense mutant strains

Strain Length (um) Width (um) Area (Lm?)
N2 1109+ 5 888+ 0.8 100301 + 1152
Gene regulation and expression genes

thx-8(K31E) 1090 £ 6 93.0+22 103174 £ 2539
thx-8§(W74C) 1116 + 14 94623 107393 £ 2539
vab-3(n3721) 1106 + 4 89.7£0.9 100969 £ 1245
bel-11(C112F) 1099 £9 96.1+2.6 107526 £ 3159
exe-7(Y85F) 1087 £ 14 874138 96996 * 5041
s5i-1(G1301R) 1067 £ 23 879%18 95761 + 3919
ssi-1(R212C) 1137 £ 11 872122 101313 £ 3396
set-16(P967R) 1075 £ 12 859+24 94131 *+ 3321
set-16(R24380) 1098 £ 7 90.6 £ 2.1 101323 £ 2736
utx-1(A9767T) 1075 £7 872114 95383 + 1981
adsl-1(E76D) 1101 £38 855+ 14 95628 + 1042
ampd-1(P638S) 1099 + 4 86.4£0.7 96573 + 1014
ampd-1(R566C) 1119 + 12 875108 99641 + 1685
Synaptic function genes

¢fr-3(G256.A) 11478 £10 98.1 + 2.0* 114918 £ 3385*
¢fr-3(D497G) 1145 %5 90.6 £0.7 105545 £ 995
nrx-1(L160) 1119 £5 845+1.7 96139 £ 2115
shn-1(L67P) 1095 £ 10 82808 92172 + 837
snf-11(G3695) 1088 £ 7 877+1.0 97211 £ 1514
apy-18(G150E) 1107 £ 17 951134 107340 £ 4888
dpy-18(Y413C) 914 + 11%* 91.6+28 851967 £ 2721*
mpk-1(P4105) 991 + 9% 8591 0.8 86549 + 822*
ost-1(T'142M) 1141 £ 25 909 £ 4.4 105983 £ 6774
ost-1(W249R) 937 £ 17* 809 £ 2.1 77431 + 2731%*
une-73(G19305) 1123 £6 87.4%0.9 99793 + 1253
une-73(K2046R) 1099 £ 11 858 £ 0.8 95960 * 1561
une-73(172062L.) 1143 £7 87.2%0.9 101396 £ 1470
gsa-1(A93T) 1092 £ 12 90.6 £ 24 100818 £ 3408
mea-3(1763M) 1051 £ 7% 854+12 91434 £ 1761*

All values were presented as meant SEM.
*: p<0.05 via one-way ANOVA and Tukey multiple comparison to N2 wild-type controls.



99

Table 3-3. Movement and coordination phenotypes in the missense mutant strains

Sinusoidal waveform pattern Movement
Strain Wavelength Max Amplitude Mean Amplitude Reversal Rate Speed
(nm) (nm) (nm) (turns/min) (nmis)
First batch
N2 593.8 3.9 1954+ 18 625+ 0.7 144103 564 +23
Gene regulation and expression genes
tbx-8(IK31E) 558.1 = 6.1* 206.6 £ 1.9 80.4 + 1.8* 194+ 1.1* 470£206
tbx-8(W74C) 6082+ 89 2013+ 438 620+1.6 16.8 0.9 539 +27
vab-3(n3721) 5944+ 38 1933 £ 82 642+19 150+ 14 47.7£50
bcl-11(C112F) 6034+ 72 192.5 % 6.4 647+ 1.7 175112 484 %50
exc-7(Y85F) 5443 + 9.4* 201129 81.9 + 2.3* 177112 46.5%49
ssl-1(G1301R) 57821123 188.3£3.9 623+13 138+ 1.1 493174
ssl-1(R212C) 613.6+ 7.1 2014 +33 646+ 14 151£07 639+54
set-16(P967R) 579.0+ 74 179.6 £ 8.1 60529 128+ 14 476%6.4
adsl-1(E76D) 5953+ 29 199.4 £ 3.0 652+13 16.6 £ 0.7 50.1+4.0
ampd-1(P638S) 562.6 £ 4.1* 2049+ 23 82.8 +0.9* 16.1£1.0 582+51
ampd-1(R566C) 553.6 = 7.0* 2112+ 3.0 91.8 + 2.6* 144 +17 393+6.3
Synaptic function genes
efr-3(G256A) 577.6 £ 82 209.1 %26 89.1 + 1.8* 169+ 1.6 464+£78
nrx-1(L16Q) 5913+ 5.1 204.0 + 4.8 65.6+23 1331+ 0.6 412144
shn-1(L67P) 580.9 £ 5.7 195.6 £ 3.9 66.7+0.9 149+13 439 %52
snf-11(G369S) 5825+ 37 186.6 £ 3.2 572+12 146108 546 3.6
ost-1(T142M) 61451 16.8 1993 £ 43 672126 150+ 1.1 538+ 6.6
ost-1(W249R) 493.6 £ 9.1* 171.2 £ 2.5% 570+ 1.8 136113 30.4 + 4.4%
unc-73(G19308S) 5622+ 34 2075+ 3.1 853+ 1.3* 144110 513+74
unc-73(K2046R) 6032+ 6.8 2086+ 1.9 662109 158+ 0.8 738+ 6.7
unc-73(V2062L) 6209 = 4.4 2049 + 45 64.6 £ 0.7 135+ 1.1 58671
mca-3(I763M) 533.9 + 3.7* 1924 £33 721+ 1.7* 16.1+0.9 40.6 £ 2.7*
Second batch
N2 595.6 = 4.5 2049 + 3.0 60008 89+%05 169.9 £ 82
Gene regulation and expression genes
set-16(R2438Q)) 596.0 = 4.0 2054+ 53 587+1.7 9.6%0.6 1723 £5.6
utx-1(A976T) 57811+ 9.3 2037+ 24 617+12 109+ 1.6 163.2 £ 15.3
Synaptic function genes
efr-3(D497G) 561.3 + 2.0* 2218+ 2.7* 822+ 1.3* 9.0£0.7 126.9 = 8.2*
dpy-18(G150E) 6052+ 14.7 204.7 £ 3.7 640+13 114%+10 184.8 £ 15.6
dpy-18(Y413C) 522.0 £ 7.7* 167.9 £ 3.0* 536+ 14 158 £ 2.1* 161.7 £10.3
mpk-1(P410S) 572.0 £ 4.5 184.3 £ 3.1* 646+ 18 120+ 0.8 152.6 £ 9.1
gsa-1(A93T) 598.1 + 6.6 200.7 £ 5.4 594+1.9 9.7£09 183.5 £ 8.0

All values were presented as meant SEM.

