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ABSTRACT

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition influenced by
genetic and environmental factors. This study explores the role of dietary factors as an
environmental influence in ASD pathogenesis and phenotype. Maternal high-fat diet-induced
obesity prior to conception, but not during gestation, is associated with ASD-like behavioral
symptoms and transcriptomic alterations in offspring. Additionally, adherence to a modified
ketogenic diet in children with ASD leads to improvements in behavior and increases in gut
microbiome diversity. Mechanistic investigations suggest a potential link between dietary
interventions, gut microbiota, and epigenetic modifications, highlighting the dynamic interplay
between diet and ASD phenotype. These findings contribute to our understanding of environmental
influences on ASD and offer insights for future therapeutic strategies targeting dietary

interventions.
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Chapter 1: Introduction

1.1 Autism spectrum disorder

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by deficits in
social interaction, communication, and repetitive, restrictive behaviors. Current prevalence rates
of ASD among children are estimated to be over 1 in 100 globally and 1 in 36 in the United States.'
In recent years, diagnoses of ASD, previously considered an uncommon disorder, have increased
dramatically. However, this may not indicate an increase in cases, but an increase in diagnoses as
public awareness improves, data are added from additional global regions, and diagnostic criteria

and instruments are refined.?

Despite this increasing prevalence, our understanding of the underlying causes and physical
etiology of ASD is poor. Although family studies indicate that ASD is highly heritable, less than
10% of ASD cases have been connected to DNA mutations, resulting in most ASD cases being
classified as idiopathic.? Thus, treatment options for idiopathic autistic patients are sparse and their

efficacy is debated.*

1.2 Developmental Origin of Health and Disease Hypothesis

The Developmental Origin of Health and Disease (DOHaD) hypothesis proposes that
environmental exposures at key early development stages, when the developing embryo is
particularly sensitive to environmental conditions, can result in disease later in life.>® Foundational
evidence for this hypothesis involves studies on the effect of nutritional deprivation pre-conception
or during gestation,” while more recent evidence suggests that overnutrition and obesity have a
similar effect on post-natal health outcomes.®’ Current theories regarding the development of ASD
suggest that such environments may underlie many idiopathic cases of ASD, in conjunction with
a pre-existing genetic tendency.'” However, it is unclear whether environmental exposure or
genetic inclination contributes most significantly to the development of ASD as outcomes are

inconsistent.

1.3 MicroRNA as epigenetic mechanisms in ASD

This genetic inclination present in some families may not exist at the level of the genetic code, but
at an epigenetic level, which suggests a greater and more adaptable variability in mechanisms

underlying the disorder. Amendable by environmental factors, epigenetic mechanisms such as
13



DNA methylation, histone modifications, and noncoding RNAs (ncRNA) play an important role
in regulating temporal patterns of gene expression in many tissues, particularly during early
development, and may account for the stable propagation of gene activity from one generation of
cells to the next.!! One such mechanism, microRNAs (miRNAs), are small ncRNAs that play a
large role in post-translational messenger RNA (mRNA) regulation and gene transcription. In the
context of translational management, miRNAs can control the expression of multiple genes and
proteins in a highly versatile manner by using incomplete complementary sequences to target
mRNA. The binding of the 5’ end of the miRNA is generally crucial for target recognition, while
there is more flexibility allowed at the 3" end. Their expression is tissue-specific, as certain cell
types largely express only a small sub-group of specific miRNAs.!? This may indicate a role in cell
fate determination and maintenance. Dynamic expression of miRNAs has been found during
neurogenesis and neurodevelopment, and miRNAs have increasingly been highlighted in the
development of ASD.!* Additionally, miRNAs can interact with inflammatory factors, which are
often influenced by gut microbiota, resulting in altered downstream gene expression in the brain
and the periphery.'* Thus, the pervasiveness and versatility of miRNA activity suggests that they

may underlie many otherwise unexplained biological abnormalities consistently observed in ASD.

1.4 Commonly observed biological abnormalities in ASD

While difficult to describe quantitatively, practice and observation have identified some biological
abnormalities that may sometimes be associated with ASD, in addition to the required diagnostic
symptoms. Commonly observed abnormalities include aberrant immune function' and increased

16.17 a5 well as gastrointestinal (GI) tract disorders.'®

inflammation relative to neurotypical controls,
Proinflammatory cytokines are consistently elevated in ASD,! which correlates with increased
severity of ASD symptoms; however, no single cytokine is significant by itself and there is
substantial heterogeneity among affected individuals.?® Different patterns of T cell activation upon
stimulation have also been observed in ASD children,?! indicating an association between immune

dysregulation and ASD symptoms.

Gut microbiome composition can have a noticeable effect on overall health, and disruption of the
microbiome can be directly related to a variety of health problems.?? GI tract disorders are often
observed in patients with ASD, '8 altogether indicating dysruptions to the gut and gut microbiome.

Indeed, patients with ASD have been found to have significantly different gut microbial
14



compositions from their neurotypical counterparts, though the exact composition varies.'® While
dietary limitations due to the disorder may be a contributing factor to this, the exact cause of these
composition changes is unclear, as well as the manner in which it influences ASD. Multiple studies
have linked abnormal gut flora to the varying severity of ASD symptoms, suggesting the
involvement of the gut-brain axis in the development of ASD.? Additionally, the gut microbiome
and its associated metabolites can have effects directly on immune factors as well as indirect
regulation of gene expression.?* Treatments impacting the gut microbiome such as the ketogenic
diet (KD), which increases anti-inflammatory ketone bodies in the blood, have shown promise in
improving outcomes for some ASD children.?®?% Ketone bodies, like -hydroxybutyrate, can cross
the blood-brain barrier and may have neuroprotective effects, enhancing sociability in ASD.25:%7
Notably, the gut-produced short chain fatty acid (SCFA), butyrate, shares similarities with -

hydroxybutyrate and has been considered as a potential supplement for ASD.?83!

1.5 Hypothesis

We hypothesize that dietary risk factors of ASD cause long-term neurodevelopmental changes in
part through modulating patterns of inflammation, methylation, and miRNA expression at all

stages of development.
1.6 Specific Aims

1.6.1 Aim 1

To determine the degree to which a mouse model of maternal obesity recapitulates behavioral
and epigenetic patterns associated with human ASD.

We hypothesize that maternal obesity prior to conception independently predisposes offspring to
long-term alterations of epigenetic modifications in neurodevelopmental genes, leading to

deleterious transcriptomic changes that underlie behavioral features of ASD.

1.6.1.1 Aim 1.1: To identify offspring of the mouse model of maternal obesity with severe ASD-
like symptoms and unaffected animals as controls for comparing brain-specific molecular
differences.

Although ASD is increasingly recognized in humans, the heterogeneity, and the dependence on

behavior for diagnosis, makes it difficult to translate to an animal model. Thus, it is necessary to

15



consider how ASD might present in lab animals, which have different behavioral patterns than
humans, and how ASD could be induced in those animals in such a way that it would be distinct
from other similarly presenting neuropsychiatric disorders. Previous studies have described a
battery of behavioral tests that may highlight mouse behaviors that recapitulate those observed in

human ASD.3233

1.6.1.2 Aim 1.2: To determine epigenetic differences between case and control offspring and

degree to which these differences recapitulate defects observed in human ASD.

Maternal obesity has been shown to affect epigenetic mechanisms in a heritable manner before
and during gestation, increasing the risk of developing neurodevelopmental disorders such as
ASD.3* How this occurs remains unclear, though we hypothesize that the obesogenic environment
causes epigenetic changes to particular neurodevelopmental genes and their regulators. While
behavioral changes that may mirror ASD have been observed in mice, there may be alternative
explanations for these outcomes. Epigenetic analysis via RNAseq and Whole Genome Bisulfite

Sequencing (WGBS) may further support the behavioral data as evidence of ASD in mice.

1.6.2 Aim 2

To investigate changes to the gut microbial composition and metabolites in children with ASD
adhering to a ketogenic diet (KD).

1.6.2.1 Aim 2.1: To examine change in butyrate levels and gut microbial composition after KD.

The gut microbiome appears to alter ASD symptomatology in a significant manner in ASD. Studies
indicate that these alterations commonly include microbiota involved in the production of SCFAs.
Butyrate is a SCFA produced by microbial fiber metabolism that is known for its effects as a
histone deacetylase (HDAC) inhibitor, an alternative energy source, and an activator of G-protein
coupled receptors (GPCR).?* High fiber diets, including KD, result in higher concentrations of
butyrate in the gut and blood. KD is a known successful treatment for social behaviors in some
autistic children, though the manner in which butyrate concentration and gut microbial

composition contribute to this outcome is unclear.

16



1.6.2.2 Aim 2.2: To examine differences in the levels of inflammatory and miRNA biomarkers
implicated in the KD and ASD.

Neuroinflammation has increasingly been connected to ASD, partially due to unusual activation
of microglia in the autistic brain.*> Systemic inflammation, as well, can have a dramatic effect on
ASD and other psychiatric disorders such as depression.*® Studies in animal models have shown
that aberrant microglia activity during development can contribute to ASD-like symptoms later in
life,3” while systemic pro-inflammatory factors are often found to be elevated in ASD.*¢ However,
unlike in animal models, there is little evidence that neuroinflammation plays a direct role in
human ASD. This is primarily due to an inability to monitor neuroinflammation in in vivo humans
to the degree that it is possible with animal models. Therefore, markers of neuroinflammation that

can be identified non-invasively are of great importance.

Aberrant epigenetic patterns have been observed in ASD. There is evidence that this is partly due
to aberrations in the epigenetic regulatory process.>® One of the most prevalent regulators of gene
expression, and one that can be found in the periphery, is miRNA. Evidence may suggest that
miRNAs can be themselves regulated by the gut microbiome and its metabolites. In addition to
being highly conserved, miRNAs are very stable and ubiquitous throughout the body, making them
promising biomarkers for many disorders, including ASD. It is possible that miRNAs, which are
small enough to cross the BBB, may provide some insights into the environment of the brain from

peripheral samples such as blood.
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Chapter 2: Pre-Conception Maternal Obesity Impacts Offspring Development of Autism
Spectrum  Disorder-like = Behaviors Through Epigenomic Dysregulation of

Neurodevelopmental Genes

2.1 ABSTRACT

Autism spectrum disorder (ASD) is a pervasive behavioral disorder with suspected etiology in
early brain development, coinciding with genome-wide epigenomic and transcriptomic
programming and involving gene-environment interactions. Epidemiologic studies have linked
maternal obesity with the development of ASD in children, however the mechanism(s) underlying
this association is unknown. Utilizing mouse as a model and in vitro fertilization we show that
maternal obesity prior to conception contributes to ASD-like behaviors in male offspring and
changes to epigenetic regulation of neurodevelopmental genes. ASD-like behaviors included a
longer duration of hygiene maintenance (self-grooming), delayed communication maturation, and
social deficit but not anxiety. The examination of progeny brain DNA methylome at 8 weeks of
age revealed hypomethylation in the promoter of the catalytic component of RNA polymerase I11
(Polr3a). Transcriptome analysis exposed an opposing differential pattern of gene expression
between the ASD and the Control groups. Furthermore, Fxr/ isoforms lacking exon 15 were
identified as potential factors in inducing variations in the formation of RNA-dependent
biomolecular condensates, potentially interfering with the regulatory activity of miR-124, which
is further influenced by Polr3a. Together, these data suggest that the maternal pre-conception
obesity contributes to the development of an ASD-like phenotype in male offspring by altering

epigenomic programming and transcriptional plasticity in the brain.
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2.2 INTRODUCTION

ASD development appears to be influenced by a combination of genetic and environmental factors.
Multiple studies have revealed dysregulation of specific miRNAs in both human ASD patients and
ASD mouse models. Notably, six miRNAs (miR-19a-3p, miR-361-5p, miR-3613-3p, miR-150-
5p, miR-126-3p, and miR-499a-5p) were found to be expressed at lower levels in human ASD
patients compared to healthy controls, and similarly, these miRNAs were also found at lower levels
in the blood, hypothalamus, and sperm of ASD mouse models compared to controls.*® These
findings suggest that miRNAs may play a central role in initiating and advancing ASD by

regulating the translation of crucial mRNAs involved in neural development and functions.

Studies indicate that the pre-conception environment of gametes could render the zygote
susceptible to future stressors by epigenetically altering critical developmental genes that
contribute to ASD. Our prior studies of postmortem brain tissue of idiopathic cases of ASD
revealed significant epigenetic and transcriptomic changes preferentially targeted to
developmentally regulated loci.***° Therefore, we employed assisted reproductive technologies, in
particular in vitro fertilization (IVF), to test the hypothesis that maternal obesity prior to conception
independently predisposes offspring to epigenetic changes in neurodevelopmental genes, leading

to transcriptomic alterations that underlie behavioral features of ASD.
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Figure 1: Mice were conceived with IVF and subjected to a battery of tests for autistic-like behavior.®? a) Three
experimental groups were generated using in vitro fertilization (IVF). Oocytes derived from either an HFD-fed female or a ND-
fed female were fertilized with sperm from a ND-fed male in vitro. At the two-cell stage, fertilized embryos were implanted in
a ND-fed surrogate or an HFD-fed surrogate. After 20 days of pregnancy, pups were delivered via C-section and transferred to
another ND-fed foster mother with her own litter. b) Behavioral tests were performed at different developmental stages. Tests
were performed at least 24 hours apart to allow for recovery. At post-natal day (PND) 41, pups were sacrificed, and relevant
tissues were collected. c) Cortex tissue was collected from three individuals representative of each group: Control, Nested, and
ASD. RNA was extracted and sequenced by RNAseq. Results were analyzed for mRNA expression, alternative splicing
patterns, and miRNA regulation activity. Created with Biorender.com. Timeline adapted from Mouse Experimental Timeline
on Biorender.com.

2.3 MATERIALS AND METHODS

2.3.1 IVF study design

To account for the effects of pre-conception and gestational environments separately and together,
we examined a total of three experimental groups: F1 mice generated by IVF using sperm from
ND-fed males with oocytes derived either from females on a high-fat diet (HFD) or a normal diet
(ND), with embryos transferred into ND-fed (CONTROL; GAM-HFD) or HFD-fed (SUR-HFD)
surrogates (Figure 1a). IVF was performed according to our previously established protocols.*!*?
Briefly, embryos were cultured to 2-cell stage and then transferred into the oviducts of pseudo
pregnant recipients. On day 20 of pregnancy (E20), pups were delivered by c-section and
immediately transferred to foster mothers (CD1 females, fed standard chow, which gave birth to
their own pups on the same day) with attention paid to maintaining consistent litter size and sex

distribution. The litter size prior to weaning was maintained at 6-10 pups. After weaning mice were

housed at 5-6 per cage. During c-section, we noted the number of pups and implantation sites.
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2.3.2 Animals, diet, and ethics

We used inbred C57BL/6 mice (Jackson Laboratory RRID:IMSR JAX:000664) as sperm and
oocyte donors for IVF and CD-1 mice bred ‘in house’ as recipients for embryo transfer and for

mating, and as a stimulus in behavioral tests.

Mice were maintained in a temperature and light-controlled room (22°C, 14h light/10h dark), in
accordance with the guidelines of the Laboratory Animal Services at the University of Hawai‘i
and guidelines presented in National Research Council’s (NCR) “Guide for Care and Use of
Laboratory Animals” published by Institute for Laboratory Animal Research (ILAR) of the
National Academy of Science, Bethesda, MD, 2011. The protocol for animal handling and
treatment procedures was reviewed and approved by the Animal Care and Use Committee at the

University of Hawai‘i protocol 14-1941-2.

Obesity was induced in gamete donors (CD57BL/6) or surrogates (CD-1) by feeding female mice
ad libitum with a HFD chow (D12451; Research Diets, NJ.; consists of 45% of calories from fat,
41% from carbohydrates, and 14% from protein) or a matched ND as a control (D12450J; Research
Diets, NJ; consists of 10% calories from fat, 70% from carbohydrates, and 20% from protein),
starting at 3 weeks of age and for the duration of 8 weeks. These well-defined diets have been used
extensively in mice, inducing and recapitulating metabolic consequences of obesity*® as well as
altering expression and DNA methylation states of imprinted genes in placenta.** As both diets are
available from Research Diets, chow formulas are expected to be consistent and reproducible
between batches. We observed the known effects of these diets on animal weight over the 8-week

duration. CD-1 mice used as a stimulus were fed ad libitum with a standard diet.

Using a longitudinal study design, each animal was assessed for social behavior, communication,
and stereotyped and repetitive behaviors.**¢ At least 9 mice per group from 6 different litters (to

avoid littermate bias) underwent the behavioral test battery.

2.3.3 Behavioral test battery, scoring, and general procedures

Each mouse underwent behavioral testing in the following sequence on specific post-natal days
(PND) with at least 24-hour rest periods in between testing (Figure 1b). Ultrasonic Vocalization
(USV, communication): PND 8, 10, and 12; 3-Chamber (social preference): PND 25; Self-

Grooming (motor stereotypies, repetitive behavior): PND 30; Social Proximity (social interaction):
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PND 31; and Elevated Maze (anxiety): PND 40.3%46-4% The USV was performed when pups were
with their mother and the remaining tests were conducted after weaning. CD-1 stimulus mice
adhered to the same schedule as the tested mice. Except for the USV test, all behavioral tests
required video recordings. Prior to the test, mice were moved to an experimental room with
recording equipment and given sufficient time (around 20 minutes) to acclimatize to the new
environment. In between testing the individual subjects, all testing apparatuses were wiped using
70% ethanol. For the USV test, tissue that lined the apparatus was replaced daily. In all ethological
tests, subjects were naive to the apparatus; otherwise, prior habituation was done for the 3-
Chamber, Proximity, and Elevated Maze tests. Trials were performed during the light cycle (9 am
to 5 pm) in a temperature-controlled room (22°C). In ethological tests utilizing CD-1 stimulus

mice, tail marking was used to avoid repetitive use in said behavioral test.

All behaviors were scored from DVD disc recordings taken from multiple camera angles of
behavioral tests using the Noldus Observer software (Noldus Information Technology). In all tests,
the DVD recordings permitted determination of reliability. All scorers were initially trained to 95%
agreement and in each study a 10% sample of DVD video was scored by an independent scorer.
In all these tests, both the experimenters running the tests and scorer were blind to the experimental
condition of each animal.*’ As a positive control for ASD phenotype, we have previously assessed

Shank3b-KO mice,* subjecting them to the same battery of ASD-relevant behavioral tests.*

2.3.3.1 Ultrasonic vocalization test

The USV test involves isolation of neonatal mice from their mother and exposure to a novel
environment. This isolation elicits whistle-like distress calls ranging from ~30-90 kHz,
demonstrating early communicative behavioral exchanges between the pup and its dam.>* For USV
testing, pups at PND 8§, 10, and 12 were isolated from dam and placed in a polypropylene cage
lined with bedding material, which was housed within a sound attenuating Styrofoam container.”!
Individual pups were recorded for 5 minutes with a condenser ultrasound microphone
CM16/CMPA (Avisoft Bioacoustics, Berlin, Germany) placed ~10cm from the bottom of the cage.
Recordings were collected via an Ultrasoundgate 116H base unit (Avisoft Bioacoustics) onto a
laptop and displayed through the Recorder USGH software (Avisoft Bioacoustics, version 4.2).
The condenser ultrasound microphone was sensitive to frequencies ranging from 10 kHz to 180
kHz. Program parameters included a sampling rate of 250 kHz with a 16-bit format. Recordings
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were later translated onto Avisoft SASLab Pro (version 5.2.13) and a fast Fourier transform was
conducted (512 FFT length, 100% frame, Hamming window and 75% time window overlap).
Similar to previous reports,’! spectrograms were produced at 488 Hz of frequency resolution and
0.512ms of time resolution. Call detection and average duration times were scored manually by a

trained individual. False positive detection by the software was excluded from counts.

2.3.3.2 3-Chamber test

To assess general social behaviors, the 3-Chamber test was employed. The 3-Chamber test
measures social approach and preference for social novelty with a stimulus mouse.’? At PND 25,
tested mice were individually habituated in the arena of the 3-chamber apparatus for 10 min. After
habituation, a CD-1 stimulus mouse of appropriate age (no more than 7 days age difference) and
same sex was placed in one of the inverted wired cups present in both outer chambers, marking it
the “social chamber”; the remaining empty cup was considered the "non-social chamber". The
time the tested mice spent in the social versus non-social chambers during a 10-minute test period
was measured (standard analysis); mice were considered to be within a specific chamber when all
four paws entered the chamber. The behaviors of each mouse were video-recorded using an
overhead ceiling-mounted camera during the entire test for assessment of micro-behaviors (Rear,
Contact, Sniff, Grooming, Stretch, Withdrawal, and Nose-to-Nose). Alternate placement of a new

CD-1 stimulus mouse in outer chambers occurred with each new introduction of a tested mouse.

