Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an
advanced degree from Emory University, I hereby grant to Emory University and its agents the
non-exclusive license to archive, make accessible, and display my thesis or dissertation in whole
or in part in all forms of media, now or hereafter known, including display on the world wide
web. I understand that I may select some access restrictions as part of the online submission of
this thesis or dissertation. I retain all ownership rights to the copyright of the thesis or
dissertation. I also retain the right to use in future works (such as articles or books) all or part of
this thesis or dissertation.

Signature: Date: 25/Apr/2024



LARGE EXOME SEQUENCING STUDY ANALYZING X-LINKED VARIATION IN
AUTISM SPECTRUM DISORDER

By

Nicholas Weaver
Degree to be awarded: Master of Public Health

Department of Epidemiology

Dr. David Cutler, PhD
Committee Chair

Dr. Yan Sun, PhD, M.S.
Committee Member



LARGE EXOME SEQUENCING STUDY ANALYZING X-LINKED VARIATION IN
AUTISM SPECTRUM DISORDER

By

Nicholas Weaver

Bachelor of Science, Molecular and Cellular Biology
University of Illinois Urbana-Champaign
2022

Thesis Committee Chair: Dr. David Cutler, PhD
Thesis Committee Member: Dr. Yan Sun, PhD, M.S.

An abstract of
A thesis submitted to the Faculty of the
Rollins School of Public Health of Emory University in
partial fulfillment of the requirements for the degree of
Master of Public Health in Epidemiology
2024



Abstract

LARGE EXOME SEQUENCING STUDY ANALYZING X-LINKED VARIATION IN
AUTISM SPECTRUM DISORDER
By Nicholas Weaver

Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by a spectrum
of challenges, including difficulties with social communication, repetitive behaviors, limited
interests, and sensory sensitivities. Research shows a higher prevalence of ASD in males
compared to females, with estimates ranging from 2:1 to 5:1. One area of particular interest in
ASD research is the role of the X chromosome. We hope to identify variants strongly associated
with the ASD and explore whether these variants have a differential impact on ASD risk in males
and females.

Methods

A total of approximately 74,000 individuals were analyzed, including around 20,000 individuals
with ASD. Likelihood ratio tests corresponding to 3 different models of genetic effect: additive,
recessive, recessive lethal were analyzed and p-values were FDR corrected. QQ plots were ran to
find genetic variants meeting QC criteria and FDR thresholds. Penetrance of variants were
calculated via liability scores produced by Quantitative X-Linked Transmitted and De Novo
Analysis (QXL-TADA), and odds ratios (ORs) calculated via penetrances.

Results

In this analysis 11 genes were associated with one of our three models, and therefore associated
with ASD. Among these 11 genes include variants of additive effect (ARHGEF9, p < le-8),
recessive effect (DGAT2L6, p < 0.001) and lethal effect (DDX3X, p < 1e-8). The overall
penetrances of the variants associated with ASD are often higher in males than in females.
However, odds ratios (ORs) tell a different story with the rare homozygous females (A2A2)
often having a higher OR, and thus higher risk of ASD than the rare hemizygous males (A2(-)).

Conclusion

Additive effect variants accounted for six genes associated with ASD, recessive effect variants
accounted for four genes, and lethal effect variants accounted for one gene associated with ASD.
The majority of genes were associated with neural pathways, and remaining genes were involved
in transcriptional or metabolic regulation. Interestingly, males are not always at a higher risk for
ASD when carrying rare variants. This study sheds light on the prevalence differences of ASD
attributed to the X chromosome, variants associated with ASD, and attempts to reconcile some of
the diagnostic disparities we see between males and females.
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SUMMARY

This study analyzes X-linked variation in Autism Spectrum Disorder (ASD) with data from
nearly 74,000 case-control and family probands and identifies 11 genes that are significantly
associated with ASD. We characterize these genes by their inferred mode of inheritance:
additive, recessive, or recessive lethal via likelihood ratio tests, and subsequently calculate the
penetrances and odds ratios of genes associated with ASD. Of the 11 associated genes, six genes
appear to have neurological specific effects, three genes likely have broader effects on
transcriptional regulation and two genes were associated with other metabolic cellular processes.
This study gives in-depth analysis of the X chromosome and its rare genetic variants associated
with ASD and attempts to use this information to reconcile some of the diagnostic disparities that

exist between male and female diagnostic rates for ASD.

INTRODUCTION

The etiology, biology, and genetic architecture of Autism Spectrum Disorder (ASD) has been
debated significantly in the fields of molecular biology, environmental health, and genetic
epidemiology throughout the last few decades. ASD is characterized by a wide range of
impairments such as: deficits in social communication, repetitive behaviors, limited interests, and
a sensitivity to external stimuli like certain fabrics or light. ASD, a polygenetic disorder, effects
numerous different genes throughout the human genome, and debates circulate whether
environmental stimuli and genetic predisposition or solely genetic makeup is responsible for the
etiology of ASD (1-3). As of 2024, there is no known cure, and most medical treatments involve
treating the symptoms of ASD rather than investigating the genetic underpinnings of the disorder

as a whole. Numerous studies have attempted to categorize the genetic component of ASD



through identifying novel risk genes (1-2) associated with ASD in numerous genome-wide-
association-studies (GWAS), whole-exome-sequencing (WES) studies, and autosome data in
cohort and case-control studies. However, the genetic composition of the X chromosome is often
wholly left out of consideration when searching for genes that implicate ASD in these samples
(2). An article published by Maenner et al. (4) found that the male: female prevalence of ASD is
around 4.3-1, while other studies site that difference is somewhere between 2:1 and 5:1 (5,6).
This type of difference, corroborated by numerous studies, could be interpreted as non-random
association between males and a higher likelihood for ASD diagnosis. Numerous theories have
been proposed to explain the difference in the male: female ratio of ASD, those being the
Extreme Male Brain Theory (EMB), Female Protective Theory, and the Female Autism
Phenotype theory. EMB states that the neurotomical make-up of those with ASD more closely
resembles the male brain than the female brain, thus making males more predispositioned to
ASD, corroborated by the fact that those with ASD often have more interests and behavioral
patterns more closely aligned with maleness such as a more significant interest in things and
objects (7). Likewise, the Female Protective Theory (8-9) states that since females have two X
chromosomes, the genes contained for brain development are protected if there were to be a
deficit in one of the X chromosomes, although this theory would have to explain the effect of
dosage compensation for the majority of genes on the X chromosome (10). Lastly, the Female
Autism Phenotype theory (9) calls into question the diagnostic criteria and how ASD is
manifested differently in females than in males. This theory states that females with ASD
manifest their symptoms differently with regards to social skills and overall friendship quality
than males with ASD. Since the structure of ASD is laid out to diagnose males, it is thought that

the females with ASD get underdiagnosed due to them scoring similarly to non-autistic boys on



social and friendship criteria of an ASD diagnostic test (11). Other accounts interpret this
phenomenon more simply, essentially saying females, as a whole, are just more difficult to
diagnose and regard this theory as more of an observation rather than a gap in the literature (12).
However, diagnostic criteria can only explain away some of the clinical manifestations of 4.3-1,

male: female difference for ASD shown in numerous studies.