*: p<0.05 via one-way ANOVA and Tukey multiple comparison to N2 wild-type controls of the same batch. : the 2" batch after

room shift.
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Human locus C. elegans locus Phenotypes

Gene regulation and expression genes Fecundity Morphology Waveform Movement
Transcriptional regulation

TBRI1(K228E) thx-8(K31E)* + +
TBRI(W271C) thx-8§(W74C)

PAX6(L46V) vab-3(L47V)

Chromatin remodeling

BCLI11A4(C48F) bcl-11(C112F) +

ELAVL3(YS82F) exc-7(YS85F)* + +

EP400R711C) ssl-1(R212C)

EP400(G1975R) ssl-1(G1301R)

KMT2C(P1669R) set-16(P967R) +

KMT2C(R1487Q) set-16(R2438Q)

KDMO6B(A14747T) utx-1(A9767) +

Nucleotide cycle

ADSL(ES0D) adsl-1(E76D) +

AMPDI(R500C) ampd-1(P638S)

AMPDI1(P572S) ampd-1(R566C)* +

Synaptic function genes

Synaptic transmission

EFR3A4(G2434) efr-3(G2564) + A

EFR34(D504G) efr-3(D497G) * + +
NRXNI(L18Q) nrx-1(L16Q)

SHANK3(L6SP) shn-1(L67P)

SLC6A1(G360S) snf-11(G369S)

Synaptic development & regulation

P4HA2(G153E) dpy-18(G150E)

P4HA2(Y421C) dpy-18(Y413C)* + A +
MAPK3(P312S) mpk-1(P410S)* A
SPARCLI(T391M) ost-1(T142M) +

SPARCLI(W522R) ost-1(W249R)* + A +
TRIO(G168S) unc-73(G19308S) +

TRIO(K1891R) unc-73(K2046R)

TRIO(V2220L) unc-73(V2062L) +

Calcium signaling

GNAS(A7527T) gsa-1(A937)

ATP2B2(T818M) mca-3(T763M)* + + +

*: missense variants that resulted in functional changes in more than one assay independently.

+: independent phenotypic changes.

A: phenotypic changes that may be resulted from morphology differences.
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Using CRISPR/Cas9 and homology-directed repair to introduce target
missense mutations. To facilitate the screening process, additional
restriction enzyme sites were incorporated via silent mutations.

60 successfully generated

28 f)resented In this study
Phenotype characterization !
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|
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Figure 3-1. Experimental pipeline.

Thousands of missense (MS) variants implicated in ASD were obtained from the SFARI database. First, we
utilized Ensembl comparative genomic tools to identify the conserved missense residues in their C. elegans
orthologs. Among the 345 conserved missense residues, we sampled 126 loci in genes involved in gene
regulation or synaptic functions. We used CRISPR/Cas9 and homology-directed tepair (HDR) to introduce
ASD-associated missense mutations in their C. elgans orthologous genes and successfully generated 60
missense mutant strains. This study presented the phenotype characterization of 28 missense mutant strains
in fecundity and automated locomotor tracking assays. We found that 18 of the 28 missense mutants displayed
phenotypic changes in fecundity, morphology, and movement coordination functions.
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Figure 3-2. Gene clusters.

We sampled 19 ASD-associated genes from two major functional categories: (1) gene expression and
regulation (2) synaptic function. Nine genes involved in gene expression and regulation take part in
transcriptional regulation, chromatin remodeling, and nucleotide cycle. Ten genes related to synaptic function
participate in synaptic transmission, synaptic development and regulation, and calcium signaling. For each
human gene of interest, the C. elgans orthologs were presented in the parenthesis.
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Figure 3-3. Fecundity phenotype in missense mutant strains.

In the gene regulation and expression cluster, six missense mutant strains dampened the fecundity in C. elegans.
One missense mutant, adsi-1(E76D), displayed an increase in fecundity. As for the synaptic gene cluster, the
missense mutants exhibiting fecundity phenotypes all belong to the synaptic development and regulation
subset. Approximately 20 animals were tested in each strain. Wild-type (N2) and its median values (dotted
vertical line) were shown in blue. Mutants significantly different (sig) from wild type were shown in red. p <
0.01/(total test number) via non-parametric bootstrap analysis.
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Figure 3-4. Morphological and locomotor phenotypes in missense mutant strains.

We quantify changes in morphology (length, width, and area), sinusoidal waveform pattern (wavelength, mean
amplitude, and max amplitude), and movement (reversal rate and speed). Missense mutations in the gene
regulation and expression cluster (top panel) did not affect morphology, and they had fewer effects on
movement coordination. In contrast, missense mutations in synaptic function genes cluster (bottom panel)
had some influences on morphology and much more impacts on the movement and coordination phenotypes.
The number in each cell presented the z-score of the parameter in the missense mutant. The movement-
related phenotypes were compared to the wild-type controls of the same batch. The more saturated color
showed more deviation from the values in wild-type animals.
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Chapter 4

CONSERVED MISSENSE VARIANT IN ALDH1A3 ORTHOLOG IMPAIRS
FECUNDITY IN C. ELEGANS

Wong, W. R., Maher, S., Oh, J. Y., Brugman, K. 1., Gharib, S., & Sternberg, P. W. (2021).
Conserved missense variant in ALDH1A3 ortholog impairs fecundity in C . elegans.
MicroPubl Biol, https://doi.org/10.17912/micropub.biology.000357.

4.1 Abstract

Accumulating evidence demonstrates that mutations in ALDHIA3 (the aldehyde
dehydrogenase 1 family, member A3) are associated with developmental defects. The
ALDHI1A3 enzyme catalyzes retinoic acid biosynthesis and is essential to patterning and
neuronal differentiation in the development of embryonic nervous system. Several missense
mutations in ALDHIA3 have been identified in family studies of autosomal recessive
microphthalmia, autism spectrum disorder, and other neurological disorders. However, there has
been no evidence from animal models that verify the functional consequence of missense
mutations in ALDHIA3. Here, we introduced the equivalent of the ALDHI1A3 C174Y variant
into the Caenorhabditis elegans ortholog, alh-1, at the corresponding locus. Mutant animals with
this missense mutation exhibited decreased fecundity by 50% compared to wild-type animals,
indicating disrupted protein function. To our knowledge, this is the first ALDHIA3 C174Y
missense model, which might be used to elucidate the effects of ALDH1A3 C174Y missense

mutation in the retinoic acid signaling pathway during development.

4.2 Description
Retinoic acid (RA), the active metabolite of vitamin A, broadly regulates gene
expression. The RA signaling pathway plays an essential role in embryonic development,

including the development of the body axis, eye, brain, and heart (Ghyselinck & Duester, 2019).
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One of the key enzymes in the biosynthesis of RA is aldehyde dehydrogenase 1 family member
A3 (ALDH1A3). ALDH1A3 converts retinaldehyde to retinoic acid and it is expressed early
in forebrain development (McCaffery & Drager, 1994). Several mutations in ALDHI1A3 have
been implicated in patients with autosomal recessive microphthalmia and other neurological
disorders (Fares-Taie et al., 2013; Roos et al., 2014). However, current animal models of
ALDHI1A3 have large truncations of the protein. Direct evidence of the effects of missense
variants on ALDH1A3 protein activity has not yet been obtained.