2.3.3.3 Self-grooming test

Another core symptom of ASD involves motor stereotypes and repetitive behaviors. These are
modeled by self-grooming behaviors in mice.> To assess their grooming behavior, mice at PND
30 were placed in a holding cage (14 x 7 x 30 cm) made of clear Plexiglas for a total of 10 min.>*
Two recording devices, placed at adjacent sides of the cage, captured both frontal and side views
of mouse activities. Recordings were later assessed for grooming frequency, duration of grooming
of various body parts (Paw, Head, Body, Leg, Tail, and Genitals), and behaviors unrelated to
grooming marked as “other” (i.e., escaping/jumping, coprophagy, napping/stationary, exploratory

behaviors, etc.).
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2.3.3.4 Social proximity test

The social proximity test enables the level of frontal contact and avoidance of an unknown mouse
in forced social interaction to be measured.>® The apparatus employed for the grooming test was
also utilized for this test. At PND 31, tested mice were first habituated to the apparatus for 10 min.
A CD-1 stimulus of appropriate age (no more than 7 days age difference) and same sex was then
introduced to the apparatus for a 10-minute testing period. Video recordings from both frontal and
side views were taken, allowing later assessment of reciprocal micro-behaviors that occurred
between tested and stimulus mice such as Nose-to-Nose, Anogenital Sniff, Crawl Under, Crawl
Over, Allogrooming, Upright, Self-grooming, Nose-to-Head, and other unspecified behaviors not
tallied in this particular test (i.e., escaping/jumping, coprophagy, napping/stationary, aggression,
exploration, etc.). All other unspecified behaviors were not tallied individually due to a lack of
representation of behaviors in all trials (e.g., “aggression” behaviors were very rare) and were

determined to not fit our initial criteria of frontal and aversive behaviors.

2.3.3.5 Elevated Plus Maze test

Elevated Plus Maze (EPM) is a useful test to explore anxiety-like behaviors in mice.’®>” Control
behaviors were evaluated as previously established”® to clarify whether anxiety is responsible for
ASD-like behavioral changes observed. In this test the previously described> apparatus made of
wood and acrylic containing 2 pairs of opposing arms (two open arms and two enclosed arms)
extending outwards from a central intersection platform (5 cm x 5 cm) was used. The apparatus
was raised 40 cm above the ground and was placed within a walled arena to prevent escape and
to cushion accidental falls. At PND 40, tested mice were individually placed on the central platform
facing the left enclosed arm, initiating the start of the 10-minute testing period. An overhead
ceiling-mounted video camera was used for video recordings. Recordings were later assessed for
the amount of time each mouse spent in each arm. Ethological measures involving risk assessments

as well as number of entries into each arm were not included in the analysis.

2.3.4 Scoring of behavior

The behaviors were analyzed through video recordings obtained from each test. Two individuals
(primary and secondary) scored independently, blinded to the genotype, except for the USV test
analysis. In addition to the primary scorer scoring all tests, the secondary scorer validated a random

sample of datasets. As a criterion of inter-rater reliability, scores were considered valid if at least
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90% of measurements independently assessed between the two scorers agreed. Any discrepancies
in measurements were re-evaluated, reassessed, and reconciled by the same scorers at random.
Analyses of all behavioral tests, except for USV, were done at random. A tertiary scorer was
designated in the case that discrepancies could not be reconciled. All video recordings were scored
using the Observer XT Software (Noldus Information Technology, The Netherlands, version

8.0.336).

2.3.5 Brain collection and DNA/RNA extraction

After behavioral testing, brain from each animal was collected at PND 41 and dissected at 4°C to
obtain hippocampus and cortex, tissue areas that are thought to be involved in autistic behavior,5%-¢!
and snap frozen. For DNA and RNA extraction, tissue was homogenized, and nucleotides extracted
using the AllPrep DNA/RNA/miRNA mini kit (80224, Qiagen), designed to purify genomic DNA
and total RNA simultaneously from a single biological sample. DNA/RNA concentration was
measured on the Qubit Fluorometer 2.0 (Life Technologies) using the Qubit DNA Broad Range or

Qubit RNA Broad Range fluorescence assays. Based on the behavioral results, we used male mice

to create a subset of the GAM-HFD group as: ASD and Nested (Figure 1a).

2.3.6 Methylomic and transcriptomic data collection

This analysis was performed in the subset mice, ASD-like and Nested, in relation to the Control
mice group. The hippocampus and cortex from nine mice, three for each group, were randomly
selected. The DNA was used to conduct global DNA methylation analysis,®? and the transcriptomic
profile was done using the mRNA (Figure 1c).%> 15ng/mL of DNA was sent to Macrogen for
paired-end whole genome bisulfite sequencing (WGBS) using Illumina NovaSeq. RNA-
sequencing with the extracted RNA was performed using [llumina Genome Analyzer platform.

Each sample was processed and sequenced independently.

2.3.7 qPCR TagMan assay

miRNA was purified from previously extracted RNA samples described above according to the
protocol for the TagMan Adv miRNA cDNA synthesis kit (ThermoFisher). miRNA qPCR assays
were performed in duplicate according to the TagMan Adv miRNA protocol using available
TagMan gene expression assays (ThermoFisher). The assays (and catalog numbers) used were:

miR-361-5p (#A25576), miR-124-3p (#A25576), and miR-124-5p (#A25576). Using a

25



QuantStudio 5 Real-Time PCR instrument (ThermoFisher), gPCR conditions were as follows:
95°C for 20 seconds, followed by 40 cycles of 95°C for 1 second and 60°C for 20 seconds. Once
complete, samples were temporarily held at 4°C. Cr results were normalized to miR-361-5p
amplification as a loading control® performed in the same assay. Statistical significance was tested

using an Ordinary One-Way ANOVA with Tukey’s multiple comparison and a cutoff of p<0.05.

2.3.8 Chemicals

All chemicals were obtained from Sigma Chemical Co. (St Louis, MO) unless otherwise stated.

2.3.9 Integrative molecular analysis using methylomic and transcriptomic data

2.3.9.1 Whole Genome Bisulfite Sequencing (WGBS) analysis

Methylation analysis was performed using the nf-core methylseq pipeline v1.6.% The levels of
DNA methylation were the result of removed adapters and trimmed low quality reads, alignment
against GRCm38-mm10 assembly mice reference, and methylation calling performed using
Bismark.®® BED files were subsequently analyzed in the BioC package RnBeads (v 2.10.0).%”
Methylation sites with extreme values, less than 5 reads, very high coverage, more than 3
overlapped SNPs, or too many missing values were removed. Genomic annotation was made in
quality regions (quality control-passed regions), including gene bodies and promoters.
Differentially methylated regions (DMR) analysis was performed in the subset of mice data from
the GAM-HFD group as ASD or Nested in relation to the Control mice group at both levels. Later,
regions were categorized as hyper or hypomethylated and Gene Ontology Enrichment Analysis at
Biological Process (GO:BP) level was used through GOstats®® and LOLA® BioConductor
packages. The selected region with > 10% change in methylation and a p-value <0.05 was

compared to the Simon Foundation Autism Research Initiative (SFARI) Gene database.

2.3.9.2 RNA-Seq expression and isoform analysis

Transcript identification and quantification were performed as follows. Reads were preprocessed
for quality control (QC) with standard Phred Q score < 20 and length < 20 bp. QC-passed reads
were initially aligned against the GRCm38-mm10 genome with OmicSoft Studio (v11.1,
QIAGEN) for Differential Gene Expression (DGE) or HISAT2"? for isoform analysis. DGE were
selected with a standard cutoff of 2-fold change in expression. The DGE were used for the
construction of a hierarchical heatmap using Euclidean distance and Enrichment analysis at GO:BP
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level. These were performed with ComplexHeatmap’' (2.16.0) and ClusterProfiler’? (v4.8.3)
respectively. GO:BP terms were selected accordingly with Benjamini & Hochberg adjusted p-
value cutoff of 0.05. Venn diagrams were created with ggVennDiagram (v1.2.2) and ggplot
(v3.4.1) to determine the dynamics of DGE changes between the groups.

The lists of DGE were contrasted to the SFARI Gene database. Additionally, the Fragments per
kilobase of exon model per million mapped reads (FPKM) from DGE analysis were tuned for
Polr3a-related miRNA alterations. The list of the miRNAs found were graphed in a heatmap, later
subject to an enrichment analysis using GO:BP level and a network overlap was built with BioC

packages.

Alternative splicing events were annotated in relation to SE.mm10.gff3 reference using Mixture-
of-Isoforms (MISO)”? in the Bam files with an exon-centric analysis, using Skipped Exons (SE)
for the alternative event annotation. The most frequent type of alternative splicing (AS) in
mammals, an exon is included or excluded from the mature mRNA, which is called a ‘percentage
spliced in’ (PSI or ¥) and denotes the fraction of mRNAs that represent the inclusion isoform.
Reads that align with the alternative exon or its connections to neighboring constitutive exons offer
backing for the inclusion isoform. Conversely, reads aligning to the junction between adjacent
constitutive exons support the exclusion isoform. The ratio of read densities from these two sets
constitutes the conventional estimate of . We selected events with at least 1 inclusion read, 1
exclusion read, the sum of inclusion and exclusion reads = 10, AW no less than 0.20, and the Bayes
factor of at least 10. Multivariable ANOVA was used to test the differences between the groups,
using the density of the most relevant isoform, the ¥ in each detected transcript with alternative
splicing, and a p-value > 0.05 as cut-off for statistical significance with PRISM GraphPad (PRISM
software 9.0.0). The evolutionary conservation of genes between mice and humans was
considered, and orthologous genes were associated with human diseases using the DisGeNet
database.”* Data mining of the significant AS genes was carried out using the MouseMine,
mirBase, TargetScan, and miRBD databases and a network of the predicted miRNAs was

developed with interaction explored using a score >0.70 in the Mouse Genome Database (MGD).”
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2.3.10 Statistical analysis

In the primary analysis, experimental mice were compared against unaffected IVF controls, with
sexes scored independently. Additional analyses were also performed to test for the effect of sex.
A two-tailed, unpaired T-test or Two-way ANOVA with Tukey’s to compare every mean with every
other mean or Dunnett’s to compare to the mean control were used as an additional measure to
assess the differences between groups. A p-value less than 0.05 was used as a cut-off for statistical
significance. The analyses were conducted to evaluate the impacts of genotype, developmental

time point, and particular micro-behaviors using PRISM GraphPad (v 9.0.0).
2.4 RESULTS

2.4.1 Timing of embryo transfer contributes to neurological defects

We opted to perform embryo transfers from the in vitro environment at the two-cell stage (Figure
1a), which is more clinically relevant to humans. We found that this technique gave rise to offspring
with ASD-like symptoms when the egg donor was on a high fat diet (HFD), while similarly
conceived offspring of the same mothers implanted at the morula stage did not (Supplemental

Figure 1).

2.4.2 Behavioral results demonstrate ASD-like tendencies in offspring of obese egg donors

The offspring from an obese egg donor fed a HFD and implanted in a normal weight surrogate
(GAM-HFD) exhibited ASD-like behaviors that were statistically significant from the other two
groups: the offspring from normal weight egg donors implanted in a normal weight surrogate
(Control) and the offspring from a normal weight egg donor implanted in an obese surrogate fed a
HFD (SUR-HFD). During the USV test, GAM-HFD mice made significantly more USV calls
when measured at PND 10 and were slightly elevated, albeit non-significantly, at other timepoints
measured (one-way ANOVA with Dunnett’s multiple comparison test, p = 0.003; df = 34; Figure
2a). In the 3-chamber test of sociabilityy, GAM-HFD mice spent less time in
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Figure 2: Male mice with obese egg donors exhibit deficiencies in ASD-associated behaviors. a) The Ultrasonic
Vocalization (USV) test was performed on GAM-HFD, SUR-HFD, and Control mice at PND 8, PND 10, and PND 12. The
data are expressed as the total number of calls made in the duration of the test. n=17 for Control, n=13 for GAM-HFD, and
n=6 for SUR-HFD. b,c) The 3-chamber test was performed for GAM-HFD, SUR-HFD, and Control males. The duration (b)
and frequency (c) spent in one of the three chambers was measured. n=13 for Control, n=13 for GAM-HFD, and n=8 for SUR-
HFD. d) GAM-HFD mice spent significantly more time grooming than control. ¢) Grooming frequency was not significantly
different between groups. n=21 for Control, n=11 for GAM-HFD, and n=8 for SUR-HFD. f) Combining the results of the
three behavioral tests (3-Chamber, Self-grooming, and USV), certain mice within the affected GAM-HFD group experienced
more severe deficits than others. Mice highlighted in red appear to display the most severe ASD-like symptoms and were used
for sequencing. The graphs are averages + SEM, two-tailed unpaired t-test with a cut-off *p<0.05 were used for statistical
significance.

the social chamber containing another novel mouse (Two-way ANOVA with Tukey’s multiple
comparison test, p < 0.001, df = 129.0), and more time in the non-social chamber, relative to
Control and SUR-HFD mice (Two-way ANOVA with Tukey’s multiple comparison test, p <0.001,
df=129.0; Figure 2b), and the frequency that the GAM-HFD mice entered the social chamber was
statistically lower (Two-way ANOVA with Tukey’s multiple comparison test, p <0.008, df = 129.0;

Figure 2¢). GAM-HFD mice also spent a significantly longer duration grooming on average (one-
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Figure 3: Transcripts of neurodevelopmental genes exhibit significantly different patterns of expression in the cortex
of ASD-like mice. a) Differential gene expression of mouse cortex was selected with a cutoff of 2-FC. Hierarchical clustering
analysis using Euclidean distance. b) Venn diagram of the DEG by experimental group comparisons. c) Individual expression
patterns of 199 DGE transcripts. d) 15 most relevant pathways according to Enrichment Analysis of the 199 DGE transcripts.
e) Human disease related to the 199 transcripts according to DisGeNet database (v7.0 retrieved Jan 2024).
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way ANOVA with Dunnett’s multiple comparison test, p = 0.025, df = 37; Figure 2d), though there
was not a higher frequency of individual grooming events (one-way ANOVA with Dunnett’s
multiple comparison test, p = 0.659, df = 42; Figure 2e). The Venn diagram illustrates the

individual scoring in three most affected behavioral phenotypes (Figure 2f).

Testing for anxiety using the EPM test indicates the behavioral changes we observed were not due

to increased or general anxiety, as there was no difference between any groups (Supplemental Fig.

4)7

Interestingly, as is the case with human ASD, there was significant interindividual heterogeneity
in the behavioral phenotype within the GAM-HFD group. When observed at an individual level,
there were mice who scored at levels consistent with Controls, those who scored at slightly
deficient levels, and those with scores at severely deficient levels (Supplemental Figure 2). We
therefore classified mice in the GAM-HFD who scored ‘“similar to controls" into a “nested
control,” or “Nested,” as these mice were exposed to the same developmental conditions as the

ASD-like GAM-HFD mice (“ASD”, Figure 1a) but were behaviorally more like the control.

2.4.3 Behavioral changes are unique to male offspring

While significant deficits were observed in GAM-HFD male offspring, the same tests performed
on the GAM-HFD female offspring demonstrated no difference (Supplemental Figure 3).

2.4.4 Altered expression patterns of known ASD genes in brains of GAM-HFD mice with
significant ASD-like behavioral deficits

Based on RNA-seq, hierarchical heatmap analysis employing Euclidean distances demonstrated
altered expression patterns in Nested and ASD mice relative to Controls (Figure 3a). One Control
mouse sequenced, GAM-CON-P6, demonstrated an opposite pattern of expression compared to
the other two Control mice. However, the genes affected remained coherent and consistently
differed from those in the experimental groups. In comparing the Nested differential expression to
ASD and Control, we found 199 genes differentially expressed relative to both groups, linking
them to changes caused by maternal obesity that are a risk for the ASD phenotype (Figure 3b).
More detailed comparison of these 199 genes using hierarchical heatmap analysis demonstrates an

altered pattern of expression between individuals, where the Nested and ASD groups were

31



Fxr1

150 5
a) ‘Zﬁi_r AN— I cRITCoNP2 I b) 1.0
H o 0 Control
E 501 ~ 16 IS S— S ‘é 0 ASD
R = — 5 e )
£ 100 a
g s0 X
A et
£ 0.4
s
g 100 ) 4 o
£ solg s s - 20.2 Y
— et ) ' Y
51, 5 4 0.0
z 50 = S .
— Mir96,
HFD- . i Mir20a
& . O om@ O
& 50 7
= e — O-Mir100 ez Mir494
- ; O Mir30d @ Mirl M & RiireD
. 1 j © Mir3ss
= = I N\ r467d
¥ s |
g 501 e © ) 7 O Mir874 IINS 0 MII’ZQQ Mir467c
e e el omisec-v” // /| \ -
1] 8 © wioos) I o G,
R _——n—— - —— ' O Miro:1 .. L ir5624
—— s ————— © Mir38Mir1843b @) &;M o6t
34064106 34064919 . ) i ”30065519 34068251 o Mir30 . Ir
‘Genomic coordinate (chr3), "+" strand O ergs O Mbi(r?ohggq.

[ Control | [ Nested | | ASD |

Figure 4: ASD-like mice have a significantly different pattern of alternative splicing compared to controls a) Sashimi
plot comparing read densities along exons and junctions of alternative splicing of Fxrl exons 14 to 16. b) Differential transcript
expression of FMR1 autosomal homolog 1 (Fxrl), One way ANOVA with Tukey mean comparison adjustment, * p < 0.05,
n= 3 for each group: Control (green), Nested (black), ASD (red). c) Predicted interaction of Fxrl with miRNAs using a score
>0.70 in MGD. Three versions of miR-124 are highlighted (purple).

generally distinct from Controls (Figure 3c). GO analysis of these 199 genes reveals close
associations with key neurodevelopmental and functional terms, including axogenesis, regulation
of synapse organization, and development of the dendritic spine (Figure 3d). Analysis of the 199
genes using DisGenNet (v7.0 retrieved Feb 2024) revealed associations with Nervous System
Diseases, Mental Disorders, and Pathological Conditions, ultimately compiling approximately
63% of these genes; this highlighted the presence of nineteen genes associated with ASD according
to the SFARI database (Figure 3e).

Additionally, among the transcripts in Figure 3b, eleven mouse transcripts were identified as DGE

between all three comparisons of experimental groups. Four (Nrxni-206, Nrxni1-213, Digap1-206,
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and Unc80-206) of 11

transcripts,
encompassing 3 genes,
were found in the
SFARI  database of
known ASD genes:
Nrxnl, Dlgapl, and
Unc80. These may be of
interest in  future

analysis or study.

2.4.5 Alternatively
spliced genes are
associated with human
mental or behavioral

dysfunction

Genes with  known
alternative splicing (AS)
patterns in mice have
been associated with
some neuro-dysfunction
in humans. Forty-three
genes that met the
quality  criteria  (as
described in the
methods) were accepted
and their read density of
transcript isoforms was
compared between the

groups  (Supplemental

Table 2). Five genes with AS events were statistically different in ASD with respect to the Nested
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or Control group: Rho guanine nucleotide exchange factor 15 (Arhgefl5), MAPK associated
protein 1 (Mapkapl), PHD finger protein 24 (Phf24), sialic acid binding Ig like lectin H (Siglec-
H), and FMR1 autosomal homolog 1 (FxrI). According to GO:BP analysis of relevant pathways,
Arhgef15 is linked to negative regulation of synapse organization and regulation of synapse
maturation; Mapkapl is associated with TORC2 signaling; Phf24 relates to the detection of
stimulus involved in sensory perception of pain; Siglec-H is associated with cell adhesion and
localization, particularly in immune cells, and Fxr/ influences the positive regulation of post-
transcriptional gene silencing, positive regulation of miRNA-mediated gene silencing, and positive
regulation of post-transcriptional gene silencing by RNA. While the alteration in the expression of
Arhgefl5 is directly associated with ASD, Fxr!/ is associated with Fragile X Syndrome (FXS).
Due to the similarities between and common comorbidity of ASD and FXS, as well as our sex-
divergent results, we performed further analysis on Fxr/. A Sashimi plot illustrates AS of Fxr/
exons 14 to 16 (Figure 4a), comparing read densities along exons and junctions, which decrease
between the ASD and Nested groups compared to the Control (p-value of 0.05, Figure 4b). In a
predicted network of Fxrl, 38 miRNA interactions are reported with a minimum score of 0.70
(range 0 to 1), including miR-100, miR-9, and miR-124 (highlighted in purple, Figure 4c). The
last two miRNAs are generated from three different loci and are the most abundant in the brain
both in mice and humans, suggesting that their brain function is highly conserved and thus their

interaction with Fxr/ is of relevance to the brain.