Genetics of the X chromosome

Genetically, the sex chromosomes of males are distinct from their female counterparts due to the
hemizygosity of the X chromosome. Therefore, the penetrance of many X linked disorders is
near 100% for males with an effected genetic variant but differs greatly in females due to the
variable expressivity and mosaic expression of the X chromosome throughout all the cells in the
body (13). There are approximately 800 protein coding genes on the X chromosome, many of
which code for important biological process such as development/growth, or neurological
function (14,15) shown by deficits presented in disorders such as Fragile X syndrome associated
with severe intellectual disability and a condition that is often associated with ASD diagnosis.
Since ASD is a polygenic disorder effecting numerous genes throughout the entire genome, and
effect males at 4-5 times the rate of females; it would make sense for studies to include the X

chromosome in hopes of explaining the reasoning behind an increased susceptibility to ASD.

Initial WES Study

Studies to date have been qualitative in nature (8), genome-wide but excluded the X
chromosome (1-2) or defined epigenetic regions of the genome including differentially
methylated regions (DMRs) (3). A study by Satterstrom et al (2)., published a study analyzing all

22 pairs of autosomes using large scale WES comprising of 35,584 total samples, identified 102



risk genes to be associated with ASD. Of the 102 genes analyzed, 49 of the are associated with
severe developmental delay via de novo mutations. De novo mutations can be classified as any
mutations not directly inherited from either parent. De novo mutations are sporadic, random, and
can cause severe deficits in the health of an individual; especially being common in many forms
of ASD. The remaining 53 risk genes have been shown to be common in those diagnosed with
ASD but are not always shown in those with developmental disorders. Many of genes discovered
by Satterstrom et al. were shown to be expressed in cell types consistent with neurological
function, specifically in the excitatory and inhibitory neural signals, and the communication
within those cell types. The method used to analyze this amount of data for assessing risk genes
was by dividing genetic variants into 7 classes based on their missense badness, PolyPhen-2,
constraint (MPC) score, and their probability loss-of-function intolerance (pLI) score. This
system allowed for the researchers to assess multiple levels of severity based on the deviation
from the wild-type (WT) version of the risk genes being analyzed based on the level of
functional deficit. The tier with the most functional deficit were mutations that induced protein-
truncating variants (PTVs), in which the protein is truncated, or shortened, and shows a limited
to null effect inside the cell. These deficits encompassed 3 tiers (>0.995, 0.5-0.995, 0-0.5) with
>0.995 being the most severe. The next 3 tiers represent missense mutations, which are
mutations that often make a full transcript, but with one or more amino acids changed, therefore
limiting function. Those tiers are represented by the missense badness, PolyPhen-2, constraint
(MPC) score (16) which considers position and how likely the variant is to cause decreased
protein function. This scale is typically scored on a scale of 0-< 2 with 3 tiers as well (<2, 1-2, 0).
The final tier is for synonymous (SYN) variants which are point mutations that do not change the

genetic code and therefore, do not change the protein structure or function. Through this system,



researchers are able to analyze, prioritize, and identify the genetic variants that most greatly
impede biological processes. Thereby, prioritizing variants for further research in the
development of therapies and pharmaceuticals that could one day lead to more beneficial health
outcomes.

The previous study points out the X chromosome was not included in the WES analysis, and
further research needs to be done on the X chromosome as it pertains to ASD and neuronal
developmental disorders (NDD). Some studies have suggested that there are far more genes
pertaining to complex regulatory and brain function on the X chromosome (17), with nearly 20%
of these genes being expressed in neuronal communication and cognitive functions (18). It is
worth noting that the Satterstrom et al., article showed the effect sizes for various genetic
variants between males and females, and these effect sizes were not significantly or statistically
different from each other. Pertaining to the disparity between sexes for ASD diagnosis, it is clear
whatever is leading to the increased diagnosis of males is not being caused by any rare variants
on the autosomes. In this study, we will be analyzing the PTVs of the X chromosome. We will
exclude some of the tiers used in the Satterstrom paper because we are mostly concerned with
variants that confer loss-of-function (PTV) and the associated liabilities for ASD.

Unlocking the potential risk genes located within the X chromosome might be crucial to
understanding the sex difference in ASD and unlock new therapeutic interventions or a field of

research dedicated to curtailing the severe deficits associated with ASD diagnosis.

Analyzing the X Chromosome

With significant sex disparities between males and females related to ASD, the importance of

analyzing the X chromosome may reveal genes that contribute to the increased diagnosis rate of



ASD in males. A few genes on the X chromosome have already been well studied and related to
genetic deficits in both males and females. Fragile X mental retardation 1 (FMR1) is a gene
contained within the X chromosome that is involved in neural synapse formation (19) and is
defective within those with Fragile X syndrome (FXS). This disorder is often graded, showing
deficiencies along a spectrum of mild impairment and full mental retardation, and often occurs
around 1.5x higher in males (20). Similarly, the mutation of the MECP2 gene is known to confer
Rett Syndrome in effected individuals. MECP2, much like FMR1, has also been shown to be
instrumental in proper CNS functioning among healthy individuals, and plays an immediate role
in spontaneous neurotransmission and short-term synaptic plasticity (21). Moreover, unlike
Fragile X Syndrome which occurs more readily in males, Rett Syndrome is seen almost
exclusively in females (22). This could be related to a host of different reasons; however, this
phenomenon is probably explained by some factors related to hemizygous lethality of the
specific MECP2 mutation causing males to die in-utero. Nevertheless, two of the most well
studied disorders related to the X chromosome are wholly associated with neurological deficits;
leading many to speculate what role the sex chromosomes play in genetic disorders related to

neurological function.

X-linked Variation in ASD

In terms of this study, we will analyze 74,000 case-control and family probands comprising of
16,000 males and 4,000 females with ASD, 8,000 males and 6,000 females without ASD, along
with and additional 40,000 parents without ASD. We are interested in analyzing the effects of
variants related to ASD specifically on the X chromosome. Ideally, we are hoping to gather

information on which specific genes are significantly associated with ASD, and if there are any



differing rates of ASD for males and females with regards to variants of those genes. Since the X
chromosome is vastly important in terms of brain function, and genes located within the X
chromosome are extensively expressed in the human brain (23), subsequent analysis should be
able to locate a host of genetic variants that confer some susceptibility to ASD, or at the very
least, narrow the field of ASD research to specific areas of the genome known to be effected in
those who meet the threshold for ASD diagnosis. It is worth noting that while this study will be
exclusively on the sex chromosomes, the Y chromosome will not be analyzed simply due to the
lack of genes and the fact that the Y chromosome is exclusively male-specific unlike the X

chromosome.