In this study, we aimed to determine the functional consequence of ALDHI1A3(C174Y)
missense variants implicated in patients (Roos et al., 2014). Patients with the Cys174Tyr
missense variant presented with autosomal recessive microphthalmia, autistic symptoms, and
intellectual disabilities. The human ALDH1A3 C174Y missense residue is located at the
amino-terminal nicotinamide adenine dinucleotide (NAD)-binding domain (Moretti et al.,
2016), which is evolutionarily conserved between human and commonly used model
organisms, such as C. elegans, Drosophila, zebrafish, and mouse. The ALDH1A3 orthologs in
these model organisms have similar amino acids at >75% of positions of the human ALDH1A3
protein. We believe the conservation of protein sequences among various species indicates the
essential role of this domain in protein functions. Here, we use C. elegans as a prime candidate
for studying the causality of missense variants in ALDHIA3. We generated the targeted
ALDHI1A43 C174Y missense variant in its C. elegans orthologous gene alh-1 (Figure 4-1A).

The short lifespan and genetically modifiable nature of C. elegans allow rapid screening
of functional impactful missense mutation implicated in human diseases. We previously
established a working pipeline to introduce autism-associated missense mutations into the
genome of C. elegans using CRISPR/Cas9 and homology-directed repair (Wong et al., 2019).
Here, we used this pipeline to generate a missense mutant, al/h-1 (C172Y), that matches the

human ALDHIA3(C174Y) variant. We then characterized this C. elegans missense mutant in a
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fecundity assay to quantify the robustness of germline development. The C. elegans germline
development is a highly sensitive process, which reflects subtle changes in sensory perception,
feeding behavior, and metabolism (Hubbard et al., 2013). As a result, we used the C. elegans
fecundity assay as a screening tool to identify functional changing missense mutations, as
defects in germline development will result in a decreased brood size.

We evaluated the impact of C172Y missense mutation on development using a
fecundity assay, which measures the number of viable progeny per hermaphrodite. The alh-
1(C172Y) missense mutant nematode, alh-1(sy899), showed only 54% of wild-type fecundity
(Figure 4-1B. Wild-type: 234 + 7; alh-1(C172Y): 127 + 8. p <0.0001). We observed that two
of the eighteen mutant animals had very low brood size and a lot of unhatched eggs (17
unhatched eggs to a brood size of 34, and 4 unhatched eggs to a brood size of 38). The other
animals had essentially no unhatched eggs or dead larvae. This result indicated a malfunction
in the aldehyde dehydrogenase protein, resulting in partial sterile and germline developmental
defects. Our result is consistent with the observation that the C. elegans alh-1(tm5823) putative
null mutant strain produces some dead animals and a highly expressed sterile phenotype
(personal communication with Dr. Shohei Mitani, NBPJ). The alh-1(tm5823) mutant harbors
a 618 bp deletion, located outside of our C172Y missense site and removes part of the NAD-
binding and catalytic domains. Our conserved C172Y missense residue is also located in the
NAD-binding domain. In addition, the developmental phenotype is also displayed in other
animal models of the aldehyde dehydrogenase family. For example, A/dh null larvae and adults
are less viable in the presence of ethanol in Drosophila (Fry & Saweikis, 2006). Moreover,
mouse Aldh3”- homozygotes were impaired in early forebrain development, possibly through
failure to induce genes needed to establish regionalization (Molotkova et al., 2007). The
Aldhla3 null mouse showed perinatal lethality that could be rescued by maternal RA treatment

(Dupé et al., 2003).
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The developmental defects caused by mutations in ALDHIA3 are likely to act through
alteration in the RA signaling pathway. RA binds to its nuclear RA receptor (RAR), which
forms a heterodimer with retinoid X receptors (RXRs) and RA response elements (RARE).
The RAR/RXR/RARE complex regulates gene transcription at specific locations during
various developmental stages. In addition, RA is known to promote the differentiation of
neurons prenatally; RA concentration, indicated indirectly by ALDHI1A3 expression,
influences the maturation of selected parts of the cerebral cortex postnatally (Wagner et al.,
2006). This could be a possible explanation of a connection between ALDH1A43 mutations and
the neurological symptoms displayed in patients with intellectual disabilities and autism
spectrum disorder. Our result illustrated that ALH-1(C172Y) residue is necessary for wild-type
ALH-1 protein function in C. elegans. Since the ALH-1(C172Y) residue is conserved between
C. elegans and humans, it is likely that this residue also has a functionally significant role in
human ALDHI1A3 protein. Further study in other model organisms is needed to validate this
and potentially elucidate the mechanistic basis of the phenotypic consequences of the

ALDHI1A3(C174Y) variation.

4.3 Method & Reagents

Strains

The Bristol N2 C. elegans strain was used as the wild-type control and background for the
CRISPR experiments (Brenner, 1974). The alh-1(C172Y) missense strain, PS7481 alh-1(sy899),
was generated using the protocol described previously (Wong et al., 2019). Detection primers
sequence: forward primer 5’-TACAGTTATTACGCCGGATGG-3’; reverse primer 5’-
CATGTGCGACGAAATAGCTTG -3’. The expected PCR product length for the wild-type is

370 bp; PCR product from mutant strain can be further digested by Haelll (New England Biolabs,
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Ipswich, MA) into two fragments of 104 and 266 bp. All strains were maintained on nematode
growth medium (NGM) agar plates seeded with Escherichia coli OP50 at room temperature (21

+ 1-C).

Fecundity assay

Well-fed C. elegans were synchronized at the L4 stage. In the fecundity assay, individual L4
hermaphrodites were placed on separate NGM plates seeded with OP50, and these animals were
subsequently transferred to a new plate every day. The number of newly hatched larvae progeny
was counted for every plate 1 day after the adult was transferred. The total fecundity comprises

the sum of progeny produced for four days per animal.

Statistical analysis
The fecundity assay was analyzed by Mann-Whitney test using GraphPad Prism version 6

(GraphPad, La Jolla, CA).
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Figure 4-1. The ALDH1A3(C174Y) variant and its C. elegans ortholog, alh-1(C172Y).
(A) Domains and sequence conservation between human ALDHI1A3 and its C. elegans ortholog,
alh-1. The three domains in human ALDH1A3 are colored differently: the NAD binding domain
is shown in blue, the catalytic domain in pink, and the oligomerization domain in yellow. Overall,
the human ALDH1A3 is conserved with C. elegans ALH-1 at 77% of amino acid positions. The
protein sequence alignment around the ALDH1A3 C174Y residue is highlighted in the bottom
row. (B) In our C. elegans model, the alh-1 (C172Y) missense mutant displayed a significantly
reduced fecundity. Approximately 20 animals were tested in each strain. Each dot represents one
hermaphrodite. P< 0.0001 via non-parametric Mann-Whitney test.
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Chapter 5

ASD-ASSOCIATED BRAF MISSENSE VARIANTS AND THEIR ROLES IN
CHEMOSENSATION IN C. ELEGANS

5.1 Abstract

Sensory symptoms have been implicated in many neurodevelopmental disorders,
including autism spectrum disorder (ASD) and cardio-facio-cutaneous (CFC) syndrome. One
gene shared by these two neurodevelopmental disorders is BRAF, a critical kinase linking
canonical NMDAR signaling to the MEK-ERK cascade at the synapse, which has been
implicated in sensory modulation in both human and animal studies. In this study, we generated
three ASD-associated missense variants of BRAF in C. elegans via CRISPR and investigated the
sensory function of these missense variants via a chemotaxis assay. Our results identified that a
conserved missense residue lin-45(K565N), orthologous to human BRAF K499N, displayed a
hypersensitive non-dominant phenotype in the diacetyl chemotaxis assay that was capable of
being inhibited by RNAI. Investigation into the expression pattern of the /in-45 gene confirmed
the expression in the RIC interneurons. This suggests a potential gain-of-function allele in BRAF,

especially in the sensory function.