2.4.6 Hypomethylation of Polr3a in ASD modifies the expression of miRNAs

The promoter of RNA polymerase III Subunit A (Polr3a) was found by Whole Genome Bisulfite
Sequencing (WGBS) to be hypomethylated (DM = -0.17 and p-value = 0.0001) in the ASD group
relative to the Nested. The transcript Polr3a exhibited a tendency toward downregulation within
the ASD group in relation to the Nested group, as opposed to the Control (Figure 5a). Upon a deep
exploration of the RNA-sequencing data, we identified several genes containing miRNAs that are
connected to Polr3a. Expression Fold Change (FC) pattern analysis revealed upregulated
expression in the relation of ASD to the Nested group in several miRNA host genes (hg) and
downregulated at miR-124a-1hg and miR-124-2hg (Figure 5b). All these miRNAs are associated
with the GO:BP terms of miRNA-mediated gene silencing and female sex differentiation, among

others (Figure 5c¢). The miRNAs mir-124a-1hg and mir-124-2hg stand out for their relationship
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with long-term synaptic potentiation, positive regulation of synaptic transmission, and the sensory
perception of sound in the network pathway graph (Figure 5d). The mature form of miR-124
generated by these hg is the same in both cases, as well as being highly conserved among mammals
according to miRDB.”® Due to these results, we decided to evaluate the expression of the mature
form of miR-124, in both directions, using qPCR. The miR-124-5p form (Figure 5e), decreases in
the experimental groups but is only statistically different in ASD (red) in relation to the Control
(green). Figure 5f shows that the relative expression of miR-124-3p decreases significantly in the
ASD and Nested (black) groups with respect to the Control. Nevertheless, the comparison between

the two forms reveals a greater volume of miR-124-3p than 5p.

2.5 DISCUSSION

Epigenetic influences sculpt the behavioral phenotype in humans, as well as in mice. As proposed
by the DOHaD hypothesis, the periods that critically influence the behaviors observed in adults
occur at very early stages of development. At this time several genetic mouse models of ASD exist,
however the phenotypic heterogeneity and complex functional neurological interaction of human
ASD makes it difficult to completely replicate all the symptoms observed in humans. Here, we
investigated the effects of maternal obesity resulting from HFD on ASD in offspring in a mouse
model. Using in vitro fertilization followed by embryo transfer we uncoupled the effects on oocytes

and the effects on the fetus in utero (Figure 1a).

Prior studies have shown that the obesogenic status of the mother correlates with increased risk of
ASD in offspring,**’"-8 but the timing of this impact is unclear. We hypothesized maternal obesity
prior to conception predisposes offspring to long-term alterations of epigenetic modifications in
neurodevelopmental genes, leading to deleterious transcriptomic changes that underlie behavioral

features of ASD.

2.5.1 Maternal obesity pre-conception contributes to neurobehavioral deficits associated

with ASD in resulting offspring

To test our hypothesis, we compared two experimental groups with a Control group: offspring
derived using oocytes from obese donors (GAM-HFD) and offspring derived after pregnancy
carried by obese surrogates (SUR-HFD). The behavioral test battery corresponds to specific

timepoints that model ASD in humans and includes micro-behavioral analyses, which allow for
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comprehensive phenotypic classification.*” Grooming behaviors mirror the repetitive, often
compulsive actions observed in ASD, while the forced proximity and 3-chamber tests measure
sociability tendencies. USV calls are useful for measuring the development of independence from
the mother as well as language deficiencies, which mimics developmental delays observed in

human children with ASD.

Of the offspring, we found heterogeneity in the groups, with individuals who clearly present ASD-
like behavior while in others it was not detectable (Figure 2). A subset of the GAM-HFD group,
which demonstrated significant ASD-like behavioral deficits, were separated into an “ASD”
group. On the other hand, GAM-HFD mice in which no significant change was detected were
grouped in a “Nested” group. The SUR-HFD offspring demonstrated no statistically significant

evidence of changes in behavior relative to the Control.

2.5.2 Behavioral testing suggests sex-linked inheritance of ASD-like phenotype

Our data also indicates a sex preference in phenotype, where females demonstrated no change in
behavior in contrast to males (Supplemental Fig. 2), in accordance with the female protective effect
hypothesis.”” ASD in females has been shown to not only present differently,*® but has underlying
neuroanatomical differences.®! It is therefore possible that maternal obesity-induced ASD
behaviors in female mice were not measured by our behavioral battery. The distribution of the
phenotype resembles a recessive X-linked inheritance pattern with sexual dimorphism. This

indication of sex-linked inheritance was considered in later analysis.

2.5.3 ASD-like behaviors coincide with significant alterations to the transcriptome

Integrative molecular analysis of transcriptomic data revealed modifications involving ASD-
associated genes, indicating that our model may mirror the development of ASD in humans. We
analyzed differentially expressed (DE) transcripts using hierarchical heatmapping to visualize it.
The experimental groups, ASD and Nested, demonstrated clearly distinct patterns of expression
relative to the Control. Comparisons among each group provided more detail regarding DE in our
data. Genes found to be DE in the comparisons of Nested to the other two groups were of particular
interest as they may include genes affected by maternal obesity that are contributors to the ASD
phenotype specifically. We found 199 genes contained in this group, whose experimental

expression patterns on an individual basis were generally clustered distinctly from the Control
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pattern. Similarly to the expression levels observed, the Nested and ASD groups were generally
downregulated compared to the Control. This suggests a tendency towards decreased expression
of relevant genes in cases of maternal obesity-induced ASD phenotypes. Ontology analysis shows
involvement of neurodevelopment and brain function pathways in this group, including dendrite
development, axonogenesis, and regulation of synapse structure or activity. Since ASD is currently
theorized to be a result of disordered growth and maturation of neurons,!® these pathways are
highly relevant. Analysis of these 199 genes using DisGeNet found associations with the human
disease classes of Nervous System Diseases, Mental Disorders, and Pathological Conditions;
nineteen of the genes in these categories were previously identified ASD genes. Collectively, more
than half of the 199 genes of this group were associated with one or more of these classes.
Specifically, the diseases and disorders associated with these 199 genes, in addition to ASD,
included schizophrenia, seizure disorders, drug dependence, intellectual disability, obesity, and

D,82—85

Major Depressive Disorder. Many of these conditions are comorbid with AS suggesting a

possible underlying heritable connection.

An additional group of interest is the 11 transcripts identified to be DE in all three comparisons:
ryanodine receptor 3 (Ryr3-202), amyloid beta (A4) precursor protein (App-204), cAMP regulated
phosphoprotein 19 (Arpp19-209), neurexin 1 (Nrxnl-206 and 213), DLG associated protein 1
(Dlgap1-206), Unc-80 homolog NALCN channel complex subunit (Unc80-206), nitrogen
permease regulator-like 3 (Npri3-202), Solute carrier family 16 member 11 (Slcl6all-205), and
calcium binding protein 39 (Cab39-201). All of them exhibit significant activities in the brain,
particularly during early development, as exemplified by Arppl9, which is a cell cycle regulator
that is essential for embryogenesis in mice.®® Additionally, 3 genes were found in the SFARI
database of known ASD genes: Nrxnl, Digapl, and Unc80. Nrxnl is a gene known to be associated
with ASD and schizophrenia.’’ It is a synaptic transmembrane ligand receptor. Studies involving
Nrxnl knockouts (KO) demonstrated altered social approach, reduced social investigation,
enhanced USV calls, and increased male aggression.®® The presence of two Nrxnl transcripts in
our data, coupled with its consistent presence in previous literature, strongly indicates a crucial
role for Nrxnl in the symptomatology of ASD, though not necessarily one controlled by maternal
obesity. Second, Dlgapl has been described as a regulator of postsynaptic neurotransmitter

receptor activity and density.® Haploinsufficient variants of Dlgap] are associated with ASD, and
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KO models demonstrated social deficits and disruptions in postsynaptic density.”® Finally, Unc80
is a component of a voltage-independent “leak” ion-channel complex, where it serves as a scaffold
connecting Src kinases.”! A KO of Unc80 has been shown to be associated with intellectual
disability.”” The consistent DE of these genes suggest that they are highly susceptible to pre-

conception maternal obesity and contribute to the phenotype of ASD.

Among the three mice selected for molecular analysis, we encountered the dilemma of whether to
retain one of the controls (GAM-CON-P6), which exhibits a completely distinct expression pattern
compared to any other mouse in the study. However, we made the decision to show to the
community, as an event of population variability and possible source of confusion, which is
consistent throughout our molecular analysis. This could be attributed to the population

heterogeneity in gene expression, which may not necessarily alter the behavior phenotype.

2.5.4 Alternative splicing of orthologous human genes in ASD-like mice is further associated

with mir-124

Subsequent examination of RNA sequencing data from the mouse cortex revealed AS in
orthologous genes to humans. AS is an essential mechanism to increase the complexity of gene
expression, and it plays an important role in cellular differentiation and organism development. At
a single locus, AS gives rise to multiple isoforms with varying abundance. Imbalances in isoform
ratios are associated with different diseases.”® The presence or absence of particular RNA isoforms

can greatly influence the activity and capacity of a cell or tissue.

MISO analysis highlighted 43 alternatively spliced transcripts in our data (Supplemental Table 2),
five of which—Arhgefl5, Fxrl, Mapkapl, Phf24, and Siglec-H—were confirmed to have
significantly different isoform ratios in the ASD group. These genes are all associated in some way
with neurological disorders or diseases, according to the DisGeNet database (v7. 0 retrieved Dec
2023). Arhgef15 is a negative regulator of synaptic development, with associations to ASD and
Alzheimer’s Disease,”* while Fxrl controls RNA and 3’UTR binding activity and negatively
regulates translation. Mutations of Fxr/ are considered the main cause of Fragile X Syndrome
(FXS), a sex-linked disorder commonly comorbid with ASD.”> Mapkap1, an essential component
of the mTORC2 complex, controls cell growth and survival via the Akt/PI3K pathway.’® Phf24

influences neuromodulation and the fine-tuning of synaptic activity via G-protein coupled receptor
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(GCPR) regulation.”’ Siglec-H is a mouse-specific member of the Siglec family, a family of type I
transmembrane proteins typically found on immune cells. However, Siglec-H has been found on
dendritic cells and microglia, where it can activate the cells via DAP12/MAPK.?® Although Siglec-
H is not found in humans, this may suggest the role of Siglec family immune activation, which is

highly conserved, in the brain of ASD.

While Arhgef15 has a direct relationship with ASD, we chose to investigate the role of Fxr/, as it
is closely linked to FXS.” The strong behavioral sex difference we observed and previous
ontology analyses that highlighted changes in sex differentiation pathways suggest that our model
is heavily influenced by genetic sex. Fxr/ had a significantly smaller isoform expression ratio in
the ASD and Nested groups relative to the Control. The longer isoforms of Fxr/ are predicted to
contain a 300 amino acid-long intrinsically disordered domain (IDD) at the C-terminus. This IDD
is associated with the formation of compartments in the nucleus or cytoplasm. The potential
functions of these condensates include co-localization with RNAs, regulation of biochemical
reaction rates, and stress sensing. Furthermore, Fxr/ isoforms are regulated by miRNAs binding
to regulatory regions in the 3’UTR of Fxr1.”® We also discovered that Fxr/ can interact with miR-
124, and it is actively regulated by miR-124, which possesses a seed region for binding, silencing,
and potentially regulating AS. This seed region, in the 3p miRNA form, exhibits in silico
hybridization at 7-nt conserved sequence seed positions 206-212 of the Fxrl 3’UTR
(NM_001113188). MISO analysis reveals that Fxr/ isoforms observed in the ASD and Nested
groups tend to skip exon 15, which could be regulated by miR-124. Fxr/ isoforms lacking exon
15 exhibit variations in the formation of RNA-dependent biomolecular condensates, as observed

in Xenopus tadpoles.”* This suggests that this mechanism may contribute to the phenotype of ASD.

2.5.5 Hypomethylation of Polr3a promoter in conjunction with differential expression of

associated miRNAs

Results from WGBS revealed that Polr3a, the catalytic component of RNA polymerase III,
exhibited hypomethylation in the ASD group relative to the Nested. RNA polymerase I1I is a DNA-
dependent RNA polymerase responsible for transcribing DNA into small RNAs. Polr3a itself is
particularly involved in the positive regulation of innate immune response, as a transferase that
participates in the immune system process and response to stimulus, according to GO:BP.

Alterations in DNA methylation constitute a frequent mechanism to modify gene expression. The
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deregulation of RNA Polymerase Ill-regulated genes (primarily ncRNAs including rRNAs,
tRNAs, small nuclear RNAs (snRNA), and miRNAs) is associated with a wide range of human
disorders, including neurological disorders.”” Since Polr3a is important in the synthesis of

100

ncRNAs, the formation of small RNAs with regulatory impacts, ™ and has a known sensitivity to

regulation via methylation, we decided to examine it and its network in more detail.

Assuming that the catalytic unit (Polr3a) of the polymerase was in a major quantity due to
hypomethylation, we could expect an increase in the transcripts synthesized by it. Twenty-four
associated transcripts carrying miRNAs were deregulated according to RNAseq, with a tendency
towards upregulation. Of these, miR-124 was shown to be involved in all activities known to be
performed by Polr3a-associated miRNAs. Given its high abundance in the central nervous system
(CNS), observed in both humans and mice, and its involvement with Fxr/ activity, miR-124 holds
particular significance for our study. It is recognized for its role in promoting the timely onset of
neurogenesis in the embryonic spinal cord through the suppression of Ctdspl.!°"1° In the adult
CNS, miR-124 facilitates the transition of subventricular zone-derived transit-amplifying neural
progenitors to postmitotic neuroblasts by targeting Sox9. Precursors are maintained when miR-124
is antagonized, whereas ectopic miR-124 causes premature neurogenesis.'®> The consolidation of
neuronal fate is also miRNA-dependent, necessitating both miR-9 and miR-124. Together, miR-9
and miR-124 repress BAF53A4, facilitating its replacement in the BAF complex by BAF45A.
Disruption of the exchange between BAF534 and BAF45A4 through mutagenesis of the miR-
9/miR-124 target sites in the Baf53a 3°’UTR impairs activity-dependent dendritic outgrowth.'%*
These disruptions can result in impairments in dendritic architecture and neuronal development,
affecting synaptic activity and plasticity.'> Overexpression of miR-124 significantly promoted cell
survival and suppressed neuronal apoptosis in neonatal hypoxic-ischemic encephalopathy.'%
Chronic downregulation of miR-124 is a common phenomenon observed after brain injury.'?’
Multiple studies have connected miR-124 to social and spatial learning deficits in ASD, as well as
other similar neuropsychiatric disorders.'”® In our study, we found that, in comparison to the
controls, ASD mice had significantly reduced expression of miR-124-3p. It has been reported that
this form is epigenetically regulated and its interaction with the RISC complex is compromised in
Major Depressive Disorder.!” Although the 3p form is generally considered the more active form

of miRNA, miR-124-5p has known activity particularly in inflammatory regulation in the
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CNS. 1O Tt was significantly reduced in ASD relative to the Control group. With miR-124 as the
common denominator, this may indicate a connection between the AS of Fxrl, the

hypomethylation of Polr3a, and ASD-like behaviors in mice.

Further validation is required for any definitive connections between specific epigenetic changes
and maternal obesity, and to address the limitations of the current study. Although our study was
initially designed to have sufficient statistical power, the results of the behavioral tests resulted in
a smaller sample size of ASD-like mice. Future studies using these mice may benefit from larger
initial sample sizes during behavioral testing to increase the likelihood of a larger ASD-like group.
Additionally, the degree of severity of the ASD phenotype among all members of the GAM-HFD
group added heterogeneity to our results. Although all mice included in the ASD group qualified
as severely affected, some were more affected than others, and this variation was also consistent
within the Nested group (Supplemental Figure 2). While this is to be expected based on the ASD
phenotype in humans, it could be a confounding factor in identifying specific changes that
contribute to the phenotype. However, with an increased sample size, this could offer valuable
insights into the correlation between the varying degrees of gene expression and the severity of

symptoms.

2.6 CONCLUSION

ASD is a multifactorial, heterogeneous disorder, with many different causes and phenotypes. Our
study establishes that behavioral deficits linked to maternal obesity are contingent on the maternal
pre-conception environment, as an obese surrogate exerts no influence on the outcome. Notably,
our model reveals incomplete penetrance of an ASD-like behavior phenotype in offspring,

mirroring the complexity of ASD in humans.

ASD is primarily a behaviorally diagnosed disorder, posing challenges to describing it accurately
in non-human models. Our genetic data suggest that the behavioral deficits observed in our mice
may bear similarities to the human diagnosis of ASD; we deem it adequate for studying the specific
risk factor of maternal obesity. We demonstrate that pre-conception, not gestational, obesogenic
environment is key for the development of the ASD-like phenotype. This early-stage effect
suggests epigenetic changes to the oocyte affect the eventual development of the male offspring.

Results from the present study indicate that genes known to be associated with ASD, such as Fxr/,
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can undergo differential regulation by miR-124 in the presence of differential methylation of key
enzymes such as Polr3a. Altogether, these data suggest that epigenetics are the driving force

behind ASD development in cases resulting from maternal obesity.
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Supplemental Figure 1: Offspring implanted at a later zygotic stage do not exhibit significant ASD-like
behaviors. a) Offspring created using IVF spent significantly different amounts of time in each chamber of the 3-
chamber social test relative to control (Averages + SEM, n =20 for Control, n =25 for IVF-2cell, n= 10 for [IVF-MOR.
*p <0.05) b) Offspring implanted at the 2-cell stage had significantly different number of events in the social and non-
social chambers than control (Averages + SEM, n = 20 for Control, n = 25 for IVF-2cell, n = 10 for IVF-MOR, n =4
for social chamber. *p < 0.05) ¢) There was no significant differences in duration of grooming in any group (Averages
+ SEM, n = 20 for Control, n =25 for IVF-2cell, n = 10 for IVF-MOR. *p <0.05). d) Offspring implanted at the 2-cell
stage had significantly more grooming events than control (Averages £ SEM, n = 20 for Control, n =24 for [IVF-2cell,
n =10 for IVF-MOR. *p <0.05). e) Offspring implanted at the 2-cell stage spent significantly more time nose to nose,
self-grooming, and nose to head in the social proximity test (Averages + SEM, n =20 for Control, n =23 for IVF-2cell,
n = 20 for IVF-MOR. *p < 0.05). f) Offspring implanted at the 2-cell stage had significantly more events of nose to
nose and nose to head than control. Both IVF groups had significantly fewer events of self-grooming than control
(Averages = SEM, n = 20 for Control, n =23 for IVF-2cell, n = 20 for IVF-MOR. *p < 0.05). IVF-2cell (implanted at
2 cell stage); IVF-MOR (implanted at morula stage); Control (conceived in vivo).
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Supplemental Figure 2: GAM-HFD group indicates a range of ASD-like severity in 3-chamber, grooming, and USV tests.
a,b) Individuals can be observed to have a range of USV volume on PND 8 (a) and PND 10 (b). ¢) Time spent in the social and d)
non-social areas of the 3-chamber test was plotted for each individual mouse. €) Individuals can be observed to have a range of
different durations of self-grooming behavior in the GAM-HFD group.
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Supplemental Figure 3: Females do not exhibit ASD-like behaviors. a) Females from all groups were observed to steadily
decrease the number of USV calls during the test over time at a similar rate. No changes were observed relative to the control. b-e)
Female offspring from all groups did not demonstrate any behavior significantly different from the control, both in the general 3-
chamber social test (b,c) and in detailed behavior observations (d,e). All graphs are averages + SEM, with n=12 for Control, n=10
for GAM-HFD, and n=8 for SUR-HFD. Statistical significance: * p<0.05.
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Supplemental Figure 4: GAM-HFD male mice have no change in anxious behavior relative to control
during elevated plus maze test. No significant difference was observed in a) duration or b) frequency between
any groups during the elevated plus maze test. The graphs are averages + SEM, with n=24 for Control, n=13
for GAM-HFD, and n=8 for SUR-HFD. Statistical significance: * p<0.05.

Supplemental Table 1: Experimental design and behavior mice wused in each test.
https://docs.google.com/spreadsheets/d/1 PyO4cNw1L7Uz-
JXtmyLNK hx7g3vkFDb/edit?usp=sharing&ouid=114474685474177114345&rtpof=true&sd=true

Supplemental Table 2: Alternatively spliced genes. 5 out of 43 genes highlighted as AS according to MISO
were significantly different between controls and ASD groups according to RNA-seq results. T-test * p < 0.05
(red).https://docs.google.com/spreadsheets/d/12KBrNgKpQaJp0-
y8y1MHAaupr9SHRRu7/edit?usp=sharing&rtpof=true&sd=true
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Chapter 3: Ketogenic diet induced shifts in the gut microbiome associate with changes to
inflammation and circulating brain related miRNAs in children with autism spectrum

disorder

3.1 ABSTRACT

In this interventional pilot study, we investigated the effects of a modified ketogenic diet (KD) on
children with autism spectrum disorder (ASD). We previously observed improved behavioral
symptoms in this cohort following the KD; this trial was registered with Clinicaltrials.gov
(NCT02477904). This report details the alterations observed in the microbiota, inflammation
markers, and microRNAs of seven children following a KD for a duration of 4 months. Our
analysis included blood and stool samples, collected before and after the KD. After 4 months
follow up, we found that the KD led to decreased plasma levels of proinflammatory cytokines (IL-
12p70 and IL-1b) and brain-derived neurotrophic factor (BDNF). Additionally, we observed
changes in the gut microbiome, increased expression of butyrate kinase in the gut, and altered
levels of BDNF-associated miRNAs in the plasma. These cohort findings suggest that the KD may
positively influence ASD sociability, as previously observed, by reducing inflammation, reversing

gut microbial dysbiosis, and impacting the BDNF pathway related to brain activity.