METHODS

Samples

Samples were analyzed across four datasets: 1) the ASC v17 dataset, containing ASC sequencing
batches 1-14, as well the Simons Simplex Collection (SSC), 2) a separate dataset containing ASC
sequencing batches 15 and 16, 3) the Simons Foundation Powering Autism Research for
Knowledge (SPARK) Pilot dataset, and 4) the SPARK 2019 release of approximately 27,000
samples ("SPARK 27k"). All four contained family-based trio data, and the ASC v17 VCF also
contained Swedish PAGES case-control samples. In addition, we incorporated counts from autism
cases and controls from the Danish iPSYCH cohort (2). Overall, these are the same datasets used
in Fu et al. 2022 (24), although this paper uses PAGES samples from the v17 VCF (rather than
lifting over data from the same samples published in Satterstrom et al 2020, (2) and does not
include the 458 probands and 101 siblings incorporated into Fu et al 2022 from published data

(due to lack of inherited variant information)



Samples by Dataset

Production of the datasets analyzed in this study using the genome analysis toolkit (GATK, for
which we cite "Genomics in the Cloud: Using Docker, GATK, and WDL in Terra") has been
described in Fu et al. (2022) (24). Briefly, ASC and SSC samples were processed by aligning
sequence read data to the hg38 reference genome. Variants were first called individually using
local realignment by HaplotypeCaller in gVCF mode and were then called jointly using
GenotypeGVCFs. Variant quality score recalibration (VQSR) was run on the joint dataset to
estimate variant call accuracy. SPARK Pilot bam files aligned to the hgl9 genome were
downloaded from SFARI, realigned to the hg38 reference genome, and processed using the same
pipeline as AC+SSC data. For the larger SPARK 27k release, individual gvcf files produced by

GATK were downloaded from SFARI, variants were called jointly, and VQSR was run on the

resulting dataset.

Family Case-Control
Male Female Male Female
Probands Siblings Probands Siblings|Case Control Case Control
ASC v17 6025 1158 1265 1190 |517 1845 210 1741
ASC B15-B16| 223 6 56 5
SPARK Pilot| 376 89
SPARK 27k | 5219 1554 1324 1478
iPSYCH 3730 3373 1133 1629
Totals 11843 2718 2734 2673 4247 5218 1343 3370
Sequencing




Dataset processing and QC

The same working datasets were used as described in Fu et al. 2022 (24). Briefly, Hail 0.2
(https://hail.is) was used to process the four datasets individually. Low-complexity regions (using
https://github.com/lh3/varcmp/blob/master/scripts/LCR-hs38.bed.gz) were dropped, and variants
were assigned specific genes and consequence values by annotation with the Variant Effect
Predictor (VEP) (25). Genotypes were required to have a minimum depth of 10, except for male
hemizygous regions, where a minimum of 7 was required. Genotypes were also filtered if the depth
exceeded 1000. Homozygous reference calls were required to have a genotype quality (GQ) at
least 25, and heterozygous and homozygous variant calls were required to have a phred-scaled
likelihood of the call being homozygous reference (PL[HomRef]) of at least 25. Additionally,
heterozygous calls in male hemizygous regions and any calls on the Y chromosome in females
were filtered.

Genotypes were further filtered if (1) the allele balance (# reads supporting the alternate
allele/depth) of a heterozygous call was below 0.25 (2) the probability of the allele balance <le-8,
assuming a binomial distribution with mean 0.5 or (3) the number of informative reads supporting
a heterozygous call (counting reads supporting either the reference or alternate allele) or
homozygous call (counting reads supporting the alternate allele) was less than 90% of the depth.

Finally, variants with a call rate < 10% or a Hardy-Weinberg p-value < le-12 were also dropped.

De novo variant calling and quality control

De novo variants were called using Hail’s “de-novo” function for genotypes with GQ>=25, using

variant frequencies from the non-neuro subset of gnomAD GRCh38 exomes v2.1.1 (gs://gnomad-
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public/release/2.1.1/liftover grch38/ht/exomes/gnomad.exomes.r2.1.1.sites.liftover grch38.ht) as

previously described (24).

Case-control variants and QXL-TADA

Briefly, we have extended the TADA modeling framework to account for the inherent differences
of the X in a version we are calling QXL-TADA, for quantitative, X-linked, TADA. It is
“quantitative” because we have moved to the “quantitative / liability” scale for effect estimation
(away from relative risk scales) to better account for male / female differences. It is “X-linked”
because it includes multiple disease models to account for complications the X introduces. At the
moment, QXL-TADA has no disease prior (it is effectively a pure-penalized likelihood approach),
because the years of evidence gathered from the autosomes to build the original TADA prior is
not obviously extensible to the X. QXL-TADA is a gene based test, and different variants of the
same “class” are assumed to have the same effect, and modeled as a single allele with frequency
the sum of the individual allelic variants.

QXL-TADA models the distribution of disease risk and prevalence in a population using the mixed
model of inheritance of Morton and MacLean (26). In this framework, each individual has some
underlying quantitative risk, or liability of developing ASD. If the many genetic and environmental
factors contributing to an individual's liability are independent and additive on some scale, then,
by the central limit theorem, liability is approximately normally distributed in the
population. Individuals with liabilities above some threshold are affected with the disease, and
individuals with liabilities below that threshold are not diagnosed as having ASD.

In a genetic association study, we are interested in whether or not variation at a particular locus

affects liability for a particular disease. For a biallelic gene, the population liability distribution
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can be dissected into three curves, representing liability distributions for individuals with each of
the three gene genotypes: A1A1, A1A2, A2A2, with Al representing the major allele, and A2
representing the effect/minor allele. Under the null hypothesis, variation at the gene is not
associated with disease risk, and thus, the fraction of individuals with liability greater than the
threshold (the genotype-specific penetrance) is the same for all three genotypes. In a more
interesting scenario, one allele is associated with increased risk of disease, and the penetrances of
the three genotypes differ.

We use the genotype distributions in parent-child trios, case-control data, or any combination
therefore, to detect differences in mean liability by gene genotype. Observed case-parent, for
instance, genotype counts in a data set are modeled as independent draws from a multinomial
distribution defined by several parameters to account for population structure / demographic
confounding. In addition to the Null model, we explore three alternative models. We numerically
calculate maximum likelihood estimates for the free parameters in the Null and disease models,
compare them and assign p-values via likelihood ratio tests. In addition to the additive model
(Model 1), we examine a completely recessive model (Model 2), and model of homozygous

lethality (Model 3).