5.2 Introduction

A healthy human being receives hundreds of thousands of sensory inputs per second and
the ability to filter relevant sensory inputs at a lower-level and integrate sensory information into
higher cognitive processing is essential for mental functions. However, some individuals exhibit
abnormalities in sensory processing such as hyporesponsiveness, sensory over-responsivity, and
sensory-seeking behaviors, which have been implicated in many pervasive developmental

disorders like the autism spectrum disorders (ASD) (Hazen et al., 2014; Tomchek & Dunn,
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2007). Indeed, patients with ASD have a 69% prevalence of exhibiting sensory symptoms
(Baranek et al., 2006) and the sensory symptoms occur as early as six months of age in babies
later diagnosed with ASD (Estes et al., 2015). In addition, the parents and siblings of individuals
with ASD also self-reported more sensory traits than the general population, suggesting a strong
genetic component underlying these sensory traits (Donaldson et al., 2017). Similarly, sensory
processing abnormalities have been identified in other developmental disorders, such as cardio-
facio-cutaneous (CFC) syndrome (Boyd et al., 2010; Green et al., 2012; Hazen et al., 2014;
Tomchek & Dunn, 2007). About 85% of children with CFC syndrome reported sensory
modulation problems (Pierpont & Wolford, 2016), indicating that the disruption in essential
signaling pathways results in many neurodevelopmental disorders.

ASD shares some common traits with the single-gene neurodevelopmental disorders
known as RASopathies, which include CFC syndrome, Costello syndrome, Legius syndrome,
Neurofibromatosis type 1, Noonan syndrome, and LEOPARD syndrome. This set of
syndromes in RASopathies contain mutations in the Ras/Raf/MAPK signaling pathway
(Adviento et al., 2014; Pinto et al., 2010), dysregulation of which accounts for the known
genetic causes of ASD (Alfieri et al., 2014; Comings et al., 1996; Packer, 2012). While our
understanding of the Ras/Raf/MAPK pathway originally came from the studies of somatic
mutations in cancers, recently, the Ras/Raf/MAPK pathway has also been shown to be involved
in the cell cycle, differentiation, axon projections, and dendritic spine density during
development (Adviento et al., 2014; Kang & Lee, 2019; Samuels et al., 2009; Sarkozy et al.,
2009). As a result, the Ras/Raf/MAPK pathway is a possible convergence point for ASD
candidate genes (Levitt & Campbell, 2009) and studying its regulation could shed light on the
molecular mechanism of ASD and other neurodevelopmental disorders.

A key component of the Ras/Raf/MAPK pathway is Raf (Rapidly accelerated

fibrosarcoma), the enzyme linking canonical NMDAR-CaMKII-SynGap-Ras signaling to the
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MEK-ERK cascade at the synapse (Lim et al., 2017). Mammalian cells contain three Raf
isoforms: ARaf, BRaf, and CRaf (Raf-1). These Raf isoforms vary in their cell-specific
expression and subcellular locations, yet BRaf is the only Raf kinase expressed at a high level
at synapses (Morice et al., 1999). In addition, approximately 70% of individuals with CFC
syndrome carry a missense mutation in BRAF (Niihori et al., 2006; Rodriguez-Viciana et al.,
2006), and potentially active forms of BRAF arise from germline mutations in patients with
RASopathies (Sarkozy et al., 2009). Many of these mutations (e.g., V60OE and K499N) affect
the BRaf kinase domain, as shown in the biochemical examination of kinase activity in vitro
(Niihori et al., 2006; Rodriguez-Viciana et al., 2006). These results point to the influential role
of the kinase domain in the Braf function.

The role of Braf in sensory modulation has been demonstrated in both human and animal
studies. In cancer patients treated with BRAF inhibitors, such as vemurafenib, 30% or more
developed aversive effects on arthralgia, fatigue, and photosensitivity reaction (Larkin et al.,
2014). Another case reported acute motor and sensory axonal neuropathy after treatment with
BRAF and MEK inhibitors (dabrafenib and trametinib) for six weeks (Taha et al., 2017). The
role of Braf in the sensory system is further verified in mouse models where conditional
elimination of Braf'and Raf1 in the dorsal root ganglion strongly reduced neurotrophin-dependent
proprioceptive axon growth in vivo (Zhong et al., 2007) and constitutively active Braf expressed
in neurons gated by Nav1.8 sodium channel enhanced expression of itch-sensing genes (Zhao et
al., 2013). Furthermore, Raf mediates NGF-stimulated sensory axon growth (Markus et al.,
2002). The effect of Braf in sensory modulation is also demonstrated in invertebrates. In the
Caenorhabditis elegans (C. elegans) ortholog of BRAF, lin-45, loss-of-function mutant, /in-
45(sy96), displayed defects in AWA- and AWC- chemotaxis (Hirotsu et al., 2000). Another lin-
45 mutant strain, /in-45(dx84), impaired the nose touch response, and Raf activation was

regulated by PKC through the Raf kinase inhibitory protein (RKIP) (Hyde et al., 2011).
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Additionally, CaMKI/IV and Raf pathway influenced the variability of temperature memory
in AFD, and lower variability in response to temperature was found in /in-45(dx84) and mpk-1
mutant strains (Kobayashi et al., 2016). However, compared to the extensive studies of BRaf in
cancer, especially melanoma, how BRAF causes the sensory adaptation effect remains unclear.

To study the effects of BRAF mutations on sensory modulation, we modeled the human
variants onto its orthologous C. elegans gene. With the easily accessible gene-editing
techniques and the relatively short life cycle, C. elegans facilitates the screening of variance of
the unknown significance (VUS) (Brenner, 1974; Engleman et al., 2016; Kim et al., 2017a). It
is particularly useful for variants with large quantities, such as de novo missense mutations. In
addition, compared to other model organisms, the C. elegans nervous system is highly
amenable to cellular level resolution analysis of neural circuits and behavior given its
numerically simple nervous system, known connectome, and relatively weak dependence on
the nervous system for organism viability. Therefore, C. elegans models have been widely used
to analyze the phenotype and genetic properties of candidate genes implicated in human
diseases (Bai et al., 2020; Kim et al., 2017b; Levitan et al., 1996), especially in ASD (Buddell
et al., 2019; Gonzalez-cavazos et al., 2019; Lipstein et al., 2017; McDiarmid et al., 2018, 2020;
Post et al., 2020; Wong et al., 2019, 2021).