3.2 INTRODUCTION

In this interventional pilot study, we previously observed improved behavioral symptoms in this
cohort following the KD.?’ In the current analysis, we sought to understand how the modified KD
might affect the relationships between the gut microbiome and inflammatory regulation. Previous
reports identified metabolomic changes in the blood after a KD, including elevated -
hydroxybutyrate, which correlated with improved ASD-associated behaviors.?”*? Herein, we
report a potential connection between elevated butyrate kinase (BUK) expression levels in the gut,
increased gut microbial diversity, and altered inflammatory profiles in children with ASD
following a KD previously linked with behavioral improvements.?’

3.3 METHODS

3.3.1 Recruitment and Participant Enrollment

Participants with ASD were recruited at Shriner’s Hospital for Children-Honolulu as previously

described.?” The study was approved by the University of Hawaii Committee on Human Studies,
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and participants' guardians provided written informed consent. The ketogenic diet (KD) was
modified by a Registered Dietician/Nurse to suit metabolic considerations for ASD and included
Medium-chain triglycerides (MCT) oil supplementation.!'»!!* The trial was registered with
Clinicaltrials.gov (NCT02477904). We obtained post-diet blood samples from 11 children and
stool samples from 7 children, out of an original cohort of 47 children, due to personnel reasons

(Figure 6).

Table 1: Summary of Study Participants

Characteristic N=7
Median 14
: +
Age (years): 13.4+3.8 Range 719
(%)
) Female 1 (14.3)
Gender: Male 6 (85.7)

Average Change in

Pre-KD (Average * Post-KD (Average * .
(Averag (Averag Plasma Concentration P-value

Ketone Bodies

SEM) SEM) (M)
Acetoacetic Acid -0.39 £ 0.58 0.34£0.63 0.98 £ 0.66 0.021
Hydroxybutyric Acid 0.62 +1.15 141+£1.63 0.64 + 0.38 0.028

3.3.2 Sample Processing

3.3.2.1 Blood sample processing

Non-fasting blood samples were collected using venipuncture techniques between 9-10am.
Separation of plasma and peripheral blood mononuclear cells (PBMCs) was performed within 24
hours of blood sample collection using PBMC isolation tubes (STEMCELL Technologies,
Vancouver, BC, Canada). PBMCs were stored at -150°C for further applications. Plasma was

stored at -80°C prior to assays.

3.3.2.2 RNA/DNA extraction from stool samples

Participants were provided with a Fisherbrand™ Commode Specimen Collection System
(FisherScientific) to take home and asked to return their samples, preserved in RNAlater™
Stabilization Solution (ThermoFisher Scientific, Inc., Vilnius, Lithuania), within a week of blood
collection. Samples were stored at -20°C until ready for extraction. To extract stool DNA and RNA,

we used a MagMAX Microbiome Ultra Nuclei Kit on a KingFisher Duo Prime Purification System
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Figure 6: Experimental design and samples. Patients with an
autism diagnosis were recruited from Oahu, Hawaii. a) Blood and
fecal samples were collected before and after 4 months on a KD.
Samples were collected from 47 patients at the first time point but
only 11 patients returned (11 blood samples, 8 stool samples). b)
Non-fasting blood was collected between 9-10am, and plasma was
isolated. Subsequently, plasma was used in a ketone body assay and
in a 14-plex cytokine Luminex assay. c) Stool was collected via at
home collection kits, then DNA and RNA were isolated and used for
16S sequencing and BUK/BAC qPCR assays. Created using

Biorender.com.

3.3.3 Library preparation and sequencing

following  manufacturer  protocol
(Ther-moFisher). Briefly, we combined
250 L from stool aliquots with 800 L
of Lysis Buffer, and vortexed the tube
upside down for 10 seconds. Samples
were placed on a shaker for 10 minutes
at maximum speed (~2500rpm). 96-
well plates were prepared according to
the manufacturer’s protocol. Samples
were centrifuged for 2 minutes at
14000xg and 400 L of the supernatant
was transferred into row H of the
prepared plate. We then added 520 L
of Binding Bead Mix ((500 L Binding
Buffer + 20 L  magnetic
beads)/sample) to the samples and
placed the plate in the KingFisher
System. We ran the MagMAX
Microbiome Ultra Nuclei program for
RNA/DNA extraction and transferred
the eluted samples into Eppendorf
tubes stored at -80°C.

Stool sample DNA (40 ng) was used to target 16S hypervariable regions V2-4 and V6-9 by PCR

amplification. Libraries were prepared and purified for sequencing using the lon 16S™

Metagenomics Kit (A26216, ThermoFisher) and

lon Express Barcode Adaptors 1-80

(ThermoFisher). Library sequencing analysis was performed using the lon Reporter™ Software

v5.18.4.0. Chimeric sequences were removed. Reads were mapped to Greenegenes v13.5 and

MicroSEQ ID v3.0 as reference databases. Raw abundance values were subsampled to 10,000

reads per sample to control for inconsistent sample read numbers. Subsampling was performed
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using the species-level OTU table via the rrarefy function of the vegan package.*® All samples
contained >10,000 raw read values, ensuring that none required removal from the analysis.
Upstream taxonomic classification used current NCBI definitions via the taxize package.''®
Shannon, Simpson, and Chao -Diversity values were calculated, post-rarefaction, via the alpha
function of the microbiome package.!!’ Results were tested for significance using a one-tailed t-

test and p < 0.05.

3.3.4 qPCR Assays

Stool sample RNA (40 ng) was converted to cDNA using SuperScript IV VILO Master Mix with
ezDNase™ Enzyme (ThermoFisher). PCR primers were synthesized (ThermoFisher Scientific,
Custom DNA Oligos Synthesis Services, Waltham, MA, USA) for the butyrate kinase (BUK) gene.
DNA and cDNA vyields (20 L per sample) were subjected to quantitative PCR (gPCR; PerfeCTa
SYBR Green FastMix, Quantabio, Beverly, MA, USA), in duplicate reactions, on 96-well plates,
using a StepOnePlus Real-Time PCR instrument (ThermoFisher). Samples were incubated at 50°C
for 2 minutes, followed by polymerase activation at 95°C for 2 minutes. 40 cycles of amplification
were performed at 95°C for 1 second and 60°C for 20 seconds, and then kept at 4°C following the
run. Cr (threshold cycle) results were normalized to BAC/16S amplification, performed in the
same assay, and the estimated percent expression was calculated relative to BAC/16S using the
delta-Ct method (equation: 2(BAC €1-BUKCD x 100),

BUK gPCR primers were designed as previously described:!!®

forward primer: 5" -TGCTGTWGTTGGWAGAGGYGGA- 3,

reverse primer: 5’ -GCAACIGCYTTTTGATTTAATGCATGG- 3°

Universal 16S gPCR primers (labeled “BAC”) were used as a proxy for total bacterial load. BAC
primers were designed as previously described:!°

63F (forward primer): 5’ -GCAGGCCTAACACATGCAAGTC- 3,

355R (reverse primer): 5’ -CTGCTGCCTCCCGTAGGAGT- 3’

miRNA was extracted from plasma samples according to the protocols for the TagMan Adv
miRNA cDNA synthesis kit (ThermoFisher) and the MagMAX mirVana Total RNA lIsolation Kit
(ThermoFisher) using the KingFisher DUO Prime automated extraction system. miRNA gPCR

assays were performed in triplicate according to the TagMan Adv miRNA protocol using available
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human specific TagMan gene expression assays (ThermoFisher). The assays (and catalog
numbers) used were: miR-375 3p (#478074), miR-361 5p (#478056), miR-125b 5p (#477885),
miR-132 3p (#477900), miR-134 5p (#477901), and miR-134 3p (#478408). Using the
StepOnePlus instrument described above, qPCR conditions were: 95°C for 20 seconds, followed
by 40 cycles of 95°C for 1 second and 60°C for 20 seconds. Once complete, samples were
temporarily held at 4°C. Cr results were normalized to miR-361 5p amplification as a loading
control® performed in the same assay, and the estimated percent expression was calculated relative
to miR-361 using the delta-Ct method. Results were compared using an unpaired 2-tailed t test.

3.3.5 Luminex™ Assay

We designed a custom ProcartaPlex Luminex™ 14plex Assay (ThermoFisher) including beads for
IL-1b, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-17A IFN-y, BDNF, TNF-a, PDGF, MIP-1 ,
and VEGF-A. We prepared the 96-well plate as described in the manufacturer’s protocol, except
no plasma samples were diluted and all samples were centrifuged for 5 minutes at 1000xg before
being added to the plate. The plate was read by a Luminex 200™ System using settings for
MagPlex™ beads, as described in the ProcartaPlex Luminex™ Multiplex Immunoassay kit

protocol.

3.3.6 Ketone Body ELISA Assay

Pre- and post-KD plasma samples were checked for diet compliance using the Ketone Body Assay

Kit (ab272541, Abcam, Cambridge, United Kingdom) according to the manufacturer’s protocol.
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Figure 7: Increase in alpha diversity and changes to the abundance of specific gut microbiota after KD. a)
Relative abundance of phyla before and after KD in the same individual as measured by 16S sequencing. “Other”
includes Cyanobacteria, Fusobacteria, Lentisphaerae, Nitrospinae, Synergistetes, Tenericutes, Verrucomicrobia,
and Unclassified. Changes in microbial diversity before and after the KD based on 16S sequencing measured using
the b) Shannon and c) Simpson indices at the level of family, genus, and species. Bacteria found to be significantly
different after KD are d) Lactobacillales order (p = 0.02) e) Bacteroidaceae family (p = 0.03) f) Oscillospiraceae
family (p = 0.04) g) Ruminococcus genus (p = 0.04) h) Bacteroides genus (p = 0.03) i) Ruminococcus gnavus (p
=0.03) j) clostridium cocleatum (p = 0.04).
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3.4 RESULTS

3.4.1 Impacts of the KD on the gut microbiome in ASD children

To confirm that participants entered ketosis, we measured plasma levels of ketone bodies using
ELISA. As expected, we observed significantly increased concentrations of the ketone bodies
acetoacetic acid (by 0.97 nM£0.66; p = 0.02) and hydroxybutyric acid (by 0.63 nM%0.38; p =
0.02) following the KD, as measured by a two-tailed one sample t test (Table 1).

Table 2. Average Expression Levels of ASD-associated Cytokines Before and After the KD

Biomarker Pre-KD (Average + SEM) Post-KD (Average + SEM) P-value
IL-1b 1.03+0.48 0.77 £ 0.39 0.04
IL-4 416 £0.12 4.03+0.6 0.20
IL-5 12.37 +6.10 7.62+4.62 0.06
IL-6 8.28+0.73 8.28+1.4%6 0.50
IL-10 0.28+0.09 0.41+0.25 0.14
IL-12p70 3.13+£2.05 1.00 + 0.58 0.02
IL-17a 1.05+x04 0.84 +0.29 0.5
IFN-g 262+0.8 237+0.5 0.26
TNF-a 3.46+ 1.86 2.93+219 0.18
BDNF 3.32+£245 0.82+0.29 0.02
PDGF-BB 23.77 +21.58 24.84 + 23.76 0.01
VEGF-A 66.50 + 28.75 57.87 +19.99 0.56

From 16S-based sequencing data of gut microbial DNA, we observed alterations of the phylum-
level composition (Figure 7a) and a statistically significant increase in the a-diversity
(independently measured by the Shannon and Simpson indices) of the gut microbiome in ASD
children following the KD (Figure 7b,c). These changes were observed at the family, genus, and

species levels. No significant changes were observed using the Chao Index.

Overall, the KD did not cause significant changes in phylum-level abundance, likely due to small
sample size and individual microbial variability. However, at a higher resolution into lower
taxonomic levels, significant increases were observed in Lactobacillales (p = 0.018 + 0.005),
while decreases were found in Bacteroidaceae (p = 0.030+0.005), Oscillospiraceae (p =
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0.040+ 0.003), Bacteroides (p = 0.030£0.048), Ruminococcus (p = 0.047+0.003) genera, and
Clostridium cocleatum (p = 0.041+ 0.002) and Ruminococcus gnavus (p = 0.034+ 0.002) species
(Figure 7d-j).

Since previous analysis of this cohort demonstrated a significant change in  -hydroxybutyrate in
the blood,'*? we examined stool samples for a corresponding increase in butyrate production
capacity. Based on qPCR of stool sample DNA and RNA, the abundance of the gene for BUK, and

its expression levels, significantly increased after the KD (Figure 8).

Table 3: Validated and predicted targets of BDNF-associated miRNAs

miRNA Validated Targets Predicted Targets
Limk1 (Schratt et al. 2006);
miR-134 5p  CREB-1, BDNF (Baby et al. 2020); DLG2, Neurod2, NDE1, GBX2

CDNF (Konovalova et al. 2021)

NR2A, Nr2B, GIuR1 (Kawashima et al. 2010);
miR-132 3p  cAMP (KIéting et al. 2009);
PTEN (Shen et al. 2020)

4E-BP1 (Zhang et al. 2012);

NREP, SLC6Al1l, NOVAL, MAF,
SLC6A3, LRRTM3, NRCAM

MiR-125b5p T\ ' (Marques.Rocha et 4l. 2015) MAF, GDNF, ELAVL4, NCAN
1iR.375 39  PDKL, HUD (Abdelmohsen et al. 2010); ELAVL4, PACSIN1, ELAVLS,
P HNF1B, KLF4, CST1 (Dai et al. 2022) NBEA

Note: all predicted targets are based on in silico predictions by TargetScan (Agarwal et al. 2015)

3.4.2 Impacts of the KD on inflammatory states in children with ASD

We next examined changes to cytokines previously described as abnormally expressed in ASD
patients: IL-1 , IL-4, IL-5, IL-6,1L-8, IL-10, IL-12p70, IL-17A, IFN-y, BDNF, TNF-0, PDGF,
MIP-1 , and VEGF-A 1719120-122 \we observed a general trend of decreasing expression of pro-
inflammatory cytokines in the plasma of ASD patients following the KD, with significant
differences observed in IL-1 and IL-12p70 levels (Table 2). Although the anti-inflammatory
cytokine IL-10 increased after the KD, the mean difference was not statistically significant, likely
due to limited sample size (Table 2). Interestingly, however, we observed a significant decrease
in plasma levels of BDNF (Table 2), an important factor involved in neuroinflammation in the

central nervous system previously implicated in ASD.'?3
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3.4.3 KD-induced alterations to BDNF-associated miRNAs

Given our observation of significantly decreased plasma levels of BDNF, we investigated the
expression of four miRNAs previously linked to regulating BDNF activity in the brain: miR-134
5p,12* miR-132 3p,'?® miR-125b 5p,'?® and miR-375 3p,'?’ described in Table 3. Using targeted
gPCR assays to measure these miRNAs from plasma samples, we observed significantly decreased
levels of miR-134 (p = 0.008) and miR-132 (p = 0.027) following the KD (Figure 9b,d). The levels
of miR-125b, however, remained unaltered after the KD as before it (Figure 9a, p = 0.238), while
the levels of miR-375 appeared significantly elevated (Figure 9c, p = 0.044).

3.5 DISCUSSION

Previous reports on this cohort described improved social interactions?’ that correlated with
increased plasma levels of -hydroxybutyrate following a modified KD.1*? Although KD-induced
ketosis and elevation of circulating ketone bodies (Table 1) may directly account for modifying
brain activity via changes to metabolic pathways and thereby explain improvements to sociability
in ASD patients, our findings show additional effects of the KD that might impact brain activity.
We observed significant alterations to the gut microbiome, inflammation, and circulating BDNF-
associated miRNAs. These results are consistent with previous research suggesting that a KD
improves social behavior in ASD via decreasing brain inflammation and ameliorating metabolic

function, including altering the gut microbiota.?®

3.5.1 KD Promotes Taxonomic Richness and Evenness of the Gut Microbiome

In this pilot study, the KD led to a significant increase in gut microbiome biodiversity and

composition at the family, genus, and species levels (Figure 7b-g). The Shannon and Simpson
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Figure 8: Increased levels of

butyrate kinase gene and expression
in gut microbiota after the KD. a)
DNA levels of BUK increased relative
to 16S levels (p = 0.039; Wilcoxon
matched-pairs signed rank t test, n = 7).
b) cDNA levels of BUK increased
relative to 16S levels (p = 0.007;
Wilcoxon matched-pairs signed rank t
test, n=7).

indices showed greater evenness in population distribution
and increased species richness. However, the Chao Index
did not exhibit a significant change, possibly due to limited
alterations in the abundance of rarer gut taxa.'?® Overall, the
impact of the KD on the gut microbiome resulted in a more
even distribution of microbiota and increased richness,
which generally indicates improved gut health and reduced

pathogenicity of gut microbes.

3.5.2 Increased Butyrate Metabolism Associates with

Reduced Inflammation

We assessed changes in butyrate concentration indirectly by
investigating BUK DNA (Figure 8a) and RNA (Figure 8b)
levels in the stool of participants prior to and after the KD.
By measuring the relative abundance of BUK DNA and
mMRNA in the

microbiome-derived

samples, we extrapolated relative

butyrate  abundance.  Previous
metabolomic analysis of these samples observed low levels
of -hydroxybutyrate in ASD patients that were then
elevated after the KD,? further supporting evidence that
gut microbiome changes affect blood metabolites. Blood
levels of -hydroxybutyrate have previously been shown to
levels of pro-inflammatory

These

associate with decreased

cytokines®® and  neuroinflammation.? prior

observations support our findings that the KD induces a

significant shift toward an anti-inflammatory state in the participants (Table 2), which might also

contribute to the behavioral changes observed given prior links between inflammation and ASD

symptomolgy.?°
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Figure 9: KD is associated with changes to expression of BDNF-associated
mMiRNAs. a) miR125b increased after the KD relative to control miRNA361-5p
but not significantly. b) miR134 5p decreased relative to control (p = 0.008; two
tailed unpaired t test). c) miR375 3p increased relative to control (p = 0.044; two
tailed unpaired t test). d) miR132 3p decreased relative to control miRNA361-
5p (p = 0.027; two tailed unpaired t test).

353 KD-induced
changes to BDNF-

associated miRNAs

Based on our Luminex
assays (Table 2), we
further examined the
activity of the
neurotrophic factor
BDNF. BDNF is found
both in the brain and the
periphery,  where it
regulates neurogenesis,

glycogenesis,
synaptogenesis; provides
neuroprotection; and
controls short- and long-
acting synaptic
interactions in memory
and cognition. Although
its relationship with ASD
symptoms is
controversial, abnormal

BDNF expression has

been consistently found in ASD blood*?® and its activity influences and is influenced by epigenetic

factors such as miRNAs that can alter inflammatory profiles.!?® Additionally, BDNF is known to

interact with butyrate derived from the gut to modulate neuroinflammation and cell migration in

the brain.1%°

MicroRNAs (miRNAs) are small, endogenous noncoding RNAs that post-transcriptionally

regulate gene expression, and have increasingly been found important in brain function and

development.’3! By altering neuroinflammatory profiles, miRNAs may also play a role in
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modifying ASD conditions.!* Thus, we tested four BDNF-associated miRNAs involved in
neuronal development and activity (Table 3): (1) miR134, downregulated by BDNF and expressed
almost exclusively in the brain, is a negative regulator of dendrite width in mature neurons, through
its silencing of Limk1. However, Limk1l silencing can be relieved by administration of BDNF,
indicating a role of anti-inflammatory factors on dendrite size;*?* miR-134 has also been confirmed
to downregulate a related neurotropic factor, cerebral dopamine neurotrophic factor (CDNF),**? as
well as BDNF itself and cAMP-response-element binding protein (CREB-1);1® (2) miR132, found
in the brain and other tissues,’** upregulates glutamate receptors,’*® and is repressed by
downregulation of BDNF, with both implicated in disorders such as ASD and depression.t® This
miRNA has also been linked to pro-inflammatory activation;*®® (3) miR-125b controls
spontaneous and BDNF-induced neuronal differentiation and growth,'?® while also associating
with increased inflammation;*3" and (4) miR-375 significantly regulates the differentiation and
maturation of neurons in early development by maintaining stem cell-like phenotypes. miR-375
has been shown to inhibit BDNF-promoted neuronal outgrowth.'?” It also plays a role in
inflammation through cystatin SN (CST1).138

Our examination of the four BDNF-associated miRNAs consistently aligns with our findings of
reduced plasma BDNF levels subsequent to the KD. Given BDNF's recognized anti-inflammatory
properties, its brain-specific nature, and its crucial role in neurodevelopment, the observed
decrease post-KD might appear paradoxical, hinting at intricate associations with inflammation.
Complicating matters, reports suggest abnormal BDNF elevation in ASD,'? implying that a
lowered level could signify a shift towards "normal™ concentrations. We propose that decreased
BDNF expression in the periphery might stem from heightened sequestration in the brain,
consequently diminishing peripheral blood concentrations. The observed miRNA expression
alterations conform to established patterns from prior studies (see Figure 5), with butyrate itself
exerting in-fluence on their expression, thus providing a connection between gut butyrate
production and neuroinflammation via BDNF. While these initial findings implicate these
miRNAs' involvement, further investigation is imperative to elucidate their impact on ASD

behavioral outcomes related to the KD, thereby establishing their potential as biomarkers.
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Figure 10: Proposed indirect pathway of KD-induced changes to
neuroinflammation. Butyrate may downregulate miR-132 through
inhibition of TLR2. miR-132 promotes neuroinflammation by activating
IL-1b. Butyrate directly regulates miR-375, which inhibits IL-1b.
Butyrate regulates miR-134 by activating its inhibitor, AChE. miR-132
activates the neuroinflammatory effects of BDNF. IL-1b, activated by
miR-132 and inhibited by miR-375 and butyrate, influences
neuroinflammation directly, through inhibition of BDNF and activation
of IL-12p70. Created using Biorender.com.