R Programming

After initial QXL-TADA analysis, text files were analyzed via R programming for the
synonymous (SYN) site variants and the protein-truncating variants (PTV) associated with ASD.
For all 726 genes analyzed on the X chromosome, null p-values were given based on the
association of disease model of best fit and subsequent association with ASD. As in most genetic

association studies, null p-values underwent a False-Discovery rate (FDR) correction for
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multiple testing via Benjamini-Hochberg (BH) procedure. P-values of both SYN variants and
PTV variants were analyzed via QQ plots (qqman package) with FDR-corrected thresholds of
<0.01, <0.05, and <0.10 displayed. The BH correction effectively nullified all synonymous
variants and allowed us to focus on the 15 genes in the PTV dataset that meant threshold criteria,
and thus, should be further analyzed for association with ASD.

As stated above, 15 genes were defined for further analysis as we are interested in the
penetrances conferred by each of their rare variants that most readily confer ASD. As defined in
the QXL-TADA procedure, liability scores were generated with {0} conferring no disease risk,
{0>} conferring a protective effect against ASD, and {0<} conferring some risk for increased
prevalence of disease. We are interested in calculating to what degree these liability scores meet
threshold for ASD, and how variation between alleles of homozygotes, heterozygous, and
hemizygous males associate with manifestation of ASD. The modes in which we analyzed this
were in two steps. First, normal distributions curves were produced with ggplot2 tools on R
programming using the liability scores as means for each of the associated curves for males and
females. A total of 3 curves were produced for females (A1A1, A1A2, A2A2), and a total of 2
curves were produced for males (A1(-), A2(-)). Since the QXL-TADA analysis produces liability
scores by allelic variation, each liability score is plotted as a mean on each of the curves that
follow a normal distribution. As stated, those diagnosed with ASD should be above a certain
threshold. In this study, the subsequent threshold used in this study for ASD diagnosis used was
2.510 for females and 1.885 for males, corresponding to the population prevalence in males
(0.0297) and the population prevalence in females (0.0060); the following thresholds were
plotted on the graphs. Areas under the curve, past threshold, were then shaded to visualize the

distribution of the allelic variants that confers ASD in the 15 genes that passed the FDR-
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correction criteria. Effectively, the shading under the curves indicates the penetrance of ASD or
the likelihood that carrying that specific genotype results in ASD diagnosis. Secondly,
calculations were done via inverse pnorm function on R. This procedure calculates the

penetrance given the mean (liability score) and the threshold for ASD diagnosis.

(Threshold—mean)
SD

standardized threshold =

Penetrance= 1 — pnorm(standardized_threshold)

Excel formulas: Calculation of Odds Ratios (ORs)

Furthermore, after penetrance was calculated for each of the 15 genes; odds ratios (ORs) were
calculated on excel using the A1A1 penetrance as the reference group for females, and A1(-) for
the males. These calculations result in 2 ORs for females (A1A2, A2A2) and 1 OR for males

(A2(-)). Calculation below:

Female OR- A1A2: Female OR- A2A2: Male OR- A2(-):
P(A1A2) P(A2A2) P(A2)

_ <1 — P(AlAZ)) _ <1 — P(AZAZ)) _ <1 — P(A2) )
[ P(A141) P(A1A1) N P(A1)

<1 — P(AlAl)) <1 — P(AlAl)) <1 — P(Al))

P*= Penetrance

Odds ratios are calculated to quantify the risk of the allelic variants for ASD. All comparisons
were to homozygous or hemizygous reference alleles whose variants did not confer any
increased risk of ASD above chance. In other words, all variants analyzed whose genes
contained only reference alleles did not show any increase in ASD risk, that wouldn’t otherwise

be seen due to chance within the population. However, due to the additive, recessive, and lethal
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nature of the genetic variants for the rare alleles, we should observe different odds ratios for

heterozygotes and rare allele homozygotes/hemizygotes in the overall analysis.

All definitions of genes and subsequent functions are provided through the NIH National Library

of medicine NBCI gene search engine: https://www.ncbi.nlm.nih.gov/gene/

RESULTS

PTV QQ Plot

QQ Plot with FDR-corrected Threshold P-values

P-value < 0.01
® P-value <0.05
® P-value <0.10

Observed -logio(p)

0.0 0.5 1.0 1.5 2.0 25 3.0

Expected -logqo(p)

Observed/Expected of the null p-values for the likelihood ratio test were plotted via QQ plot for
the protein-truncating variants (PTVs) thought to be associated with ASD. FDR thresholds were
plotted vertically at <0.10, <0.05, and <0.01, respectively. Null p-values post-BH correction

yielded 15 genes that met FDR criteria. All 15 genes are shown to meet FDR thresholds as well
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as be above the diagonal line indicating that on the -logio(p-value) scale the observed genes have
a larger than expected p-value compared to the normal distribution under the null. In this case,
that indicates very small p-values associated with the null model. This allows us to reject the null
model distribution and analyze these genes further for model of best fit: additive, recessive,

lethal, as it pertains to ASD diagnosis.

SYN QQ Plot

SYN QQ plot

Observed -logio(p)

0.0 0.5 1.0 1.5 2.0 25 3.0

Expected —logo(p)

Observed/Expected of the null p-values for the likelihood ratio test were plotted via QQ plot for
the synonymous variants thought to be associated with ASD. It is shown that the observed
values, as it pertains to the null model fitting the genes of interest, are below what is expected in
a normal distribution. Unlike our PTV plot, no SYN variants were discovered below the null p-

value of <0.10 post-FDR correction, and overall p-values appear considerably deflated relative to
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the null model. There are no synonymous variants to have a likely effect on the incidence of
ASD.

Table 1- Additive Effect Genes associated with ASD

Genes with Additive Effects on the X Chromosome
Gene_ID Best_Model Null_p_value Model_1 Model_2 Model_3 FDR FemaleA1A1_pen FemaleA1A2_pen FemaleA2A2_pen MaleA1_pen MaleA2_pen Female_OR_A1A2 Female_OR_A2A2 Male_OR_A2 Gene Function

gene encodes a GTPase that aids in
2.3%e- regulation of many genes involved in
07 0.006 0.688 1.000 0.03 1.000 100+ 100+ 100+ brain development and function.
Defects in this gene result in epilepsy
and other types of cognitive disabilities

ARHGEF9 Model_1_HW 5.12e-10 1.00 0.00 0

gene encodes a transcriptional
repressor protein that plays an essential
role in mammalian development,

2376 specifically for embryonic development

07 0.006 0.688 1.000 0.03 1.000 100+ 100+ 100+ A defective MECP2 gene is best known

as the causes of the majority of cases
of Rett Syndrome, a progressive
neurologic development disorder in
females