In this study, we modeled the functional consequences of human BRAF variants by
knocking-in the equivalent amino acid substitution into its orthologous C. elegans gene, lin-45.
We examined the genetic properties of ASD-associated missense variants on /in-45 and
examined the olfactory sensory behaviors in C. elegans using chemotaxis assays (Bargmann et
al., 1993; Bargmann & Horvitz, 1991). A previous study demonstrated defects in diacetyl
chemotaxis sensation in the /in-45 loss-of-function mutants (Hirotsu et al., 2000). Our results
have shown that a conserved missense residue orthologous to human BRAF K499N results in

hypersensitivity to diacetyl chemosensation in a manner that is not dominant but can be inhibited
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by lin-45 RNAi. We have also confirmed high expression of the /in-45 gene in the RIC
interneurons. Overall, this study suggested a potential gain-of-function allele in BRAF,

especially in the sensory function.

5.3 Materials and methods

Strain

The Bristol N2 C. elegans strain was used as the wild-type control and background for all
CRISPR experiments (Brenner, 1974). The control strains for functional assays were obtained
from lab stock, the Caenorhabditis Genetics Center (CGC). The lin-45 loss-of-function mutant
strains used in this study were: PS427 [in-45(sy96) and EJ521 lin-45(dx19). All strains were
maintained on nematode growth medium (NGM) agar plates seeded with Escherichia coli OP50

at room temperature (21 + 1°C).

ASD-associated conserved residue

ASD-associated missense variants were extracted from the SFARI database-Human Gene
Module (Fischbach & Lord, 2010), and the conserved loci were determined using the Ensembl
compara genomic method described previously (Wong et al., 2019). Targeted missense variants
were introduced into the C. elegans genome using CRISPR/Cas9 and homology-directed repair.
Additional restriction enzyme sites were also introduced via synonymous mutations to facilitate
the screening process. Mutant genotypes were determined by the correct PCR and digested
products length, and then confirmed by commercial Sanger sequencing company (Laragen,

Culver City, CA).

Chemotaxis assays
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Chemotaxis assays were adapted from previous studies (Bargmann et al., 1993). In our assay,
chemotaxis was performed using 10 cm diameter chemotaxis plates prepared the night before

an experiment. Chemotaxis plates contained 1.6% agar, 1 mM MgSO4, 1 mM CaClp, 5 mM

KPO4 [pH 6.0]. The chemical mixture was then diluted in ethanol at the concentrations
indicated. 1 pl of diluted chemical was pipetted on one side of the plate, while 1 pl of ethanol
was dropped on the other side. 1 pl of 1 M sodium azide was also added on both sides to
anaesthetize animals that reached odor or ethanol sources.

C. elegans strains were synchronized within 6hrs of egg-laying time. The offspring worms, the
future test subjects, were then raised in 20°C. On the test day, these young adult hermaphrodites
were washed three times in a S-basal buffer and once in ddH>O. Approximately 100 animals
were placed at the upper midline of chemotaxis plates with equal distance to both sides. Extra
wash buffer was removed using Kimwipes and the plate was covered with a lid. The experiment
was terminated after 1 hour and the number of worms within each region of interest was
counted. The chemotaxis index (CI) is the number of worms on odor side minus the number of
worms on diluent side divided by the sum of both sides. Assays for each condition were

repeated on at least three different days.

Transgenetic GF'P expression

The transcriptional reporters were built using fusion PCR (Hobert, 2002). Primers used to
amplify the promoter regions and the amplified promoter sizes were as follows:

lin-45 promoter, 3047bp

forward: 5’- AAGCTTGCATGCGGCCGGCCagtcagccgagtcttgttgtc -3’

reverse: 5’- CGGGGATCCGGCGCGCCTTGAGATGATGTGACAGGTGACTT- 3’
tbh-1 promoter, 2913 bp

forward: 5°- AAGCTTGCATGCGGCCGGCCACA -3’
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reverse: 5’- ACGGCACTTCTCATTTTTCTGAAATCGTAT -3’

The promoter region of /in-45 was fused to PSM GFP plasmid and the tbh-1 promoter region
was fused to a mCherry plasmid using Gibson system. Injection mixture was prepared at a
concentration of 100 ng/ul Plin-45::GFP reporter construct, 30 ng/ul Ptbh-1::mCherry
construct, and 15 ng/uL 1-kb DNA ladder. The transgenic strain was obtained by microinjecting
the mixtures into the gonads of wildtype animals. After maintaining a few generations for stable
reporter gene expression, images of adult animals were taken with a Zeiss LSM 710 Inverted

confocal microscope with a x63 Plan- APOCHROMAT objective and ZEN acquisition software.

RNA interference

The RNAI experiment was performed by feeding nematodes dsRNA-producing bacteria using
standard procedures (Timmons et al., 2001) and modified as described before (Ghosh &
Sternberg, 2014). Overnight starter cultures were grown with 1 ml LB supplemented with 25
mg/ml carbenicillin and 12.5 mg/ml tetracycline inoculated with a bacterial colony containing
a plasmid producing dsRNA targeting a gene of interest. Starter cultures were diluted 1:80 the
next day, using 100 uL of starter culture in 8 ml LB containing 25 ug/mL carbenicillin. Cultures
were grown between 6 and 8 h to OD600 ~0.5. 6 cm Petri plates containing NGM agar that
had been dried for at least three days at room temperature were prepared by using sterile glass
beads to spread 50 ml of 25 mM carbenicillin, and 1 mM IPTG in M9 on each plate. RNAi
cultures were then transferred to 1.5 ml microcentrifuge tubes (1 tube/plate) and then spun at
5000 rpm for 5 min. The majority of the supernatant was removed leaving about 50 pl of liquid
plus bacterial pellets. Pellets were then resuspended in this solution, and then spread using
sterile glass beads on the NGM agar + carbenicillin + IPTG Petri plates described in the
preceding step. Plates were grown at room temperature overnight, and, if not used immediately,

were stored at 4 °C for no more than a week. On the day of the experiment, plates were pipetted



120

with 50 ml of a 1:5 solution of 1 M IPTG:M9. Plates were then dried for 10 min near a Bunsen
burner. Eggs were bleached onto RNAI1 plates and allowed to hatch and develop. Worms at L4
stage were synchronized for the chemotaxis assay. To enhance the efficiency of RNAIi in

neuronal cells, the RNAi experiment was done in the r7f-3(pkl426) mutant background.

Statistical analyses
Chemotaxis assays were analyzed by one-way ANOVA analysis in the scipy module of the
Python 3.7 program. Tukey-paired multiple comparisons were performed between the wild-type

group and mutant strains. The significance level was defined as p < 0.01.