3.6 CONCLUSION

Taken together, results from
this interventional pilot study
suggest an alternative
mechanism through which a
KD may influence behavioral
symptoms in children with
ASD, beyond the direct effect
of ketones on metabolic
activity in the brain (Figure
10). We showed that a KD
increased  gut  microbial
diversity, in addition to
increased  production of
butyrate. Once metabolized in
the gut, butyrate can enter the
blood and the brain to promote
an anti-inflammatory  state

directly, through action on

cytokines such as IL-1 13141

and BDNF'* or indirectly,

through interactions  with

receptors such as TLR2,'*

neurotransmitters (e.g.,

acetylcholinesterase),! #4145

miRNAs

or
those

BDNF

such as

associated with

described above.!**14¢-14 In addition to further supporting a correlation between inflammation and

ASD, our interventional pilot study suggests that the gut microbiome can affect expression of

epigenetic factors (e.g., miRNAs) that might indirectly impact brain activity, adding to our
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understanding of the gut-brain axis and the mechanism by which a KD may impact ASD

phenotypes.

Our preliminary findings of significant KD-related changes to the microbiome and
neuroinflammatory biomarkers warrant further study in a larger cohort. Such studies should be
powered to investigate age- and sex-related effects of the KD on sociability as well as to the
microbiome and, importantly, may examine the persistence of these effects among children with
ASD. Additionally, other gut microbiome metabolites, such as tryptophan metabolites and
neurotransmitters,'>° may contribute to the impact of the KD in children with ASD and present
further avenues for future study. While preliminary, our findings highlight the need to better
understand the effects of KD-related im-pacts on brain activity and behavior, supporting the
potential relevance of butyrate production and inflammation in contributing to these effects via the

gut microbiome.

3.7 DATA AVAILABILITY

All data used for this project will be available de-identified when approved by the University of
Hawaii Institutional Review Board upon reasonable request to the corresponding author. The gut
microbiome data presented in this study are deposited in the figshare repository, accessible at:
https://doi.org/10.6084/m9.figshare.22735193
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Chapter 4: Summary and Future Directions

4.1 SUMMARY

ASD is difficult to study due to the heterogeneity of the phenotype in humans and the exclusive
dependence on behavioral symptoms in most diagnoses. While the exact biological description of
ASD eludes researchers, it is apparent that certain types of ASD, presumably arising from different
sources or risk factors, respond differently to treatments. Identifying the unique biomarkers of
these types may streamline treatment decisions and allow for better predictions of future

development.

In the above studies, we examined the relationship between diet and the epigenome in the context
of ASD. Peripheral miRNAs were of particular interest due to their accessibility in the blood and
their ability to easily cross the BBB. In the context of maternal obesity, we found that pre-
conception maternal obesity resulted in a subset of offspring with ASD-like phenotype and
expression patterns. Among the offspring expressing an ASD phenotype, there was evidence of
dysregulation of RNA-mediated gene regulation, in the form of Polr3a and miRNAs such as miR-
124. These dysregulated regulatory elements were associated with known ASD genes such as Fxr1,

suggesting a connection between these epigenetic regulatory changes and the ASD phenotype.

Meanwhile, in children diagnosed with ASD, we found KD was associated with significant
changes to concentration of miRNAs and cytokines in the blood. Particularly, BDNF and brain-
specific miRNAs that influence BDNF activity were found to be changed in the plasma after KD.
miR-134, -132, and -375 all had significantly different concentrations in the plasma after KD in
keeping with a pattern of increased BDNF activity in the brain. Additionally, increased capacity
for butyrate production in the gut microbiome, even without corresponding evidence of increases
in butyrate producers, suggests that the gut microbiome may be largely responsible for an increased
concentration of butyrate in the blood after KD. This suggests that butyrate derived from the gut

microbiome may have effects on neuroinflammation in ASD via miRNAs and BDNF.

Aim 1.1 was to identify offspring of the mouse model of maternal obesity with severe ASD-like
symptoms and unaffected animals as controls for comparing brain-specific molecular differences.
The behavioral battery successfully identified ASD-like behavior in male mouse offspring of obese

egg donors. Specifically, these mice demonstrated behaviors that may be the mouse equivalent of
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delayed language, decreased socialization, delayed maternal independence, and extended
compulsive, repetitive behavior. However, this was not true for all offspring of obese egg donors,
reflecting the heterogeneity of inheritance observed in ASD. This suggests that our model can

recapitulate ASD in a mouse model.

Aim 1.2 was to determine epigenetic differences between case and control offspring and the degree
to which these differences recapitulate defects observed in human ASD. While WGBS results were
limited, we found decreased methylation in the promoter of Polr3a, the catalytic component of
RNA Polymerase III, suggesting dysregulation of RNA regulatory genes. RNAseq identified
several ASD genes that were differentially expressed in a subset of GAM-HFD offspring, including
Nrxnl, Dlgapl, and Unc80. Additionally, significantly different patterns of alternative splicing
taken from a subset of known possible alternative isoforms were observed in human ASD genes
such as Fxrl. Both Fxrl and Polr3a activity could be related due to changes in expression patterns

of miR-124, since it has known interactions with both.

In the second study, Aim 2.1 was to examine changes in butyrate levels and gut microbial
composition after KD. While J -hydroxybutyrate was confirmed in high levels in the blood
previously, we identified increased capacity for butyrate production in the gut microbiome after
KD. While specific species or genus could not be identified as the source of the change, increased
levels of butyrate kinase gene and mRNA transcript levels were established in the gut microbiome,
suggesting it is an additional source for butyrate and its derivatives in the blood. In a possibly
unrelated note, diversity was found to be significantly increased after KD at a family, genus, and

species level.

Aim 2.2 was to examine differences in the levels of inflammatory and miRNA biomarkers
implicated in the KD and ASD. As expected from the anti-inflammatory KD, decreased levels of
pro-inflammatory cytokines and increased levels of anti-inflammatory cytokines were found in the
plasma after KD. However, the cytokines tested are known to be aberrantly expressed in ASD,
which tends to exhibit a pro-inflammatory state. Unusually, levels of BDNF, which functions as
an anti-inflammatory factor as well as a growth factor in the brain, were found to be reduced in
the periphery after KD. We theorize this may be explained by increased localization of BDNF to

the brain in response to anti-inflammatory activity of KD and | -hydroxybutyrate. Similarly,
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miRNAs known to interact with BDNF in the brain exhibited changes in peripheral concentration
in concert with their expected activity in the brain due to BDNF. Increased brain levels of BDNF
may encourage an increased brain-sequestration of miR-134 and -132 due to their direct regulation
by BDNF. miR-375, meanwhile, may be increased in the periphery due to a decrease in the need
for BDNF inhibition in the brain. This may suggest that peripheral expression levels of BDNF and
these miRNAs may be possible biomarkers for neuroinflammation, though further study and direct

examination of the brain itself will be needed to confirm this theory.

These data support our hypothesis that chronic inflammation and diet can influence epigenetic
factors both pre-conception and during childhood, suggesting treatment by anti-inflammatory diet

or supplements can be beneficial at any stage of development.

4.2 FUTURE DIRECTIONS

While the results of these studies highlight several promising pathways towards understanding
ASD, further investigation is required to reach any definitive understanding of the underlying
causes of idiopathic ASD. These results currently indicate correlation only, and it is not possible
to report definite causation. Nevertheless, deeper and more specific study of the genes and

phenotypes observed here may result in a better description of the biology of ASD.

First, while genetic analysis of GAM-HFD offspring demonstrated alternative patterns of
expression and regulation, it may be of interest to analyze the epigenome of the mothers as well.
Our evidence indicates that the epigenome of the oocytes is affected by HFD-induced obesity, but
are maternal somatic cells affected in the same way? It may also be of interest to study if the
epigenetic changes in the oocyte or the somatic cells remain even if maternal diet, and resulting
weight, is returned to normal ranges. Given our results that the pre-conception environment plays
a role in the phenotypic outcome of the offspring, it may be relevant to test whether past maternal
obesity could affect offspring even if the mother is a normal weight at conception. Could an obese
mother improve the health outcome of her children by losing weight before conception? It may
also be interesting to see if treatment by KD could induce similar outcomes in ASD-like GAM-

HFD mice, suggesting maternal pre-conception weight as a risk factor for diet-responsive ASD.

Additionally, our analysis of WGBS data did not return a great deal of information. Re-analysis of
the same data or resequencing of the same samples may be helpful, as the technology continues to
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in the gut by several different pathways, resulting in the final products of
butyrate, acetate, or propionate. All 3 final products can function as ketone
bodies in ketosis. Some overlap between these pathways exists. methylation data

Analysis  of  current

indicates irregularities in methylation of RNA regulatory genes and processes, as well as immune
regulation. These data deserve further exploration, as they appear to support many current theories

regarding ASD development.

Third, further exploration of the activity of the miRNAs identified (miR-132, miR-134, miR-375,
and miR-124) may also be illuminating. The relationship between peripheral miRNA expression
levels and brain expression levels are unclear and would require brain samples either from
postmortem donated samples or animal models. Also, whether miR-124’s interaction with both
Polr3a and Fxrl is coincidental or if these activities contribute to a similar outcome is not clear.
Our supposed change to RNA Polymerase III activity also remains unconfirmed; though we could
clearly demonstrate changed levels of Polr3a expression, we have not confirmed that these
changes have a downstream effect on the activity of the polymerase. Polr3a has activity by itself,
mainly as an immune regulator, according to GO:BP analysis (data not shown), and excess

transcripts may act in that capacity instead.
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Butyrate is well established as an anti-inflammatory factor produced during KD, but it is unclear
the degree to which the gut microbiome contributes. Due to lacking capacity for direct
measurement of butyrate in the samples, we had to depend upon butyrate kinase’s presence in the
gut microbiome. However, there are other methods by which butyrate can be produced, skipping
butyrate kinase entirely (Figure 11). Attempts to track acetyl-CoA by qPCR were unsuccessful,
but perhaps other techniques or primers may provide results. More definitive results could possibly

be achieved through direct measurement of butyrate concentration in stool samples.

The genes and transcripts identified by our sequencing results—Arhgef15, Fxrl, Mapkap1, Phf24,
Siglec-H, Ryr3-202, App-204, Arpp19-209, Nrxni-206, Nrxnl-213, Digap1-20, Unc80-20, Npri3-
202, Slcl16a11-20, and Cab39-201—deserve further study. Our results were only able to highlight
these genes as of particular interest in diet-associated ASD phenotypes; the manner in or degree to
which they contribute to those phenotypes is not described. While some have previously been

identified in ASD,

As always, larger sample sizes in both the human and mouse studies would greatly improve the
impact of the results. This is somewhat difficult with the mice, as the resulting phenotype is not
predictable prior to behavioral testing others have not, and it is unknown what role they play in
this ASD phenotype. Further confirmation in other ASD samples would also be necessary to
establish these genes as important in diet-related ASD., so further testing of the model may provide
a better understanding of the typical degree of penetration in this mouse model. The KD study was
limited by a lack of follow up, though each individual served as their own control. Additionally,
participants were ranged greatly in ages that represent very different timepoints in development. It
is possible that age plays a role in the plasticity of the ASD brain in response to KD, but we are
unable to isolate that here. Complications also may arise with this study due to the well-known
tendencies of children with ASD to be picky eaters, which may increase the difficulty of adhering
to the KD. Although ketosis was confirmed in all samples, it is possible to adhere to an unhealthy

KD (e.g. a diet of only bacon is technically a KD) and such variance needs to be considered.
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Appendix 1: Integration of Structural MRI and Epigenetic Analyses Hint at Linked Cellular
Defects of the Subventricular Zone and Insular Cortex in Autism: Findings From a Case

Study

ABSTRACT

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by deficits in
social interaction and communication and repetitive, restrictive behaviors. Despite the increasing
global prevalence of ASD, recently estimated to affect 100 in 10,000 (or 1 in 100) children, its
underlying etiology remains poorly understood. Given recent studies linking defects in cell
migration and proliferation in the subventricular zone (SVZ) to ASD-like symptoms, we explored
molecular, cellular, and structural changes in the SVZ and cortical regions of brain specimens of
ASD diagnosed and unaffected, typically developing individuals in a case study. In applying MRI
to these cases, we observed decreased tractography pathways from the dorsal SVZ and increased
pathways from the posterior ventral SVZ to the insular cortex, together with variable cortical
thickness within the insular cortex in ASD relative to control samples. Long-range tractography
pathways from/ and to the insula were also reduced in the ASD. FACS-based cell sorting revealed
an increased population of proliferating cells in the SVZ of ASD relative to the control sample.
Targeted gPCR assays of SVZ tissue demonstrated significantly reduced expression levels of
genes involved in differentiation and migration of neurons in ASD relative to the control
counterpart. Finally, using genome-wide DNA methylation analyses, we identified 19 genes
relevant to neurological development, function, and disease, 7 of which have not previously been
described in ASD, that were significantly differentially methylated in autistic SVZ and insula.
Altogether, these preliminary findings suggest a hypothesis that epigenetic changes during
neurodevelopment alter the patterns of proliferation, migration, and differentiation in the SVZ,

impacting cortical structure and function and resulting in the phenotypes that characterize ASD.
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INTRODUCTION

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by deficits in
social interaction and communication and repetitive, restrictive behaviors.1%! Intellectual
disability and language deficits are often observed, as well as several different comorbidities such
as epilepsy, requiring varying needs of support and treatment.*®* Current prevalence rates of ASD
are estimated to be over 1/100 in the global population and 1 in 68 children in the United States,>2
due to increasing awareness, expanded diagnostic criteria, and the development of more accurate
diagnostic instruments.21%31% Studies in monozygotic (MZ) and dizygotic (DZ) twins showed
ASD concordances of 60-92% for MZ twins and 0-36% for DZ twins.?®>%¢ Furthermore, in
families with two children with ASD, the probability of the third-born male child being affected
with ASD is 50%.3 Approximately 40% of the ASD cases have a known genetic component, which
can be inherited or acquired de novo. Most of the genes implicated in the ASD etiology fall into
two main categories: genes encoding proteins involved in synapse development and function, and
genes encoding proteins related with chromatin remodeling.’®” Some of the best studied ASD
related genes include SHANK3, FMR1, and MECP2.49158-160 However, most cases of ASD do not
have known genetic causes and are referred to as idiopathic.*°

In humans, the subventricular zone (SVZ) is a highly proliferative and heterogeneous region that
contributes to neurogenesis and gliogenesis during gestational stages and contributes to the
expansion of the cerebral cortex.1%1-1%3 At this point of development the structure of the SVZ is
evident, and its function as one of two known sources of adult neurogenesis is established.'®* In
adults, the SVZ is directly adjacent to the wall of the lateral ventricle, just above the striatum and
is organized into four distinct layers: a single cell thick layer of ependymal cells that form an
epithelium between the SVZ and the wall of the lateral ventricle; the hypocellular gap, which
mostly contains expansions of ependymal cells and processes of astrocytes with very few cell
bodies present; a “ribbon” of GFAP+ astrocyte cell bodies of varied morphologies, processes, and
orientation; and the transitional layer that serves as the border between the SVZ and the adjacent
striatal brain parenchyma.'®®1% During the first six months of life, there is a decline in SVZ
neurogenesis, and after 18 months, proliferative activity and the number of immature neurons

reach the trace levels seen in adulthood. Markers of proliferation, including Ki-67 and
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bromodeoxyuridine (BrdU) have been observed to be expressed by cells within the SVZ, which

supports the theory of adult neurogenesis in the S\/Z,164166.169

In addition to its emerging role as a source of adult neurogenesis, the SVZ is essential for the
development of the cortex during embryonic neurogenesis. Together with the ventricular zone
(VZ), the SVZ is the main source of newborn neurons in embryogenesis. Disruptions to this
process that result in dysfunctional migration or over proliferation of neuronal progenitors have
been linked to ASD-like symptoms.1’%174 Essential in ASD development is the process of radial
migration, which is mediated by radial glial cells (RGCs) in the SVZ, allowing newly
differentiated neurons to migrate from the SVZ through the established layers of the cortex to their
final destination on the pial wall. 162171173175 Ajterations of the RGC scaffold and signaling
molecules through genetic/epigenetic and/or environmental changes results in structural
malformation, disrupted cell-cell signaling, and malfunction of cortical circuitry, resulting in an
apparently macroscopically normal cortex that nonetheless has aberrant neuronal wiring.16%171.174-
176 Indeed, in our recent study, we identified robust differences in the DNA methylation levels of
genes preferentially involved in neuronal differentiation, axon specification, and migration, in the
SVZ of idiopathic ASD cases, that in some instances remarkably resembled the methylation states
at earlier time points in fetal brain development.®® Altogether, these findings suggest an early
developmental failure to establish appropriate epigenomic landscapes requisite for transcriptional
programing of neurogenesis and development, likely impacting the neuronal stem cell

compartment in the SVZ.

A related structure in the brain that has also been connected to ASD is the insular cortex.’"17
Most neurons in the insular cortex are derived from the SVZ during development, particularly by
the pallial-subpallial boundary, and atypical patterns of activation of the insula have been observed
in ASD.® |t has long been observed that ASD is associated with abnormal interconnectivity of
the CNS, with hyper frontal lobe local connectivity and decreased long distance connectivity to
other parts of the brain.1’518 A meta-analysis of fMRI studies determined that ASD is associated
with hypoactivation of the right anterior insula during social processes.*®? The insular cortex has
been related to cognitive functions including consciousness and self-awareness, language

processing, and interpersonal experiences; #3184 it also appears to play important roles in emotional
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states and primary interoceptive activity.'®18¢ MRI studies have reported abnormalities in the
insular cortex in patients with ASD,'®"18 and recently also reported that MRI-based measures
related to tissue microstructures in the insula are linked to more global connectional abnormalities
in ASD.18

Anatomical and morphological changes observed in the brains of ASD adults and children supports
the classification of ASD as a neurodevelopmental disorder and correlates with severity of
symptoms. This atypical neural connectivity has been supported by postmortem brain analysis that
showed neurodevelopmental abnormalities including altered neurogenesis and defective neuronal
migration reflected by the disorganization and abnormal cortical laminar cytoarchitecture,%0-1%?
MEG, EEG, and MRI studies have demonstrated differences in long range and local circuitry of
ASD brains, with higher levels of local connectivity and lower long range connectivity.176:193
General changes include a decrease in neuronal size and volume, abnormal migration and
maturation of neurons, altered density of dendritic spines, and the appearance of swollen axon
terminals, as well as macrocephaly and changes to cortical surface area.'®%1941% ASD brains are
also found to have signs of neurodegeneration, neuronal loss, and inflammation, with thinning of
the superior parietal, temporal, and frontal cerebral cortexes in teenagers with ASD.'® One of the
more consistent areas observed to have changes in brains of patients with ASD is the SVZ and its
cytoarchitecture. While the overall structure of the SVZ has not been found to be significantly
different, density and thickness of the hypocellular gap has been observed to be decreased in
ASD.165’196

Recently, studies in pluripotent stem cells (iPSC) derived from individuals with an ASD related
disorder like Rett syndrome (RTT) or Fragile X syndrome (FXS)*® showed defects in neuronal
maturation and aberrant neuronal differentiation.*®”1%® Additionally, this approach has been used
to analyze ASD-associated genes which lose their function, such as SHANK2 or SHANKS,
revealing impairment in neuronal morphology and transcriptomic changes in neurodevelopment-
associated pathways.'%%?% Similarly, neurodevelopmental alterations are present in iPSC derived
from idiopathic ASD subjects, where morphometric analyses revealed a developmental
acceleration in differentiating neurons and the transcriptomic signature exhibited a temporal

dysregulation in a group of genes involved in biological processes such as neuron differentiation,
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cell morphogenesis and synaptic signaling.?°! Patterns of neuronal migration observed using MRI
demonstrates a persistence of radial coherent structures in a post-natal brain that mirrors those
observed in embryonic weeks 15-28,2°2 which implies disruption of radial scaffold or unit
formation and function of radial glial progenitors in a developing brain with a mutation in
TUBALA, a protein associated with microcephaly, lissencephaly, intractable epilepsy, and
developmental delay.” Neuronal stem cells (NSCs) within the SVZ display more proliferative

markers, including Ki-67 and BrdU, but appear to stall before completing neurogenesis or
mitosis,159.160.171,203

Structural MRI studies have shown subtle developmental disturbances of gyral folding that can be
linked to autism,?®* and subtle abnormal white matter (WM) development, such as abnormal
asymmetry?® suggests altered brain connectivity in various developmental disorders including
ASD.206-209 However, the whole picture of ASD brain development is still elusive. In addition,
diffusion magnetic resonance imaging (dMRI) tractography can be used to detect three-
dimensional pathways based on microstructural, regional water diffusivity in the entire brain
mantle. In traditional studies, dMRI tractography has been used to observe WM pathways.
However, dMRI has recently also revealed glial scaffoldings for neuronal migration in fetal
ages.?’® Xu et al determined that high-angular resolution diffusion MRI (HARDI) pathways
observed in the fetal white matter likely reflects a composite of radial glial fibers, penetrating blood
vessels, and radial axons of which its transient expression most closely matches that of radial glial
fibers.?!* dMRI tractography pathways have also been observed to stretch from proliferative zones
to subcortical nuclei,?!! from the ganglionic eminence (GE)?*2%'® and cerebellum?* in humans,
likely corresponding to neuronal migration pathways. dMRI tractography has revealed important
developmental processes in humans such as radial glial pathways in the developing cortex,.%-
212,215-217 tangential neuronal migratory routes,?10212213216 and emerging axonal pathways coursing
through the white matter of the brain.?°?!® Given that postnatal neuronal migration has been
observed as neuronal chains tightly wrapped by astrocytes along blood vessels,?? it is likely that
dMRI tractography can also detect postnatal neuronal migration streams in the brain.