MECP2  Model 1_HW 9.28e-10 1.00 0.00 0

gene encodes for a protein that is a

7.06e- 0.006 0.082 0.390 0.03 0,635 1463 100+ 56,9 Lumor-specific antigen responsible for
04 immune system function, specifically in

regulation of T lymphocytes

MAGECT Model_1_STRAT 3.89e-06 0.99 0.01 0

gene encodes a protein involved i the
post-synaptic density of excitatory
3.62e- 0.006 0.399 0.975 0.03 0.995 100+ 100+ 100+ SYnapses. This encoded protein plays a
03 crucial role in synaptic organization,
vith defects i this gene being involved
in cognitive disabilities

IQSEC2  Model _1_HW 2.49e-05 1.00 0.00 0

1.13e- 0.006 0.688 1.000 0.03 1.000 100+ 100+ 1004 9€N€ encodes a protein known to be a
02 transcriptional repressor

RIPPLY1  Model_1_STRAT 9.34e-05 1.00 0.00 0
gene encodes a protein involved in
9.23e- calcium-dependent cell adhesion that is
02 0.006 0.491 0.993 0.03 0.999 100+ 100+ 100+ primarily expressed in the brain.
Mutations on this gene have been
implicated in infantile epilepsy

PCDH19  Model_1_STRAT 1.82e-03 0.98 0.02

pen indicates overall gene penetrance

Of the 15 genes that met FDR criteria, six were found to have an additive overall effect on ASD,
corresponding to model 1 with near 100% posterior probability, suggesting that an additive
model of disease fit the data dramatically better than either the recessive or homozygous lethal
model. All FDR corrected p-values post-BH correction are shown above with all meeting
minimum threshold criteria of <0.1, as well as unadjusted p-values produced after the intital
QXL-TADA analysis. Penetrance for each of the of the additive genes is laid out by genotype
(A1A1, A1A2, A2A2) for females, and for males (A1-, A2-). Each of those penetrances were
subsequently converted to odds ratios (ORs) (see methods section) using the penetrance of A1A1
as the references group for females, and A1(-) as the reference group for males. Each gene ID is

also marked with its corresponding function in vivo.
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Table 2- Recessive Effect Genes Associated with ASD

Genes with Recessive Effects on the X Chromosome
Gene_ID Best_Model Null_p_value Model_1 Model_2 Model_3 FDR FemaleA1A1_pen FemaleA1A2_pen FemaleA2A2_pen MaleA1_pen MaleA2_pen Female_OR_A2A2 Male_OR_A2 Gene Function

gene encodes a protein that is a putative
233- acyltransferase, thought to be involved in
DGAT2L6 Model_2_STRAT 2.44e-04 0.10 0.90 0 02 0.006 0.006 0.017 0.03 0.068 2.89 2.39 the synthesis of di- and tri-glycerols that
are key in metabolism. Although its true
substrate is currently unknown

gene encodes a multidomain protein that is
involved in the Ras pathways, inhibits
303e- apoptosis of certain cancer cells, and is
02 0.006 0.006 1.000 0.03 1.000 100+ 100+ speculated to play a role in assembly of
post-synaptic proteins and signal
transduction of neural cells due to high
presence in the brain

CNKSR2  Model_2_HW 3.85e-04 0.21 0.79 0

gene encodes for a protein predicted to be

CT45MO Model_2_STRAT 4.18e-04 050 050 o 303e- 0.006 0.006 0.134 0.03 0315 25,52 15,01 involved in sTRNA processing and gene

02 expression regulation. Although the true
function of this gene is currently unknown
gene encodes for a voltage-dependent
chloride channel. While true function is

4.62e- unknown, voltage-gated channels are

CLCN4  Model_2_HW  8.28e-04 0.34 0.66 0 02 0.006 0.006 1.000 0.03 1.000 100+ 100+ involved in neural signaling and, when

mutated, it is speculated to play a role in
neuronal disorders

pen indicates overall gene penetrance

Of the 15 genes that meant FDR criteria, four of these genes were found to have an overall
recessive effect related to ASD. Unlike the additive models that were all near 100% posterior
probability, the recessive mode of inheritance was far less certain with posterior probabilities
ranging from 90% certainty to around 50% certainty. All FDR corrected p-values post-BH
correction are shown above with all meeting minimum threshold criteria of <0.1, as well as
initial uncorrected p-values produced after the initial QXL-TADA analysis. The penetrance of
each gene and corresponding ORs using A1A1 as reference for females, and A1(-) reference for
males is also shown above. Subsequently, A1A2 females are absent since equal effect is seen on
the heterozygotes compared to common allele (A1A1) homozygotes in a recessive model.

Corresponding functions of the in vivo effect of the recessive genes is also given.

Table 3- Lethal Effect Genes associated with ASD

Genes with Lethal Effects on the X Chromosome
Gene_ID Best_Model Null_p_value Model_1 Model_2 Model_3 FDR FemaleA1A1_pen FemaleA1A2_pen FemaleA2A2_pen MaleA1_pen MaleA2_pen Female_OR_A1A2 Male_OR_A2 Gene Function

gene encodes for a protein that is thought
to play significant roles in the nucleus,
231e- where it is involved in transcriptional
DDX3X Model_3_STRAT 9.55e-10 0.29 0 0.71 0.006 0.945 0.006 0.03 0.03 100+ 1 regulation, and in the cytoplasm where it is
involved in translation and cellular signaling.
Dysregulation of this gene is involved in
tumorigenesis

_pen indicates overall gene penetrance
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Of the 15 genes that met FDR criteria, only one gene was found to have a true lethal effect and
apparent heterozygous association with ASD in females. The posterior confidence of the lethal
model was around 71%. The only FDR corrected p-value post-BH correction is shown above
meeting minimum threshold criteria of <0.1, as well as the uncorrected p-value produced after
the initial QXL-TADA analysis. The penetrance of DDX3X and the corresponding ORs are also
referenced, again using A1A1 for females and A1(-) for males as a reference. Subsequently, the
A2A2 homozygous recessive containing two effect alleles is left out since the overall OR is 1.00,
indicating that A2A2 homozygotes are dead in this model. A2(-) genotype for males is left in for
reference since we would not see males with A2 allele for a lethal gene like DDX3X.

Corresponding function of the in vivo effect of the lethal gene is also given.

Table 4- Null Effect Genes associated with ASD (Indicates one of the three models fit better than
the null model, but there was no effect)

Genes with an overall Null Effect on the X Chromosome
Gene_ID Best_Model Null_p_value Model_1 Model_2 Model_3 FDR FemaleA1A1_pen FemaleA1A2_pen FemaleA2A2_pen MaleA1_pen MaleA2_pen Overall_OR_Female Overall_OR_Male Gene Function

gene encodes for a map kinase

that phosphorylates other kinases

0.006 0.006 0.006 0.03 0.03 1 involved in signal transduction.