5.4 Results

Several missense alleles have been identified from individuals with sensory symptoms
in ASD and CFC syndrome (Niihori et al., 2006; Nystrom et al., 2008; Rodriguez-Viciana et
al., 2006; Schulz et al., 2008). This study used the Ensembl comparative genomic tools to
identify the evolutionarily conserved residues between human BRAF and C. elegans LIN-45
(Wong et al., 2019). We found three conserved ASD-associated missense variants for BRAF
(Figure 5-1): BRAF S467A corresponding to C. elegans LIN-45 S533A, BRAF K499N
corresponding to C. elegans LIN-45 K565N, and BRAF W531C corresponding to C. elegans
LIN-45 W597C. All three of these missense variants were located in the kinase domain, which
was the most highly conserved region among the Raf protein and thus likely to be
physiologically relevant. A previous study in our laboratory revealed a 58% amino acid
conservation between the kinase domains of human BRAF and C. elegans orthologous gene,
lin-45 (Han et al., 1993). Next, we used the Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR)-Cas 9 system and homology-directed genome editing to introduce (“knock-

in”) these ASD-associated missense variants into their corresponding loci in the C. elegans lin-
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45 gene. We aimed to characterize these /in-45 missense alleles’ functions in the diacetyl
chemotaxis assay with the N2 wild-type and two known /in-45 loss-of-function mutant controls,
5y96 and dx19. Both /in-45 loss-of-function mutants were predicted to have truncated proteins
before the kinase domain (Figure 5-2).

C. elegans lacks visual and auditory senses but its ability to sense chemicals is strong and
the circuits are well-mapped, so we examined sensory ability in C. elegans using a standardized
chemotaxis assay (Bargmann et al., 1993; Bargmann & Horvitz, 1991). Impaired chemo
sensation to diacetyl has been documented in the loss-of-function mutant of /in-45, the C. elegans
orthologous gene of BRAF (Hirotsu et al., 2000). For the purpose of this study, we evaluated the
diacetyl chemotaxis response in C. elegans lin-45 loss-of-function and missense mutant strains.
We first determined the dose-response curve in diacetyl chemotaxis using the N2 wild-type
control, a diacetyl chemosensory defected mutant strain ord-10(ky225), and a lin-45 loss-of-
function strain /in-45(sy96). While the attractiveness to diacetyl in the N2 animal was visible at
the dilution constant of 10° and 10%, /in-45 impairment in diacetyl chemotaxis was only detectable
at the concentration of 10* dilution. Therefore, we decided to use a less concentrated diacetyl
odor in our chemotaxis assay. At the concentration of 10* dilution (Figure 5-3), wild-type N2
animals showed a slight attraction to diacetyl, presented as a 0.40 + 0.03 chemotaxis index. Both
lin-45 loss-of-function mutant strains, /in-45(sy96) and lin-45(dx19), exhibited impaired diacetyl
chemotaxis to the same level as the diacetyl chemotaxis null mutant, odr-10(ky225) (CI: lin-
45(sy96)=0.01 £0.07, lin-45(dx19)=0.07 £ 0.08, odr-10(ky225) = 0.04 £ 0.05; p > 0.05). Among
the three missense mutant strains, only the /in-45(K565N) missense mutant strain displayed
hypersensitivity to diacetyl while the other two missense strains, /in-45(55334) and lin-
45(W597C), did not show any differences in chemotaxis index to the wild-type controls (CI: /in-

45(K565N)=0.57 £0.04, p = 0.03; lin-45(55334)= 0.40 £ 0.08, p > 0.05; lin-45(W597C)= 0.49
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1 0.03; p> 0.05 compared to N2). These results pointed out a potential gain-of-function missense
variants in the C. elegans ortholog of BRAF in diacetyl chemotaxis response.

Many of the gain-of-function variants typically demonstrate dominant gene properties.
Naturally, we were interested in finding out whether our /in-45(K565N) locus had a dominance
effect (Figure 5-4). To study the /in-45 missense allele’s dominance, we used a balancer tmC25,
which carried a venus green fluorescent reporter, to distinguish heterozygous animals from
homozygous ones (Dejima et al., 2018). As reported in the previous figure, the homozygous /in-
45(K565N) missense mutant showed higher chemotaxis index than wild-type controls, indicating
that more lin-45(K565N) mutant worms were able to distinguish the diacetyl odor (CI: N2=0.39
+ 0.04; homozygous /in-45(K565N) = 0.57 £ 0.04; p = 0.01 compared to N2). However, this
effect did not show in the heterozygous lin-45(K565N) animals. Both wildtype and /in-
45(K565N) heterozygous animals displayed similar chemotaxis indexes as the wild-type
homozygous animals (CI: heterozygous wildtype = 0.28 £ 0.11; heterozygous lin-45(K565N) =
0.39 + 0.05; p > 0.05 compared to N2). This finding suggests that the /in-45(K565N) missense
variant is not a dominant allele.

To ensure the hypersensitivity phenotype truly resulted from the variant changes in the
lin-45 gene, we applied an RNA interference (RNA1) experiment to test the necessity of /in-45
in diacetyl chemosensory behaviors (Figure 5-5). In order to enhance the RNAI efficiency in
neuronal cells, we crossed both lin-45(wild-type) and lin-45(K565N) alleles into the RNAi
sensitive background strain, rrf-3(pk1426). We also included the non-IPTG-activated RNAi
groups in the rrf-3(pk1426) background for both genotypes. Our results showed that the /in-
45(K565N) missense mutant treated with anti-lin45 RNAi presented a lower chemotaxis index
than the vector-treated /in-45(K565N) animals (CI: RNAI treated /in-45(K565N) = 0.25 £ 0.04;
vector-treated /in-45(K565N) = 0.56 = 0.04; p = 0.001). In addition, the anti-/in45 RNAI also

impaired the diacetyl chemotaxis behaviors in wild-type animals (CI: RNAI treated wild-type
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=0.28 £ 0.05; vector-treated wild-type = 0.49 £ 0.04; p = 0.0056). Our results showed that the
function of lin-45(wild-type) and lin-45(K565N) alleles can be dampened by the anti-/in-45
RNAI treatments, demonstrating the necessity of /in-45 in the diacetyl chemotaxis.

Knowing the effect of 1in-45(K565N) allele on diacetyl chemotaxis response, we are
interested in the site-of-action. To verify the expression of the /in-45 gene, we injected an
extrachromosomal array containing a 3kb /in-45 promoter region fused with the GFP gene such
that cells expressing the /in-45 gene would also express the GFP reporter gene. We found that
the /in-45 gene was expressed in several head neurons as well as some cells in the vulva and tail
regions of young adult hermaphrodites. Based on the location and morphology, we suspected
one pair of the /in-45 expressing neurons near the pharynx were the RIC interneurons. Therefore,
we co-injected the /in-45 promoter-driven GFP reporter with RIC-specific thh-1 promoter-driven
mCherry reporters to confirm the identity of these neurons. As shown in Figure 5-6, we have
identified one pair of the head neurons as the RIC interneurons, the major class of octopaminergic

interneurons in C. elegans.