Given the role of the SVZ in cortical development and our prior observations, we hypothesized

that ASD in childhood may originate from epigenetic alterations in the neuronal stem cell
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compartment of the SVZ, resulting in altered neuronal trajectory in differentiation, migration, and

maturation observed in the cortex that could be imaged with structural and dMRI.

METHODS
Ex Vivo MRI

Specimens
The research was conducted in accordance with the Helsinki Declaration and approved by the

Boston Children’s Hospital Human Research Committee. Brain specimens of two children with
ASD and two children with no neurological/pathological findings were received from the
University of Maryland Brain and Tissue Bank, under a material transfer agreement between the

Brain Bank and the Boston Children’s Hospital.

Case #1, 5308, is a 4 years and 183 days old white male, diagnosed with autism, whose cause of
death is skull fractures due to blunt force injuries by being struck by a car. His final
neuropathological diagnosis included: 1. blunt force head injuries, a) multifocal subarachnoid
hemorrhage, b) intermediate contusions, cerebral white matter tracts, and brainstem, 2. Possible
micro-dysgenesis, temporal lobe. His Autism Diagnostic Interview-Revised (ADI-R) results were,
Section A=17, Section B verbal=14, Section B nonverbal= 14, Section C= 4 and Section D= 3.

The postmortem interval was 21 hours.

Case 2, #1349, is a 5 years and 222 days old white male, diagnosed with autism, whose cause of
death was drowning. The gross appearance of his brain did not indicate edema or discoloration
and appeared normal. His final diagnosis was a well-developed brain with no significant
neuropathological changes. The postmortem interval was 39 hours.

Case 3, #M4021M, is the tissue of a 3 years and 114 days old African American male, diagnosed
with autism, who died from a drowning accident. The family history report included a mentally ill
maternal cousin, a brother with a speech delay, and a father that stutters. The neurology report
stated a grossly normal brain and the autopsy reported pulmonary edema and congestion, as well

as cerebral edema. The postmortem interval was 15 hours.
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Case 4, #M4029M, is the tissue of a 3 years and 274 days old African American male with autism
and delayed speech, who died from a drowning incident. Neurology report included anoxic-
ischemic encephalopathy in the basal ganglia and acute brain edema. The autopsy found
pulmonary edema and congestion, as well as cerebral edema. The postmortem interval was 13

hours.

Case 5, #6032, is a control for Case 1 and Case 2, a 4 years and 51 days old white male, whose
cause of death was head and neck injuries by an accident. The report included subarachnoid
hemorrhage, right lateral frontal lobe, and subarachnoid hemorrhage, ambient cistern. There was

no gross and pathological finding during autopsy. The postmortem interval was 25 hours.

Case 6, #5282, is the control for Case 3, and is the brain tissue of a 2 years and 305 days old
Hispanic male. Prior to death from choking, the child was reported healthy and was not on any
medications. Cause of death (choking) would have no detrimental effect on the white matter
pathways within the brain nor the gray matter examined in this study. No previous neurological
conditions were found; therefore, the brain is an appropriate subject for a control in this case. The

postmortem interval was 16 hours.

Case 7, #5608, the control for Case 4, is a 3 years and 194 days old Caucasian male who was born
with a ventricular septal defect. Prior to death, the child had three open heart operations and
intestinal surgery. Neurology reported a small brain for his age, but otherwise grossly normal.
Cause of death (drowning) would have no detrimental effect on the white matter pathways within
the brain nor the gray matter examined in this study. No previous neurological conditions were
found; therefore, the brain is an appropriate subject for a control in this case. The postmortem

interval was 29 hours.

The brain slabs were all from the right hemisphere, and their thicknesses were approximately 1.5
cm. Cases 3, 4, 6, and 7 were previously used in our paper,?? but newly analyzed with epigenetic

procedures.
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Preparation for MRI scan

The slabs were prepared for the MRI scans by being placed into individual Ziploc bags with
Fomblin oil, and then placed parallel to each other in a box with plastic boards placed in between
the slices. The scans were done at the Athinoula A. Martinos Center for Biomedical Imaging.

MRI scan parameters

Diffusion-weighted data were acquired over two averages using a steady-state free-precession
(SSFP)-based diffusion sequence (trufi) (TR/TE = 24.82/18.76 msec, a = 60°, bandwidth = 100
Hz/px),??! using a 3 Tesla Siemens TIM Trio MRI machine with a 32-channel head coil. Imaging
matrix was 200 x 400 x 200 for the slice specimens, and 176 x 128 x 192 for the whole brain. Slab
thickness 192 mm with 240 slices (800 um thick slices), 200 x 200 matrix with 160 mm square
Field of View (FOV) (800 x 800 um in-plane resolution) for whole brain. Diffusion weighting was
performed along 44 directions (b = approximately 2,000 sec/mm?) with 4 b = 0 images. The
diffusion directions were generated by electrostatic repulsion on the surface of a sphere to ensure
approximately equidistant spacing. Total scan time was 17 h 35 min 24 sec. With an SSFP
diffusion scan, achieving a much higher b value is difficult, given the long scans and constraints
on gradient heating. The use of SSFP was necessary to achieve high-resolution ex vivo diffusion

and is relatively free of distortions.

Reconstruction and identification of tractography pathways

White and gray matter tracts were reconstructed using Diffusion Toolkit and visualized in
TrackVis software (http://trackvis.org). A streamline algorithm for diffusion tractography was
used,??? as in previous publications.?1%?2 The term “streamline” refers to connecting tractography
pathways using a local maximum (of tensors in DTI) or maxima (of orientation distribution
function [ODF] in HARDI). This method is valid for both DTI and HARDI. We used the local
ODF maxima to produce HARDI tractography pathways. Trajectories were propagated by
consistently pursuing the orientation vector of least curvature. Tracking was terminated when the
angle between 2 consecutive orientation vectors was greater than the given threshold (60°) or when
the fibers extended outside the brain surface. For the latter determination, brain mask images
created by Diffusion Toolkit were used in order to determine coherence within the brain and not

in the surrounding immersion fluid. Brain mask volumes were used to terminate tractography
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structures instead of the FA threshold because progressive myelination and crossing fibers in the
developing brain can result in low FA values that may potentially incorrectly terminate
tractography tracing in the gray matter.219223224 Although we have been using this strategy in our
past studies, the use of an FA threshold when performing diffusion tractography is still a common
tractography method, so our approach is unique in that sense. Since there are relatively large low
FA regions in immature white matter, it is important to consider not using an FA threshold for
tractography in infants and children. This issue may also apply to tractography in adults as FA
values tend to decrease potentially to lower values than a given threshold towards the edge of white

matter.

The color-coding of tractography pathways was based on a standard red-green-blue (RGB) code
that was applied to the vector in each brain area to show the spatial locations of terminal regions
of each pathway. For visualization purpose, multiple ways of the color-coding were used (red for
right-left, blue for dorsal-ventral, and green for anterior-posterior in Figs. 13, 15, and 16, and red
for right-left, green for dorsal-ventral, and blue for anterior-posterior in Fig. 14, in order to clearly
visualize the pathways from the posterior SVZ to the insula in Fig. 14).

We showed all the detected tractography pathways in Figs. 13-16, using only insular ROIs (Fig.
14), SVZ ROIs (Fig. 14), and spheres in the dorsal SVZ region (Figs. 15, 16). For Fig. 15,
tractography pathways that do not directly come from/go to the edge of the ventricle were excluded

using additional spherical ROIs. No length threshold was used.

Clinical MRI

In this study, we analyzed a part of the unpublished data from our previous work.??

Participants

Following approval by BCH’s Institutional Review Board (informed consent was waived due to
the lack of risk to participants included in this retrospective analysis), the clinical imaging
electronic database at BCH was reviewed for the present analysis from 01/01/2008 until
02/24/2016, and all brain MRI examinations of participants aged 0 to 32 years at the time of
imaging were included for further analysis if autism was indicated in the participant’s electronic

medical records. More detailed diagnostic information (such as ADI-R and ADOS gold standard
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Table 4: Demographic breakdown of our two populations. Count of males (M) and females (F), each are
followed by the average and standard deviation of this group’s ages in years (yrs). This table was adapted from
our previous work (Levman et al., 2019)

Age (years)
Oto5 5to0 10 10to 15 15to 20 20+
M=115, F=177 M=80, F=194 M=4, F=23
; M=71, F=68, M=124, F=137, ’ ' ' ' ' 3
Neurotypical 250 +/- 1.43yrs  7.63 +/- 1.41 yrs 1241 +/-1.41 16.70 +/- 1.11 22.21 +/- 2.6:
yrs yrs yrs
M=150, F=30 M=92, F=19 M=10, F=6
- M=283, F=96, M=237, F=79, ' ' ! ; ' '
Autistic 2,89 +-1.89yrs  7.23 +/- 147 yrs 12.17;2— 1.44 16.97;2— 1.42 21.27;2— 1.01

diagnoses) were not available in this dataset and this issue is addressed in more detail in the
limitations section of the Discussion. Examinations deemed to be of low quality (because of
excessive participant motion, large metal artifact from a participant's dental hardware, lack of a T1
structural imaging volume providing diagnostically useful axial, sagittal and coronal oriented
images, etc.) were excluded from the study. Examinations that were inaccessible for technical
reasons were also excluded. This yielded 1,003 examinations from 781 autistic participants.
Typically developing participants were assembled retrospectively in a previous analysis??® by
selecting participants on the basis of a normal MRI examination, as assessed by a BCH
neuroradiologist, and whose medical records provided no indication of any neurological problems
(participants with any known disorder were excluded such as autism, cerebral palsy, traumatic
brain injury, cancer, developmental delay, multiple sclerosis, tuberous sclerosis complex, stroke,
neurofibromatosis, cortical dysplasia, epilepsy, attention deficit hyperactivity disorder, etc.).
Participants with any form of cancer were also excluded to avoid data exhibiting growth
trajectories negatively affected by treatments such as chemotherapy. The same exclusion criteria
applied to the autistic population were also applied to the typically developing participants. This
yielded 993 examinations from 988 typically developing participants. Table 4 provides a
breakdown of the autistic and healthy populations divided by age groups used in the statistical

analysis under the Methods section.
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MRI Data Acquisition and Preprocessing

Participants were imaged with clinical 3 Tesla MRI scanners (Skyra, Siemens Medical Systems,
Erlangen, Germany) at BCH vyielding T1 structural volumetric images accessed through the
Children’s Research and Integration System.??’ Because of the clinical and retrospective nature of
this study, there is variability in the pulse sequences employed to acquire these volumetric T1
examinations. Spatial resolution varied in the x and y directions from 0.219 to 1.354 mm (mean:
0.917 mm, standard deviation: 0.124 mm). Through-plane slice thickness varied from 0.500 to
2.000 mm (mean: 0.996 mm, standard deviation: 0.197 mm). Strengths and limitations of the large-
scale varying MR protocol approach taken in this study are addressed in the Discussion. Motion
correction was not performed, but examinations with substantial motion artifacts were carefully
excluded based on visual assessment. These motion corruption exclusions were performed to
compensate for the additional difficulties autistic patients have in remaining still during image
acquisition relative to the typically developing population. T1 structural examinations were

processed with FreeSurfer??®

using the recon_all command which aligns the input examination to
all available atlases. Those atlases that include cortical thickness (CT) measurements were
included for further analysis (aparc, aparc.a2009, aparc.DKTatlas40, BA, BA.thresh,
entorhinal_exvivo). These combined atlases include definitions of 331 cortical regions in the brain.
Each FreeSurfer output T1 structural examination was displayed with label map overlays and
visually inspected for quality of regional segmentation results. If FreeSurfer results were observed
to substantially fail, they were excluded from this analysis (i.e., FreeSurfer regions-of-interest
(ROIs) that do not align to the MRI and examinations where major problems were observed with

an ROI such as a cerebellar segmentation extending far beyond the extent of the cerebellum).

Statistical Analysis

This study included the acquisition of 662 regionally distributed CT measurements per imaging
examination, as extracted by FreeSurfer’s recon-all command which processes the input
examination with all available atlases.??® This included extracting measurements of both average
and the standard deviation of within-region CT for each supported grey matter region. This
includes all sub-regions of the brain supporting CT measurements across all FreeSurfer supported
atlases. Study participants were divided into four groups based on age: early childhood (0-5 years

old), late childhood (5-10 years old), early adolescence (10-15 years old) and late adolescence (15-
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20 years old). We had very few participants greater than 20 years old and so did not include them
in a separate group, however, all scatter plots included all participants regardless of age to facilitate
visual comparison. We are interested in the diagnostic potential of these clinically acquired
measurements and so each measurement (as extracted by FreeSurfer) within each age range was
compared in a group-wise manner (autism compared with neurotypical) with receiver operating
characteristic (ROC) curve analysis which is summarized with the area under the ROC curve
(AUC),??° Cohen’s d statistic (positive/negative values indicate a higher/lower average value in
the autistic population relative to the neurotypical population) and a p-value based on the standard
t-test for two groups of samples. The p-value was selected as an established method to demonstrate
that it is unlikely that our findings were the result of random chance, Cohen’s D was selected as it
is the most established method to assess effect sizes and the AUC was selected to extend our
analysis to the assessment of diagnostic potential. This yielded a total of m=2,648 group-wise
comparisons, yielding a Bonferroni corrected threshold for achieving statistical significance of
p<0.05/m=1.89¢".

In order to confirm that the findings reported are the result of group-wise differences between the
autistic and neurotypical participants, a statistical model was constructed based on multivariate
regression (using the myregress function in MATLAB), adjusting each measurement within each
age range in order to control for group-wise differences in age, gender, estimated total intracranial
volume and the leading comorbid status of the most common secondary conditions from our two
groups: headaches (7% in the autistic group, 19% in the neurotypical group), ADHD (16% in the
autistic group, 0% in the neurotypical group), epilepsy (13% in the autistic group, 0% in the
neurotypical group), global developmental delay (26% in the autistic group, 0% in the neurotypical
group), migraines (3% in the autistic group, 23% in the neurotypical group) and abdominal pain
(14% in the autistic group, 11% in the neurotypical group). This model was used to adjust each
CT (mean and standard deviation) measurement, in order to evaluate whether group-wise
differences between our autistic and typically developing populations are the result of age, gender,

intracranial volume or comorbid effects.

Our dataset includes very few exams of participants older than 20 years of age and so this range

was not included in the group-wise age-dependent statistical analyses because of the small sample
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size but was included in all scatter plots for reference. Age-dependent ROC analysis allows us to
assess the diagnostic potential of any given FreeSurfer measurement and Cohen’s d statistic
provides useful effect size measurements at multiple developmental stages. Scatter plots were
created to visually present measurements-of-interest from male and female participants as they
vary with age. Trend lines in all scatter plots were established with a rolling average (K=150)
implemented in MATLAB (Natick, MA).

Sequencing

Postmortem Brain Tissue Samples

Samples of the right insular cortex were as described above. Two age matched frozen postmortem
brain tissue specimens, AN13287 and UMB1135, were obtained from National Institute of Child
Health Human Development Brain and Tissue Bank for Developmental Disorders (University of
Maryland) and Harvard Brain Tissue Resource Center (Boston, MA) through the Autism Tissue
Program of Autism Speaks. More detailed information regarding these specimens can be found in
our previous work.®® To control for anatomical variability, landmarks were chosen and marked
with India ink during dissections at each brain bank. Tissue blocks (2.0 cm?®) were excised from a
brain region containing the subventricular zone region of the lateral ventricles and contained
portions of the head of the caudate and corpus callosum from fresh frozen coronal sections. A 5-
mm tissue punch containing the SVZ region per sample was used for DNA and RNA extractions.
Specimens were de-identified and the study was reviewed by the University of Hawaii (UH)
Human Studies Program under application CHS#2016-30171. They determined that this study did
not qualify as human subjects research, and thus did not require review and approval by the Human

Studies Program or a UH Institutional Review Board (IRB).

Whole Genome Bisulfite Sequencing

DNA was isolated simultaneously with RNA from postmortem SVZ brain samples using AllPrep
DNA/RNA/mMIRNA Universal Kit (80224, QIAGEN) as described above. DNA samples were
diluted using EB buffer from the kit to 15ng/mL and sent to Macrogen, Inc (Seoul, South Korea)
for paired-end whole genome Bisulfite sequencing (WGBS). Macrogen performed a quality

control check of all samples before preparing libraries by random fragmentation of the DNA and
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5’ and 3’ adapter ligation. Adapter-ligated fragments were PCR amplified and gel purified.

Sequencing was performed using the Illumina NovaSeq platform.

Expression Analysis

Nuclei extraction and immunostaining

Postmortem SVZ human brain tissue samples were thawed on ice and transferred into a 1.5 mL
Eppendorf tube. Tissue was homogenized in nuclear extraction buffer (0.32 M Sucrose, 10 mM
Tris-HCI pH8.0, 5 mM CaClz, 3 mM MgClz, 1 mM DTT, 0.1 mM EDTA and 0.1% Triton X-100)
using a disposable pellet pestle 30 strokes).

Nuclei were isolated by using a discontinuous sucrose gradient. The homogenized tissue solution
was transferred into a 50 mL centrifuge tube (3115-0050, Thermo Fisher Scientific) and a sucrose
solution (1.8 M sucrose, 10 mM Tris-HCI pH8.0, 3 mM MgCl; and 1 mM DTT) was added at the
bottom to form the gradient. Samples were centrifuged at 75600 x g at 10 °C, for 1h in a Beckman
Coulter centrifuge Avanti J-20 XPI with a fixed angle JA-25.50 rotor. Nuclei were stained with a
mouse anti-neuronal nuclei (NeuN) Alexa Fluor 488 conjugated monoclonal antibody
(Alexa488NeuN antibody) (MAB377X, Millipore) and DAPI (D1306, Thermo Fisher Scientific).

FACS

Alexa488NeuN+ DAPI+ and Alexa488NeuN- DAPI+ nuclei were sorted using a BD FACSAria
I11 flow cytometer. Parameters and data analysis were established using BD FACSDiva software
version 8.0.1 (BD Biosciences, San Jose, USA). Alexa488NeuN antibody fluorescence was
detected with the 488 nm laser and a 530/30 filter and DAPI fluorescence was detected using the
407 nm laser and a 450/40 filter. Nuclei were sorted using a 100 um nozzle at 20 psi with a drop-
drive frequency of 29.2 kHz and collected in 1.5 mL Eppendorf tubes with DPBS buffer (14287-
080, Gibco).

gPCR assays
Postmortem SVZ human brain tissue samples and sorted nuclei were used to extract DNA and

RNA using the AllPrep DNA/RNA/miRNA Universal kit (80224, QIAGEN). RNA was treated

99



with DNase and transformed to cDNA using SuperScript™ IV Vilo Master Mix Kit (11756050,
Thermo Fisher Scientific, Vilnius, Lithuania) according to the protocol of the manufacturer. gPCR
assays were performed in a StepOnePlus Real-Time PCR System using 40 ng of cDNA from each
sample and TagMan Fast Advanced Master Mix (4444557, Thermo Fisher Scientific) according
to the manufacturer’s instructions, using a passive reference of ROX, and analyzed using StepOne
Software v2.3 (Thermo Fisher Scientific). TagMan assays were selected from existing assays
available from Thermo Fisher Scientific specific to human with probes spanning exons. Probes
labeled as best coverage were preferred. During gPCR, samples were incubated for 2 minutes at
50°C, then the polymerase was activated at 95°C for 2 minutes. 40 cycles were performed of 1
second at 95°C and 20 seconds at 60°C. Once complete, samples were held at 4°C. Cr results were
normalized to Actinf} (ActB) amplification, performed in the same assay, and the estimated percent
expression was calculated relative to ActB using the delta-Ct method. The TagMan Assays
(Thermo Fisher Scientific) used for this study included: GFAP (Hs00909233 m1), SLC1A3
(Hs00904823 g1), SOX2 (Hs01053049 s1), NES (Hs04187831 gl), ASCL1(Hs00269932_m1),
DCX (Hs00167057_m1), RBFOX3/NeuN (Hs01370653 _m1), LIFR (Hs01123581_m1), RBP1
(Hs01011512_g1), FAM107A (Hs00200376_m1), EP300 (Hs00914223 mil), SEPP1
(Hs01032845_m1), DMNT1 (Hs00945875 m1l), DMNT3a (Hs00602456_m1), DMNT3b
(Hs00171876_m1), and ACTB (Hs01060665_g1).