MAP3K15  Model_1_STRAT 2.57e-04 0.50 0.50 0.00 .

cellular death triggered by cellular
stress

gene encodes for a protein
involved in sodium and chloride
0.006 0.006 0.006 0.03 0.03 1 dependent neurotransmitter
02 transporters. Interestingly, it is
most expressed in the long and
salivary gland

SLC6A14  Model_3_STRAT 5.36e-04 0.01 0.01 0.99

gene encodes for a predicted
transmembrane protein, best
known for localizing to a CpG

0.006 0.006 0.006 0.03 0.03 1 island of a fragile site on the X

TMEM185A Model_3_STRAT 5.66e-04 0.01 0.01 0.99

an expansion of the repeats
associated with this gene are
associated with a phenotypic trait

gene encodes for a dual-faceted
protein composed of two heavy
chains, and one light chain. The
light chain works as a protease-
inhibitor, and the heavy chains
mediate protein-protein
interactions in the extracellular
matrix

ITIHE Model_2_STRAT 1.91e-03 0.50 0.50 0.00 0.006 0.006 0.006 0.03 0.03 1

Of the 15 genes that met FDR criteria, four of these genes, although associated closely with one

of our 3 models, had no effect on the incidence of ASD. Each of the 4 genes corresponded to

02 MAP3K15 plays an essential role in

02 chromosome, neither silencing nor
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different models with one gene each corresponding to models 1 and 2, and two genes
corresponding to model 3. Both genes corresponding to model 3 had an extremely good fit with
near 100% confidence, whereas the other two genes were a 50% split between model 1 and 2.
All FDR corrected p-values post-BH correction are shown above with all meeting threshold
criteria of <0.1, as well as initial null p-values produced after the initial QXL-TADA analysis.
Each of these genes penetrances are laid out above; unlike other tables with varying odds ratios,
this table lays out overall ORs for both male and female, as the null effects of each of the alleles
resulted in ORs = 1.00 for each genotype. Corresponding functions for the genes that passed QC

criteria but were ultimately null are also given.

Graphical Analysis and Penetrance Visualization- Additive Effect- Graph 1
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Graphical representation of the penetrance of additive genes can be visualized on normal
distribution plots as described in the methods section. For additive effect variants for females,
three curves are visualized indicating increasing penetrance from the common homozygote
(A1A1) labeled in blue, heterozygote (A1A2) labeled in green, and rare homozygote (A2A2)

labeled in red. In this example ARHGEF9 shows the effect of full penetrance (1.00) for the rare
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homozygote, indicated by the shaded area under the curve, and corroborated by the penetrance
calculation in Table 1. Also visualized is the penetrance for the heterozygote (0.688), and the
baseline penetrance of the common homozygote, that indicates a penetrance equal to the standard
population prevalence (0.006). For the additive effect for males, there is an even starker contrast
showing a fully penetrant rare hemizygote (A2(-), 1.000) labeled in red, and a baseline
penetrance equal to the standard population prevalence for the common male hemizygote (A1(-),
0.030) labeled in blue. Thresholds are also shown as vertical asymptotes in light purple,
indicating that individuals with liabilities above that threshold are those affected with ASD.
Subsequently, liabilities calculated from initial QXL-TADA analysis are plotted as means,

indicated by the orange asymptotes.

Graphical Analysis and Penetrance Visualization- Additive Effect- Graph 2
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Above is another example of an additive effect gene, and corresponding penetrance for ASD.
This example visualizes the effect of MAGECI, a gene that is not fully penetrant in its rare
homozygous form. For females, baseline penetrance for A1A1 remains the same (0.006),
heterozygote penetrance for MAGECT is 0.082 (8.20%), and rare homozygote is 0.320 (32.0%).

For males, baseline penetrance for the common hemizygote remains the same at 0.030 (3%), and
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rare hemizygote results in a penetrance of 0.635 (63.5%). Liabilities are shown on horizontal

asymptote labeled in orange. Coloring and thresholds remain the same as previous graphs.

Graphical Analysis and Penetrance Visualization- Recessive Effect- Graph 1
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Similarly to the additive effect genes, recessive effect genes are also visualized via normal
distribution plots, and penetrance is indicated by area under the curve, shaded in yellow. As our
recessive modeled genes show in Table 2, penetrance of recessive genes show an effect only for
the rare homozygote female (A2A2) and the rare hemizygote male (A2(-)) visualized by the
graph for the CNKSR2 gene. In this case, both the common homozygote (A1A1) and the
heterozygote (A1A2) genotypes of the CNKSR2, are shown in green as having a baseline
liability of 0.006, where the rare homozygote (shown in red) confers near 100% penetrance. We
see a similar phenomenon as related to the males hemizygotes, where the common hemizygote
(A1(-)), modeled in blue, shows a baseline liability of 0.030, and the rare hemizygote (A2(-)),
modeled in red, shows near 100% penetrance. Liabilities are shown on horizontal asymptote

labeled in orange. Coloring and thresholds remain the same as previous graphs.
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Graphical Analysis and Penetrance Visualization- Recessive Effect- Graph 2
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Above is another example of a gene following the recessive model, with shading corresponding
to the penetrance of the gene CT45A10. Unlike the model for CNKSR2, this gene is not fully
penetrant in its recessive form, conferring a rare homozygous penetrance of about 0.134 (13.4%)
for females and 0.315 (31.5%) for males. Similarly, the female common homozygote (A1A1)
and the heterozygote (A1A2), confer the same amount of penetrance as CNKSR2, which is the
baseline liability, furthering evidence of the recessive effect of CT45A10. Liabilities are shown
on horizontal asymptote labeled in orange. Coloring and thresholds remain the same as previous

graphs.
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Graphical Analysis and Penetrance Visualization- Lethal Effect
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Lethal effect genes have a unique distribution and penetrance pattern, that do not follow a pattern
seen by either the additive effect genes or the recessive effect genes. As our pattern of penetrance
is shown in Table 3 and visualized above, the penetrance for the loan, lethal effect gene DDX3X
shows only an effect for the female heterozygote (A1A2), and no effect for the common
homozygote (A1A1), rare homozygote (A2A2), or either hemizygote (A1(-), A2(-)),
subsequently modeled in red. Uniquely, the penetrance of the DDX3X heterozygote is the
highest of any of the heterozygote effect genes modeled in the any of the graphs at 94.5%
penetrance for ASD, modeled in green above. Liabilities are shown on horizontal asymptote

labeled in orange. Coloring and thresholds remain the same as previous graphs.
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Graphical Analysis and Penetrance Visualization- Null Effect
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Null effect genes, shown in table 4, are genes that meant initial QC criteria (null p-value < 0.05,
FDR <0.10) and were associated closely with model 1, model 2, or model 3, but upon penetrance
calculation, the genes appeared to confer no liability to ASD. The graphs above, visualize this
null effect, and no further consideration of the genes functions, nor liability for ASD, will be

considered for further analysis.