5.5 Discussion

In this study, we examined the genetic properties of ASD-associated missense variants
on /in-45 and examined the olfactory sensory behaviors in C. elegans using chemotaxis assays
(Bargmann et al., 1993; Bargmann & Horvitz, 1991). Consistent with a previous study, /in-45
loss-of-function mutant strains displayed an impaired ability to distinguish the diacetyl odor in a
chemotaxis assay (Hirotsu et al., 2000). More importantly, our assay revealed that one conserved
missense residue orthologous to human BRAF K499N showed a hypersensitive phenotype in the
diacetyl chemotaxis assay. In addition, the RNA interference experiment demonstrated the
necessity of /in-45 in the hypersensitive response to diacetyl. And lastly, we confirmed the

expression of /in-45 in the RIC interneurons via the transgenic experiment. Overall, these results
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suggested a potential gain-of-function allele in the C. elegans ortholog of BRAF, especially in
the sensory function.

Consistent with our gain-of-function phenotype in diacetyl chemotaxis assay, enhanced
enzyme activities in the BRAF(K499N) locus have been documented in multiple cell lines. For
example, an examination of the activation of ELK transcriptional factor in several BRAF
missense mutant cell lines found a two- to four-fold increase in relative luciferase activity in
cells transfected with the BRAF(K499N) mutation (Niihori et al., 2006). Rodriguez-Viciana et
al. also revealed a two-fold increase in kinase activity in human embryonic kidney 293T cells
transfected with the BRAF(K499N) mutations (Rodriguez-Viciana et al., 2006). In addition, the
crystal structure of the BRAF kinase domain showed that the BRAF(K499N) mutation was
located in the interface of the ATP binding cleft, suggesting that the K499N mutation may alter
the catalytic activity of the kinase domain (Niihori et al., 2006). The CFC-associated BRAF
mutants with elevated kinase activity, such as K499N, have been shown to induce MEK and
ERK phosphorylation, activating the downstream signaling pathway.

According to the RNA-seq data on WormBase, /in-45 was expressed broadly at low
levels. Our GFP reporter gene results showed high expression of /in-45 in the RIC interneuron,
which is distantly connected to the pair of sensory neurons, AWAL and AWAR, responsible for
the diacetyl chemotaxis response. AWA sensory neurons (AWAL and AWAR are collectively
called AWA) form synaptic connections onto the AIZ and ALY interneurons. The AIY synapses
to the backward motor command neuron AVE and RMD. The AVE interneuron connects to the
backward command neuron AVA, to which RIC is distantly connected. It remains unclear at
which level the highly expressed /in-45 in RIC neurons mediate the diacetyl chemosensory
behaviors. However, the RIC interneuron has been shown to provide a neurohumoral feedback
loop to primary sensory neuron AWB via SER-6 signaling to regulate pharyngeal pumping

behaviors (Liu et al., 2019).
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Evidence of neuroimaging studies suggested that autistic sensory traits originated at
low-level sensory processing (Robertson & Baron-Cohen, 2017). Yet the lack of directly
comparable behavioral paradigms restricted the translational research on sensory behaviors.
Most rodent studies use the startle response or pre-pulse inhibition assay to evaluate
“hypersensitivity” in the disease animal models, and they often showed mixed results (Kohl et
al., 2013; Madsen et al., 2014; McAlonan et al., 2002). Here, we presented a unique approach
of using C. elegans to study the effect of ASD-associated missense mutations in olfactory
sensory behaviors. Our findings revealed the genetic property of /in-45(K565N), the
orthologous locus of BRAF(K499N), and prioritized this missense variant for future studies in

sensory modulation.
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Figure 5-1. Protein sequence alignment between human BRAF and C. elegans LIN-45 in
the kinase domain.
The human BRAF is conserved with C. elegans LIN-45 at 58% of amino acid positions in the
kinase domain. Using the Ensembl comparative method described in a previous study (see
method), we identified three ASD-associated conserve missense variants on BRAF, S467A,
K499N, and W531C. Their corresponding residues in the C. elegans orthologs were S533A,
K565N, and W597C. All variants were located in the kinase domain (indicated by the blue

arrow).
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Figure 5-2. The relative position of the /in-45 alleles and their predicted protein

products.

136

The C. elegans lin-45 gene contains three conserved regions. Conserved region 1 (CR1) includes
a Cysteine-rich domain (CRD) and a Ras-binding domain (RBD). CRD is a zinc-finger-like
domain that presumably negatively regulates the intrinsic kinase activity of the Raf protein. The
inhibition is relieved upon binding to a regulatory factor. Conserved region 2 (CR2) consists of
a serine/threonine-rich region that regulates phosphorylation sites. Conserved region 3 (CR3) is
the kinase domain, the most highly conserved region among the Raf protein. The /in-45 mutant
alleles used in this study and their protein products are shown. The triangles indicate the relative
position of missense variant change. Figure adapted from (Hsu et al., 2002).
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Figure 5-3. The chemotaxis phenotype in /in-45 missense and null mutant strains.

We tested two /in-45 loss-of-function(lf) strains and three /in-45 missense (MS) mutant strains
with the 1:10000 diluted diacetyl. Compared to the N2 wild-type controls, both /in-45(lf) strains
exhibited impaired diacetyl chemotaxis. Among the missense mutant strains, only /in-45(K565N)
missense mutant strain displayed hypersensitive to diacetyl while the other two missense strains
showed similar chemotaxis index (CI) as the wild-type animals. The known diacetyl chemotaxis
defected strain, odr-10(ky225), was also included as a positive control. Each dot represented one
plate of ~100 animals. The height of box indicated the mean and standard deviation of the strain.
Error bars represented the maximum and minimum values. All data were analyzed using one-
way ANOVA and Tukey multiple comparison. * indicated significantly different with
comparison to the wild-type animals (p < 0.01).
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Figure 5-4. Chemotaxis phenotype in the lin-45(K565N) heterozygous strains.

Both wild-type and missense mutant /in-45 strains were crossed with a fluorescent balancer
reporter (tmC25) to distinguish heterozygous and homozygous states. The heterozygous /in-
45(K565N) strain (red bar) displayed similar chemotaxis index (CI) as the wildtype homozygous
(blue bar) or heterozygous (green bar) animals. Each dot represented one plate of ~150 animals.
The height of box indicated the mean and standard deviation of the strain. Error bars represented
the maximum and minimum values. All data were analyzed using one-way ANOVA and Tukey
multiple comparison. * indicated significantly different with comparison to the wild-type animals
(p<0.01).