Sequencing analysis

Whole Genome Bisulfite Sequencing Analysis

The WGBS reads were first processed using nf-core/methylseq bioinformatics analysis pipeline to
extract the DNA methylation levels for all the samples.Z° In this pipeline, the adaptors and reads
with low-quality regions were trimmed or removed by Trim Galore! and the quality of the reads
were monitored by FASTQC before and after the trimming. Bisulfite alignment of the reads to
hg38 assembly of human reference genome and methylation calling were performed using
Bismark.%® The Bismark coverage reports, containing actual read coverage of detected methylated
or unmethylated reads at each position, were used as the inputs for the next step analysis performed
by R package RnBeads.®” The methylation sites with coverage less than 5 reads or with high
coverage marked as outliers were removed, while the sites with more than 3 overlapped SNPs or

too many missing values were filtered out as well. The rest sites were annotated based genomic
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Figure 12: Cortical thickness variability of several regions of the insula were
found to be elevated in ASD. The mean cortical thickness of the a) left and b) right
insula. Standard deviation of the cortical thicknesses of the ¢) left and d) right insula.
Standard deviation of the thicknesses of the e) left and f) right inferior segment of the
circular sulcus of the insula across all ages available.

regions  including
CpG sites, tilling
regions, genes, and
promoters. The

differentially
methylated  region
(DMR) analysis can
be performed in each
level of these region
types.  Differential
methylation on one
of the region types
was computed based
on three metrics: the
mean difference in
means across all
sites in a region of
the two  groups

(unaffected,
typically developing
“control” vs. ASD)
being compared, the

mean of quotients in

mean methylation, and a combined p-value calculated from all site p-values in the region. A

combined rank is computed as the maximum (i.e., worst) value among the three ranks, which were

assigned to each region based on the three metrics used. The smaller the combined rank for a

region, the more evidence for differential methylation it exhibits. DMRs (genes, promoters) were

selected according to the combined rank of a given region and GO enrichment analysis was

performed based on these DMRs to predict the functions that might be affected under ASD. Of all

sites that were quantified for methylation, we sought to identify sites with significant DNA

methylation differences (8 of the § value) between the ASD and control groups (P < 0.05) using
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Figure 13: At the level of the insula/thalamus, longer
tractography pathways are decreased and shorter pathways are
increased in ASD. a) Overall tractography pathways in right
hemisphere of Control (#6032; 4 years and 51 days old) b) Overall
tractography pathways in right hemisphere of a brain diagnosed
with ASD (#5308; 4 years and 183 days old). ¢) Tractography
pathways from/to the insula at level of insula/thalamus in Control.
d) Tractography pathways from/to the insula at level of
insula/thalamus in ASD. e) Long tractography pathways (>16mm)
from/to the insula of Control. f) Long tractography pathways
(>16mm) from/to the insula of ASD. g) Short tractography
pathways (<8mm) within the insula/thalamus of Control. h) Short
tractography pathways (<8mm) within the insula/thalamus of ASD.

the resampling-based empirical
Bayes Methods permutation
approach with P < 0.05 and filtered
for sites with absolute average
methylation differences greater than
10% (8) between the ASD and
control groups. This approach
reduces the false discovery rates for
non-normally  distributed array-
based data and offers higher
statistical power. Incorporating
differences at a threshold of 10%
absolute  difference  in DNA
methylation also diminishes the
likelihood of random technical
errors  from  true  biological
differences, increasing the
confidence in detecting differences
in  DNA  methylation.®!  We
consider these CpGs as
differentially =~ methylated  loci
(DML).

IPA Analysis

To predict biological functions and gene regulatory networks, differentially methylated or

expressed sites identified through WGBS were submitted to the Ingenuity Pathway Analysis

software (IPA; QIAGEN).?*? Gene regulatory networks with a log, fold change of DNAm level

were highlighted.
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RESULTS

Clinical and ex vivo MRI
demonstrates structural differences
in the insular cortex of ASD

Previous clinical imaging analyses
Children’s

Hospital, focusing on both distributed

conducted at Boston
volumetric analysis of an autistic
population®® as well as a detailed CT
analysis,?® supports the assessment of
insular abnormalities in newborn and
pediatric populations. We did not
specifically report about the insular
cortex in those studies. Figure 12
illustrates the mean CT of the left (a)
and right (b) insula, the standard
deviation of the CT of the left (c) and
right (d) insula, and the standard
deviation of the thicknesses of the left
(e) and right (f) inferior segment of the
circular sulcus of the insula across all
Note that CT
variability, assessed by the standard

ages available.?®

deviation, represents a within-region

within-patient  regionally  specific

Mid-sagittal

Lateral sagittal Posterior Oblique

Figure 14: Pathways between the posterior SVZ and the insula
were absent or fewer in controls compared to ASD patients.
Tractography pathways from the entire SVZ (yellow) in patients
with ASD and Control at three different slices. a) 15-year-old with
ASD; b) 15-year-old with ASD; ¢) 16-year-old with ASD; d) 16-
year-old control; ) 16-year-old control. Images from each patient
are shown at mid-sagittal slices (left column), lateral sagittal slices
at the level of the insula (middle column), and posterior oblique
views with mid-sagittal slices and coronal slices at the level of the
insula (right column) are shown. Pathways between the posterior
SVZ and the insula were absent or fewer in controls compared to
ASD patients.

biomarker of cortical structure.?® The thickness variability of several regions of the insula were

found to be elevated in the autistic group: the left inferior segment of the circular sulcus of the
insula (ages 5-10, d=0.27, p<0.002; ages 10-15, d=0.22, p<0.02); the right inferior segment of the
circular sulcus of the insula (ages 5-10, d=0.39, p<0.000003; ages 10-15, d=0.19, p<0.04; ages 15-
20, d=0.38, p<0.0007); the left cortical insula (ages 5-10, d=0.32, p<0.0002; ages 10-15, d=0.32,
p<0.0007); and the right cortical insula (ages 5-10, d=0.36, p<0.00002; ages 10-15, d=0.31,
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Figure 15: Tractography pathways associated with the
dorsal SVZ are more sparse and fewer in ASD
compared to control in vive. Tractography pathways
associated with the dorsal SVZ in a,b) 16YO male
controls and ¢,d) 16YO male patients diagnosed with
ASD. We examined in vivo diffusion tractography in
coronal slabs at the level of the insula and thalamus.
Yellow spheres (4mm radius) in each brain image were
created in the dorsal SVZ as regions of interest (ROIs) to
detect pathways from/to the ROIs.

p<0.002). Although we observed extensive
insular irregularities throughout the 5-15
year age groups, it should be noted that the
previous analyses?®2® were performed
prior to the availability of modern infant

234 and so a more fine-

FreeSurfer atlases,
tuned analytic approach validated on this
youngest age group may result in the
discovery of insular irregularities in these
early age groupings as well. Findings imply
that insular irregularities extend into
childhood and may imply that the findings
outlined in this manuscript could be
associated with known emotional regulation

symptoms in autism.

Ex vivo diffusion tractography also showed
an overall decrease in the number of
pathways in coronal slabs at the level of the
insula  and thalamus (Fig. 13a,b).
Tractography pathways from/to the insular
cortex were identified in the control (Fig.
13c,e,g) and in the patient with ASD (Fig.
13d,f,h). The ASD specimen also showed
relatively sparse pathways (Fig. 13d)
compared to the control (Fig. 13c). Long

tractography pathways (> 16mm) were found both in the control (Fig. 13e) and in ASD (Fig. 13f),

with more pathways coming in/going out from the gray matter between insular cortex and the

circular sulcus of the insula in the control (Fig. 13e) compared to the ASD sample (Fig. 13f). Short
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tractography pathways were more coherent in the control (Fig. 13g), and more varied lengths and

directionality with less coherency was observed in ASD (Fig. 13h).

Tractography pathways from the SVZ altered in ASD according to clinical and ex vivo MRI
To match the age range with that of epigenetic data, we used all available diffusion tractography
data from 15-16 YO subjects (Fig. 14). The data were from five 16'YO and one 15 YO male patients
with ASD, and six 16YO male neurologically healthy subjects. Among the 6 patients with ASD,
tractography pathways between the SVZ and the insular cortex were found in 3 patients, while
such pathways were not found in any of the 6 controls.

Tractography pathways from the entire SVZ are shown (Fig. 14; yellow) in patients with ASD (15-
16 years old) and controls (16 years old). Mid-sagittal slices (right column), lateral sagittal slices
at the level of the insula (middle column), and posterior oblique views with mid-sagittal slices and
coronal slices at the level of the insula (left column) are shown. Pathways between the posterior

SVZ and the insula were absent or fewer in controls compared to ASD patients.

Next, we specifically placed our regions of interest in our clinical data in a dorsal SVZ where we
sampled our ex vivo specimens for the WGBS analyses. Tractography pathways associated with
the dorsal SVZ in 16YO male controls (Fig. 15a,b) and 16'YO male patients diagnosed with ASD
(Fig. 15c¢,d). We examined in vivo diffusion tractography in coronal slabs at the level of the insula
and thalamus. Tractography pathways were more sparse and fewer in ASD (Fig. 15c¢,d) compared

to those found in controls (Fig. 15a,b). The same analyses were performed in ex vivo brains (Fig.
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Control

Control

Figure 16: Tractography pathways associated with the dorsal SVZ are more sparse and fewer in ASD
compared to control ex vivo. Tractography pathways associated with the dorsal SVZ in a-c¢) Control 6032; 4
years and 51 days old; d-f) ASD #M4021M; 3 years 114 days old; g-i) Control #5282; 2 years 308 days old; and
j-1) ASD #5308; 4 years 183 days old. Yellow spheres (4mm radius) in each brain image were created in the dorsal
SVZ as regions of interest (ROIs) to detect pathways from/to the ROIs. Tractography pathways without the ROIs
are shown in C, F, I, and L. Brain images A and D were previously published (Wilkinson et al 2016).

16). Tractography pathways associated with the dorsal SVZ in control brains (Fig. 16a-c [#6032;

4 years and 51 days old] and Fig. 16g-i [#5282; 2 years 308 days old]) and brains diagnosed with
ASD (Fig. 16d-f [#M4021M; 3 years 114 days old] and Fig. 16j-1 [#5308; 4 years 183 days old]).
Yellow spheres (4mm radius) in each brain image were created in the dorsal SVZ as regions of
interest at the coronal level of around the center of the thalamus. Tractography pathways without
the spheres are shown in Fig. 16 (c, f, i, and I). Tractography pathways were more sparse and fewer
in ASD (Fig. 16 e-f, k-1) compared to those found in control (Fig. 16b-c, h-i).

Ingenuity Pathway Analysis of postmortem insular cortex samples reveals differential

methylation in ASD

Postmortem samples of the insular cortex, as described above (Control #5282, ASD #5308), were

further analyzed molecularly. To determine whether neurons in this area exhibit a methylomic

signature of ASD, we evaluated DNA methylation using WGBS. Similar to our previous report,®?

we then filtered this list based on absolute mean differences in methylation of 10% or more
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between the ASD and control groups (6 > |0.10|), which yielded 5585 CpGs that we define as
differentially methylated sites associated with ASD. To further explore those 5585 differentially
methylated sites, we used Ingenuity Pathway Analysis (IPA) software to predict biological
functions and gene regulatory networks and diseases associated with these DMS. As observed in
Supplemental Table 3, in the category Diseases and Disorders we had two networks interesting to
ASD: Developmental Disorder, with a p-value range of 1.67E°2 - 1.67E8 and 62 genes included:;
and Neurological Disease, with a p-value range of 1.67E°2 - 6.40E® and 118 genes included. In
the Physiological System Development and Function category, a noteworthy network was Nervous
System Development and Function with a p-value range of 1.76E°% - 6.33E%° and 125 genes
included. The list of all genes with methylation changes in each of these networks can be observed
in Supplemental Text 1.

Next, we wanted to examine some of these genes

Neurological Development

Disease A Disorder with changes in their methylation. First, we
checked which genes were overlapping in
AA between the 3 most enriched networks that could

v relate to ASD: Developmental Disorder,
Neurological Disease, and Nervous System

Nervous System
Development and

Function us 19 genes to investigate in more detail (Fig. 17).

Figure 17: Venn diagram of genes associated
with Neurological Disease, Developmental

Disorder, and Nervous System Development | these genes demonstrates varying levels of altered
and Function found to be altered in ASD

according to IPA analysis. 19 genes were found | methylation between Control and ASD samples
to overlap all three groups.

Development and Function. This approach gave

Comparison of the methylation levels of each of

(Fig. 18 and Supplemental Fig. 5). While research
into each of these genes indicates important roles in the normal function and development of
neuronal systems, further research is needed to determine their exact role (or lack thereof) in ASD

specifically.

DMNT1 but not DNMT3a or 3b is differentially expressed in ASD SVZ of postmortem
samples
RNA isolated from whole tissue SVZ samples was tested through gPCR for expression levels of

DNA methyltransferase 1, 3a, and 3b (DNMT1, DNMT3a, DNMT3b) due to their roles in
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Figure 18: Genes altered in ASD samples according to IPA that
overlap with neurological disease, developmental disorder, and
nervous system function and development. Methylation levels were
compared between ASD and Control insular cortex samples for genes a)
AXIN2, b) BIN1, ¢) HRH2, d) KCNJ 10, ) MEF2C, f) miR-206, g) miR-
146b, h) S100B, i) SOX10, j) TYROBP, k) MAG, and 1) MBP. Diagrams
above each bar graph show a linear depiction of the associated gene from
5’ to 3’ with the methylation site highlighted in red (1099bp). Diagrams
are not to scale. Reference genome RGCh38/hg38.

epigenetic regulation.
DNMT1 was found to be
significantly elevated in ASD
samples (p = 0.0385, Fig.
19c¢). This pattern of elevated
DNMT1 expression levels
appears to be consistent
across most ages tested (Fig.
19¢). No significant changes
were  observed  between
control and ASD groups for
DNMT3a or DNMT3b; nor
was any pattern observed

based on age (Fig. 19c).

ASD SVZ is enriched with
early or  proliferating
neuronal stage markers

Certain genes are
differentially expressed
depending on the stage of cell
maturation. Glial fibrillary
acidic protein (GFAP), which

plays an important role in

neuronal mitosis,?*® and Excitatory amino acid transporter 1 (SLC1A3), which controls glutamate

signaling,?® are typically expressed in NSCs. SRY-box 2 (SOX2), which is responsible for stem-

cell maintenance,®” and neuroepithelial stem cell protein (NESTIN),?® an indicator of neuronal

cell division, are expressed in NSCs and transit amplifying cells. Achaete-scute homolog 1

(ASCL1), which is important for neuronal differentiation,?°

is expressed in transit amplifying cells

and neuroblasts, while Doublecortin (DCX) is expressed exclusively in neuroblasts and is
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Figure 19: Cell sorting by flow cytometry indicates a higher ratio of
proliferating cells in postmortem SVZ tissue of ASD sample. a)
Fluorescence Activated Cell Sorting (FACS) of nuclei from in
postmortem SVZ brain tissue of control (male, 42 years old) and b) ASD
(male, 43 years old) patients’ samples. Nuclei were purified by sucrose
gradient and stained with Alexa488NeuN antibody and DAPI. Gates
indicated as I select nuclei from mature neurons (Alexa488NeuN+
DAPI+) and II select nuclei from glial cells (Alexa488NeuN- DAPI+),
nuclei from these gates were sorted for expression analysis. Gate labeled
as II select 2X DAPI+ Alexad488NeuN- glial dividing cells. ¢)
ASD/Control ratio of nuclei from the three cell types. d) qPCR
expression analysis of cell stage gene markers in postmortem SVZ brain
tissue of control (male, 42 years old) and ASD (male, 43 years old)
patients’ samples.

important for neuronal
migration.?4 Mature
interneurons can be

distinguished by expression of

Neuronal Nuclear Antigen
(NeuN),?*' which is widely
used as a neuronal marker.

These genes together are used
to identify the life stages of
neurons present, providing
information on maturation and
(Fig.  20a).

using gPCR we

development
Therefore,

measured the expression levels
of each gene in postmortem
SVZ brain tissue of Control
(male, 42 years old) and ASD
(male, 43 years old) patients’

samples. Whole tissue
expression levels indicated
elevated levels of GFAP,

SLC1A3, SOX2, NESTIN, and ASCL1 in the ASD sample, but little to no expression of DCX and
NEUN (Fig. 20b). Nuclei were sorted using FACS based on NeuN and DAPI signaling

(Supplemental Fig. 6). Three distinct populations were observed: gate | indicates mature neurons

positive for NeuN and DAPI; gate Il indicates glial cells negative for NeuN; and gate 11l indicates

proliferating glial cells that stain with 2X DAPI but are negative for NeuN (Fig. 19a,b). The

number of cells in each gate for the ASD and Control samples shows a higher ratio of dividing

glial cells in ASD compared to control (Fig. 18c). To further analyze these differences, we

performed the same gPCR as above on the isolated 2X DAPI+NeuN- sorted nuclei (Fig. 20c).
GFAP and SLC1A3 were found to be elevated in ASD relative to Control, while SOX2 and

NESTIN were found to be expressed in higher levels in Control. Indicators of neuroblasts and
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Figure 20: Gene expression pattern in SVZ of ASD and control patients’ samples of stemness”,

demonstrates divergent populations of cell stages. a) SVZ cell types and specific cell differentiation, and
stage gene markers. b) qPCR expression analysis of cell stage gene markers from the
same postmortem SVZ brain tissue samples as in Figure 8. ¢) qPCR expression analysis pr0| iferation
of cell stage gene markers in sorted nuclei from Figure 8.

(Supplemental Fig.
7). In the whole tissue samples, ASD had consistently higher levels of all markers we tested for,
but in the sorted samples only LIFR and SEPP1 remained consistently higher. RBP1 in fact was
elevated compared to ASD in the Control sorted sample. FAM107A and EP300, though elevated

in the whole tissue ASD sample, were expressed at similar levels in the sorted samples.

DISCUSSION

In this study, we combined our structural/diffusion MRI, WGBS, and gene expression data. In
particular, MRI and WGBS were performed on the same postmortem brain samples and suggested
interesting patterns of epigenetic dysregulation and dysfunction of proliferation, maturation, and
migration in ASD (Fig. 21). These patterns were highly conserved in ASD brains, indicating
potential defects in the neuronal stem cell population in the SVZ that may contribute to the altered
architecture observed in the insula. Altogether, our preliminary data in this case study suggest that
the SVZ and by extension the insular cortex, through control of neuronal migration, maturation,

and proliferation, are especially important brain regions that are altered in ASD.
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Increased variability of insular cortex thickness and decreased long-range tractography

white matter pathways in ASD

The insular cortex has been associated with interoception (sensitivity to stimuli originating inside
of the body), emotion, and awareness, as well as attention, executive functioning, and decision-
making in typically developing subjects.18242-252 \We found changes in the insular cortex in ASD

in both clinical and ex
Proposed General Model of Cortex

Development in ASD vivo MRI studies.
Neurotypical ASD Although we previously
[ B found increased mean
L7 - .
o CT of the right insular
S cortex in Rett
e o syndrome,®3 which is a
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Figure 21: Proposed General Model of Cortex Development in ASD.
Adapted from “Distribution of Histamine and Serotonin Neurotransmittersinthe | CT between ASD and
Human Brain” by BioRender.com (2022).

control groups.
However, we found increased variability of the insular CT in ASD patients. The CT variability
could be explained by some possibilities such as migrated neurons distributed unevenly in the
cortex, uneven regional intra-cortical and/or white matter myelination, and synaptic and/or local
axonal pruning dysfunction. In our past study,??® we also found abnormalities of this measurement
in several brain regions in ASD, which may be explained as disorganized cortical development in

the ASD population that can be detected by structural MRI.