DISCUSSION

Genetic Breakdown by Effect

This study analyzed more than 74,000 individuals from familial and case control data, including
around 20,000 individuals with ASD. Upon analyzing all 726 genes with data from the X
chromosome, and establishing strict QC criteria, we were able to implicate 11 genes that confer
an overall risk for ASD at various thresholds of FDR of 0.10, 0.05, and 0.01, after BH correction.
This identified genes that appear to have functions related to neural networks and transcriptional

repression associated with cognitive and developmental delay often associated with ASD. Of the
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11 genes that meant criteria for secondary analysis, it was found that 6 of these genes have
functions that are associated with neurological function (ARHGEF9, MECP2, IQSEC2,
PCDH19, CNKSR2, CLCN4), and 4 of the genes were involved in transcriptional repression
(MECP2, RIPPLY1, CT45A10, DDX3X). It is worth noting that 9 genes in total were associated
with either transcription repression or some cognitive process; however, 2 more genes were
associated with other cellular processes. The gene DGAT2L6 is a metabolic process gene
involved in the transfer of acyl groups in the synthesis of di- and tri-glycerol, known to be key in
metabolism, although the true substrate (protein made from the gene) is currently unidentified.
Another gene named MAGECI is involved in T lymphocyte regulation, encoding for a tumor
specific antigen that often aids in preventing cells from becoming cancerous.

In the overall analysis, the genes that best fit “Model 1” most closely represent an additive
model of penetrance/liability, meaning the effect of a heterozygote female (A1A2) should be
directly in-between a common homozygote female (A1A1), and a rare homozygote female
(A2A2). Effectively, this pattern was shown for 6 genes by likelihood ratio tests that best
associated with Model 1 (p-value <0.002, FDR<0.1). Some of these genes have been implicated
in single/candidate gene studies to be greatly associated with neurological development. For
example, ARHGEFY is a gene whose defectiveness is best associated with regulation of the
neurotransmitter GABA and neuron excitability (27). Best implicated in childhood epilepsy, this
gene obviously is known to have some sort of neurological effect. In this analysis, ARHGEF9
was the most significant of our additive findings. Establishing a new connection between a rare
variant of ARHGEF9Y and an additive form of liability for ASD (p=5.12¢-10, FDR < 0.01).
Another gene worth mentioning is MECP2, which was shown in Table 1 as both simultaneously

contributing to transcriptional repression, as well as the key gene that is mutated in Rett
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Syndrome. In our study, MECP2 is implicated very strongly in an additive form of liability to
ASD (p<9.28e-10, FDR <0.01), and is shown in our penetrance calculations (much like
ARHGEF9) as being fully penetrant for ASD when carrying the rare allelic variant. This finding
of its strong association with ASD is consistent with previous studies (28, 29) and is arguably
one of the most well-known X-linked neurodevelopmental gene. Additionally, IQSEC2 (p =
2.49e-5, FDR < 0.01) and PCDH19 (p = 1.82¢-3, FDR < 0.1) were also found to be significantly
associated with ASD, per the additive model. It is known that IQSEC?2 is a neurological gene in
involved in excitatory synapse formation, as well as synapse organization. IQSEC2 has already
been implicated in mild forms of intellectual disorders for those carrying a rare variant of the
gene, and some small molecule therapies are said to be in the works to treat the defunct form of
this gene as of 2023 (30). PCDH19 is the final gene to be associated with both the additive
model for ASD, and neurological function within the X chromosome. This gene is thought to be
involved in the process of calcium-dependent cellular adhesion that is primarily expressed in the
brain and has also been associated with the inhibitory neurotransmitter GABA. Neurologically,
monogenetic epilepsy is a disorder closely associated with the rare allelic variant in PCDH19,
and seizures related to the rare variant of PCDH19 are often triggered by photosensitivity (31).
This finding is peculiar in two ways. Firstly, this study’s finding of a PCDH19 rare variant being
associated with ASD sheds light on the fact that this gene may contribute to more neurological
disorders than just epilepsy. Secondly, the fact that it has been shown that most seizures in those
who have PCDH19 defects are often triggered by light sensitivity may shed light on a reason
why a lot of those who display ASD are often sensitive to bright lights, which is one of the most

common hallmarks of diagnosing ASD in the DSM-V (32).
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Genes that followed a recessive pattern of liability via likelihood ratio test, represented by
“Model 27, were also implicated in the manifestation of ASD. Recessive pattern of ASD
liability/penetrance is demonstrated by the A1A1 common female homozygote carrying the same
liability as the A1A2 heterozygote, with the A2A2 rare homozygote carrying an increased
liability for ASD. Four genes were implicated to follow a “Model 2” recessive pattern of
liability for ASD corresponding to genes: DGAT2L6, CNKSR2, CT45A10, and CLCN4.
Consistent with prior analysis, two of these genes that follow the recessive model are known to
have significant effects on neural cells and pathways. CNKSR2 is a gene found to be involved in
Ras pathway signal transduction and has been implicated to be involved in assembly and
development of dendritic spines on primary neurons (33). As of 2022, CNKSR?2 has recently
been described as a “causative gene” for X-linked syndromic mental retardation as well as X-
linked intellectual disabilities resulting in cognitive delay, attention deficit, and early-onset
seizures. Notably, our analysis pins down that CNKSR2 is wholly associated with ASD (p =
3.85e-4, FDR<0.01), which is mentioned in recent literature, but is often grouped in broadly with
other neurological disorder criteria (34). Another recessive model associated neurological gene
implicated in conferring liability to ASD is CLCN4. CLCN4 is a gene that is involved in
voltage-dependent chlorine channels in neural cells, although the exact function of how CLCN4
is involved remains partially unknown. Candidate gene studies of CLCN4 have implicated rare
variants of this gene to be associated with neurodevelopmental delays, mental disorders, and
intellectual disability (35). Although known to be associated with cognitive delays, mutations
and variants are known to be rare, and little research has been done on the underpinnings of this
particular gene. This study gives a well associated link between the cognitive delays that are