139

0.6
0.5
04
O
0.3
0.2
0.1
0.0
lin-45 gene + K565N + K565N
RNAi O] 0] anti-lin45 anti-lin45

Figure 5-5. Chemotaxis phenotype in the /in-45(K565N) strains treated with lin-45
RNAIL

The lin-45 RNAI treatment impaired diacetyl chemotaxis behaviors in both wild-type and lin-
45(K565N) missense mutant strains. + indicated wild-type copies of the /in-45 gene. (D indicted
feeding with lin-45 RNAi plasmid without the activation of IPTG. The height of box indicated
the mean and standard deviation of the strain. Error bars represented the maximum and minimum
values. All data were analyzed using one-way ANOVA and Tukey multiple comparison. *
indicated significantly different with comparison to the wild-type animals (p < 0.01).
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Figure 5-6. The expression pattern of lin-45.

(A)-(D) Co-expression of /in-45 GFP and the RIC neuron-specific marker thh-1 mCherry.
According to the DIC image (C), the pair of neurons co-expressing of /in-45 and thh-1 were
located near the pharyngeal. Using the location, co-expression pattern, and morphology (E), we
identified these lin-45 expressing neurons as RIC interneurons. Scale bar: 10 um.
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Chapter 6

GENERAL DISCUSSION

6.1 Key findings and significance

Over the past seven years, I established a working pipeline to identify and generate
evolutionarily conserved ASD-associated missense mutants in C. elegans. My colleagues and I
used this pipeline to screen ASD-associated missense variants with functional consequences.
Since these missense residues are conserved between C. elegans and humans, it is likely that they
also have functionally significant roles in the human proteins. Overall, we identified 345 (19%)
conserved residues from the ASD SFARI database and successfully generated 60 missense
mutants using the CRISPR/Cas9 system and homology-directed repair. We then evaluated the
neurodevelopmental phenotypes in these missense mutants using fecundity and an automated
locomotion tracking system. In the first batch (Chapter 2), we examined 20 missense mutants
predicted to have damaging effects and found only 70% of them displayed phenotypic changes
in our behavioral tests battery. This study prioritized the phenotypic changing missense variants
and provided feedback to improve the existing prediction algorithms’ accuracy. In the second
batch (Chapter 3), we investigated the functional outcomes of 28 ASD-associated missense
variants on two gene clusters: synaptic function genes and gene expression and regulatory genes.
This study revealed that missense mutants in different gene clusters displayed distinct phenotype
profiles and lay the foundation for future systematic characterization of disease-associated
variants.

In addition to the systematic approach, I worked on the ASD-associated missense variants

on two specific genes. I found that missense mutation in the ALDH1A3, the key enzyme of
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retinoic acid biosynthesis, impaired the fecundity in the orthologous C. elegans model. This study
elucidated the effects of ALDH1A3 C174Y missense mutation in the retinoic acid signaling
pathway during development (Chapter 4). In addition, I studied the diacetyl chemotaxis response
in multiple genetic variants of BRAF, another ASD risk gene linking synaptic receptors to the
intracellular signaling cascade. I discovered that the orthologous C. elegans model of BRAF
K499N mutation displays a hypersensitive phenotype in the diacetyl chemotaxis assay. This
study suggested a potential gain-of-function allele in the orthologous gene of BRAF, especially

in the sensory function (Chapter 5).

6.2 Advantages and limitations of using C. elegans to model human diseases

Traditionally, rodent models, particularly mice (Mus musculus), are commonly used in
pre-clinical research. Mice share the orthologs of 99% of human genes. The similarity in genome
sequence leads to conserved physiological processes between mice and humans. In ASD
research, the neural development defects can be modeled by social interaction and preference
tests, repetitive behaviors (marble burying and nest shredding), and sensory and motor function
(Crawley, 2012; Homberg et al., 2016). Although genetically modified mice (knockout, knockin,
transgenics) with ASD risk gene mutations are widely available, the generation of a mouse model
takes at least six months to a year (Kazdoba et al., 2016). The high maintenance costs and long
time required for experimentation also restricted rodent models for genetic screens. On the other
hand, an emerging amount of studies model ASD with human induced pluripotent stem cells
(iPSCs), deprogrammed immortal stem cells that resemble embryonic stem cells (Takahashi &
Yamanaka, 2006). Although iPSCs can reiterate the neuronal lineage formation, it lacks
integration in functional circuits (Schmeisser & Parker, 2018). As a result, the C. elegans model

offers a powerful tool for rapidly screening missense variants and studying functional changes



143

across tissues. Our approach and other C. elegans models (McDiarmid et al., 2018) open the new
door for the systematic study of missense variants in vivo.

Using C. elegans to model psychiatric disorders has some limitations, including a lack of
highly complex behaviors, brain structure, and some neurotransmitter systems (e.g.,
norepinephrine). However, C. elegans and humans share essential physiological pathways, such
as insulin signaling, Ras/Notch signaling, p53, and many miRNAs. Although it is difficult to
model complex behavioral traits (e.g., social interaction) in C. elegans, the simplicity of
behaviors provides a more precise map to navigate the relationship between gene and
physiological functions. The C. elegans are cost-effectiveness models for the initial screening for
the subtle genetic variants or identifying novel bioactive drug compounds (Schmeisser et al.,

2017).

6.3 A message to my past self

Knowing what I know now, I would take a slightly different approach to study the ASD-
associated missense variants. We kicked start the autism project by generating missense mutants,
making the pipeline going smoothly among several individuals. Looking back, I focused too
much on the number of mutants generated, and I did not spend enough time thinking about the
big picture. If I have planned the project in a result-oriented way, I would begin the project by
screening the existing mutants of ASD risk genes. Identifying the mutants of interest would
probably require some collaboration with bioinformaticians. Also, I would dedicate more time
figuring out a stable and more ASD-relevant phenotype and use only one assay for the whole
screening process. When I first switched from mouse models to the C. elegans model, the ability
to CRISPR a targeted mutant excited me. Little did I consider the opportunity cost when
generating a missense mutant without a clear hypothesis in mind. Although C. elegans allows

rapid generation of mutant strains, it still takes tons of time and effort for genotyping and
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managing the pipeline. Therefore, I would choose the missense variants in the following
principles: (1) generating missense variants on a few genes whose loss-of-function mutants show
phenotypes, (2) generating missense variants covering multiple domains of a gene, (3) focusing
on genes within the same genetic network, for they are more likely to have interactions.

One of the lessons I learned from my Ph.D. is the growth mindset. I used to value
accomplishment more than progress. I spent a lot of time trying to look smart, and I was afraid
to step out of my comfort zone. With a growth mindset, [ would encourage my past self to present
and publish more, even though the manuscript is not ready. I would organize committee meetings
more often and apply for more fellowships. I would be more willing to ask for help and go talk
to people about my research so I can figure out what I did not know. Another lesson I learned
about myself is that I enjoy working in a team environment. I like being able to talk about the
excitement and frustration with a group of people who actually care about the project. I like the
weekly subgroup meeting so we can keep each other on track. Working on the autism group
project has inspired me to pursue a career in the pharmaceutical industry.

Perhaps, I had an unrealistic expectation for myself when I first started graduate school.
During the process, I was disappointed by how trivial my discovery seemed to be. It was not until
I came across a preprint on bioRxiv and recognized one sentence describing my research. At that

moment, | realized I did contribute something to the scientific community.
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