Decreased long-range pathways between the insular cortex and a ventral part of the sensorimotor
cortex, including the somatosensory area, were also found in this study in ex vivo ASD specimens.
There are almost no diffusion MRI tractography studies on the insular cortex in ASD, but studies

using resting-state functional MRI (rs-fMRI) connectivity, although still controversial,>>#?%® have
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reported insular hypoconnectivity in ASD,?*2% including decreased or altered functional
connectivity between the insular and somatosensory cortices.?>®2° Impaired social cognition is
one of the most prominent symptoms of ASD and may be associated with altered integration of
the information and/or atypical connectivity of the insula.260-264

Although ASD is generally associated with cognitive and sensory difficulties, distinctive motor

267 are also sometimes

abnormalities such as repetitive behaviors, atypical gait,2%>2% and dyspraxia
associated with ASD. Studies on motor functions revealed impairments in connections related to
motor cortices.?82%° The posterior insula has been reported to have connections with the primary
and supplementary motor areas.?*”?’% Carper et al. reported functional overconnectivity in
corticospinal pathways in ASD, specifically in dorsal areas of the primary motor cortex.?’* Given
that coronal slabs were examined in this study, identifying the terminal regions of tractography
was not always straightforward. Therefore, we mentioned the regions where tractography

started/terminated as the sensorimotor/somatosensory cortices.

Although local intra-insular pathways were not clearly different between the ASD and control
specimens in this study, rs-fMRI studies have found reduced intra-insular connectivity in
ASD.27223 Another study found reduced intra-insular white matter integrity (increased mean
diffusivity) in ASD.?"* Although our results were not clear, it would be possible to find statistical
abnormalities in ASD with a greater number of specimens in a future study. In addition, our
specimens were coronal slabs that are available at the NeuroBioBank, so only within-coronal
pathways were examined in this study. Similar to the long-range pathways above, with whole
hemispheres or whole brains, it would be possible to assess the entire insular pathways in the

future.

Abnormal patterns of neuronal migration from the SVZ during development may result in

neuronal disorganization in insular cortex in ASD

Our results showed that tractography pathways from the dorsal SVZ to the
sensorimotor/somatosensory cortices were reduced, while the lateral ventral SVZ pathways to the
insular cortex were increased in ASD. Together with our CT variability findings and tractography
results linked to axonal pathways, one could hypothesize that abnormally increased neuronal
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migration from the ventral SVZ to the insula?®

may result in disorganized neuronal organization
in the insular cortex measured by CT variability, and reduced axonal pathways from the insular
cortex. For example, heterotopias, increased regional density of neurons at the gray-white matter
junction, and focal cortical dysplasias are often observed in ASD,?’® which could be associated
with CT variability. In addition, abnormally reduced neuronal migration from the dorsal SVZ to

the sensorimotor/somatosensory cortices®®

might affect reduced connectivity from the
sensorimotor/somatosensory cortices to the insular cortex. These together could be a basis for

behavioral and cognitive dysfunctions associated with the insular cortex.

Differentially expressed genes are associated with Neurological Disease, Disorders, and
Nervous System Development and Function

IPA analysis of WGBS data from dorsal insula brain samples identified differential methylation
patterns in components of three potentially important networks in ASD: neurological disease,
developmental disorders, and nervous system development and function (Supplemental Table 3).
Of these three networks, we identified 19 genes that are involved or predicted to be involved in all

three networks (Figure 16, the raw data for these genes can be seen in Supplemental Table 4).

Of these 19 genes, 8 have previously been identified as contributors to an ASD-like phenotype.
AXIN2 (Fig. 18a) has been described as related to language impairments in patients in the autism
spectrum through the Whnt signaling pathway.?’” BIN1 (Fig. 18b) is known to contribute to the
select impairment of spatial learning and memory,?’® possibly contributing to learning disabilities
observed in ASD.?”® HRH2 (Fig. 18c) is known to inhibit nerve cells and block long-
lasting afterhyperpolarization and accommodation of firing in cortical and thalamic neurons.?°
HRH2 was found to have high expression in ASD cases, including data that receptor antagonists
could be used for behavioral and sleep disturbance improvement in children and adolescents with
ASD.?81-283 KCNJ10 (Fig. 18d) mutations contribute to ASD with seizures and intellectual
disability.?3* Also, the dysfunction of the KCNJ10 protein, Kir4.1, is associated with a number of
neuronal phenotypes in several syndromic or non-syndromic neurodevelopmental disorders
presenting with broad clinical manifestations and encompassing movement disorders and
intellectual disability, besides ASD and seizures.?® The MEF2C (Fig. 18e) gene plays an

important role in activity-dependent synaptic elimination, possibly contributing to the
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excitatory/inhibitory synaptic ratio in ASD.?®® S100B (Fig. 18h) has been shown to affect the
synaptic SHANK2 and SHANKS levels in a zinc-dependent manner, notably early in neuronal
development. Mice exposed to high S100B levels in utero similarly show reduced levels of free
zinc and SHANK? in the brain. In terms of behavior, these mice display hyperactivity, increased
stereotypic and abnormal social behaviors, and cognitive impairment.?®” Reduced expression of
SOX10 (Fig. 18i), a transcription factor, was observed in the limbic system including the
hippocampus, retrosplenial cortex, and para hippocampal gyrus of mice related to autism.?®
Differential expression of a transmembrane immune signaling adaptor, TYROBP (Fig. 18j), was
observed in the prefrontal cortex (PFC) of postmortem brain tissue from children with ASD as
compared to controls.?®® Beyond that, mutations in this gene lead to Nasu—Hakola disease, a rare
autosomal recessive disorder characterized by bone abnormalities and adult-onset
neuropsychiatric features, such as social disinhibition, distractibility, and lack of appropriate
emotionality, very similar to common ASD symptoms.?® Also, although myelin associated
glycoprotein (MAG) and myelin basic protein (MBP) (Fig. 18k and 18l) have no data specific to
ASD, higher levels of anti-MAG and anti-MBP antibodies were detected in ASD patients
compared to controls, indicating a role in neuroinflammation, as these antibodies have been shown

to react against neuronal tissue.?%

Additionally, we identified CpGs over two miRNAs that exhibited significantly different levels of
methylation in ASD; both miRNAs have been previously implicated in ASD. First, the family of
miR-206 (Fig. 13i) has been described to confer susceptibility to ASD,?%? most likely for its ability
to regulate BDNF, a key regulator of synaptic plasticity.?®®> Second, miR-146b (Fig. 13k) was
reported to be overexpressed in the brain of ASD patients early in childhood. In vitro analyses of
NSCs suggested that miR-146a contributes to the regulation of balancing cell-cycle exit and re-
entry of neural progenitors and commitment to neural differentiation pathways?®* Furthermore,
mMiR-146 expression contributed to neuroinflammation in the brain of ASD subjects, having a role
in immune system regulation.?®® Recapitulating abnormal miR-146 expression in mouse primary
cell cultures led to impaired neuronal dendritic arborization—producing shriveled dendritic trees
with branching points at more proximal levels compared to controls, mirroring the defective neural

connectivity typical of ASD—and to increased astrocyte glutamate uptake capacities.?®® The
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remaining 7 genes identified by IPA have not been previously identified in ASD (Supplemental

Figure 5) and warrant further investigation.

The altered methylation status of these genes in the insular cortex of ASD brains, combined with
past findings highlight these genes as of interest in further ASD research. However, as these results
depend solely on data obtained from one pair of samples in this case study, further analyses are
required to determine their significance. Despite this limitation, the alteration of genes associated
with these networks adds support to our hypothesis that the ASD phenotype is a result of early

alterations to the developmental trajectory of cells that comprise the SVZ-cortical axis.

ASD Phenotype Associated with Increased Markers of Proliferation

In examining two samples of the postmortem SVZ via flow cytometry, we observed three distinct
populations: neuronal cells (I), glial cells and NSCs (lI), and proliferating cells (I11). When
comparing the ratios of these populations between ASD and unaffected, control samples, we found
that the ASD sample had an increased ratio of proliferating cells present than that of the control
(Fig. 19c). We tested these samples for established cell maturation markers (Fig. 20a) and
compared any changes between the whole tissue samples (Fig. 20b) and the sorted proliferating
cells (Fig. 20c). The status of population 111 as proliferating neurons is supported by our data that
these cells expressed elevated levels of early cell cycle stage genes GFAP and SLC1A3, while
makers of later stages, ASCL1, DCX, and NEUN, were completely absent (Fig. 20c). Additionally,
expression levels of gene markers for earlier stages of development, which suggest the presence
of NSCs or transit amplifying cells, were elevated in ASD compared to that of the control, while
the expression of genes associated with more mature neurons, such as interneurons or neuroblasts,
were decreased (Fig. 20c). This indicated that this population of cells tended to have an increased
“stemness” phenotype in ASD. This trend was not consistent in the whole tissue sample tested,
likely masked by other cell types, yet the ASD sample exhibited higher levels of earlier cell stage-
specific markers than that of the control (Fig. 20b). The whole tissue ASD sample also exhibited
elevated levels of ASCL1, a marker of transit amplifying cells and neuroblasts, whose expression

was not detected in population 111, similar to later cell stage markers DCX and NeuN (Fig. 20b).
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We performed additional testing on these same samples for markers of “stemness”, differentiation,
and migration. Our results indicate increased proliferation and increased population of early cell
cycle cells in ASD, with decreased indications of migration and differentiation signals, providing
further support for our observations of increased proliferation and aberrant migration and
differentiation in the SVZ of ASD (Supplemental Fig. 7).

Expression of epigenetic control gene DNMT1 in ASD indicates increased proliferation in
Svz

DNMTL1 is known to play a key role in mammalian development and is essential for the
maintenance and control of methylation patterns during and following DNA replication.2":2%
Aberrant expression of DNMT1 has been associated with altered proliferation, differentiation, and
migration patterns in the developing and adult brain.?®® The observation of a change in expression
of DMNT1 but not its related DNA methyltransferase genes DNMT3a or DNMT3b (Fig. 19d) can
be explained because the DNMT3 family is most often expressed during embryogenesis and
gametogenesis while DNMT1 is more ubiquitous.?®®3% Previous studies have demonstrated that
DNMT1 promotes survival of proliferating cells in the dentate gyrus®®* (one of two sites with
demonstrated adult neurogenesis) and plays an essential role in migration, morphology, and
successful pruning of cortical neurons.?**3%2 DNMT1, however, is not essential for the survival of
post-mitotic cells, implying that its essential role in the promotion of neuronal survival occurs
before or during mitosis.%®? Thus, in these cases, the increased expression of DNMT1 in ASD

relative to control SVZ samples may associated with the increased cell proliferation observed.

The combination of our MRI studies and expression analysis of the SVZ and insular cortex
suggests that an underlying cause of the ASD phenotype is decreased or mis-targeted migration of
neuronal precursors during development, and an increased inclination towards maintaining
populations of undifferentiated proliferating cells in the SVZ in adolescence and adulthood. While
the mechanism by which this phenotype occurs is not clear, our study demonstrates a way in which
the structure of the cortex is altered during and after development in ASD, suggesting an
underlying cause of the observed socio-emotional, sensorimotor and auditory processing, and

executive function aberrations in ASD.?®? Our data, although preliminarily, suggest a promising
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explanation for many aspects of the ASD phenotype as well as an associated aberrant brain
structure. Further study with larger datasets will be necessary to determine the correlation between

structural and expression changes and ASD.
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Supplemental Table 3: Gene regulatory networks predicted to be associated with ASD according to analysis
with IPA based on two samples from postmortem insular cortex (methylation changes >10%).

Top Canonical Pathways p-value Overlap/Molecules
Graft-versus-Host Disease Signaling 2.06E-09 7.2%  32/446
0X40 Signaling Pathway 3.17E-09 6.9%  33/479
Autoimmune Thyroid Disease Signaling 3.18E-09 7.0%  32/454
ICOS-ICOSL Signaling in T Helper Cells 3.61E-09 6.7%  34/507
Th17 Activation Pathway 4.10E-09 6.8%  33/484
Diseases and Disorders p-value range Molecules
Developmental Disorder 1.67E-02-1.67E-18 62
Hereditary Disorder 1.36E-02-1.67E-18 75
Organismal Injury and Abnormalities 1.78E-02-1.67E-18 236
Skeletal and Muscular Disorders 1.14E-02-1.67E-18 86
Neurological Disease 1.67E-02 - 6.40E-16 118
Molecular and Cellular Functions p-value range Molecules
Gene Expression 9.80E-38 - 9.80E-38 51
Cellular Development 1.63E-02 - 6.33E-09 156

Cell Cycle 1.76E-02 - 1.10E-06 36
Cellular Movement 1.69E-02 - 1.10E-06 125
Physiological System Development and Function p-value range Molecules
Skeletal and Muscular System Development and Function  1.40E-02-7.21E-10 63
Tissue Morphology 1.52E-02-7.21E-10 88
Nervous System Development and Function 1.76E-02 - 6.33E-09 125
Tissue Development 1.76E-02 - 6.33E-09 107
Organismal Development 1.76E-02 - 6.37E-06 98

Supplemental Text 1: Genes involved in predicted networks
(Supplemental Table 3), grouped by associated function by IPA.

Neurological Disease genes (118):

AGO2, AXIN2, BIN1, BTBD8, CA2, CACNA1C, CAMK2A, CBS/CBSL, CD9, CD19, CD68, CELF2, CHRM1,
CHRNA7, CHRNE, CNOT3, CNP, CORT, CRYAB, CTSB, DBI, DUSP10, DYNLT4, EEF2K, EPHB6, GNG3,
GPR17, GPR37, HCST, HLA-DQB1, HLA-DRB1 ,HRH2 , HSPB3, IL17C, KCNJ10, KLF6, MAG, MAML1,
MAPK3, MAPT, MBP, MEF2C, MIR3185, MIR4740, mir-1, mir-7, mir-15, mir-21, mir-25, mir-26, mir-29,
mir-30, mir-33, mir-34, mir-96, mir-103, mir-124, mir-128, mir-130, mir-142, mir-145, mir-146, mir-
148, mir-153, mir-154, mir-155, mir-181, mir-182, mir-183, mir-199, mir-204, mir-216, mir-326, mir-
328, mir-329, mir-342, mir-346, mir-368, mir-455, mir-515, mir-548, mir-550, mir-551, mir-648, mir-
650, mir-657,mir-873, mir1306, MOBP, MYRF, NAT8L, NAXE, NCF1, NPPA, NPPB, OLFM1, OLFML3,
OPALIN, OR4C46, ORSM1, ORM2, POLR2F, PROCR, PTEN, QKI, S100B, S1PR1, SLC31A2, SOX10,
TAMALIN, TF, THY1, TMEM204, TNFRSF4, TXNIP, TYROBP,UGTS8, VTRNA2-1

Developmental Disorder Genes (62):

AXIN2, BGLAP, BIN1, CELF2, CHRNE, HLA-DQB1, HLA-DRB1, HRH2, KCNJ10, LGALS7/LGALS7B,
MAB21L1, MAG, MAML1, MBP, MEF2C, mir-1, mir-103, mir-1225, mir-128, mir-130, mir-1306, mir-
145, mir-146, mir-148, mir-15, mir-154, mir-155, mir-181, mir-199, mir-21, mir-216, mir-25, mir-29,
mir-299, mir-30, mir-302, mir-329, mir-34, mir-345, mir-346, mir-365, mir-368, mir-379, mir-548, mir-
648, mir-650, mir-654, mir-7, mir-96, MOBP, MYRF, OLFM1, POLR2F, S100B, S1PR1, SOX10, TFEB,
TMEM204, TYROBP, UGT8, UPK3A, XK

Nervous System Development and Function Genes (125):

ADAMTS4, AGO2, AXIN2, BIN1 , CACNA1C, CAMK2A, CBS/CBSL, CD9, CHRM1, CHRNA7, CHRNE,
CHST3, CNP, CORT, CRYAB, CTSB, DBI, DUSP10, EEF2K, GAS2L1, GPR17, GPR37, GPR37L1, HLX, HRH2,
KCNJ10, LHX2, MAG, MAPK3, MAPK8IP2, MAPT, MBP, MEF2C, mir-1, mir-15, mir-21, mir-26, mir-29,
mir-30, mir-34, mir-96, mir-124, mir-138, mir-146, mir-155, mir-181, mir-182, mir-183, mir-199, mir-
204, mir-219, mir-449, MOBP, MYRF, MYT1, NEUROD6, NPFF, NPS, OPALIN, OR10G9, OR10X1,
OR11H4, OR14C36, OR1l1, OR1J4, OR2AT4, OR2L2, OR2M3, OR2MS, OR2T8, OR4AS5, OR4A1S5,
OR4A47, OR4C6, OR4C11, OR4C1S5, OR4C46, OR4K1, OR4K2, OR4NS, OR4S2, OR52B4, OR52E4, 118
OR52N4, OR52R1, OR5AC2, OR5AK2, ORSAN1, OR5AP2, OR5AS1, OR5H2, OR5K2, OR5K3, OR5M1,
OR6C2, OR6C68, OR6CT76, OR6Y1, OR7C1, OR7D4, OR8A1, OR8D4, OR8U1, PPP1R15A, PTEN, QKI,
RND1, RND2, RNF112, S100B, S1PR1, SLC12A7, SLC45A3, SOX8, SOX10, SRCIN1, TAMALIN, TF, THY1
TYROBP, UGTS, XK, ZBTB18, ZCCHC24, ZIC4
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Supplemental Figure 5: Additional genes altered in ASD samples according to IPA that overlap with
neurological disease, developmental disorder, and nervous system function and development but are
not known to be related to ASD. Methylation levels were compared between ASD and Control insular
cortex samples for genes. a) CHRNE, b) miR-155, ¢) miR-181b1, d) miR-199a2, e¢) S1PR1, f) UGTS, and g)
MOBP. Diagrams above each bar graph show a linear depiction of the associated gene from 5’ to 3’ with the
methylation site highlighted in red (1099bp). Diagrams are not to scale. Reference genome RGCh38/hg38.
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Supplemental Figure 6: Postmortem SVZ samples were sorted by flow cytometry and DNA/RNA extracted
for sequencing.

20mg of postmortem SVZ tissue were extracted and homogenized in Nuclear Extraction Buffer. A sucrose
gradient was used to isolate nuclei which were then stained with Alexa Fluor 488 (NeuN) and DAPI. Cells were
sorted based on NeuN on a BD FACSAria. DNA and RNA were extracted from the sorted cells and the original
tissue using AllPrep DNA/RNA/miRNA Universal kit and sequenced by whole genome bisulfite sequencing and
gPCR. Created with BioRender.com
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Supplemental Figure 7: Increased markers of “stemness” and differentiation in ASD. a) qPCR
expression analysis of stemness (LIFR), differentiation (RBP1) and proliferation (FAM1047A) gene
markers and of the E1A binding protein p300 and the selenoprotein P from the same postmortem SVZ brain
tissue samples as in Figure 18. b) qPCR expression analysis of stemness (LIFR), differentiation (RBP1) and
proliferation (FAM1047A) gene markers and of the E1A binding protein p300 and the selenoprotein P of

the sorted nuclei from Figure 18.

Supplemental Table 4: Results and locations of differential methylation changes of 19 genes identified via

IPA and measured by WGBS

Ensembl ID symbol entrezID Chromosome Start End ASD Control (,?sig::::io
ENSGO00000168646 AXIN2 8313 <hrl? 65561148 65563147 0.191301 0.192738 -0.00929
ENSGO00000136717 BIN1 274 chr2 127E+08 1.27E+08 0.080848 0.141593 -0.06308
ENSGO00000113749 HRH2 3274 chrs 1.76E+08 1.76E+08 0.137201 0.17629% -0.03549
ENSGO00000177807 KCNI10 3766 chrl 1.60E+08 1.60E+08 0.08416 0.165777 -0.0622
ENSGO00000081189 MEF2C 4208 chrs 88903606 88905605 0985294 NA NA
ENSGO00000207604 MIR206 406989 chré 52142831 52144830 0731786 0.845487 -0.12782
ENSG00000202569 MIR146B 574447 «chrl0 1.02E+08 1.02E+08 0494968 0.584606 0015443
ENSGO00000160307 $100B 6285 <hr21 46604709 46606708 0.314422 0.509859 -0.19544
ENSGO00000100146 SOX10 6663 chr22 37986923 37988922 0233938 0.541982 -0.33385
ENSGO00000011600 TYROBP 7305 chrl9 35907796 35509795 0.774951 0.751912 0.023039
ENSGO00000105695 MAG 4099 chrl9 35290625 35292624 0.150321 0446214 -0.29632
ENSGO00000197971 MBP 4155 chrl8 77133184 77135183 0610896 0.755853 -0.11467
ENSGO00000108556 CHRNE 1145 chrl7 4902575 4904574 0.712583 0.646309 0.066275
ENSGO00000207975 MIR181B1 406955 chrl 199E+08 1.99E+08 053687 0.878064 -0.12792
ENSGO00000275402 MIRISS 406947 <hr21 25572480 25574479 0.693948 0.52381 -0.04762
ENSGO00000208024 MIR199A2 406977 chrl 1.72E+08 1.72E+08 0838358 0.856434 -0.00453
ENSGO00000168314 MOBP 4336 chr3 39465698 39467697 0.725192 084742 -0.15953
ENSGO00000170989 SIPRI 1901 chrl 1.01E+08 101E+08 0.035802 0.072389 -0.03736
ENSGO00000174607 UGTS 7368 chrd 115E+08 1.15E+08 0.020546 0.036062 -0.01951
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