associated with the rare variant of CLCN4 and ASD (p = 8.28e-4, FDR < 0.05), as well as direct
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evidence of the likely recessive pattern of expression (likelihood = 66%). Two other genes were
also shown to be associated with ASD following a recessive model of expression, although not
known to be involved in neural pathways; these genes are DGAT2L6 and CT45A10. DGAT2L6
was the most significantly associated with ASD among the recessive models (p = 2.44e-4, FDR
< 0.05), and is known to be a putative acyltransferase involved in the synthesis of di- and tri-
glycerol in metabolism. Subsequent research on the ASD front is non-existent, but the rare
variants of DGAT2L6 are known to be involved in metabolism for cancer cells and drive cellular
immortalization (36). Nevertheless, our analysis shows that some form of metabolic
dysregulation is synonymous with ASD, but since the true substrate of DGAT2L6 is unknown,
and no prior research has shown effect on neurological disorders, further research will need to be
done to fully implicate this gene as causative for ASD. As this analysis shows, there is only a
moderate increase in likelihood for ASD even in rare homozygous females (OR = 2.89),
compared to other genes analyzed in this study that are most surely causative. Finally, the last
gene implicated in the recessive model that confers increased likelihood for ASD is CT45A10.
CT45A10 is a gene involved in snRNA processing and transcriptional regulation and is
expressed in the brain. More in depth functions are currently unknown at this time, but I
hypothesize, much like other genes in this study that are associated with ASD, it is a functional
gene involved in building and modulating neural networks. It is worth noting with regards to the
recessive effect model of CT45A10 that it was only a 50% likelihood upon initial analysis that
CT45A10 followed a recessive liability pattern, subsequent analysis shown in Table 2 confirms
that upon penetrance calculations, we do see CT45A10 follow a recessive penetrance pattern,

and subsequently most associated with ASD via model 2 (p = 4.18e-4, FDR < 0.05).
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Finally, there was only one gene that followed a lethal pattern of liability for ASD via likelihood
ratio test represented by “Model 3” in our analysis. Lethal pattern of penetrance/liability is the
most complicated due to the lethality of the rare homozygote females (A2A2) and the rare
hemizygote males (A2(-)). In this case, the only genotypic variant that confers any
liability/penetrance to ASD would be the female heterozygote, which is the case for the only
gene that follows this model: DDX3X. DDX3X is a gene that is directly involved in
transcriptional regulation, translation, and cellular signaling. Subsequent dysregulation of this
gene is often involved in creation of tumors. DDX3X is the loan gene in our analysis that
followed a lethal pattern of liability for ASD (p = 9.55e-10, FDR < 0.01) and is not present in
males. While not being stated as a direct functional neurological gene, DDX3X is closely
associated with neurological delays and extreme cognitive deficits. A study published in 2020
analyzing DDX3X found that rare variants of the DDX3X gene were associated with severe
neurodevelopmental delays, such as most females going non-verbal by the age of 5-years-old.
Interestingly, the study also states the rarity of DDX3X variants in males, perhaps alluding to
further evidence of the lethal pattern of inheritance represented by the rare variants of this gene
(37). However, it is stated that deficits represented by other variants of this gene with regards to
neurodevelopmental delays for males are not impossible. This could simply be because
representation of other variants conferring neurological disorders other than ASD are possible in
males, but in the context of this paper, no such evidence was found (see Table 3). Lethal effects
of the penetrance pattern of DDX3X are best represented in the fact that the OR’s for both the
rare homozygote females, and the rare hemizygote males are both 1; yet this is simply a
statistical measure, as the true nature of individuals with this genotype do not exist in this study

due to the lethal effects of the rare variant.
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ASD Prevalence Differences by Sex

Prevalence differences of ASD between sexes were widely discussed at the beginning of this
paper and have been further indicated through the differences in penetrances and odds ratios
between sexes. Interestingly, throughout the analysis, and upon penetrance calculations, there is
a strong indication that many rare genetic variants analyzed implicate a causative effect for ASD.
In other words, genes such as ARHGEF9 and MECP2, and associated rare variants, show a near
100% penetrance for ASD, in both the rare homozygous female and rare hemizygous male. In
this case, rare variants in these genotypes appear to confer ASD at the same rate, however the
heterozygous females, on the additive scale, always have a lower penetrance than males. In terms
of additive effect genes, one can assume that this decreased penetrance, perhaps given by the
protective effect of the common allelic variant in the heterozygote females, contribute to some
form of disparity between the rates males and females are affected with ASD. This could be
explained by the fact that males do not have the genotypic ability to hold 2 alleles on their X
chromosome and are subsequently at a higher risk. Thus, percentage-wise based on genotypic
make up alone, the chance of holding a rare allele that confers full penetrance to ASD is higher.
However, on the contrary, penetrance of the alleles only explains part of the disparity seen in
odds of liability for ASD. Interestingly, males are not always at a higher risk for ASD when
carrying rare variants. Surprisingly, in some cases, such as the rare variant for the gene
MAGECI, females who carry a rare homozygous genotype are at higher risk of ASD (OR =
100+) than their male counterparts (OR = 56.92), even though male penetrance for the rare
genetic variant appears higher. Similar to the example in which a common variant can be
protective, to some extent, against the penetrance of a rare variants that confer ASD; it appears it

can also be the case that two rare variants, for rare female homozygotes, can lead to an even
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greater increased liability for ASD diagnosis. The recessive genes DGAT2L6 and CT45A10 also
show examples of this disparity between the rare female homozygotes and rare male
hemizygotes, further explaining this phenomenon. The debate between how these genotypes and
associated penetrances of rare variants of X chromosome genes contribute to disparity between
males and female with regards to prevalence of ASD in no way could explain all of the
difference in diagnostic rate. However, this finding is worth noting since prior research on the
autosomes did not find a substantial prevalence difference in rare variants of the autosomes (2)

that are associated with ASD.

PUBLIC HEALTH IMPLICATIONS AND FUTURE DIRECTIONS

Future contributions to the field of human genetics, genetic epidemiology and biostatistics will
no doubt take genetic analysis of human disease to new heights and expand upon the
contribution laid out in this study. The future of genetic medicine and gene therapy to treat
genetic deficits and disorders such as ASD is something that is on the horizon and will
eventually aid in the cure of many incurable disease being studied today. Genetic association
studies analyzing genetic defects are crucial in aiding the progression of genetic medicine that
will bring numerous cures to society that were once thought to be impossible. The numerous
resources geared towards supportive care for many genetic diseases and long term care facilities
will ultimately be able to be re-allocated to getting individuals back on their feet and cured of
aliments that have plagued many lives for far too long. Genetic epidemiology is a rapidly
growing field, and we are just now starting to see the benefits of genetic studies pay off and

make real world progress in contributing to decreased burden of disease, much in the way
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vaccinations revolutionized the way our society thinks of infectious disease. The rise in whole

genome sequencing (WGS) studies will be able to give unprecedented access to the human

genome that will no doubt rapidly increase knowledge about the level of complexity related to

genetics, epigenetics, environmental exposures, and the contribution of variants in the human

genome to disease. However, without studies like the one presented today, the field would

remain stagnant and without a starting point for far more complex studies that will ultimately

result in the decreased burden of genetic disease for years to come.
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